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ABSTRACT: The lateral-torsional response of base-isolated structures, with sliding 
isolation system due to bidirectional lateral ground motion, is studied. The objective 
of the study is to identify the key system parameters that lead to significant torsional 
coupling in sliding base-isolated structures. The analysis procedure adopted can 
capture the highly nonlinear behavior of sliding systems in plane motion. The 
nonlinear biaxial stick-slip characteristics of sliding bearings and the velocity de- 
pendence of coefficient of friction are accounted for. The study considers multi- 
storied structures with variable number of bearings subjected to the effects of 
earthquakes with various frequency content and different peak ground accelera- 
tions. It is shown that, although the total superstructure response is reduced sig- 
nificantly due to the effects of sliding base isolation, torsional coupling can be 
significant depending on the superstructure eccentricity and the lateral-torsional 
flexibility of the superstructure and the base. 

INTRODUCTION 

Sliding isolation systems consist of a combination of: (1) Sliding bearings 
that support the superstructure and limit the lateral force entering the su- 
perstructure; and (2) springs or other recentering devices that provide the 
recentering force to limit the permanent  lateral displacements. Coupled 
lateral-torsional motions occur in sliding isolated structures, when subjected 
to lateral ground motion, if an eccentricity exists between the center of 
stiffness (CS) and the center of mass (CM) of the superstructure. Torsional 
coupling is, however, negligible in sliding isolated structures in the absence 
of superstructure eccentricity even if such an eccentricity is present in the 
sliding isolation system. In base-isolated structures with elastomeric isolation 
systems, torsional motions occur due to eccentricity in the isolation system 
(Pan and Kelly 1983; Lee 1980; Eisenberger and Rutenberg 1986; Buckle 
and Mayes 1990). 

Zayas et al. (1987) have studied the torsional response of sliding isolated 
structures by means of shake table tests. The main conclusion of their study 
was that the torsional response is negligible in sliding isolated structures 
even in the presence of large mass and stiffness eccentricities, when com- 
pared to the torsional response of nonisolated structures (Goel and Chopra 
1990; Hart  et at. 1975; Sadek and Tso 1988; Pekau and Guimond 1991; 
Reinhorn, Rutenberg and Gluck 1977; Reinhorn 1980). However,  the con- 
clusions of the aforementioned experimental study were limited to the struc- 
tural models tested experimentally. 

Lateral response of sliding isolated structures, without considering the 
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torsional coupling, has been the subject of detailed study by several inves- 
tigators (Constantinou, Mokha and Reinhorn 1991; Sue t  al. 1989; Mos- 
taghel and Khodaverdian 1988). However, there are very few studies on 
coupled lateral-torsional response of sliding isolated structures. One notable 
study by Zayas et al. (1989) analyzes structural models similar to those 
tested previously by Zayas et al. (1987). The conclusion of this study was 
that the torsional response is virtually negligible in sliding isolated structures 
and in the worst cases of eccentricities (i.e., superstructure eccentricity of 
45% the length of the structure) the torsional motions add 5% to the lateral 
motions at the CM. 

In the study by Zayas et al. (1989) the sliding bearings were modeled by 
two elastoplastic springs in the lateral x- and y-directions. Such a represen- 
tation of sliding bearings neglects two important effects: (1) Biaxial inter- 
action between lateral forces in the two orthogonal directions; and (2) the 
velocity dependence of the coefficient of friction. Furthermore, the ratio of 
lateral to torsional isolation period considered was nearly 2. The ratio of 
lateral to torsional superstructure period was also nearly 2. This resulted in 
a torsionally stiff system with small or negligible torsional motions even in 
cases with large stiffness eccentricity in the superstructure. Hence the con- 
clusion of the studies by Zayas et al. (1987, 1989), that torsional motions 
are negligible in sliding isolated structures, is not applicable in general and 
is applicable to torsionally stiff sliding isolated structures only. It is evident 
from this brief review of earlier work that conclusions of these studies are 
not valid in general, but are restricted to the particular system considered 
and the underlying modeling assumptions. Hence there is a need for a more 
comprehensive investigation. 

The objective of this study is to identify the key parameters that signif- 
icantly influence the torsional coupling in base-isolated structures with elas- 
tic superstructure and nonlinear sliding isolation system. Furthermore, the 
effect of earthquakes with various frequency content and different peak 
ground accelerations are studied. Influences of the following parameters 
are investigated: (1) The flexibility of the superstructure; (2) the ratio of 
uncoupled torsional to lateral frequencies; (3) the stiffness eccentricity in 
the superstructure; (4) the eccentricity in the isolation system; (5) the higher 
mode effects; and (6) the effect of number of bearings and the plan di- 
mensions of the structure. 

The study in this paper considers a wide variety of sliding isolation systems 
used in conjunction with a variety of structural systems. Special consider- 
ations are given to following aspects: (1) Sliding isolation systems with weak 
restoring or recentering springs; (2) torsionally flexible superstructure and 
isolation system with torsional to lateral frequency ratio varying from 0.8 
to 2.0; and (3) nonlinear biaxial stick-slip characteristics of sliding bearings 
and velocity dependence of the coefficient of friction. It is shown that the 
torsional flexibility has important influences on the torsional response. It is 
further shown that in torsionally stiff systems mentioned, the torsional mo- 
tion is small or negligible. 

