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PREFACE

The National Center for Earthquake Engineering Research (NCEER) was established to expand and
disseminate knowledge about earthquakes, improve earthquake-resistant design, and implement
seismic hazard mitigation procedures to minimize loss of lives and property. The emphasis is on
structures in the eastern and central United States and lifelines throughout the country that are found
in zones of low, moderate, and high seismicity.

NCEER’s research and implementation plan in years six through ten (1991-1996) comprises four
interlocked elements, as shown in the figure below. Element I, Basic Research, is carried out to
support projects in the Applied Research area. Element II, Applied Research, is the major focus of
work for years six through ten. Element III, Demonstration Projects, have been planned to support
Applied Research projects, and will be either case studies or regional studies. Element IV,
Implementation, will result from activity in the four Applied Research projects, and from Demon-
stration Projects.

ELEMENT I ELEMENT I ELEMENT Il
BASIC RESEARCH APPLIED RESEARCH DEMONSTRATION PROJECTS
* Seismic hazard and ¢ The Building Project Case Studies
ground motion * Active and hybrid control
¢ The Nonstructural * Hospital and data processing
¢ Soils and geotechnical Components Project facilities
engineering * Short and medium span bridges
* The Lifelines Project C e Water supply systems in
¢ Structures and systems Memphis and San Francisco
The Highway Project Regional Studies
* Risk and reliability * New York City
» Mississippi Valley
¢ Protective and intelligent * San Francisco Bay Area
systems
¢ Societal and economic
studies | | l I
A4
v ELEMENT IV
IMPLEMENTATION
¢ Conferences/Workshops
* Education/Training courses
* Publications
* Public Awareness

Research in the Building Project focuses on the evaluation and retrofit of buildings in regions of
moderate seismicity. Emphasis is on lightly reinforced concrete buildings, steel semi-rigid frames,
and masonry walls or infills. The research involves small- and medium-scale shake table tests and
full-scale component tests at several institutions. In a parallel effort, analytical models and computer
programs are being developed to aid in the prediction of the response of these buildings to various
types of ground motion.
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Two of the short-term products of the Building Project will be a monograph on the evaluation of
lightly reinforced concrete buildings and a state-of-the-art report on unreinforced masonry.

The protective and intelligent systems program constitutes one of the important areas of research
in the Building Project. Current tasks include the following:

1. Evaluate the performance of full-scale active bracing and active mass dampers already in
place in terms of performance, power requirements, maintenance, reliability and cost.

2. Compare passive and active control strategies in terms of structural type, degree of
effectiveness, cost and long-term reliability.

3. Perform fundamental studies of hybrid control.

4. Develop and test hybrid control systems.

This is the latest in a series of NCEER technical reports documenting the development of the 3D-

BASIS computer program, which is designed for nonlinear dynamic analysis of seismically isolated
structures. Inthis report, the program is extended to include the simulation of the hysteretic behavior

of friction pendulum bearings and linear and nonlinear viscous fluid dampers. The effects of
overturning moment and vertical ground acceleration on the behavior of sliding bearings are also

included.
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ABSTRACT

3D-BASIS-ME is a special purpose program for the nonlinear dynamic analysis of seismically
isolated multiple buildings and liquid storage tanks. New features of this program, which do not
exist in the currently available class of 3D-BASIS programs, are new elements for modeling
hysteretic stiffening behavior, for modeling the behavior of spherical sliding isolation systems and
for modeling linear and nonlinear viscous fluid dampers. Furthermore, the effects of vertical ground

motion and overturning moment on the behavior of sliding bearings have been included.
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SECTION 1
INTRODUCTION

3D-BASIS-ME represents an enhanced version of program 3D-BASIS-M (Tsopelas et al. 1991),
which is an extension of program 3D-BASIS (Nagarajaiah et al. 1989, 1991b and 1993).

The 3DBASIS class of computer programs were developed for the nonlinear dynamic analyses of
seismically isolated structures. Program 3D-BASIS was designed to analyze a single superstructure
isolated building. Program 3D-BASIS-M was designed to analyze single as well as multiple
superstructures with a single isolation basemat. It is suitable for the dynamic analysis of isolated
structures which consist of several parts separated by thermal expansion joints. The program may
also be used in the dynamic analysis of isolated liquid storage tanks in which the liquid-tank system
is modeled by two multi-degree-of freedom systems, representing respectively the impulsive and

convective effects.

Program 3D-BASIS-ME maintains the features of programs 3D-BASIS-M with the following

enhancements:

1. Theeffects of overturning moment and vertical ground acceleration on the behavior of sliding

bearings have been included.

2. A new stiffening hysteretic element with bidirectional interaction has been included. This
element may be used in modeling the behavior of high damping rubber bearings at large

strains.

3. Anew element capable of modeling the behavior of spherical sliding isolation systems(such

as the Friction Pendulum or FPS bearings) has been included.

4. Anew viscous element has been included that produces output force which is proportional

to a power of the velocity of motion of one end of the element with respect to the other end.
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This report describes the enhanced program 3D-BASIS-ME and demonstrates its capabilities

through a series of example analyses of an isolated liquid storage tank.
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SECTION 2

OVERVIEW OF PROGRAM 3D-BASIS

Program 3D-BASIS (Nagarajaiah et al. 1989, Nagarajaiah et al. 1991b) was developed as a public

domain special purpose program for the dynamic analysis of base isolated building structures. The

basic features of program 3D-BASIS are:

4.
5.

Elastic superstructure,

Detailed modeling of the isolation system with spatial distribution of isolation elements,
Library of isolation elements which include elastomeric and sliding bearing elements with
bidirectional interaction effects and rate loading effects,

Time domain solution algorithm for very stiff differential equations, and

Bidirectional excitation.

These features are maintained in the extended 3D-BASIS-M program.

2.1 Superstructure Modeling

The superstructure is assumed to remain elastic at all times. Coupled lateral-torsional response is

accounted for by maintaining three degrees of freedom per floor, that is two translational and one

rotational degrees of freedom. Two options exists in modeling the superstructure :

Shear type representation in which the stiffness matrix of the superstructure is internally
constructed by the program. It is assumed that the centers of mass of all floors lie on a common
vertical axis, floors are rigid and walls and columns are inextensible.

Full three dimensional representation in which the dynamic characteristics of the super-
structure are determined by other computer programs (e.g. ETABS, Wilson et al. 1975) and
imported to program 3D-BASIS. In this way, the extensibility of the vertical elements,
arbitrary location of centers of mass and floor flexibility may be implicitly accounted for.

Still, however, the model for dynamic analysis maintains three degrees of freedom per floor.
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In both options, the data needed for dynamic analysis are the mass and the moment of inertia of
each floor, frequencies, mode shapes and associated damping ratios for a number of modes. A

minimum of three modes of vibration of the superstructure need to be considered.

A recently developed version of 3D-BASIS, called 3D-BASIS-TABS (Nagarajaiah et al. 1993),
incorporates the modeling approach of ETABS (Wilson et al. 1975) into 3D-BASIS and allows for

the calculation of time histories of superstructure member forces and joint displacements.

2.2 Isolation System Modeling

The isolation system is modeled with spatial distribution and explicit nonlinear force-displacement
characteristics of individual isolation devices. The isolation devices are considered rigid in the

vertical direction and individual devices are assumed to have negligible resistance to torsion.

Program 3D-BASIS has the following elements for modeling the behavior of an isolation system:
1. Linear Elastic element.
2. Linear viscous element.
3. Hysteretic element for elastomeric bearings and steel dampers.

4. Hysteretic element for sliding bearings.

2.2.1 Linear Elastic Element

All linear elastic devices of the isolation system are combined in a single element having the
combined properties of the devices. These are the translational stiffnesses, K, and K, and the
rotational stiffness, K,, with respect to the center of mass of the base. Furthermore, eccentricities
e’ and eyB of the center of resistance of the isolation system to the center of mass of the base need

to be specified.
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The forces exerted at the center of mass of the base by the linear elastic element are given by the

following equations (with reference to Figure 2-1)

F,=K(u; —e/ u)
F,=K,(u +e u’)

T=Ku’ + K, elul —K elu?

yox Ly x“y %x

Fy T C.R.

@2.1)
2.2)

(2.3)

Figure 2-1  Displacements and Forces at the Center of Mass of a Rigid Diaphragm
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2.2.2 Linear Viscous Element

The linear viscous element is used to simulate the combined viscous properties of the isolation
devices. All linear viscous devices are combined in a single viscous element having translational
damping coefficients C, and C, and rotational damping coefficient C,. Furthermore, eccentricities
e~ and eyc are defined in a manner similar to those of the linear elastic element. The forces exerted

by the linear viscous element at the center of mass of the base are given by :

F,=C, (i, —e, u;) 2.4)
F,=C,(u; +e; ) (2.5)
T=Cui; +C,ejus —Ce ul (2.6)

2.2.3 Biaxial Hysteretic Element for Elastomeric Bearings and Steel Dampers

The forces along the orthogonal directions which are mobilized during motion of elastomeric
bearings or steel dampers are described by :

F’ F?
Fx=a7Ux+(1—oc)Fny, Fy=a7Uy+(1—oc)FyZy 2.7)
in which, ois the post-yielding to pre-yielding stiffness ratio, F” is the yield force and Y is the yield
displacement, as illustrated in Figure 2-2. Z, and Z, are dimensionless variables governed by the
following system of differential equations which was proposed by Park et al. 1986 :

{Z‘x Y}z {A Ux}{ Z:(xSgn(U.2) +P) szy<ngn<Uyzy)+B)J {U}

, ) . 2.8
Z, YA U] (Zz,osgn(U.Z2)+B)  ZSgn(U,Z)+B) JIU, 28

in which A, vy and B are dimensionless quantities that control the shape of the hysteresis loop.
Furthermore, U,, U, and U,U , represent the displacements and velocities that occur at the isolation

element.



FORCE
FY | = Kp
E o= .52.
: Ke
Ke ‘!
: -
Y DISPLACEMENT

Figure 2-2  Hysteretic Element for Elastomeric Bearings and Steel Dampers. For Elastoplastic
Behavior a=0.
Constantinou et al. 1990 have shown that when motion commences and displacements exceed the

yield displacement, Equation 2.8 has the following solution provided that A/(B+7v) =1 :

Z =cosb, Z,=sinb (2.9
where 0 is the angle specifying the instantaneous direction of motion

6 =tan"\(U,/U,) (2.10)

Equations 2.7 and 2.9 indicate that the interaction curve of the element is circular. To demonstrate
this, consider motion along an angle 6 with respect to the X-axis so that U, = U cos6 and
U, = Usin®. By substituting Equations 2.9 into Equations 2.7 , it is easily shown that the resultant

of mobilized forces is independent of 6 and given by

2 22112 2.2 ZF)‘Z ) FVZU 12
F=(F,+F)) ={(1-o)'F" +a 72—0 +2a(l-0)— (2.11)
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Equation 2.11 clearly describes a circle. Atthe lower limit of inelastic behavior, i.e. [ = ¥, Equation
2.11 reduces to F'=F" which demonstrates that the yield force of the element is equal to F” in all
directions. This desirable property is possible only when A/(f +7) =1 (Constantinou et al. 1990).

In particular, A=1 and f=0.1 and y=0.9 are suggested.

This element may be used in modeling the behavior of low damping rubber bearings, high damping

rubber bearings in the range of strain prior to stiffening and lead-rubber bearings.
2.2.4 Biaxial Element for Sliding Bearings

For flat sliding bearings, the mobilized forces are described by the equations (Constantinou et al.

1990, Mokha et al. 1993)
F.=uNZ, F,=uNZ (2.12)

in which N is the vertical load carried by the bearing and L, is the coefficient of sliding friction
which depends on the bearing pressure, direction of motion as specified by angle 6 (Equation 2.10)

and the instantaneous velocity of sliding U

172

U=U:+U3) (2.13)

The conditions of separation and reattachment and biaxial interaction are accounted for by variables

Z, and Z, in Equation 2.8.

The coefficient of sliding friction is modeled by the following Equation suggested by Constantinou
etal. 1990 :

My = fonax — (onax ~ fra) €Xp(=a | U ) (2.14)
in which, f, ., is the maximum value of the coefficient of friction and £, is the minimum (at U = 0)
value of the coefficient of friction as shown in Figure 2-3. Furthermore, a is a parameter which
controls the variation of the coefficient of friction with velocity. Values of parameters £, f.i, and
a for interfaces used in sliding bearings have been reported in Constantinou et al. 1990 and Mokha
etal. 1991. In general, parameters f;.., fu, and a are functions of bearing pressure and angle

0, though the dependency on 8 is usually not important.
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COEFFICIENT
OF + fmax
FRICTION
= fmin
e
VELOCITY OF SLIDING

Figure 2-3  Model of Coefficient of friction in Program 3D-BASIS. The Model Collapses to the
Coulomb Model when f, ., = frin-

2.2.5 Uniaxial Model for Elastomeric Bearings, Steel Dampers and Sliding Bearings

The biaxial interaction achieved in the models of Equations 2.7 to 2.10 and 2.12 to 2.14 may be
neglected by replacing the off-diagonal elements in Equation 2.8 by zeroes. This results in two
uniaxial independent elements having either sliding or smooth hysteretic behavior in the two ort-

hogonal directions.
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SECTION 3
PROGRAM 3D-BASIS-M

Program 3D-BASIS-M (Tsopelas etal. 1991) is an extension of program 3D-BASIS for the dynamic
analysis of base isolated structures with multiple building superstructures on a common isolation
system. This section concentrates on the development of the equations of motion of the multiple

superstructure isolated system and the method of solution.
3.1 Superstructure and Isolation System Configuration

The model used in the analysis of the system (superstructure and isolation system) has been discussed
in Section 2. The same options available in 3D-BASIS were adopted in program 3D-BASIS-M.

The basic assumptions considered in modeling the system are :

1. Each floor has three degrees of freedom. These are the X and Y translations and rotation
about the center of mass of each floor. These degrees of freedom are attached to the center
of mass of each floor.

2. There exists arigid slab at the level that connects all the isolation elements. The three degrees
of freedom at the base are attached to the center of mass of the base.

3. 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.

The degrees of freedom of the floors and base and the configuration of a multiple building isolated

structure are illustrated in Figures 3-1 and 3-2. A global reference axis is attached to the center of

mass of the base (Figure 3-1). The coordinates of the center of mass of each floor of each super-
structure are measured with respect to the reference axis. The center of resistance of each floor is
located at distances e,; and e,; (eccentricities) with respect to the center of mass of the floor (Figure

3-2). All degrees of freedom (two translations and one rotation at each floor and base) are attached
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to the centers of mass as shown in Figures 3-1 and 3-2. Displacements and rotations of each floor
are measured with respect to the base, whereas those of the base are measured with respect to the

ground as shown in Figure 3-3.

GLOBAL
i I REFERENCE AXIS
M
FLOOR nf 41
Up, ! ,
SUPERSTRUCTURE 1 Jn r /
I '
- J
J
— R
NR ! N
CENTER OF —_ m3 \fl
MASS-FLOOR T A
f | SUPERSTRUCTURE 11
|
M > :9&
P ’ i
‘ m
FLODR 1 ' | / -5~
|
My / i
B uB d M 1
U y ;
BASE uB
X
i
m base| L7 ///WWL"’
Y CENTER OF
Z 5 l MASS-BASE
TR ISOLATION DEVICE

Figure 3-1 Multiple Building Isolated Structure.
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|
|  GLOBAL
| REFERENCE AXIS
I
CENTER OF (Q)
MASS-BASE
O O, O O
B
uY
O 1 O >

!
J

/r—-— X i—= CENTER OF
MASS-BASE

ISOLATION DEVICE
No i

(o)

Figure 3-2  Degrees of Freedom and Details of a Typical Floor and Base : (a) Isometric View
of Floor j of Superstructure i; (b) Plan of Base.
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As in program 3D-BASIS, the extended 3D-BASIS-M program has two options for the represen-
tation of the superstructure. In the first option, each superstructure is represented by a shear building
representation.  In this representation, the stiffness characteristics of each story of each
superstructure are represented by the story translational stiffnesses, rotational stiffness and
eccentricities of the story center of resistance with respect to the center of mass of the floor (see
Figure 3-2). Furthermore, and only for the shear type representation, it is assumed that the centers
of mass of all floors of each superstructure lie on a common vertical axis. This common vertical
axis is located at distances X; and Y; with respect to the global reference axis which is located at
the center of mass of the base (see Figures 3-1 and 3-2). Of course, the shear representation implies

that the floors and the base are rigid and all vertical elements are inextensible.

In the second option, all restrictions of the shear type representation other than that of rigid floor
and base are relaxed. A complete three dimensional model of each superstructure is developed
externally to program 3D-BASIS-M using appropriate computer programs (e.g. ETABS, Wilson
etal. 1975). The dynamic characteristics of each superstructure in terms of frequencies and mode

shapes are extracted and imported to program 3D-BASIS-M.

Modeling of the isolation system in program 3D-BASIS-M s identical to that in program 3D-BASIS.

Spatial distribution and biaxial interaction effects are included.
3.2 Analytical Model and Equations of Motion

A multiple building base isolated structure and the coordinates (displacements) used in the basic
formulation is shown in Figure 3-3. uij is the relative displacement vector of the center of mass of
floor (j) of superstructure (i) with respect to the base, u, is the relative displacement vector of the
center of mass of the base with respect to the ground and wu, is the ground displacement vector.
Each one of the these vectors has translational X, Y components and rotation about the vertical

axis.
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Figure 3-3 Displacement Coordinates of Isolated Structure.

The equations of motion of the part of the structure above the base (superstructures) are :

My, By, w1+ Co, o, By, w1 Ky v Uy ="My o Ry {1, (3.1

In the above equations M, C and K are the combined mass, damping and stiffness matrices of the
superstructure buildings, u is the combined displacement vector relative to the base and R is a
transformation matrix which transfers the base (ii,) and ground (ii,) acceleration vectors from the

center of mass of the base to the center of mass of each floor of each superstructure building. The
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subscripts in Equation 3.1 denote the dimension of the matrices. N, is the number of degrees of
freedom in the part above the base. It is equal to the total number of degrees of freedom minus the

three degrees of freedom of the base. In extended form, Equations 3.1 are expressed as

oo 1)

—

o 1)

m 0 0 0 0 |[i ¢ 00 0 O]fu
0O . 0 0 O 0 . 00 0]}].
0 0m 0 O i’y + [0 0 ¢ 0 0 fay
0 0 0 0 0 0 0 0
0 0 0 0 m")(i" 0 00 0 ¢ )"
k' 0 0 0 0)fd m 0 0 0 0)\[r
0 .. 00 O 0 0 0 0
+ 10 0k 0 Oquy = 40 0 m 0 0 |Jrp[, + i,]
000 .. 0 0 0 O 0 |..
0 0 0 0 K*)u” 0 0 0 0 m“)[r*

(3.2)

In Equations 3.2, m', ¢!, and k' and the mass, damping and stiffness matrices of superstructure (i).
These matrices are of dimensions 3nf' where nf is the number of floors in superstructure (i). It
should be noted that matrices m' are diagonal and contain the mass and mass moment of inertia of
each floor. The range of index (i) varies between one and ns, the number of superstructures. u' is
the displacement vector of superstructure (i) relative to the base. Further, r' is the transformation
matrix which transfers the base and ground acceleration vectors from the center of mass of the base

to the center of mass of each floor of superstructure (i) :

R,

r'=| R, (3.3)
Rl

where
1 0 -y,

R=0 1 X, G.4)
0 0 1
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in which X, Y; are the distances to the center of mass of floor (j) of superstructure (i) from the

center of mass of the base (see Figure 3-2).

