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Abstract. The seismic response of multi-storied base-isolated structure to various types of isolation systems connected
using viscoelastic dampers to the adjacent dissimilar base-isolated or fixed-base structure is investigated. The multi-
storied structures are modelled as a shear type structures with lateral degree-of-freedom at each floor, which are con-
nected at different floor levels by viscoelastic dampers. The performance of this combination is studied by deriving the
governing equations of motion and solving it in the incremental form using Newmark’s step-by-step method of integra-
tion. The variation of top floor absolute acceleration of both the buildings and bearing displacement under different real
earthquake ground motions is computed to study the behaviour and effectiveness of resulting connected system. It is
concluded that connecting the two adjacent base-isolated buildings with the viscoelastic dampers is useful in controlling
large bearing displacements in the base-isolated structures thereby eliminating the isolator damages arising due to insta-
bility at these large displacements or pounding with adjacent ground structures during earthquakes. The viscoelastic
damper connection between adjacent structures is found to be most effective when the adjacent base-isolated and fixed-
base buildings are connected. Such scheme is hence useful in upgrading the seismic performance of existing fixed-base
structures adjacent to a base-isolated structure.
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viscoelastic damper.

1. Introduction

The base isolation technique is a viable option to
protect the strategically important structures such as hos-
pitals, nuclear power plants, bridges and the mounted
sensitive equipments from damages caused by earth-
quakes. The isolation systems placed underneath the struc-
ture, increase its lateral flexibility and also increases the
effective damping through the energy dissipated. The
dynamic response of a base-isolated structure, therefore,
is considerably reduced when compared to its counter-
part, the fixed-base structure, as documented in the lit-
erature available on base isolation [1-3]. In seismic iso-
lation, the fundamental frequency is lowered and kept
away from the predominant frequency range of the most
earthquake ground motions. Although, with the decreas-
ing frequency, floor accelerations are reduced helping to
limit the structure damages, the increased displacement
at isolation level calls upon the necessity of maintaining
adequate separation gap distance (moat) to accommodate
the large bearing displacement. The separation gap re-
quirement in case of base-isolated structure is therefore
more than that of the fixed-base structure.

In modern cities, however, due to a high value of
land space, limited availability of land and preference to

centralised services, there is a tendency to construct the
buildings in close proximity without maintaining proper
separation gaps. During an earthquake event, these build-
ings vibrate rigorously and may become a cause for se-
vere damage because of mutual pounding. The 1985
Mexico City and 1989 Loma Prieta earthquakes are the
typical examples of the large-scale damage caused by
structural pounding. In view of this, the building codes
made stringent requirements for base-isolated structures,
specifying accommodation of larger bearing displace-
ments during maximum capable earthquakes and the need
for supplemental damping devices. In overcoming this
dilemma, the present study of this paper suggests the use
of viscoelastic damper connections between the adjacent
buildings.

The papers reported by Housner et al [4] and Soong
and Spencer [5] provide a detailed review of earlier and
recent studies made on structural control and supplemen-
tal energy dissipation devices and its applications to the
seismic protection. To avoid pounding damages the con-
cept of linking adjacent fixed-base buildings is introduced
and verified analytically and experimentally by number
of researchers [6—13]. However, mitigation of pounding
and/or impact damages in case of base-isolated and ad-
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jacent structures through incorporation of damper link-
ages between them is untried yet. Therefore, it would be
interesting to investigate the effectiveness of connecting
the base-isolated building with the adjacent building as
an alternative for the protection against possible destruc-
tion due to pounding because of an inadequate separa-
tion gap provided between the two and improving seis-
mic performance of the existing fixed-base buildings.

This paper investigates the advantages of connect-
ing the base-isolated building to the adjacent base-iso-
lated or fixed-base building using viscoelastic dampers.
The main objectives of this study are to investigate the
dynamic characteristics of base-isolated building con-
nected to the adjacent base-isolated or fixed-base build-
ing by discrete linear viscoelastic dampers and propose
this scheme for seismic retrofit of existing earthquake-
prone fixed-base structures.

