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PREFACE

The National Center for Earthquake Engineering Research (NCEER) is devoted to the expansion
and dissemination 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. The emphasis is on structures and lifelines that are found in zones of moderate to
high seismicity throughout the 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 protective systems. Protective Systems are devices or systems which, when incorpo
rated into a structure, help to improve the structure's ability to withstand seismic or other en
vironmentalloads. 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.

Passive protective systems constitute one of the important areas of research. Current research
activities, as shown schematically in the figure below, include the following:

1. Compilation and evaluation of available data.
2. Development of comprehensive analytical models.
3. Development of performance criteria and standardized testing procedures.
4. Development of simplified, code-type methods for analysis and design.

--------1
Program 1 I

I
- Seismicity and 1

Ground Motion 1

--------,
Program 2 I

I
- Secondary 1

Systems 1

Base Isolation Systems
1

Analytical Modeling and Data Compilation - 1
Experimental Verification and Evaluation 1

~ /
1
I

Performance Criteria and
Testing Procedures

t 1

- 1- I

Methods for Analysis 1

and Design I

III



One of the activities in the area of base isolation research is the development of analytical
models and computer programs for analysis of base isolated structures. This report describes
the results of this effort, including a computer program, 3D-BASIS, for analysis of three
dimensional base isolated buildings. The superstructure is treated as linear. The isolation
system may consist of combinations of hysteretic and frictional devices. Response quantities
computed using 3D-BASIS are compared with results obtainedfrom other existing programs and
experimental results.
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ABSTRACT

Base ~solation for seismic protection has received considerable attention in the engineering

community [1,2,3]. Natural or synthetic rubber pads, Teflon bearings sliding on stainless steel,

and combinations of displacement control and energy dissipation devices are used to reduce

theenergy input into building structures. Reduction of energy input into the structure reduces

the potential damage during severe earthquakes. Most base isolation devices experience

inelastic behavior during earthquakes, thus, dissipate energy and reduce energy input into the

structure. Analysis of base isolated structures subjected to ground motion involves nonlinear

dynamic analysis.

Several computer models and programs have been developed for specific construction

projects, the most recent being the Foothill Communities Law and Justice Center in Rancho

Cucamonga, San Bernardino, California [4,5]. The model developed for this project treats

the system as a combined elastic-inelastic model, however, it addresses only isolation elements

with bilinear stiffness.

This report describes the development of a comprehensive analytical model and a computer

program 3D-BASIS, for analysis of three-dimensional base isolated multistory buildings.

Modeling various types of isolation devices with strong nonlinearities such as hysteretic and

frictional devices or their combination is discussed. The superstructure, comprised of shear

walls, frames and nonstructural elements, is assumed to remain elastic. Comparison of

response computed using the program 3D-BASIS with various existing programs and

experimental results is considered.

The hysteretic model considered in this report can reproduce bi-axial inelastic behavior of

high damping rubber bearings with shear-stiffness degradation, steel dampers, viscoelastic

dampers, bilinear behavior of lead-rubber bearings, and hysteretic behavior of friction

interfaces effectively. The hysteretic behavior produced by this model compares well with

available experimental results.
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The frictional elements are modeled using a modified viscoplasticity model, with very high

elastic stiffness representing near stick condition and with very low or negative post yielding

stiffness representing slip condition. The computational algorithm, developed for this project,

treats nonlinear terms as pseudo load and handles high and negative stiffness very effectively.

The computational model could be used for either. analysis of actual systems or to develop

guidelines for base isolation of building structures subjected to severe earthquakes.
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SECTION 1

INTRODUCTION

1.1 Base Isolation Systems

The concept of aseismic base isolation is one in which a building is uncoupled from damaging

effects of ground motion by a mechanism that provides flexibility and energy absorption

capacity. As such, the concept runs counter to accepted methods of aseismic design, which

explains its slow rate of adoption by the professional community.

The idea of supporting the building and letting the ground move underneath is so appealing.

that many inventors proposed devices to achieve this result as early as the beginning of this

century [1]. Almost all of the inventions remained unimplemented until the last quarter

century when multilayer elastomeric bearings were developed. The concept, of a system with

no horizontal restraint described above, in practice has to accommodate frequently occurring

service loads such as minor earthquakes, wind and braking forces in bridge applications.

Hence, a practical system usually consists of the following elements:

(a) a horizontally flexible mount which lowers the fundamental frequency of the system

below the predominant ground motion frequencies and allows large horizontal

displacements,

(b) additional damping to· keep displacements within acceptable limits,

(c) a mechanism to provide rigidity under frequent service loads, and

(d) a fail safe system that is activated in extreme situations when the flexible mount

is about to fail ( a second line of defense).

Some modern isolation systems combine the first three of these elements in a single device.

Design codes require that earthquake forces be absorbed by the structural system through

inelastic action which lengthens the period of the system and increases its energy dissipation

capacity. This inelastic action is concentrated at beam-column connections and relies heavily

on connection details or confinement and reinforcement details in concrete structures. This

1-1



action involves damage, both to the structural system and nonstructural components. The

paradox with this approach is that safety is ensured by allowing damage. It is acceptable

because of its economic benefits in reducing construction costs. However, earthquakes have

other cost impacts such as repair and post earthquake disruption costs, earthquake insurance

premiums and potential liability for losses and injuries.

The base isolation alternative reduces the forces transmitted to the structure and limits any

inelastic action in a specially designed replaceable system that is placed between the building

and its foundation. It provides a level of performance well beyond the normal code

requirements with potential for substantial life-cycle cost reduction.

Some of the prominent base isolation systems [12] are elastomeric bearing systems, sliding

systems, and sliding systems with restoring force devices.

Elastomeric bearings provide the simplest method of isolation. Like elastomeric bridge

bearings, they are made by bonding sheets of rubber to thin steel plates [26]. The steel

reinforcement increases the compressive stiffness. Since the inherent damping in usual rubber

compounds is low, energy dissipators are used to increase damping. One such device is the

lead-rubber bearing [27,28] that exhibits a behavior that is essentially bilinear hysteretic.

Sliding systems involving lead bronze-stainless steel sliding interfaces have been adopted for

isolating nuclear power plants. Roller bearings have been used in Mexico City and in Japan.

Sliding system in masonry buildings have been investigated [7]. Sliding systems involving

Teflon-steel and other interfaces have been investigated [15,32,44]. These systems involve

determination of transition between stick-slip phases and interaction between translation and

rotation in generating stick-slip motion. Modeling this behavior is quite complex.

Sliding systems with restoring force involve a combination of sliding and hysteretic devices.

These are used primarily for decoupling the functions of carrying the vertical load and

providing horizontal stiffness. Examples of these systems are the Earthqu~keBarrier System

[29], Alexisismon [31] and R-FBI System [30]. These systems can be modeled by a combination

of hysteretic and frictional elements.
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The behavior of such systems is highly nonlinear and a comprehensive model of such base

isolation systems is necessary for analysis and design. This report presents the development

and verification of such a model.

1.2 Objectives

The first part involves the development of an efficient method for analysis of the structural

system, in which the superstructure remains elastic during the earthquake and in which the

nonlinear behavior is restricted to the isolation system. This system consists of a combination

of linear elastic, viscous, hysteretic and frictional elements. All these elements are located at

the base of the structure. The first part also involves the development of a hysteretic model

which can effectively represent hysteretic, frictional elements with velocity dependent

coefficient of friction and their bi-axial behavior.

The second part involves validation of the bi-axial hysteretic model and verification of the

computational algorithm.

1.3 Program 3D-BASIS

The analytical model developed is for both research and practical applications. Thus two

options have been developed concerning the type of the superstructure and the information

required for the analysis.

The two options are based on the following assumptions:

1. Superstructure remains elastic at all times.

2. Each floor has three degrees of freedom, X and Y translations and rotation about

the center of mass of the floor. These degrees offreedom are attached to the center

of mass of each floor.

3. There exists a rigid slab at the base level that connects all isolation elements. The

three degrees of freedom at the base are attached to the center of mass of the base.
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4. Since three degrees of freedom per floor are required in the three-dimensional

representation of the superstructure, the number of modes required for modal

reduction is always a multiple of three. The minimum number of modes required is

three.

5. The isolation system is rigid in the vertical direction and torque resistance of

individual pad is neglected.

In option one, stiffness and mass iriformation of the superstructure has to be input (see

APPENDIX A) in addition to the other information. Jnthis option, the stiffness matrix and

mass matrix of the superstructure are assembled in the program. The following additional

assumptions are made:

1. The centers of mass of the floors and the base lie on one vertical axis and the centers

of resistance of the floors and the base are arbitrarily located.

2. Three dimensional shear building representation is used for the superstructure,

hence:

(a) Floor decks are rigid, walls and.columns are inextensible,

(b) Each floor has three degrees of freedom, X and Y translations and rotation

about a vertical axis. These degrees of freedom are attached to the center of mass

of each floor.

In option two, mass information of the superstructure, eigenvalues and eigenvectors of the

superstructure normalized with respect to the mass matrix have to be input (see APPENDIX

A) in addition to the other information. In this option, the stiffness matrix of the superstructure

is not explicitly assembled. The following additional assumptions are made:

1. Eigenvalue analysis of the superstructure is done using other programs.

2. The output comprised of displacement, velocity, acceleration and base shear time

history are at the centers of mass of each floor and the base. Using this output, the

program used for eigenvalue analysis can be used to arrive at the member forces in

the superstructure.
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The present phase of the research effort in progress is directed towards interfacing ETABS

[43] to Program 3D-BASIS.

