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ABSTRACT: This article presents a novel semiactive independently variable stiffness
(SAIVS) device, proposed for seismic response control of sliding base-isolated bridges. As a
first step, force–displacement characteristics of the new SAIVS device are analytically and
experimentally studied. It is demonstrated that the SAIVS device is capable of varying the
stiffness, continuously and smoothly between minimum and maximum stiffnesses. This device
is then incorporated into the sliding isolation system. In bridges, sliding isolation systems
reduce pier drifts, but with increased bearing displacements. Such increased bearing
displacements can be problematic under near-fault, large-velocity pulse-type earthquakes.
To reduce bearing displacements, passive dampers are often incorporated into the isolation
system. However, passive systems may result in increased pier drifts and isolation level forces.
Semiactive variable stiffness systems, which can vary the period of the sliding isolated bridge
in real-time, may reduce the bearing displacements and isolation level forces further than
the passive systems; and hence, deserve investigation. In this study, the performance of a
1 : 20-scaled sliding base-isolated bridge model equipped with the new SAIVS device is
analytically and experimentally studied under several near-fault earthquakes. A new control
algorithm for the control of the SAIVS device is developed and implemented in shake table
tests. It is shown that the semiactive SAIVS device reduces bearing displacements further than
the passive cases, while maintaining isolation level forces at the same level as in the minimum
stiffness case.
Key Words: base isolation, sliding isolation systems, variable stiffness, semiactive control,
near-fault earthquakes.

INTRODUCTION
N buildings and bridges, sliding base-isolation systems
provide an attractive option for reducing seismic
response under near-fault earthquakes (Kelly, 1997).
They, when used in bridges, reduce pier drifts and
isolation level forces, but at the expense of increased
isolation level displacements. Such increased bearing
displacements can be problematic during near-fault,
large-velocity pulse-type earthquakes (Nagarajaiah et al.,
1993; Shen et al., 2004). Although base-isolated bridges
are susceptible to near-fault earthquakes, their performance can be improved by incorporating supplemental
passive fluid dampers into the isolation system, thus
reducing bearing displacements. Providing such supple-
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mental passive dampers can certainly reduce bearing
displacements, but it may result in increased pier drifts
and isolation level forces (Makris and Zhang, 2004).
Semiactive variable stiffness systems can vary the period
of the isolation system appropriately in real-time to
reduce bearing displacements and forces further than
the passive systems; and hence, deserve investigation.
Base-isolation systems which utilize passive and/or
semiactive controllable systems are commonly known
as ‘smart’ or ‘intelligent’ base-isolation systems.
A number of different semiactive devices are proposed
in the literature (Spencer and Nagarajaiah, 2003).
Nagarajaiah (1994) studied applications of semiactive
dampers in base isolated structures. Kawashima and
Unjoh (1994) experimentally studied base-isolated
bridges equipped with elastomeric bearings and controllable fluid dampers and showed their effectiveness in
reducing the seismic response. Tsopelas et al. (1994)
studied FPS sliding base-isolation systems equipped
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with passive fluid dampers and showed their effectiveness. Yang et al. (1995) and Symans and Kelly (1999)
have analytically investigated base-isolated bridges with
elastomeric bearings and controllable fluid dampers,
and showed their effectiveness in reducing seismic
response. Jung et al. (2004) analytically studied the
seismic performance of elastomerically base-isolated
cable-stayed bridges equipped with semiactive magnetorheological (MR) fluid dampers (Carlson and Chrzan,
1994; Spencer et al., 1997), and showed their effectiveness. Agrawal et al. (2003) analytically studied applications of semiactive dampers in cable-stayed bridges and
showed their effectiveness. Effectiveness of semiactive
electrorheological (ER) dampers in elastomeric baseisolated structures has been studied by Makris (1997)
and Gavin (2001), and shown to be effective in reducing
seismic response. Sahasrabudhe and Nagarajaiah
(2005a,b) studied effectiveness of magnetorheological
(MR) dampers in sliding base isolated buildings and
bridges and showed its effectiveness in reducing seismic
response.
Kobori et al. (1993) have developed an active variable
stiffness (AVS) system for seismic response control.
In the AVS system, building stiffness is varied by engaging and disengaging the braces in each story of the
structural framing system. The AVS system has been
implemented in a full-scale structure in Tokyo, Japan.
Nasu et al. (2001) have analytically investigated the
performance of the AVS system. Their analytical study
showed that by varying the stiffness intelligently, a
nonresonant state can be achieved during an earthquake
event, which results in reduced seismic response. One of
the main limitations of the AVS system is the on–off
switching of stiffness, which induces sudden changes
in stiffness and corresponding changes in response.
Resettable stiffness devices developed by Jabbari and
Bobrow (2002) and Yang et al. (2000) are also of
the on–off type. To overcome this limitation, a new
semiactive, independently variable stiffness (SAIVS)
device has been developed (Nagarajaiah and Mate,
1998). This device is capable of switching the stiffness
continuously and smoothly. Nagarajaiah and Mate
(1998) have shown the effectiveness of the small-scale
SAIVS device in reducing both the displacement and
the acceleration response, by switching the stiffness
smoothly, due to nonresonant behavior. The objective
of this study is to evaluate the effectiveness of variable
stiffness systems in reducing seismic response of sliding
base-isolated bridges under near-fault earthquakes.
Moreover, there are no studies to date that evaluate
variable stiffness systems in sliding base-isolated
bridges. Narasimhan and Nagarajaiah (2005)
analytically studied the effectiveness of the SAIVS
device in reducing the seismic response of elastomeric
base isolated buildings, and showed its effectiveness in
reducing seismic response.