ANALYSIS PROCEDURE AND ANALYTICAL MODEL 

The dynamic analysis for the study reported in this paper was carried out 
using a new computer model 3D-BASIS (Nagarajaiah et al. 1991a, 1991b) 
developed specifically for nonlinear dynamic analysis of asymmetric plan 
multistory base isolated structures [asymmetric plan shown in Fig. l(a)] with 
elastomeric and/or sliding isolation systems. Sliding systems are usually made 
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FIG. 1. Structural System and Sliding Bearing Considered: (a) Floor Plan of Mul- 
tistory Structure; (b) Section of Teflon Disc Sliding Bearing; (c) Measured Biaxial 
Force-Displacement Response of Sliding Bearing; (d) Simulated Biaxial Force- 
Displacement Response of Sliding Bearing 

of Teflon-steel sliding bearings and recentering springs. Fig. l(b) shows a 
cross section of a Teflon-steel sliding bearing located concentrically under 
each column and between the base slab and the foundation. A brief de- 
scription of the analytical model for Teflon sliding bearings and its validity, 
and also the validity of the analytical model and solution algorithm in 3D- 
BASIS are presented in the following sections. 

Biaxial Model for Sliding Bearings in 3D-BASIS 
For a sliding bearing, the mobilized forces can be described by the fol- 

lowing equations (Constantinou et al. 1990): 
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F, = ix~NZx . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (1) 

Fy = p~NZy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (2) 

in which N = the vertical load on the bearing and ~, = the coefficient of 
friction. 

Based on experimental results, the coefficient of sliding friction is assumed 
to follow the relation: 

I-l's = fmax -- Af 'exp(-a lU*[)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (3) 

in which fmax = maximum value of the coefficient of friction and Af = 
difference between the maximum and minimum (at Lr* _ 0) values of the 
coefficient of friction. The friction coefficient is dependent mainly on: (1) 
The bearing pressure; and (2) the instantaneous velocity of sliding (Con- 
stantinou et al. 1990; Mokha et alo 1990; Campbell et al. 1991). The in- 
stantaneous velocity, U*, is defined as: 

u *  = (Ox .2 + r's,2v,2 _ ,  , . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  (4) 

where O* and / )*  = velocities at the bearing in the x- and y-directions. In 
addition,~in (1) ahd (2) the functions Z~ and Zy (which are bounded by the 
values -+ 1) account for the direction and the biaxial interaction of frictional 
forces, and also account for the conditions of seperation and reattachment 
(instead of a signum function). Furthermore, Zx and Zy = hysteretic di- 
mensionless quantities that are governed by the following coupled differ- 
ential equations (Park et al. 1986): 

{ Z:xY'[ = I A q * I  
ZyVJ lAUyJ 

[ Z~('ysgn(O*Z~)+ 13) ZxZy( 'ysgn(~yZy)+ [3)~ '~* l 
- LZ~Zy(~, sgn(O*Zx) + [3) ~( -~  sgn (UyZy)  + 13) ] [ u ~ j  . . . . .  (5) 

in which y -- "yield" displacement characterizing the shear displacement 
of Teflon before sliding commences, and A, 13, ~ = dimensionless quantities. 
The values o f A  = 1, [3 = 0.1, ~ = 0.9, andy  = 0.254 mm (0.01 in.) are 
used in this paper. Solution of (5) along with (1)-(4) enables determination 
of the forces in each sliding bearing. This model provides the basis for friction 
analysis. The validity of this model is verified in the following section. 

Validity of Biaxial Model for Sliding Bearings in 3D-BASIS 
The validity of the biaxial model just presented is verified by comparison 

with the experimental results of tests on Teflon-steel sliding bearings under 
simultaneous compression and high-velocity bidirectional motion (Mokha 
et al. 1993). In the tests the sliding interface was made up of two 127-mm 
(5-in.) diameter unfilled Teflon disc specimens and polished stainless steel 
plates. The bearing pressure, at which the tests were conducted, was 3.45 
MPa (500 psi). Values of the parameters in (3) varied in the range fr~,x = 
0.12--0.14, Af -- 0.0811-0.094, and a = 15.75-17.72 s/m. (0.4-0.45 sec/ 
in.). The experimental program included several patterns of out-of-phase 
bidirectional motions, one of which was an eight-shaped motion. The results 
of this eight-shaped motion are considered for comparison herein. 

The imposed bidirectional motion is shown in Fig. 1(c) and l(d), and is 
given by: 
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Ux* = US sin t o t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (6) 

U~ = U* sin 2~t . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (7) 

in which, Uo* = 45.466 mm (1.79 in.), and to = 0.5 rad/s for test 1, and 
to = 2.22 rad/s for test 2. The experimental and simulated results for tests 
1 and 2 shown in Figs. 1(c) and l(d), respectively, indicate good agreement. 
Note the significant interaction between the forces in the x- and y-directions. 
If the biaxial interaction was neglected the shape of both x- and y-direction 
force-displacement loops would be similar to the y-direction loops shown 
in Figs. 1(c) and Fig. l(d) or similar to uniaxial loops. In the loops of tests 
1 and 2 velocity dependence of the coefficient of friction can be observed. 
Test 1 is at a lower velocity and hence the maximum friction force is smaller 
than that in test 2, in which the sliding velocity is higher. If the velocity 
dependence of the coefficient of friction was neglected the loops would be 
rigid-plastic. Furthermore, the effect of biaxial interaction in sliding bear- 
ings, as just evidenced, on the response of sliding isolated structures is 
important (Nagarajaiah et al. 1990; Mokha et al. 1993). 