1.4 Report Outline

Section 2 deals with mathematical modeling of superstructure, isolation elements, hysteretic

model used for their representation and validation of the hysteretic model and equations of

motion. Section 2 also describes the solution procedure involving Newmark integration

scheme and fourth order Runge-kutta scheme, with pseudo load formulation for handling

negative stiffness encountered in velocity-dependent frictional interfaces and rigorous

mathematical approach for solving equatio~s of motion. Section 3 deals with numerical

verification. The report is concluded with discussions in Section 4.
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SECTION 2

MATHEMATICAL MODELING OF SUPERSTRUCTURE
BASE ISOLATION ELEMENTS AND DYNAMIC ANALYSIS

2.1 Superstructure

Multistory buildings with eccentric centers of mass and resistance respond in coupled lateral

torsional motions to earthquake ground motion, even when the motion is uniform over the

base and contains no rotational components [6,25,33]. Analysis of such buildings requires

torsional degrees of freedom in addition to translational degrees of freedom. Hence, a

three-dimensional building with three degrees of freedom per floor is assumed to adequately

represent the elastic superstructure. As explained in section 3, two options exist in Program

3D-BASIS. In option one, the elastic superstructure is assumed to be a three-dimensional

shear building, and in option two, the elastic superstructure is assumed to be a truly

three-dimensional building. In this section, the superstructure stiffness matrix needed for

option one is described. Figure 2-1, 2-2 and 2-3 show the salient features of the idealized

system.

2.1.1 Idealized System

The N-story idealize.d superstructure consists of rigid floor slabs (and rigid base slab) supported

on massless axially inextensible columns and walls. It is assumed that the centers of mass of

the floors and the base lie on the same vertical axis and that the principal axes of resistance

of all stories are identically oriented. However, the centers of resistance need not lie on one

vertical axis.

The static eccentricities,e xl ande y1 , between the center ofresistance and center of mass are

defined by:

(2.1.1)
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TABLE 2-1
SUPERSTRUCTURE STIFFNESS MATRIX FOR OPTION ONE

Kxn 0 -Kxnryn -Kxn 0 Kxnryn

0 Kyo Kyoexn 0 -Kyo -Kyoexn 0 0

-Kxnryn Kyoexn Ktn Kxnryn -Kyoexn -Ktn

Kxn + 0 -KxnrynKxn_1 -Kxn-1
ryn-1

SYM 0
~: ~xn

SYM 0
+ -1
exn-1

-Kxnryn ~xn
Ktn +

-Kxn-1 .+ -1 Ktn-1
ryn-1 exn-1

Kx3 + 0 -Kx3ry3
Kx2 -Kx2ryZ

0 SYM 0
~: ~X3

SYM
+ Zex

-Kx3ry3 ~x3
Kt3 +

-Kx2ryZ + zex K tZ

Kx2 + 0 -Kx2ryZ
Kx1 -Kx1ry1

0 0 SYM 0
~: ~x2+ lex

-Kx2ryZ ~x2
Ktz +

-Kx1ry1 + lex Ktl
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(2.1.2)

where,K xl = ~ k zx andK yl = L k iy

k ix -and k iy represent the translational stiffnesses of the resisting elements (column or wall)

of l th story along the principal axes of resistance X and Y, respectively. Xil and Yil define the

location of the ith resisting element with respect to the origin at the center of mass. The

torsional stiffness of the l th story is defined with respect to the center of mass:

K tl = L k ix Y ~l + Lk iy X ~l
i

(2.1.3)

where, Xil and Yil define the location of the ith resisting element with respect to the origin at

the center of mass. The resulting stiffness matrix of the superstructure is presented in Table

2-1. The associated mass matrix is diagonal and involves the masses and rotational moments

of inertia of each floor.

2.2 Isolation devices and Mathematical Model For Behavior of Such Devices

Isolation devices are modeled by elements that exhibit elastic, inelastic or hysteretic, frictional

and viscous behavior.

Elastic element - Used to approximately simulate the behavior of elastomeric bearings.

Hysteretic element - Used to simulate the behavior of high damping rubber bearings,

lead-rubber bearings, lead extrusion devices, and mild steel dampers in the form of torsional

or flexural beams [26,27,28].

Frictional element - Used to simulate the behavior Teflon-steel interfaces and other frictional

interfaces [15,32,44,13,14].

Viscous element - To simulate energy dissipation in viscoelastic dampers and hydraulic

dampers.
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2.2.1 Elastic Elements

Elastic elements contribute horizontal stiffness in specific directions. They are modeled as

elastic springs in global X an Y directions at specified locations.

2.2.2 Uni-axial Hysteretic Elements

A number of models have been employed to model the force deformation relationship in

inelastic structural elements under harmonic or transient dynamic loading.

Two distinct types of models are those described by algebraic equations, such as

Ramberg-Osgood model [9], bilinear and elastoplastic models, and those by differential

equations, such as Wen's model [8,10,11]. The advantages of models described by differential

equations are:

(a) Ability to reproduce variety of behaviors ranging from simple elastoplastic to

general hysteretic behavior. This wide range of behavior can be produced by selection

of parameters that appear in the governing differential equations.

(b) High computational efficiency which stems from the fact that tracing of the

hysteresis loops in these models is not necessary.

The modified viscoplasticity model used in this algorithm for modeling hysteretic elements,

is an extension of Wen's model and produces kinematic hardening.

This model has been adopted because of its computational efficiency. This model of hysteresis

was originally proposed by Bouc et al. and subsequently extended by Wen et al.[8]. According

to this model, the restoring force, Fh , in a hysteretic system is described by [8]:

(2.2.1)

where, a is the post yielding to elastic stiffness ratio, FY is the yield force, UY is the yield

displacement, U is the displac~ment and Z is a hysteretic dimensionless quantity. The first
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term of the restoring force represents the linear elastic component and the second term of

the restoring force represents the hysteretic elasto~plastic component. The hysteretic

dimensionless quantity Z is governed by the following equation:

zU Y = {A -I Z 11] (ySign(U Z) + (3)}U (2.2.2)

where, Y, [3 , 11, and A are dimensionless quantities that control the shape of the hysteresis

loop, U stands for the velocity. Constantinou et a1.[11] have shown that when A = 1 and

[3 + y = I, the model of equations (2.2.1) and (2.2.2) reduces to a model of viscoplasticity that

was proposed by Ozdemir [10]. The model exhibits rate dependency, which reduces with

increasing values of the exponent 11 and/or increasing ductility ratio.

2.2.3 Inelastic Bi-axial Behavior of Hysteretic Elements and Bi-axial Hysteretic Element to

Model High Damping Rubber Bearings, Lead-Rubber Bearings and Steel Dampers

Analytical [22,40] and experimental results [40] have shown that inelastic bi-axial behavior is

important. In general plane motion, each isolation bearing undergoes displacement in two

orthogonal directions with rotation in the same plane. This motion will be resisted by forces

in the two orthogonal directions and torque in plane, which in turn, contribute to the overall

resisting forces at the center of mass of the base.

Considering the interaction between forces in X and Y directions only,the bi-axial behavior

is modeled using coupled differential equations proposed by Park et a1.[22] and extended by

Kunnath and Reinhorn[46]. The restoring forces are:

o

F Y
Ya 

YUY
Y

(2.2.3)

where, a x anda yare the post yielding to elastic stiffness ratio in X and Y directions, F ~ and

F; are the yield forces, U ~ and U ~ are the yield displacements, in X and Y direction,

respectively. The first term represents the linear elastic component and the second term
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represents the elasto-plastic component of the restoring force. Zx and Zy, the hysteretic

dimensionless quantities, are governed by the following coupled differential equations which

account for the interaction between the X and Y directions:

(2.2.4)

The resultant resisting force at each pad opposes the instantaneous incremental displacement;

computed at each time step of solution. This resultant resisting force is at an angle 8, to the

X axis, at each instant. In general plane motion of a pad without rotation, at each instant of

time, the pad relative velocity componentsU xandU y' can be used to establish instantaneous

resultant velocity (; and angle 8 with respect to the X-axis:

-1' .
8 =tan (Uy/U x )

Equations (2.2.4) can be written in the following form:

{

, 2 dU y} dZ x
( Q+y) Z +Z Z -- +--UY=A

IJ x x Y dU dU x
x x

{
dUx} dZ'

( l3+y) Z2+Z Z -- +--YUY=A
Y x Y dU dU Y

Y Y

Noting that after yielding:

dZ x
-=0
dUx

dZ Y
-=0
dU y

equations (2.2.7) and (2.2.8) can be expressed as:
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2 dU y A
2 +--22 =--

x dU x x y l3 + 'Y

2 dU x A
2 +--z 2 =--

y dU y x y l3 + Y

where:

dU y
--= tanS
dU x .

dUx
-- = cotS
dU y

The system of equations (2.2.11) and (2.2.12) have the solution:

Z x = cos e

Z y = sin S

(2.2.11)

(2.2.12)

(2.2.13)

(2.2.14)

(2.2.15)

(2.2.16)

provided that A / (l3 + 'Y) = 1. Substituting for 2 x and Z y in equation (2.2.3), the elastic

and elasto-plastic components of the restoring force, in X and Y direction after yield are

obtained.

The interaction between the forces and moments in X, Y and Z directions at each bearing is

important. In this report, interaction between only in plane forces in X and Y directions is

considered. Contribution of the torsional moment of each individual bearing is negligible,

hence it is neglected.

For an isotropic system, where stiffness and strength in the two orthogonal directions are the

same, the interaction curve for Fx and Fy is of circular shape. For an orthotropic system, where

stiffness and strength in the two orthogonal directions are different, the interaction curve for

Fx and Fy deviates from the circular shape.

The shear stiffness degradation observed in high damping rubber bearings is modeled by

varying a, the post yielding to elastic stiffness ratio. This bi-axial hysteretic model is used in

Program 3D-BASIS for modeling lead-rubber bearings, high damping bearings and steel

dampers.
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2.2.4 Uni-axial Frictional Elements

In asymmetric structures, each sliding bearing undergoes different motion requiring multiple

stick-slip conditions. The use of coulomb model [13,14,16,21] under these conditions is

complicated. Hence the modified viscoplasticity model [45] is used in modeling frictional

elements.

Experimental studies have shown that the coefficient of friction depends on velocity and

bearing pressure [15,32,44]. The coefficient of sliding friction [32] at sliding velocity (; may

be approximated by the following equation:

(2.2.17)

where, fmax is the coefficient offriction at large velocity of sliding,6 f is the difference between

fmax and the coefficient of sliding friction at very low velocity and a is a constant.