The equilibrium equation of dynamic equilibrium of the base is:
T . o . . . .
R3 XNbMNb XNb{uNb x 1+RNb X3{ub+u8 }3 X 1}+Mb3x3{ub+u8 }3 X 1+Cb3x3{ub }3 X 1+Kb3 xz{ub }3 x 1+{fN}3 X 1=0

(3.5)
in which M, is the mass matrix of the base, C, is the resultant damping matrix of viscous elements
of the isolation system, K, is the resultant stiffness matrix of elastic elements of the isolation system
at the center of mass of the base and fy is a vector containing the forces mobilized in the nonlinear

elements of the isolation system.

Employing modal reduction :

u =@ Y (3.6)

3nf' 3nf‘ixnei ne x1
where @' is the orthonormal modal matrix relative to the mass matrix of superstructure (i), Y'is the
modal displacement vector of superstructure (i) relative to the base and ne' is the number of

eigenvectors of superstructure (i) retained in the analysis.

Combining Equations 3.2 to 3.6, the following equation is derived

[ I ®'MR J {Y} _{2?;(0 0 j {Y}
T T .o »
R'M® R MR+Mb (M +3)% (M, +3) u, (My+3)x 1 0 Cb (M, +3) X (M, +3) u, (M, +3)x1

o 0 Y 0 ® M R .
+ 0 K u + f =" T {llg }3 x1
14 (M, +3)x (M, +3) b (My+3)x1 N My+3)x 1 R M R + Mb (M), +3)x3

(3.7)
in which M, is the total number of eigenvectors for all superstructures retained in the analysis, and
€ and o are the matrices of modal damping and eigenvalues for all eigenvectors of all superstructures,

respectively. Furthermore, I denotes an identity matrix and 0 denotes a null matrix.
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Equation 3.7 may be written as :
My +Cy+Ky +f=P, (3.8)
in which subscript ¢ denotes that the equation is valid at time z. Extending Equation 3.8 to time

t+At, where At is the time step, we have

Mj);r+At+C~‘.):)~1+At+I€}7t+At+f;+At=Pvt+At (39)

Taking the difference between Equations 3.8 and 3.9 gives the incremental equation of equilibrium

MA§I+AI+C‘Aj;t+At+K~vA}7t+At+Af;+At=ﬁt+At_ j);t'éft_lz Yt-f; (3 10)

Accordingly, the response of the multiple building superstructure and base is represented by the

modal coordinate vectors y, , y, and ¥,.
3.3 Method of Solution

The modified Newton-Raphson solution procedure with tangent stiffness representation is widely
used in nonlinear dynamic analysis programs and rapidly converges to the correct solution when
the nonlinearities of the system are mild. However the method fails to converge when the non-
linearities are severe (Stricklin et al. 1971, Stricklin et al. 1977). Additional studies by Nagarajaiah
etal. 1989 reported the failure of this method to converge when nonlinearities stemmed from sliding

isolation devices.

The pseudo-force method is used in the present study as originally adopted in the program 3D-BASIS
by Nagarajaiah et al. 1989. This method has been used for nonlinear dynamic analysis of shells by
Stricklin et al. 1971 and by Darbre and Wolf 1988 for soil structure interaction problems. More
details and the advantages of this method in the analysis of base isolated structures have been
presented by Nagarajaiah et al. 1989, 1990, 1991a and 1991b. In the pseudo-force method, the
incremental nonlinear force vector Af;, , in Equation 3.10 is unknown. It is, thus brought on the

right hand side of Equation 3.10 and treated as pseudo-force vector.
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3.4 Solution Algorithm

The differential equations of motion are integrated in the incremental form of Equations 3.10. The

solution involves two stages :

(1)  Solution of the equations of motion using the unconditionally stable (for both positive and
negative tangent stiffness - Cheng 1988) Newmark’s constant-average-acceleration method
(Newmark 1959).

(i)  Solution of the differential equations governing the nonlinear behavior of the isolation ele-
ments using an unconditionally stable semi-implicit Runge-Kutta method suitable for stiff
differential equations (Rosenbrock 1964). The solution algorithm of the pseudo force method
with iteration is presented in Table 3-I.

3.4.2 Varying Time Step for Accuracy

The solution algorithm has the option of using a constant time step or variable time step. The time
step is reduced from At,, (time step at high velocity) to a fraction of its value at low velocities to
maintain accuracy in sliding isolated structures. The time step is reduced based on the magnitude

of the resultant velocity at the center of mass of the base :

22
Atmck=Atshp[ 1- exp(-i‘B— )] (3.11)

in which, u is the resultant velocity at the center of mass of the base, Az, is the reduced time step

when the base velocity is low ( Az,

slip > Atstick > At

uip/nl , nlis an integer to introduce the desired

reduction) and B is a constant to define the range of velocity over which the reduction takes place.
It is important to note that the reduction in the time step is not continuous as indicated by Equation
3.11 but rather at discrete intervals of velocity. This procedure is adopted for computational effi-

ciency.



TABLE 3-I SOLUTION ALGORITHM
A.Initial Conditions:

1. Form stiffness matrix K, mass matrix M , and damping matrix
C. Initialize #,, U, and 1,.

2. Select time step Af, set parameters §=025 and 6=0.5, and
calculate the integration constants:

a L a L a ! a 0 a o At(e 1)

= == =— == == a,= —_——

LSy TP sAr P28 A T e 28

3. Form the effective stiffness matrix K*=a11\7l+a4é+l~(

4. Triangularize K’ using Gaussian elimination (only if the time
step is different from the previous step).

B.Iteration at each time step:

1. Assume the pseudo-force Af,, = 0 in iteration i = 1.
2. Calculate the effective load vector at time f+Af:

* ~

Pt+At = APt +Ar T Af:+m + M(azﬁz + a3ﬁt) + E(asﬁt + aGﬁt)
AP,,, =P, , — (Mi,+ Cii, + Kii, +f)

3. Solve for displacements at time t+Af: K*Auj+At=P*

t+At

4. Update the state of motion at time t+Atf:

~ ~ ~

~ . _ ~ ~ _ ~ _ . ~ o~ ~
—au, —asu; ut+At"“t+a4Aut+At asu, —agu,; ut+At_ut+Aut+At

i

u,,=0+agAu,,,

5. Compute the state of motion at each bearing and solve for the
nonlinear force at each bearing using semi-implicit Runge-Kutta
method.

6. Compute the resultant nonlinear force vector at the center of

mass of the base Af/).

7. Compute
ol )
Error = " Af;:m - Aﬂ+At"
Ref.Max .Moment
Where || is the euclidean norm
8. If Error > tolerance, further iteration is needed, iterate

starting form step B-1 and use Af}. as the pseudo-force and the

~

state of motion at time t, @&, #, and {,.
9. If Error < tolerance, no further iteration is needed, update
the nonlinear force vector:

ft+At=ft+Af+1

t + At

reset time step if necessary, go to step B-1 if the time step is
not reset or go to A-2 if the time step is reset.
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SECTION 4
ENHANCEMENTS IN PROGRAM 3D-BASIS-ME
4.1 Stiffening Biaxial Hysteretic Element

The element is appropriate for modeling the behavior of high damping rubber bearings. Typically,
these bearings exhibit higher stiffness at large strains. The element is formed by combining the
elastoplastic version (ot = 0) of the biaxial hysteretic element of Section 2.2.3 and astiffening bilinear

spring.

The resultant force, F, in the stiffening bilinear spring is described by

KU ,  U<D,
(KZ—K‘)(U_DI)ZS n(U)+K,U D, <U<D

F={(D,—D,) 2 ¢ ! » s U= @.1)
K,—-K)(D,+D
K, ~K) D, 2)sgn(U)+K2U , U>D,

L 2

where K is the tangent stiffness which is mobilized for displacements less than the limit D, and K,
is the higher tangent stiffness which is mobilized for displacements larger than the limit D,, as

illustrated in Figure 4-1. Furthermore, U is the resultant displacement

12

U=(U+U) (4.2)

The components of the force F in the two orthogonal directions are

VFxs=Fcos9, F, =Fsin6 4.3)
where

0=0" when U,, U,>0 (4.4a)
0=6"+m2  when U, <0, U,>0 (4.4b)
0=0"+m when U,, U,<0 (4.4c)
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Figure 4-1 Model of Stiffening Bilinear Spring.
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0=-6" when U,>0, U,<0 (4.4d)

0=m2 and U=U, when U.=0 (4.4e)

0=0 and U=U, when U,=0 (4.4

and

. 41U |]

0" =tan”'| —— 4.5
(| A *)

The complete model consits of the combination of components given by Equations 2.7, with aa=0

and FP’=Q, and 4.3 :
F.=0QZ+F,_, F,=QZ+F, (4.6)

These relations are depicted graphically in Figure 4-2. The uniaxial version of the model is recovered
by replacing the off-diagonal elements in Equation 2.8 by zeroes and by enforcing Equations 4.4e

or 4.4f.

To illustrate the capabilities of this model, we consider the modeling of the behavior of a high
damping rubber bearing based on data from testing of scaled specimens. The test data on the scaled
specimens, obtained at pressure of 10 MPa and frequency of 0.5 Hz, are: tangent shear modulus
forshear strain  y=0.5 to 1.0 G=0.8 MPa, equivalent damping ratio (per 1991 UBC) B=0.10
at shear strain y=1.0 , displacement limits D;=1.2T and D,=1.3T, yield displacement
Y=0.07T, where T=total rubber thickness. Furthermore, the tangent stiffness beyond the dis-

placement limit D, is K,=2K,.

The bearing to be modeled is made of the same material and has the same shape factor as the tested
scaled specimens. The bearing has bonded rubber diameter D=500 mm and total rubber thickness

T=150 mm.



Figure 4-2  Stiffening Hysteretic Model in Program 3D-BASIS-ME.
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The tangent stiffness K, (see Figure 4-2) is determined from
K =— “4.7)

where A =nD?4 is the bonded rubber area. The force Q (see Figure 4-2) is determined from

TBK,U

=3 xB (4.8)

where B=0.1 (equivalent viscous damping ratio) at U=T (shear strain y=1.0). It follows that

K,=1.05 kN/mm, K,=2.10 kN/mm, Q=29.35kN, D,=180 mm, D,=195 mm, Y=10.5 mm. The
mathematical model of Equations 4.1 to 4.6 is constructed from these data and analytically deter-

mined loops of force vs displacement are shown in Figures 4-3 to 4-5.

In Figure 4-3 the imposed displacement is harmonic with amplitudes of 240 mm and 176.8 mm
along the X axis. The computed loop in the X direction shows the anticipated stiffening behavior
in the motion with Uy=240 mm, whereas in the loop for displacement amplitude less than Dy, it
does not. In Figure 4-4 the imposed motion is also harmonic with amplitudes of 240 mm and 176.8
mm along a 45° axis. The loops in that direction are identical to that of Figure 4-3. The loops at
the largest displacement amplitude in the X and Y directions show stiffening behavior despite that
the displacement amplitude is 169.7 mm, thus less than the limit D,=180 mm. This of course, was

expected since the amplitude of the resultant displacement is 240 mm, thus more than the limit D,.

Figure 4-5 shows loops of force vs displacement in bi-directional motion of elliptical shape (X and
Y displacements of motion out of-phase). The peculiar shape of the loop in the Y direction bears
a similarity to loops recorded in tests with bidirectional motion of other isolation devices (Mokha

1993).
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Figure 4-3  Force-Displacement Loops of High Damping Rubber Bearing in X and Y Directions
for Motion U, = U, sin(2nft), U, =0, f =0.5Hz, U, = 240mm and 176.8 mm.
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in X and Y Directions for Motion U, = U, sin(2nft), U, = U,sin(2nft), f = 0.5Hz,
U, = 125mm and 169.7 mm.
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4.2 Element for Friction Pendulum (FPS) Bearing

The principles of operation of the FPS bearing have been established by Zayas et al. 1987, Mokha
et al. 1990 and Constantinou et al. 1993. These principles are, of course, valid for all types of
spherical sliding bearings. A cross section view of an FPS bearing is shown in Figure 4-6. The
bearing consists of a spherical sliding surface and an articulated slider which is faced with a high
pressure capacity bearing material. The bearing may be installed as shown in Figure 4-6 or
upside-down with the spherical surface facing down rather than up. In both instzﬂlation methods

the behavior is identical.

ARTICULATED SLIDER
BEARING MATERIAL —-x /

SEAL

ENCLOSING
CYLINDER

Y.
7 \
SUPPORTING
COLUMN SPHERICAL SURFACE

Figure 4-6 FPS Bearing Section.

The force-displacement relation of an FPS bearing in any direction is given by
N .
F=EU+ustgn(U) 4.9)

in which R is the radius of curvature of the spherical sliding surface, N is the normal load and

W, is the coefficient of the sliding friction. In cases in which the normal load may be assumed to
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be constant and equal to the carried weight W;, modeling of an FPS bearings may be accomplished
by combining the linear elastic element of Section 2.2.1, using stiffness K, =K, = W/R, and the
biaxial element for sliding bearing of Section 2.2.4, using N=W,. To reduce computational effort,
all the linear elastic elements may be combined in a global element described by translational
stiffnesses K, = K, =XW,/R (XW, =total weight) and corresponding rotational stiffness K, and
associated eccentricities e. and ef (see Section 2.2.1 and Nagarajaiah et al. 1989 and 1991). This

has been the approach followed in programs 3D-BASIS and 3D-BASIS-M.

In general, the vertical load on an isolation bearing does not remain constant but rather varies as a
result of the vertical ground motion and the effect of overturning moment. For vertically rigid

structures, the normal load on an FPS bearing is

U, Ny
N=W|1l+—+— (4.10)
g W

where W, is the weight, U, is the vertical ground acceleration (positive when the direction is

upwards) and Ng,, is the additional axial force due to the overturning moment effects (Ngy, is

positive when compressive).

The direct effects of variations in the normal load on the behavior of the FPS bearing are to
instantaneously change the stiffness and friction force. Another indirect effect is to change the
coefficient of friction which is pressure dependent. Modeling of the behavior of FPS bearings to
this detail is important in the accurate estimation of the forces in individual bearings. However,
use of N=W, rather than Equation 4.10 results in nearly the same global isolation system response
and superstructure response. This has been demonstrated by comparison of analytical results to
shake table results of a seven-story model in which the axial forces on individual bearings varied

from O to 2W,, W, being the gravity load (Al-Hussaini et al. 1994).
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The forces in the FPS element of program 3D-BASIS-ME are described by

=

N N
=2 U+ INZ,, Fy,=2U,+WNZ, (4.11)

which Z, and Z, are described by Equation 2.8 and N is described by Equation 4.10. Program

3D-BASIS-ME requires user-supplied routines to

a)  Calculate the additional axial force on individual bearings from overturning moments about

the two horizontal orthogonal axes, and

b)  Describe the variation of coefficient f,,, in Equation 2.14 with bearing pressure.

Details of these routines are given in Section 4.6.
4.3 New Biaxial Element for Sliding Bearings

The new biaxial element for flat sliding bearings in program 3D-BASIS-ME is again described by
Equations 2.12 to 2.14 and 2.8 with the exeption that N is not constant but rather described by
Equation 4.10. The element requires the user-supplied routines described in Sections 4.2 and 4.6.
It should be noted that when U, is not given and when the user-supplied routine returns zero for
the additional axial load Ny, (eq. 4.10), the model collapses to the original constant normal load

(N=W)) model of programs 3D-BASIS and 3D-BASIS-M.
4.4 Linear Elastic Element

This element can be used to model the behavior of helical steel springs, rubber springs or other

devices that exhibit linear elastic behavior.

The model of linear elastic element in program 3D-BASIS-ME is identical with the one available
in programs 3D-BASIS and 3D-BASIS-M. In those programs, the properties of the linear elastic
elements were combined automatically by the program in one global element, whereas in 3D-
BASIS-ME the program is dealing with each element independently. The forces generated in each

element are



F.=K.U F,=K/U (4.12)

x xYx0 ¥ vy

where K,, K, and U,, U, are the stiffnesses and displacements of the element in X and Y directions,

respectively.

It should be noted that the option of using one global linear elastic element that combines the
properties of a linear elastic isolation system is also available in the program 3D-BASIS-ME (see

Section 2.2.1 and Appendix A, Section C2).
4.5 Viscous Element

This element is suitable for modeling the behavior of Fluid Viscous Dampers or other devices
displaying viscous behavior. Specifically, fluid dampers which operate on the principle of fluid
orificing produce an output force which is proportional to the power of the velocity. That power

can take values in the range of 0.5 to 2.0 (Constantinou et al. 1992).

The mobilized forces on a viscous element are described by

F.=C|U,|"sgn(U,) (4.13)
F,=C,|U,|"sgn(U,) 4.14)

where C,, C, and U, U , are damping coefficients and velocities experienced by viscous

elements placed along the X or Y directions respectively, and o is a coefficient taking real
positive values. For oo =1, the linear viscous element is recovered. It should be noted that program

3D-BASIS-ME allows only the placement of dampers along the principal directions.

In the case of linear viscous devices, an alternative approach is possible. The properties can be
combined in one global linear viscous element located at the center of mass of the base ( see Section

2.2.2 and Appendix A, Section C3).
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4.6 User-Supplied Routines in Program 3D-BASIS-ME

4.6.1 Routine for Additional Axial Load Due to Overturning Moment Effects
The routine (a function) has the form

FOVM(OVMX,0VMY,XP,YP,])

in which T is the bearing number, XP and YP are arrays containing the bearing coordinated
(XP(I)=X coordinate of bearing I etc.), and OVMX and OVMY are the overturning moments
about the X and Y axes, as illustrated in Figure 4-7. Function FOVM is called by the main program
at all time steps. The function returns to the main program the additional axial load FOVM on

bearing I. FOVM is positive when compressive.

z}

Y FOVM

w0 Lo

I

CENTER OF
MASS OF BASE OVMY

Figure 4-7  Definition of Overturning Moments OVMX and OVMY, and Additional Force
FOVM.
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It should be noted that we have assumed a unique relation between overturning moments and
additional axial load on bearings. The user is cautioned that this is a simplification of a complex
phenomenon. However, it is a commonly used engineering approximation. The report of Al
Hussaini et al. 1994 provides valuable insight into the behavior of slender isolated structures with

FPS bearings which are subjected to strong overturning moments.

To exclude the effect of the overturning moment on the additional axial force, function FOVM

should be as follows:

FUNCTION FOVM(OVMX,0VMY XP,YP.I)
IMPLICIT REAL *8

COMMON/MAIN1 / NB,NP,MNF,MNE ,NFE,MXF
DIMENSION XP(NP),YP(I)

FOVM=0.D0

RETURN

END

This is the default version of function FOVM in 3DBASIS-ME.

4.6.2 Routine for Describing the Dependency of Parameter f,, on Bearing Pressure

Constantinou et al. 1990 and 1993 described the dependency on bearing pressure of the parameters
in the model of friction in Equation 2.14. Specifically, the coefficient of sliding friction is given

by
M =fmax_ (fmax _fmin)exp(_a | U |) (415)

where a is nearly independent of pressure, whereas f;, is dependent on pressure for unfilled and

glass-filled PTFE but nearly independent of pressure for the PTFE-composites used in the FPS
bearings. Parameter f,,, is generally dependent on bearing pressure. Since parameter f;,, describes
the maximum friction force that is transmitted through the bearing, its dependency on pressure is
explicitly modeled in program 3D-BASIS-ME. However, the much less significant dependency

on pressure of parameters a and f;, is neglected.
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The user-supplied routine (function) has the form
FFMAX(FRMAX,FRMIN,FNOR,I)

in which 1 is the bearing number, FNOR is the normal load on bearing I, which includes the
gravity, vertical ground motion and overturning moment effects, normalized by the weight W, on
the bearing. Furthermore, FRMAX and FRMIN are, respectively, the supplied, through the
INPUT, parameters f,,.,o and f,,,,, under almost zero static pressure of bearing I. Function FFMAX
returns the value of f,,,, at the bearing pressure resulting from the instantaneous normal load. Note

that parameter f,,, is assumed indepenndent of pressure, that is f,;.0 = fuin.