Validity of Analytical Model and Solution Algorithm in 3D-BASIS 
The validity of the analytical model and solution algorithm has been 

demonstrated by comparison with experimental results from unidirectional 
shake table tests on sliding isolated multistoried structures (Nagarajaiah et 
al. 1991a, 1991b). The validity of the analytical model and solution algorithm 
used in 3D-BASIS is demostrated further herein by comparison with ex- 
perimental results from bidirectional shake table tests on a sliding isolated 
model by Hisano et al. (1988). The tested model was a one-eighth-scale 
steel structure, 3,048-mm (120-in.) long and 2,286-mm (90-in.) wide, on a 
sliding isolation system consisting of nine sliding bearings with four rubber 
springs. The model weighed 101 kN (10.1 tons), with 80.5 kN (8.05 tons) 
of superstructure weight and 20.5 kN (2.05 tons) of base weight. The radius 
of gyration was r = 0.29L. The model had symmetric stiffness and mass 
properties. For the scaled superstructure the uncoupled lateral period was 
0.11 s (corresponding to 0.3 s in prototype) and the uncoupled torsional 
period was 0.07 s (0.2 s in prototype). The damping ratio measured in the 
superstructure was 1%. For the isolation system the uncoupled lateral period 
was 0.35 s (1.0 s in prototype) and the uncoupled torsional period was 0.208 
s (0.588 s in prototype). The diameter of the sliding bearings were between 
69.85 mm (2.75 in.) and 35.56 mm (1.4 in.). The maximum bearing pressure 
during tests was 6.21 MPa (900 psi). The friction, characterized by (3) was 
measured with the following coefficients: fm,x = 0.15; and Af = 0.05. The 
model structure was excited by time scaled accelerations of 1940 E1 Centro 
NS and EW components. The peak table acceleration in both the directions 
was scaled up by a factor of 1.5. Fig. 2 shows the measured and simulated 
frame acceleration and the base displacement in the NS direction, and the 
displacement orbit of the CM of the base. The historical accelerogram of 
1940 E1 Centro motion scaled appropriately was used as the excitation for 
the analytical simulation, as the achieved shake table acceleration time 
history was not available. Despite this a comparison between the measured 
and simulated results show good agreement, including major features of the 
displacement orbit. 

From the comparison with experimental biaxial force-displacement loops 
and the comparison with bidirectional shake table test results it is evident 
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FIG. 2. Comparison of Simulated (3D-BASIS) and Measured Results of Bidirec- 
tional Shake Table Tests with El Centro Excitation 

that the analytical model and solution algorithm in 3D-BASIS can provide 
the analysis capability necessary for this study. 

TORSIONALLY COUPLED SYSTEM 

In this study, a series of multistoried 3-D-shear buildings are considered 
and are assumed to be elastic while the isolation systems exhibit nonlinear 
behavior. Three master degrees of freedom, two translational and one tor- 
sional degree of freedom, attached to the CM of the floors and the base 
are considered. The CM of all the floors and the base are assumed to be 
on the same vertical axis, which is also the reference axis. The asymmetric 
floor plan shown in Fig. l(a) is identical for all the floors. The floors and 
the base are assumed to be rigid. The sliding isolation system is considered 
to be located between the base slab and the foundation. 

When a mass offset is considered, the entire vertical axis of the CM of 
the floors and the base is assumed to be offset with respect to the geometric 
center (GC) of the building [see Fig. l(a)]. Henceforth, such an offset is 
referred to as "mass offset" denoted by On. The stiffness eccentricity in the 
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superstructure, es, represents the distance measured from the vertical axis 
of the CM to the vertical axis of the CS [see Fig. l(a)]. 

The strength distribution in the isolation system is represented by the 
center of strength (CYS) (Goel and Chopra 1990; Eisenberger and Ruten- 
berg 1986; Sadek and Tso 1988). The CYS is defined as the location of the 
resultant of maximum frictional forces at the bearings (assuming that the 
maximum coefficient of friction, of the velocity dependent friction model, 
will be mobilized). A strength eccentricity is defined as the distance between 
the CM of the base and the CYS of the isolation system, and is denoted by 
eb. The frictional forces at the bearings depend on the mass/weight distri- 
bution. In this study, for the sake of simplicity, mass offset is considered 
only in the y-direction [see Fig. l(a)], and no strength eccentricity and mass 
offset are considered in the x-direction. The strength eccentricity, eb, due 
to the mass offset in the y-direction is defined as follows: 

1 
eb = ~ ~ y,~j- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (8) 

where F~ f = the resultant of maximum frictional forces at bearings in the 
x-direction, and ff~ = the maximum frictional force at the jth bearing in 
the x-direction, and Yi = distance of the jth bearing from the CM of the 
base in the y-direction. 

