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PREFACE

The National Center for Earthquake Engineering Research (NCEER) is devoted to the expansion
of knowledge about earthquakes, the improvement of earthquake-resistant design, and the
implementation of seismic hazard mitigation procedures to minimize loss of lives and property.
Initially, the emphasis is on structures and lifelines of the types that would be found in zones of
moderate seismicity, such as the eastern and central United States.

NCEER’s research is being carried out in an integrated and coordinated manner following a
structured program. The current research program comprises four main areas:

*

Existing and New Structures
Secondary and Protective Systems
Lifeline Systems

Disaster Research and Planning

*

This technical report pertains to Program 2, Secondary and Protective Systems, and more specifi-
cally to base isolation, a passive protective system Protective Systems are devices or systems
which, when incorporated into a structure, help to improve the structure’s ability to withstand
seismic or other environmental loads. These systems can be passive, such as base isolators or
viscoelastic dampers; or active, such as active tendons or active mass dampers; or combined
passive-active systems.

Base isolation and base-isolated structures constitute one of the important areas of research in
protective systems. Current research activities, as shown schematically in the figure below,
include the following:

[a—y
.

Compilation and evaluation of available data on base isolation.

2. Development of comprehensive analytical models for isolated structures and ex-
perimental verification.

3. Development of performance criteria for base-isolated structures and standardized
testing procedures.

4. Development of simplified, code-type methods for the analysis and design of base-

isolated structures.

il



Analytical Modeling Data Compilation
and and Evaluation
Experimental Verification
Performance Criteria
and
Testing Procedures
Methods for Analysis
and Design

This report describes a comparative performance study of several leading base isolation systems.
Based on a carefully chosen set of performance criteria, the performances of this class of base
isolation systems are evaluated and their relative merits are discussed.



ABSTRACT

Performances of several leading base isolation devices (Pure-Friction/Sliding-
Joint, Rubber Bearing, French System, New Zealand System, and Resilient-Friction)
and a newly proposed system (Sliding Resilient-Friction) for a multi-story building
subject to a horizontal harmonic ground motion are studied. The governing equa-
tions of motion of various systems and the criteria for stick-slip transitions are
described and a computational algorithm for obtaining their numerical solutions is
developed. The responses of the structure with different base isolation systems un-
der various conditions are analyzed. The peak absolute acceleration, the maximum
structural deflection, and the peak base displacement responses are obtained. A
series of sensitivity analysis is also carried out. The effectiveness of various base
isolators are studied and advantages and disadvantages of different systems are dis-
cussed. The results show that the base isolation devices effectively reduce the col-
umn stresses and the acceleration transmitted to the superstructure. Furthermore,
the frictional base isolation systems are less sensitive to severe frequency content
of ground excitation. When the intensity of ground excitation is doubled, the peak
responses of the frictional system increase by only about 10% to 25%. It is also ob-
served that small variations in friction coefficient lead to slight changes in the peak
responses of frictional isolators. Furthermore, the velocity-dependence of friction co-
efficient, variations of mass ratio, and damping ratio of the isolator have negligible

effects on peak responses of the base isolated structure.
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SECTION 1
INTRODUCTION

Using base isolators for aseismic design of structures has attracted consider-
able attention in recent years. The main concept here is to isolate the structures
from ground instead of the conventional techniques of strengthening the structural
members. This new design methodology appears to have considerable potential in

preventing earthquake damages to structures and their internal equipments.

Isolating structures from ground to protect them from damaging earthquakes
is not a totally new idea. As early as 1909, a British physician had applied for
a patent on separating a building from ground by a layer of talc or sand (Kelly
[1,2]). However, the civil engineer designers have preferred, so far, to strengthen
the structures instead of isolating them. During recent decades, the economy and
safety of the traditional strengthening design versus base isolation concept have been
re-evaluated. Strengthening a structure to withstand strong earthquakes inevitably
leads to higher mass and hence higher seismic forces. The construction cost of such
a massive building is also ever increasing. Furthermore, even though the structures
are designed to survive a strong earthquake, there may be untolerable damages to
the sensitive internal equipments. These are particularly evident in the cases of
nuclear power plants and buildings containing computer facilities or other expensive
electronic equipments. A number of base isolation systems have been developed, and
used for protection of buildings, nuclear power plants, bridges, and other structures
in the last two decades. Extensive reviews of the earlier and recent developments of
base isolation devices were provided by Kelly [1,2]. Here, only brief descriptions of

several base isolation systems which are considered in this study are given.

Base isolators in which the only isolation mechanism is sliding friction are clas-
sified as Pure-Friction (P-F) or Sliding-Joint base isolation systems. In this class
of isolators, the horizontal friction force offers resistance to motion and dissipates
energy. These isolation devices have no restoring force and residual slip displace-
ment between the structure and the foundation will remain after each earthquake.
A schematic diagram for the behavior of the P-F base isolator is shown in Figure
1-la. A number of theoretical studies on performances of various P-F and Sliding-

Joint base 1solation systems have appeared in the literatures. Chen and Clough [3],
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Mostaghel and Tanbakuchi [4], Kelly and Beucke [5], Ahmadi and Mostaghel [6],
Younis and Tadjbakhsh [7], Ahmadi [8], Constantinou and Tadjbakhsh [9] and Su
et al. [10] studied the behavior of the P-F isolators under various deterministic or
stochastic excitations. Li {11,12] described the construction of a building in Beijing,

China which is isolated with a layer of sand.

The most common base isolation system which has been studied extensively at
the University of California by Kelly and co-workers [1,2,13] is the Laminated Rubber
Bearing (LRB) base isolation system. A LRB is made of alternating layers of rubber
and steel with the rubber being vulcanized to the steel plates. Therefore, the bearing
is rather flexible in the horizontal direction but quite stiff in the vertical direction.
With its horizontal flexibility, the LRB provides protection against earthquakes by
shifting the fundamental frequency of vibration to a much lower value and away
from the energy containing range of the earthquake ground motion. The horizontal
stiffness of the bearing is also designed in such a way that it can resist the wind forces
with little or no deformation. This base isolation system has been used in a number
of buildings in Europe, Japan and New Zealand. The recently constructed four-
story Foothill Communities Law and Justice Building in San Bernardino County,
California was built on a LRB base isolation system. Figure 1-1b shows a schematic

diagram for a Laminated Rubber Bearing System.

A recent base isolation device was developed by Mostaghel [14-16] which is re-
ferred to as the Resilient-Friction Base Isolation (R-FBI) system. This isolator is
composed of several layers of teflon coated friction plates with a central core of rub-
ber. The rubber provides the resilient force for the system while energy is dissipated
by the friction forces. An extensive study of the responses of a five-story building
isolated by the R-FBI system was provided by Mostaghel and Khodaverdian [17].
The mechanical behavior of the R-FBI system is illustrated in the schematic diagram

shown in Figure 1-1c.

A laminated rubber bearing system in which a central lead core is used to reduce
the base relative displacement and to provide an additional mean of energy dissipa-
tion has been used widely in New Zealand. This system is referred to as the New
Zealand (NZ) base isolation system. The performance of the NZ isolator (Lead core
laminated rubber bearing) under a variety of conditions were reported in [2,13,18].

The rubber provides the flexibility for the lateral displacement of the isolator while
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the yielding property of the lead core serves as a mechanism for dissipating energy
and hence reducing the lateral displacement of the isolator. The mechanical behav-
ior of this system is equivalent to a hysteretic damper {13,19-21]. The schematic

diagram of the N7 base isolation system is shown in Figure 1-1d.

A system which was designed mainly for base isolation of nuclear power plants
in regions of high seismicity was developed under the auspices of Electricite de
France (EDF) [22]. This system is standardized for base isolation of power plants
which are constructed by the French Company Framatome. It has been used in the
design of nuclear power plants in France, South Africa, and Iran. An EDF base
isolator unit consists of a laminated (steel-reinforced) neoprene pad topped by a
lead-bronze plate which is in frictional contact with a steel plate anchored to the
base raft of the structure. Whenever there is no sliding in the friction plate, the EDF
system behaves as a LRB. In this case, the flexibility of the neoprene pad provides
isolation for the structure. The presence of the friction plate serves as an additional
safety feature for the system. Whenever the ground acceleration becomes very large,
sliding occurs which dissipates energy and limits the acceleration transmitted to the
superstructure. The behavior of the EDF base isolator is shown schematically in

Figure 1-1le.

Recently, a new design for base isolation which combines the desirable features
of the R-FBI and the EDF systems was proposed in [23]. The mechanical behavior
of the new device which is referred to as the Sliding Resilient-Friction (SR-F) base
isolator is shown schematically in Figure 1-1f. Having two frictional elements is
the main feature of this system. Whenever there is no sliding in the upper friction
plate, the SR-F base isolator behaves as a R-FBI unit. For high intensity earthquake
ground accelerations, sliding in the upper friction plate occurs which provides an
additional mechanism for energy dissipation and increases the effectiveness of the

isolation system.

In spite of the large number of studies on performances of different base isolation
systems indicated earlier, the advantages and disadvantages of various systems are
not well understood. Recently, Su et al. [23,24] provided comparative studies of
different base isolation devices for rigid and shear beam structures. Presently, base
isolation systems are mainly considered for bridges, nuclear power plants, and low to

medium rise multi-story buildings. However, a comprehensive study which compares
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the performances of different base isolation devices for a multi-story structure under

a specific ground excitation is not available as yet.

In this work, performances of several leading base isolation systems described
earlier for a multi-story, lumped-mass building subject to a horizontal harmonic
ground motion are studied. The equations of motion for various base isolation sys-
tems are described. Utilizing the fourth order Runge-Kutta scheme, a computational
algorithm for numerical evaluation of the response of the base isolated structure is
developed. The governing equations for frictional isolation devices are highly non-
linear. The criteria used for transition between different phases of motion are crucial
to the accuracy of the response analysis. These criteria are carefully studied and

their accuracy are verified by a number of numerical experiments.

The peak absolute acceleration of each floor signifies the force that it experiences
and is the main source of damage to the structure, the internal equipment and
secondary systems. The peak base relative displacement is the most important
parameter for the design of life line connections to the ground. (This is particularly
evident in designing the isolation systems for nuclear reactors, since the connecting
pipe lines can be damaged by the motion of the building relative to its foundation.)
The deflection of the structure is directly proportional to the column stresses and
base shear. In this study, the peak absolute acceleration, the maximum structural
deflection and the maximum base displacement responses for various base isolation
systems are evaluated and the results are compared with each other and with those
of the fixed-base structure. A series of sensitivity studies for variations in damping
and mass ratio of the structure, friction coeflicient and natural period of the isolator,

and intensity and frequency content of the ground excitation are also carried out.