For example, consider the case in which the dependency on pressure of parameter f,,,, is neglected.

Function FFMAX should be

FUNCTION FFMAX(FRMAX,FRMIN,FNOR,I)
IMPLICIT REAL *8

COMMON/MAIN1 / NB,NP,MNF,MNE,NFE,MXF
FFMAX=FRMAX

RETURN

END

This is the default version of function FFMAX in 3DBASIS-ME.

Consider now the case of pressure dependent parameter f,,. Figure 4-8 shows the assumed

dependency on pressure of parameter f,.It is typical of the behavior of sliding bearings (Soong
and Constantinou 1994). An accurate representation of the variation of parameter £, with pressure

éan be accounted for by using the following expresion
fmax =fmax0 - (fmaxO - ma_xp) tanh(gp) (4° 16)

where p is the pressure, f,,,, is the maximum coefficient of friction at very high pressures, f..0

is the vakue of the coefficient at zero pressure, € is a constant that controls the transition of Jinax

between very low and very high pressures.
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PRESSURE

Figure 4-8 Variation of Friction Parameter f,, with Pressure.

As an example, Constantinou et al. 1993 gave the following values for the parameters of a bearing
at pressure of 17.2 MPa : f£,,,,=0.12, f,,,=0.05, €=0.012 (p is in units of MPa). For this case
function FFMAX should be of the form :

FUNCTION FFMAX(FRMAX,FRMIN,FNOR,])
IMPLICIT REAL *8
COMMON/MAIN1 / NB,NP,MNF,MNE,NFE MXF
DIMENSION P(500)
DATA/P(J)=17.2J=1,../

etc. etc.

PRES=FNOR*P(I)
FFMAX=FRMAX-0.07*DTANH(0.012*PRES)
RETURN

END

Note that P(J) contains the bearing pressure under static conditions of bearing J. Quantity PRES

is the instantaneous bearing pressure in units of MN/m? or MPa.
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4.7 Validation of Model of FPS Bearing

The validity of the model of FPS bearings in program 3D-BASIS-ME is investigated by comparison
of the predictions of the model to experimental results. The experimental results were obtained in
shaking table testing of an isolated structure, in which the FPS bearings were subjected to lateral

motion under normal load of varying magnitude.

Al-Hussaini (1994) reported test results of a 7-story model structure supported by eight FPS bearings
and tested in a variety of structural system configurations. One of these configurations is shown
in Figure 4-9. The 7-story structure is a moment resisting frame with the isolators placed directly
below the columns without connecting them to form an isolation basemat. The structure had a total
weight of 212 kN (47.5 kips). The bearings had radius of curvature R=248 mm (9.75 in) and were
loaded to an averege bearing pressure of about 110 MPa (16 ksi), for which the friction coefficient

fmax Was measured to be 0.06. Length scale factor in the experiments was 4.

The columns of the model above the isolation bearings were instrumented with strain gages so that
measurements of axial and shear force could be made. In one test the table was excited with the
1971 San Fernando earthquake, record at Pacoima Dam, component S74W. While the command
signal consisted of only horizontal motion, the shake table responded with additional vertical, roll
and pitch motions, as a result of the large model weight and demand for high table velocity. The
recorded horizontal and vertical acceleration histories of the table are shown in Figure 4-10. The
recorded loops of bearing shear force versus bearing displacement of two FPS bearings (one interior

and one exterior) are shown in Figure 4-11.

The loops have been also analytically constructed from the recorded histories of bearing dis-
placement and axial bearing force by using Equations (4.11), (2.8), (2-14) and (4.15). That is U,
= recorded bearing displacement, U, = 0, N =recorded axial force, and U, and U , were determined
by numerical differentiation of the displacement histories. The parameters used were : f,,,, = 0.12,

Jmap =0.05,11,,=0.04, £€=0.012 (MPa Y' and a =0.0429 s/mm. The bearing pressure under
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static conditions was set at 120 MPa for the interior bearing and at 220 MPa at the exterior bearing.
The analytical results are compared to the experimental results in Figure 4-11. The agreement is

very good.

In another test the structure was excited with the 1940 El Centro earthquake, components SOOE and
vertical. Figure 4-12 shows the recorded table accelerations. The shake table response was unstable
with extremely high frequency vertical motion, which reached a peak acceleration 0.6 g (it should
have been only 0.21 g). The recorded loops of the bearing shear force versus bearing displacement
of one exterior and one interior bearings are shown in Figure 4-13. The analytically determined
loops, obtained by the same model and using the same parameters, are compared to the experimental

ones in Figure 4-13. Again the agreement is very good.

Of interest is to note in Figure 4-13 the significant variations in shear force of the interior (C5)
bearing. These variations could not be caused by variations in the friction force alone. Rather, they
are caused by variations in both the restoring force (that is, force NU/R in Equation 4.9) and friction

force.

Finally, the dynamic response of the tested model in the 1940 El Centro SOOE plus vertical input
(Figure 4-12) was computed with program 3D-BASIS-ME. The analytical model was based on the
experimentally determined modal properties of the structure (Al-Hussaini 1994). The overturning
moment effects on the axial bearing load was accounted for by assuming a linear distribution of
axial load. Time histories of isolation system displacement and base shear-displacement loops are

compared in Figure 4-14. They compare well.

We may conclude that satisfactory experimental evidence has been provided for the validity of the

FPS bearing (and other spherical sliding bearings) model in 3D-BASIS-ME.
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SECTION 5
EXAMPLES

5.1 Introduction

Examples are presented which demonstrate the modeling details of isolation devices and their
implementation in program 3D-BASIS-ME. Detailed input and output from the program are

presented for each case.
5.2 Isolated Structure

The isolated structure is a water tank as illustrated in Figure 5-1. Unit weights are : for water 62.75
Ib/ft?, for steel 490 Ib/ft® and for concrete 150 Ib/ft’. The weights are : water (for full tank) 28387.4
kips, steel tank 646.5 kips, steel roof 477.3 kips and concrete basemat 2629.8 kips with a total
isolated weight of 32141 kips.

| R=60.0 ft -l

I

2.0 ft STEEL ROOF

STEEL TANK

l Vs R/C BASEMAT

millnUs el el

\— R/C PEDESTAL
WITH BEARING

122.0 ft

T

Figure 5-1 Geometry of Isolated Water Tank.
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Four different isolated systems are considered. They are :

(a) High damping rubber bearings,

(b) Low damping rubber bearings with linear viscous fluid dampers,

(c) Low damping rubber bearings with non-linear viscous fluid dampers and

(d) FPS bearings.

Each isolation system consists of 52 bearings or 52 bearings plus 24 fluid dampers in the config-

urations shown in Figures 5-2 and 5-3.
5.3 Mathematical Model of Tank

The mathematical model of the tank is based on the mechanical analog of Haroun and Housner,

1981 which takes into account the deformability of the tank wall and sloshing of the fluid. In the

mathematical model used in the present examples, only the fundamental sloshing and fundamental

tank-fluid modes of vibration are considered. Based on the theory of Haroun and Housner, 1981,

the following were determined:

Sloshing Mode :  Sloshing weight 16317 kips, sloshing period 6.89 secs, damping ratio (as-
sumed) 0.005.

Fluid-tank Mode: Weight 12000 kips, period 0.162 secs, damping ratio (assumed) 0.02.

The model of the tank is illustrated in Figure 5-4. It should be noted that the convective fluid is

rigidly attached to the concrete basemat, raising its weight to 3824 kips.

5.4 Design of Isolation Systems

The design of the isolation systems does not follow a common design basis and their safety is not
assessed. Rather, the design demonstrates the capabilities of the computer program rather than the

capabilities of the isolation systems.

The properties of the isolation systems are determined in the stage of least stiffness and characteristic
strength. That is, for rubber the properties under scragged and fresh conditions are used. Fur-

thermore, all quantities, such as friction coefficient and shear modulus of rubber are obtained from
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Figure 5-3  Configuration of Low Damping Rubber Bearing - Fluid Damper Isolation System.



SLOSHING FLUID RIGID CONVECTIVE

Wg =16317 kips FLUID TANK—-FLUID
Tg =6.89 secs W R =1194.2 kips W =12000 kips
Bs =0.005 T =0.162 secs
B =0.02
22.2 ft
18.2 ft 16.04 ft
RIGID /
L ]

RIGID BASEMAT/
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Figure 5-4 Mathematical Model of Fluid Tank.

representative mean values at normal temperatures and fresh conditions, with a further reduction
for variability of properties. Thus, the analyzed stage is the one which results in the maximum
response of the isolation system (i.e. bearing displacement). A complete analysis would require
further analysis for a second stage of properties with the highest stiffness and characteristic strength.
For this second stage it is necessary to consider the unscragged properties of rubber, aging and low
temperature effects, and furthermore increase these properties for variability. This second stage

results in the maximum response in the isolated superstructure.
5.4.1 High Damping Rubber Bearing System

The system consists of 52 bearings in the configuration of Figure 5-2. The bearing construction is
shown in Figure 5-5. The bearings have stiffening hysteretic behavior as shown in Figure 4-2 with
K,=2K,, K;=AG/T (Equation 4.7), D,=1.2T ,D,=1.25T and Y=0.06T , where A=bonded rubber
area, T=total rubber thickness and G=115 psi. Furthermore, the characteristic strength Q is

determined from Equation 4.8 and an assumed damping ratio f=0.10 at shear rubber strain of 1.0.
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13.

13.

The properties for each bearing are
K,= 7.45 kip/in
K,=14.90 kip/in

Q=13.19 kips
Y =057 in
D=11.40 in
D,=11.88 in

5.4.2 Low Damping Rubber Bearing and Linear Viscous Fluid Damper System

The system consists of 52 bearings and 24 linear viscous fluid dampers in the configuration of

Figure 5-3. The rubber bearing construction is shown in Figure 5-5. The behavior of the bearing

is linear elastic and viscous with stiffness K=AG/T where G=96 psi. Thus, K=7.63 kip/in. The

viscous behavior is accounted for by assuming a damping ratio in the isolation system equal to 0.03.

1"

F
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I///////// L T T 77 77 77 77 7
Kol |
75" : ;
L |
L LL L T 77 77 77 77 77 77 77 77 77
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¢ 29'.
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I/////////////////////////////I
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¢ 32"
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Figure 5-5  Construction of (a) High Damping Rubber Bearing, (b) Low Damping Rubber

Bearing.
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Each fluid damper has linear viscous behavior with force F, proportional to velocity, U, (i= X or

Y, dampers are placed along principal directions):

F,=CU

1

(5.1)

i

where C;= 3.61 kip-s/in. Approximate dimensions of a fluid damper with constant C,= 3.61

kip-s/in, stroke of 15 in., rated load of 200 kips and ultimate load of 500 kips are shown in Figure
5-6. It should be noted that for twelve dampers Cryr,,=43.32 kip-s/in. Thus, for a SDOF system
with K774, =52X7.63=396.76 kip/in and weight of 15824 kips (excluding the weight of the very
flexible sloshing mode), the damping ratio is 0.17. This, together with 0.03 damping inherent in

the rubber bearing, gives a total viscous damping of 0.20 of critical.

TO RADIAL
BUSHING

I LENGTH = 100 in

Figure 5-6  Approximate Dimensions of Fluid Damper with Stroke of 15 in and Ultimate Load
of 500 kips.

5.4.3 Low Damping Rubber Bearing and Nonlinear Viscous Fluid Damper System

The system consists of 52 bearings and 24 nonlinear viscous fluid dampers in the configuration of
Figure 5-3. The bearing construction is that of Figure 5-5 with K=7.63 kip/in and viscous damping

ratio of 0.03. Each fluid damper has force-velocity relation

5-6
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F,=Cy|U,|"sgn(U,) (5.2)

where 0=0.5 and Cy=26.67 kip(s/in)"?>. A damper with this damping constant, stroke of £15 in.

and ultimate load of 500 kips has approximately the same dimensions as the damper of Figure 5-6.

The difference between the nonlinear and linear viscous fluid dampers is illustrated in Figure 5-7.
For this motion with peak velocity approximately equal to the one calculated in the analyses, the
two dampers reach nearly the same peak force. However, the nonlinear damper dissipates more
energy per cycle. This often desirable feature of nonlinear dampers has long being exploited in the
shock isolation of military hardware. Furthermore, nonlinear dampers with o equal to approxi-
mately 0.5 are used together with rubber bearings in the seismic isolation system of the San Ber-
nandino County Medical Center Replacement Project, of which construction is scheduled to start

in late 1994.

250 ! | T T ! | ! I T I
—— LINEAR VISCOUS DAMPER ]
200 b NONLINEAR VISCOUS DAMPER ]
s T T =
+ ’/” .
100 + / N\ A

|

50

FORCE (Kips)
o

.50 F -
-100 | -
A50 0 S~ >N~ .
200 0 T -

L .
_250 1 1 1 | I 1 1 | L | 1 | 1 | 1
-16 -12 -8 -4 0 4 8 12 16

DISPLACEMENT (in)

Figure 5-7  Comparison of Force-Displacement Loops of Linear and Nonlinear Viscous Fluid
Dampers for Harmonic Motion of Frequency of 0.55 Hz and Amplitude of 15 in.
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5.4.4 Friction Pendulum (or FPS) System

The system consists of 52 bearings in the configuration of Figure 5-2. The bearing construction is
shown in Figure 5-8. The radius of curvature of the concave sliding surface is R=82.4 in. Average
bearing pressure (for full tank) is 15 ksi. The coefficient of friction follows Equation 2.14 with
Jain=0.03, a=0.8 sec/in and f,,,,=0.045 at pressure of 15 ksi. Parameter f,,,, is pressure dependent.

Figure 5-9 depicts the variation of parameter f;,,, with bearing pressure.

16.0" -— 7.25" —-l 16.0"
/——— CONCAVE PLATE
— CIRCULAR RETAINER
\ SEAL
\ N— PLAT
R= 82.40" HOUSING PLATE

CONCAVE SPHERICAL SURFACE
FACED WITH STAINLESS STEEL OVERLAY

Figure 5-8  Construction of FPS Bearing.

5.5 Model of Isolated Tank in 3D-BASIS-ME

To reduce computational effort, the 52 isolation bearings are grouped into one cluster of 26 bearings
at the center of the base and four clusters of 6.5 bearings each at a distance of 68.38 feet (820.56
in) from the center. In this way, the rotational stiffness of the five clusters of bearings is equal to
that of the 52 bearings in the configuration of Figure 5-2. Furthermore, an eccentricity of 0.01 times

the tank’s plan dimension or 14.4 in. is induced in the X direction as illustrated in Figure 5-10.
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Figure 5-9  Dependency of Parameter f,,, (coefficient of friction at high velocity of sliding) on
Bearing Pressure of FPS Bearings.

The fluid dampers are also grouped into four clusters as shown in Figure 5-11. Each cluster consists
of three fluid dampers placed in the X-direction and another three fluid dampers placed in the
Y-direction. That is, the damping constants used for each cluster of dampers is Cx=Cy=10.83

172

kip-s/in for the linear dampers and C,=C,=80.0 kip(s/in)"“ for the nonlinear dampers.

In the analysis of the isolation systems with low damping rubber bearings, additional viscous
damping of 0.03 of critical is used to account for the energy dissipation capability of the bearings.
This is included in the analysis as a global linear viscous element (see Section 2.2.2) with

C,=Cy=7.65 kip-s/in and C;=2374932 kip-s-in.

5-9



SLOSHING
MODE U
z

Uy

P
@

Ky =35.12 K/in

Kx =KY

] KR =3659 K-in
~~$=0.005 (ALL MODES)

W= 16317 Kips
I= 1700000 K-in-s2

FLUID-TANK
MODE
Uz
Uy
W= 12000 Kips ~
1= 1700000 K-in-s2 @) —=Ux
Ky =46716.9 K/in
KY =Kx
~—_K  =6618227.5 K-in
_~  §=0.02 (ALL MODES)

FIXED AT
C.M.
Z

GEOMETRIC” ~] | C-M- |
BASEMAT CENTER
W= 3824 Kips |
I= 427528 K-in-s2 P Y
s
I ECCENTRI I
4 in—e] e—
. e
| i
CLUSTER OF
P 6.5 BEARINGS
PP A——— 4
e |
ea(wg )ln CLUSTER OF
. 26 BEARINGS

Figure 5-10 Model in 3D-BASIS-ME. Clusters of Bearings are used for Reducing the Compu-

tational Effort.

5-10



BEARING
CLUSTER

*A"—jﬁ

CLUSTER OF 3
FLUID DAMPERS

Y IN X-DIRECTION
AND 3 FLUID DAMPERS
IN Y-DIRECTION

820.56"
(TYP.)

Figure 5-11

49548" | I |
495.48" 495.48" I

1

[ol—

6
495.48"

S
I

5

8

/4

o) —— x

. E-j?»':

5-11

.

GLOBAL DAMPING

(FROM RUBBER BEARINGS)
Cx =Cy =7.65 K-s/in
C'l‘ =2374932 K-s-in

Clusters of Fluid Dampers in 3D-BASIS-ME. Model of Low Damping Rubber
Bearing - Fluid Damper System. Rubber Bearings are Modeled as Linear Elements
with Global Viscous Damping.



5.6 Seismic Excitation

Analyses are performed using the Pacoima Dam record from the 1971 San Fernando earthquake as
input. Component S16E (PGA=1.17 g,PGV=44.58 in/s, PGD=14.83 in) is applied in the X direction
and component S74W (PGA=1.08 g, PGV=22.73 in/s, PGD=4.26 in) is applied in the Y direction.
The vertical component (PGA=0.71 g, PGV=22.95 in/s, PGD=7.60 in) is used only in the analysis
of the FPS system. The very strong vertical component of this earthquake is known to influence
the response of isolated structures with the FPS system. Specifically, Zayas et al. 1987 studied
experimentally the response of three different isolated model structures with and without the vertical
motion effects. Only the Pacoima Dam motion had some influence on the peak superstructure shear

force, which amounted to an increase of about 20% over the case without vertical motion.

The vertical ground motion is included in the analysis of the FPS system because the effects of
varying normal force on the FPS bearings is a well understood phenomenon (Al-Hussaini 1994,
Constantinou 1993). Varying normal forces affect other types of isolation bearings. However,
these effects are not well understood and have not been incorporated in computer program 3D-
BASIS-ME. For such cases, a designer should bound the response by performing analyses which

account for plausible variations in the characteristics of the isolation devices.

This seismic excitation is severe, even for an isolated structure. The use of this excitation illustrates
the capabilities of program 3D-BASIS-ME in capturing the effects of strong vertical ground motion
on the response of sliding systems and in capturing the effects of stiffening behavior at large strains
of high damping rubber bearings. Furthermore, the nature of the motion, being a near-fault high

velocity motion, demonstrates the usefulness of nonlinear viscous dampers.
5.7 Results of Dynamic Analysis

Dynamic analyses are performed for the five isolation systems under the following conditions:
(a) High damping rubber bearing system without the effect of vertical ground motion and

overturning moments,
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(b) Low damping rubber bearing system with linear fluid dampers without the effect of vertical
ground motion and overturning moments,

(¢)  As(b) above but with the properties of bearings and fluid dampers represented by one global
stiffness and one global damping element,

(d) Low damping rubberbearing system with nonlinear fluid dampers without the effect of vertical
ground motion and overturning moments,

(e)  FPS system without the effect of vertical ground motion and overturning moments,

(f)  FPS system with the effect of vertical ground motion and overturning moments.