2. Modelling of adjacent structures

Fig 1 shows the two structural models under con-
sideration depicting multi-degree-of-freedom shear mod-
els with rigid floors. Fig 1(a) shows the /-story base-
isolated building connected through viscoelastic damp-
ers at different floors to the adjacent m-story base-iso-
lated building. In Fig 1(b), a similar viscoelastic damper
connected system with the /-story base-isolated building
mounted on various isolation systems connected to the
adjacent m-story fixed-base building is shown, along with
the schematic of a typical viscoelastic damper. The
masses in these models are assumed to be lumped at
each floor level and the stiffness is provided by axially
inextensible mass-less columns. Both the adjacent con-
nected buildings are assumed to behave linearly elastic
and receive the same earthquake ground motion in hori-
zontally. The soil-structure interaction effects are not
taken into consideration. For both buildings, the mass at
all floor levels is kept constant while the stiffness is
varied to achieve the desired fundamental time periods
as fixed-base condition. These adjacent buildings are
connected at different floor levels by linear viscoelastic
dampers to serve as energy dissipation mechanism.

2.1. Damping devices

Energy dissipation devices are of different types and
may be categorised depending on the type of material
used to transform energy such as: viscous, viscoelastic,
friction, metallic yielding and magnetic dampers. In vis-
cous and viscoelastic dampers, the viscous/viscoelastic
material, in the form of either liquid (silicone or oil) or
solid (special rubbers or acrylics), is provided. Friction
devices contain interface materials, such as steel-to-steel,
copper with graphite-to-steel, or brake pad-to-steel. Me-
tallic yielding devices most commonly use mild steel
plates in different shapes and materials such as lead,
shape memory alloys etc. The magnetic damper func-

tions on the principle of magnetism of fluid particles as
seen in the magnetorheological dampers. In the present
study, the viscoelastic dampers are investigated for their
usefulness in seismic response mitigation when used as
connecting linkages between the two adjacent structures.

2.2. Viscoelastic damper

The viscoelastic solid materials are used as a means
to dissipate energy in viscoelastic dampers [14, 15]. The
viscoelastic materials generally used are copolymers or
glassy substances. The energy is dissipated through shear
deformation of the viscoelastic layers. Its behaviour de-
pends upon vibration frequency, strain levels and tem-
perature. However, the overall behaviour of viscoelastic
dampers can be represented by using a spring-dashpot
element acting in parallel. The typical viscoelastic damper
consists of viscoelastic layers bonded with steel plates
or solid thermoplastic rubber sheets sandwiched between
steel plates; refer Fig 1(b). While in active state, the rela-
tive motion between central and outer plates gives rise
to shear deformations in the viscoelastic fluid between
these interfaces and consequently the energy is dissipated
leading to seismic response mitigation.

2.3. Damping force

The force generated in the viscoelastic damper com-
prises of two components: elastic force and damping
force. The elastic force is proportional to the relative
displacement between the connected floors, whereas the
damping force is essentially proportional to the relative
velocity of the piston head with respect to the damper
casing. Hence, the damper force can be expressed as

T L. 1T
{Fd} = [Kd]{ub,ul,uz,...,ul} + [Cd]{ub,ul,uz,...,ul} s
(1)

where {ub,ul,uz,...,ul}= {Xb 15X 15X2 15000 X] 1}—

{xb 25X 25X 25005 X 2} and {ﬂb,ﬂl,uz,...,ﬂl} are the
vectors of relative displacement and velocity between the
damper connected floors of the adjacent buildings and
the over-dot denotes the derivative with respect to time.
The {.Xb 15X 15X2 1505 %] 1} and {Xb 25X 25X 250005 X] 2}
are the displacement vectors for the adjacent building

floors. Here, the stiffness elements of dampers placed
along the height of the adjacent structures is

[Kd]=diag[kdb’kdl’de""’kdl]! (2)

where kqy.kq1,kq25-----kq; are the damper-stiffness co-
efficients at the different floor levels. In addition, the
damper-damping matrix for the array of dampers placed
along the height of the adjacent structures is expressed as

[Cd]=diag[cdb,cdl,cd2,...,cdl], (3)

where c¢gp,€41,¢425----¢q; are the damper-damping
coefficients at different floor levels.
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The total external damper-stiffness and external
damping added in the form of connection linkages be-
tween two adjacent buildings and are expressed respec-
tively as a non-dimensional parameters

kap+ 2. kq i
L L A NN
2
meEMi
Cdb+ECdj . .
Ng=————=  (=1,2and j=1,1), (%)
ZéemeEMi

where M; = (mbi + Eljirlmm

Jl) is the total mass of the
base-isolated building; m;; is the mass of j floor of i
building; . is the equivalent isolation frequency con-
sidered as T rad/sec; &, is the equivalent viscous damp-
ing ratio taken as 10 %. This implies that the total exter-
nal damper-damping and damper-stiffness is expressed
in proportion with properties of an equivalent linear vis-
cous rubber isolation system having damping ratio of
10 % and isolation time period of 2 sec.