Based on the presented results, it is concluded that the transmitted acceleration
and the column stresses of the structure can be effectively reduced by using properly
designed base isolation systems. The results of the sensitivity analyses show that
when the period of the ground excitation is close to the natural period of the iso-
lation systems, the LRB, the NZ, and the R-FBI systems may amplify the ground
acceleration. Furthermore, the friction-type isolation systems are less sensitive to the
variations in the amplitude and frequency content of the ground excitation in com-
parison to the LRB, and the NZ base isolators. The study also shows that the peak

accelerations transmitted by the friction-type isolators are not significantly affected
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by small variations in friction coefficient; furthermore, the velocity-dependence of
friction coefficient has no noticeable effects on the peak responses. The results also
show that variations in mass ratio and the damping of the structure or the isolator

do not significantly affect the peak responses.
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SECTION 2

GOVERNING EQUATIONS

In this section, the equations governing the motions of various base isolation
systems and the criteria used for motion transitions for the frictional base isolators
are presented and discussed. While the formulation is presented for general multi-
story, lumped-mass, shear buildings, a three-story frame as shown in Figure 2-1 is
used as the working structural model in the subsequent analyses. To understand
the effects of the frequency content of the ground acceleration, sinusoidal excitations
are considered throughout this work. While Coulumb friction model is used in most
cases, the sensitivity of the results to the velocity-dependence of friction coefficient

is also studied.

By applying Newton’s Second Law to the base isolated structure shown in Figures
1-1 and 2-1, the equations of motion are derived and the results for various base

isolation systems are described in the following sections.

2.1 P-F System

Figure 1-1a shows the schematic diagram for a Pure-Friction base isolation sys-
tem. The governing equations for a multi-story, lumped-mass structure with a P-F

system during the sliding phase are given as,

§4 pg sgn(s) + ia;f&,— = ~%, , (2.1)
[m]{} + [el{} + [k]{z} = —(8 + &,)[m]{1} (2.2)

where s is the relative displacement between the base of the structure and the
ground, z; is the relative displacements of each floor with respect to the base, Z, is
the horizontal ground acceleration, g is the friction coefficient, g is the acceleration
of gravity, and [m], [c], [k] represent mass matrix, damping matrix, and stiffness
matrix, respectively. In these equations, {1} is a vector all of whose elements are
unity, 5gn(3$) is a function which is equal to 41 when § is positive, and —1 when $
is negative. The value of §g7(0) is undefined but it is bounded between —1 and +1.
The mass-ratio parameter ¢; is defined as

m; my

=ﬁ', a =35 M=m+> m, (2.3)

i=1

Q;
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where m; is the mass of the ith floor, m,; is the mass of the base and M is total

mass of the structure.

In the sliding phase, Eqs.(2.1) and (2.2) govern the motion of the structure and

its isolator. For the nonsliding phase,
§=5=0, (2.4)

and the deformation of the structure is governed by Eq.(2.2).

The criteria for transition from the nonsliding phase to the sliding phase and
vice versa, and for reversing the sliding direction without sticking are as follows.

The nonsliding phase continues as long as
g + Yiey cudli| < pg . (2.5)

As soon as the condition,
|85 + imy cudi] = pg (2.6)

is met the sliding phase starts and Eq.(2.1) governs the slip displacement. At this

moment of transition, the direction of sliding is determined from the following equa-

tion:

T+ 2iey idi
1y '

That is, for 5gn(0) = +1 (or —1), the direction of sliding of the base mass is in

san(0) = -

(2.7)

positive (or negative) direction. The sliding of the structure in one direction may
be terminated by a transition to a stick condition, or by a reversal of the sliding

direction. During the sliding phase, whenever $ becomes zero, the criterion,

M
s, M .
13 2 209 -, (2.8)

is checked for determining the subsequent behavior. Validity of the inequality given
by (2.8} is the necessary and suflicient condition for the reversal of the sliding direc-
tion (Appendix A). That is, if the inequality holds, Eqs.(2.1) and (2.2) continue to
govern the subsequent sliding phase motion with sgn(s) taking the sign of § at the
moment of transition. If the criterion given by (2.8) is not satisfied, the structure
will stick to its foundation and Eqs.(2.2) and (2.4) apply. Under exceptional con-
ditions, § and § might become simultaneously zero. Such a case corresponds to a

smooth transition to the stick condition. Usually, a friction coefficient between 0.05
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and 0.2 are used for the P-F (Sliding-Joint) base isolation systems [3-10]. In this

study, £ = 0.1 is used in most of the numerical experiments.

2.2 LRB System

Figure 1-1b shows the schematic diagram for the Laminated Rubber Bearing
base isolation system. When a multi-story building is isolated by the LRB system,

the equation governing the displacement of the isolator is given as,

n
§4 20wod + wis + z T T (2.9)

=1
where the natural circular frequency of the bearing w,, and its effective damping
ratio (, are defined as L
c
HO ,  wi= Mo— . (2.10)
Here ¢, and k, are the damping and the horizontal stiffness of the bearing, respec-

QCowo =

tively. The deflection of the isolated structure is governed by Eq.(2.2) which is
coupled to Eq.(2.9) through the inertial forces. Note also that the GERB system
[25], which is composed of helical springs and viscodampers behaves similar to the
LRB system in the horizontal direction and its motion may be described by Eq.(2.9).
A natural period T, of about 2 sec (w, = 7 rad/sec) is commonly suggested for the
LRB base isolation systems. The effective damping ratio of the isolator {, varies
considerably with the strain of the rubber. It may be as high as 0.3 for low strain
and reduced to about 0.05 for high strain [26,27]. Here, an average value of 0.08 for

¢, is considered in most cases.

2.3 R-FBI System

The schematic diagram describing the mechanical behavior of the Resilient-
Friction Base Isolation system is given in Figure 1-1c. A multi-story shear structure
which is isolated by the R-FBI system is considered. During the sliding phase, the

displacement of the isolator is governed by,

54 20owos +wls + pg Gn(d) + D i = —, . (2.11)

i=1
The deformation of structure is still described by Eq.(2.2). For the nonsliding phase,
the responses are evaluated from Eqs.(2.2) and (2.4).

2-4



Whenever the friction plates are sticking to each other, the nonsliding phase
continues as long as
g+ wjs + 20 ] < pug - (2.12)

As soon as the condition,
& + wls + iy cids| = g (2.13)

is satisfied, slip occurs and Eq.(2.11) coupled with Eq.(2.2) govern the motion. The
direction of sliding is given by
:'1':9 + wgs + E?:l o E;

@(0) = 1g + (214)

at this moment of transition.

Like the P-F base isolator, during the sliding phase whenever § = 0, a transition
to the stick condition may occur. The criterion that determines the subsequent
behavior of the R-FBI system is similar to that of the P-F base isolator. If the
inequality given by (2.8) holds, the sliding continues with §g7(3) taking the sign of
§ at the transition moment; otherwise, the stick condition prevails. The values of
T, = 4 sec (w, = 7 /2 radfsec) are suggested for the R-FBI base isolation system in
[14-16] . In this study, unless stated otherwise, T, = 4 sec, g = 0.05 and {, = 0.08

are used.

The Alexisismon base isolation system developed by Ikonomou [28] makes use
of the parallel actions of sliding joints and rubber bearings. Although the designs
of the Alexisismon and R-FBI systems are different, their governing equations are
quite similar. In fact, Eqs.(2.11) - (2.14) are directly applicable to the Alexisismon

system as long as the deformation in its rubber bearing part remains small.

2.4 NZ System

Figure 1-1d shows the schematic diagram of the New Zealand system. In [20,23]
it was suggested that the restoring force generated by the hysteretic behavior of the
lead core of the NZ isolator may be approximated by Wen’s hysteretic model [29].
When a multi-story building is isolated by the NZ (or a hysteretic damper) base
isolation system, the deflection of the structure is governed by Eq.(2.2), and the
equation governing the base displacement is given as,

N n
&4 2(ow,$ + wﬁs + HQ + E oGE; = —&, , (2.15)

=1
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where N is the number of base isolators used, and M is the total mass of structure
as defined in Eq.(2.3). Here, @) is the hysteretic restoring force generated by the
lead core which is given as

Q(s,8) = a%s + (1~ a)F,Z , (2.16)

where Z is the dimensionless hysteretic displacement that satisfies the following

nonlinear first order differential equation :
YZ = —4|5|1Z)Z]" — B3|Z|" + 05 . (2.17)

In Eqs.(2.16) and (2.17), F, and Y represent the force and the yield displacement of
the equivalent hysteretic dampers, 3, v, and 8 are dimensionless parameters, 7 is an
integer which controls the smoothness of transition from elastic to plastic response,

« is the post to preyielding stiffness ratio.

For the predicted responses from this model to fit the experimental results for cer-
tain lead-core laminated rubber bearings, the values of F, =46 KN, Y = 7.7 mm,
o= 0157, B = ~0.54, vy =14, § = 1.0, and n = 1 were suggested in [20]. These
values together with the natural period T, of 2 sec (w, = # rad/sec), a damping
ratio {, of 0.08 and the mass per isolator ratio, M/N, of 200 tons are used in this
study.

2.5 EDF System

Figure 1-1e shows the schematic diagram for the EDF base isolation system. In
practical applications, the laminated neoprene pad is designed to have a natural
period of about 0.8 to 1.2 sec, and the friction coefficient of the friction plate is
about 0.2. The mass of the reinforced elastomeric bearings and the friction plate of
the EDF system are negligible when compared with the mass of the base raft and
the structure. Therefore, the mass of the bearing is neglected in the present analysis

and in the schematic diagram shown in Figure 1-le.

The governing equations of motion for a multi-story building isolated by an EDF
system are described in the sequel. During the sliding phase, the equations of motion

of the EDF isolator are given as,
Wt +wly = ug 3G — ) , (2.18)
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S+ pg (s — 9) + 3 ouis = —ity (2.19)
i=1

where y is the deflection of the rubber and s is the total relative displacement (sum
of y and the slip displacement in the friction plate) between the base raft of the
structure and the ground. In the nonsliding phase, the EDF system behaves as a

LRB system. The equations of motion of the isolator then become
s=§, i=y, (2.20)

n
§+ 2woy +wiy + > idi = —#y , (2.21)

=1

The deflections of the structure for both phases of motion are governed by Eq.(2.2).