Detailed input and output of program 3D-BASIS-ME for each case is presented in Appendix B. A

summary of the results is presented in Table 5-1. Figures 5-12 to 5-14 present representative

force-displacement loops of the four systems. It should be observed that analysis of the low damping

rubber bearing-linear viscous fluid damper system by explicit representation of the isolation devices

or by global representation gives nearly identical results.
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Ground Motion and Overturning Moments.
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SECTION 6
SUMMARY

Program 3D-BASIS-ME is capable of analyzing single isolated structures, multiple building isolated
structures on a common isolation basemat and isolated liquid storage tanks. New elements for
modeling Friction Pendulum (FPS) bearings, high damping rubber bearings with stiffening behavior
and nonlinear viscous dampers have been included in the program. Furthermore, program 3D-
BASIS-ME accepts vertical ground motion and user supplied routines for describing the overturnin g
moment effects on the axial bearing forces and for describing the dependency of the coefficient of
friction on bearing pressure. This information is utilized by the program in modeling the behavior

of sliding bearings.

The validity of the FPS bearing model in 3D-BASIS-ME has been established by comparisons of
its predictions to experimental results under combined lateral displacement and varying normal

load.

The capabilities of the program have been demonstrated through the analysis of an isolated liquid
storage tank. The mathematical model included the effects of convective and impulsive modes of

vibration.
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APPENDIX A
3D-BASIS-ME PROGRAM USER’S GUIDE

A.1 INPUT FORMAT FOR 3D-BASIS-ME

Input file name is 3DBME.DAT and the output file is 3DBME.OUT. Free format is used to
read all input data. Earthquake records are to be given in files WAVEX.DAT and/or WAVEY .DAT
and/or WAVEZ.DAT. Dynamic arrays are used. Double precision is used in the program for
accuracy. Common block size has been set to 100,000 and should be changed if the need arises.
All values are to be input unless mentioned otherwise. No blank cards are to be input.

A.2 PROBLEM TITLE

One card

TITLE TITLE up to 80 characters
A.3 UNITS

One card

LENGTH,MASS,RTIME

LENGTH =  Basic unit of length up to 20 characters
MASS = Basic unit of mass up to 20 characters
RTIME = Basic unit of time up to 20 characters
A.4 CONTROL PARAMETERS

A.4.1 Control Parameters - Entire structure

One card
ISEV,NB,NP,INP,G
ISEV = 1 for option 1 - Data for Stiffness of the superstructures to be input.
ISEV = 2 for option 2 - Eigenvalues and eigenvectors of the superstructures (for fixed base

condition) to be input.

NB = Number of superstructures on the common base.

NP = Number of bearings.

INP = Number of bearings at which output is desired.

G = Gravitational acceleration.

Notes: 1. For explanation of the option 1 and the option 2 refer to section 3.1.

2. Number of bearings refers to the total number of bearings which could be acombination
of linear elastic, viscous, smooth bilinear, sliding bearings etc. .



A.4.2 Control Parameters - Superstructures

NB cards
NF(),NE(I),I=1,NB

NF(D)= Number of floors of superstructure I excluding base. (If NF<1 then NF set = 1)

NE(D)= Number of eigenvalues of superstructure I to be retained in the analysis.(If NE<3
then NE set = 3)

Notes: 1. Number of eigenvectors to be retained in the analysis should be in groups of three -

the minimum being one set of three modes.

A.4.3 Control Parameters - Integration

one card
TSIL,TOL,FMNORM,MAXMI,KVSTEP

TSI = Time step of integration. Default = TSR (refer to A.4.5)
TOL = Tolerance for the nonlinear force vector computation. Recommended value =0.001.
FMNORM=  Reference moment for convergence.
MAXMI = Maximum number of iterations within a time step.
KVSTEP= Index for time step variation.
KVSTEP = 1 for constant time step.
KVSTEP = 2 for variable time step.
Note: 1. The time step of integration cannot exceed the time step of earthquake record.

2. If MAXMI is exceeded the program is terminated with an error message.
3. Compute an estimate of FMNORM by multiplying the expected base shear by one
half the maximum base dimension.

A.4.4 Control Parameters - Newmark’s Method

GAM =

BET =

One card
GAM,BET

Parameter which produces numerical damping within a time step. (Recommended
value = 0.5)

Parameter which controls the variation of acceleration within a time step. (Rec-
ommended value = 0.25)
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A.4.5 Control Parameters - Earthquake Input

INDGACC =

TSR =
LOR =
XTH =

ULF =

One card
INDGACC, TSR,LOR,XTH,ULF

Index for earthquake time history record.

INDGACC =1 for a single earthquake record at an angle of incidence XTH.
INDGACC = 2 for two independent earthquake records along the X and Y axes.
INDGACC =3 for two independent earthquake records along the X and Z (vertical)
axes. (X axes excitation at angle of incidence XTH.

INDGACC=4 for three independent earthquake records along X, Y and Z (vertical)
axes.

Time step of earthquake record(s).
Length of earthquake record(s) (Number of data in earthquake record)

Angle of incidence of the earthquake with respect to the X axis in anticlockwise
direction (for INDGACC=1).

Load factor.

Notes: 1. Four options are available for the earthquake record input:

a. INDGACC = 1refers to asingle earthquake record input at any angle of incidence
XTH. Input only one earthquake record (read through a single file WAVEX.DAT).
Refer to D.2 for wave input information.

b. INDGACC = 2 refers to two independent earthquake records input in the X and
Y directions, e.g. El Centro N-S along the X direction and El Centro E-W along
the Y direction. Input two independent earthquake records in the X and Y directions
(read through two files WAVEX.DAT and WAVEY .DAT). Referto D.2 and D.3
for wave input information.

c. INDGACC = 3 refers to two independent earthquake records input in the X and
Z directions, e.g. El Centro N-S along the X direction and El Centro Vertical along
the Z direction. Input two independent earthquake records in the X and Z directions
(read through two files WAVEX.DAT and WAVEZ.DAT). RefertoD.2 and D.4
for wave input information.

d. INDGACC = 4 refers to three independent earthquake records input in the X,
Y and Z directions, e.g. El Centro N-S along the X direction and El Centro E-W
along the Y directionand El Centro Vertical along the Z direction. Input three
independent earthquake records in the X, Y and Z directions (read through three
files WAVEX.DAT, WAVEY.DAT and WAVEZ.DAT). Refer toD.2 to D.4 for
wave input information.

2. The time step of earthquake record and the length of earthquake record has to be the
same in X, Y and Z directions for INDGACC =2 or 3 or 4.
3. Load factor is applied to the earthquake records in the X, Y and Z directions.



B.1 SUPERSTRUCTURE DATA

GotoB.2 foroption 1 - three dimensional shear building representation of superstructure.

Go to B.3 for option 2 - full three dimensional representation of the superstructure.
Eigenvalue analysis has to be done prior to the 3D-BASIS-ME analysis using computer
program ETABS.

Note: 1. The same type of group, B2 or B3, must be given for all superstructures (the same
option, either 1 or 2, must be used for all superstructures).
2. The data must be supplied in the following sequence:
B2 or B3, B4, B5, B6 and B7 for superstructure No. 1, then repeat for superstructure
No. 2, etc. for a total of NB superstructures.

B.2 Shear Stiffness Data for Three Dimensional Shear Building (ISEV = 1)
B.2.1 Shear Stiffness - X Direction (Input only if ISEV = 1)

NF cards
SX(),I=1,NF

SX(I) = Shear stiffness of story I in the X direction.

Note: 1. Shear stiffness of each story in the X direction starting from the top story to the first
story. One card is used for each story.

B.2.2 Shear stiffness in the Y Direction (Input only if ISEV =1)

NF cards
SY(),I=1,NF
SY(I) = Shear stiffness of story I in the Y direction.
Note: 1. Shear stiffness of each story in the Y direction starting from the top story to the first
story.

B.2.3 Torsional stiffness in the 6 Direction
(Input only if ISEV = 1)

NF cards
ST(),I=1,NF
ST() = Torsional stiffness of story I in the 6 direction about the center of mass of the floor.
Note: 1. Torsional stiffness of each story in the 6 direction starting from the top story to the
first story.



B.2.4 Eccentricity Data - X Direction (Input only if ISEV = 1)

NF cards
EX(),I=1,NF

EX() = Eccentricity of center of resistance from the center of mass of the floor I. Default
=0.0001.

B.2.5 Eccentricity Data - Y direction (Input only if ISEV = 1)

NF cards
EY(),I=1,NF

EY(D) = Eccentricity of center of resistance from the center of mass of the floor I. Default
=0.0001.

Note: 1. The case of zero eccentricity in both the X and Y directions cannot be solved correctly
by the eigensolver in the program, hence if both the eccentricities are zero, a default
value of 0.0001 is used.

B.3 Eigenvalues and Eigenvectors for Fully Three Dimensional Building

(ISEV =2)
B.3.1 Eigenvalues (Input only if ISEV = 2)
NE cards
W(D),I=1,NE
W(D) = Eigenvalue of I" mode.
Note: 1. Input from the first mode to the NE mode.

2. Eigenvalues are frequencies squared (@’ in rad*/s?)
B.3.2 Eigenvectors (Input only if ISEV =2)

NE cards
(E(K,J),K=1,3*NF),J=1,NE

E(K,J)= Value corresponding to K™ floor of eigenvector of J™ mode.

Note: 1. Input from the first mode to the NE mode.
2. Eigenvectors must be normalized with respect to the mass matrix of superstructure
(@M ={1}).



B.4 Superstructure Mass Data
B.4.1 Translational Mass

NF Cards
CMX(1),I=1,NF
CMX(D)= Translational mass at floor I.
Note: 1. Input from the top floor to the first floor.

B.4.2 Rotational Mass (Mass Moment of Inertia)

NF Cards
CMT(I),I=1,NF

CMTD)= Mass moment of inertia of floor I about the center of mass of the floor.
Note: 1. Input from the top floor to the first floor.

B.5 Superstructure Damping Data

NE Cards

DR(I),I=1,NE
DR(I)= Damping ratio corresponding to mode 1.
Note: 1. Input from the first mode to the NE mode.

B.6 Distance to the Center of Mass of the Floor

NF cards
XN(D),YN(D),I=1,NF
XN() = Distance of the center of mass of the floor I from the center of mass of the base in

the X direction.

YN(I) = Distance of the center of mass of the floor I from the center of mass of the base in
the Y direction.
(If ISEV =1 then XN(I) and YN(I) set 0)

Note: 1. Input from the top floor to the first floor.
B.7 Height of the Base and Different Floors

NF+1 cards

H(),I=1,NF+1
H{I) = Height from the ground to the floor I.
Note: 1. Input from the top floor to the base.



C.1 ISOLATION SYSTEM DATA

C.2 Stiffness Data for Linear Elastic Isolation System

One card
SXE,SYE,STE.EXE,EYE

SXE = Resultant stiffness of linear elastic isolation system in the X direction.

SYE = Resultant stiffness of linear elastic isolation system in the Y direction.

STE = Resultant tortional stiffness of linear elastic isolation system in the 0 direction about
the center of mass of the base.

EXE = Eccentricity of the center of resistance of the linear elastic isolation system in the
X direction from the center of mass of the base.

EYE = Eccentricity of the center of resistance of the linear elastic isolation system in the
Y direction from the center of mass of the base.

Note: 1. Data for linear elastic elements can also be input individually (refer to C.5.1).

2. See reports by Nagarajaiah et al. 1989 and 1991 for definitions.

C.3 Mass Data of the Base
One Card
CMXB,CMTB

CMXB = Mass of the base in the translational direction.

CMTB = Mass moment of inertia of the base about the center of mass of the base.

C.4 Global Damping Data
One card
CBX,CBY,CBT,ECX,ECY

CBX = Resultant global damping coefficient in the X direction.

CBY = Resultant global damping coefficient in the Y direction.

CBT = Resultant global damping coefficient in the 8 direction about the center of mass of
the base.

ECX = Eccentricity of the center of global damping of the isolation system in the X direction
from the center of mass of the base.

ECY = Eccentricity of the center of global damping of the isolation system in the Y direction
from the center of mass of the base.

Note: 1. Data for viscous elements can also be input individually (refer to C.5.2).

2. See reports by Nagarajaiah et al. 1989 and 1991 for definitions.
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C.5 Coordinates of Bearings

XP(I) =
YP(I) =
Note:

NP Cards
XP(NP),YP(NP),I=1,NP

X Coordinate of isolation element I from the center of mass of the base.
Y Coordinate of isolation element I from the center of mass of the base.

1. If NP equals zero then skip Section C.5.

C.6 Isolation Element Data

The isolation element data are input in the following sequence:

1. Coordinates of isolation elements with respect to the center of mass of the base. One
card containing the X and Y coordinates of each isolation element is used. The first card
in the sequence corresponds to element No. 1, the second to element No. 2, etc. up to
element No. NP.

2. The second set of data for the isolation elements consists of two cards for isolation
element. The first card identifies the type of element and the second specifies its
mechanical properties. Two cards are used for isolation element No. 1, then another two
for element No. 2, etc. up to No. NP. The first of the two cards for each element always
contains two integer numbers. These numbers are stored in array INELEM(NP,2) which
has NP rows and two columns. The card containing these two numbers will be identified
in the sequel as INELEM(K,1),INELEM(K,2)

where Krefers to the isolation element number (1 to NP), INELEM(K, 1) denotes whether
the element is uniaxial (unidirectional) or biaxial (bidirectional). INELEM(K,2) denotes
the type of element :

INELEM(K,1)=1 for uniaxial element in the X direction
INELEM(K,1)=2 for uniaxial element in the Y direction
INELEM(K,1)=3 for biaxial element

INELEM(K,2)=1 for linear elastic element
INELEM(K,2)=2 for viscous element

INELEM(K,2)=3 for hysteretic element for elastomeric bearings/steel dampers

INELEM(K,2)=4 for hysteretic element for flat sliding bearings (friction force and f,, inde-

pendent of instant changes in normal force)

INELEM(K,2)=5 for hysteretic element for flat sliding bearings (friction force and f,, depend

on instant changes in normal force)

INELEM(K,2)=6 for FPS bearing element
INELEM(K,2)=7 for stiffening hysteretic element

Note:

1. Uniaxial element refers to the element in which biaxial interaction between the forces
in the X and Y directions is neglected rendering the interaction surface to be square,
instead of the circular interaction surface for the biaxial case.

2. If NP equals zero then skip Section C.6.
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C.6.1 Linear Elastic Element

One card
INELEM(K,1),INELEM(K,2)

INELEM(K,1)=1o0or2or3
INELEM(K,2) = 1 (Refer to C.6 for further details).

PS(K,1)=

PS(K,2)=

Note:

One card
PS(K,1),PS(K,2)

Shear stiffness in the X direction for biaxial element or uniaxial element in the X
direction (leave blank if the uniaxial element is in the Y direction only).

Shear stiffness in the Y direction for biaxial element or uniaxial element in the Y
direction (leave blank if the uniaxial element is in the X direction only).

1. Biaxial element means elastic stiffness in both X and Y directions (no interaction
between forces in X and Y direction).

C.6.2 Viscous Element

One card
INELEM(K,1),INELEM(K,2)

INELEM(K,1)=1or2or3
INELEM(K,2) = 2 (Refer to C.6 for further details).

PC(K,1)=

PC(K,2)=

PC(K,3)=

Note:

One card
PC(K,1),PC(K,2),PC(K,3)

Damping coefficient in the X direction for biaxial element or uniaxial element in
the X direction (leave blank if the uniaxial element is in the Y direction only).

Damping coefficient in the Y direction for biaxial element or uniaxial element in
the Y direction (leave blank if the uniaxial element is in the X direction only).

Power that velocity is raised (o in the Equations 4.13 and 4.14). Usual values in

the range of 0.5 to 1.2. If given value is 1.0 then the linear viscous element is
recovered.

1. Biaxial element means elastic stiffness in both X and Y directions (no interaction
between forces in X and Y direction).



C.6.3 Hysteretic Element for Elastomeric Bearings/Steel Dampers

One card
INELEM(K,1),INELEM(K,2)

INELEM(K,1)=1o0r2or3
INELEM(K,2) = 3 (Refer to C.6 for further details).

ALP(K,1)=

YF(K,1) =
YD(K,1) =

ALP(K,2)=

YF(K,2) =
YD(K,2) =

One card
(ALP(K,D),I=1,2),(YF(K,I),I=1,2),(YD(K,D),I=1,2)

Post-to-preyielding stiffness ratio (leave blank if the uniaxial element is in the Y
direction only);

Yield force (leave blank if the uniaxial element is in the Y direction only);

Yield displacement; in the X direction for biaxial element or uniaxial element in the
X direction (leave blank if the uniaxial element is in the Y direction only);

Post-to-preyielding stiffness ratio (leave blank if the uniaxial element is in the X
direction only);

Yield force (leave blank if the uniaxial element is in the X direction only);

Yield displacement; in the Y direction for biaxial element or uniaxial element in the
Y direction (leave blank if the uniaxial element is in the X direction only).
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C.6.4 Biaxial Hysteretic Element for Sliding Bearings (Friction Independent of Instant Change
of Normal Load)

One card
INELEM(K,1),INELEM(K,2)

INELEM(K,1)=1o0r2or3
INELEM(K,2) = 4 (Refer to C.6 for further details).

FMAX(K,1)=

FMAX(K,2)=

FMIN(K,1)=

FMIN(K,2)=

PAK,1) =

PA(K,2) =

YD(K,1) =

YD(K,2) =

FN(K) =

One card
(FMAX(K.,I),I=1,2),(FMIN(K,]),I=1,2),(PA(K,I),]1=1,2),(YD(K,]),I=1 ,2),FN(K)

Maximum coefficient of sliding friction (leave blank if the uniaxial element is in
the Y direction only);

Maximum coefficient of sliding friction (leave blank if the uniaxial element is in
the X direction only);

Minimum coefficient of sliding friction (leave blank if the uniaxial element is in
the Y direction only);

Minimum coefficient of sliding friction (leave blank if the uniaxial element is in
the X direction only);

Constant which controls the transition of coefficient of sliding friction from max-
imum to minimum value (leave blank if the uniaxial element is in the Y direction
only);

Constant which controls the transition of coefficient of sliding friction from max-
imum to minimum value (leave blank if the uniaxial element is in the X direction
only);

Yield displacement; in the X direction for biaxial element or uniaxial element in
the X direction (leave blank if the uniaxial element is in the Y direction only);

Yield displacement; in the Y direction for biaxial element or uniaxial element in
the Y direction (leave blank if the uniaxial element is in the X direction only).

Initial normal force at the sliding interface.
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C.6.5 New Biaxial Hysteretic Element for Sliding Bearings (Friction Depends on Instant
Change of Normal Load)

One card
INELEM(K,1),INELEM(K,2)

INELEM(K,1)=1o0or2or3
INELEM(K,2) = 5 (Refer to C.6 for further details).