AND

S. NAGARAJAIAH

In this article, an analytical and experimental study of
a 1 : 20-scaled base-isolated steel bridge model consisting
of TeflonÕ –stainless steel sliding bearings and a mediumscale variable stiffness SAIVS device is presented. As
a first step, force–displacement characteristics of the
medium-scale SAIVS device are investigated analytically
and experimentally. It is shown that the SAIVS device
is capable of varying the stiffness continuously and
smoothly between the minimum stiffness and maximum
stiffness. The SAIVS device is then incorporated into
the sliding base-isolation system. An analytical model
of the bridge, with due consideration given to the
nonlinearities of sliding bearings and SAIVS device,
is developed. Using the analytical model developed,
responses under a variety of near-fault earthquakes are
computed. The analytical results are compared with
the shake table test results (Sahasrabudhe, 2002). A new
nonlinear control algorithm for the control of the
SAIVS device and the bridge model is developed
and implemented in shaking table tests. Responses
of the passive cases are compared with that of the
semiactive case. It is shown that the SAIVS device in
semiactive controlled mode reduces isolation level
displacements further than the passive maximum and
minimum stiffness cases; while maintaining isolation
level forces at the same level as in the case of the
minimum stiffness case.

SEMIACTIVE INDEPENDENTLY VARIABLE
STIFFNESS (SAIVS) DEVICE
The medium-scale SAIVS device is shown in Figure 1.
The device consists of four sets of 15.24-cm-long
springs and frictional elements arranged in a rhombus
configuration as shown in Figure 1(a). Each of the
four springs, connected to Joints 1–4, is located at
an angle  to the horizontal. An electromechanical
actuator controlled with a computer is connected to
Joint 1.
Joint 1 is fixed in the X-direction and can be placed
at any desired position in the Y-direction by a linear
electromechanical actuator and controller. Joint 2 is free
to move in both the X- and Y-directions. Joints 3 and 4
are free to move in the X-direction only. The ends of the
guide rail, on which Joint 2 moves, are attached to the
shake table. The ends of the guide rail, on which Joints 3
and 4 move, are attached to the base. The electromechanical actuator is fixed to the base and can actuate
in the Y-direction, thus moving Joint 1 to the required
position.
The configuration of the SAIVS device can be
switched to any desired position continuously and
smoothly by positioning Joint 1, thus changing ,
using an attached electromechanical actuator. Each of
the spring elements in the device is supported on the
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Figure 1. Semiactive independently variable stiffness (SAIVS) device.