The uncoupled fundamental lateral periods of the superstructure in fixed 
base condition (i.e., preisolation periods) in the x-and y-directions are con- 
sidered to be identical throughout the study and are designated by Ts with 
the corresponding circular frequencies by ~,. The uncoupled fundamental 
torsional frequency is designated by ~%s. The lateral and the torsional fre- 
quencies, ~o, and t%,, for a single story structure (one of the cases in this 
paper) are defined as follows: 

~, = ~ . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (9) 

/ Ke, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (10) 
IOos = ~[ m r  2 

where Ks = lateral stiffness in the x- or y-direction and Kos = torsional 
stiffness about the CM (i.e., at the CS of an equivalent uncoupled system 
with e J r  = 0), of the fixed base superstructure, m = mass of the super- 
structure and r = radius of gyration of the floor about the CM. The ratio 
of torsional-to-lateral frequencies is defined as follows: 

tlos = t~176 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (11) 
t0s 

In the present study, a sliding isolation system consisting of sliding bear- 
ings and restoring or recentering linear springs is considered. This system 
is representative of most sliding systems used in practice (Constantinou et 
al. 1991; Mostaghel et al. 1988; Zayas et al. 1987; Hisano et aL 1988). It is 
assumed that the springs are built-in along with the slider, i.e., virtually 
concentric with the sliding bearing. The uncoupled lateral periods of the 
isolation system, calculated considering only the restoring spring stiffnesses, 
neglecting the frictional forces and assuming the superstructure to be rigid, 
are considered to be identical in both x- and y- directions throughout the 
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study. These periods will be designated by Tb and the corresponding fre- 
quencies by C0b. The uncoupled torsional frequency of the base is designated 
by 0~0b. The lateral frequency, o~b, the torsional frequency, co0b , and the 
ratio of torsional to lateral frequencies of the base, ~0b, are defined in an 
analogous manner as cos, coos, and ~0s, considering only the stiffness of the 
restoring springs and neglecting the frictional forces. The variations in tor- 
sional frequency co0b are obtained by varying the torsional stiffness of the 
isolation system, assuming that the mass distribution of the structure remains 
constant. At the same time, for a given number of isolators with built-in 
springs having a fixed resultant stiffness Kb and a lateral base period Tb, 
the torsional stiffness Kob varies as a function of the distance of the bearings 
from the CM. Such variations are used in the following study. 

The nonlinear lateral-torsional response of a sliding base-isolated struc- 
t u r e - w i t h  a given location, number, coefficient of friction, and stiffness 
of bearings--depends mainly on the parameters Ts, Tb, l)0s, ~0b, the nor- 
malized superstructure stiffness eccentricity, eflr, and on the normalized 
strength eccentricity, eb/r, of the isolation system. The important parameters 
just mentioned characterize best the nonlinear lateral-torsional response 
and allow for a meaningful evaluation of the influence of system parameters 
on the torsional coupling. Hence the range of these parameters was carefully 
selected in order to obtain a better understanding of the influence of the 
system parameters on torsional coupling and also to cover a wide spectrum 
of sliding isolated structures. In addition, realistic types of structural systems 
and sliding bearings, in various configurations, representing actual structures 
were designed. The study of the selected systems and the influence of system 
parameters are presented in the following sections. 

STRUCTURAL SYSTEM FOR PARAMETRIC STUDY 

Structural systems, consisting of several parallel frames with and without 
eccentric stiffness distribution are considered [see Fig. l(a)]. The CM, the 
CS, and the GC of the floors are coincident for the symmetric systems 
considered and are not coincident for the asymmetric systems considered. 
Teflon sliding bearings [shown in Fig. l(b)] with springs are used in the 
sliding isolation system. The springs, built-in to the sliding bearing, are not 
shown in Fig. l(b) for clarity of the figure. Five structural configurations 
with two isolation variations are considered. The five structural configu- 
rations include 10-, eight-, five-, two-, and one-story 3-D-shear building 
systems. The two sliding isolation systems considered are: (1) A system with 
36 sliding bearings with springs; and (2) a system with four sliding bearings 
with springs. The damping ratio is considered to be 2% in the first three 
modes, and 5% in all the higher modes of the superstructure. A more 
complete description of the five structural configurations can be found in 
Nagarajaiah et al. (1992). 

The design of the isolation system is based on a ground motion with 
characteristics of the ATC 0.49 $2 spectrum. A maximum lateral force of 
20% of the weight W, at the isolation interface, serves as the design criterion. 
The diameter of the Teflon disc considered in each sliding bearing is 313.94 
mm (12.36 in.) with a bearing pressure of 6.9 N/ram 2 (1,000 psi), and the 
friction characteristics as defined in (3) are fmax = 0.1193, Af = 0.0927, 
and a = 0.0236 sec/mm (0.6 sec/in.). The linear springs are designed to 
provide a base period of Tb = 3 s, so that the sliding isolation system has 
a weak recentering force. This choice of Tb is based on the study by the 
writers (Nagarajaiah et al. 1992), who concluded that the base period Tb, 
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has no significant influence on the torsional coupling of sliding isolated 
structures with weak recentering force (Tb > 2-3  S) for a wide range of the 
earthquake ground motions. Sliding systems with weak recentering force 
develop frictional forces that are nearly two times the force developed by 
the spring sytem. In such cases the springs perform only the function of 
recentering the system and do not alter the frequency content of the structure 
(Constantinou et al. 1991). 

