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Abstract: A “smart” base isolation strategy is proposed and shown to effectively protect structures against extreme earthquakes without
sacrificing performance during the more frequent, moderate seismic events. The proposed smart base isolation system is composed
conventional low-damping elastomeric bearings and “smart” controllé®eniactive dampers, such as magnetorheological fluid damp-

ers. To demonstrate the advantages of this approach, the smart isolation system is compared to lead-rubber bearing isolation systems.
effectiveness of the isolation approaches are judged based on computed responses to several historical earthquakes scaled to vari
magnitudes. The limited performance of passive systems is revealed and the potential advantages of smart dampers are demonstrat
Two- and six-degree-of-freedom models of a base-isolated building are used as a test bed in this study. Smart isolation is shown to achie
notable decreases in base drifts over comparable passive systems with no accompanying increase in base shears or in accelerati
imparted to the superstructure. In contrast to passive lead-rubber bearing systems, the adaptable nature of the smart damper isolati
system provides good protection to both the structure and its contents over a wide range of ground motions and magnitudes.
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Introduction ditional complexity and cost of base-isolated structures less eco-
nomically justified(Kelly 1999b. The code-mandated accommo-
One of the most widely implemented and accepted seismic pro-dation of larger base displacements and the requirement to
tection systems is base isolation. Seismic base isol@B&mner consider a stronger Maximum Capable Earthquake has suggested
et al. 1993; Naeim and Kelly 199% a technique that mitigates  the need for supplemental damping devi¢asher et al. 1996
the effects of an earthquake by essenti@lylating the structure The addition of damping, however, may also increase the in-
and its contents from potentially dangerous ground motion, espe-ternal motion of the superstructure as well as increase absolute
cially in the frequency range where the building is most affected. accelerations, thus defeating many of the gains base isolation is
The goal is to simultaneously reduce interstory drifts and floor intended to providé€lnaudi and Kelly 1993b; Kelly 1999a)bTo
accelerations to limit or avoid damage, not only to the structure understand the impact of excessive damping, it is important to
but also to its contents, in a cost-effective manner. consider the ever increasing necessity of protecting nonstructural
Recent years have seen a number of catastrophic structuratomponents and highly sensitive equipment such as are found in
failures due to severe, impulsive, seismic events. Some researchhospitms, communication centers, and computer facilities. The
ers(e.g., Hall et al. 1995; Heaton et al. 1995ave raised con-  performance of this equipment can be easily disrupted by moder-
cerns as to the efflc_acy of seismic isolation during such events. ate acceleration levels and even permanently damaged by higher
Based on observations from the January 17, 1994_ North”dg‘?excitations(Inaudi and Kelly 1993p Consequently, mitigating
earthquake, these researchers suggested that base-isolated bu”gamage to the contents of a structure has become a key objective
ings are vulnerable to strong impulsive ground motions generated;, pase isolation design. For example, the 1994 Northridge earth-
at near-source locations. Moreover, recent revisions to the Uni'quake “caused extensive destruction of building interiors. Be-

form E.‘”"d"f‘g Code(ICBO 1997 hgve made the requirements fo_r cause of the intense shaking and heavy damage to other building
S:fg;ﬁg(lﬁgg?) iggz_mlfeﬂ;o;%gségnggtgtnggmpraerﬁge:ﬁ];htiepg{'Ouselements, sprinkler piping was frequently severed and systems
’ were rendered useless on a much wider scale than has been seen
. . . - - in other earthquakes. Interior partitions, furniture, ceilings, and
Research Associate, Laboratorio de Estructuras, Univ. Nacional de jyac and other equipment were destroyed with a thoroughness
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ing authoy. E-mail: JohnsonE@usc.edu gency facilities were rendered nonfunctional, not due to super-

SLinbeck Professor, Dept. of Civil Engineering and Geo. Sci., Univ. of structure damage, but because they were flooded by water pipes
Notre Dame, Notre Dame, IN 46556-0767. E-mail: spencer@nd.edu broken due to excessive accelerations within the strudtded!
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value when a hacker shut down its site for only 22 hours. To semiactive controllable systems arises from the combination of
protect the contents and nonstructural elements in a structurethe adaptable nature of a fully active control system with the
structural accelerations should be minimized while maintaining stability characteristic of passive control systems, while maintain-
acceptable base displacement levels. ing low-power requirements.