inside by two telescoping tubes as shown in Figure 1(b).
These tubes telescope into each other and allow
extension and compression of the springs freely and
prevent the springs from buckling. The telescoping tubes
contribute to the frictional forces in the device, which is
beneficial due to the resulting energy dissipation.
Based on its current position, the device generates
the connection force at Joint 1 in the X-direction, due
to the relative displacement between Joints 1 and 2.
Figure 1(c) and (d) shows the device in the open and
the closed positions, respectively. The device offers
minimum resistance and has minimum stiffness in the
open position (Figure 1(c)). The device offers maximum
resistance and has maximum stiffness in the closed
position (Figure 1(d)). The device can also be positioned in any configuration between the open and the
closed positions; thus, the device is capable of varying
the stiffness continuously and smoothly between the
minimum and maximum stiffness states. The peak
power required by the actuator is 104 W. The actuator
requires voltage supply in the range of 0–4 V to change
the configuration of the device from the open to the
closed position.
Analytical Model for SAIVS Device
The analytical model is shown in Figure 1(a). It
consists of four sets of springs and friction elements
arranged in a rhombus configuration. Each of the four
springs and the frictional elements in the device are
located at an angle , to the horizontal. The device
position in the Y-direction, y(t), is used to compute the
time-varying angle  of the spring and friction elements.
The device position y(t) is monitored by a linear variable
displacement transducer (LVDT) connected to Joint 1.
The friction elements represent the friction in the
telescoping tubes. The device develops forces due

to the spring elements and the friction elements, at a
given time, for a specific device position, which can be
defined as:
Fðt, u, u_ Þ ¼ Fr ðtÞ þ Ff ðt, u_ Þ

ð1Þ

where, Fr is the restoring force due to spring deformation, Ff is the frictional force in the telescoping tubes,
and u(t) and u_ ðtÞ are the relative displacement and
relative velocity, respectively, between Joints 2 and 1 in
the X-direction. The restoring force Fr at Joint 2 in the
X-direction is given as:
Fr ðtÞ ¼ kðtÞuðtÞ ¼ fke cos2 ðtÞguðtÞ

ð2Þ

where, ke ¼ 2984 N/cm (1700 lb/in.) is the stiffness of a
single spring and (t) is the time-varying angle of the
spring elements with respect to horizontal for any given
device position, given as:


yðtÞ
1

ðtÞ ¼ sin
ð3Þ

with  ¼ 0.917 being a nondimensional constant
(>y(t)/),  is the dimension of an individual spring
element (15.24 cm) and y(t) is the displacement (>y(t))
of Joint 1 in the Y-direction. The frictional force at
Joint 2 in the X-direction due to telescoping tubes, Ff, is
given as:
Ff ðt, u_ Þ ¼ 2fe cos ðtÞ

ð4Þ

where,
fe ¼

f
zðu_ 0 Þ
2

ð5Þ

Assuming that u_ 0 , the velocity along the spring and
friction elements, equal to u_ , for small , and substituting Equation (5) in (4) we get:
Ff ðt, u_ Þ ¼ f zðu_ Þ cos ðtÞ

Downloaded from http://jim.sagepub.com at RICE UNIV on February 1, 2007
© 2005 SAGE Publications. All rights reserved. Not for commercial use or unauthorized distribution.

ð6Þ

746

S. SAHASRABUDHE

AND

where, f ¼ 66.88 N (15 lb) and Wen’s (1976) hysteresis
variable z, used to model friction, is given by the
differential equation:
:
:

:
u  uzjzj   u z2
:
z¼
ð7Þ
Y
where,  ¼ 0.9,  ¼ 0.1 are parameters of the hysteretic
model with  þ  ¼ 1 and Y ¼ 0.127 cm is the ‘yield’
displacement.
Thus, in the open position, which corresponds
to y(t) ¼ 0, the device offers minimum stiffness of
373 N/cm. In the closed position, which corresponds
to y(t) ¼ 10 cm, the device offers maximum stiffness
of 2510 N/cm. The springs can undergo a maximum
deformation of 2.5 cm.
Experimental Test Setup of SAIVS Device
To study the force–displacement characteristics of the
device, a setup, as shown in Figure 2, is designed. The
SAIVS device is connected between the shake table
and a fixed base. A load cell is connected to the fixed
connecting rod (connected to a fixed frame) and the
base. Hence the base remains fixed. The fixed base
is supported by four TeflonÕ –stainless steel sliding
bearings. The sliding bearings are supported by triaxial
load cells, which independently measure friction forces
in the bearings. The test setup is designed to apply a
relative displacement between Joints 1 and 2 of the
device. Joints 1, 3, and 4 are connected to carriages that
slide on a system of rails. The rails are connected to a
plate, which in turn is connected to the fixed base.
A linear electromechanical actuator is connected to
Joint 1 and the plate. A LVDT is also connected to
Joint 1, which measures displacement y(t) of the
device. Joint 2 of the device is connected to another
carriage and rail assembly, which is connected to the
shaking table. A servohydraulic actuator displaces the
shaking table based on a prescribed displacement time
history of a given test. The SAIVS device acts as a
connection between the moving shake table and the
fixed base. The load cell, which is connected between

Hydraulic
actuator

S. NAGARAJAIAH

the base and the connecting rod, measures the force
generated by the SAIVS device and the total friction
force in sliding bearings. The force generated by the
SAIVS device is obtained by subtracting the friction
force measured independently by four triaxial load
cells from the force measured by the load cell that is
connected between the base and the connecting rod.
A LVDT is also connected between the shake table and
the fixed frame to measure the relative displacement,
u(t), between Joints 1 and 2.