The total weight (W) or mass of the structure is kept constant in all cases. 
A variable mass offset is achieved by assuming that a portion of the mass 
is eccentric in the y-direction, hence both mass moment of inertia and the 
radius of gyration (r) varies. The mass remains symmetric about the y-axis. 
The friction parameters of the sliding bearings defined by (3), are adjusted 
based on experimental results (Constantinou et al. 1990) to account for the 
changes in bearing pressure due to the mass offset, from which the strength 
eccentricity, eb, of the isolation system is computed. Three positions of the 
eccentric mass are selected leading to mass offsets [see Fig. l(a)] om/L = 
0.0, 0.083, and 0.210. The corresponding radii of gyration at all floors and 
at the base are r/L -- 0.408, 0.400, and 0.422. The corresponding normalized 
strength eccentricity for the two sliding isolation systems are eb/r = O, 0.05, 
and 0.106. Identical superstructure eccentricities, es, are employed in both 
x- and y-directions [see Fig. l(a)] unless mentioned. In the following par- 
ametric study the superstructure eccentricity is varied from b,/r = 0 (no 
eccentricity) to es/r = 0.5 (which is 21% of the length L of the floor plan). 

GROUND MOTIONS FOR PARAMETRIC STUDY 

Several typical earthquakes were used in this study, however, results of 
only two types of earthquakes are presented. Their selection was made to 
cover two extreme cases of frequency content. The first type consists of a 
moderately high-frequency content 1940 E1 Centro earthquake (S00E in x- 
direction and S90W in y-direction) with peak ground acceleration (PGA) 
of 0.34g. The second type consists of a predominantly low-frequency content 
1985 Mexico City earthquake (N90W in x-direction and S00E in y-direction) 
with PGA of 0.179. 

EFFECT OF NUMBER OF BEARINGS 

The importance of the isolation system composition is determined first. 
The two configurations described of 36 and four bearings supporting a 3- 
D-shear  building structural system, with identical system parameters, pro- 
vide a lower and an upper limit for a realistic assessment. For the system 
with four sliding bearings the total mass is scaled by a factor of nine so that 
bearings and bearing pressures identical to the 36 bearing system result. 
The 3-D-shear building structural systems considered are 10, eight, five, 
and two stories tall. Identical floor masses are chosen such that the total 
mass of the floors is four times the mass of the base. 

In addition, a series of single-story 3-D-shear buildings are selected with 
periods identical to the first three modes of the multistory configurations, 
just mentioned, and with a floor mass equal to the total floor mass of the 
superstructure they represent. The system configurations considered also 
allow for a simultaneous investigation of the contribution of higher modes 
of vibration to the response of sliding isolated structures. 

Three combinations of structure-isolation systems, with ratio L/b = 1, 
are considered in the parametric study: (1) Multistory structures with iso- 
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lation system of 36 bearings (36 BMS); (2) single-story structures with iso- 
lation system of 36 bearings (36 BSS); (3) single-story structures with iso- 
lation system of four bearings (4 BSS). The value of parameters Tb, es/r, 
eb/r, ~os, and ~0b are considered to be the same in all the systems. The 
mass of the structure is considered to be symmetric, hence the isolation 
eccentricity eb/r =0 (om/L = 0). The fundamental periods Ts of the selected 
structures (i.e., preisolation periods) are 0.3 s, 0.6 s, 0.9 s, and 1.2 s for 
the two-, five-, eight-, and 10-storied structures, respectively. The torsional 
to lateral frequency ratio of the superstructure, ~0s, is selected as 1.0, to 
increase the chance for strong torsional coupling. The same ratio for the 
base, l~0b, is selected to be 1.7. This is obtained in the case with 36 bearings, 
by placing the bearings such that the corner distance, a, from the CM along 
the x- or y-axis fulfills the ratio a/r = 1.56. The same condition is fulfilled 
in the four bearing system with a ratio a/r = 1.23. Influence of several 
ground motions were studied, the 1940 E1 Centro earthquake excitation 
produced the maximum differences in the response of different systems just 
described. The results for this case are presented next. 

The results for varying superstructure period Ts and eccentricity e Jr  = 
0.25 are shown in Fig. 3. The peak response values at the CM are presented 
in Fig. 3. The peak response quantities presented are: (1) The structural 
shears Fxs, Fys and the torque Ts at the first-story level above the base; (2) 
the displacements Uxs, Uys and the rotation U0~ of the top floor, relative to 
the base; and (3) the displacements Uxb, Uyb and the rotation /JOb of the 
base, relative to the ground. The aforementioned peak values are normal- 
ized with respect to either the peak ground displacement Ugo [108.96 mm 
(4.29 in.); for El Centro S00E component] or the total weight W and length 
L. The aforementioned response quantities characterize best the influence 
of torsional coupling due to strong ground motions in presence of biaxial 
interaction in the isolators. 

The analysis results, shown in Fig. 3, show that the single-story structure 
with either four or 36 isolators (i.e., 4BSS or 36BSS) respond almost iden- 
tically in both translation and rotation. The response quantities shown in 
Fig. 3 were obtained for superstructures with constant stiffness eccentricity 
e Jr  = 0.25. If the superstructure eccentricity is varied from a symmetric 
case to asymmetric case of e Jr  = 0.5, with a constant superstructure period 
T~ = 1.2 s, the same effect as just described is observed (see Fig. 4) for the 
case of 4BSS and 36BSS. It can therefore be concluded that the number of 
bearings do not affect the torsional and lateral response for a given set of 
structural parameters Ts, Tb, flo~, f~Ob, es/r, eb/r, r/L, and L/b. 