The criterion for the nonsliding phase to continue to persist is :
|8+ 3, + 300, udi| < pg . (2.22)
As soon as the condition,
|5+ &5 + Xy cudli]| = pg (2.23)

is satisfied, sliding commences and Eqs.(2.18) and (2.19) coupled with Eq.(2.2) gov-

ern the subsequent motion in the sliding phase. The direction of sliding is given

by
_."'f,'g + .§ -I- z?:l 0.’,'."1':5

g

sTn(0) = (2.24)

at the moment of transition.

A nonsliding phase is bound to occur at the end of each sliding phase. This is
because when the base raft changes its direction of motion, the massless bearing has
to stick to it due to the absence of inertial resistance. This behavior of the EDF
base isolator which is the consequence of having the elastic and the friction elements
in series is in contrast to that of the R-FBI system. As noted earlier, the R-FBI

system makes use of parallel actions of the elastic element and the friction plates.

In the present study, unless stated otherwise the values of 7, = 1 sec (w, =
2r radfsec), {, = 0.08, and g = 0.2 are used.




2.6 SR-F System

Figure 1-1f shows the mechanical behavior of the Sliding Resilient-Friction base
isolation system. This system is characterized by two friction plates. One acts in
parallel with the isolator spring and is referred to as body friction plate. The other
acts as sliding interface with the structure. In this section, the equations of motion
for a multi-story shear structure isolated by the SR-F system are described. When
sliding occurs in both the upper friction plate and the body of the isolator, the

equations of motion of the SR-F base isolator are given as

2owoy + wly + prg Sgn(y) = pg Sgn(s —y) , (2.25)
5+ ug SGA(E — §) + D ouds = —3, (2.26)

i=1
where y is the deflection of the isolator, s is the total displacement which indicates
the relative displacement between the base raft of the structure and the ground, p
and p; represent the friction coefficients of the upper and the body friction plates,

respectively.

In the case that the upper friction is sticking while the body friction plates are
sliding, the SR-F isolator behaves as a R-FBI unit. The equations of motion of the

isolator then are given as,

§=9, é=y9, (2.27)
§ + 20owo) + Wiy + g SgR(Y) + Y cidy = —d, (2.28)
=1

Whenever there is no sliding in the body friction plate, while the upper interface
friction plate is sliding, the system behaves as a simple Sliding-Joint isolator and

the displacement of the isolator is governed by
y=y=0, (2.29)
§+ pg sgn(s) + Y aF = —F, . (2.30)
=1

When all friction plates are sticking, the equations of motion of the isolator is
given as

§=s=0, §=y=0, (2.31)

which correspond to a fixed-base structure. In all these different phases of motion,

the deformation of structure is governed by Eq.(2.2).
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The nonsliding phase in the body friction plates continues as long as

|5+, + wiy + X7 cudi] < pag - (2.32)
As soon as the lefthand side of {2.32) becomes equal to p1g, the body friction plates
begin to slide, and the direction of sliding is determined by

S+ &, 4+ iy + T8 oudy

5gn(0) =~ g

(2.33)

For &gn(0) equal to +1 or —1 the body friction plates will slide in positive or
negative direction, respectively. Likewise, the nonsliding phase in the upper friction

plate continues as long as the criterion
|8+ &, + 0 cudi| < pg (2.34)

holds. Sliding starts when the lefthand side of (2.34) becomes equal to pg, and

§ &y 4 3, o

sgn(0) = — p

: (2.35)

gives the sliding direction of the upper friction plate.

For a proper operation of the SR-F base isolators, the friction coefficient of the
upper friction plate, j, has to be larger than that of the body friction plates, y;.
Under this condition, a motion in which the upper plate is sliding while the body
plate are sticking to each other is rather unlikely to occur. Such a state of motion
is only possible under exceptional cases when p and p; are close to each other and

rather large amount of residual displacement exists in the body of the isolator.

During the fully sliding phase, whenever (§ — 1) becomes zero the motion of the
isolator is replaced by a state of motion for which the body friction plates are sliding
while the upper friction plate is sticking. Likewise, whenever § becomes zero in the
fully sliding phase, the motion of the isolator is replaced by a state of motion for
which the body friction plates are sticking while the upper friction plate is sliding.
When y becomes zero during the sliding of the body friction plates, the inequality

) M
9] = 29 — (2.36)
Ty

is checked to determine the subsequent behavior. If the inequality given by (2.36)

holds, body friction plates reverse their sliding directions without stick. In this case,
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Eqgs.(2.27) and (2.28) continue to govern the subsequent motion of the SR-F isolator
with sgn(y) taking the sign of § at this transition moment. If inequality (2.36) does

not hold, a transition to fixed-base motion occurs.

In the subsequent analysis, unless stated otherwise the values of p; = 0.05,

p = 0.2, ¢, =0.08, and a natural period of T, = 4 sec (w, = 7/2 rad/sec) are used.
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SECTION 3
TECHNIQUES OF SOLUTION

In this section, the structural model is described, and the procedure of numerical
evaluation is discussed. A three-story building as shown in Figure 2-1 is used as the
structural model. The corresponding mass, damping, and stiffness matrices are
given in Appendix B. It is assumed that the masses of different floors and the base
raft are identical and the stiffness and damping of columns of various stories are
also equal. The natural frequencies of the structure are evaluated and the modal

equations and modal matrix are listed in Appendix B. Accordingly,
wy =2.802w;, w3;=4.049w,, (3.1)

and
(=2802¢, (=4049¢, (3.2)

where w is the natural circular frequency, { is the modal damping ratio and subscripts
1,2, and 3 identify the mode of vibration. The fundamental natural period Ty =
27wy is varied between 0.1 to 1 sec to cover the range of stiff to flexible structures.
Numerical results are also presented for the extreme case of 1 sec < T7 <€ 4 sec
in order to better understand the interaction between highly flexible structures and
various base isolation systems. Except for the section on sensitivity analysis of the
effects of variation of (7, a damping ratio of 0.02 for the fundamental mode is used

throughout this study.

The values of natural periods T,, damping ratios {,, and friction coefficients p
(or p1) of the isolators studied are summarized in Table 3-1. These values are used
throughout this work except for the sections on sensitivity studies. In these cases,
the value of one particular parameter is varied while for the others which are kept

fixed the values listed in Table 3-1 are used.

Based on the fourth order Runge-Kutta scheme, a double precision FORTRAN
routine for numerical evaluation of the equations of motion is developed. A time
step of At = 0.00025 sec is used in the continuous phases of motion away from the
transitions. The accuracy of the results is verified by comparing the results with

those obtained by finer time steps on several occasions. For frictional systems, the
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Table 3-1 Values of Parameters Used for Various Base Isolators

Natural | Damping | Friction
Base Isolation System Period Ratio | Coeflicient

T,(se0)| ¢ | pGm/n)
Pure-Friction (P-F) - - 0.1
Larminated Rubber Bearing (LRB) 2 0.08 —
Resilient-Friction (R-FBI) 4 0.08 0.05
Electricite de France (EDF) 1 0.08 0.2
New Zealand (NZ) 2 0.08 —
Sliding Resilient Friction (SR-F) 4 0.08 0.05/0.2
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precise evaluation of the time of phase transitions are crucial to the accuracy of
response analysis. Therefore, a successive time-step-cutting procedure 1s used to
approach each of these transitions with an accuracy of 107° m/sec? in evaluating
the stick-slip criteria and an accuracy of 107'° m/sec in evaluating the zeros of $ (or
§—1 and y for the EDF and the SR-F systems). In this fashion, the time of transi-
tion is accurately determined, and based on the appropriate criteria, the equations
governing the subsequent phase are specified. It should be noted here that the com-
pact form of the equations of motion presented earlier are not quite suitable for a
direct Runge-Kutta integration scheme. This is because the second derivative terms
(i.e., the accelerations & and ;) appear also on the righthand side of these equations
and they can not be written conveniently in the state variable form. Therefore,
the equations of motion are rearranged in such a way that the accelerations terms
appeared explicitly on the lefthand side of the equations before the Runge-Kutta
scheme is applied. As an example, the rearranged form of the equations for the

R-FBI system used in the numerical evaluation are listed in Appendix C.

A sinusoidal ground excitation given as

Es=a sin(%), (3.3)
is used throughout this work. Unless stated otherwise, a ground period of T, =
0.8 sec and an amplitude of a = 0.5g are employed. The time duration of excitation
is taken to be 8 sec which covers ten complete cycles and the response approaches
a nearly quasi-steady state limit. Several numerical experiments are also carried
out for larger time durations but no noticeable change in the peak responses are
observed. Therefore, it is concluded that a ten cycle duration is sufficient for the

determination of the peak responses.

The responses of the three-story structure with various base isolators are evalu-
ated. The peak absolute accelerations for various floors, (%, + 8 + #i)}mas, the peak
deflection, x3|maz, the peak relative base displacement, sl,..., for different period
ratios, 11/Ty, are evaluated. A series of sensitivity studies on the effects of varia-
tions of parameters of the isolators and the structure are carried out. The effects of
the velocity-dependent friction coeflicient are also studied. Unless stated otherwise
a structure with a fundamental natural period of 0.3 sec is considered, and the peak
responses are evaluated and discussed. To simulate the effects of the high intensity

earthquakes, a sinusoidal ground excitation with 7, = 0.8 sec and a = ¢ is used and
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the peak responses are plotted versus period ratio, Ty /T;. In the sensitivity study
on the effects of the frequency contents of the ground excitation, a structure with a
fundamental natural period of 0.3 sec is considered and the period of the sinusoidal
excitation, Ty, is varied. A time duration of 10 7} is usually used for evaluating the
peak responses; however, for T, < 0.3 sec, a time duration of 3 sec is used. The

variations of peak responses with T}, are discussed.
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SECTION 4
RESPONSE ANALYSIS

In this section, responses of the base isolated three-story structure described
earlier subject to a sinusoidal horizontal ground excitation are analyzed. Several
different base isolation systems are considered and their performances under a va-
riety of conditions are studied. The acceleration response time histories and their
frequency decompositions for the base isolated structure and the fixed-base one are
examined. The peak absolute accelerations, the peak displacement, and the peak
deflection responses for structures with various base isolation systems under a vari-
ety of condition are evaluated and discussed. Several series of sensitivity analyses
for variations in damping coeflicient of structure, mass ratio, friction coefficient,
damping ratio, and natural period of various isolators, and amplitude and period of
ground excitation are carried out. The effects of velocity-dependent friction coeffi-

cient are also studied.