Several means of adding damping are available for reducing  The present work investigates the performance of a smart base
base drift(base drift demands determine the “seismic gap” re- isolation system and shows that it can reduce base drifts without
quired for utilities, connections to adjacent structures or side- the accompanying acceleration increases seen with passive strat-
walks, etc). The three methods most commonly used today pas- egies. To demonstrate the superior protection provided by smart
sively augment the damping provided by low-damping, natural damping strategies, several historical earthquakes scaled to differ-
rubber bearings. Low-damping natural and synthetic rubber bear-ent magnitudes are used to excite an isolated building structure. A
ings typically provide 2—3% of critical damping in the isolation linear, lumped-mass structure model is used as the test bed for
mode. One method of increasing the damping is to use high-this study, first using a two degree-of-freedd@DOF) model,
damping natural rubber—natural rubber containing extrafine car- and then a 6DOF model to examine the effects of higher modes
bon black, oils or resins, and other proprietary fill@kaeim and on smart damper performance. The isolation layer characteristics
Kelly 1999—that may provide up to 20% isolation mode damp- are chosen such that the fundamental m(de so-called “isola-
ing. Another common approach is to install lead plugs in the tion” mode) has a period of 2.5 s and 2% of critical damping.
low-damping laminated rubber bearings to increase energy dissi-This configuration is typical of low-damping isolation systems
pation through hysteretic damping as the lead plugs shear duringcommon in engineering practice, is readily attainable using cur-
large deformation motion. Third, supplemental dampers, such asrent technology, and follows standard code-based procedures
viscous damperéoth linear and nonlinear, see Taylor and Con- (AASHTO 1991; Naeim and Kelly 1999Recognizing its world-
stantinou 199pand friction dampers, may be used to augment the Wide popularity(due mainly to its simplicity and economyead-
damping(Soong and Dargush 1997 riction pendulum systems  rubber bearings(LRBs) are used as a baseline passive isolation
(FPS$ are another popular base isolation strategy; though physi- System. These self-contained isolation bearings provide both hori-
cally different from lead-rubber bearing designs, FPSs may be zontal flexibility and hysteretic damping in a single package, with
modeled in a similar manner and exhibit similar behavior. While Ccharacteristics determined by pre- and post-yield stiffnesses, and
these passive methods have been used in applications to reduciielding force. After a systematic parameter study using the
the deformation demand on the isolation system, the supplementaPouc-Wen mode{Wen 1976 for the LRBs, two “optimal” LRB
damping itself tends to drive energy into the higher modes, with designs are selected and their limitations/advantages highlighted.
corresponding increases in superstructure deformation and accelterein, the optimal isolation damping is defined, comparably to
eration, that may damage the building and its contéfgdly and Inaudi and Kelly (1993h, as the one which produces a near-
Tsai 1985, 1998 Spencer et al(2000 showed that adding a  Minimum peak(absolutg structural ac_cele_ratlon response while
moderate amount of viscous damping to a low-damping isolation providing acceptable small deforma}tlons in thg |soIaF|on system.
system does decrease responses. However, too much damping céh Smart dampeisystem is then designed that is “optimal” over

cause accelerations and interstory drifts to go backHgl 1999; the suite of historical ground motions, achieving significant re-
Spencer et al. 2000eliminating many of the improvements iso- ductions in the base drift compared to the “optimal” passive
lation is intended to provide. damping strategies without increasing the accelerations imparted

Active and semiactive strategies may be able to provide the into the su.perstrgcture.. Special consideration is given to a rigor-
reduced base drifts without the increase in superstructure motion®Us and fair consideration of the performance of smart dampers in
seen for passive devices. As reported by Spencer and 261, comparison with the Iead-rubb.er be_arlng deS|gns.. Whll@T passive
a number of analytical studies have focused on the use of activeStrategies are shown to effectively isolate the building in many
control devices in parallel with a base-isolation system for limit- ¢@ses, they are suboptimal for a wide range of ground motions.
ing base drift(e.g., Kelly et al. 1987; Reinhom et al. 1987; Na- On th(_e othgr hand, smart dampers are shown to provide a superior
garajaiah et al. 1993; Schmitendorf et al. 1994; Yoshida et al. base isolation system for a broad class of earthquak_es including
1994; Yang et al. 1996Additionally, Reinhorn and Riley1994 near-source events as well as for a broad range of input levels.
performed several small-scale experiments to verify the effective- ThUS, & smart damper system can protect a structure from extreme
ness of active strategies used in simulation studies. However, acarthquakes without sacrificing performance during the more fre-
tive control devices have yet to be fully embraced by practicing duent, moderate seismic events.
engineers, in large part due to the challenges of large power re-
quirements(that may be interrupted during an earthquak®n- Model Formulation
cerns about stability and robustness, and so forth.

Several researchers have investigated the use of smart dampe
(also called semiactive or controllable passive dampersseis-
mic response mitigatioe.g., Feng and Shinozuka 1990; Naga- First, the structure is modeled as a single degree-of-freedom
rajaiah 1994; Makris 1997; Johnson et al. 1999; Kurata et al. (SDOF system representing the fundamental mode of the five-
1999; Niwa et al. 1999; Symans and Constantinou 1999; Symansstory building model given by Kelly et a{1987). In a subsequent
and Kelly 1999; Yoshida et al. 1999Studies of smart base iso-  section of this paper, a five degree-of-freedom model of the Kelly
lation have used several control design methodolofgesh as et al. (1987 building is studied to analyze the effects of higher
fuzzy control(e.g., Nagarajaiah 1994; Symans and Kelly 1999 modes.
sliding mode controle.g. Yang et al. 1996 clipped-optimal con- When the isolation layer is added, the augmented model is a
trol (e.g., Johnson et al. 1999; Spencer et al. 208@] and have two degree-of-freedorfDOPF) system. The structural parameters
examined both bridge and building structures. The first full-scale of the SDOF fixed-base and 2DOF isolated structure models are
implementation of smart base isolation was recently constructedgiven in Fig. 1.(Two Java applets that demonstrate some of the
at Keio Univ. (Yoshida et al. 1999 The main virtue of these issues in base isolation design are at http://www.nd-edquake/

"Structural System Model
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java.html) It has been shown experimentally that the linear be-

havior of low-damping rubber bearings can extend to shear strains
above 100%; moreover, it is possible to manufacture isolators
with nearly zero damping and linear shear behavidaeim and

Kelly 1999. Therefore, the isolation layer is modeled as a linear =]

Kelvin-Voigt element—i.e., linear stiffness and viscous
damping—and gives a fundamental mode with a 2.5 s period and
2% of critical (viscous damping.(The forces generated by the
multiple isolation bearings typical in a low-damping isolation sys-
tem are modeled here by their combined stiffness and damping
characteristic$.This low-damping, long-period, isolation system
is a typical design and falls in theClass (ii): lightly damped,
linear isolation systerhcategory of Skinner et al(1993.