3. Governing equations of motion

For the systems under consideration, the governing
equations of motion are obtained by considering equilib-
rium of forces at the location of each degree-of-freedom
during seismic excitations. Two individual cases of gov-
erning equations of motion for such systems under earth-
quake excitation are given below.

3.1. Unconnected building systems

When the adjacent buildings are not connected with
any link, they act independently and, for such uncon-
nected base-isolated buildings, the following two sets of
governing equations of motion can be obtained, which
are of order / and m, the degrees-of-freedom for adja-
cent base-isolated Buildings 1 and 2, respectively under
earthquake excitation

[M 108} +1C )+ LK o b+ {Fy = =M 1) () »
(6)

[M]{5 ) +[Co1{xp  + [Ko 1o )+ {Fy o =~ (M 1 } (g

(7
where [M]=diag [m;myy ....my ],
[M,]=diag [my,my5,...,m,, 2] are the mass matrices,
[Ci], [Cy] are the damping matrices, [K;] and [K5]
are the stiffness matrices; {r;}, {r»} are the vectors of
influence  coefficients;  {x}= {xll,le,...,xll}T >
{X2}={X12,X22,...,Xm2}T7 {xl} 5 {).62}, {xl} and {)Cz}
are the unknown floor displacement, velocity and accel-
eration vectors for two adjacent Buildings 1 and 2, re-
spectively; X, is the earthquake ground acceleration.
Here, the second subscripts, i = 1 and 2 denotes the quan-
tities pertaining to the connected Buildings 1 and 2 ad-
jacent to each other, respectively. {F,,} and {F,,} are

the isolation layer forces for three different types of iso-
lation systems used in the present study namely, high-
damping rubber bearings (HDRB), lead-rubber bearings
(LRB) and friction pendulum systems (FPS), placed un-
der the base-isolated buildings. For a fixed-base build-
ing, the corresponding isolation force {F,;}=0 in the
above governing equations of motion with appropriate
modifications in the mass, stiffness and damping matri-
ces.

3.2. Connected building system

Owing to the introduction of viscoelastic dampers
as connecting links at superstructure of the two adjacent
buildings, it converts to a connected isolated system with
(1+m ) lateral degrees-of-freedom. The governing equi-
librium equations of order (/+ m ) for such a connected
system can be obtained from eqs (1), (6) and (7) as

[M1{Z)+[CIH{A + K Hx}+{F}=—[M]1{r} (%), (8)

T .
where {x}={x1, X1, X1, X2, %22, X2}, {¥} and
{x} are the unknown floor displacement, velocity and
acceleration vectors for the adjacent connected Build-
ings 1 and 2, respectively; {r}={{r1},{r2}}T. In eq (8)
the mass matrix, [M] for the combined system is ob-

tained by
M] [0]
M= , 9
M [[02] [M]2:| ®

where [M;] and [M,] are the individual diagonal mass
matrices for the adjacent Buildings 1 and 2, respectively;
[0;] and [O,] are the null matrices of order (IXm)
and (mXx1), respectively. The stiffness matrix for the
connected system is expressed as

[Kq]l -[Kq] [0s]
(K] [0] d d 3
[K]= +|-[K4] (K4l [041],  (10)
[0,] [K,]
[0s]  [0g] [04]

where [K;] and [K,] are the stiffness matrices for the
adjacent Buildings 1 and 2, respectively; and [K4] is as
explained in eq (2). The null matrices [Oz] and [O4]
are of order (I xm—1). The null matrices [O5] and [Og]
are of order (m—1I[x1[). And the null matrix [O7] is of
order (m—Ixm—1). The damping matrix for the con-
nected system is expressed as

cyl -ICy1 [0
a1 1o] | ‘b TlCl 1O
€1= 0 ey [# 1€l t€al 10, an)
2 2 [0s]  [0g] [04]

where [Cy] and [C,] are the damping matrices for the
adjacent Buildings 1 and 2, respectively; and [Cq] is as
explained in eq (3). The bearing force vector for the com-

bined system is
{F}={{Fbl}}. (12)
{Fy2}
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The isolation layer forces {F,;} and {F,,} for
three different types of isolation systems used in the
present study such as high-damping rubber bearings, lead-
rubber bearings and friction pendulum systems under the
adjacent buildings are derived as follows.