4.1 Sample Responses

For the purpose of understanding the characteristic behaviors of various base
isolation systems, several sample acceleration response time histories of the base
isolated structure and their Fourier decompositions are studied. For the isolators,
the recommended parameters as listed in Table 3-1 are used. The ground excitation
is assumed to be a sinusoidal function with an amplitude of 0.5¢ and a period of
0.8 sec. The time histories are evaluated for a structure with a fundamental period
Ty = 0.3 sec (which corresponds to a period ratio of 0.375). The results are shown

in Figures 4-1 through 4-3 and discussed in the sequel.

Figure 4-1 compares the absolute acceleration time histories of the top floor for
the fixed-base (F-B) and the base isolated structure. The ground acceleration Z,
is also plotted for reference. For the intensity of the ground excitation considered,
no sliding in the upper plate of the SR-F base isolation system occurs; thus, the
responses of the SR-F system becomes identical to those of the R-FBI system. This
figure shows that, the fixed-base structure significantly amplifies the ground accel-
eration, while the base isolation systems generally reduce the peak accelerations

transmitted to the structure. It is also observed that the acceleration responses
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of the fixed-base structure, and a structure with the LRB system, show relatively
smooth time variations. While, the acceleration time histories of a structure with
the P-F isolator or the R-FBI/SR-F systems show many sharp peaks. These sharp
peaks are generated by the slip-stick and the reversal transitions for which the dis-
continuous changes of friction force exert shock loadings on the base of the structure.
The continuous but nonlinear stick-slip transitions of the P-F and the R-FBI /SR-F
systems also generate high frequency wiggles in the absolute acceleration time his-
tories. From Figure 4-1b, it is observed that the acceleration response for the EDF
base isolator shows a somewhat smoother response in comparison to those of the
P-F and the R-FBI/SR-F systems. This is because the slip-stick transitions of the
EDF system do not generate discontinuities in acceleration, and therefore, no shock
force acts on the structure. Nevertheless, the continuous but nonlinear stick-slip
transitions still generate high frequency wiggles in its acceleration response time

histories.

Figure 4-2 shows sample absolute acceleration time histories of various floors for
different base isolation systems. Many features of the responses of the structure
with various isolation systems may be studied from these figures. The acceleration
time histories of various floors for the P-F base isolator are shown in Figure 4-2a. It
is observed that acceleration response of the base contains a large number of sharp
pulses. Peaks of some of these acceleration pulses become identical to the ground
acceleration level for short time durations. These pulses are due to the slip-stick
and stick-slip transitions. As expected, during the stick period the acceleration of
the base becomes identical to #,. TFigure 4-2a also shows that as the acceleration
is transmitted to the higher floors certain modifications occur. - The pulses become
somewhat broader and their peaks become smoother. Except for reduction of the
peaks of the pulses, the acceleration is amplified. From Figure 4-2a, one finds that
the peak absolute acceleration of the third floor is highest while that of the second
floor is the lowest. This is because the acceleration responses of the base and the
first floor contain sharp peaks which are somewhat smoothed out in the acceleration
record of the second floor. The amplifying effects of the structure makes the peak

acceleration of the third floor larger than the others.

Figure 4-2b shows the floor acceleration time histories for the R-FBI system.

Like that of the P-F base isolator, the base acceleration time history contains sharp
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pulses. However, the acceleration transmitted to the base and, in particular, the
amplitude of the acceleration pulses are much lower than those of the P-F. base
isolator. Furthermore, unlike the P-F system, the peaks of the acceleration pulses
for the base do not reach the value of #,. This means that the criterion given
by (2.8) holds for all motion transitions occurred in this case, and the structure
reverses the direction of sliding without sticking to the foundation. From Figure
4-2b, it is also noticed that the acceleration levels remain the same or amplify
slightly as transmitted through the floors. Furthermore, the sharp pulses of the
base acceleration time history become much smoother at the higher floors. As a
result, the peak acceleration at the top floor is somewhat less than that of the base
for the record shown in Figure 4-2b. From these results, it may be concluded that
the structure in this case behaves approximately as a rigid body. As mentioned
earlier, for this level of excitation, no sliding in the upper plate of the SR-F base

isolator occurs and hence its behavior is identical to that of the R-FBI system.

Figure 4-2c shows the acceleration time histories of various floors for the LRB
base isolator. It is observed that the absolute accelerations of various floors and the
base are almost identical. This implies that the structure responds in its rigid body
mode. This behavior is as expected, since the horizontal stiffness of the isolator is
much lower than that of the structure. From Figure 4-2c, it is also observed that the
acceleration responses are quite smooth and devoid of high frequency pulses observed
for the frictional systems. The acceleration time histories for the NZ system are quite

similar to those of the LRB system and hence are not shown here.

Figure 4-2d shows the acceleration responses of various floors for the EDF system.
It appears that the base acceleration contains the high frequency wiggles generated
by the motion transitions. However, the sharp pulses observed for the P-F and the
R-FBI systems are absent. This figure also shows that the shape of the acceleration
wave is modified as it is transmitted through different floors, while its peak remains

almost the same or increases slightly.

To quantify the frequency content of the acceleration responses presented in
Figure 4-2, the Fourier transform technique may be used. In the followings, the
Fourier decompositions of the acceleration responses are presented and discussed.
For ¢ > 16 sec, for which the responses reach quasi-steady periodic states, segments

of four periods of acceleration sample responses are considered and the IMSL Fast
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Fourier Transform routine FCOST [30] is used in these analyses. Figure 4-3 shows
the Fourier spectra of the acceleration responses at different floors for various base

isolation systems. The intervals of frequency presented in these figures are about

0.156 Hz.

The Fourier spectra of the acceleration responses at various floors for the P-
F base isolation system are presented in Figure 4-3a. This figure shows that the
acceleration spectra contain sharp peaks at certain distinct frequencies. A careful
examination of the figure shows that the energy containing frequencies are located
at (2n—1) f,, n=1,2,3,...., where f, = 1/T, is the frequency of ground excitation
which is 1.25 Hz for the present case. The lowest frequency is that of ground excita-
tion, and the friction force generates higher energy containing frequencies which are
odd multiples of this frequency. Figure 4-3a also shows that the Fourier amplitudes -
at frequencies higher than 20 Hz vanish rapidly as the acceleration is transmitted
from the base {o the upper floors. This results is consistent with the observation
made earlier from Figure 4-2a that the peaks of acceleration time history becomes
broader and smoother as it is transmitted to the upper floors. It is also noticed
that, as the acceleration is transmitted through various floors, the amplitudes of the
peaks are modified significantly; however, the energy containing frequencies do not
change. Furthermore, frequencies of 1.25 Hz and 6.25 Hz are dominant for these

acceleration responses.

Figure 4-3b shows the Fourier spectra at various floors for the R-FBI system. The
general features are similar to those observed for the P-F system. The acceleration
response of the base floor contains a broad spectrum which is sharply peaked at
distinct frequencies of (2n — 1) f,. The energy contained in the high frequency
range decays rapidly as the acceleration is transmitted to the upper floors. It is also
observed that amplitudes of the acceleration spectra for the R-FBI system are much

lower than those for the P-F isolator.

Figure 4-3¢ shows the Fourier spectra of acceleration response at various floors
for the LRB base isolation system. Unlike the frictional systems, there is only one
peak occurring at frequency of 1.25 Hz. This clearly shows that , the LRB system

does not alter the frequency of ground excitation.

Figure 4-3d displays the Fourier spectra of various floors for the EDF system.

It is observed that these acceleration spectra combine the features of the frictional
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and the LRB base isolators. While the peaks at frequency of 1.25 Hz are dominant,
additional energy containing high frequencies appear in the Fourier spectra of the
EDF system. These high frequencies are identical to those of the P-F and the R-FBI

systems.

Based on the results presented in Figures 4-1 through 4-3, it is noticed that the
peak acceleration transmitted to the base of the structure is generally lower than that
of the ground excitation. The isolated structure generally responds approximately in
its rigid body mode and, unlike the fixed base structure, do not amplify the ground
acceleration to a significant extent. Furthermore, the Fourier analyses show that
the frictional systems scatter energy into high frequency regions in the transmitted

acceleration responses,

4.2 Comparative Study

Using a ground acceleration with an amplitude of 0.5¢ and T, = 0.8 sec, the
performances of various base isolation systems are evaluated and the resulting re-
sponse spectra are described in this section of the study. The parameters of the base
isolation systems studied are selected within the range of recommended values and
are listed in Table 3-1.

The variations of the peak absolute acceleration at the fop of the structure,
(Zy + 3 + Z3)|max, the peak relative base displacement, 3|maqe, the peak deflection,
T3|maz, versus period ratio, Ty /T,, for various base isolation systems are shown in
Figures 4-4 through 4-6. The corresponding responses of the fixed-base structure
are also plotted in these figures for comparison. As noted earlier, for the ground
excitation considered, no sliding on the upper friction plate of the SR-F system

occurs; hence, the peak responses of the SR-F and the R-FBI systems coincide.

Comparing the acceleration response spectra of the fixed-base structure with
those of the isolated structures as shown in Figure 4-4, it is observed that all base
isolation systems considered here reduce the peak accelerations significantly. In par-
ticular, this figure shows the acceleration resonance peak of the fixed-base structure
is reduced by a factor more than ten. This is perhaps the most attractive feature
of using base isolation systems. For period ratios less than one, the peak acceler-
ations for the LRB, the NZ, and the R-FBI/SR-F systems are about 0.3g to 0.4g
and the structure behaves approximately as a rigid body. The P-F system (with
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¢ = 0.1) transmits an acceleration of about 0.6¢ which is generally higher than
those of other isolators in the entire range of T3 /T, < 2 . For period ratios less than
0.5, the maximum acceleration for the EDF system is about 0.25¢ to 0.4g which is
comparable with those of the LRB, the NZ, and the R-FBI/SR-F systems. How-
ever, in the range 0.6 < T} /T, < 2, the acceleration spectrum of the EDF system
jumps to about 0.7¢ which is even higher than that of the P-F system. It is also
observed that the spectrum of the fixed-base structure shows a secondary peak at
about Ty/T, = 2.8. This is due to the resonance between the second mode of the
structure (with Ty ~ 71/2.8) and the ground excitation (7T, = 0.8 sec). For period
ratios about 1.5 to 3.5, the peak absolute acceleration responses of the LRB, the
NZ, and the EDF systems increase partly due to the resonance of the second mode

and partly due to the structure-isolator interactions.