The frictional force Ff, in the modified viscoplasticity model [45] is given by:

(2.2.18)

where,1-l s is the coefficient offriction which varies with velocity, Z is defined by equation(2.2.2)

andW is the weightorrionrtalforce at the friction interface. It should be noted that Z takes

values·of± 1.0 during sliding (postyielding with-low or· negative stiffness) phase. During

sticking (elastic behavior with high elastic stiffness generating near stick conditions) phase, .

the absolute value of Z is less than unity. The conditions of stick-slip are accounted for by

equation(2.2.2). Quantity Z may be regarded as continuous approximation to the unit step

function [45]. iiinitations of the viscoplasticity model is its inability to reproduce truly

rigid-plastic· behavior. But, since Teflon-steel interfaces undergo very small elastic

displac~~ent before sliding [32], small value of yield displacement Y, of the order of 0.005
'. ", . .: .

inches can be reasonably assumed and, hence, the viscoplasticity model can be used. The

model ex~ibitsinsignificantrate dependency for such.lowyield displacement and the resulting

ductility ratio and for T] = 2, f3 ~ O. 1,and y = 0.9. Hysteresis loops which are in good
. '. ..
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agreement with experimental results [32] are produced by this model. Variation of coefficient

offriction,1l- s' with bearing pressure is incorporated by adjusting,1l- s' based on bearing pressure.

The normal force at the interface is updated at every step.

Break away friction is incorporated by adjusting, Il- s' to a higher value for times prior to initial

sliding:

JOT Izl ~O.999 (2.2.19)

Initial sliding commences for values of I Z I > 0.999. Also b > 1, (j max - D f) is the

coefficient of sliding friction at essentially zero velocity of sliding. After sliding commences

equation (2.2.17) gives the coefficient of friction. Increase in friction that follows momentary

sticking is not accounted for.

2.2.5 Friction in Arbitrary Plane Motion and Hi-axial Friction Element to Model

Teflon-steel Interfaces.

Plane motion friction [16,21] arises in base isolated structures with non-symmetric structural

systems, and in systems excited by multidirectional ground motion. Asymmetric behavior is

furthermore produced by differences in the frictional properties of Teflon bearings[45]. In

general, a Teflon-steel interface will undergo displacement in the two orthogonal directions

with rotation in the same plane. This motion will give rise to frictional forces in the two

orthogonal directions and torque.

Friction forces generated at each interface, in X and Y directions, contribute to the overall

restoring forces, force in X and Y direction and torsional moment, at the center of mass of

the base. As in baseisolated structureswith elastomeric bearings, the contribution of torsional

moment resistance of each interface is negligible as compared to the overall torsional moment

resistance at the center of mass of the base, hence it is neglected.

The resultant resisting friction force at each pad opposes the instantaneous incremental

displacement, computed at each time step of solution. This resultant frictional force is at an

angle e , to the X axis, at each instant. In general, plane motion of a Teflon-steel interface
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without rotation, at each instant of time, the interface relative velocity components Uxand

Uy' can be used to establish instantaneous resultant velocity U and angle 8 with respect to

the X-axis:

The frictional forces Fx and Fy (exerted at the interface) are given by: !

F x = I-LsWcos8

(2.2.20)

(2.2.21)

(2.2.22)

(2.2.23)

in which ~ s is described by equation (2.2.17). Parameters fmax, Df and a depend, in general,

on the direction of sliding. For an isotropic interface, ~ s, is independent of angle 8, the

interaction curve for Fx and Fy, is of circular shape. For anisotropic interface, the interaction

curve deviates from circular shape[45].

The interaction between the two frictional forces in X and Y directions and torque is of prime

importance in the development of a model of friction in plane motion. Constantinou et al.

[45] has shown that torque or equivalently the rotation at the interface does not have any

interaction with the frictional forces in X and Y directions.

The model offriction in plane motion [45] is based on the coupled differential equations(2.2.4).

These equations are used to account for the conditions of separation and reattachment of the

Teflon-steel interface. During sliding, Zx and Zy attain their maximum values and the following

conditions apply:

dZ x dZ y
-=.-=0
·dU x dU y
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Equation (2.2.4) can be expressed as:

dU AZ2+ __YZ Z =---
x dUx x Y (f3+y)

2 dUx A
Z +--z Z =---

Y dU y x Y (f3+y)

where:

(2.2.25)

(2.2.26)

dU y
-- = tane
dU 'x

dU x .
-- = cote
dU y

(2.2.27)

The system of equations (2.2.25) and (2.2.26) have the solution

z x = cos e, Zy=sine (2.2.28)

provided thatA / (f3 + y) = 1. In this way, components offrictional force in the two orthogonal

directions are expressed as:

(2.2.29)

(2.2.30}

which are identical to equations(2.2.22) and (2.2.23). It should be noted that this is true only

when the ratio A / (f3 + y) is equal to unity. As discussed earlier, this condition reduces the

uni-axial version of the model to one of the theory of viscoplasticity.

This model is used for modeling frictional elements, with friction in plane motion, in Program

3D-BASIS. The variation of coefficient of sliding friction with velocity ,bearing pressure, and

breakaway friction is accounted for.
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2.2.6 Comparison of Numerical Simulation and Experimental Results of Hysteretic and

Frictional Elements

Two comparisons are considered:

1. Comparison with experimental tests conducted at Kajima corporation [40], Japan,

on high damping rubber bearing and steel damper are considered.

2. Comparison with experimental results obtained by Constantinou et al. [32], for

Teflon-steel interface is considered. The modified viscoplasticity model [32] described

in section 2.2.4 is used for numerical simulation.

Friction in plane motion is considered.

Kajima's [40] tests were conducted on a high damping rubber bearing and steel damper. These

specimens were of 1/7 scale. The steel damper is shown in figure 2-4. The vertical actuator

in the test set up was controlled to hold the axial load at 4 ton(8.8 Kips), for the high damping

rubber bearing, or controlled to hold the effective height of the steel damper. The horizontal

actuators were controlled to obtain the desired motion in the horizontal plane.

The steel damper, shown in figure 2-4, had an effective height of 10 cm(3.937 in), elastic

horizontal stiffness of 2.58 ton/cm(14.417 Kip/in), yield force of 0.286 ton(0.6292 Kip), and

yield displacement of 0.111 cm(0~0437 in).

The high damping rubber bearing had 24 layers of 50 hardness rubber of 1.2 mm(0.0472 in)

thickness, with 24 steel insert plates of 0.5 mm(0.01968 in) thickness. Design dead weight was

4 ton(8.8 Kips), post yielding horizontal stiffness was 0.281 tonicm(1.5702 Kiplin), and vertical

stiffness was 0.451 ton/cm(2.5201 Kip/in).

The properties used for simulation of the uni-axial and bi-axial hysteresis loops are extracted

from the experimental results. The bi-axial hysteretic model is used for this comparison.

The following parameters are used for simulation of results for steel damper, elastic horizontal

stiffness of 2.58 tonlcm (14.417 Kip/in), yield force of 0.286 ton(0.6292 Kips), yield

displacement of 0.111 cm(0.0437 in), a = 0.023, ~ = 0.1, y = 0.9 and 11 = 2. The

amplitude of input motion is as shown in figures 2-5,2-6,2-7 and 2-8, the frequency is 0.25 Hz.
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The Y direction sinusoidal motion frequency in the 8-shaped locus pattern is 0.5 Hz. Strain

hardening is adopted by increasing the yield force and yield displacement as this was observed

in the experimental results.

Figures 2-5, 2-6, 2-7 and 2-8 show the comparison of experimental and simulated response

for unidirectional, circular, elliptical and 8-shaped locus patterns, respectively.

The following parameters are used for simulation ofresults for high damping rubber bearing.

Elastic horizontal stiffness of 1.1 ton/cm(6.1468 Kip/in), yield force 0.165 ton/cm(0.922

Kip/in), yield displacement of0.15 cm(0.05906in),a = 0.3, (3 = 0.1, Y = 0.9 andT] = 2.

The amplitude of input motion is as shown in figures 2-9, 2-10, 2-11 and 2-12, the frequency

is 0.25 Hz. The Y direction sinusoidal motion frequency in the 8-shaped locus pattern is 0.5

Hz. Shear stiffness degradation of 50% at 100% strain is adopted. Shear stiffness degradation

is incorporated as follows:

(2.2.34)

where Ux is the X direction displacement, t5 is the thickness of the rubber, a x is postyielding

to preyielding stiffness ratio, a: is the modifieda x' The same modification is adopted for the

Y direction.

Figures 2-9, 2-10, 2-11 and 2-12 show the comparison of experimental and simulated response

for unidirectional, circular, elliptical and 8-shaped locus patterns, respectively.

To study the effect of interaction between forces in the X and Y direction, the steel damper

is subjected to a locus pattern with constant velocity. The velocity in both X and Y directions

is 2 cm/sec (5.08 in/sec). Amplitude of motion is 3 cm (1.181 in). Figures 2-13 and 2-14 show

the force-displacement relationship in X and Y directions, respectively. From point 5 to 6,

displacement is increased only in the X direction, maintaining the same displacement in the

Y direction. As expected, the resistance in the X direction is increased from point 5 to 6 in

figure 2-13. However, the resistance in the Y direction is clearly reduced from point 5 to 6 in

figure 2-14, despite no change in deformation in that direction. Hence the lateral resistance

of a direction is reduced with displacement in the orthogonal direction. This clearly indicates

the bi-axial interaction.
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Figure 2-10 _Comparison of Experimental and Simulated Results of the
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The marked similarity of the two hysteresis loops with those of Otani's [41] bi-directional tests

(shown in figure 2-15) on reinforced concrete column specimen B8-0 is noted. The same locus

pattern shown in figures 2-13 and 2-14 was used for this test.

The Teflon-steel interface experiment [32] was conducted on a highly polished stainless

steel-unfilled Teflon interface at 1000 psi pressure. The input was a sinusoidal wave of 1.0

inch amplitude and frequency 0.16 Hz. Figure 2-16 shows the experimental hysteresis loops.

The following parameters are used for the hysteretic model, f?> = O. 1, y = 0.9 , 11 = 2,

and U Y = 0.01 in. Figure 2-16 shows the simulated hysteresis loops.