3.3. High-damping rubber bearing

The high-damping rubber bearing (HDRB) represents
the commonly used elastomeric bearings. The basic com-
ponents of HDRB are steel and rubber plates built in the
alternate layers [16, 17]. The dominant feature of HDRB
is the parallel action of linear spring and damping as
shown schematically in Fig 2(a). The HDRB exhibits
high-damping capacity, horizontal flexibility and high
vertical stiffness. The damping constant of the system
varies considerably with the strain level of the bearing
(generally of the order of 10 %). The system operates
by decoupling the structure from the horizontal compo-
nents of earthquake ground motion by interposing a layer
of low horizontal stiffness between the structure and its
foundation. The isolation effects in this type of system

Rubber

are produced not by absorbing the earthquake energy,
but by deflecting through the system dynamics. Usually,
there is a large difference in the damping of structure
and the isolation device, which makes the system non-
classically damped. The restoring force £, developed in
the HDRB is given by

Fbi=cbixbi+kbixbi (i=1,2)s (13)

where cy,; and ky; are damping and stiffness of HDRB,
respectively.

The stiffness and damping of the HDRB are selected
to provide the specific values of the two parameters
characterising the system namely the isolation time pe-
riod (7y;) and damping ratio (&, ;) defined as

M

Tp;=2m |—  (i=1,2), (14)
ky
Cbi .
i=—2l (i=1,2), 15
Ebi M, o, ( ) (15)

where oy,; =2n/T}; is the isolation frequency.

Xpi

(a) HDRB

Lead —f——]

| I HH

=]

HH HHE

Xbi

(b) LRB

Xbi

(c) FPS

Fig 2. Schematic models of isolation systems (a) HDRB; (b) LRB; and (c) FPS
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3.4. Lead-rubber bearing

The second category of elastomeric bearings is lead-
rubber bearings [18], as shown schematically in Fig 2(b).
This system provides the combined features of vertical
load support, horizontal flexibility, restoring force and
damping in a single unit. These bearings are similar to
the HDRB but a central lead core is used to provide an
additional means of energy dissipation. The energy ab-
sorbing capacity by the lead-core reduces the lateral dis-
placements of the isolator. The force-deformation
behaviour of the LRB is generally represented by non-
linear characteristics following a hysteretic nature. For
the present study, Wen’s model [19] is used to
characterise the hysteretic behaviour of the LRB. The
restoring force developed in these isolation systems is
given by

Fbi=Cbi55bi+“ikixbi+(1_“i)Fini i=1,2), (16)

where Fy; is the yield strength of the bearing; a; — an
index which represents the ratio of post-to pre-yielding
stiffness; k; — the initial stiffness of the bearing; c; —
the viscous damping of the bearing; and Z; is the non-
dimensional hysteretic displacement component satisfy-
ing the following non-linear first order differential equa-
tion expressed as

dz,

4= Aty +Bl il Zi] 2 [ =il Zi 1

(i=1,2),
(17

where ¢; is the isolator yield displacement; dimension-
less parameters A, B, t and n are selected such that the
predicted response from the model closely matches the
experimentally obtained results. The parameter n is an
integer constant, which controls smoothness of the tran-
sition from elastic to plastic response.

The LRB is characterised by the isolation period
(T;;), damping ratio (& ; ) and normalized yield strength,
O ie Q= FyilW, (where W; =M;g is the total weight
of the building; and g is the acceleration due to gravity).
The bearing parameters Ty,; and &, ; are computed from
eqs (14) and (15) respectively, using the post-yield stiff-
ness of the bearing. Other parameters of the LRB are
held constant with ¢;=2,5cm, 4A=1, f=1=0,5and n =2.