Analytical and Experimental Results
Using the setup shown in Figure 2, a series of tests
were performed with harmonic ground excitation, with
the SAIVS device position switching with sinusoidal,
square, triangular, and random computer command
signals. Figure 3 shows the sinusoidal relative displacement, of 1 Hz frequency, between Joints 2 and 1
(essentially the shake table displacement), SAIVS
switching with a 0.1 Hz triangular electromechanical
actuator command signal, and analytical and experimental SAIVS device force time histories. As evident
from Figure 3(b), the SAIVS device is capable of
tracking the commanded computer signal satisfactorily.
From Figure 3(c) it is evident that the proposed
analytical model captures the force generated by the
device satisfactorily. Figure 4 shows the experimental
and analytical force displacement loops of the SAIVS
device switching with triangular command signal. From
the figure it is evident that the SAIVS device is capable
of varying the stiffness, continuously and smoothly,
between the open (minimum stiffness state) and the
closed (maximum stiffness state) positions. This unique
feature of the device is not available with the conventional on–off type variable stiffness systems, such as the
AVS system (Kobori et al., 1993). It is also evident from
the figure that the device is capable of generating
time-varying and nonlinear-restoring forces. Figure 5
shows the time histories of the relative displacement of
0.5 Hz frequency, the SAIVS device switching with a
0.5 Hz square command signal, and the analytical and

Connecting rod
Load cell

SAIVS
device

Fixed
frame

Fixed base

Sliding bearing
Load cell
Shake table

Figure 2. SAIVS device calibration setup.
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Figure 3. Time histories of (a) relative displacement; (b) command
signal to the SAIVS device and SAIVS position; and (c) analytical and
experimental force in the SAIVS device.
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Figure 6. Experimental and analytical force–displacement response
of SAIVS device to a harmonic excitation of 0.5 Hz: SAIVS switching
with a square signal of 0.5 Hz.

Experimental: Exct:1.0 Hz, 1.27 cm; SAIVS: 0.1 Hz, Tri
Experimental: Exct:1.0 Hz, 1.27 cm

(a)

4000

0
−2000
−4000
−1.5

2000
Open (Tmax)
0
Intermediate (Tavg)
−2000

−1

−0.5

0

0.5

1

1.5

−4000
−1.5

Analytical: Exct:1.0 Hz, 1.27 cm; SAIVS: 0.1 Hz, Tri
4000

−1

Closed (Tmin)
−0.5

0

0.5

1

(b)

4000

(b)

2000
0
−2000

1.5

Analytical: Exct:1.0 Hz, 1.27 cm

Force (N)

Force (N)

(a)

2000
Force (N)

Force (N)

4000

2000
0
−2000

−4000
−1.5

−1

−0.5
0
0.5
Relative displacement (cm)

1

1.5

Figure 4. Experimental and analytical force–displacement response
of SAIVS device to harmonic excitation of 1.0 Hz: SAIVS switching
with a triangular signal of 0.1 Hz.
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Figure 7. Experimental and analytical force–displacement response
of SAIVS device in passive open (Tmax), passive closed (Tmin), and
passive intermediate (Tavg) positions.
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Figure 5. Time histories of (a) relative displacement; (b) command
signal to the SAIVS device and SAIVS position; and (c) analytical and
experimental forces in the SAIVS device.