EFFECT OF HIGHER MODES 

Same analysis just described is used to emphasize the difference between 
the multistory structure analysis and single-story structure analysis. Since 
the analysis is done by direct integration of the equations of motions, the 
response obtained in Figs. 3 and 4 for multistoried structures (case 36 BMS) 
includes implicitly the influence of higher modes of vibrations. Comparing 
their response with those of single-story structure (case 36BSS), it can be 
observed that differences appear at the larger periods (see Fig. 3). However, 
these differences remain smaller than 10% of the actual response of mul- 
tistoried structures. Since this difference is not of great importance, further 
studies of significant parameters will be done on equivalent single-story 
systems. 
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EFFECT OF SUPERSTRUCTURE FLEXIBILITY 

The influence of the superstructure period, T,, on the coupled lateral- 
torsional response is evaluated in this section using a variety of parameters.  
The most relevant ones are the superstructure frequency ratio, 1)0, = 0.8, 
1.0, 1.7, the base frequency ratio, 120b = 1,2, 1.7, the biaxial superstructure 
eccentricity, es/r = 0.25, the uniaxial isolation eccentricity eb/r = 0.05 (ore/ 
L = 8.3%),  base period Tb = 3.0 s, ratio L/b = 1, and a/r = 1,46. The 
superstructure period 7", (i.e., preisolation period) is varied over the range 
0.3 and 1.2 s (or 1.6 s). The influence of the aforementioned parameters 
for the two typical ground motions are shown in Table 1. Further  results 
are shown in Figs. 5 and 6. 

Table l (a)  presents results such as Ucb, the ratio of peak_corner base 
displacement to the peak base displacement at the CM, and Ucs, the ratio 
of peak corner structure displacement (relative to base) to the peak structure 
displacement at the CM (relative base). Furthermore,  the values of factor 
Tamp, the dynamic torque amplification factor, are presented. The factor 
Tamp is defined as the ratio of the dynamic torque to the static torque at the 
CS of the superstructure (Lee 1980). The static torque used for the com- 
putation of the factor Tam p is the square root sum of squares (SRSS) of the 

TABLE 1. Torsional Amplification: Effect of Superstructure Flexibility (Constant: 
Tb = 3.0 S; e,/r = 0.25; eb/r = 0/05; L/b = 1 ; a/r = 1.46) 

Per iod 
T,(S) lIOb 
(1) (2) 

0.3 1.7 
0.3 1.2 
0.3 Fixed base 
0.6 1.7 
0.6 1.2 
0.6 Fixed base 
0.9 1.7 
0.9 1.2 
0.9 Fixed base 
1 .2  1 .7  

1.2 1.2 
1.2 Fixed base 

0.6 1.7 
0.6 Fixed base 
0.9 1.7 
0.9 Fixed base 
1.2 1.7 
1.2 Fixed base 
1.6 1.7 
L6 Fixed base 

D, os = 1.7 11o, = 1.0 

(3) (4) (5) (6) (7) (8) 

(a) El Centro 

1.07 1 .22  1 .77  1 .13  1 .68  2.04 
1.08 1 .20  1 .74  1 .17  1 .73  1.99 
- -  1 .21  1 . 5 2  - -  1 . 7 2  1 . 9 9  

1.13 1 .23  1 .68  1 .28  2 .19  2.31 
1.20 

1.07 
1.17 

1.28 
1.48 

1.08 

1.10 

1 . 0 9  

1.10 

1 . 2 3  1.64  1 . 3 0  

1.28 1.86 - -  
1.46 2 .73  1,06 
1.38 2 . 3 8  1.22 
1.27 2.12 - -  
1.26 2 .11  1.22 
1.35 1 .94  1.57 
1.25 2.15 - -  

(b) Mexico City 

1.10 
1.08 
1.09 
1.13 
1.16 
1 . 1 0  ] 
1.12 
1.07 

0.86 1.08 
1.22 - -  
0.77 1.11 
1.25 - -  
1.11 1.10 
1.12 - -  
1.10 1.02 
1.10 - -  

2.04 
2.48 
1.99 
1.78 
2.33 
1.741 
1.58 
1.45 

1.23 
2.42 
1.18 
1.75 
1.44 
1.82 
1.72 
2.11 

0,o, = 0.8 

(o) (lo) (11) 

1.10 2 . 1 4  1.85 
1.21 1 .93  1.89 
- -  2.51 1.96 

1.10 1 .95  1.77 
2.19 1 .19  1 .96  1.49 
3.54 - -  2.23 1.75 
2.37 1 .30  2 .19  1.43 
2.04 1 .67  2 .03  1.31 
2.42 - -  1.61 1.92 
2.04 1.1912.05 1.59 
1.92 1.33 1.7~ 1.49 
1.8~ - -  1.62 1.19 

1.42 1 .08  1 .39  0.91 
3.20 - -  1.90 1.33 
1.00 1 .11  1 .29  1.14 
1.73 - -  1.87 1.37 
1.69 1 .13  2 . 3 4  2.46 
2.06 - -  2.22 2.11 
2.68 1 .25 2 . 2 0  2.06 
2.82 - -  2.13 1.93 

Notes: Ucb = peak corner base displacement/peak base displacement at CM; t)= = 
peak corner structure displacement/peak structure displacement at CM; Tam p = dynamic 
torque/static torque, at CS of superstructure. 
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F u n c t i o n  of  F r e q u e n c y  Rat io  D~e, a n d  S u p e r s t r u c t u r e  Per iod  T, (with C o n s t a n t :  
e Jr = 0.25;  eb/r = 0.05) 

torques Fx,~es and Fy,es, where F= and Fys are the peak structural shear forces 
obtained in the dynamic analysis. The magnitude of factor Tam p is an in- 
dication of the extent of torsional coupling, hence if Tamp is close to unity 
then the torsional coupling is small. 