FMAX(K,1)=

FMAX(K,2)=

FMIN(K,1)=

FMIN(K,2)=

PA(K,1) =

PA(K,2) =

YD(K,1) =

YD(K,2) =

FN(K) =

One card
(FMAX(K,]),1=1,2),(FMIN(K,I),I=1,2),(PA(K,]),I=1,2),(YD(K,]),I=1,2),FN(K)
Maximum coefficient of sliding friction at almost zero pressure (f,,,,, in Equation

4.16) (leave blank if the uniaxial element is in the Y direction only);
Maximum coefficient of sliding friction at almost zero pressure (f,,,., in Equation
4.16) (leave blank if the uniaxial element is in the X direction only);

Minimum coefficient of sliding friction (independent of pressure) (leave blank if
the uniaxial element is in the Y direction only);

Minimum coefficient of sliding friction (independent of pressure) (leave blank if
the uniaxial element is in the X direction only);

Constant which controls the transition of coefficient of sliding friction from max-
imum (f;,,,) to minimum (f;;,)value (leave blank if the uniaxial element is in the Y
direction only);

Constant which controls the transition of coefficient of sliding friction from max-
imum (f;,,,) to minimum (f;,,,) value (leave blank if the uniaxial element is in the X
direction only);

Yield displacement; in the X direction for biaxial element or uniaxial element in
the X direction (leave blank if the uniaxial element is in the Y direction only).

Yield displacement; in the Y direction for biaxial element or uniaxial element in
the Y direction (leave blank if the uniaxial element is in the X direction only).

Initial normal force at the sliding interface (static condition).
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C.6.6 Element for Friction Pendulum Bearing (FPS)

One card
INELEM(K,1),INELEM(K,2)

INELEM(K,1)=1 or 2 or 3
INELEM(K,2) = 6 (Refer to C.6 for further details).

ALP(K,3) =
FMAX(K,1)=

FMAX(K,2)=

FMIN(K,1)=

FMIN(K,2)=

PA(K,1) =

PA(K,2) =

YD(K,1) =

YD(K,2) =

FN(K) =

One card
ALP(K,3),(FMAX(K,D),I=1,2),(FMIN(K,]),I=1 .2),(PA(K,D),I=1,2),(YD(K,]),I=1,
2),FN(K)

Radious of curvature of the concave surface of the bearing;

Maximum coefficient of sliding friction at almost zero pressure (f,,, in Equation

4.16) (leave blank if the uniaxial element is in the Y direction only);

Maximum coefficient of sliding friction at almost zero pressure (f,,,, in Equation

4.16)(leave blank if the uniaxial element is in the X direction only).;

Minimum coefficient of sliding friction (independent of pressure)(leave blank if
the uniaxial element is in the Y direction only);

Minimum coefficient of sliding friction (independent of pressure)(leave blank if
the uniaxial element is in the X direction only).;

Constant which controls the transition of coefficient of sliding friction from max-
imum (f,,,,) to minimum (f,,,,) value (leave blank if the uniaxial element is in the Y
direction only);

Constant which controls the transition of coefficient of sliding friction from max-
imum (f,,,,) to minimum (f,,,) value (leave blank if the uniaxial element is in the X
direction only).;

Yield displacement; in the X direction for biaxial element or uniaxial element in
the X direction (leave blank if the uniaxial element is in the Y direction only);

Yield displacement; in the Y direction for biaxial element or uniaxial element in
the Y direction (leave blank if the uniaxial element is in the X direction only).

Initial normal force at the sliding interface (static condition).



C.6.7 Stiffening Biaxial Hysteretic Element

One card
INELEM(K,1),INELEM(K,2)

INELEM(K,1)=1o0or2or3
INELEM(K,2) = 7 (Refer to C.6 for further details).

One card
ALP(K,3),ALP(K,4),ALP(K,5),ALP(K,6),ALP(K,7),YD(K,1)

ALP(K,3) =  Characteristic strength (Q of Equation 4.6);
ALP(K,4) = Tangent stiffness K, (see Equation 4.1);
ALP(K,5) =  Tangent stiffness K, (see Equation 4.1);
ALP(K,6) = Displacement limit D, (see Equation 4.1);
ALP(K,7)=  Displacement limit D, (see Equation 4.1);
YD(K,1) = Yield displacement;
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D.1 EARTHQUAKE DATA
D.2 Unidirectional Earthquake Record

File: WAVEX.DAT

LOR cards
X(),I=1,LOR

X = Unidirectional acceleration component.

Note: 1. If INDGACC as specified in A.4.4 is 1 or 3, then the input will be assumed at an
angle XTH specified in A.4.4. If INDGACC as specified in A.4.4 is 2 or 4, then X(LOR)
is considered to be the X component of the bidirectional earthquake.

D.3 Earthquake Record in the Y Direction for the Bidirectional Earthquake
File:WAVEY.DAT (Input only if INDGACC =2 or 4)
LOR cards
Y({1,1),I=1,LOR
YLD = Acceleration component in the Y direction.
D.4 Earthquake Record in the Z (Vertical) Direction
File:WAVEZ.DAT (Input only if INDGACC = 3 or 4)
LOR cards
Y({1,2),I=1,LOR

Y(1,2) = Acceleration component in the Z direction.

A-15



E.1 OUTPUT DATA
E.2 Output Parameters

One card
LTMH,KPD,IPROF

LTMH =1 for both the time history and peak response output.
LTMH =0 for only peak response output.

KPD = No. of time steps before the next response quantity is output.
IPROF= 1 for accelerations-displacements profiles output.
IPROF=0 for no accelerations-displacements profiles output.

E.3 Isolator output

INP cards
IP(1),I=1,INP

IP() = Bearing number of bearings I at which the force and displacement response is
desired.

Note: 1. If INP equals zero then skip Section E.3.
E.4 Interstory drift output

The following set of cards must be imported as many times as the number of super-
structures NB.

One card
ICOR(I),I=1,NB

ICOR(I)= Number of column lines of superstructure I at which the interstory drift is desired.

ICOR(I) cards
CORDX(K),CORDY(K),K=1,ICOR(I)

CORDX(K)= X coordinate of the column line at which the interstory drift is desired.
CORDY(K)= Y coordinate of the column line at which the interstory drift is desired.

Note: 1. Maximum number of columns at which drift output may be requested is limited to six
for each superstructure (maximum value for ICOR(I) is six)
2. The coordinates of the column lines are with respect to the reference axis at the center
of mass of the base.



APPENDIX B

INPUT-OUTPUT OF 3D-BASIS-ME
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HIGH DAMPING RUBBER BEARING SYSTEM

WITHOUT VERTICAL GROUND MOTION AND OVERTURNING MOMENT EFFECTS
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52 IMPROVED DAMPING RUBBER BEARINGS

in
1 2 55 386.22
13
13
0.005 10 1 500 1
0.5 0.25
2 0.02 2000 O 1
35.12
35.12
3659.0059
0.0
0.0
42.24794

* 1700000 . 00000

0.005 0.005 0.005

0.0

0.0
284.40, 18.00
46716.90
46716.90
6618227.50

[eNe
oo

31.07037
1700000 . 00000

48, 18.00
000
9.90108
7528 .00000
000
.96 0.00
0.00 -820.56
806. 16 0.00
0.00 820.56
-14.40 0.00

85.735 48.425
85.735 48.425
85.735 48.425

85.735 48.425

342.94 193.7
o021
12345

96.85
96.85
96.85
96.85

387.4

Kips/in*sect2
11.40 11.88 0.57
11.40 11.88 0.57
11.40 11.88 0.57
11.40 11.88 0.57
11.40 11.88 0.57

INPUT

secs



WAVEX.DAT

-0.30719E+01
-0.81918E+01
-0.11618E+02
0.14532E+02
-0.14178E+01
0.72072E+01
-0.23394E+02
0.90582E+00
0.16108E+02
0.40959E+01
-0.10318E+02

WAVEY .DAT

0.12878E+02
0.31507E+01
0.36233E+01
-0.66952E+00
-0.14926E+02
-0.17526E+02
-0.24378E+02
-0.44582E+02
0.38753E+02
0.21464E+02
-0.29301E+02

-0.
.12051E+02
-0.
.12248E+02
.15753E+01
.40526E+02
-0.
.94520E+00
.15753E+01
.36666E+02
.47654E+01

-0

-0

-0

-0
-0

10240E+02

13430E+02

17053E+02

.22055E+01
.20361E+02
-0.

14572E+02

.94914E+01
.12721E+02
.90582E+01
-0.
.47772E+02
.40565E+01
.27017E+02
.67346E+01

10437E+02

-0.
-0.
.14257E+02
-0.
.20755E+02
.28317E+02
.63014E+00
-0.

-0

-0
-0
-0
-0

-0

48048E+01
10161E+02

56712E+01

58681E+01

.32058E+02
.31389E+02
.83493E+01

.22842E+01
.16502E+02
.10122E+02
.26781E+01
.29538E+02
.17368E+02
.26190E+02
-0.

19731E+02

.36745E+02
.39384E+01
.46236E+02

0.10200E+02
-0.13430E+02
-0.98065E+01
-0.27962E+01
0.11027E+01
0.46866E+01
0.17014E+02
-0.23630E+01
-0.88219E+01
-0.16738E+02
0.22764E+02

-0.16935E+01
0.46079E+01
0.16187E+02

-0.24418E+01
0.83493E+01

-0.60257E+01
0.50686E+02
0.87825E+01

-0.37375E+02

-0.22527E+02
0.47890E+02

-0.28356E+01
0.14611E+02
-0.72072E+01
0.57500E+01
-0.28159E+02
-0.10003E+02
0.12997E+02
0.88613E+01
0.91764E+01
-0.37139E+02
0.98459E+01

0.88219E+01
0.78767E+01
0.19652E+02
-0.13587E+02
-0.24851E+02
-0.21779E+02
0.10082E+02
0.41234E+02
-0.10673E+02
-0.35209E+02
0.44897E+01
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LOW DAMPING RUBBER BEARING - LINEAR VISCOUS FLUID DAMPER SYSTEM

WITHOUT VERTICAL GROUND MOTION AND OVERTURNING MOMENT EFFECTS
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INPUT

52 LOW DAMPING RUBBER BEAR. + 24 LINEAR FLUID DAMPERS

in Kips/in*sect2
1 2 99 386.22
13
13
0.005 50 1 500 1
0.5 0.25
2 0.02 2000 O 1
35.12
35.12
3659.0058
0.0
0.0
42.24794

1700000 . 00000
0.005 0.005 0.005
0.0
0.0
284.40, 18.00
46716.90
46716.90
6618227.50

oo
oo

31.07037
1700000 . 00000
0.02 0.02 0.02

0.0

0.0

210.48, 18.00

00000O0
9.90108

427528 .00000
7.65, 7.65, 2374932, 0 O
-834.96 0.00
0.00 -820.56
806. 16 0.00
0.00 820.56
-14.40 0.00
-509.88 0.00

3 1

49.595 49.595
3 1

49.595 49.595
3 1

49.595 49.595
3 1

49.595 49.595
3

198.38 198.38
3 2

10.83 10.83 1.0
3 2

10.83 10.83 1.0
3 2

10.83 10.83 1.0
3 2

10.83 10.83 1.0

021

1234567829
1

-834.96 0.00

1

-14.40 0.00

secs
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WAVEX.DAT

-0.30719E+01
-0.81918E+01
-0.11618E+02
0.14532E+02
-0.14178E+01
0.72072E+01
-0.23394E+02
0.90582E+00
0.16108E+02
0.40959E+01
-0.10318E+02

WAVEY .DAT

0.12878E+02
0.31507E+01
0.36233E+01
-0.66952E+00
-0.14926E+02
-0.17526E+02
-0.24378E+02
-0.44582E+02
0.38753E+02
0.21464E+02
-0.29301E+02

-0.
.12051E+02

0

-0.
0.

0
0

-0.
0.
-0.
0.
.47654E+01

0

0
-0

-0
-0
0

10240E+02

13430E+02
12248E+02

.15753E+01
.40526E+02

17053E+02
94520E+00
15753E+01
36666E+02

.22055E+01
.20361E+02
-0.
-0.

0.

0.
-0.

14572E+02
94914E+01
12721E+02
90582E+01
10437E+02

.47772E+02
.40565E+01
.27017E+02
0.

67346E+01

-0

-0

0

.48048E+01
-0.
.14257E+02
-0.
.20755E+02
.28317E+02
.63014E+00
-0.

10161E+02

56712E+01

S8681E+01

.32058E+02
.31389E+02
.83493E+01

.22842E+01
.16502E+02
.10122E+02
.26781E+01
.29538E+02
.17368E+02
.26190E+02
.19731E+02
.36745E+02
.39384E+01
.46236E+02

0.
-0.
-0.
-0.
.11027E+01
.46866E+01
-17014E+02
.23630E+01
-0.
-0.
.22764E+02

-0

0
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10200E+02
13430E+02
98065E+01
27962E+01

88219E+01
16738E+02

.16935E+01
.46079E+01
.16187E+02
.24418E+01
.83493E+01
0.60257E+01
.50686E+02
.87825E+01
.37375E+02
.22527E+02
.47890E+02

-0
-0
-0

0
-0
-0

.28356E+01
.14611E+02
.72072E+01
.57S00E+01
.28159E+02
.10003E+02
.12997E+02
.88613E+01
.91764E+01
.37139E+02
.98459E+01

.88219E+01
.78767E+01
.19652E+02
.13587E+02
.24851E+02
.21779E+02
.10082E+02
.41234E+02
.10673E+02
.35209E+02
.44897E+01
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LOW DAMPING RUBBER BEARING - LINEAR VISCOUS FLUID DAMPER SYSTEM

GLOBAL REPRESENTATION OF ISOLATION SYSTEM

WITHOUT VERTICAL GROUND MOTION AND OVERTURNING MOMENT EFFECTS
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52 LOW DAMPING RUBBER BEAR. + 24 LINEAR FLUID DAMPERS - GLOBAL REPR.

in Kips/in*sect2 secs
1 2 00 386.22
13
13
0.005 50 1 500 1
0.5 0.25
2 0.02 2000 O 1
35.12
35.12
3659.0059
0.0
0.0
42.24794

1700000 . 00000
0.005 0.005 0.005
0.0
0.0
284.40, 18.00
46716.90
46716.90
6618227.50
0.0
0.0
31.07037
1700000 . 00000
0.02 0.02 0.02
0.0
0.0
210.48, 18.00
396.76 396.76 123270280.0 14.4 0
9.90108
427528 .00000
50.97 50.97 13010010.6 14.4 0.0
021
1
-834.96 0.00
1
-14.40 0.00

INPUT
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WAVEX.DAT

-0.30719E+01
-0.81918E+01
-0.11618E+02
0.14532E+02
-0.14178E+01
0.72072E+01
-0.23394E+02
0.90582E+00
0.16108E+02
0.40959E+01
-0.10318E+02

WAVEY.DAT

0.12878E+02
0.31507E+01
0.36233E+01
-0.66952E+00
-0.14926E+02
-0.17526E+02
-0.24378E+02
-0.44582E+02
0.38753E+02
0.21464E+02
-0.29301E+02

-0.10240E+02
0.12051E+02
-0.13430E+02
0.12248E+02
0.15753E+01
0.40526E+02
-0.17053E+02
0.94520E+00
-0.15753E+01
0.36666E+02
0.47654E+01

0.22055E+01
-0.20361E+02
-0.14572E+02
-0.94914E+01
0.12721E+02
0.90582E+01
-0.10437E+02
-0.47772E+02
-0.40565E+01
0.27017E+02
0.67346E+01

-0
-0
-0
-0

-0

.48048E+01
.10161E+02
.14257E+02
.56712E+01
.20755E+02
.28317E+02
.63014E+00
.58681E+01
.32058E+02
.31389E+02
.83493E+01

.22842E+01
.16502E+02
.10122E+02
.26781E+01
.29538E+02
.17368E+02
.26190E+02
-0.

19731E+02

.36745E+02
.39384E+01
.46236E+02

-0

-0

-0

B-39

.10200E+02
-0.

13430E+02

.98065E+01
-0.
.11027E+01
.46866E+01
.17014E+02
.23630E+01
-0.

27962E+01

88219E+01

.16738E+02
.22764E+02

.16935E+01
.46079E+01
.16187E+02
.24418E+01
.83493E+01
.60257E+01
.50686E+02
.87825E+01
.37375E+02
.22527E+02
.47890E+02

-0

-0
-0

.28356E+01
.14611E+02
.72072E+01
.57500E+01
.28159E+02
.10003E+02
.12997E+02
.88613E+01
.91764E+01
.37139E+02
.98459E+01

.88219E+01
.78767E+01
.19652E+02
-0.
-0.
.21779E+02
.10082E+02
.41234E+02
.10673E+02
.35209E+02
.44897E+01

13587E+02
24851E+02
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LOW DAMPING RUBBER BEARING - NONLINEAR VISCOUS FLUID DAMPER
SYSTEM

WITHOUT VERTICAL GROUND MOTION AND OVERTURNING MOMENT EFFECTS
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INPUT

52 LOW DAMPING RUBBER BEAR. + 24 NON-LINEAR DAMPERS

in Kips/in*sect2
2 9 9 386.22
3

3

.0002 10 100 500 1

.5 0.25

0.02 2000 O 1
35.12
35.12

3659.0059
.0
.0

NOU = = =

[o X e

42.24794
1700000 . 00000
0.005 0.005 0.005

0.0
0.0
284.40, 18.00

46716.90

46716.90
- 6618227.50

0.0
0.0 )
31.07037
1700000 . 00000
0.02 0.02 0.02

(o]

(o]

10.48, 18.00

.0, 0.0, 0.0, 0.0, 0.0
9.90109

427528 .00000

7.65 7.65 2374932. 0 O

0.
0.
2
o)

~-834.96 0.00
0.00 -820.56
806.16 0.00
0.00 820.56
-14.40 0.00
-509.88 0.00
0.00 -495.48
481.08 0.00
0.00 495.48
3 1
49.595 49.595
3 1
49.595 49.585
3 1
49,595 49.585
3 1
49.595 49.595
3 1
198.38 198.38
3 2
80 80 0.5
3 2
80 80 0.5
3 2
80 80 0.5
3 2
80 80 0.5
0 50 1

123456789
1

-834.96 0.00

1

-14.40 0.00

secs
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WAVEX.DAT

-0.30719E+01
-0.81918E+01
-0.11618E+02
0.14532E+02
-0.14178E+01
0.72072E+01
-0.23394E+02
0.90582E+00
0.16108E+02
0.40959E+01
-0.10318E+02

WAVEY.DAT

0.12878E+02
0.31507E+01
0.36233E+01
-0.66952E+00
-0.14926E+02
-0.17526E+02
-0.24378E+02
-0.44582E+02
0.38753E+02
0.21464E+02
-0.29301E+02

-0.10240E+02
0.12051E+02
-0.13430E+02
0.12248E+02
0.15753E+01
0.40526E+02
-0.17053E+02
0.94520E+00
-0.15753E+01
0.36666E+02
0.47654E+01

0.22055E+01
-0.20361E+02
-0.14572E+02
-0.94914E+01
0.12721E+02
0.90582E+01
-0.10437E+02
-0.47772E+02
-0.40565E+01
0.27017E+02
0.67346E+01

-0
-0

-48048E+01
.10161E+02
.14257E+02
-0.
.20755E+02
.28317E+02
.63014E+00
-0.
-0.
.31389E+02
.83493E+01

56712E+01

58681E+01
32058E+02

.22842E+01
.16502E+02
.10122E+02
.26781E+01
.29538E+02
.17368E+02
.26190E+02
.19731E+02
.36745E+02
.39384E+01
.46236E+02

0.10200E+02
-0.13430E+02
-0.98065E+01
-0.27962E+01
0.11027E+01
0.46866E+01
0.17014E+02
-0.23630E+01
-0.88219E+01
-0.16738E+02
0.22764E+02

-0.16935E+01
0.46079E+01
0.16187E+02

-0.24418E+01
0.83493E+01

-0.60257E+01
0.50686E+02
0.87825E+01

-0.37375E+02

-0.22527E+02
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FPS SYSTEM

WITHOUT VERTICAL GROUND MOTION AND OVERTURNING MOMENT EFFECTS

B-67






52
in
1 2 55 386.22
1 3
13
0.001 50 1 500 1
0.5 0.25
2 0.02 2000 O 1
35.12
35.12
3659.0059
0.0
0.0
42.24794

1700000 . 00000
0.005 0.005 0.005
0.0
0.0
284.40, 18.00
46716 .90
46716.90
6618227.50
0.0
0.0
31.07037
1700000. 00000
0.02 0.02 0.02
0.0
0.0
210.48, 18.00
390.06, 390.06,
9.90108
427528 .00000
00000
-834.96 0.00
0.00 -820.56
806. 16 0.
0.00 820.
-14.40 0.