base-isolated fixed-base

LRB
k],, Cps 2

L low-damping isolation bearings

Structure Parameters

mg=29485 kg

Period 0.3 s = kg = 11912 kN/m
Damping ratio 2% = ¢, = 23.71 kN-s/m

Isolation Parameters

my, = 6800 kg

Period 2.5 s = ky, = 232 kN/m
Damping ratio 2% = ¢y, = 3.74 kN-s/m

Fig. 1. Two degree-of-freedonfDOF models

Assuming the structural motion is sufficiently moderate that
nonlinear effects may be neglected, and denoting the base and
structure displacements relative to the groundxsy[x, X',
the equations of motion of the base-isolated system may be ex-
pressed as

MX + Cx+ Kx = Af — M1, 1)

wheref =supplemental force exerted by the smart damper or the
LRB lead plug;A=[1 0]" gives the position of the supplemental
damper force; 1=vector whose elements are all unity,
=absolute ground acceleration; and the mass, damping, and stiff-
ness matrices are, respectively,

my 0 Cb"l‘ Cs —Cg kb+ kS _kS
M=o ms|’ —cs G |" | —ks kg
@
Defining states q=[x" x"]"; outputs to be regulatedz

=[xy, (Xs—xp) %2 %2]T including interstory drifts and absolute
floor accelerations; and sensors[x, X§ X ')'(Q]T+v measur-

ing base drift, absolute floor accelerations, and absolute ground
accelerationv is a vector of sensor noises modeled as indepen-
dent, Gaussian white-noise procegst® state-space form of the
equations of motion is given by

q=Agq+Bf+EX,
z=C,q+D,f
y=Cyq+Dyf+FXs+v

0 | 0 0
A=l M-k —mM-c B:{M”A} E:{—l}
A 0 0 1 0
C= M-k —m-ic| P=lm-al AT g
1 O 0 0 0 0
C,= -M~1K —-M~IC Dy= M~IA F=|0
0 0 0 0 0 1

where A= matrix giving interstory drifts.

®3)
Damping Systems

Lead-rubber bearings are considered as the baseline against which

the smart damping strategies are compared. The modeling ap-

proaches for these two systems are described as follows:

e Lead-rubber bearingLRB): the horizontal force required to
induce the LRB into its post-yield phase can be expressed as
the sum of three forces acting in parallel

(4)

fLre= Qput KpXp T CpXp

where Qpy=(1—Kyieig/Kinitial) - Qy=VYield force of the lead
plug; Q,=yield force from both the lead plug and the rubber
stiffness;k, andc,=horizontal stiffness and viscous damping
coefficient of the rubber composite of the bearing; apénd
Xp=relative displacement and velocity across the bearing. The
damping component of gz is mainly generated by the hys-
teretic behavior of the lead plug inserted into the rubber bear-
ing, although the(smal) viscous damping componeiat X,
may be attributed to the damping characteristics of the rubber.
The hysteretic behavior of the LR&ig. 2) is often treated as

a bilinear solid(Kikuchi and Aiken 1997 with initial shear
stiffnessK;pie , and postyield shear stiffness;qq=k, (Skin-

ner et al. 1998 This bilinear model, however, causes overes-
timation of the acceleration levels in base-isolated structures.
In contrast, a Bouc-Wen mod@8Nen 1976 gives results more
consistent with experimental datblagarajaiah and Xiaohong
2000. Consequently, the LRB is modeled herein using the
Bouc-Wen model, which includes an evolutionary variabie
account for the hysteretic component of the forQg
=2zQpp,. The differential equation governing the evolutionary
variablez is given by

2= —yZ%||Z" = B|Z"+ Ak, ©®)

wherevy, B, A, andn=shape parameters of the hysteresis loop
which herein are considered time invariant. To model the ini-
tial stiffness properly, it is required th#&=K;yq /Q,. FoOr
unloading to follow the preyield stiffness,= . For the post-
yield purely plastic behavior of the lead pllie., Eq.(4)], the
evolutionary variablez will approach unity andQpys= Qpp
when A=~ +B. Finally, the parameten, which governs the
sharpness of the transition from initial to final stiffness, is
chosen to be 1Spencer 1986 Thus,n=1 andA=2y=23

A Kyiaa

Kinitial

— Bouc-Wen
Bi-linear

Fig. 2. Lead-rubber bearing_RB) hysteretic models
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=Kinitial / Qy - 10
The postyield stiffnesk,, generated by the stiffness of the
rubber, is fixed so as to give a 2.5 s fundamental postyield
period(Skinner et al. 1998 The preyield to postyield stiffness
ratio and the LRB yield forc®, are left to be design param-
eters; two sets of values will be studied herein that give good
performance in moderate and severe ground motions, respec-
tively. The viscous damping,, from the rubber is assumed to
give 2% viscous damping in the absence of the lead plug.

e Smart (semiactive) dampea controllable dampefe.g., con-
trollable fluid damper, variable orifice damper, etc.; see Spen-
cer and Sain 1997; Symans and Constantinou 1€8& may
only exert dissipative forces; i.efgaX,=<0 wherefg, is the
force applied by the damper ang is the velocity across the

|
S

» th\M o
"W’\' i L

%

10

2|\

Magnitude
IS

Kanai-Tajimi filter

damper. For this study, the device is assumed ideal; i.e., it can 107F 0, =173, §,=03
generate the desire@issipative forces with no delay and 5 0,54 1
with no actuator dynamics. Fs)= —£& & &