It is evident from Fig. 5 that the peak structural shears and torque are 
virtually unaffected by the period Ts. Hence the peak relative structural 
displacement and rotation increase with increasing period T~. At the same 
time in Fig. 5 the torsional response is influenced by the superstructure 
torsional to lateral frequency ratio, 1~0,. 

The dynamic torque amplification factor, T~mp, of the sliding isolated 
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structure shown in Fig. 6(a) has the same order of magnitude as that of the 
nonisolated structure shown in Fig. 6(b); however, no clear trend of the 
influence of period T~ is evident. The order of magnitude of the amplification 
factor Tamp indicates that sliding isolated structures amplify the "static torque" 
no less than the nonisolated structures. However, the structure shear and 
torque generated in the sliding isolated structure is one order of magnitude 
less than that of the elastic fixed base structure (Nagarajaiah et al. 1992). 

The translational motion at the corner of the superstructure is larger than 
the one at the CM, as expected, since torsional coupling is involved. The 
corner displacement magnification O~ is a function of the superstructure 
torsional to lateral frequency ratio ~0, as shown in Fig. 6(c), and again no 
clear trend of the influence of period T~ is evident. The larger the ratio f~os, 
the smaller the torsional response. However, for smaller frequency ratio 
f~0~ the corner displacement magnification U~ indicates a demand on the 
corner frames of two to three times the demand on the frames near the 
CM. 

The torsional properties of the sliding isolation system are dictated by 
the frequency ratio, Ut0b. With the decrease in the frequency ratio of the 
base, lI0b, the corner base displacement amplification, Ucb, increases and 
also the ratio /)oh generally increases with increasing superstructure period 
T~ [this trend is evident in Fig. 6(e) in which the results for frequency ratio 
O0s = 1.0 are omitted for clarity of the figure]. The ratio Ocb is not distinctly 
affected by the superstructure frequency ratio ~20s [see Figs. 6(d) and 6(e)]. 

Therefore, the flexibility of the superstructure leads to amplification or 
reduction of torsional effects depending on the torsional characteristics: (1) 
The superstructure frequency ratio, f~0,; and (2) the base frequency ratio, 
~0b. More detailed values that support the aforementioned discussion can 
be seen in Table 1 for both typical earthquake motions. 

EFFECT OF SUPERSTRUCTURE ECCENTRICITY 

The superstructure stiffness eccentricity, es/r, is the most important pa- 
rameter that causes torsional coupling and torsional motions. The effect of 
eccentricity, es/r, in the presence of a variety of system parameters is ex- 
amined in this section. The biaxial superstructure eccentricity is varied be- 
tween the symmetric case, e,/r = 0, and the asymmetric case, e,/r = 0.5 
(e, = 0.21L), in a structure with superstructure period T~ = 1.2 s, in the 
presence of superstructure frequency ratio, f~o~ = 0.8, 1.0, 1.7, base fre- 
quency ratio, l)0b = 1.2, 1.7, 2.0, and base period Tb = 3.0 s, isolation 
eccentricity eb/r = 0, ratio L/b = 1, and a/r = 1.23. The influence of the 
aforementioned parameters for several typical ground motions were studied 
and the complete set of results can be found in Nagarajaiah et al. (1992). 
Only the important results for one of the earthquakes is presented herein. 
The results for the case of El Centro excitation and for constant frequency 
ratios O0s = 1.0 and l)0b = 1.7 are shown in Fig. 4. The important trends 
to note in Fig. 4 are that the torsional response in the superstructure and 
the base increases with increasing eccentricity es/r and also that the lateral 
displacement at the CM increases, instead of decreasing as in an elastic 
system, with increasing eccentricity es/r. 

Further results for the case of El Centro excitation are presented in Fig. 
7. As evident from Figs. 7(a) and 7(c) [the results for frequency ratio lIos 
= 1.0 in Figs. 7(a) and 7(b) are omitted for clarity of_the figures] the comer 
displacement magnification in the superstructure, Ucs, increases with in- 
creasing eccentricity err and also increases with decreasing superstructure 
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and base frequency ratios, f~0s and f~o~. A similar trend in the corner dis- 
placement magnification at the base, Ucb, can be observed in Figs. 7(b) and 
7(a). 

Next, to examine the effect of uniaxial superstructure eccentricity, the 
eccentricity e J r  is made zero in the y-direction (esy/r ---- 0 . 0 )  and is varied 
from 0.05 to 0.5 in the x-direction (esx/r = 0.05-0.5).  All the other param- 
eters just described are kept the same. The dynamic torque amplification 
factor Tamp shown in Figs. 7(e) and 7(f) ,  is significant and occurs at eccen- 
tricity e,x/r = 0.25 and not at smaller values of e J r ,  such as e~x/r = 0.05, 
as in elastic structures. However,  the maximum amplification, T, mp, occurs 
at ~10, = 1.0 as in elastic structures. 
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Therefore, increasing superstructure eccentricity leads to amplification of 
torsional response; however, this amplification diminishes with increasing 
superstructure and base torsional to lateral frequency ratio, ~0~ and ~0b. 
The maximum torque amplification, Tamp, occurs at fl0~ = 1.0 as in elastic 
structures; however, it does not attain its peak value for small eccentricities 
as in elastic structures. 