3.5. Friction pendulum system

One of the most popular and effective techniques
for seismic isolation is the use of sliding isolation de-
vices. The sliding systems exhibit an excellent perfor-
mance under a variety of severe earthquake loading and
are very effective in reducing large levels of the super-
structure acceleration. These isolators are characterised
by insensitivity to the frequency content of earthquake
excitation, because of the tendency of a sliding system
to reduce and spread the earthquake energy over a wide
range of frequencies. Another advantage of sliding iso-
lation systems over conventional rubber bearings is the

development of the frictional force at the base; it is pro-
portional to the mass of the structure, and the centre of
mass and centre of resistance of the sliding support co-
incides. Consequently, the torsional effects produced by
the asymmetric building are diminished. The concept of
sliding bearings is combined with the concept of a pen-
dulum type response, resulting in a conceptually inter-
esting seismic isolation system known as a friction pendu-
lum system (FPS) [20] as shown schematically in Fig 2(c).
In FPS, the isolation is achieved by means of an articu-
lated slide on spherical, concave chrome surface. The
slide is faced with a bearing material which, when in
contact with the polished chrome surface, results in fric-
tion force, while concave surface produces restoring
force. The resisting force provided by the FPS is

(i=12), (18)

where ky,; is the bearing stiffness provided by virtue of in-
ward gravity action at the concave surface; Fy; is the fric-
tional force at slide and polished chrome surface junction.
The system is characterised by a isolation time pe-
riod (7} ;) that depends upon radius of curvature of con-
cave surface and friction coefficient (; ). The isolation
stiffness ky; is adjusted and the specified value of the
isolation time period evaluated by the eq (14) is achieved.

Fyi = kpixpi + Fxi

4. Solution of equations of motion

Classical modal superposition technique cannot be
employed in the solution of equations because the sys-
tem is non-classically damped due to difference in damp-
ing in the isolation system as compared to the damping
in the superstructure of a base-isolated building as well
as the damper-links. Therefore, for different earthquakes,
the equations of motion are solved numerically using
Newmark’s method of step-by-step integration; adopting
linear variation of acceleration over a small time inter-
val of At. The time interval for solving the equations of
motion is taken as 0,02/20 sec (ie At = 0,001 sec). At
each time instant, the responses, namely the accelera-
tions and displacements are obtained at each floor level
of the two adjacent buildings.

5. Numerical study

The seismic response of two adjacent multi-storied
buildings, connected using viscoelastic dampers, either
both or one of them supported on isolation devices is
investigated here. The multi-degree-of-freedom shear
models of the adjacent buildings are used, with linear
viscoelastic damping devices at different floor levels. The
earthquake motions selected for this study are (i) NOOE
component of 1989 Loma Prieta earthquake (18 Oct
1989) recorded at Los Gatos Presentation Centre; (ii)
NO90S component of 1994 Northridge earthquake (17 Jan
1994) recorded at Sylmar Converter station; and (iii)
NOOS component of 1995 Kobe earthquake (17 Jan 1995)
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recorded at JMA. The peak ground acceleration (PGA)
of Loma Prieta, Northridge and Kobe earthquake mo-
tions are 0,56 g, 0,59 g and 0,82 g, respectively.

5.1. Two viscoelastic damper connected to adjacent
base-isolated buildings

The time histories of top floor acceleration, bearing
displacement and damper displacement for 3 and 5-sto-
ried adjacent base-isolated buildings using HDRB
(T =2sec and Ep1=0,1) and LRB (T, =3sec,
Ep2 =005, g2 =25cm and Q, =0,05) respectively,
for unconnected and connected cases under 1989 Loma
Prieta earthquake are plotted in Fig 3. The associated
response with the non-isolated response of the buildings
for the purpose of comparison is also shown. The total
external normalised stiffness of x4 =1 and total exter-
nal normalised damping of ng =2 is chosen with damper
connections provided at all the floors having equal val-
ues of stiffness and damping coefficients. The values of
kq and mgq equal to 1 and 2 indicate respectively that
the damper-stiffness is equal to that provided by the typi-
cal rubber bearing, and damping is double. It is observed
that the bearing displacement in the base-isolated Build-
ing 1, (xp,1) and the adjacent base-isolated Building 2,
(xpo ) has decreased largely when connected by vis-
coelastic dampers. The top floor acceleration in isolated
Building 1, (X;;) with HDRB decreased substantially,
and Building 2, ( X,,,) with LRB are increased margin-
ally when these two buildings are connected together.
Similarly, response time histories for 3 and 5-storied ad-
jacent base-isolated buildings using LRB (7}, =2sec,
£p1 =005, ¢ =25cm and @ =0,05) and FPS
(Ty, =3sec and p, =0,05), respectively for different
cases under Loma Prieta, 1989 earthquake are plotted in
Fig 4. The trend of results obtained here also shows the
seismic response reduction, particularly in reducing the
excessive displacements at isolation level associated with
insignificant increase of superstructure acceleration in
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Building 2. Additionally, it is seen in both the above
cases that the isolation effectiveness is decreased to some
extent because of damper linkages, as evident in the in-
creased number of vibration cycles of the acceleration
time history. It is concluded from the above observa-
tions that the connection of the adjacent base-isolated
buildings with viscoelastic dampers leads to substantial
reduction in seismic response or marginal increase in it
during earthquake motion. However, the crucial advan-
tage obtained through these linkages is in avoiding the
pounding damages at the floors, especially at base mass.
The reduction in peak bearing displacement prevents the
isolator damages arising due to instability at large dis-
placements or pounding with adjacent ground structures
during earthquakes.