Friction in plane motion is considered. The model developed for plane motion friction is used

for this study. Isotropic interface condition (same coefficient of friction in all directions) is

considered. The parameters used above for steel-unfilled Teflon interface at 1000 psi pressure

are used for tpis analytical study. The amplitude of input motion is as shown in figures 2-17,

2-18 and 2-19, the frequency is 0.16 Hz. The Y direction sinusoidal motion frequency for

8-shaped locus pattern was 0.32 Hz. The simulated hysteresis loops are shown in figures 2-17,

2-18 and 2-19. To compare the model without bi-axial interaction, two urn-axial models

described in section 2.2.4, are used in X and Y directions, independently. The simulated results

are shown in dotted lines in figures 2-17, 2-18 and 2-19.

2.2.7 Validation of the Hi-axial Hysteretic and Friction Element

The validation of the proposed bi-axial model for hysteretic and friction element should be

based on experimental data. Such an assessment requires identification of the model

parameters and validation of the model. A complete validation of the model requires

exp"erimental data with bi-directional motion. In the case of bi-axial hysteretic model for

rubber bearings and steel dampers Kajima's [40] and Otani's [41] tests are available for

qualitative validation. However, in the case offriction in plane motion, no bi-directional tests

are available.

The bi-axial model clearly simulates satisfactory hysteresis loops in the case of rubber bearings

and steel dampers. Validation of the proposed model in this case is provided by:

(a) When uni-directional motion is imposed in an arbitrary direction, the resulting

restoring force is in the same direction and has the same magnitude as that of a

uni-axial element in that direction.
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UX-FX UY-FY

- -- Uni-Axial
-Bi-Axial
Figure 2-17 Simulation of Friction Behavior of Unlined Teflon-steel
Interface Under Bi-directional Circular Motion of Low Velocity at 1000 psi
Pressure. Units are Kips and In.

UX-Uy UX-FX UY-FY

---- Uni-Axial
-Bi-Axial
Figure 2-18 Simulation of Friction Behavior of Unlined Teflon-steel
Interface Under ni-directional EHiptical Motion of Low Velocity at 1000 psi
Pressure. Units are Kips and In.

UX-FX

--- Uni-Axial
-Bi-Axial
Figure 2-19 Simulation of Friction Behavior of Unlined Teflon-steel
Interface Under Bi-directional S-Shaped Motion of Low Velocity at 1000 psi
Pressure. Units are Kips and In.
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The model is capable of producing this behavior by virtue of equations

(2.2.3),(2.2.4),(2.2.15) and (2.2.16).

(b) When multidirectional motion with out-of-phase components is imposed, the

resulting force-displacement loops exhibit a marked similarity with experimental

results from testing of high damping rubber bearing and steel damper developed by

Kajima Corporation, Japan [40].

(c) When motion of constant velocity is imposed, the force-displacement loops exhibit

a marked similarity with experimental results from testing of a reinforced concrete

column specimen by Otani [41].

Figure 2-20 shows the simulated force-displacement loops and the force response of Kajima's

steel damper, simulated using uni-axial model independently in X and Y directions, and

bi-axial model, under bi-directionaI8-shaped motion in which

Ux=Uosinwt, Uy=Uosin2wt

with Uo= 3 em andw = 1.5707 rad/ sec(0.25Hz). The isotropic case is considered.

The parameters of the steel damper and the model used for simulation are as described before

for the bi-directional test shown in Figure 2-8. Further validation of the proposed model is

provided by:

(a) The bi-axial force in the X direction approaches the urn-axial force in the X

direction when the elasto-plastic component of the bi-axial force inthe Y direction

approaches zero value, indicating very little interaction. This can be observed at

points 2 and 4 in figure 2-20(b). The elasto-plasticcomponent of the bi-axial force in

X direction, near zero value, approaches the elasto-plastic component of the uni-axial

force in X direction. This can be observed at point 3 in figure 2-20(b).

In the case of friction in arbitrary plane motion, the assessment and validation should be based

on experimental data with bi-directional motion. The identification of the model parameters

for uni-directioq.al motion, in both parallel to lay and perpendicular to lay directions, has

been investigated by Constantinou et al. [32]. In lieu of experimental data under bi-directional

motion, the following indirect validation of the proposed model is provided:
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(a) When uni-directional motion is imposed in an arbitrary direction, the resulting

frictional force is in the same direction and has the same magnitude as that of a

uni-axial element in that direction. The model is capable of producing this behavior

by virtue of equations (2.2.22) and (2.2.23).

(b) When multi-directional motion with out-of-phase components is imposed, the

resulting force-displacement loops exhibit a marked similarity with experime~tal

results from testing of steel damper developed by Kajima Corporation, Japan [40].

Figure 2-21 shows the simulated force-displacement loops and the force response of unfilled

Teflon-steel interface used by Constantinou et al. [32], simulated using uni-axial model

independently in X and Y directions, and bi-axial model, under bi-directionaI8-shaped motion

in which

Ux=Uosinwt, Uy=Uosin2wt

with Do = 1 in and w = 1 .0 rad / sec (0.16 Hz). The isotropic case is considered. The

parameters of unfilled Teflon-steel interface and the model used for simulation are as

described before for the uni-directional test shown in figure 2-19. Further validation of the

proposed model is provided by:

(a) The bi-axial force in the X direction approaches the uni-axial force in the X

direction when the bi-axial force in the Y direction approaches zero value, indicating

very little interaction. This can be observed at points 2 and 4 in figure 2-21(b). The

forces in figure 2-21 are normalised by the normal force or weight W at the interface.

The bi-axial force in X direction, near zero value, approaches the uni-axial force in

X direction. This can be observed at point 3 in figure 2-21(b).

Hence the proposed bi-axial model is adopted for the hysteretic element and the frictional

element.
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2.3 Equations of Motion and Modal Reduction

2.3.1 Equations of Motion

The superstructure consists of a three-dimensional elastic shear building, as explained in

Section 2.1. The linear and nonlinear isolation elements are restricted to the base. A typical

base isolated multistory building and the displacement coordinates that will be used in the

formulation are shown in figure 2-1, 2-2, 2-3 and 2-22. Figure 2-22 shows the superstructure

relative displacement as U I and does not carry either the subscript x or y along with the

subscript l, as this is a general elevation of the isolated building.

The equation of motion for the superstructure, with respect to the vertical axis at the center

of mass of the base, is as follows:

Where:

M = Diagonal mass matrix = mxn.

C = Damping matrix

K = Stiffness matrix (see Table 2-1)

R=
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Where:

o
1

o

where:

X I = the distance to the center of mass of l th floor from the center of mass of the

base in X direction.

Y I = the distance to the center of mass of l th floor from the center of mass of 'the

base in Y direction.

ii = Relative acceleration, relative to base

0=

u = Relative velocity, relative to base

u = Relative displacement, relative to base

U b = Base acceleration, relative to ground

U 9 = Ground acceleration

For computational efficiency, the superstructure is reduced using modal reduction~The modal

reduction was found to be more accurate than alternative reduction using Ritz vectors [19].

The reduction is obtained as follows:

u = <pu

2-31

(2.3.2)



o
o

where:

u * = Modal displacement, relative to base

u = Relative displacement, relative to base

c:P = Modal matrix

The reduced equation of motion in modal coordinates is obtained using equation(2.3.2) in

equation (2.3.1) and premultiplying equation (2.3.1) by<p T:

(2.3.3)

for modal matrix normalized with respect to mass matrix, we obtain:

(2.3.4)

where:

~ i = Modal damping factor for the i th mode

Wi = Natural frequency of the i th mode

The equation of motion for the base with respect to the vertical axis at the center of mass of

the base, is as follows:

(2.3.5)

where: (m xn 0
M s = 0 m yn

o 0 min
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(

mb:JC

M = 0b

o

o

C b = Damping matrix of the base

I<: b = Stiffness matrix of elastic elements at various locations at the base

f N = {f Hysteretic + f Friction}

f Hysteretic = Restoring force· from hysteretic elements

f Friction = Restoring force from frictional elements

U, U b , ug,are as defined in equation (2.3.1)

Rewriting the equation (2.3.5):

(2.3.6)

Using modal reduction, from equation (2.3.2):

(2.3.7)

Combining equations (2.3.4) and (2.3.7):

(2.3.8)
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the reduced equation of motion for the superstructure and the base is as follows:

(2.3.9)

where: u~ = {u *}
u b I

2.4 Numerical Solution

2.4.1 Numerical Solution of the Differential Equations of Motion

The reduced equations of motion are solved numerically by discretizing them in time, with

the exact solutionu ( t) , iJ. (t) , and ii (t) approximated by u I , iJ. I' and ii t, respectively. The

step-by-step integration procedure starts with the known initial conditions and marches

forward in time giving the solution at discrete time intervals. The process for a nonlinear

system has two distinct phases. The first phase is the linearization phase, inwhich the equations

are linearized about the current state by retaining only the first order terms of the Taylor

series expansion. Estimates of the solution at the next step are then obtained by using these

linearized equations. The second phase is the state determination phase, in which the internal

forces in equilibrium with the new state of motion are calculated. In the first phase, Newmark's

method is used and in the second phase, the internal forces in the hysteretic or frictional

elements are computed using a fourth order Runge-Kutta scheme.

The equation of motion at time'T = t + 6 t, from equation (2.3.9):

M *"C+C*'C+K* c+f =u, u, u, , p,
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-r=t+6.t

(2.4.2)

subtracting equation (2.3.9) from equation (2.4.2):

(2.4.3)

bringing6. f to the right hand side to facilitate handling negative stiffness in frictional element:

(2.4.4)

where: p = M * ii C + C * iJ. C + K * u C + f
t ttl I

2.4.2 Newmark's Method

Newmarks generalized acceleration method [17] in incremental form is used for integration

of the equation of motion. This single step method assumes that the increments in velocity

and acceleration are related to the increment in displacement and state of motion at time t,

as follows:

(2.4.5)

(2.4.6)

where: 6. t = time step of integration

YN = Parameter that produces numerical (or algorithmic) damping within time step

6.t.

fory N < ~, artificial negative damping results

for YN > ~, artificial positive damping results
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for YN = ~, no numerical damping results

r?> N = parameter which controls the variation of acceleration within time step 6 t.

forr?> N = 0, constant acceleration results

forr?> N = ~, average acceleration results

for r?> N = ~, linear acceleration results.

substituting equation (2.4.5) and equation (2.4.6) into equation (2.4.4) and simplifying gives:

M -{ 1 ·c I .. c} c-{YN.C At(YN 1)"C}+ --u +--u + -u +u --- u
r?> N ,0,t t 2r?>N t r?>N t 2r?>N I

error involved is 6 t 3 for average acceleration and 6 t 4 for linear acceleration.