0.045 .03 0.03

0.045 .03 0.03
0.045 .03 0.03

0.045 .03 0.03

O O O O O 8:#8

0.045 .03 0.03
12345
1

-834.96

1

-14.40

0.00

0.00

121188853.0,

-14.40,

0.8 0.8 0.02
0.8 0.8 0.02
0.8 0.8 0.02
0.8 0.8 0.02

0.8 0.8 0.02

FPS BEARINGS - CONSTANT NORMAL LOAD
Kips/in*sect2

0.02
0.02
0.02
0.02

0.02

INPUT

secs

4017 .625
4017.625
4017 .625
4017.625

16070.5
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WAVEX.DAT

-0.30719E+01
-0.81918E+01
-0.11618E+02
0.14532E+02
-0.14178E+01
0.72072E+01
-0.23394E+02
0.90582E+00
0.16108E+02
0.40959E+01
-0.10318E+02

WAVEY .DAT

0.12878E+02
0.31507E+01
0.36233E+01
-0.66952E+00
-0.14926E+02
-0.17526E+02
-0.24378E+02
-0.44582E+02
0.38753E+02
0.21464E+02
-0.29301E+02

-0

-0

-0
-0

-0
-0

.10240E+02
.12051E+02
-0.
.12248E+02
.15753E+01
.40526E+02
-0.
.94520E+00
.15753E+01
.36666E+02
.47654E+01

13430E+02

17053E+02

.22055E+01
-0.

20361E+02

.14572E+02
.94914E+01
.12721E+02
.90582E+01
-0.

10437E+02

.47772E+02
.40565E+01
.27017E+02
.67346E+01

-0
-0

-0

-0

-0
-0

-0

-0
-0

.48048E+01
.10161E+02
.14257E+02
.56712E+01
.20755E+02
.28317E+02
.63014E+00
-0.

58681E+01

.32058E+02
.31389E+02
.83493E+01

.22842E+01
.16502E+02
-0.

10122E+02

.26781E+01
.29538E+02
.17368E+02
.26190E+02
.19731E+02
.36745E+02
.39384E+01
.46236E+02

0.10200E+02
-0.13430E+02
-0.98065E+01
-0.27962E+01
0.11027E+01
0.46866E+01
0.17014E+02
-0.23630E+01
-0.88219E+01
-0.16738E+02
0.22764E+02

-0.16935E+01
0.46079E+01
0.16187E+02

-0.24418E+01
0.83493E+01

-0.60257E+01
0.50686E+02
0.87825E+01

-0.37375E+02

-0.22527E+02
0.47890E+02
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-0
-0

-0
-0

.28356E+401
.14611E+02
.72072E+01
.57500E+01
.28159E+02
.10003E+02
.12997E+02
.88613E+01
.91764E+01
.37139E+02
.98459E+01

.88219E+01
.78767E+01
.19652E+02
-0.

13587E+02

.24851E+02
.21779E+02
.10082E+02
.41234E+02
.10673E+02
.35209E+02
.44897E+01
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FPS SYSTEM

WITH EFFECT OF VERTICAL GROUND MOTION AND OVERTURNING MOMENTS
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52 FPS BEARINGS - VARIABLE NORMAL LOAD

in
2 5 5 386.22

86)0

1 50 1 500 1

0.25

.02 2000 O 1
35.12
35.12

3659.0059

1
1
1
0.
0.
4

ow

[e X e
oo

42.24794
1700000 . 00000
0.005 0.005 0.005

<

0.
0.
284.40, 18.00
46716.90
46716.90

6618227.50

31.07037
1700000 . 00000
0.02 0.02 0.02

(o]
o
10.48, 18.00
o oo
9.90109
427528 .00000
00000
-834.96 0.00
0.00 -820.56
806. 16 0.00
0.00 820.56
-14.40 0.00

Kips/in*sect2

INPUT

secs

82.4 0.105 0.105 0.03 0.03 0.8 0.8 0.02 0.02 4017.625

82.4 0.105 0.105 0.03 0.03
82.4 0.105 0.105 0.03 0.03
82.4 0.105 0.105 0.03 0.03
82.4 0.105 0.105 0.03 0.03

12345

1

-834.96 0.00
1

-14.40 0.00

0.8 0.8 0.02 0.02
0.8 0.8 0.02 0.02
0.8 0.8 0.02 0.02

0.8 0.8 0.02 0.02

4017.625
4017.625
4017.625

16070.5
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WAVEX.DAT

-0
-0

-0.

0
-0

0.

-0

.30719E+01
.81918E+01
11618E+02
.14532E+02
.14178E+01
72072E+01
.23394E+02
.90582E+00
.16108E+02
.40959E+01
.10318E+02

WAVEY .DAT

0
0
0
-0

-0.

-0
-0
-0
(o]
0

.12878E+02
.31507E+01
.36233E+01
.66952E+00
14926E+02
.17526E+02
.24378E+02
.44582E+02
.38753E+02
.21464E+02
.29301E+02

WAVEZ .DAT

.17092E+02
.33240E+02
.14099E+02
.18510E+02
.42810E+02
.37966E+02
.47260E+02
.21622E+02
.14178E+02
.43322E+01

-0.
0
-0
0
0.
0.
-0
0.
-0.
0
0

-0
-0.
-0

-0
-0
-0

-0.

-0

-0
-0.

-0

10240E+02

.12051E+02
.13430E+02
.12248E+02

15753E+01
40526E+02

.17053E+02

94520E+00
15753E+01

.36666E+02
.47654E+01

.22055E+01
-20361E+02

14572E+02

.94914E+01
.12721E+02
.90582E+01
.10437E+02
.47772E+02
.40565E+01
.27017E+02
.67346E+01

.23354E+02

16344E+02

.30522E+02
.53365E+02
.59075E+01

93851E+02

-12800E+02
.35445E+00
.12681E+02
.41471E+02

-0

-0

-0
-0

-0.
-0.
-0.
.26781E+01
.29538E+02
.17368E+02
.26190E+02
-0.

-0

-0

-0
-0

-0
-0

.48048E+01
-0.
.14257E+02
.56712E+01
.20755E+02
.28317E+02
.63014E+00
.58681E+01
-32058E+02
.31389E+02
.83493E+01

10161E+02

22842E+01
16502E+02
10122E+02

19731E+02

.36745E+02
.39384E+01
.46236E+02

.32688E+01
.15675E+02
.24536E+02
.19810E+02
.29538E+02
.26781E+02
.28553E+02
-0.
.56397E+02
-0.

70496E+01

47497E+02

0.10200E+02
-0.13430E+02
-0.98065E+01
-0.27962E+01
0.11027E+01
0.46866E+01
0.17014E+02
'-0.23630E+01
-0.88219E+01
-0.16738E+02
0.22764E+02

-0.16935E+01
0.46079E+01
0.16187E+02

-0.24418E+01
0.83493E+01

-0.60257E+01
0.50686E+02
0.87825E+01

-0.37375E+02

-0.22527E+02
0.47890E+02

O O 0O 0O 0O 0O O o o o

.31625E+02
.68921E+01
.20479E+01
.42219E+02
.48757E+02
.48481E+02
.48481E+02
.22055E+01
.74435E+01
.32216E+02
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-0

-0

-0

0

-0

-0
-0
-0

-0

-0

.28356E+01
.14611E+02
.72072E+01
.57500E+01
.28159E+02
-0.
.12997E+02
.88613E+01
.91764E+01
.37139E+02
.98459E+01

10003E+02

.88219E+01
.78767E+01
.19652E+02
.13587E+02
.24851E+02
.21779E+02
.10082E+02
.41234E+02
-0.
.35209E+02
.44897E+01

10673E+02

.59075E+00
-0.
.40211E+02
-0.
.33870E+02
.63447E+02
-0.
.68527E+01
.15045E+02
.68960E+02

24969E+02

23433E+02

10988E+02



FUNCTIONS

Citﬁtﬁfttfi***tﬁiﬁti*ttitt*iit"itttittitﬁ*'i*if'iti*ﬁpowftfﬁiii'tt"'t

FUNCTION FOVM( OVMX,OVMY,XP,YP,I )

c“iii'iﬁﬁ'ﬁ*"*iitﬁ'it"ﬁﬁtfﬁif"tﬁttﬁ**ﬁﬁ'ii*Q'"'"""*i*'ii"fﬁﬁﬁﬁf't

c
C
(o]
C

CALCULATING AXIAL FORCES IN THE BEARINGS FROM OVERTURNING MOMENTS
DEVELOPED BY................ PANAGIOTIS TSOPELAS....FEB 1993

C't't'*t'ﬁiiﬁ"’ﬁﬁ'tﬁ*"iﬁﬁﬁﬁﬁﬁi'ﬁtﬁ'it'""iiﬁﬁﬁ"'tﬁ"i"iti'ﬁ'tt.ittt""

10

IMPLICIT REAL*8 (A-H,0-2)

COMMON /MAIN1 /NB, NP, MNF, MNE, NFE , MXF

COMMON /BEARAREA/AREA(500)

DIMENSION OVMX(NB+1,2),0VMY (NB+1,2),XP(NP),YP(NP)

IF(I.EQ.1) THEN
OMX=0.0

OMY=0.0

DO 10 K=1,NB+1
OMX=0OMX+OVMX (K, 1)
OMY=OMY+OVMY (K, 1)
CONTINUE

ENDIF

IF(I.EQ.5) FOVM=0.0

IF(I.EQ.4) FOVM= OMY/1641.12
IF(I.EQ.3) FOVM= OMX/1641.12
IF(I.EQ.2) FOVM=-OMY/1641.12
IF(I.EQ.1) FOVM=-OMX/1641.12

RETURN
END

C'i'iﬁﬁi*ﬁ*ﬁtt**tt***f*iﬁ't"t***i*i*i"Q**itﬁﬁiiit'iﬁmei‘i***ﬁi*tfii"

FUNCTION FFMAX (FRMAX, FRMIN, FNOR, I)

cii".t*iﬁ****ﬁﬁi***ﬁt*t'**'.'ﬁi""i"*ﬁ'tt'tﬁi‘ﬁ*'iﬁtﬁt'tt.ttt"'iiﬁ"'

C
C
c
Cc

CALCULATING MAXIMUM FRICTION COEFFICIENT AS FUNC OF PRESSURE
DEVELOPED BY................ PANAGIOTIS TSOPELAS....FEB 1993

c'*fi"f'iﬁfiﬁi"itiﬁitiiti*"'*t*ﬁﬁ'i*'*ﬁ*ﬁ**iﬁﬁiiti'iitf*t"viﬁttfiﬁ"

IMPLICIT REAL*8 (A-H,0-2)

COMMON /MAIN1 /NB, NP, MNF, MNE, NFE, MXF
COMMON /BEARAREA/ARER (500)

EXTERNAL WGTCF

FACT=FNOR
PRESS=15.0*FACT
ALP=0.10729586
DF=0.065

FFMAX=FRMAX- (DF) *DTANH (ALP*PRESS)

RETURN
END
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NATIONAL CENTER FOR EARTHQUAKE ENGINEERING RESEARCH
LIST OF TECHNICAL REPORTS

The National Center for Earthquake Engineering Research (NCEER) publishes technical reports on a variety of subjects related
to earthquake engineering written by authors funded through NCEER. These reports are available from both NCEER’s
Publications Department and the National Technical Information Service (NTIS). Requests for reports should be directed to
the Publications Department, National Center for Earthquake Engineering Research, State University of New York at Buffalo,
Red Jacket Quadrangle, Buffalo, New York 14261. Reports can also be requested through NTIS, 5285 Port Royal Road,
Springfield, Virginia 22161. NTIS accession numbers are shown in parenthesis, if available.

NCEER-87-0001

NCEER-87-0002

NCEER-87-0003

NCEER-87-0004

NCEER-87-0005

NCEER-87-0006

NCEER-87-0007

NCEER-87-0008

NCEER-87-0009

NCEER-87-0010

NCEER-87-0011

NCEER-87-0012

NCEER-87-0013

NCEER-87-0014

NCEER-87-0015

"First-Year Program in Research, Education and Technology Transfer," 3/5/87, (PB88-134275).

"Experimental Evaluation of Instantaneous Optimal Algorithms for Structural Control," by R.C. Lin, T.T.
Soong and A.M. Reinhorn, 4/20/87, (PB88-134341).

"Experimentation Using the Earthquake Simulation Facilities at University at Buffalo,” by A.M. Reinhomn
and R.L. Ketter, to be published.

"The System Characteristics and Performance of a Shaking Table," by J.S. Hwang, K.C. Chang and G.C.
Lee, 6/1/87, (PB88-134259). This report is available only through NTIS (see address given above).

"A Finite Element Formulation for Nonlinear Viscoplastic Material Using a Q Model," by O. Gyebi and
G. Dasgupta, 11/2/87, (PB88-213764).

"Symbolic Manipulation Program (SMP) - Algebraic Codes for Two and Three Dimensional Finite Element
Formulations,” by X. Lee and G. Dasgupta, 11/9/87, (PB88-218522).

"Instantaneous Optimal Control Laws for Tall Buildings Under Seismic Excitations," by J.N. Yang, A.
Akbarpour and P. Ghaemmaghami, 6/10/87, (PB88-134333). This report is only available through NTIS
(see address given above).

"IDARC: Inelastic Damage Analysis of Reinforced Concrete Frame - Shear-Wall Structures,”" by Y.J. Park,
AM. Reinhorn and S.K. Kunnath, 7/20/87, (PB88-134325).

"Liquefaction Potential for New York State: A Preliminary Report on Sites in Manhattan and Buffalo," by
M. Budhu, V. Vijayakumar, R.F. Giese and L. Baumgras, 8/31/87, (PB88-163704). This report is available
only through NTIS (see address given above).

"Vertical and Torsional Vibration of Foundations in Inhomogeneous Media," by A.S. Veletsos and K.W.
Dotson, 6/1/87, (PB88-134291).

"Seismic Probabilistic Risk Assessment and Seismic Margins Studies for Nuclear Power Plants," by Howard
H.M. Hwang, 6/15/87, (PB88-134267).

"Parametric Studies of Frequency Response of Secondary Systems Under Ground-Acceleration Excitations,"
by Y. Yong and Y.K. Lin, 6/10/87, (PB88-134309).

"Frequency Response of Secondary Systems Under Seismic Excitation,” by J.A. HoLung, J. Cai and Y K.
Lin, 7/31/87, (PB88-134317).

"Modelling Earthquake Ground Motions in Seismically Active Regions Using Parametric Time Series
Methods," by G.W. Ellis and A.S. Cakmak, 8/25/87, (PB88-134283).

"Detection and Assessment of Seismic Structural Damage," by E. DiPasquale and A.S. Cakmak, 8/25/87,
(PB88-163712).
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NCEER-87-0016

NCEER-87-0017

NCEER-87-0018

NCEER-87-0019

NCEER-87-0020

NCEER-87-0021

NCEER-87-0022

NCEER-87-0023
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NCEER-87-0025

NCEER-87-0026

NCEER-87-0027

NCEER-87-0028

NCEER-88-0001

NCEER-88-0002

NCEER-88-0003

NCEER-88-0004

NCEER-88-0005

"Pipeline Experiment at Parkfield, California," by J. Isenberg and E. Richardson, 9/15/87, (PB88-163720).
This report is available only through NTIS (see address given above).

"Digital Simulation of Seismic Ground Motion," by M. Shinozuka, G. Deodatis and T. Harada, 8/31/87,
(PB88-155197). This report is available only through NTIS (see address given above).

"Practical Considerations for Structural Control: System Uncertainty, System Time Delay and Truncation
of Small Control Forces," J.N. Yang and A. Akbarpour, 8/10/87, (PB88-163738).

"Modal Analysis of Nonclassically Damped Structural Systems Using Canonical Transformation," by J.N.
Yang, S. Sarkani and F.X. Long, 9/27/87, (PB88-187851).

"A Nonstationary Solution in Random Vibration Theory," by J.R. Red-Horse and P.D. Spanos, 11/3/87,
(PB88-163746).

"Horizontal Impedances for Radially Inhomogeneous Viscoelastic Soil Layers," by A.S. Veletsos and K.W.
Dotson, 10/15/87, (PB88-150859).

"Seismic Damage Assessment of Reinforced Concrete Members," by Y.S. Chung, C. Meyer and M.
Shinozuka, 10/9/87, (PB88-150867). This report is available only through NTIS (see address given above).

"Active Structural Control in Civil Engineering," by T.T. Soong, 11/11/87, (PB88-187778).

"Vertical and Torsional Impedances for Radially Inhomogeneous Viscoelastic Soil Layers," by K.W. Dotson
and A.S. Veletsos, 12/87, (PB88-187786).

"Proceedings from the Symposium on Seismic Hazards, Ground Motions, Soil-Liquefaction and Engineering
Practice in Eastern North America," October 20-22, 1987, edited by K.H. Jacob, 12/87, (PB88-188115).

"Report on the Whittier-Narrows, —California, Earthquake of October 1, 1987," by .
Pantelic and A. Reinhorn, 11/87, (PB88-187752). This report is available only through NTIS (see address

given above).

"Design of a Modular Program for Transient Nonlinear Analysis of Large 3-D Building Structures," by S.
Srivastav and J.F. Abel, 12/30/87, (PB88-187950).

"Second-Year Program in Research, Education and Technology Transfer," 3/8/88, (PB88-219480).
"Workshop on Seismic Computer Analysis and Design of Buildings With Interactive Graphics," by W.
McGuire, J.F. Abel and C.H. Conley, 1/18/88, (PB88-187760).

"Optimal Control of Nonlinear Flexible Structures,” by J.N. Yang, F.X. Long and D. Wong, 1/22/88,
(PB88-213772).

"Substructuring  Techniques in the Time Domain for Primary-Secondary Structural Systems," by G.D.
Manolis and G. Juhn, 2/10/88, (PB88-213780).

"Iterative Seismic Analysis of Primary-Secondary Systems,” by A. Singhal, L.D. Lutes and P.D. Spanos,
2/23/88, (PB88-213798).

"Stochastic Finite Element Expansion for Random Media," by P.D. Spanos and R. Ghanem, 3/14/88,
(PB88-213806).
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NCEER-88-0021

NCEER-88-0022

NCEER-88-0023

"Combining Structural Optimization and Structural Control," by F.Y. Cheng and C.P. Pantelides, 1/10/88,
(PB88-213814).

"Seismic Performance Assessment of Code-Designed Structures," by H.H-M. Hwang, J-W. Jaw and H-J.
Shau, 3/20/88, (PB88-219423).

"Reliability Analysis of Code-Designed Structures Under Natural Hazards," by H.H-M. Hwang, H. Ushiba
and M. Shinozuka, 2/29/88, (PB88-229471).

"Seismic Fragility Analysis of Shear Wall Structures," by J-W Jaw and H.H-M. Hwang, 4/30/88, (PB89-
102867).

"Base Isolation of a Multi-Story Building Under a Harmonic Ground Motion - A Comparison of
Performances of Various Systems," by F-G Fan, G. Ahmadi and .G. Tadjbakhsh, 5/18/88, (PB89-122238).