Table 1 shows the peak response of unconnected
and connected adjacent base-isolated buildings for k4 =1
and ng =2 distributed equally amongst all the dampers.
For the purpose of demonstration, a 3-storied base-iso-
lated Building 1 mounted on different isolators is con-
sidered adjacent to the other 5-storied base-isolated Build-
ing 2 isolated using different isolators, with the isolation
parameters same as mentioned earlier. Note that the iso-
lation time periods of the adjacent Building 1,
Ty,1 =2sec and Building 2, T, =3sec are taken. Per-
formance of these two buildings is observed during the
cases such as (a) non-isolated, (b) isolated-unconnected
and (c) isolated-connected at all floors using viscoelastic
dampers with equal distribution of total external damp-
ing amongst all the dampers. When viscoelastic damper
links are introduced, generally the bearing displacement
in both the base-isolated Buildings 1 and 2 decreases
compared to the unconnected case. The effect of damper
linkages is found more on the bearing displacement as
compared to that on the top floor acceleration. The top
floor acceleration in these adjacent buildings decreases,
while in few cases it may be found to increase margin-
ally for the selected externally added stiffness and damp-
ing. For this reason, it is to be noted that the selection

Table 1. Peak response of unconnected and viscoelastic damper connected adjacent base-isolated buildings (kg =1, ng=2)

Observation Quantity Loma Prieta, 1989 Northridge, 1994 Kobe, 1995
Isolation system Bearing Top floor Bearing Top floor Bearing Top floor
3-story Building 1 displacement | acceleration | displacement | acceleration | displacement | acceleration
5-story Building 2 (cm) (2) (cm) (o) (cm) (o)
3-story HDRB 53,38 0,550 34,34 0,362 31,90 0,348
Unconnected 3-story LRB 53,08 0,565 29,93 0,333 34,89 0,393
5-story LRB 60,56 0,380 37,47 0,255 28,95 0,252
5-story FPS 63,88 0,436 30,39 0,426 25,30 0,464
Building 1 HDRB 47,00 0,333 3741 0,263 26,50 0,202
Building 2 LRB 53,57 0,425 42,39 0,351 29,49 0,241
Connected Building 1 HDRB 46,05 0,330 35,43 0,242 24,50 0,193
Building 2 FPS 52,95 0,443 40,21 0,374 27,07 0,346
Building 1 LRB 46,95 0,325 34,96 0,254 23,34 0,195
Building 2 FPS 53,75 0,443 39,97 0,401 26,25 0,329
. 3-story Building 2,393 1,843 2,076
Non-isolated — - - -
S-story Building 2,710 1,965 3,558
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Fig 3. Time history for top floor acceleration and bearing displacement for 3 and 5-storied adjacent base-isolated buildings
using HDRB and LRB, respectively under Loma Prieta, 1989 earthquake
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of proper values of damper-stiffness, damper-damping
and distribution pattern along the height of the connected
system is highly essential to obtain the maximum seis-
mic response reduction. In few cases, the individual bear-
ing displacement values may increase with the introduc-
tion of damper connections, especially for stiffer build-
ings, however the peak displacement of the combined
system (ie x| + X, o ) reduces considerably as compared
to the sum of bearing displacements of these two adja-
cent base-isolated buildings in the unconnected case. This
reduction in peak bearing displacement helps in reduced
chances of the isolated building system to collide upon
the ground structures on either side of the buildings such
as retaining walls, entrance ramps etc. In no case, how-
ever, the top floor acceleration in the isolated building
is found to increase than that in case of the correspond-
ing non-isolated Building 1 (7 =0,3sec and &g =0,02)
and Building 2 (7 =0,5sec and &g =0,02).