2.4.3 Computation of Forces in Hysteretic and Frictional Elements

(2.4.7)

(2.4.8)

An explicit fourth order Runge-Kutta scheme is used for computation of forces in hysteretic

and frictional elements. An estimate of velocity at ~t is obtained using linear acceleration

variation over time interval 6 t. An error of 6 t S is involved.

2.5.1 Pseudo Load Formulation and Time Marching Algorithm for Accuracy and Efficiency

Frictional element with velocity dependent coefficient of sliding friction, involves negative

stiffness in sliding mode (Postyielding with low and negative stiffness) and very high stiffness,in

stick mode (elastic behavior with high elastic stiffness generating near stick conditions). Since

negative stiffness is involved, nonlinear stiffness formulation is not adopted. The nonlinear

restoring force term is brought on to the right hand side and used as a pseudo load [38].
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For accurate solution of stiff differential equations, predictor-corrector methods like Gears

method [39] are used. In the algorithm reported in this report, simple Pseudo load formulation

with one-point iteration is used. To maintain comparable accuracy of predictor-corrector

methods~ a very small time step of the order of 5xlO-sseconds is used where negative stiffness

or where very large stiffness occurs.

Time marching with a varying time step at low structure velocities (in stick-slip transition) is

adopted. The time step is varied using an exponential formulation:

(2.5.1)

Where:

6 t st = Variable reduced time step used for 'stick' mode (high elastic stiffness and

negative stiffness) at low velocity.

6 t sl = Constant time step used for slip mode (low stiffness).

a = constant to control the velocity range over which the time step reduction occurs.

A default value of 1 is adopted.

(; = Velocity at the sliding interface.

Where:

[ (
. 2 )J-U min

6t sl ,min=6t sl l-exp a jorU < U min (2.5.2)

6 t 5t, min = Smallest time step used for the stick mode.

Umin = 0.1 inches/second is adopted.

A sample plot of the time step variation with velocity is shown in figure 2-23. The values of

6 t st and Umin above for stick-sliding conditions do not depend on structural characteristics.

The value of 6 t sl can be varied depending on the dynamic characterstics of the structural

system following standard requirements for numerical accuracy and stability. In program

3D-BASIS the exponential formulation is used to establish the time step at every 0.1 in/sec.

The time step at these intervals are used instead of a continuously changing time step, based

on the velocity.
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2.5.2 Rigorous Mathematical Solution For Validation of the Proposed Pseudo Load

Formulation

In the case involving friction, the second order ordinary differential equations of motion are

reduced to first order ordinary differential equations. These equations, along with the

equations governing hysteretic model behavior, are solved by adaptive integration. Gear's

[39] method of solving 'stiff differential equations is adopted.

Gear's [39] method for 'stiff differential equations of the formy' = f (y , t), uses a pth order

predictor formula of the form:

and a corrector

Yn.(m+l) = a~Yn-l + ....... + a:Yn_p+ T1~hf(Yn,(m)'tn)

(2.5.3)

(2.5.4)

The integration error involved when iterated to convergence.; is

C ~ + 1 h p+1 Yp+1 ( t n) + 0 ( h p+2 ) where C ~ +1 = I / (p + I ). Where p is the order of the

predictor equation,a , T1 , a' and 11; are constants, h is the step size.

Numerical solutions for comparison with pseudo load formulation were obtained using

DIVPAG subroutine of the International Mathematic.al and Statistical Library (IMSL) which

uses Gear's[39] method.

Constantinou et al. [32] has used this approach for analysis of base isolated structures on

friction interfaces.

Numerical verification in section 3 shows the comparison of results of the two methods.

2.6 Computational Algorithm for Solution
I

2.6.1 Formulation

The reduced equation of motion equation (2.4.4) has a nonlinear term on the right hand side

which is treated as pseudo load:

rewriting equation (2.4.4)
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M *A"C C*A'C K*A C_ M*"c C*·c K* C f AfuU + uU + uU -P-r- U t - U t - U t - t-U

denoting:

f t +6f=f t +td

equation (2.6.1) becomes:

M* 6ii c + C* 6iI c + K* 6uc = P-r - M*ii~ - C*iI~ - K*u~ - ft+t. t

Using first order Taylor's series expansion:

a
fl+t.I-fl + -f l6tat

(2.6.1)

(2.6.2)

(2.6.3)

(2.6.4)

Approximating the partial derivative by a first-order backwards difference expression:

(2.6.5)

This expression has an inherent error of order (6 t) 2. Since iteration is done at every step to

satisfy a specified tolerance level, this is acceptable.

2.6.2 Computational Procedure

1. State of motion is initialized by specifying initial displacement, initial velocity and initial

acceleration.

2. In the first step to start the solution, initial stiffness of hysteretic and/or frictional elements

is used Le., the nonlinear term is retained on the left hand side as in equation (2.4.3). Note

6f=K N 6u c
1 .•

3. Newmarks method is used for integration of equations of motion. K f in equation (2.4.8)

is computed. Gaussian elimination is used for triangularisation of K f in the first step(and

the triangularised form is used repeatedly for solution until the time step of computation is

changed based on velocity as explained in section 2.5.1).

Incremental displacement IS computed by usmg forward reduction and
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backsubstitution. State of motion is updated as follows:

L = t + 6t

where:

6 i.i C , 6 uC are calculated from equation(2.4.5) and equation(2.4.6) knowing

6 u C from equation(2.4.8).

4. Using the nonlinear force at time t and the nonlinear force at time t - 6t, the nonlinear

force Fx and Fy, at each pad at t + 6t is estimated as explained in section 2.6.1. From these

forces at individual pads, f -rei) resultant force vector at the center of mass of the base is

computed.

5. Using the estimated nonlinear resultant force vector as pseudo load, as in equation (2.6.3),

the incremental displacement 6 u C at t + f:j, t is computed, using forward reduction and

backsubstitution.

6. Using the incremental displacement!::. u C computed in step 5, the state of motion at time

t is updated to the state of motion at time t + 6 t and the nonlinear force at each individual

pad is computed, using fourth order Runge-Kutta scheme. The resultant force vectorf-r(i+ I)

at the center of mass of the base is computed.

7. The difference fe, between the computed force in step 6 and the estimated force in step 4,

is computed. The normalized relative error is computed as follows:

Error = h g
~ 2

FMNORM

Where, F M NOR M =Reference moment for convergence since the story torque is the

dominating element in the vector f and ~ f ~ 2 denotes the ~uclidean norm 'of vector f, l.e"
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~f~2= ~f~+ f~+ f~

If error::;; tolerance, no iteration is needed, the state of motion computed in step 6 is carried

along with the estimated nonlinear force in step 4 used for its computation, and computations

at the next time step are started from step 4, or else iteration procedure is started as in step

8, using the nonlinear force f ,( i ... I ) and the state of motion at time 1.

8. Iteration within time step:

(a) Using the nonlinear force f n i + I) computed in step 6 as pseudo load and the state

of motion at time t, the incremental displacement 6 u C at t + 6t is computed.

(b) Using the incremental displacement computed in step 8a, the state of motion at

time t is updated to the state motion at time t + 6 t and the resultant force vector

f,(i+2) is computed, using fourth order Runge-Kutta scheme.

(c) The normalized relative error is computed and checked against specified tolerance

as in step 7, if satisfied, the state of motion computed in step 8b, is carried on to the

next step along with the nonlinear force f 't(i+ I) used for its computation and

computations at the next time step are started from step 4, ifnot the iteration procedure

is continued from step 8a, using the nonlinear force f'(i+2) and the state of motion

.at time t until convergence is reached or maximum number of iterations specified is

exceeded; in which' case the program is terminated with-an error message.
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SECTION 3

NUMERICAL VERIFICATION

The earthquake response of a two story steel moment-resisting frame building shown in figure

3-1 is considered. First story height is 26.67 £1(320 inches) and second story height is 10 ft.(120

inches). First story height is chosen to simulate a soft first story. First story columns are assumed

to be stable. Columns are spaced at 30 ft.(360 inches) in X direction and 15 ft.(180 inches) in

Y direction. Columns are assumed to be square sections. The first story columns have A =
11.6 in2,Ix = Iy = 250 in4, J = 0.25 in4 and weight = 40 lbs/ft. The second story columns have

A = 11.1 in2,Ix = Iy = 106 in4, J = 0.56 in4 and weight = 38Ibs/ft. All beams are considered

rigid (very stiff) and the floor slab is assumed rigid in the X-Y plane. The mass of the floors

are lumped at the four corners. Total weight of the structure is 156 Kips. Total mass in X and

Y directions at the first floor is 2721b-sec2lin. Total mass in X and Y directions at the second

floor is 132Ib-sec2/in. A 5% eccentricity in Y direction is used by offsetting the center of mass

of the building at both floors, from the center of rigidity or the geometric center of the building.

A base isolated building on four elastomeric bearings with damper is shown in figure 3-6. The

bearings exhibit bilinear hysteretic behavior. The elastic stiffness of each bearing in X and Y

directions is 2.73 Kips/in, with a yield displacement of 1 in. The yield force is 7% of the total

weight of the structure including the base. A 5% eccentricity in Y direction is used by offsetting

the center of mass of the building at the first floor and the base, from the center of rigidity or

the geometric center of the building. Total mass in X and Y directions at the base is 272

Ib-sec2/in. Total mass in X and Y directions at the first floor is 132Ib-sec2/in.

Comparison of the structure response computed using 3D-BASIS with response computed

using various programs is considered.

3.1 Elastic Analysis

3.1.1 Comparison with GTSTRUDL

- .
Comparison of the structure response with the response computed using GTSTRUDL [34]

is considered. The structure shown in figure 3-1 described above is considered.
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Superstructure damping of2% of critical is used in all modes. 15 seconds of the 1940 EI Centro

earthquake, north-south component, is input in the X direction. Figures 3-2 and 3-4 show the

X direction relative base displacement response time history, at node 8 and 12, respectively.