EFFECT OF ISOLATION SYSTEM ECCENTRICITY 

Previous studies (Zayas et al. 1987, 1989) have shown that eccentricity 
in the sliding isolation system causes negligible torsional response. This fact 
was further verified in this study by varying the isolation system eccentricity 
eb/r = 0.0, 0.05, 0.106 (and the corresponding mass offsets om/L = 0, 0 .083,  
0.21). The results (Nagarajaiah et al. 1992), not presented here because of 
space limitations, showed that the strength eccentricity, eb/r, in the isolation 
system produces negligible torsional response. Moreover, the negligible 
torsional response in sliding isolated structures with mass offset, in the 
absence of superstructure eccentricity, is because of the development of 
bearing forces proportional to the vertical weight distribution with their 
resultant being at the CM of the base, with no eccentricity in the isolation 
system. 

An investigation of the effect of plan dimensions with L/b = 4, with plan 
area L x b kept the same as in the case with L/b = 1, showed [the results 
can be found in Nagarajaiah et al. (1992)] that the variation of plan di- 
mensions did not alter the torsional response and was virtually similar to 
the case L/b = 1. 

INTERPRETATION OF TEST RESULTS OF TORSIONALLY STIFF SYSTEMS 

Zayas et al. (1987) tested a one-fourth-scale steel structure, 2,743-mm 
(108 in.) long and 1,829-mm (72-in.) wide, on sliding isolation system. The 
model weighted 80.06 kN (18 kips), with 48.93 kN (11 kips) of superstructure 
weight and 31.14 kN (7 kips) of base weight. The sliding isolation system 
was made of four sliders sliding on smooth spherical concave surface. The 
rising pendulum action of the slider along the polished spherical surface 
yielded the recentering force, the corresponding prototype system param- 
eters were: Ts = 0.32 s, Tb = 2 s, l~0s = 1.8, e J L  = 0.38, om/L = 0.15, 
r/L = 0.33, L/b = 1.5, and a/r = 1.5. The measured coefficient of sliding 
friction fma~ __ 0.08. Zayas e_t al. (1987) reported corner displacement mag- 
nifications, Ucb ---- 1.04 and Ucs = 1.06, under 1940 E1 Centro NS excitation. 
The low values of corner displacement magnification at the base, /)'co, is 
because the low period of the superstructure T~ = 0.32 s, and the_high- 
frequency ratios, f~0, = 2.2 and ~0b = 1.8 (in section a of Table 1 Ucb = 
1.07 for T~ = 0.3 s; 120, = 1.7; 120b = 1.7). The main reason for the very 
low values of corner displacement magnification in the superstructure, Uc,, 
is because of the _high-frequency ratio 1)0, -- 2.2. From Fig. 6(c) we find 
that the value of Uc~ decreases with increasing frequency ratio f~0,, and for 
l)0s -- 2.2 and e~/r = 0.5 the approximate magnification ratio Ucs ~ 1. 
Hence as discussed in the introduction, the conclusion of the studies by 
Zayas et al. (1987, 1989), that torsional response is negligible in sliding 
isolated structures, is applicable to torsionally stiff sliding isolated structures 
only. 
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CONCLUSIONS 

The objective of this study was to identify the key parameters that influ- 
ence the torsional coupling in sliding isolated structures. The important 
system parameters identified and the trends of structural response presented 
for the two earthquakes apply in general. The main conclusions of the study 
are as follows. 

1. The torsional coupling in sliding isolated structures is important as the 
dynamic torque amplification in the superstructure, Tamp, has in many cases 
the same order of magnitude as that of the nonisolated structure. However, 
the structure shear and torque generated in the sliding isolated structure is 
one order of magnitude less than that of the elastic fixed-base structure. 

2. The superstructure flexibility, Ts, leads to amplification or reduction 
of the torsional response depending on the torsional characteristics: (1) 
Superstructure torsional to lateral frequency ratio fl0s; and (2) base torsional 
to lateral frequency ratio, ~'~0b" 

3. The main source of torsional motions in sliding isolated structures is 
the superstructure stiffness eccentricity es/r. Increasing the superstructure 
eccentricity, leads to amplification of the torsional response. However, this 
amplification diminishes with increasing superstructure and base torsional 
to lateral frequency ratios, O0s and ~0b. The torque amplification, Tamp, 
attains its peak value at large eccentricities, instead of small eccentricities 
(es/r = 0.05) as in elastic structures. 

4. Strength eccentricity in the sliding isolation system produces negligible 
torsional response, provided no stiffness eccentricity exists in the super- 
structure. 

5. The superstructure and base torsional to lateral frequency ratios f~0s 
and f~Ob, respectively, have a significant influence on the torsional response. 
The maximum torque amplification occurs at frequency ratio f~0s = 1.0. 
The corner displacement magnification, 0~ and Ucb, generally increases 
with decreasing frequency ratios I)0, and f~0b. The torsional response is small 
or negligible, and no torque amplification occurs, for torsionally stiff systems 
(~es and I~0b >-- 2.0). 

6. The number of bearings in a sliding isolated structure has very little 
influence on the response, given a set of parameters T~, Tb, f~o~, 1)Oh, e Jr ,  
eb/r, r/L, and L/b. 

7. The higher mode effects on the lateral-torsional response of sliding 
isolated structures is important in systems with flexible superstructures. 
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