5.2. Viscoelastic damper connected to adjacent base-
isolated and fixed-base buildings

The time histories of top floor acceleration and bear-
ing displacement for 4-storied base-isolated building sup-
ported on HDRB (7;,; =2sec and &, =0,1) adjacent
to a 6-story fixed-base building (7, =0,6sec and
&s2 =0,02) excited by the Loma Prieta, 1989 earthquake,
unconnected and connected by viscoelastic dampers are
plotted in Fig 5. The connecting links are provided at all
the corresponding adjacent floors of fixed-base and iso-
lated building with x4 =0,8 and ng =15 distributed
equally amongst all the dampers. It is observed that there
is a substantial reduction in the bearing displacement of
the base-isolated building and the top floor acceleration
in the fixed-base building. The top floor acceleration of
the base-isolated building increased marginally, however
those are still far less than its non-isolated counterpart.
Comparison between Figs 3, 4 and 5 reveal that the ef-
fectiveness of viscoelastic damper links to connect the
adjacent buildings is more when the adjacent structures

V. A. Matsagar, R. S. Jangid / JOURNAL OF CIVIL ENGINEERING AND MANAGEMENT — 2005, Vol XI, No 4, 309-322

are base-isolated and fixed-base buildings. It is the most
advantageous, because the seismically under-designed
conventional structures of vital strategic importance can
be seismically retrofitted through such damper connec-
tion scheme without any other strengthening measures
required to the original structure, provided the adjacent
structure is base-isolated.

Similar observations of reduction in seismic response
can be made from Table 2 when base-isolated building
and adjacent fixed-base building are connected by vis-
coelastic dampers. Here the peak values of seismic re-
sponse is shown for 4-storied base-isolated building
mounted on different isolation systems adjacent to 6-story
fixed-base building excited by different earthquakes, un-
connected and connected using viscoelastic dampers.
Note, that the time periods of the adjacent Building 1,
Ty;=2sec and Building 2, T,, =0,6sec are taken
while keeping rest of the isolation properties similar as
before. The connecting links are provided at all the cor-
responding adjacent floors of fixed-base and isolated
building with x4 =0,8 and ng =15 distributed equally
amongst all the dampers. Similar trend of seismic re-
sponse reduction is observed with incorporation of
damper linkages; in particular, the response reduction in
original fixed-base structure is seen substantial. Never-
theless, from the comparison of Table 1 and 2 it can be
concluded that the effectiveness of use of damper con-
nections for adjacent base-isolated and fixed-base build-
ing is more than the two connected adjacent base-iso-
lated buildings.

5.3. Effect of stiffness of viscoelastic damper

As it is seen in the time history of acceleration of
connected systems, the number of cycles of vibration
increases when dampers are introduced. It is essential to
study the effect of stiffness of viscoelastic dampers on
the seismic response. Fig 6 shows a comparison of cor-
responding FFT amplitude spectra of the top floor ac-
celeration for three different cases under Loma Prieta,

Table 2. Peak response of unconnected and viscoelastic damper connected adjacent base-isolated and fixed-base buildings

(Kd=0787 nd=175)

Observation Quantity Loma Prieta, 1989 Northridge, 1994 Kobe, 1995
Isolation system Bearing Top floor Bearing Top floor Bearing Top floor
4-story Building 1 displacement | acceleration | displacement | acceleration | displacement | acceleration
6-story Building 2 (cm) (2 (cm) (2 (cm) (2
4-story HDRB 53,27 0,560 34,54 0,362 31,34 0,358
Unconnected | 4-story LRB 52,97 0,569 30,07 0,339 34,32 0,404
4-story FPS 52,05 0,641 31,94 0,482 30,60 0,416
Building 1 HDRB 18,82 0,689 16,36 0,594 23,33 0,830
Building 2 Fixed - 1,585 - 1,410 - 1,520
Connected Building 1 LRB 19,34 0,742 1,405 0,631 24,65 0,935
Building 2 Fixed — 1,571 - 16,58 — 1,524
Building 1 FPS 18,82 0,791 17,03 0,636 25,23 1,061
Building 2 Fixed — 1,640 - 1,480 — 1,498
. 4-story Building 2,033 1,648 3,524
Non-isolated 7" ory Building B 2,982 - 1,824 B 2,562
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Fig 5. Time history for top floor acceleration and bearing displacement for 4-storied base-isolated building using HDRB and