2 2
s +2§gcogs+ oy

The rubber isolation in these two systems is identical. The
difference between the two systems is that one has a lead plug to
give the supplemental damping, whereas the other has a smart
damper instead. To make for a fair comparison, the peak force of
the smart damper is limited. The lead-rubber bearings are subse-
quently shown to perform well for severe ground motions with a
yield force about 15% of the total weight of the building—
consistent with the recommendations in the literat(®&inner
et al. 1993; Wang and Liu 1994; Park and Otsuka 19%Rus, for
fair comparison, the smart damper force will be limited to 53.39 system(Spencer and Sain 1997 clipped-optimalcontrol strat-
kN (15% of the total weight of the building This limit in the egy, shown to perform well in previous works involving smart
damping force is enforced using a saturation criteria to clip the dampers(e.g., Dyke et al. 1996a,b; Johnson et al. 1999, 2003;
damper force to be within the limitsee, for instance, Fig.)4 Spencer et al. 2000is implemented in this study. The strategy is
to assume an “ideal” actively controlled device, design an appro-
priate primary controller for this active device, and then use a
secondarycontroller which clips the optimal control force so it is
The isolated structures considered herein are excited by a suite otlissipative in a manner consistent with the physical nature of the
ground motions that are intended to encompass both moderatelevice.[In an experimental implementation, the dissipation re-
events quirement is enforced implicitly by the device; a secondary con-
» El Centro—north-south component of the 1940 Imperial Val- troller is still necessary to make the actual force track the desired

ley, Calif. earthquakgmagnitude 7.1 recorded at Imperial  force commanded by the primary controllgDyke et al.

Valley Irrigation District substation in EI Centro, Calif.; 1996a,b].

» Hachinohe—north-south component of the 1968 Takochi-oki To better inform the primary controller about the frequency
(Hachinoh¢ earthquake(magnitude 7.9 signal recorded at  content of the ground motion, a Kanai-Tajit8oong and Grigo-
Hachinohe City, Japan; riu 1993 shaping filter is incorporated into the model of the sys-

and severe events tem. Fig. 3 shows the magnitude of this filter as a function of

10™
10

;JILMMHH

10’
Frequency [Hz]

Fig. 3. Frequency content of design earthquakes and Kanai-Tajimi
shaping filter

Ground Excitation

e Kobe—north-south component of the 1995 Hyogo-ken Nanbu
(Kobe) earthquakémagnitude 7.2recorded at the Kobe Japa-
nese Meteorological AgendyyMA), Kobe, Japan;

e Northridge—north-south component of the 1994 Northridge
earthquake(magnitude 6.8 recorded at the Sylmar County
Hospital parking lot in Sylmar, Calif.

frequency, as well as the frequency content of magnitude-scaled
versions of the four historical design earthquakes.H\JYLQG
(linear quadratic Gaussiarcontroller is then designed for the
combined filter/structure model, such as shown in Fig).4As-
suming independence of the ground excitation and measurement
noises, the interstory drifts and absolute floor accelerations are

Additionally, the earthquakes are scaled to several magnitudesweighted using the cost function

to better understand the effectiveness of the isolation strategies
for different earthquake strengths. The moderate records are
scaled in the range from 0.5 to 2.0 times the historical record, and
the severe ones from 0.5 to 1.5. Although magnifying the severe . _ . .
earthquakes might seem unnecessary, the results using 1.5 tlmeg”th control weightR=(22kN)"? and a diagonal evaluation
historical records are included to show the behavior of different weighting matrix:
damping devices under extreme, but conceivable, events.

f T(zTQz+ Rf2)dt (6)
0

1
J=Ilim—E
T OOT

_ qtljriflsl 0

0 qfi\ccelé
where qériﬂs: 144 m_zqdrifts and qe,u:celsz (m/SZ) _anccels: scalar
only 2 columns drift and acceleration weights, drd2 X 2 iden-

Several studies have focused on the use of hybrid control schemesity matrix. By adjusting the nondimensional valugg,xs and
composed of damping devices in parallel with a base isolation g,..e Various levels of control performance are achieved. The

()

Smart Damping Strategies
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(a) combined filter/structure model 1940 El Centro 1995 Kobe
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Fig. 4. (a) Combined filter/structure model for which primary con- Q, [ of Structure Weight] Q, [ of Structure Weight]

troller is designed(b) Smart damper control strategy using clipped- (a) Moderate Events (b) Severe Events
optimal controller.

Fig. 5. Peak responses of lead-rubber bearing-isolated building
under(a) moderate andb) severe seismic actions

Designing the “Optimal” Passive Isolation System
H,/LQG primary controller is then designed using the Control
Toolbox in MaTLAB®, resulting in a dynamic compensaté(s)
of order six(the sum of the orders of the structure and the shaping
filter). The sensor noises are assumed uncorrelated with stan- In the design of lead-rubber bearings for this study, the influence
dard deviationg0.01/12 $, 0.01, 0.01, 0.03ptimes that of the of two parameters is considered, namely, the total yield fQ@ge

Lead-Rubber Bearings

ground acceleration disturbance. [expressed as a fraction of the total building (base
The secondary controller is given by +superstructure) weightand the preyield to postyield stiffness
) ) ratio Kinisal /Kyielg- The postyield stiffness is held fixed Kt cq
fao if faxp<<O =k, =232 kN/m to obtain a fundamental period of 2.5 s once the
fsa= 0 otherwise ®) lead plug has yielded. While the optimal value of the yield force

Q, will depend on the flexibility of the superstructure as well as
wheref ,="desired” force that would be applied if using an ac- the excitation(Inaudi and Kelly 1993a)h for design earthquakes
tive device andx,=velocity across the damper. Because the having the severity and “character” of the El Centro earthquake,
smart damper is an intrinsically nonlineanergy dissipatiorde- Skinner et al(1993 suggest typical values of the yield forCx,
vice and cannot add mechanical energy to the structural systempon the order of 5% of the total weight of the building.
finding high-performance clipped-optimal controllers generally Fig. 5 shows peak base drifts and peak absolute accelerations
requires a numerical search over the parameters in the weightinglmaximum of base and structural accelerations over)tiofighe
matrix Q. This is the method used here. Note that effective con- 2DOF model as a function of the yield for@, for several values
trollers for smart damping devices typically hgwémary control- of the stiffness ratioKj,iia /Kyielg- The plots corresponding to
lers (here, theH, /LQG design that command a dissipative “de- moderate eventfeft-hand sideé show close agreement with the
sired” force f, during the majority of the seismic event. design yield force given by Skinner and his coworkers, particu-
(Otherwise, the force would be set to zero a majority of the ime. larly regarding the reduction of base drift. Note that the peak
The clipped-optimal controller is shown in Fig(bd. Note that a absolute accelerations do decrease with increaging smal)
saturation block is used to limit the peak forces as discussedQ,—but only up toQ,~4% of building weight. After that, inter-
previously. story drifts (not shown and accelerations increase significantly.