"Seismic Floor Response Spectra for a Combined System by Green’s Functions," by F.M. Lavelle, L.A.
Bergman and P.D. Spanos, 5/1/88, (PB89-102875).

"A New Solution Technique for Randomly Excited Hysteretic Structures," by G.Q. Cai and Y.K. Lin,
5/16/88, (PB89-102883).

"A Study of Radiation Damping and Soil-Structure Interaction Effects
by K. Weissman, supervised by J.H. Prevost, 5/24/88, (PB89-144703).

in the Centrifuge,"

"Parameter Identification and Implementation of a Kinematic Plasticity Model for Frictional Soils," by J.H.
Prevost and D.V. Griffiths, to be published.

"Two- and Three- Dimensional Dynamic Finite Element Analyses of the Long Valley Dam," by D.V.
Griffiths and J.H. Prevost, 6/17/88, (PB89-144711).

"Damage Assessment of Reinforced Concrete Structures in Eastern United States,” by A.M. Reinhorn, M.J.
Seidel, S.K. Kunnath and Y.J. Park, 6/15/88, (PB89-122220).

"Dynamic Compliance of Vertically Loaded Strip Foundations in Multilayered Viscoelastic Soils," by S.
Ahmad and A.S.M. Israil, 6/17/88, (PB89-102891).

"An Experimental Study of Seismic Structural Response With Added Viscoelastic Dampers," by R.C. Lin,
Z.Liang, T.T. Soong and R.H. Zhang, 6/30/88, (PB89-122212). This report is available only through NTIS
(see address given above).

"Experimental Investigation of Primary - Secondary System Interaction," by G.D. Manolis, G. Juhn and
AM. Reinhorn, 5/27/88, (PB89-122204).

"A Response Spectrum Approach For Analysis of Nonclassically Damped Structures,” by JN. Yang, S.
Sarkani and F.X. Long, 4/22/88, (PB89-102909).

"Seismic Interaction of Structures and Soils: Stochastic Approach," by A.S. Veletsos and A.M. Prasad,
7/21/88, (PB89-122196).

"Identification of the Serviceability Limit State and Detection of Seismic Structural Damage," by E.
DiPasquale and A.S. Cakmak, 6/15/88, (PB89-122188). This report is available only through NTIS (see
address given above).

"Multi-Hazard Risk Analysis: Case of a Simple Offshore Structure," by B.K. Bhartia and E.H. Vanmarcke,
7/21/88, (PB89-145213).
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"Automated Seismic Design of Reinforced Concrete Buildings,” by Y.S. Chung, C. Meyer and M.
Shinozuka, 7/5/88, (PB89-122170). This report is available only through NTIS (see address given above).

"Experimental Study of Active Control of MDOF Structures Under Seismic Excitations," by L.L. Chung,
R.C. Lin, T.T. Soong and A.M. Reinhorn, 7/10/88, (PB89-122600).

"Earthquake Simulation Tests of a Low-Rise Metal Structure," by J.S. Hwang, K.C. Chang, G.C. Lee and
R.L. Ketter, 8/1/88, (PB89-102917).

"Systems Study of Urban Response and Reconstruction Due to Catastrophic Earthquakes,” by F. Kozin and
H.XK. Zhou, 9/22/88, (PB90-162348).

"Seismic Fragility Analysis of Plane Frame Structures,” by H.H-M. Hwang and Y.K. Low, 7/31/88, (PB89-
131445).

"Response Analysis of Stochastic Structures,” by A. Kardara, C. Bucher and M. Shinozuka, 9/22/88, (PB89-
174429).

"Nonnormal Accelerations Due to Yielding in a Primary Structure,” by D.C.K. Chen and L.D. Lutes,
9/19/88, (PB89-131437).

"Design Approaches for Soil-Structure Interaction," by A.S. Veletsos, A.M. Prasad and Y. Tang, 12/30/88,
(PB89-174437). This report is available only through NTIS (see address given above).

"A Re-evaluation of Design Spectra for Seismic Damage Control," by C.J. Turkstra and A.G. Tallin,
11/7/88, (PB89-145221).

"The Behavior and Design of Noncontact Lap Splices Subjected to Repeated Inelastic Tensile Loading,"
by V.E. Sagan, P. Gergely and R.N. White, 12/8/88, (PB89-163737).

"Seismic Response of Pile Foundations," by S.M. Mamoon, P.K. Banerjee and S. Ahmad, 11/1/88, (PB89-
145239).

"Modeling of R/C Building Structures With Flexible Floor Diaphragms (IDARC2)," by A.M. Reinhorn,
S.K. Kunnath and N. Panahshahi, 9/7/88, (PB89-207153).

"Solution of the Dam-Reservoir Interaction Problem Using a Combination of FEM, BEM with Particular
Integrals, Modal Analysis, and Substructuring," by C-S. Tsai, G.C. Lee and R.L. Ketter, 12/3 1/88, (PB89-
207146).

"Optimal Placement of Actuators for Structural Control," by F.Y. Cheng and C.P. Pantelides, 8/15/88,
(PB89-162846).

"Teflon Bearings in Aseismic Base Isolation: Experimental Studies and Mathematical Modeling," by A.
Mokha, M.C. Constantinou and A.M. Reinhorn, 12/5/88, (PB89-218457). This report is available only
through NTIS (see address given above).

"Seismic Behavior of Flat Slab High-Rise Buildings in the New York City Area," by P. Weidlinger and
M. Ettouney, 10/15/88, (PB90-145681).

"Evaluation of the Earthquake Resistance of Existing Buildings in New York City," by P. Weidlinger and
M. Ettouney, 10/15/88, to be published.

"Small-Scale Modeling Techniques for Reinforced Concrete Structures Subjected to Seismic Loads," by
W. Kim, A. El-Attar and R.N. White, 11/22/88, (PB89-189625).
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"Modeling Strong Ground Motion from Multiple Event Earthquakes," by G.W. Ellis and A.S. Cakmak,
10/15/88, (PB89-174445).

"Nonstationary Models of Seismic Ground Acceleration," by M. Grigoriu, S.E. Ruiz and E. Rosenblueth,
7/15/88, (PB89-189617).

"SARCF User’s Guide: Seismic Analysis of Reinforced Concrete Frames," by Y.S. Chung, C. Meyer and
M. Shinozuka, 11/9/88, (PB89-174452).

"First Expert Panel Meeting on Disaster Research and Planning," edited by J. Pantelic and J. Stoyle,
9/15/88, (PB89-174460).

"Preliminary Studies of the Effect of Degrading Infill Walls on the Nonlinear Seismic Response of Steel
Frames," by C.Z. Chrysostomou, P. Gergely and J.F. Abel, 12/19/88, (PB89-208383).

"Reinforced Concrete Frame Component Testing Facility - Design, Construction, Instrumentation and
Operation," by S.P. Pessiki, C. Conley, T. Bond, P. Gergely and R.N. White, 12/16/88, (PB89-174478).
"Effects of Protective Cushion and Soil Compliancy on the Response of Equipment Within a Seismically

Excited Building," by J.A. HoLung, 2/16/89, (PB89-207179).

"Statistical Evaluation of Response Modification Factors for Reinforced Concrete Structures,”" by H.H-M.
Hwang and J-W. Jaw, 2/17/89, (PB89-207187).

"Hysteretic Columns Under Random Excitation,” by G-Q. Cai and Y.K. Lin, 1/9/89, (PB89-196513).

"Experimental Study of ‘Elephant Foot Bulge’ Instability of Thin-Walled Metal Tanks," by Z-H. Jia and
R.L. Ketter, 2/22/89, (PB89-207195).

"Experiment on Performance of Buried Pipelines Across San Andreas Fault," by J. Isenberg, E. Richardson
and T.D. O’Rourke, 3/10/89, (PB89-218440). This report is available only through NTIS (see address given

above).

"A Knowledge-Based Approach to Structural Design of Earthquake-Resistant Buildings," by M. Subramani,
P. Gergely, C.H. Conley, J.F. Abel and A.H. Zaghw, 1/15/89, (PB89-218465).

"Liquefaction Hazards and Their Effects on Buried Pipelines,” by T.D. O’Rourke and P.A. Lane, 2/1/89,
(PB89-218481).

"Fundamentals of System Identification in Structural Dynamics," by H. Imai, C-B. Yun, O. Maruyama and
M. Shinozuka, 1/26/89, (PB89-207211).

"Effects of the 1985 Michoacan Earthquake on Water Systems and Other Buried Lifelines in Mexico," by
A.G. Ayala and M.J. O’Rourke, 3/8/89, (PB89-207229).

"NCEER Bibliography of Earthquake Education Materials," by K.E.K. Ross, Second Revision, 9/1/89,
(PB90-125352).

"Inelastic Three-Dimensional Response Analysis of Reinforced Concrete Building
Structures (IDARC-3D), Part I - Modeling," by S.K. Kunnath and A M. Reinhorn, 4/17/89, (PB90-114612).

"Recommended Modifications to ATC-14," by C.D. Poland and J.O. Malley, 4/12/89, (PB90-108648).
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"Repair and Strengthening of Beam-to-Column Connections Subjected to Earthquake Loading," by M.
Corazao and A.J. Durrani, 2/28/89, (PB90-109885).

"Program EXKAL?2 for Identification of Structural Dynamic Systems," by O. Maruyama, C-B. Yun, M.
Hoshiya and M. Shinozuka, 5/19/89, (PB90-109877).

"Response of Frames With Bolted Semi-Rigid Connections, Part I - Experimental Study and Analytical
Predictions,” by P.J. DiCorso, A.M. Reinhorn, J.R. Dickerson, J.B. Radziminski and W.L. Harper, 6/1/89,
to be published.

"ARMA Monte Carlo Simulation in Probabilistic Structural Analysis," by P.D. Spanos and M.P. Mignolet,
7/10/89, (PB90-109893).

"Preliminary Proceedings from the Conference on Disaster Preparedness - The Place of Earthquake
Education in Our Schools," Edited by K.E.K. Ross, 6/23/89, (PB90-108606).

"Proceedings from the Conference on Disaster Preparedness - The Place of Earthquake Education in Our
Schools," Edited by K.E.K. Ross, 12/31/89, (PB90-207895). This report is available only through NTIS (see
address given above).

"Multidimensional Models of Hysteretic Material Behavior for Vibration Analysis of Shape Memory Energy
Absorbing Devices, by E.J. Graesser and F.A. Cozzarelli, 6/7/89, (PB90-164146).

"Nonlinear Dynamic Analysis of Three-Dimensional Base Isolated Structures (3D-BASIS)," by S.
Nagarajaiah, A.M. Reinhorn and M.C. Constantinou, 8/3/89, (PB90-161936). This report is available only
through NTIS (see address given above).

"Structural Control Considering Time-Rate of Control Forces and Control Rate Constraints,” by F.Y. Cheng
and C.P. Pantelides, 8/3/89, (PB90-120445).

"Subsurface Conditions of Memphis and Shelby County," by K.W. Ng, T-S. Chang and H-H.M. Hwang,
7/26/89, (PB90-120437).

"Seismic Wave Propagation Effects on Straight Jointed Buried Pipelines," by K. Elhmadi and M.J.
O’Rourke, 8/24/89, (PB90-162322).

"Workshop on Serviceability Analysis of Water Delivery Systems," edited by M. Grigoriu, 3/6/89, (PB90-
127424).

"Shaking Table Study of a 1/5 Scale Steel Frame Composed of Tapered Members," by
K.C. Chang, J.S. Hwang and G.C. Lee, 9/18/89, (PB90-160169).

"DYNAID: A Computer Program for Nonlinear Seismic Site Response Analysis - Technical
Documentation,” by Jean H. Prevost, 9/14/89, (PB90-161944). This report is available only through NTIS
(see address given above).

"1:4 Scale Model Studies of Active Tendon Systems and Active Mass Dampers for Aseismic Protection,"
by AM. Reinhorn, T.T. Soong, R.C. Lin, Y.P. Yang, Y. Fukao, H. Abe and M. Nakai, 9/15/89, (PB90-
173246).

"Scattering of Waves by Inclusions in a Nonhomogeneous Elastic Half Space Solved by Boundary Element
Methods," by P.K. Hadley, A. Askar and A.S. Cakmak, 6/15/89, (PB90-145699).

"Statistical Evaluation of Deflection Amplification Factors for Reinforced Concrete Structures," by H.H.M.
Hwang, J-W. Jaw and A.L. Ch’ng, 8/31/89, (PB90-164633).
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"Bedrock Accelerations in Memphis Area Due to Large New Madrid Earthquakes," by H.HM. Hwang,
C.H.S. Chen and G. Yu, 11/7/89, (PB90-162330).

"Seismic Behavior and Response Sensitivity of Secondary Structural Systems," by Y.Q. Chen and T.T.
Soong, 10/23/89, (PB90-164658).

"Random Vibration and Reliability Analysis of Primary-Secondary Structural Systems," by Y. Ibrahim, M.
Grigoriu and T.T. Soong, 11/10/89, (PB90-161951).

"Proceedings from the Second U.S. - Japan Workshop on Liquefaction, Large Ground Deformation and
Their Effects on Lifelines, September 26-29, 1989," Edited by T.D. O’Rourke and M. Hamada, 12/1/89,
(PB90-209388).

"Deterministic Model for Seismic Damage Evaluation of Reinforced Concrete Structures," by J.M. Bracci,
AM. Reinhorn, J.B. Mander and S.K. Kunnath, 9/27/89.

"On the Relation Between Local and Global Damage Indices,” by E. DiPasquale and A.S. Cakmak, 8/15/89,
(PB90-173865).

"Cyclic Undrained Behavior of Nonplastic and Low Plasticity Silts," by A.J. Walker and H.E. Stewart,
7/26/89, (PB90-183518).

"Liquefaction Potential of Surficial Deposits in the City of Buffalo, New York," by M. Budhu, R. Giese
and L. Baumgrass, 1/17/89, (PB90-208455).

"A Deterministic Assessment of Effects of Ground Motion Incoherence," by A.S. Veletsos and Y. Tang,
7/15/89, (PB90-164294).

"Workshop on Ground Motion Parameters for Seismic Hazard Mapping," July 17-18, 1989, edited by R.V.
Whitman, 12/1/89, (PB90-173923).

"Seismic Effects on Elevated Transit Lines of the New York City Transit Authority," by C.J. Costantino,
C.A. Miller and E. Heymsfield, 12/26/89, (PB90-207887).

"Centrifugal Modeling of Dynamic Soil-Structure Interaction," by K. Weissman, Supervised by J.H.
Prevost, 5/10/89, (PB90-207879).

"Linearized Identification of Buildings With Cores for Seismic Vulnerability Assessment," by I-K. Ho and
A.E. Aktan, 11/1/89, (PB90-251943).
"Geotechnical and Lifeline Aspects of the October 17, 1989 Loma Prieta Earthquake in San Francisco,"

by T.D. O’Rourke, H.E. Stewart, F.T. Blackburn and T.S. Dickerman, 1/90, (PB90-208596).

"Nonnormal Secondary Response Due to Yielding in a Primary Structure,” by D.C.K. Chen and L.D. Lutes,
2/28/90, (PB90-251976).

"Earthquake Education Materials for Grades K-12," by K.EK. Ross, 4/16/90, (PB91-251984).
"Catalog of Strong Motion Stations in Eastern North America," by R.W. Busby, 4/3/90, (PB90-251984).

"NCEER Strong-Motion Data Base: A User Manual for the GeoBase Release (Version 1.0 for the Sun3),"
by P. Friberg and K. Jacob, 3/31/90 (PB90-258062).

"Seismic Hazard Along a Crude Oil Pipeline in the Event of an 1811-1812 Type New Madrid Earthquake,"
by H.HHM. Hwang and C-H.S. Chen, 4/16/90(PB90-258054).
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"Site-Specific Response Spectra for Memphis Sheahan Pumping Station," by H.H.M. Hwang and C.S. Lee,
5/15/90, (PB91-108811).

"Pilot Study on Seismic Vulnerability of Crude Oil Transmission Systems," by T. Ariman, R. Dobry, M.
Grigoriu, F. Kozin, M. O’Rourke, T. O’Rourke and M. Shinozuka, 5/25/90, (PB91-108837).

"A Program to Generate Site Dependent Time Histories: EQGEN," by G.W. Ellis, M. Srinivasan and A.S.
Cakmak, 1/30/90, (PB91-108829).

"Active Isolation for Seismic Protection of Operating Rooms," by M.E. Talbott, Supervised by M.
Shinozuka, 6/8/9, (PB91-110205).

"Program LINEARID for Identification of Linear Structural Dynamic Systems," by C-B. Yun and M.
Shinozuka, 6/25/90, (PB91-110312).

"Two-Dimensional Two-Phase Elasto-Plastic Seismic Response of Earth Dams,"
Yiagos, Supervised by J.H. Prevost, 6/20/90, (PB91-110197).

by AN.

"Secondary Systems in Base-Isolated Structures: Experimental Investigation, Stochastic Response and
Stochastic Sensitivity," by G.D. Manolis, G. Juhn, M.C. Constantinou and A.M. Reinhorn, 7/1/90, (PB91-
110320).

"Seismic Behavior of Lightly-Reinforced Concrete Column and Beam-Column Joint Details," by S.P.
Pessiki, C.H. Conley, P. Gergely and R.N. White, 8/22/90, (PB91-108795).

"Two Hybrid Control Systems for Building Structures Under Strong Earthquakes," by J.N. Yang and A.
Danielians, 6/29/90, (PB91-125393).

"Instantaneous Optimal Control with Acceleration and Velocity Feedback," by J.N. Yang and Z. Li,
6/29/90, (PB91-125401).

"Reconnaissance Report on the Northern Iran Earthquake of June 21, 1990," by M. Mehrain, 10/4/90,
(PB91-125377).

"Evaluation of Liquefaction Potential in Memphis and Shelby County," by T.S. Chang, P.S. Tang, C.S. Lee
and H. Hwang, 8/10/90, (PB91-125427).

"Experimental and Analytical Study of a Combined Sliding Disc Bearing and Helical Steel Spring Isolation
System," by M.C. Constantinou, A.S. Mokha and A.M. Reinhorn, 10/4/90, (PB91-125385).

"Experimental Study and Analytical Prediction of Earthquake Response of a Sliding Isolation System with
a Spherical Surface," by A.S. Mokha, M.C. Constantinou and A.M. Reinhorn, 10/11/90, (PB91-125419).

"Dynamic Interaction Factors for Floating Pile Groups," by G. Gazetas, K. Fan, A. Kaynia and E. Kausel,
9/10/90, (PB91-170381).

"Evaluation of Seismic Damage Indices for Reinforced Concrete Structures,” by S. Rodriguez-Gomez and
A.S. Cakmak, 9/30/90, PB91-171322).

"Study of Site Response at a Selected Memphis Site," by H. Desai, S. Ahmad, E.S. Gazetas and M.R. Oh,
10/11/90, (PB91-196857).

"A User’s Guide to Strongmo: Version 1.0 of NCEER’s Strong-Motion Data Access Tool for PCs and
Terminals," by P.A. Friberg and C.A.T. Susch, 11/15/90, (PB91-171272).
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"A Three-Dimensional Analytical Study of Spatial Variability of Seismic Ground Motions," by L-L. Hong
and A.H.-S. Ang, 10/30/90, (PB91-170399).

"MUMOID User’s Guide - A Program for the Identification of Modal Parameters,” by S. Rodri  guez-
Go mez and E. DiPasquale, 9/30/90, (PB91-171298).
"SARCF-II User’s Guide - Seismic Analysis of Reinforced Concrete Frames," by S. Rodri  guez-Go  mez,

Y.S. Chung and C. Meyer, 9/30/90, (PB91-171280).