From Figure 4-5, it is observed that the maximum relative base displacements of
the NZ, the LRB, and the R-FBI/SR-F systems are roughly constant in the entire
range of T1/T, < 1 with magnitudes about 0.25 m to 0.32 m. That is, in this
respect, the isolated structure behaves essentially as a rigid body in this range. The
P-F isolator shows a larger level of base displacement of the order of 0.5 m and shows
a sharp peak of more than 1 m for a period ratio of about 0.9. There seems to be a
sort of resonance of the fundamental mode of the structure with ground excitation
for the base displacement, while no peaks exist in the corresponding acceleration or
deflection response spectra curves. A similar peak is also observed for the EDF base
isolator with a maximum of about 0.4 m. The peak base displacement for the EDF

isolator is quite low and is about 0.25 m away from this resonance peak.

As mentioned before, the maximum deflection is directly proportional to the
column stresses of the structure. An excessive column stress is one main source of
damage to the structure during a strong earthquake. Figure 4-6 shows the maximum
deflection, z3|m.z, versus period ratio Ti/T,. As expected, the maximum deflection
increases as the flexibility of the structure increases. The maximum deflection of
the fixed-base structure shows a very large peak (more than a few meters) at the
resonance condition. The deflection response spectra curves for the isolated structure
are generally much lower than that of the fixed base one and do not show sharp peaks
at T1/Ty = 1. At the resonance condition, Z3)mq, for the R-FBI/SR-F systems is

only about 4 em. The other isolators lead to a peak deflection of about 6 to 8 cm.
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That is, the column stresses for the structure isolated by the R-FBI/SR-F systems is
less than half of those isolated by the other base isolators. It is perhaps of interest to
emphasize that the peak absolute acceleration levels shown in Figure 4-4 for the R-
FBI/SR-F and the LRB systems are comparable; therefore, the peak forces exerted
at different floors are about the same for these systems. Nevertheless, the column
stresses for the R-FBI/SR-F base isolation systems are about half of those for the
LRB. The reason for this apparent discrepancy is that the acceleration response
time histories for the R-FBI/SR-F systems contains short duration sharp peaks.
These acceleration pulses, however, have negligible energy and do not generate high

stresses in the structure.

The peak absolute acceleration responses of various floors are plotted versus
T1/T, in Figure 4-7. Figure 4-Ta shows the acceleration response spectra for the
fixed-base structure. The constant peak base acceleration of 0.5¢ is also shown in
this figure for reference. It is noticed that the peak acceleration responses of the
upper floors are generally higher than those of the lower floors. This clearly shows
the amplifying effects of the structure. From Figure 4-Ta, it is also observed that
the response spectra curves have a rather high resonance peak at 71/7T, = 1; in
particular, the magnitude of the resonance peak for the third floor is more than 10g.
This figure also shows that for flexible structures, the peak acceleration responses of
the lower floors could become comparable or larger than those of the upper floors.
As mentioned before, the appearance of secondary peaks at period ratio of about
2.8 in Figure 4-7a are due to the resonance of the second mode of the structure with

the ground excitation.

Figures 4-7b through f compare the acceleration response spectra at different
floors for the base isolated structure. These figures show that the sharp resonance
peak of the fixed-base structure totally disappears which is the most striking feature
of using a base isolation system. Furthermore, the peak accelerations at various

floors of the isolated structure remain almost the same and do not vary appreciably

with T1/T,.

Figure 4-Tb shows the peak acceleration responses at various floors for the P-
F base isolator. As mentioned earlier, the presence of the motion transition shock
loadings accompanied with damping and amplifying effects of the structure form the

dominant features of the acceleration response time histories for the P-F isolator. For
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period ratios less than 2, the third floor has the highest peak acceleration responses
because of the amplifying effects of the structure; however, the peak acceleration of
the base floor is larger than those of the first and the second floors due to the actions
of the slip-stick transition shocks. Figure 4-Tb also shows that the peak acceleration
responses of the structure with a P-F isolator remain almost constant, while the
corresponding responses of the fixed-base structure strongly depends on the value

of period ratio.

In Figure 4-Tc, the peak acceleration responses at various floors for the R-
FBI/SR-F systems are shown. It is observed that peak acceleration at the base
(about 0.4g) is generally higher than those of the upper floors. The acceleration
spectra of the first and the second floors are comparable (about 0.2¢) and are lower
than that of the third floor. The other general features of the acceleration response
spectra shown in this figure are somewhat similar to those of the P-F base isolator.
Figure 4-Tc also shows that the peak accelerations of structure with the R-FBI/SR-F
base isolators are generally much lower than those isolated by the P-I' system and

the fixed-base structure.

The peak acceleration responses at various floors of a structure with a LRB
base isolation system are plotted versus period ratio in Figure 4-7d. It is observed
that the acceleration response spectra curves of various floors almost coincide for
period ratios less than 0.8, and remain a constant at about 0.3g. This implies that
the structure isolated by the LRB base isolator responds in its rigid body mode
for T1/T, < 0.8. For period ratios of the order of one or larger, the interactions
among various floors of the structure and between the structure and the isolator are

significant, and peak accelerations of various floors increase accordingly.

Figure 4-7e shows the peak acceleration responses at various floors for the N7
base isolator. Comparing Figures 4-7e and 4-7d, it is clearly observed that the
behaviors of the spectra curves for the NZ system are similar to those of the LRB
base isolator; however, the magnitudes of the peak acceleration for the NZ system
are somewhat higher than those of the LRB. Figure 4-7e also shows that the isolated
structure is vibrating in its rigid body mode with a peak absolute acceleration of
about 0.4g for T1/T, < 0.7.

The peak accelerations at various floor for the EDF base isolator are shown in

Figure 4-7f. Tt is observed that the peak acceleration responses of the base floor are
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higher than those of the first and the second floor for period ratios less than unity.
The figure also shows that the peak accelerations gradually increases as the stiffness
of the structure decreases. For flexible structures the interactions between various
floors and the base isolator become quite significant and the acceleration response

spectra curves increase to about 0.7 to 1 g.

Based on the results presented, it is concluded that the base isolation systems
substantially reduce the peak transmitted acceleration and the column stresses. In
particular, the resonance peak of the fixed-base structure is totally eliminated for
the base isolated structures. Among the isolators studied, the R-FBI/SR-F systems
lead to the lowest structural deflection, and the NZ system produces the lowest
base displacement while the P-I' system generates the highest base displacement.
The peak accelerations transmitted by the LRB, the NZ, and the R-FBI/SR-F
base isolator are comparable. The P-I and the EDF systems lead to higher peak
accelerations. Furthermore, the base isolated structure, unlike the fixed-base one,

do not amplify the ground excitation to a significant extent.

4.3 Effects of Structural Damping

In this section, the effects of variation of the damping ratio of the structure, (;,
on the peak responses for various base isolation systems are studied. The corre-
sponding results for the fixed-base structure is also shown for reference. A structure
with a fundamental natural period of 0.3 sec is used in this study. The peak abso-
lute acceleration responses at the top of the structure, the maximum relative base
displacements, and the maximum deflections of the structure are evaluated for a

range of values of ;. The results are shown in Figures 4-8 through 4-10.

The peak acceleration responses for different systems are plotted versus (; in Fig-
ure 4-8. Tt is observed that damping has no noticeable effect on the peak responses
for the LRB and the NZ systems. However, the peak accelerations for the friction-
type isolators decrease with an increase in (3. This is because the accelerations
pulses generated by the shock loadings due to the slip-stick and slip reversal transi-
tions of the frictional systems are significantly reduced by the structural damping as
they propagate through the floors. Figure 4-8 also shows that the peak acceleration
transmitted to the top floor by the R-FBI/SR-F systems is the lowest among all
the isolators considered for ¢; > 0.02. For {; < 0.02, however, the laminated rubber
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bearing transmits the least amount of acceleration to the top of the structure. The
results for the fixed-base siructure shows that an increase in (; somewhat reduces

the peak acceleration of the top floor.

Figure 4-9 shows the effects of variations of the damping coeflicients on the
maximum base displacement responses for various systems. It is observed that the
peak base displacement responses are not sensitive to the variations in the damping
coefficients of the structure. This is because the base isolated structure behaves
essentially as a rigid block and the structural damping has no effect on the peak
base displacement. For the P-I isolator, the peak base displacement shows slight

variation with (; for small values of damping coefficient.

Variations of the maximum deflection with damping coefficient for various base
isolation systems are shown in Figure 4-10. The corresponding results for the fixed-
base structure are also plotted in this figure for comparison. It is observed that
variations of (; do not affect the peak deflection responses significantly except for
the P-F system. Slight reductions of the peak deflections of the fixed-base structure
and the structure isolated by the EDF and the R-FBI/SR-F systems with structural
damping is also noticed in Figure 4-10. This figure also shows that the R-FBI/SR-F
systems lead to the lowest peak deflection for the entire range of damping coeflicient

considered.

From the results presented in this section, it may be concluded that as damping
ratio of the structure increases, the peak acceleration of the structure with a fric-
tional base isolation system decreases. However, the variation in the damping ratio

has no noticeable effects on the peak deflection or peak base displacement responses.

" 4.4 Effects of Mass Ratio

In the following, the sensitivity of the peak responses to variations in mass ratio
() for different base isolation systems are studied. The mass ratio is varied from
0.1 to 0.5, and the peak responses of a three-floor structure with a fundamental

natural period of 0.3 sec are evaluated. The results are plotted in Figures 4-11
through 4-14.

Figure 4-11 shows the peak absolute acceleration responses at the top of the

structure versus mass ratio for different base isolation systems. It is observed that
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the peak acceleration responses remain constant or vary slightly with mass ratio.