experimental SAIVS force time histories. It is to be
noted from Figures 3(b) and 5(b) that the SAIVS device
is capable of switching with a variety of commanded
signals effectively. Figure 6 shows the experimental and
analytical force–displacement behavior of the SAIVS
device switching with a square command signal. The
rich and intricate force–displacement characteristics of
the device are notable.
Figure 7 shows the force–displacement behavior of
the device under sinusoidal relative displacement of
frequency 1 Hz; with the device in the passive open
(Tmax), passive closed (Tmin), and passive intermediate
(Tavg) positions. As evident from the figure, the device
offers a minimum stiffness of 373 N/cm in the passive
open position; whereas, it offers a maximum stiffness of
2510 N/cm in the passive closed position.
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cells which are mounted on the top of the piers. The
triaxial load cells measure frictional forces transmitted
from the deck to the piers (Figure 9(a)). The sliding
bearings have a dynamic coefficient of friction of 6% at
low velocities and 13% at high velocities (Sahasrabudhe
and Nagarajaiah, 2005b). The SAIVS device is connected between the deck and the right pier as shown in
Figure 9(b). In the isolated case, the bridge model has a
period of 1.2 s with the SAIVS device in fixed open
position and 0.46 s with the SAIVS device in fixed closed
position. A passive damper is also connected between
the deck and the left pier (Figure 8(a)). The bridge
model was instrumented with LVDTs and accelerometers at both the piers and the deck to measure
displacement and acceleration response (Figure 8(a)).
A dSPACE system with MATLAB/Simulink was used
to perform data acquisition and control. The schematics
of experimental data acquisition and control system are
shown in Figure 8(a). Figure 8(b) shows the block
diagram of the proposed control strategy.

1 : 20 SCALE BRIDGE MODEL WITH SLIDING
BEARINGS AND SAIVS DEVICE
Based on the laws of artificial mass simulation
(Mills et al., 1979) shown in Table 1, a single span
1 : 20-scaled bridge model has been designed and
fabricated (Sahasrabudhe, 2002). The bridge model,
shown in Figures 8 and 9 has a clear span of 1.83 m,
width 0.89 m, and height 0.96 m. Weight of the deck is
12.48 kN and each of the piers weigh 0.53 kN. At model
scale, the bridge is designed to have a natural period
of 0.1 s in the nonisolated case i.e., 0.45 s at prototype
scale. The bridge model has four sliding bearings, consisting of TeflonÕ –stainless steel interface (Figure 8(a)).
The sliding bearings decouple the deck from the piers.
The sliding bearings are supported by four triaxial load
Table 1. Scaling factors.
Parameter

Scaling factors

1 : 20 model

plrﬃﬃﬃ
lr
plrﬃﬃﬃ
lr
1
lr2

1/20
pﬃﬃﬃﬃﬃﬃ
1/ 20
1/20
pﬃﬃﬃﬃﬃﬃ
1/ 20
1
1/400

Length
Time
Displacement
Velocity
Acceleration
Force

S. NAGARAJAIAH

ANALYTICAL AND EXPERIMENTAL PROGRAM
To evaluate the effectiveness of the SAIVS device, an
analytical and experimental study was carefully planned.

Damper force
Left pier displacement/acceleration
SAIVS displacement
1.83 m

Deck displacement/
acceleration

12.485 kN deck
W4x13 deck beam

Passive
damper

0.96 m

Sliding bearing
Load cell
Right pier
displacement/
acceleration

SAIVS device

ADC

dSPACE data
acquisition/control
system with
MATLAB/Simulink

SAIVS control signal

0.6 m

DAC

Table
displacement/
acceleration

Right pier

0.535 kN left pier
S 2 -1/2 x 2 -1/2 x 1/4
Ug

Shake table
1.52 m

(a)
dSPACE
system

Bridge

SAIVS
device

Control signal

SAIVS
device
controller

Current device position

(b)
Figure 8. (a) Sliding isolated bridge model scaled 1 : 20 with SAIVS device and block diagram of data acquisition and control system and
(b) block diagram of control strategy.
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bearings, SAIVS device, and the passive damper, is
developed (Sahasrabudhe, 2002). The mass of the deck
is 12.72 N s2/cm. The mass of each pier is 0.54 N s2/cm.
The equations of motion are:
md U€ d þ Fb1 þ Fb2 þ FSAIVS þ FDamper ¼ md U€ g

Figure 9. (a) Sliding isolated bridge model scaled 1 : 20 with the
SAIVS device and (b) close-up view of the SAIVS device connected
between deck and right pier.