There is one unusual aspect to this control design. The force Therefore, a lead-rubber bearing, designed for the El Centro and
fed back to an observer is usually the force actually applied to the Hachinohe earthquakefthe moderate earthquakgswith Q,
system(e.g., Dyke et al. 1996a,b; Johnson et al. 20b6&re, that =5% of the building weight an®;;a /K,ieq=6, is designated
would be fg, or a saturated version thereof. However, it was LRB1. Higher-stiffness ratios also give similar results, but the
found that feeding back the “desired” forck, gave superior ratio of six is more typical of that used in practi¢gkinner et al.
performance. The reason, perhaps, is due to the dissipation con1993. This designQ, follows the results of Park and Otsuka
straint enforced by Eq8), which causes sudden on/off switching (1999, who compare different methods to determine an “Optimal
of the smart damper force that induces transient step responses iyield Ratio,” giving Q, from 4.3 to 5.0% of structure mass for
the observer, thereby causing yet larger swings in both the forcemoderate earthquakefpeak ground acceleratiofPGA) of
commanded and actually applied. These swings were seen td).353]—this substantiates Skinner’s aforementioned suggestion
cause larger accelerations, particularly at the base, than if theand the design here. The responses with this LRB1 design are
“desired” force is fed back. Thus, since good closed-loop perfor- shown as circles on the graphs in Fig. 5. The LRB1 design is then
mance is the objective, the “desired” force is fed back, as in Fig. used as the basis against which the other supplemental damping
4(b), for the results shown herein. devices will be compared.

1092 / JOURNAL OF ENGINEERING MECHANICS / OCTOBER 2002



To achieve similar results for scaled versions of the El Centro 10
earthquake, the yield force must be scaled by the same factor
(Skinner et al. 1998 Moreover, since the set of earthquakes in-
cludes severe eventgKobe and Northridge higher-yield
strengths may be necessary. And indeed this is the case as is
clearly depicted in Fig. Hright-hand sidg in order to obtain
significant reductions in base drifts and moderate accelerations
for the severe ground motions, the yield force must be 13—17% of
the building weight, with a suitable stiffness ratio around ten.
Indeed, Park and Otsukd999 find Q, in the range from 14 to
18% to be best for more severe ground motiGA of 1.22%)).
Hence, a second design, called LRB2, with yield forQg
=15% of the building weight and with stiffness ratio 0.1k
Kinitiat / Kyiela= 10, is also studied. The responses of the LRB2 de-
sign are denoted by triangles in Fig. 5. It should be emphasized i 5 3 5 ¢ 5 910
that LRB designs for severe events, such as the LRB2 design, are
not common in practice; however, the concerns about large base
drifts in strong near-fault ground motio.g., Hall et al. 1995; Fig. 6. Regions of smart damper improvement compared to the
Heaton et al. 1995have prompted researchers to consider such LRB1 baseline
designs.

In the remainder of this study, the performance of the high-
damping lead-rubber bearing LRB2 design and a smart damper
strategy will be compared to the performance of the low-damping jng weight andK iy IK,ieiq=6) to various earthquakes. Table 2
lead-rubber bearing LRB1 design. The selection of LRB1 as the renorts the percent response improvement or detriment(—)
basis for comparison is supported by the fact that it is the optimal compared to the LRB1 system for four casés: the smart iso-

9drifts

Regions of decreased accelerations
with respect to LRB1

Gaccels

LRB system for thunscaled El Centro earthquake. lation system{2) LRB2 (high-damping passive lead-rubber bear-
ing); (3) the rubber alone with no supplemental dampiing., 2%
Smart Controllable Damper damping from the rubber in the isolation layesnd(4) the fixed

base structure. The peak base drift, structural acceleration, and

A thorough parameter study is perforrr_]e_d to determine appropri- supplemental forcélead plug or smart damperelative to LRB1
ateH,/LQG weighting matrices for efficient controllable damp- 516 shown in Fig. 7 for smart damper isolation and LRB2.

ing strategies. A family of controllers that decreases base driftand  rrom Table 2 it can be seen that the LRB2 system, due to its

absolute acceleratiorisompared to the LRBLis obtained for a  pigher-yield level, is capable of substantial reductions in the peak

controllable smart damper. As mentioned previously, the maxi- e drift. For severe seismic events, reductions in base drift

mum damper force is limited to 15% of the total weight of the e3ch a maximum of about 50%. Note that this improvement of

building using a saturation elemefstee Fig. 4 the LRB2 system over the LRB1 system diminishes in the case of
Preliminary parameter studies showed that some outputihe Northridge earthquake as the earthquake scale increases. A

weights in the ranges similar trend is found for the Kobe earthquake when the scale is
Qurit €[0.05, 10.0  Qacecic [1.0,10.9 (9) increased to 1.5, while for the moderate earthquakes peak base

de i in both Kb drift and K | drifts are reduced as the scale factor increases, from 5% to about
made improvements in both peak base drift and peak accelerayse, Not surprisingly, however, these reductions in base drift