The peak absolute acceleration responses at the base, (£, + §)|maz, for various
isolation systems are shown in Figure 4-12. This figure shows that for the P-F and
the R-FBI/SR-F systems, the peak accelerations transmitted to the base decrease
as the mass ratio increases; while they remain almost constant for the LRB and the
N7 systems. The reason is that the peak acceleration for the frictional base isolation
systems are transmitted to the base during the slip-stick and slip-reversal transition
by shock loadings. The amplitudes of these friction pulse forces are proportional
inversely to the mass ratio as is noted in Appendix A. Comparing Figures 4-11 and
4-12, it is observed that the peak accelerations at the top floor for the P-F and the
R-FBI/SR-F systems are lower than those of the base for certain ranges of mass

ratio.

Figure 4-13 shows the maximum base displacement responses for various base
isolation systems. It is noticed that for the entire range of mass ratio, the peak base
displacements remain almost constants of about 0.25 m for the EDF and the NZ
systems and about 0.3 to 0.32 m for the LRB and the R-FBI/SR-F systems. For
the P-F 1solator, however, the peak base displacement increases as the mass ratio
increases, and reaches a peak of about 0.72 m for the mass ratio of about 0.38.

Away from this peak, the maximum base displacement for the P-F isolator is about
0.5 m.

The peak deflection responses of the structure with various base isolation systems
are shown in Figure 4-14. It is observed that the peak deflection responses of different
isolators (with the exception of P-F system) remain almost constant or vary slightly
for the entire range of the mass ratio considered. This figure also shows that the
R-FBI/SR-F systems generate the least amount of deflection (about 0.5 ern) for the

entire range of mass ratio considered.

Based on these results, it may be concluded that the variations of mass ratio
have no noticeable effects on the performances of the base isolators considered.
The exception is the peak base displacement for the P-F base isolator which varies

somewhat with the mass ratio.
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4.5 Effects of Friction Coeflicient

In this section, the sensitivity of responses of friction-type base isolators to the
variations in friction coefficient are investigated. The study is of interest because
a certain degree of deviation in friction coeflicient from its nominal design value
is unavoidable due to construction imperfection and aging process. The friction
coeflicients of these isolators are varied in a range of preselected values, and the peak
responses of the structure are evaluated. The resulting peak absolute acceleration

responses at the top of the structure are shown in Figure 4-15.

Figure 4-15a shows the results of the sensitivity analysis for the P-F and the R-
FBI systems. It is observed that the amplitudes of the acceleration response spectra
for the R-FBI and the P-F systems are almost constant for period ratios less than
unity. Figure 4-15a also shows that the peak acceleration responses increase rapidly
as the friction coeflicient increases. That is, the peak acceleration responses of the
P-F and the R-FBI systems are quite sensitive to substantial changes in magnitude
of friction coefficient. For example, the peak acceleration levels for the R-FBI system
with a friction coefficient of 0.03, 0.05 and 0.07 are about 0.25¢, 0.35¢ and 0.45g for
period ratios less than unity. Similarly, the peak acceleration for the P-F isolator

jumps from 0.6¢ to 0.9¢ when the friction coefficient is changed from 0.1 to 0.2.

Figure 4-15b shows the acceleration spectra curves at the top of the three-story
structure which is isolated by the EDF system. It is observed that the peak acceler-
ation transmitted to the structure generally increase with period ratio. Figure 4-15b
also shows the peak acceleration transmitted by the EDF base isolator is also quite
sensitive to the variations in magnitude of friction coeflicient. For example, when
the value of friction coefficient increases from 0.15 to 0.25, the peak acceleration
increases from 0.2¢ to 0.3¢ for relatively rigid structures and from 0.6g to 0.9¢ for

flexible structures with period ratio of about 0.7 to 0.8.

The peak acceleration responses for the SR-F system with different friction co-
efficients of the upper friction plate, u, are shown in Figure 4-15¢. The friction
coefficient of the body plate is kept fixed (y; = 0.05) in this study. As mentioned
earlier, for ¢ = 0.2, no sliding in the upper plate of the SR-F system occurs, and
its response coincides with that of the corresponding R-FBI system. Figure 4-15¢
shows that as the friction coefficient of the upper plate reduces from 0.2 to 0.08, the

peak acceleration responses remain almost the same. This is because small amount
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of sliding occurs in the upper friction plate for the ground excitation considered
here. These results indicate that the peak acceleration transmitted by the SR-F
base isolation system is insensitive to the variations in the friction coefficient of the

upper plate.

The effects of variations of friction coeflicient on the maximum relative base
displacements for various friction-type base isolators are shown in Figures 4-16a
through c. These figures show that, in general, the relative base displacement reduces
as the friction coefficient increases. Figure 4-16a shows the variations of |4, with
period ratio for the P-F and the R-FBI systems. From this figure, it is noticed that
the peak displacement response spectra for the P-F system contain sharp peaks at
period ratio of about 0.9. These peaks reach to about 1.2 m and 0.6 m for friction
coefficients of 0.1 and 0.2, respectively. For T,/T, < 0.8, away from these peaks,
the corresponding maximum base displacements are about 0.5 m and 0.2 m. That
is, by doubling the friction coeflicient, the peak base displacement is dropped by a
factor of 2.5. Figure 4-16a also shows while friction coefficient significantly affect
the magnitudes of the displacement response spectra curves for the P-F system,
their shapes remain almost the same. It is also observed that peak displacement
responses for the P-F isolator decrease rapidly for period ratios larger than one. In

particular, no sliding is observed for g = 0.2 with Ty/T, > 3.

The peak base displacements for the R-FBI system with different friction cbefﬁ-
cients are also shown in Figure 4-16a. It is observed that the displacement response
spectra curves for the R-FBI system remain almost constant for the entire range of
natural period considered. Furthermore, their amplitude changes only slightly (from
0.3 m to 0.35 m) when g is varied from 0.07 to 0.03. By comparing the responses
of the R-FBI system with those of the P-F system, it is clear that the restoring
forces of the rubber installed in the R-FBI system reduces the horizontal relative
base displacements to a significant extent and eliminates the sharp peaks observed

in the displacement response spectra curves of the P-F system.

Figure 4-16b shows the peak base displacement responses for the EDF system for
several values of friction coefficient. As mentioned earlier, the displacement response
spectra for the EDF system contain sharp peaks similar to those of the P-I" system
at period ratio of about 0.9. These peaks are clearly observed in Figure 4-16b for
u equal to 0.15 and 0.2. For u = 0.25, the resonance peak disappears. This figure
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also shows that, for period ratio less than 0.8, displacement response spectra curves

remain almost constant about 0.35 m and 0.25 m for p’s of 0.15 and 0.2, respectively.

Figure 4-16¢c shows the peak base displacement responses for the SR-F system
with g = 0.05 and various friction coefficients of the upper plate. It is observed
that the maximum base displacement increases as the magnitude of u decreases.
For period ratio less than one, the peak displacements remain constants of about

0.32 m, 0.38 m and 0.48 m for friction coeflicients of 0.2, 0.1, and 0.08, respectively.

In Figure 4-17, the effects of variations of friction coefficient on the maximum
deflection of the structure for different base isolators are illustrated. Figure 4-17a
shows the maximum deflections for the P-I' and the R-FBI systems. It is observed
that the peak deflection somewhat increases with an increase in friction coefficient.
For example, for a structure with a fundamental natural period of 0.3 sec (11/7, =
0.375), when the friction coeflicient of the P-F isolator increases from 0.1 to 0.2, the
maximum deflection increases from about 0.9 ¢ to 1.3 ¢m. For the same structure
with a R-FBI system, the peak deflections are about 0.4 em to 0.7 em when friction

coefficient varies between (.03 to 0.07.

The deflection response spectra curves for the EDF system are shown in Figure 4-
17b where a slight increase of the peak deflection with Iriction coeflicient 1s observed.
For a structure with a fundamental natural period of 0.3 sec, the peak deflection

increases from about 0.6 cmn to 0.9 cm as {riction coefﬁcient increases from .15 to
0.25.

The peak deflection response specfra for the SR-F system with gy = 0.05 and
different values of 4 are shown in Figure 4-17¢. It is observed that the peak deflection
responses remain almost the same as the friction coeflicient of the upper friction plate
is varied. That is, the peak deflection of the structure with a SR-F base isolation

system is insensitive to variations in p.

Figures 4-15 through 4-17 show that the peak responses of the structure with fric-
tional base isolation systems vary significantly when the friction coefficient changes
substantially. However, small variations in the friction coefficient lead only to slight

changes in the response spectra curves.
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4.6 Velocity-Dependent Friction Coeflicient

It is well known that the friction coefficients between surfaces are not constants
and vary with a number of kinematic and dynamic parameters [31]. The most im-
portant factors affecting the friction coeflicient are the relative velocity between sur-
faces and the normal force. The recent data of [32] for teflon-steel interfaces suggests
that u increases with the relative velocity and decreases with the interface p:eséure.
There has been questions concerning the significances of velocity-dependent friction
coefficients on the performances of various frictional base isolation systems. In this
section, the sensitivity of the peak responses of the R-FBI system to the velocity-
dependent friction coeflicient is studied. A structure with a fundamental natural
period of (.3 sec is used. A sinusoidal ground excitation with é,n amplitude of 0.5¢
and a period of 0.8 sec is considered. The velocity-dependence of friction coefficient
is assumed to be given as

3]

= po + o (4.1)

v
where p, is the static friction coefficient, § is the relative sliding velocity, v is the
number of friction plates of the R-FBI system, and 3, 1s a constant. Several values
of B, up to 0.7 sec/m are used in the analysis. These imply significant variations of
p with 5.

Figures 4-18 through 4-20 show the peak absolute acceleration, the peak base
displacement, and the peak deflection response spectra for the R-FBI systems with
Lo = 0.05 and various values of 8,. The peak velocity responses, $|maz, are also
plotted in Figure 4-18 for reference. It is observed that the peak sliding velocities
are of the order of 1 m/sec. That is, g varies from 0.05 to 0.1 or 0.12 corresponding

to B, = 0.5 or 0.7 sec/m, respectively, for a R-FBI isolator with ten friction plates.

Figure 4-18 shows that the peak accelerations remain the same for various values
of B, considered here. This is because the peak acceleration responses for the R-
FBI systems are mainly generated by the slip-stick and slip reversal shock loadings.
These motion transitions occur at § = 0 for which u is equal to p,. Therefore, the
velocity dependence of friction coeflicient has no significant effect on the acceleration

response spectra.