"Viscous Dampers: Testing, Modeling and Application in Vibration and Seismic Isolation," by N. Makris
and M.C. Constantinou, 12/20/90 (PB91-190561).

"Soil Effects on Earthquake Ground Motions in the Memphis Area," by H. Hwang, C.S. Lee, K.W. Ng and
T.S. Chang, 8/2/90, (PB91-190751).

"Proceedings from the Third Japan-U.S. Workshop on Earthquake Resistant Design of Lifeline Facilities
and Countermeasures for Soil Liquefaction, December 17-19, 1990," edited by T.D. O’Rourke and M.
Hamada, 2/1/91, (PB91-179259).

"Physical Space Solutions of Non-Proportionally Damped Systems," by M. Tong, Z. Liang and G.C. Lee,
1/15/91, (PB91-179242).

"Seismic Response of Single Piles and Pile Groups,” by K. Fan and G. Gazetas, 1/10/91, (PB92-174994).

"Damping of Structures: Part 1 - Theory of Complex Damping," by Z. Liang and G. Lee, 10/10/91, (PB92-
197235).

"3D-BASIS - Nonlinear Dynamic Analysis of Three Dimensional Base Isolated Structures: Part IL" by S.
Nagarajaiah, A.M. Reinhorn and M.C. Constantinou, 2/28/91, (PB91-190553).

"A Multidimensional Hysteretic Model for Plasticity Deforming Metals in Energy Absorbing Devices," by
E.J. Graesser and F.A. Cozzarelli, 4/9/91, (PB92-108364).

"A Framework for Customizable Knowledge-Based Expert Systems with an Application to a KBES for
Evaluating the Seismic Resistance of Existing Buildings," by E.G. Ibarra-Anaya and S.J. Fenves, 4/9/91,
(PB91-210930).

"Nonlinear Analysis of Steel Frames with Semi-Rigid Connections Using the Capacity Spectrum Method,"
by G.G. Deierlein, S-H. Hsieh, Y-J. Shen and J.F. Abel, 7/2/91, (PB92-113828).

"Earthquake Education Materials for Grades K-12," by K.E.K. Ross, 4/30/91, (PB91-212142).

"Phase Wave Velocities and Displacement Phase Differences in a Harmonically Oscillating Pile," by N.
Makris and G. Gazetas, 7/8/91, (PB92-108356).

"Dynamic Characteristics of a Full-Size Five-Story Steel Structure and a 2/5 Scale Model," by K.C. Chang,
G.C. Yao, G.C. Lee, D.S. Hao and Y.C. Yeh," 7/2/91, (PB93-116648).

"Seismic Response of a 2/5 Scale Steel Structure with Added Viscoelastic Dampers,” by K.C. Chang, T.T.
Soong, S-T. Oh and M.L. Lai, 5/17/91, (PB92-110816).

"Earthquake Response of Retaining Walls; Full-Scale Testing and Computational Modeling," by S.
Alampalli and A-W.M. Elgamal, 6/20/91, to be published.
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NCEER-92-0002

NCEER-92-0003

NCEER-92-0004

NCEER-92-0005

"3D-BASIS-M: Nonlinear Dynamic Analysis of Multiple Building Base Isolated Structures,” by P.C.
Tsopelas, S. Nagarajaiah, M.C. Constantinou and A.M. Reinhorn, 5/28/91, (PB92-113885).

"Evaluation of SEAOC Design Requirements for Sliding Isolated Structures,” by D. Theodossiou and M.C.
Constantinou, 6/10/91, (PB92-114602).

"Closed-Loop Modal Testing of a 27-Story Reinforced Concrete Flat Plate-Core Building," by H.R.
Somaprasad, T. Toksoy, H. Yoshiyuki and A.E. Aktan, 7/15/91, (PB92-129980).

"Shake Table Test of a 1/6 Scale Two-Story Lightly Reinforced Concrete Building," by A.G. El-Attar, R.N.
White and P. Gergely, 2/28/91, (PB92-222447).

"Shake Table Test of a 1/8 Scale Three-Story Lightly Reinforced Concrete Building," by A.G. El-Attar,
R.N. White and P. Gergely, 2/28/91, (PB93-116630).

"Transfer Functions for Rigid Rectangular Foundations," by A.S. Veletsos, A.M. Prasad and W.H. Wu,
7/31/91.

"Hybrid Control of Seismic-Excited Nonlinear and Inelastic Structural Systems," by J.N. Yang, Z. Li and
A. Danielians, 8/1/91, (PB92-143171).

"The NCEER-91 Earthquake Catalog: Improved Intensity-Based Magnitudes and Recurrence Relations for
U.S. Earthquakes East of New Madrid," by L. Seeber and J.G. Armbruster, 8/28/91, (PB92-176742).

"Proceedings from the Implementation of Earthquake Planning and Education in Schools: The Need for
Change - The Roles of the Changemakers," by K.E.K. Ross and F. Winslow, 7/23/91, (PB92-129998).

"A Study of Reliability-Based Criteria for Seismic Design of Reinforced Concrete Frame Buildings," by
H.HM. Hwang and H-M. Hsu, 8/10/91, (PB92-140235).

"Experimental Verification of a Number of Structural System Identification Algorithms," by R.G. Ghanem,
H. Gavin and M. Shinozuka, 9/18/91, (PB92-176577).

"Probabilistic Evaluation of Liquefaction Potential," by H.H.M. Hwang and C.S. Lee," 11/25/91, (PB92-
143429).

"Instantaneous Optimal Control for Linear, Nonlinear and Hysteretic Structures - Stable Controllers," by
JN. Yang and Z. Li, 11/15/91, (PB92-163807).

"Experimental and Theoretical Study of a Sliding Isolation System for Bridges," by M.C. Constantinou,
A. Kartoum, A.M. Reinhomn and P. Bradford, 11/15/91, (PB92-176973).
"Case Studies of Liquefaction and Lifeline Performance During Past Earthquakes, Volume 1: Japanese Case

Studies," Edited by M. Hamada and T. O’Rourke, 2/17/92, (PB92-197243).

"Case Studies of Liquefaction and Lifeline Performance During Past Earthquakes, Volume 2: United States
Case Studies," Edited by T. O’Rourke and M. Hamada, 2/17/92, (PB92-197250).

"Issues in Earthquake Education,” Edited by K. Ross, 2/3/92, (PB92-222389).

"Proceedings from the First U.S. - Japan Workshop on Earthquake Protective Systems for Bridges," Edited
by I.G. Buckle, 2/4/92, (PB94-142239, A99, MF-A06).

"Seismic Ground Motion from a Haskell-Type Source in a Multiple-Layered Half-Space," A.P. Theoharis,
G. Deodatis and M. Shinozuka, 1/2/92, to be published.
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NCEER-92-0024

"Proceedings from the Site Effects Workshop," Edited by R. Whitman, 2/29/92, (PB92-197201).

"Engineering Evaluation of Permanent Ground Deformations Due to Seismically-Induced Liquefaction,"
by M.H. Baziar, R. Dobry and A-W.M. Elgamal, 3/24/92, (PB92-222421).

"A Procedure for the Seismic Evaluation of Buildings in the Central and Eastern United States," by C.D.
Poland and J.O. Malley, 4/2/92, (PB92-222439).

"Experimental and Analytical Study of a Hybrid Isolation System Using Friction Controllable Sliding
Bearings," by M.Q. Feng, S. Fujii and M. Shinozuka, 5/15/92, (PB93-150282).

"Seismic Resistance of Slab-Column Connections in Existing Non-Ductile Flat-Plate Buildings," by A.J.
Durrani and Y. Du, 5/18/92.

"The Hysteretic and Dynamic Behavior of Brick Masonry Walls Upgraded by Ferrocement Coatings Under
Cyclic Loading and Strong Simulated Ground Motion," by H. Lee and S.P. Prawel, 5/11/92, to be
published.

"Study of Wire Rope Systems for Seismic Protection of Equipment in Buildings," by G.F. Demetriades,
M.C. Constantinou and A.M. Reinhorn, 5/20/92.

"Shape Memory Structural Dampers: Material Properties, Design and Seismic Testing," by P.R. Witting
and F.A. Cozzarelli, 5/26/92.

"Longitudinal Permanent Ground Deformation Effects on Buried Continuous Pipelines," by M.J. O’Rourke,
and C. Nordberg, 6/15/92.

"A Simulation Method for Stationary Gaussian Random Functions Based on the Sampling Theorem," by
M. Grigoriu and S. Balopoulou, 6/11/92, (PB93-127496).

"Gravity-Load-Designed Reinforced Concrete Buildings: Seismic Evaluation of Existing Construction and
Detailing Strategies for Improved Seismic Resistance,” by G.W. Hoffmann, S.K. Kunnath, A.M. Reinhorn
and J.B. Mander, 7/15/92, (PB94-142007, A08, MF-A02).

"Observations on Water System and Pipeline Performance in the Limon Area of Costa Rica Due to the
April 22, 1991 Earthquake," by M. O’Rourke and D. Ballantyne, 6/30/92, (PB93-126811).

"Fourth Edition of Earthquake Education Materials for Grades K-12," Edited by K.E.K. Ross, 8/10/92.
"Proceedings from the Fourth Japan-U.S. Workshop on Earthquake Resistant Design of Lifeline Facilities
and Countermeasures for Soil Liquefaction," Edited by M. Hamada and T.D. O’Rourke, 8/12/92, (PB93-
163939).

"Active Bracing System: A Full Scale Implementation of Active Control," by A.M. Reinhorn, T.T. Soong,
R.C. Lin, M.A. Riley, Y.P. Wang, S. Aizawa and M. Higashino, 8/14/92, (PB93-127512).

"Empirical Analysis of Horizontal Ground Displacement Generated by Liquefaction-Induced Lateral
Spreads," by S.F. Bartlett and T.L. Youd, 8/17/92, (PB93-188241).

"IDARC Version 3.0: Inelastic Damage Analysis of Reinforced Concrete Structures,” by S.K. Kunnath,
A.M. Reinhorn and R.F. Lobo, 8/31/92, (PB93-227502, A07, MF-A02).

"A Semi-Empirical Analysis of Strong-Motion Peaks in Terms of Seismic Source, Propagation Path and
Local Site Conditions, by M. Kamiyama, M.J. O’Rourke and R. Flores-Berrones, 9/9/92, (PB93-150266).

"Seismic Behavior of Reinforced Concrete Frame Structures with Nonductile Details, Part I: Summary of

Experimental Findings of Full Scale Beam-Column Joint Tests," by A. Beres, R.N. White and P. Gergely,
9/30/92, (PB93-227783, A05, MF-A01).
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"Experimental Results of Repaired and Retrofitted Beam-Column Joint Tests in Lightly Reinforced
Concrete Frame Buildings," by A. Beres, S. El-Borgi, R.N. White and P. Gergely, 10/29/92, (PB93-227791,
A05, MF-A01).

"A Generalization of Optimal Control Theory: Linear and Nonlinear Structures," by J.N. Yang, Z. Li and
S. Vongchavalitkul, 11/2/92, (PB93-188621).

"Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part I -
Design and Properties of a One-Third Scale Model Structure," by J.M. Bracci, A.M. Reinhorn and J.B.
Mander, 12/1/92, (PB94-104502, A08, MF-A02).

"Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part II -
Experimental Performance of Subassemblages," by L.E. Aycardi, ].B. Mander and A.M. Reinhorn, 12/1/92,
(PB94-104510, A08, MF-A02).

"Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part III -
Experimental Performance and Analytical Study of a Structural Model," by J.M. Bracci, A.M. Reinhorn
and J.B. Mander, 12/1/92, (PB93-227528, A09, MF-A01).

"Evaluation of Seismic Retrofit of Reinforced Concrete Frame Structures: Part I - Experimental
Performance of Retrofitted Subassemblages,” by D. Choudhuri, J.B. Mander and A.M. Reinhorn, 12/8/92,
(PB93-198307, A07, MF-A02).

"Evaluation of Seismic Retrofit of Reinforced Concrete Frame Structures: Part II - Experimental
Performance and Analytical Study of a Retrofitted Structural Model," by J.M. Bracci, A.M. Reinhorn and
J.B. Mander, 12/8/92, (PB93-198315, A09, MF-A03).

"Experimental and Analytical Investigation of Seismic Response of Structures with Supplemental Fluid
Viscous Dampers," by M.C. Constantinou and M.D. Symans, 12/21/92, (PB93-191435).

"Reconnaissance Report on the Cairo, Egypt Earthquake of October 12, 1992," by M. Khater, 12/23/92,
(PB93-188621).

"Low-Level Dynamic Characteristics of Four Tall Flat-Plate Buildings in New York City," by H. Gavin,
S. Yuan, J. Grossman, E. Pekelis and K. Jacob, 12/28/92, (PB93-188217).
"An Experimental Study on the Seismic Performance of Brick-Infilled Steel Frames With and Without

Retrofit," by J.B. Mander, B. Nair, K. Wojtkowski and J. Ma, 1/29/93, (PB93-227510, A07, MF-A02).

"Social Accounting for Disaster Preparedness and Recovery Planning," by S. Cole, E. Pantoja and V.
Razak, 2/22/93, (PB94-142114, A12, MF-A03).

"Assessment of 1991 NEHRP Provisions for Nonstructural Components and Recommended Revisions," by
T.T. Soong, G. Chen, Z. Wu, R-H. Zhang and M. Grigoriu, 3/1/93, (PB93-188639).

"Evaluation of Static and Response Spectrum Analysis Procedures of SEAOC/UBC for Seismic Isolated
Structures," by C.W. Winters and M.C. Constantinou, 3/23/93, (PB93-198299).

"Earthquakes in the Northeast - Are We Ignoring the Hazard? A Workshop on Earthquake Science and
Safety for Educators," edited by K.E.K. Ross, 4/2/93, (PB94-103066, A09, MF-A02).

"Inelastic Response of Reinforced Concrete Structures with Viscoelastic Braces," by R.F. Lobo, J.M.
Bracci, K.L. Shen, AM. Reinhorn and T.T. Soong, 4/5/93, (PB93-227486, A05, MF-A02).
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"Seismic Testing of Installation Methods for Computers and Data Processing Equipment,” by K. Kosar,
T.T. Soong, K.L. Shen, J.A. HoLung and Y.K. Lin, 4/12/93, (PB93-198299).

"Retrofit of Reinforced Concrete Frames Using Added Dampers," by A. Reinhorn, M. Constantinou and
C. Li, to be published.

"Seismic Behavior and Design Guidelines for Steel Frame Structures with Added Viscoelastic Dampers,"
by K.C. Chang, M.L. Lai, T.T. Soong, D.S. Hao and Y.C. Yeh, 5/1/93, (PB94-141959, A07, MF-A02).

"Seismic Performance of Shear-Critical Reinforced Concrete Bridge Piers," by J.B. Mander, S.M. Waheed,
M.T.A. Chaudhary and S.S. Chen, 5/12/93, (PB93-227494, A08, MF-A02).

"3D-BASIS-TABS: Computer Program for Nonlinear Dynamic Analysis of Three Dimensional Base
Isolated Structures," by S. Nagarajaiah, C. Li, AM. Reinhorn and M.C. Constantinou, 8/2/93, (PB94-
141819, A09, MF-A02).

"Effects of Hydrocarbon Spills from an Oil Pipeline Break on Ground Water," by O.J. Helweg and H.H.M.
Hwang, 8/3/93, (PB94-141942, A06, MF-A02).

"Simplified Procedures for Seismic Design of Nonstructural Components and Assessment of Current Code
Provisions," by M.P. Singh, L.E. Suarez, E.E. Matheu and G.O. Maldonado, 8/4/93, (PB94-141827, A09,
MF-A02).

"An Energy Approach to Seismic Analysis and Design of Secondary Systems," by G. Chen and T.T. Soong,
8/6/93, (PB94-142767, All, MF-A03).

"Proceedings from School Sites: Becoming Prepared for Earthquakes - Commemorating the Third
Anniversary of the Loma Prieta Earthquake," Edited by F.E. Winslow and K.E.K. Ross, 8/16/93.

"Reconnaissance Report of Damage to Historic Monuments in Cairo, Egypt Following the October
12, 1992 Dahshur Earthquake," by D. Sykora, D. Look, G. Croci, E. Karaesmen and E. Karaesmen,
8/19/93, (PB94-142221, A08, MF-A02).

"The Island of Guam Earthquake of August 8, 1993," by S.W. Swan and S.K. Harris, 9/30/93, (PB94-
141843, A04, MF-AO01).

"Engineering Aspects of the October 12, 1992 Egyptian Earthquake," by A.W. Elgamal, M. Amer, K.
Adalier and A. Abul-Fadl, 10/7/93, (PB94-141983, A05, MF-AO01).

"Development of an Earthquake Motion Simulator and its Application in Dynamic Centrifuge Testing," by
L. Kirstelj, Supervised by J.H. Prevost, 10/23/93.

"NCEER-Taisei Corporation Research Program on Sliding Seismic Isolation Systems for Bridges:
Experimental and Analytical Study of a Friction Pendulum System (FPS)," by M.C. Constantinou, P.
Tsopelas, Y-S. Kim and S. Okamoto, 11/1/93, (PB94-142775, A08, MF-A02).

"Finite Element Modeling of Elastomeric Seismic Isolation Bearings," by L.J. Billings, Supervised by R.
Shepherd, 11/8/93, to be published.

"Seismic Vulnerability of Equipment in Critical Facilities: Life-Safety and Operational Consequences,”" by
K. Porter, G.S. Johnson, M.M. Zadeh, C. Scawthorn and S. Eder, 11/24/93.

"Hokkaido Nansei-oki, Japan Earthquake of July 12, 1993, by P.I. Yanev and C.R. Scawthorn, 12/23/93.

"An Evaluation of Seismic Serviceability of Water Supply Networks with Application to San Francisco
Auxiliary Water Supply System," by 1. Markov, Supervised by M. Grigoriu and T. O’Rourke, 1/21/94.
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"NCEER-Taisei Corporation Research Program on Sliding Seismic Isolation Systems for Bridges:
Experimental and Analytical Study of Systems Consisting of Sliding Bearings, Rubber Restoring Force
Devices and Fluid Dampers," Volumes I and II, by P. Tsopelas, S. Okamoto, M.C. Constantinou, D. Ozaki
and S. Fujii, 2/4/94.

"A Markov Model for Local and Global Damage Indices in Seismic Analysis," by S. Rahman and M.
Grigoriu, 2/18/94, to be published.

"Proceedings from the NCEER Workshop on Seismic Response of Masonry Infills," edited by D.P. Abrams,
3/1/94.

"The Northridge, California Earthquake of January 17, 1994: General Reconnaissance Report," edited by
1.D. Goltz, 3/11/94.

"Seismic Energy Based Fatigue Damage Analysis of Bridge Columns: Part I - Evaluation of Seismic
Capacity,” by G.A. Chang and J.B. Mander, 3/14/94, to be published.

"Seismic Isolation of Multi-Story Frame Structures Using Spherical Sliding Isolation Systems," by T.M.
Al-Hussaini, V.A. Zayas and M.C. Constantinou, 3/17/94.

"The Northridge, California Earthquake of January 17, 1994: Performance of Highway Bridges," edited by
LG. Buckle, 3/24/94.

"Proceedings of the Third U.S.-Japan Workshop on Earthquake Protective Systems for Bridges," edited by
I.G. Buckle and I. Friedland, 3/31/94.

"3D-BASIS-ME: Computer Program for Nonlinear Dynamic Analysis of Seismically Isolated Single and

Multiple Structures and Liquid Storage Tanks," by P.C. Tsopelas, M.C. Constantinou and A.M. Reinhorn,
4/12/94.
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