Figures 3-3 and 3-5 show the X direction shear force response time history in the first story

column at node 8 and in the second story column at node 12, respectively. The difference (less

than 15%) in shear force response at node 12 may be due to exact fini te element representation

used in GTSTRUDL analysis against shear building representation used in 3D-BASIS

analysis. However, the displacement response at node 12 compares welL The response at

node 8 compares well. Substantially lower force level at node 12 is to be noted as the effect

of a soft first story, as in base isolation.

3.2 Inelastic Analysis

3.2.1 Comparison with DNA

Comparison of inelastic structure response with the response computed using the program

Dynamic Nonlinear Analysis (DNA) [36,42] is considered. The base isolated building shown

in figure 3-6 and described previously is considered. A post yielding stiffness of 1.6% of elastic

stiffness is used. 15 seconds of the 1940 EI Centro earthquake north-south component is input

in the X direction. Superstructure damping of 2% of critical is used in all modes. Figure 3-7

and 3-9 show the X and Y direction relative base displacement response time history at node

8, respectively. Figure 3-8 and 3-10 show the X and Y direction shear force response time

history in the bearing at node 8, respectively. In this comparison, inelastic bi-axial interaction

effects are neglected. The permanent drift in the X direction is due to the near elasto-plastic

properties assumed for the elastomeric bearings with damper. The X direction peak base

displacement response is nearly doubled from the elastic response, while peak shear force at

node 8 is reduced, indicating the effect of isolation. The difference (less than 5%) in the Y

direction response may be due to the exact finite element representation used in DNA analysis,

against shear building representation used in 3D-BASIS analysis. The peak response in the

X direction compares welL The Y direction response is smaller than the Y direction response

of the elastic structure shown in figure 3-1. This reduction in torsional response is the effect

of base isolation.
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3.2.2 Comparison with ANSYS

Comparison of the structure response with the response computed using ANSYS [35] is

considered. The base isolated structure shown in figure 3-6 and described previously is

considered. A postyielding stiffness of 10% of elastic stiffness is used. The acceleration input

in the X direction is as shown in Figure 3-11. The acceleration history was chosen to have the

force always in one direction (even though unrealistic) after unloading-reloading inelastic

response. This is because of the different material model used in ANSYS. Peak acceleration

used is 0.15g. The total length of input acceleration time history is 4 seconds. Superstructure

damping of2% of critical is used in all modes. Figures 3-12 and 3-14 show the X and Y direction

relative base displacement response time history at node 8, respectively. Figures 3-13 and 3-15

show the X and Y direction shear force response time history in the bearing at node 8,

respectively. The differences (less than 3%) in the response may be due to the exact finite

element representation used in ANSYS analysis, against the shear building. representation

used in 3D-BASIS analysis. In this comparison, inelastic bi-axial interaction effects are

neglected. The analysis is unrealistic because of the input acceleration used, but is for

comparison only.

3.2.3 Comparison with DRAIN-2D

Comparison of the structure response with the response computed using DRAlN-2D [37] is

considered. The base isolated structure shown in figure 3-6 and described previously is

considered. The 5% eccentricity in Y direction is not considered. The building and the base

isolation system centers of mass and rigidity are considered coincident to produce a planar

response, which can be computed by DRAIN-2D. A post yielding stiffness of 10% of elastic

stiffness is used. Superstructure damping of 2% of critical is used in all modes. 15 seconds of

the 1940 EI Centro earthquake, north-south component, is input in the X direction. Figure

3-16 shows the X direction relative base displacement response time history at node 8. Figure

3-17 shows the X direction total shear force response time history in the four bearings. Y

direction response is zero. In this case, the permanent drift in the X direction is absent and

the peak displacement is reduced, because of the postyielding stiffness of 10% of elastic

stiffness used. The peak responses compare well.
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3.2.4 Comparison with Rigorous Mathematical Solution

Comparison of the response with a rigorous mathematical solution using Gears method,

presented in section 2.5.2 [39] is considered. Constantinou et a1. [32] has used rigorous

mathematical solution for solving structural systems with frictional elements. The response

of a rigid structure supported on Teflon bearings is considered. The bearing pressure at the

friction interface was 1000 psi. Input motion is sinusoidal acceleration of the ground, with

peak amplitude UgO = 0.25 9 and a frequency ofw = IT rad/sec. For 1000 psi Teflon-steel

bearing [32], fmax = 0.1193,61 = 0.0927 and a = 0.6 in equation (2.2.17) is used. Figures

3-18 and 3-19 show the non-dimensional sliding displacement U, and the non-dimensional

total acceleration U, time histories of the rigid structure, respectively. There is virtually no

difference in response computed from the two methods.

Comparison of the response ofa six-story steel moment-resisting frame building is considered.

Floor height is 12 ft. and columns are spaced at 16 ft. on center in both directions. A slice of

the building, involving one bay of 16 ft. width and 48 ft.length, supported by eight columns is

analyzed. A computer model of the building was developed for determining the dynamic

characterstics. The model has been condensed to one with six degrees of freedom, representing

the lateral displacement of each floor. The dynamic characterstics of the condensed model

are presented in Table 3-1. Typical floor weight (including framing, etc.) is 105 Kips. A quarter

scale artificial mass model of this building has been constructed for shake table testing. The

identified frequencies and mode shapes of the scaled structure agree well with those in Table

3-1. The isolation system for this building consistsofsliding unfilled Teflon bearings and rubber

springs. Bearing pressure of 1000 psi is considered. The rubber springs do not carry any vertical

load and provide a total horizontal stiffness of Kb. The weight of the structure, including the

base is, 672 Kips. The rigid body mode period of 2 secs. is chosen for the sliding isolated

structure. Furthermore, the rubber springs provide an equivalent viscous damping factor in

the rigid body mode of vibration equal to 0.05. Damping in the superstructure is assumed to

be 2% of critical in all modes. The time scale of ground motions used are scaled by 50% to

satisfy similitude requirements.
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TABLE 3-1 CHARACTERISTICS OF 6-STORY BUILDING (VALUE IN PARENTHESIS
IS EXPERIMENTAL EXTRAPOLATED TO PROTOTYPE)

MODE FREQUEN MODE SHAPE
CY

(Hz)

FLOOR FLOOR FLOOR FLOOR FLOOR FLOOR
1 2 3 4 5 6

1 1.07 0.164 0.395 0.611 0.791 0.923 1
(1.17)

2 3.38 0.520 1 0.956 0.386 -0.401 -0.996
(3.86)

3 6.02 -0.804 -0.863 0.230 1 0.383 -0.817
(6.64)

4 8.99 1 0.104 -0.996 0.24 0.980 -0.619
(9.52)

5 12.01 1 -0.769 -0.027 0.805 -0.946 0.397
(12.40)

6 14.41 0.679 -0.919 1 -0.879 0.580 -0.196
(14.46)
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TABLE 3-11
DYNAMIC CHARACTERISTICS OF 3-STORY BUILDING

MODE FREQUENCY MODE
(Hz) SHAPE

FLOOR 1 FLOOR 2 FLOOR 3

1 2.246 0.1101 0.2408 0.3293

2 6.836 0.3158 0.1569 -0.2328

3 11.621 0.2516 -0.3043 0.1506
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Figures 3-20 and 3-21 show the relative base displacement and base shear time history,

respectively, for 10 secs. of time scaled north-south component of the 1940 EI Centro

earthquake. Figures 3-22 and 3-23 show the relative base displacement and base shear time

history, respectively, for time scaled east-west component ofthe 1985 Mexico City earthquake.

The duration of time scaled Mexico City earthquake used is from 13 sec. to 37.5 sec. with free

vibration of5 sec. The peak response compares well, but the response in the vicinity ofstick-slip

condition is different (by 2 to 3%). This is due to the difference in accuracy achieved in

computation by the two methods.

3.2.5 Comparison with Experimental Results

Comparison of the measured response of a quarter scale base isolated three-story

moment-resisting steel frame building model is considered. The model [44] was supported by

linear roller bearings. The dynamic characterstics of the model, obtained through system

identification, with a lateral degree of freedom per floor, is presented in Table 3-11. The

foundation base of the model was guided between stationary rails, padded on either sides

(two interfaces) of the base with Merriman Co. G 12 friction resistant interfaces. The pads

were pressed against the foundation base by prestressing rods. The prestressing force was

monitored throughout the test. The interface against which the pads were pressing was a

polished steel surface. Thus controlled friction force was introduced into the system. A

horizontal flat plate beam fixed to the ground and connected at 1/3 and 2/3 span to the

foundation base was used as an additional spring with centering capability. The elastic stiffness

of this device was measured to be 1.856 Kips/in. The system was tested for scaled 1940 EI

Centro Earthquake, north-south component, on the shake table. The amplitude was scaled

to 25% of its original amplitude and the time scale was scaled by 50% to satisfy simulitude

requirements. The artificial weight ofeach floor was 2.163 Kips and that of the base was 1.8036

Kips. For the particular test under consideration, the identified coefficient of sliding friction

was 5% and the prestressing force was 2 Kips. Thus the maximum friction force was 0.2 Kips.

The following parameters are used for simulation, fmax = 0.024,6 f = 0.0 I S and a = 0.65

in equation (2.2.17) for the friction interface at the base of the building. Figure 3-24 shows

the measured base displacement and figure 3-25 shows the computed response.
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3.2.6 Comparison with 3 Story Model

Comparison of the response with the response computed in reference 18, in which the response

of a 3 story model was investigated, is considered. Centers of mass and rigidity are considered

coincident. 15 sees. of the 1940 El Centro earthquake, north-south component, scaled to 75%

of its original amplitude(span 750), is input. Figure 3-26 shows the base displacement response

time history. The differences in the response may be due to the difference in the input

acceleration time history of El Centro (span 750) used in computation of the response.