Figure 4-19 shows the peak base displacement responses for various values of

B.. 1t is noticed that the base displacement response spectrum decreases slightly
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as 3, increases due to the larger sliding resistance. As noted before, the peak

displacements remain the same for structures with different 7.

The peak deflection responses are shown in Figure 4-20. It is noticed that the
velocity-dependent friction coefficient feature has negligible effects to the peak de-
flection response for the R-FBI system. As the magnitude of 3, varies from 0.0 to

0.7, no noticeable variation is observed for period ratios less than unity.

The values of 3, used in here are much larger than those suggested by the data of
[32]. Nevertheless, Figures 4-18 through 4-20 show that consideration of the velocity
dependence of the friction coefficient has negligible effects on the performance of the
R-FBI system. Hence, the Coulumb friction law with a constant i may be used to
simulate the behavior of the R-FBI system. In their experiments, Constantinou et
al. [32] noticed non-stick continuous sliding and motion direction reversal. However,

additional experiments are needed to clarify this observation.

4.7 Effects of Damping of Isolation System

The effects of the damping coefficient of the base isolators on the peak responses
for various systems are investigated in this section. A structure with a fundamental

natural period of 0.3 sec is used, and the results are shown in Figures 4-21 through
4-23.

The peak absolute acceleration responses at the top of the structure for various
systems are plotted versus {, in Figure 4-21. It is observed that the damping co-
efficient of the base isolation systems considered here has little effect on the‘peak
acceleration responses. A careful examination of Figure 4-21 shows that as the value
of (, increases, the peak acceleration responses slightly decrease at first and then
somewhat increase with further increase in {,. This behavior may be explained
as follows: As (, increases the energy dissipation of the isolators increases which
causes the transmitted peak acceleration to reduce. However, for large values of
(o, the isolators become rather stiff and the peak accelerations increase accordingly.
For (, > 0.45, sliding in the upper friction plate of the SR-F system occurs. In
this range of ¢,, the peak acceleration response for the SR-F system is slightly lower
than that of the R-FBI system. Figure 4-21 also shows that variations of the peak
acceleration in the entire range of (, considered is less than 0.05¢ for all the systems

considered.
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Figure 4-22 shows the effects of {, on the maximum base displacement responses
for various base isolation systems. It is observed that as the value of {, increases,
the peak base displacements decrease monotonically. The results show that the peak
displacement of the LRB system is most sensitive to variation in ¢,. As the value
of {, increases from zero to thirty percents, the maximum displacement of the LRB
decreases by about 9 ¢cm. For (, larger than about 0.45, the peak displacement of the
SR-F system is slightly larger than that of the R-FBI system due to the occurrence
of sliding in the upper friction plate.

The effects of variations of ¢, on the the maximum deflection responses for var-
lous isolation systems are shown in Figure 4-23. It appears that, like the peak
accelerations, the peak deflections are insensitive to variations in {,. Furthermore,
in the range of small {,, as damping increases, the peak deflections decrease slightly
to a minimum and then increase somewhat as ¢, further increases. However the total
amount of variations is small, and less than 0.2 em for all the isolators considered

here.

Based on the results of this section, it may be concluded that the damping of
isolator only slightly affects the relative base displacements and has no effect on the

peak transmitted accelerations or the peak deflections of the structure.

4.8 Effects of Natural Period of the Isolation System

This section considers the effects of variations in the natural period of the isolator
on the peak responses for various base isolation systems. For a structure with a
fundamental natural period of 0.3 sec, the peak responses for different systems for
T, varying between 0.6 to 6 sec are evaluated and the results shown in Figures 4-24
through 4-26.

Figure 4-24 shows the peak acceleration responses at the top of the structure for
various base isolation systems. It is observed that the R-FBI, the LRB, and the NZ
systems show resonance peaks with magnitudes of about 4¢ at T, ~ 0.8 sec. For
T, > 3 sec, the peak accelerations of the SR-F system coincides with that of the
R-FBI system and remains at a constant level of about 0.4¢. Figure 4-24 also shows
that the peak acceleration response of the EDF system becomes identical to that of
the LRB system for T, > 2.7 sec. Tt is also noticed that the peak acceleration of the

LRB decreases rapidly as T, increases, while that of the NZ approaches a constant
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level of about 00.24.

The peak base displacement responses for various base isolation systems are
shown in Figure 4-25. For T, of about 0.8 sec, the R-FBI, the LRB, and the NZ
system show resonance peaks with magnitudes of 0.4 to 0.5 m. For T, larger than
2 see, the peak base displacement responses increase with the natural period of the

isolation system for all systems considered.

Figure 4-26 shows the peak deflection responses for various systems versus the
natural period, T,. It is noticed that the behaviors of the peak deflection spectra are
similar to those of the peak acceleration spectra shown in Figure 4-26. The R-FBI,
the LRB, and the NZ systems show resonance peaks with amplitudes of about 8 to
10 em at T, =~ 0.8 sec. For T, > 2 sec, the peak deflections for the R-FBI and the
NZ systems remains constants of the order of 0.5 em to 1 ¢m. The peak deflection
response of the LRB system decreases gradually as T, increases. For T, greater than
2.7 to 3 sec, the peak deflections for the SR-F and the R-FBI systems and those for
the ED}F and the LRB systems coincide.

Figures 4-24 through 4-26 show the response spectra of the LRB, the NZ and the
R-FBI systems have sharp peaks whenever the natural frequencies of these isolators
coincide with the frequency of ground excitation. The responses of the SR-F and
the EDF systems, however, are devoid of such resonance peaks. This is due to
the presence of the upper friction plates which provide additional means of energy

dissipation for these latter systems.

4.9 Effects of Amplitude of Ground Excitation

In this section, the effects of an increase in the intensity of ground excitation are
studied. A sinusoidal ground acceleration as given by Eq.(3.3) with an amplitude
of g and T, = 0.8 sec is used to simulate a strong earthquake. The peak structural
responses are evaluated and the results are plotted in Figures 4-27 through 4-29
versus period ratio, Ty/T,. The results are compared with those obtained for an
amplitude of 0.5g, and the sensitivity of performances of various base isolators to

the variation in the amplitude of the ground excitation is discussed.

The acceleration response spectra at the top of the structure for various base iso-

lation systems and the fixed-base structure are shown in Figure 4-27. It is observed
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that the resonance peak of the fixed-base structure has an extremely high peak value
(more than 20g). For the structure with various base isolation systems, the reso-
nance peak is eliminated and the peak accelerations at T3/T, ~ [ are reduced by
more than twenty times. For the ground excitation considered here, sliding in the
upper friction plate of the SR-F system occurs, nevertheless, the peak acceleration
responses remain almost the same as those of the R-FBI system. Figure 4-27 shows,
with the exception of the EDF system, the acceleration response spectra curves of
the isolated structure remain almost constant for T7/T, < 1. In this range, the
R-FBI/SR-F systems lead to a peak acceleration of about 0.4¢g which is the lowest
among the isolators considered. The peak accelerations for the LRB, the NZ and
the P-F are about 0.6 to 0.8g. Comparing the acceleration response spectra curves
shown in Figure 4-27 with their counterparts shown in Figure 4-4, it is observed that
the peak accelerations for the LRB, the NZ system, and the fixed-base structure are
roughly doubled when the amplitude of ground excitation is doubled. However, the
peak accelerations for the R-FBI/SR-F are increased only by about 10% and those
of P-F and the EDF systems are increased by about 15%.

Figure 4-28 shows the peak base displacement responses for various base isolation
systems. It is noticed that the maximum relative base displacements for the EDF
and the P-F systems contain sharp peaks with magnitudes of more than 2 m and
3 m for a period ratio of about 0.9 which are much larger than those of the other
base isolation systems; furthermore, for the NZ, the LRB, the R-FBI, and the SR-
F systems, the peak displacement response spectra are approximately constant for
T1/T, < 1 with magnitudes of about 0.5 m to 0.75 m. Comparing Figure 4-28
with the corresponding results shown in Figure 4-5, it is observed that the peak
displacement responses for the LRB, the NZ, and the R-FBI systems are roughly

doubled as the amplitude of the ground excitation is increased from 0.5g to g.

The maximum deflection responses for various systems are shown in Figure 4-29.
The deflection response spectrum curve for the fixed-base structure shows a large
peak with magnitude more than 3 m at 71 /T, ~ 1. The peak deflection responses
for the base isolated structure are much lower than that of the fixed-base one and
do not have resonance peaks. For a structure with a fundamental natural period
of 0.3 sec, the peak deflection responses for the base isolated structure range from

a minimum of about 0.6 ¢m for the R-FBI and the SR-F systems to a maximum
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of about 2 e¢m for the NZ system. The corresponding fixed-base structure shows
a maximum deflection of about 4 ¢m. Comparison of Figures 4-6 and 4-29 shows
that the peak deflection responses for the LRB, the NZ base isolation systems and
the fixed-base structure are doubled when the amplitude of the ground excitation is

doubled, while for the frictional system the increase is about 25%.

The presented results show that the peak acceleration and deflection responses of
the frictional base isolation systems increase only slightly with a substantial increase
in the intensity of the ground excitation. The peak responses of the LRB and the N7
system increase in direct proportion to the amplitude of ground acceleration. The
base displacements for the P-F and the EDF systems may become unacceptably
large under certain conditions. Figures 4-27 through 4-29 show that for a high
intensity ground excitation, the R-FBI and the SR-F base isolation systems lead
to the lowest peak acceleration and peak deflection. The corresponding peak base

displacement is also gnite reasonable.

4.10 Effects of Frequency Content of Ground Excitation

In this section, sensitivities of peak responses to the variations in the frequency
content of the ground excitation for various base isolation systems are studied. A
structure with a fundamental natural period of 0.3 sec is considered, and a sinu-
soidal ground excitation with an amplitude of 0.5¢ 1s used. The peak responses are

evaluated and the results are plotted versus 7, in Figures 4-30 through 4-32.

Figure 4-30 shows the peak acceleration responses for various systems and for the
fixed-base structure. It is observed that the acceleration response spectrum of the
fixed-base structure has a resonance peak of about 10g at 7, = 0.3 sec; furthermore,
a secondary peak is observed at T, o~ 0.11 sec which is due to the resonance between
the second mode of the structure and the ground excitation. The peak acceleration
response for the P-F isolator (with g = 0.1) is almost constant with a magnitude
of about 0.6¢g throughout the entire range of T, considered. For T, < 1 sec, the
peak accelerations for the SR-F and the R-FBI systems coincide and are about 0.44.
However, for T, > 1, the response of the R-FBI increases with T, while the peak
acceleration of the SR-F system decreases slightly.