tions compared to the LRB1 baseline. The hatched areas in Fig. 6,5 e at the price of increased accelerations, interstory drifts, and

denote the regions where, using a smart damper, the peak absolutg,se shears. Peak accelerations in the LRB2 system were in-

accelerations for both base and superstructure are decreased fQf,oosed for 12 of the 14 ground motions considered, sometimes
all fpur (urr:scaleai h|st(?_r|cal eart_hqual_<e_s compared to the_ LRB1 substantially increased, while only marginally decreased in the
dejlgq. The ctg)ntou(rj .gles dep'ﬁt m;]mmum improvemefis.,  qther two ground motions. Moreover, for the reduced-scale mod-
reductions in base drift. Note that these are worst-clzase M- erate earthquake.e., those that are likely to occur more fre-
provements in the suite of four historical earthquakes; thus, sub-q,any the accelerations increased up to 2.37 times that found
stantial improvements(i.e., much better than the worst-case (o yhe | RB1 system. Structural drifts and base shears follow a
shown in Fig. 6 are possible with smart dampers for some of the pattern similar to structural acceleration
ground mothns(shol\q/vn in the r;]ext sectlc)t? hieved with In contrast, the smart damping system performs well over the
To_|nvest|gate the gans that may be achieve wit sma_rt entire suite of earthquakes considered. The reductions in peak
damping systems, one particular control design was chosen, withyse grift are comparable to those of the LRB2 isolation system—
Garifts = 9'5974'%006'5:_2'6701_' this point is sho_wn in Fig. 6 aS @  poth giving as much as nearly 55% decreased base drift compared
small circle. Using this particular control design, the 2DOF is0- (| RR1 isolation. The smart damper achieves decreases in peak
lated building was simulated and peak responses computed for, cojerations, structural drifts, and base shears for most cases, as
base drift and acceleration, structural drift and acceleration, ,,ch as 44% in some cases. In contrast. the LRB2 deisign
damper force, and base shear. creasesthese responses, often by significant amoufuser
double that of the LRB1 response for small earthquakescon-
Two Degree-of-Freedom Results trast to the LRB2 system, the decrease in the base drift during the
large earthquakes afforded by a smart damper does not come at
Table 1 shows the responses of the structural system with thethe expense of larger accelerations, interstory drifts, and base
LRB1 baseline desigfi.e., the LRB withQ,=5% of the build- shears.
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Table 1. Two Degree-of-Freedom Peak Drifts, Absolute Accelerations and Forces for LRB1

Drift (mm) Acceleration(mg) Base force(kN)
Earthquake PGAg) Base Structure Base Structure Lead Shear
0.5X El Centro 0.1747 41.0 1.64 68.7 67.7 14.38 23.86
1.0x El Centro 0.3495 82.9 2.41 109.1 99.3 14.83 34.06
1.5X El Centro 0.5242 167.7 3.69 155.8 152.0 14.83 53.84
2.0X El Centro 0.6990 300.6 5.82 234.7 239.5 14.83 84.74
0.5X Hachinohe 0.1147 41.9 1.70 72.8 69.9 14.63 24.37
1.0x Hachinohe 0.2294 92.6 2.50 111.6 103.0 14.83 36.38
1.5X Hachinohe 0.3440 168.3 3.70 153.1 152.4 14.83 53.94
2.0X Hachinohe 0.4587 312.1 5.99 240.2 246.6 14.83 87.34
0.5X Kobe 0.4168 132.4 3.14 124.9 129.2 14.83 45.67
1.0x Kobe 0.8337 265.3 5.38 233.3 221.7 14.83 76.48
1.5xKobe 1.2505 454.0 8.27 351.6 340.7 14.83 120.36
0.5X Northridge 0.4214 231.7 4.70 198.3 193.6 14.83 68.65
1.0x Northridge 0.8428 556.0 9.93 410.9 409.0 14.83 143.99
1.5X Northridge 1.2642 1013.9 17.17 722.1 707.3 14.83 250.29

With regard to the peak forces, the LRB lead plugs attained, in isolation method. Those designs are then simulated for unscaled
most cases, their yield forcegfor LRB1, Fyieq=Qpp and scaled ground motions.
=14.83kN; for LRB2, Fyicq=Qp,=48.05kN. The smart
damper uses rather smaller forces for small ground motions but
hits the saturation limit for strong ground motioftsistorical or The optimal systems selected for the 2DOF structuee, LRB1
larger Northridge or Kobe motioisNote that the peak force  with yield force Q,=5% of the weight of the building and
exerted by the smart damper is well within the range of current preyield to postyield stiffness ratiya /Kyieig=6, and LRB2
technology. The peak force here was 53.39 kN for a scaled with Q,=15% andK i /Kyielq=10) are also near-optimal lead-
building—for a similar full-scale structure, the forces can be gen- rubber bearing designs for the 6DOF building model. Fig. 10
erated with parallel configurations of dampers based on currentdepicts the peak responses of the 6DOF structure—peak base drift
technology. For example, a prototype 200 kN semiactive magne-and peak absolute accelerationaximum over all levelsm, to
torheological fluid damper has been developed at the Univ. of ms)—as a function of the yield forc®, (expressed as a percent
Notre Dame&(Spencer and Sain 1997Typical force-displacement ~ of the building’s total weight and for three different stiffness
loops are shown for two historical earthquakes in Fig. 8. Two ratiosKipija /Kyiei=6,10,15. For moderate ground motiofhet-
observations are important here. First, the smart isolation useshand-side plots the parameters selected for LRB1 are still near
force levels similar to LRB1 in the El Centro earthquake, but optimal. (Choosing aQ,=4% would slightly improve peak ac-
more like LRB2 for the stronger Kobe earthquake, demonstrating celerations, but with some increase in base drifor severe
the adaptive nature of the smart isolation. Second, the smart iso-ground motiongright-hand-side plots a yield force level of 15%
lation has rounded corners on the loops, giving more moderateis again nearly optimal, particularly for the Northridge record. A