6-storied fixed-base adjacent buildings under Loma Prieta, 1989 earthquake
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1989 earthquake ground motion (refer to Figs 3 to 5 for
a corresponding time history of top floor acceleration).
These results show that due to increase in stiffness of
viscoelastic dampers the FFT amplitudes of top floor ac-
celeration increases and it confirms the reduction in iso-
lation effectiveness. There is an increase in the ampli-
tude of FFT amplitudes associated with a high-frequency
content. The acceleration increase associated with high
frequency content can be detrimental to high-frequency
equipment installed in a building. However, in case of
the fixed-base building retrofitted through viscoelastic
damper connections with increased stiffness values tends
to reduce the FFT amplitudes, thereby enhancing the
effectiveness of such damper linkages.

6. Conclusions

The seismic response of adjacent buildings con-
nected with viscoelastic dampers is investigated, when
both or one of the buildings is base-isolated. From the
trend of the results of present study the following major
conclusions can be drawn.

1. Significant reduction in the peak displacement
is achieved by introducing viscoelastic damper connec-
tions at the floor levels of adjacent base-isolated build-
ings, helpful in avoiding the pounding consequences.
Superstructure acceleration may increase marginally in
few cases due to the introduction of dampers as connec-
tors; nevertheless, it remains to a great extent lower than
that in the corresponding non-isolated system.

2. The effectiveness of viscoelastic dampers as
connecting linkages is found to be more significant in
case of connected base-isolated and fixed-base buildings
as compared to the two adjacent connected base-isolated
buildings. This is advantageous in the retrofitting works
of existing under-designed fixed-base structures.

3. Increase in the stiffness of viscoelastic damper
leads to excitation of higher modes of vibration, which
can be detrimental to the high-frequency equipment
mounted on these structures.
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SEISMINEI IZOLIACIJAI SKIRTAS SU GRETIMU STATINIU SUJUNGTAS KLAMPIAI TAMPRUS
SLOPINTUVAS

V. A. Matsagar, R. S. Jangid
Santrauka

Tyriné¢jamas daugiaauks¢iy statiniy su jvairiomis izoliavimo sistemomis ir klampiai tampriais slopintuvais, sujungtais su
kitais analogiSkais statiniais, seisminis atsakas. Daugiaauks¢iai pastatai modeliuoti Slyties tipo konstrukcijomis su skersiniais
laisvés laipsniais kiekvienam auksStui. Aukstai sujungti skirtinguose lygiuose klampiai tampriais slopintuvais. Tokios
sistemos laikysena tyrinéta sudarant pagrindines judéjimo lygtis ir jas sprendziant zingsnis po zingsnio taikant tiesioginio
integravimo-Niumarko metoda. Apskai¢iuota abiejuy struktiiry virSutinio auksto absoliuciojo pagrei¢io ir atramos poslinkio
variacija tam, kad biity nustatyta sujungtos sistemos laikysena ir jos efektyvumas. Nustatyta, kad naudinga jungti gretimus
izoliuotus pastatus klampiai tampriais slopintuvais siekiant mazinti didelius atramy poslinkius ir kartu i§vengti izoliatoriy
pazeidimy dél zemés drebéjimy. Nustatyta, kad jungtis taikant klampiai tamprius slopintuvus yra pati efektyviausia, kai
gretimi pastatai yra su izoliuotomis bei fiksuotomis atramomis. Todé¢l Sis biidas naudingas gerinant fiksuoty atramy
pastaty seisminj atsparuma, kai jie yra Salia pastaty su izoliuotomis atramomis.

RaktaZodZiai: gretimi pastatai, Zzemeés dreb¢jimas, elastomeriné atrama, seisminis pagrindo izoliavimas, slankioji sistema,
renovacija, klampiai tamprus slopintuvas.
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