Figure 4-30 shows that the fundamental natural period of 0.3 sec for the fixed-
base structure is shifted to about 2 sec for the LRB and the NZ systems and to about
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4 sec for the R-FBI system. The presence of the upper friction plates in the EDF
and the SR-F base isolation system eliminates the resonance peak altogether. It is
also noticed that secondary resonance peaks for the LRB, the NZ, and the R-FBI
systems occur at T, ~ 0.17 sec. For T, < 0.7 sec, the LRB and the NZ systems lead
to the lowest peak acceleration responses; while, the SR-F and the EDF systems

generate the lowest peak accelerations for T, > 1 sec.

Figure 4-31 shows that the maximum base displacement responses generally in-
creases with T,. Tt is observed that for T, > 0.5 see, the P-F system leads to
the largest peak base displacement response among the base isolation systems con-
sidered. The peak base displacement responses for the LRB and the NZ systems
increase with Ty up to about 2 sec, at which resonance peaks with magnitudes of
about three meters appear. The R-FBI system shows a resonance peak at T, ~ 4 sec
with a magnitude of about 10 m. Figure 4-31 also shows the displacements of the
P-F, the EDF, and the SR-T isolators which contain pure-friction elements increase

monotonically as 7, increases.

The variations of the maximum deflections versus T, for various base isolation
systems are displayed in Figure 4-32. Tt is observed that the deflection spectrum of
the fixed-base structure shows a resonance peak of about 23 cm at T, = 0.3 sec.
The LRB and the NZ systems lead to resonance peak deflections of about 7 to 9 em
at T, ~ 2 sec, while that of the R-FBI system shows a resonance peak of about 7 cm
at T, ~ 4 sec. The peak deflections for the P-F, the EDF, and the SR-F systems
remain constants of about 0.6 cm to 0.9 em for the entire range of T, > 0.2 sec. For
T, < 0.6 sec, the LRB and NZ systems lead to the least peak deflection responses,
while, the P-F, the EDF, and the SR-F systems generate the lowest peak deflections
for T, > 2 sec.

These results show that the peak responses of the R-FBI, the LRB, and the
NZ systems are rather sensitive to the frequency contents of ground excttation. In
particular, when the periods of the ground excitation are close to the natural period
of these isolation systems, significant increase in the peak responses may occur. In
contrast, the P-F, the EDF, and the SR-F systems appear to be insensitive to the

variations in the frequency contents of the ground acceleration.
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SECTION 5
CONCLUSIONS

A multi-story structure with several leading base isolation systems subject to
a sinusoidal ground excitation is considered. The peak acceleration, the maximum
base displacement, and the peak deflection responses are evaluated and the per-
formance of the different base isolation systems are analyzed. Several sensitivity
studies by varying the parameters of the structure, the isolation systems, and the
ground excitation are also performed. Based on the present results, the following

conclusions may be drawn:

1. The base isolation systems are highly effective in reducing the ground accel-
eration transmitted to the superstructure and the column stresses generated in the
structure. Comparison of responses of the base isolated structure with those of the
fixed-base one show that an isolation system could reduce peak acceleration and
peak deflection responses by a factor of ten or more with a manageable relative base

displacement.

2. For a ground acceleration of 0.5¢g, the LRB lead to the lowest peak acceleration
transmitted to the structure. For high intensity ground excitations (about lg), the

R-FBI/SR-F systems transmit the lowest peak acceleration.

3. For moderate to high intensity ground excitations, the R-FBI/SR-F systems
lead to the lowest peak deflections and column stresses among the base isolators

considered.
4. The NZ system generally leads to the lowest relative base displacements.

5. Whenever the frequency of ground excitation is close to the natural frequencies
of the LRB, the NZ, the R-FBI systems, resonance peaks are noticed in their response
spectra curves. No such peaks appear in the peak responses of the SR-F and the
EDF systems. Thus, these latter base isolation systems appear to be insensitive to

severe frequency content of the ground excitation.

6. The frictional systems are relatively insensitive to increase in the intensity
of ground motion. When the intensity of the ground excitation is doubled, the

peak responses of the frictional base isolation systems increase by about 10% to
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25%. While, the peak responses of the linear isolator and the fixed-base structure

increases in direct proportion to the intensity of the ground acceleration.

7. The peak responses for frictional systems vary when the friction coefficient
changes; however, small variations in the friction coefficient lead only to slight

changes in the response spectra curves.

8. The velocity-dependence of friction coefficient has no noticeable effect on the

peak responses for the R-FBI system.

9. The variations of mass ratio have no significant effect on the peak responses

of the base isolated structure.

10. The peak acceleration of the structure with a frictional base isolation system
decreases slightly as damping ratio of the structure increases; however, damping has

no noticeable effect on the peak deflection and peak base displacement responses.

11. The peak responses of the structure are insensitive to the variations in the

damping of the isolator.

12. Small variations in the natural period of various base isolation systems do

not affect their peak responses appreciably.
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Appendix A

The purpose of this Appendix is to provide a derivation for the criterion given by
(2.8) for the reversal of the sliding direction. Here, the R-FBI system is considered,
however, the results are equally applicable to the P-¥ system as well. The equations
governing the motion of the R-FBI system and the motion of the base isolated
structure are given by Eqs.(2.11) and (2.2), respectively. Consider the case when the
sliding direction is changed without any sticking period. Egs.(2.2) and (2.11) remain
valid and govern the subsequent motion of the structure and the isolator with sgn(3)
taking a sign opposite to its previous value. Thus, at the instant of reversal of sliding
direction, the friction force term in Eq.(2.11) changes discontinuously by an amount
of 2pg. This will produce jumps in the magnitude of the relative accelerations 3,
and &;. Demanding that Eqs.(2.2) and (2.11) must hold, the jumps [J5]] and [[#;]]

may be evaluated. Since z;, &;, and %, are continuous, Eq.(2.2) requires that

;] = —[I3[] - (A1)
Eq.(2.11) then implies

” 2
[0 =1— Zu;;l o (A-2)

where it is assumed that s and $ are continuous functions. Using Eq.(2.3), it follows
that

M
§l] = 2ug — .
(30 = 2u9 (A.3)
and
(z] = —[3] - (A.4)
Therefore, for a continuous &,, (2.8) is the necessary and sufficient condition for the

nonstick reversal of sliding direction. The highly unlikely case for which § and §

become simultaneously zero corresponds to a smooth transition to a stick condition.

An alternative way for determining subsequent state of motion whenever $ be-
comes zero during a sliding phase is to assumed that the stick condition prevails
momentarily. Assuming that the relative sliding acceleration at this moment is 3,, a
discontinuous jump of §, on the relative accelerations #; is then introduced. This is
because the absolute accelerations at the upper floors must remain unchanged dur-
ing the slip-stick transition with the relative acceleration of the ith floor given by
&; + 8,. The criterion given by (2.12) may then be used to determine the subsequent

state of motion. Accordingly, for the stick condition to continue, the inequality
|2y +wis + Ty (i + 3.)| < pg (A.5)
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must be satisfied. Rearranging Eq.(2.11) with 3 being replaced by 3,, one finds

Byt wls + ) audi = —3, — pg 5g7(3) , (A.6)

=1

where 3gn(3) takes the sign of the previous sliding phase (which is opposite to the
sign of §,). Substituting Eq.(A.6) into Eq.(A.5) and using (2.3), one finds

|5 130] — pgl < pg. (A7)
Criterion (A.7) for stick condition may be restated as
. M
13, < 2pug — . (A.8)
mp

Therefore, it is concluded that the inequality |3,| > 2ugM/m; is the criterion for the
sliding structure to reverse sliding direction without stick. For the rigid structure
limit, this criterion reduces to |§,| > 2ug as expected.



Appendix B

In this appendix, the parameters of the structural modal used in this study are
described. Furthermore, the corresponding modal matrix and modal equations are
also presented. As mentioned before, the structural model considered is a three-floor
building with identical mass for each floor, m, and identical column stiffness, k. The
equation of motion of the building is given by Eq.(2.2) with the mass, damping and

stiffness matrices given as,

100 2 -1 0 2 -1 0
ml=m|0 10}, [d=c|-1 2 1|, K=k[=-1 2 -1 (BI)
001 0 -1 1 0 -1 1

where ¢ is the damping coeflicient.

The corresponding natural frequencies, w;, and the modal matrix, [¢], are given

by,
k k k
wi = 1/0.19806— , wy = 1/1.55496— , w3 = 1/3.24698— (B.2)
m m m

0.59100  0.73697 0.32798
[¢] = | —0.73697  0.32798 0.59100 (B.3)
0.32798 —0.59100 0.73697

and

Using the transformation {z} = [¢]{q}, the equations of motion in terms of modal

coordinates g; may be restated as

k

s + 3.24698— 5 + 3.24698-~ g5 = —0.18201(5 + &) , (B.4)
k

gy + 1.55496;%@2 +1.55496— gz = —0.4T395(3 + &) (B.5)
k

i, + 0.198065;@1 +0.19806—q1 = —1.65595(3 + 2,) , (B.6)

where the subscripts 1, 2, and 3 indicate the modes of vibration.






Appendix C

The purpose of this appendix is to describe the explicit form of the equations of
motion for the R-FBI system used in the numerical evaluation. Due to the inertial
coupling terms, the compact form of the equations of motion given by Eqs.(2.2) and
(2.11) are not suitable for the Runge-Kutta numerical integration scheme. Multi-
plying Eq.(2.2) by [m]™1, the result may be restated as

{#} = —[m]7[d{2} — [m] '[Kl{<} — (3 + £,){1} . (C.0)

Solving for #; and using the result in Eq.(2.11), it follows that

20 o' 2 —— . * k
5= 2, Cowp$ + w2s + pg 3g7($) + iy + kyry

; (C.2)

oy Ty

Using Eq.(C.2) to eliminate § in Eq.(2.2) one finds,

e} = —lel(e) - e} + (oot pg TR

air + ki

———)[mi{1}. (C.3)

My

Egs.(C.2) and (C.3) are the explicit form of the equations of motion for the R-FBI
system which is used in the Runge-Kutta numerical integration. For other isolation

systems, similar equations are formulated prior to numerical integrations.
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