Lead-Rubber Bearings

acceleration levels than the LRB designs. stiffness ratio of six would result in smaller accelerations for
Kobe but with larger drifts. However, for consistency with the
Influence of Higher Modes 2DOF analysis—and in accordance with actual design recommen-

dations(Kelly 1997; Naeim and Kelly 1999—the stiffness ratio

To study the influence of higher modes on the performance of thevalue of K, /K ieiq= 10 is retained here also.
base isolation systems, the six degree-of-freedom isolated build-
ing model depicted in Fig. 9 is used. The parameters of the su-
perstructure are the same used in Kelly et(4B87, while the
properties of the isolation layére., k, andc,) are the same asin ~ For smart damping of the 2DOF system, four sensors were used:
the 2DOF system described previously. The structural parameterspase drift and absolute accelerations of the base, the structure, and
listed in Table 3, give the same 2.5 s peridds 2% isolation the ground. The superstructure in the 2DOF model is a single
mode, and the same fixed-base fundamental 0{3=£% mode mass. Now, the 6DOF model has five distinct structural accelera-
as in the 2DOF problem. tions that may be measured. To allow for fair side-by-side com-

This 6DOF structural model is numerically simulated for the parison, the numbeiand type of sensors will be held constant.
same isolation systems as studied for the 2DOF model. Again, If the controller designed for the 2DOF model is to be used
one LRB desigr(discussed further in the next paragraphill be directly for the 6DOF system, the only question is which structure
used as a baseline. The other strategies(ayeéhe smart isolation mass should be instrumented. Analyzing the frequency response
system;(2) a second LRB desigihigh-damping passive lead- of the superstructure of the 2DOF model and comparing them
rubber bearing (3) the rubber alone with no supplemental damp- with the frequency responses of the five superstructure masses of
ing (i.e., 2% damping from the rubber in the isolation Iayend the 6DOF model, it can be shown that the best corresponding
(4) the fixed base structure. The same suite of unscaled historicalsuperstructure acceleration is the roof acceleratimassms).
earthquakes are used to determine “optimal” designs for each Now, it is possible to use the six-state controller designed for the

Smart Controllable Damper
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Fig. 8. Force-displacement loops with LRB1, LRB2, and smart isolation of two degree-of-freedom system for two historical earthquakes
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Fig. 10. Peak seismic responses of LRB-isolated buildifsix
degree-of-freedom model

damper forces and base shears, for the 6DOF base-isolated build-
ing model using the LRB1 system and excited by the unscaled
and scaled historical earthquakes. Percent improven(gosstive
values and detrimentgnegative valuesprovided by the fixed-
base structure and by the three isolation strategies compared to
LRB1 are reported in Table 5. The peak base drift, structural
acceleration, and damper force relative to LRB1 are shown in Fig.
12 for smart dampers and LRB2. To effectively analyze this data,
two different viewpoints are used.

First, it is important to compare Tables 1 and 4, where actual
response values are reported for the 2DOF and 6DOF LRB1-
isolated building models. The close matches among the reported
values must be highlighted. Base drifts match almost perfectly for
both models under all input motions, regardless of the presence of
higher-mode dynamics; this feature supports the use of simple
models(even single-degree-of-freedom superstructure modsls
a reasonable tool during early stages of control design. The 2DOF
force-displacement loops in Fig. 8 are extremely close to those for
the 6DOF(not shown here for brevijyAbsolute accelerations are
quite comparable, particularly for large seismic scale factors
and/or severe earthquake actifobe and Northridge though
with slightly less agreement than base drifts. While base accelera-
tion can be compared in a unique way, structure acceleration can-
not since the 6DOF model has multiple floors. As one might
expect, the structural accelerations reported in Table 1 seem to be
comparable to the mean of the second and third floor accelera-
tions reported in Table 4. Finally, interstory drifter structural
drift) are difficult to compare. The values reported for the 2DOF
model are about three times larger than the value corresponding to
the first floor of the 6DOF model, and the values decrease with
the structure’s height. The differences between the 2DOF and
6DOF results in superstructure accelerations and interstory drifts
are largely due to the method used to reduce the model to two
degrees of freedom; the structure mass in the 2DOF roughly cor-

Table 3. Structural Model Paramete(Kelly et al. 1987

Floor masses Stiffness coefficients Damping coefficients
(kg) (kN/m) (kN-s/m)

m,= 6800 kp = 232 c, = 3.74

m; =5897 k, = 33732 c, = 67

m,=5897 k, = 29093 c, = 58

my=5897 ks = 28621 c3 = 57

m,=5897 k, = 24954 c, = 50

mg=5897 ks = 19059 cs = 38
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achieved. Consequently, due to its adaptive nature, the smart
damper gives good performance for both moderate and severe
ground motions.