3.2.7 Response Using Hi-axial Element Under Hi-directional Motion

The base isolated structure shown in figure 3-6 and described previously is considered. A post

yielding stiffness of 20% of elastic stiffness is used. Superstructure damping of 2% of critical

is used in all modes. 70 seconds of the 1985 Mexico City earthquake, N90W component is

input in the X direction, SOOE component is input in the Y direction. In this case, inelastic

bi-axial interaction is considered. Figure 3-27 shows the corner Y direction base displacement.

The bi-axial interaction causes more displacement, since the restoring force is reduced due

to the interaction.
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SECTION 4

CONCLUSIONS

The report summarizes the development of a computational model for base isolated structures

and the computer program 3D-BASIS. This program can perform nonlinear transient dynamic

analysis of three dimensional multistory base isolated buildings. The report presents the

developerrient of the bi-axial hysteretic model used for representing hysteretic isolation

elements like high damping rubber bearings, lead-rubber bearings, steel dampers, and

frictional elements like Teflon-steel interfaces.

The comparison of hysteresis loops from numerical simulation, with hysteresis loops from

Kajima's [40] bi-directional tests on high damping rubber bearing and steel damper, and

Constantinou et al. [32] urn-directional tests on Teflon-steel interface, indicate good

agreement.

The verification done to ensure efficiency and accuracy shows good agreement. Comparable

results obtained using two different solution procedures, as in the comparison with rigorous

mathematical procedure, is notable.

The program in its present form has nonlinear elements like frictional elements and high

damping rubber bearing elements with bi-axial interaction. The two options, available in the

program described in section 1.3, are for representing the superstructure to the desired detail.

Modifications of the program under progress include:

1. Interfacing the ETABS program [43] with 3D-BASIS for truely three dimensional

representation of the superstructure. This is being done externally, at present by using

option two described in section 1.3, by doing an eigenvalue analysis of the

superstructure using ETABS and using the required number of frequencies and mode

shapes for 3D-BASIS analysis.

2. A graphics preprocessor and postprocessor for analysis.
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The program is expected to contribute significantly to the development of simpler response

computation methods useful for code development, and to establish better understanding of

the behavior of three dimensional multistory structures on high damping rubber bearings,

lead-rubber bearings and friction interfaces.

The program is available for use on DEe/vAX computers. A microcomputer version is in

the development stage.
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APPENDIX A

3D-BASIS PROGRAM USER'S GUIDE

A.I Input Format for 3D-BASIS

Free format is used to read all input data, hence conventional delimiters (comma,blank) may

be used to separate data items. Dynamic arrays are used. Common block size has been set to

20,000 and should be changed if the need arises.

Note: No blank cards are to be input.

A.2 Problem Title

One card

TITLE

A.3 Control Information - Structure

One card

SMEV,NF,NP,NE

ALPHA-NUMERIC TITLE,upto 80 characters

SMEV = I For option 1 - Stiffness and mass

information to be input.

SMEV =2 For option 2 - Eigenvalues and

eigenvectors to be input.

NF =Number of floors excluding base.

Default = 1

NP =Number of pads.

NE =Number of eigenvectors to be retained.

Default = 3

Notes: 1. For explanation of option 1 and option 2 refer to section 1.3.

2. Number of floors refers to the total number of floor levels excluding the base level.

3. Number ofpads refers total number of elastomeric bearings and/or sliding bearings.

4. Number of eigenvectors in groups of three to be retained in the analysis, the
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minimum being one set of three modes..

A.4 Control Information· Input Motion

One card

MOTIONXY,TSR,LOR,XTH,ULF

MOTIONXY = 1 for single earthquake record at

angle of incidence XTH.

= 2 for independent earthquake records along

X axis and Y axis.

If MOTIONXY = 1 input WAVEX.DAT

If MOTIONXY = 2 input WAVEX.DAT for X

direction. Input WAVEY.DAT for Y direction.

TSR = Time step of earthquake record.

LOR = Length of earthquake record.

XTH = Angle of incidence of earthquake with

respect to X axis in anticlockwise direction

(for MOTIONXY =1). Default = zero

ULF = Load factor. Default = 1.0

Notes: 1. Two options are available for earthquake record input:

a. MOTIONXY = 1 refers to a single earthquake record input at any angle incidence

XTH.In this case input only one earthquake record (read through a single file). See

A.19 for wave input information.

b. MOTIONXY = 2 refers to two independent earthquake records input in X and Y

direction respectively, ego EI Centro N-S along X direction and EI Centro E-W along

Y direction. In this case input two independent earthquake records in X and Y

directions respectively (read through two files).See A.19 and A.20 wave input

information.

2. Time step of earthquake record has to be the same in both X and Y direction for

MOTIONXY = 2
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3. Length of record has to be the same in both X and Y direction for MOTIONXY

= 2.

4. In the case of MOTIONXY = 1 input the value of XTH.

5. Load factor is used to multiply both the earthquake records in X and Y directions.

A.S.l Parameters for Newmark's Method

One card

GAM,BET

GAM = Parameter which produces numerical

damping within a time step.

BET = Parameter which controls the variation

of acceleration within a time step.

A.5.2 Integration Parameters

one card

TSI,TOL,FMNORM,MAXMI

TSI = Time step of integration

TOL= Tolerance for hysteretic force

computation, at the center of mass

of the base.

FMNORM = Reference moment for convergence

MAXMI = Maximum number of iterations within

a time step.

Note: 1. Time step of integration for Newmark's method cannot exceed time step of

earthquake record. Time step of integration TSI refers to the sliding mode time step,

in case sliding bearings are used.

2. Tolerance check for hysteretic force computation at the center mass of the base,

done at every time step.
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3. If MAXMI is exceeded the program is terminated with an error status.

A.6 Control Information· Hysteretic Model Parameters

A.6.1 Hysteretic Model Parameters

One card

WBET,WGAM WBET = Parameter which controls the shape of

the hysteresis loop, traced by the

viscoplasticity model.

WGAM = Parameter which controls the shape of

the hysteresis loop, traced by the

viscoplasticity model.

Note: 1. WBET = 0.1 and WGAM = 0.9 yields a viscoplasticity model and are preferable

values for use.

A.6.2 Force.displacement Loop Parameters

NP cards

ALP(NP,2),YF(NP,2),YD(NP,2)

ALP = Post yielding stiffness to preyielding

ratio in X and Y direction.Input zeros

if Friction pad information is being

input.

YF = Yield force in X and Y direction.Input

zeros if friction pad information is being

input.

YD = Yield displacement in X and Y

direction.

Note: 1. ALP postyielding to preyielding stiffness ratio, when input as 1.0 yields elastic case

2. Yield displacement of0.005 inches or more is preferable for Teflon-steel interfaces.

3. The order in which bearing information is input has to be maintained the same

throughout the input.
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A.6.3 Frictional Interface Parameters

FMAX(NP,2),DF(NP,2),PA(NP,2)

FMAX = Coefficient of sliding friction at

large velocity in X and Y directions. Input

zeros if elastomeric bearing information is

being input.

DF = The difference between the Coefficient

of sliding friction FMAX and the coefficient

coefficient of sliding friction at low

velocity in X and Y directions. Input Zeros

if elastomeric bearing information is being

input.

PA = Constant which controls the transition

of coefficient of sliding friction from low

to high velocity. Input zeros if elastomeric

bearing information is being input.

Note: 1. The order in which bearing information is input has to be maintained the same

throughout the input.

A.6.4 Initial Normal Force at Pads

NP card

FN(NP) FN = Initial normal force for friction

interfaces. Input zero for elastomeric

bearings.

Note: 1. The order in which bearing information is input has to be maintained the same

throughout the input.

A.7.1 Pad Location in X direction

NP Cards

XP(NP) XP = X Coordinate from reference axis at

center of mass of the base to each pad.
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Note: 1. The order in which bearing information is input has to be maintained the same

throughout the input.

A.7.2 Pad Location in Y Direction

NP Cards

YP(NP) YP = Y Coordinate from reference axis at

center of mass of the base to each pad.

Note: 1. The order in which bearing information is input has to be maintained the same

throughout the input.

A.S Stiffness Information

A.S.1 X Direction (Input only if SMEV = 1)

NF cards

SX(NF) SX = Stiffness at each floor in X direction.

Note: 1. Stiffness at NF floors in X direction starting from the top floor upto the first

floor(excluding the base) to be specified.

A.S.2 Y Direction (Input only if SMEV = 1)

NF cards

SY(NF) SY = Stiffness at each floor in Y direction.

Note: 1. Stiffness at NF floors in Y direction starting from the top floor upto the first

floor(excluding the base) to be specified.

A.S.3 e Direction (Input only if SMEV = 1)

NF cards

ST(NF) ST = Stiffness at each floor ine
direction.

Note: 1. Stiffness at NF floors in e direction starting from the top floor upto the first

floor(excluding the base) to be specified.
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A.S,4 Eccentricity Information - X Direction (Input only if SMEV =1)

NF cards

EX(NF) EX = Eccentricity of center of rigidity from

the center of mass of the floor.

A.S.S Eccentricity Information - Y direction (Input only if SMEV =1)

NF cards

EY(NF) EY = Eccentricity of center of rigidity from

the center of mass of the floor.

A.S.6 Eigenvalues (Input only if SMEV =2)

NE cards

W(NE) Wi = Eigenvalue of ith mode

Note: 1. Input from first mode to the NE mode.

A.S.7 Eigenvectors (Input only if SMEV =2)

NE cards

E(NF,NE) E i = Eigenvector of ith mode

Note: 1. Input from first mode to the NE mode.

A.9 Initial Stiffness of Pads

NP cards

PKIXY(NP,1),PKIXY(NP,2) PKIXY = Initial stiffness of pads in X and Y

direction.

Note: 1. For friction interfaces use initial stiffness = mInImUm friction force/yield

displacement

2. The order in which bearing information is input has to be maintained the same

throughout the input.

A.I0 Stiffness Information for Linear-elastic Isolation Elements

One card
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SXE,SYE,STE,EXE,EYE SXE = Summation of linear-elastic element

stiffnesses in X direction.

SYE = Summation of linear-elastic element

stiffnesses in Y direction.

SXE = Summation of linear-elastic element

stiffnesses ine direction at

the center of mass of the base.

EXE = Eccentricity of the center of rigidity

of linear-elastic isolation element system

in X direction from center of mass of the

base.

EYE = Eccentricity of the center of rigidity

of linear-elastic isolation element system

in Y direction from center of mass of the

base.

A.ll Mass Information - X Direction

NF Cards

CMX(NF) CMX = Mass at each floor in X direction.

Note: 1. Input from top floor to first floor(exduding base).

A.12 Mass Information· Y Direction

NF Cards

CMY(NF) CMY = Mass at each floor in Y direction.

Note: 1. Input from top floor to first floor(exduding base).

A.13 Mass Information e Direction

NF Cards

CMT(NF) CMT = Mass moment of inertia of each floor

about center of mass of the floor.

Note: 1. Input from top floor to first floor(exduding base).
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A.13.1 Distance to the Center of Mass of the Floor

NF cards

XN (NF) XN = Distance of the center of mass of the

floor from the center of mass of the base

in X direction. Default = Zero for SMEV = 1.

Note: 1. Input from top floor to first floor (excluding base).

A.13.2 Distance to the Center of Mass of the Floor

NF cards

YN (NF) YN = Distance of the center of mass of the

floor from the center of mass of the base

in Y direction. Default = Zero for SMEV = 1.

Note: 1. Input from top floor to first floor (excluding base).

A.13.3 Height of Base and Different Floors

NF+ 1 cards

H(NF + 1) H = Height from ground to the respective

floors and base

Note: 1. Input from top floor to base.

A.14 Mass Information of Base

One Card

CMXB,CMYB,CMTB CMXB = Mass of base in X direction.

CMYB = Mass of base in Y direction.

CMTB = Mass moment of Inertia of the base

about the center of mass of the base.

A.IS.l Damping Information· Structure

NE Cards

DR(NE) DR = Damping ratio corresponding to each

mode.
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Note: 1. Input from first mode to the NE mode.

A.15.2 Global Damping Information - At the Center of Mass of the Base

One card

CBX,CBY,CBT CBX = Global damping coefficient in X dir.

CBX = Global damping coefficient in Y dir.

CBX = Global damping coefficient in 8 dir.

Note: 1. If local damping is used input zeros.

A.15.3 Local Damping Information· At Individual Pads

NP cards

PC(NP) PC = Damping coefficient at the pad

Note: 1. If global damping is used input zeros.

2. The order in which bearing information is input has to be maintained the same

throughout the input.

A.16 Initial Conditions-displacement

NF+ 1 cards

DI(NF+ 1,3) DI = Initial displacement at each floor.in X

Y and 8 directions.

Note: 1. Input from the top floor to the base.

A.17 Initial Conditions-velocity

NF+ 1 cards

VI(NF+ 1,3) VI = Initial velocity at each floor in X

Y and 8 directions.

Note: 1. Input from the top floor to the base.
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A.IS Initial Conditions-acceleration

NF+ 1 cards

AI(NF+ 1,3) AI = Initial acceleration at each floor in X

Y and e directions.

Note: 1. Input from the top floor to the base.

A.I9 Earthquake Record in X Direction

File:WAVEX.DAT

X(LOR) x = acceleration component in the horizontal

X direction.

Note:l.If MOTIONXY as specified in A.4 is l,then input taken to be at an angle

XTH specified in AA .

A.20 Earthquake Record in Y Direction

File:WAVEY.DAT (Input only if MOTIONXY = 2)

Y(LOR) Y = acceleration component in the horizontal

Y direction.

A.2I Output Parameters

One card

KPF,KPD,IP KPF = Interval of time before outputing the

next force response quantity.

KPD = Interval of time before outputing the

next displacement response quantity.

IP = Pad number at which pad force and

displacement information is required.
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·APPENDIXB

INSTANTANEOUS STIFFNESS FORMULATION

H.I Algorithm With Instantaneous Stiffness Formulation

In this formulation, instead ofnonlinear force or pseudo load, nonlinear instantaneous stiffness

is used.

The following assumption is made in addition to those stated in section 1.3:

a.The center of resistance of the isolation system shifts during inelastic action, but

its location may be adequately determined from the instantaneous stiffnesses of the

isolation devices at discrete time intervals, and used for solution.

Rewriting equation (2.4.3):

={df} 6u c

du t

=K N 6u c
t

Substituting for 6 f in equation (B.1.1):

B.2 Instantaneous Stiffness K ~
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Using equation (2.2.3) and (2.2.4), we obtain stiffness of individual hysteretic elements in x

and y directions;

(B.2.2)

From these individual hysteretic element stiffnesses, the total stiffness matrix K ~ is obtained.

In a similar manner the stiffness of frictional elements is derived.

B.3 Newmark's Method

Newmark's method is adopted for solution. The procedure is one similar to,the procedure

explained in section 2.4.2.6. f is retained on the left hand side.Rewriting equation (2.4.8):

(B.3.1)

B.4 Substructuring to Exploit 'Local' Nonlinearity

Solution to a set of equations is the most time consuming part of a computational algorithm.If

nonlinearities are involved, the problem is aggravated. But in this problem, due to the localized

nature of the nonlinearity, it is not necessary to form and decompose the whole

pseudo-stiffness matrix in equation(B.3.1), at each time step. Substructuring is used effectively

to separate the nonlinear part from the linear part of the problem [18]. For this the matrix

and vectors in equation (B.3.1) are partitioned to separate linear and nonlinear part, as follows:

K
) {

E} {E}EN 6. U P

K NN 1 6u N
t = pN t
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from which the following expressions are derived:

E -1 E N6u = KEE{p - K EN 6u }

where:

(B.4.2)

(B .4.3)

K E E is inverted only once and used repeatedly, along with instantaneous nonlinear stiffness

K N N ,for solution.

8.5 Computational Algorithm

1. The state of motion is initialized by specifying initial displacement,initial velocity and initial

acceleration.

2. Newmark's method is used for integration of equation of motion. The pseudo-stiffness

matrix is partitioned, as described in section B.4. Gaussian elimination is used for solution.

3. Using K ~ from previous time step, the incremental displacement 6 u C at "t = t + 6 tis

computed.

4. The state of motion at t is updated to the state of motion at "t = t + 6. t.

5. The forces in the hysteretic elements and the instantaneous stiffnesses of the hysteretic

elements is computed, at 1: = t + 6 t ,using fourth order Runge-kutta scheme. Also, the

instantaneous eccentricities are computed and K ~ is assembled. F T the resultant force

vector at the center of mass of the base is computed.

6. The unbalanced force at time L is computed.
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7. The relative error is computed:

It el
2

Error =FMNORM

where, F M NOR M = Reference moment for convergence since the storey torque is the

dominating element in the vector f, and II f 112 denotes the euclidean norm of vector f ; i.e.,

If errorS tolerance, no iteration is needed,computation at the next time step are started from

step 3, or else iteration procedure is started as in step 8.

8.Iteration is, usedwithin a time step for establishing equilibrium as follows:

(a)

is computed using K ~ .

(b) 6U t is solved for in:

. ,

(c) The state of motion at 1: = t + t-:, t in step 4, is updated.

(d) Unbalanced force is computed as in step 6, if tolerance is satisfied, computations

at the next time step are started from step}, or else iteration procedure is continued

from step 8a, until convergence is reached or maximumnumber of iterations specified

is exceeded, in which case the program is terminated with an error message.
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APPENDIXC

COMPARISON OF FORMULATIONS RELATED TO MASS CENTER AND

TO APPROXIMATE RIGIDITY CENTER AT BASE

C.l Introduction

The formulation presented in this report, in option one (see section 1.3), is with reference to

the vertical axis of centers of mass at various floor levels including the base. The inelastic

behavior of the isolation system is adequately represented by recomputing the eccentricity,

as described in Appendix B, i.e.,establishing the instantaneous center of rigidity at the base

at discrete time intervals.

In the formulation in reference [4,5], which is briefly described in this report, the reference

axis is with respect to approximate center of rigidity (at the initial center of rigidity) of the

base. The stiffness at the base is approximately represented by an equivalent diagonal stiffness

matrix.

A comparison between the two approaches is considered.

C.2 Assumptions

Comparison with first Option only, is considered

1. Superstructure remains elastic at all times.

2. Floor,decks are rigid, walls and columns are inextensible. Each floor has three degrees of

freedom, X and Y translations and rotation about a vertical axis. These degrees of freedom

are attached to the center of mass of each floor.

3. The center of mass of the floors and the base lie on one vertical axis and the center of

resistance of the floors and the base are arbitrarily located.
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4. There exists a rigid slab at the base level that .connects all isolation elements.

5. Three degrees of freedom at the base are attached to the approximate center of rigidity

(Initial location of the .center of rigidity).

6. The center of rigidity at the base remains at its initial position. Variation of eccentricity is

assumed to be small.

7. The stiffness matrix at the base is represented by an approximate diagonal stiffness matrix

assuming off diagonal terms are small, thus not accounting for the change in eccentricity due

to nonlinear behavior of the pads.

8. The isolation system is rigid in the vertical direction, and torque resistance of individual

pads is neglected.

C.3 Modifications to 3D-BASIS for Approximate Center of Rigidity at the Base as Reference

The program 3D-BASIS is modified in the following manner;

Matrix R in equation (2.3.1) is modified to:

R=

where:

-Yo)
X o

1.
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where Xo and Yo are coordinates of centers of mass at all the floors and at the base with

respect to initial location of center of rigidity of the base.

Mass matrixM b in equation (2.3.5) is modified to;

o

where Xo and Yo are as defined above.

Stiffness matrix I< ~ as described in, appendix B section B.2, is modified, ignoring the off

diagonal terms, to:

o

No instantaneous eccentricities are evaluated.

C.4 Example Comparing the Two Formulations

The base isolated structure described in section 3 and shown in figure 3-6 is considered.

Comparison of the response computed using the two formulations, for 15 sec. of the 1940 El

Centro earthquake north-south component input in the X direction, is considered.

Superstructure damping of2% ofcritical is used in all modes. 5% eccentricity in the Y direction

is used by offsetting the center of mass of the building at the first. floor and the· base from the

center' of rigidity. Figures C-l and C-2 show the X direction relative base displacement

response history and shear force response time history in the bearing at node 8, respectively.

In this comparison, inelastic bi-axial interaction effects are not considered.
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