Concluding Remarks

A “smart” base isolation system, comprised of low-damping elas-
tomeric bearings, and “smart” controllableemiactive¢ dampers,
was shown to have superior performance compared to several
passive base isolation designs using lead-rubber bearings. The
peak responses of 2DOF and 6DOF models of a base isolated
structure due to several ground motions were computed from
simulation. The suite of earthquakes used herein were the 1940 El
Centro and 1968 Hachinolimoderate eventsnd the 1995 Kobe
and 1994 Northridgdsevere evenjsearthquakes. The suite of
historical earthquakes were scaled in magnitude to evaluate the
base isolation systems during ground motions of different fre
Fig. 11. Regions of smart damper improvement compared to LRB1 duency content and various strengths. The responses computed
baseline were peak base and structutedlative displacements, base and
structural (absolute accelerations, applied forces, and base
shears. Two lead-rubber bearing designs, denoted LRB1 and
responds to the center-of-gravity of the superstructure, which LRB2 with bearing yield forceQ, equal to 5 and 15% of the
would be somewhere in the third story of the superstructure. building weight, respectively, were studied. These designs are
Thus, the 2DOF structure drift corresponds more to the relative typical suggestions in the literature for protecting against moder-
displacement of the superstructure center-of-gravity relative to the ate and strong ground motions, respectively. It was shown herein
base; to first order, this drift would be 2-3 times the first story that the LRB1 system is a near-optimal design for earthquakes of
drift. the magnitude and “character” of the 1940 EIl Centro earthquake,
Second, considering Table 5 and Fig. 12, both LRB2 and smartand the LRB2 system is appropriate for strong motions such as
dampers effectively reduce the base drift compared to the baselinghe 1994 Northridge or 1995 Kobe earthquakes. A clipped-
LRB1 design but only the smart damper makes improvements in optimal controller was developed for the smart damper using an
structural acceleration for most ground motions. Note particularly H,/LQG primary controller and a clipping secondary controller
that the smart damper decreases base drift nearly in half forto enforce the dissipation requirement. A force saturation limit of
the strong events (Kobe, Northridge, 2.8El Centro, 15% of the building weight was imposed to allow a fair compari-
2.0x Hachinohg; LRB2 is slightly less effective for some of the  son with the LRB designs.
ground motions, but still much better than LRB1. However, peak  The conclusions from both 2DOF and 6DOF studies show that
accelerations, structure interstory drifts, and base shears tell asmart dampers can provide superior protection from a wide range
different story. LRB2 causes peak accelerations to be approxi- of ground motions, whereas the passive lead-rubber bearing de-
mately double the LRB1 design for moderate events, whereas thesigns tend to be suboptimal for events different from their design
smart damper is able to achieve good acceleration reductions.earthquake. The LRB2 design reduces base drifts compared to the
Similar reductions in interstory drifts and base shears are LRB1 design, but only at the expense of significantly larger ac-

Yaccels

Table 4. Peak Drifts(mm), Absolute Accelerationémg), and Damping Force&kN) for LRB1 with Six Degree-of-Freedom Model

Drift (mm) Acceleration(mg) Base ForcgkN)
Earthquake PGAg) Base 1st 2nd 3rd 4th 5th Base 1st 2nd 3rd 4th 5th Lead Shear
0.5X El Centro 0.1747 40.8 0.593 0.569 0.449 0.355 0.238 74.9 73.2 69.3 69.3 74.5 78.5 14.37 23.80
1.0X El Centro 0.3495 824 0.868 0.855 0.690 0.556 0.380 117.7 1125 101.1 101.7 1149 1251 14.83 33.96

1.5XEl Centro  0.5242 167.0 1334 1.277 1.006 0.793 0.533 159.7 155.7 149.3 1554 166.6 175.8 14.83 53.67
2.0XEl Centro  0.6990 3005 2075 1.965 1.531 1195 0.796 2351 239.7 239.5 2422 2533 2624 14.83 84.71

0.5X Hachinohe 0.1147 419 0.609 0.587 0464 0367 0247 775 750 699 712 770 815 14.63 24.38

1.0xHachinohe 0.2294 93.2 0901 0.890 0.723 0.586 0.402 1245 120.1 1104 105.0 120.3 1325 14.83 36.50
1.5X Hachinohe 0.3440 1679 1304 1.219 0960 0.763 0.516 1654 161.0 151.9 152.2 1595 170.0 14.83 53.84
2.0xXHachinohe 0.4587 311.2 2106 1.958 1.497 1.148 0.754 2421 2439 2452 246.0 247.1 2484 14.83 87.14

0.5xX Kobe 0.4168 132.3 1.113 1.046 0.808 0.626 0.414 127.3 128.2 1285 130.3 133.6 1365 14.83 45.65
1.0x Kobe 0.8337 265.1 1884 1.792 1.403 1.107 0.742 2322 229.8 220.5 219.9 233.1 2445 14.83 76.44
1.5X Kobe 1.2505 453.6 2919 2758 2146 1.673 1.114 347.7 348.7 343.8 340.6 355.0 366.9 14.83 120.27

0.5X Northridge  0.4214 231.8 1.654 1559 1.215 0.949 0.633 206.0 203.6 197.6 193.7 201.3 2085 14.83 68.67
1.0x Northridge  0.8428 556.4 3519 3.311 2560 1985 1.314 412.8 4108 405.1 410.7 423.2 433.1 1483 144.07
1.5XNorthridge 1.2642 1013.7 6.019 5.603 4.306 3.323 2194 7173 716.4 7102 703.1 7117 7228 14.83 250.24
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Fig. 12. Peak base drift, structural acceleration, and damper force for
the six degree-of-freedom model relative to LRB1. Filled markers
denote responses due to unscaled historical earthquakes.

celerations, structural interstory drifts, and base shears in moder-
ate earthquakes compared to the LRB1 design. This trade-off be-

tween the various responses is well recognized in the literature,

and would be expected with other passive yielding isolation sys-
tems (e.g., friction pendulum systems, metallic yielding supple-

mental dampejsas well. Such large accelerations can damage
sensitive equipment or cause damage to nonstructural compo-

nents, potentially removing the structure and its contents from
service. A smart damper, due to its adaptive nature can reduce

base drifts as well, and sometimes better, than the LRB2 system
while simultaneously reducing structural accelerations, interstory

drifts, and base shears. Thus, the adaptable nature of the smart
damper system allows a structure to be protected against extreme
earthquakes, without sacrificing performance during the more fre-

(Repiblica Argentina.
design of the San Bernardino county medical center replacement
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