Shake table tests were performed under isolated case
with: (1) SAIVS device in fixed open position – passive
minimum stiffness condition, (2) SAIVS device in fixed
closed position – passive maximum stiffness condition,
and (3) semiactive controlled case in which the SAIVS
device position is switched based on the control
algorithm developed. Shake table tests were performed
with the following scaled earthquakes:
1. El Centro S00E Earthquake (May 18, 1940), peak
acceleration: 0.645 g.
2. Northridge Newhall Earthquake, Channel 1 90
(Jan. 17, 1994), peak acceleration: 0.75 g.
3. Northridge Sylmar Earthquake, Channel 1 90
(Jan. 17, 1994), peak acceleration: 0.99 g.
The El Centro earthquake exhibits characteristics of
far-field motions although it was recorded near-fault.
As per Table 1, the earthquake
pﬃﬃﬃﬃﬃ signals were compressed
by a timescale factor of 1= 20. The peak accelerations
were scaled from original recorded values.

ANALYTICAL MODEL OF THE SLIDING
ISOLATED BRIDGE MODEL
An analytical model of the bridge, with due consideration given to the nonlinearities of frictional sliding

ð8Þ

mp1 U€ p1 þ Fp1  Fb1  FDamper ¼ mp1 U€ g

ð9Þ

mp2 U€ p2 þ Fp2  Fb2  FSAIVS ¼ mp2 U€ g

ð10Þ

where, Ud, Up1,Up2 are the deck, left pier, and right pier
displacements relative to shake table, respectively. U€ g is
ground acceleration. U€ d ,U€ p1 ,U€ p2 are deck, left pier,
and right pier accelerations, respectively. The relative
displacement between the deck and pier i, U bi ,
is obtained as: Ubi ¼ Ud  Upi . md , mp1 , mp2 are deck,
left pier, and right pier masses, respectively. FSAIVS ¼ fSD
is the force generated by the SAIVS device, which
is obtained by Equation (1), by replacing u with Ub2
which is the relative deck–right pier displacement. Fb1
and Fb2 are the frictional forces in the sliding bearings
at left and right piers, respectively, with fs ¼ Fb1 þ Fb2.
The frictional forces in sliding bearings are given as:
Fbi ¼ i wi zi , where i is the coefficient of dynamic
sliding friction at pier i given by Equation (11)
(Nagarajaiah et al., 1991a), wi is the normal load on
the sliding bearing at pier i.
_

i ¼ fmax i  ð fmax i  fmin i Þeðai absðUbi ÞÞ

ð11Þ

where, fmax_i ¼ 0.13, fmin_i ¼ 0.06, and ai ¼ 0.2362 s/cm.
The hysteresis variable z (Wen, 1976) for friction is
obtained by solving Equation (12) with Yi ¼ 0.127 cm –
the small yield displacement of TeflonÕ bearing before
sliding,  ¼ 0.9 and  ¼ 0.1.
 
Yi z_i þ  U_ bi zi jzi j þ U_ bi z2i  U_ bi ¼ 0

ð12Þ

FDamper is the nonlinear force generated in the passive
damper, which is given as:
fc ¼ FDamper ¼ fD z þ C U_ b1 þ kUb1

ð13Þ

where, fD ¼ 893.3 N, C ¼ 18.94 N s/cm, and k ¼ 8.24 N/cm.
The hysteresis variable z for the passive damper is
obtained by solving Equation (12) with Yi ¼ 0.165 cm.
In Equation (13), Ub1 is the deck–left pier relative
displacement. Fp1 , Fp2 are resisting forces in the piers
which are given as: Fpi ¼ kpi Upi þ cpi U_ pi , where kpi
and cpi are stiffness and damping coefficient of pier i.
The piers are assumed as lumped mass systems.
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The corresponding state equation, measured output
equation, and regulated output equation are as follows:
x_ ðtÞ ¼ AxðtÞ þ Bfc ðtÞ þ Bfs ðtÞ þ BfSD ðtÞ þ E U€ g ðtÞ ð14Þ
yðtÞ ¼ C m xðtÞ þ Dm fc ðtÞ þ Dm fs ðtÞ þ Dm fSD ðtÞ þ E m U€ g ðtÞ
ð15Þ
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where  ¼ 0.6 is a nondimensional constant (<1) and 
is a constant with appropriate dimension so that y(t  )
is in inches, t is the current time,  i ¼ iTavg/100, and
 ¼ jTavg/100, where Tavg is the average period given by
Equation (21), j ¼ 8 and k ¼ 18, and Ub2 is the deck–
right pier relative displacement.
Tavg

zðtÞ ¼ C z xðtÞ þ Dz fc ðtÞ þ Dz fs ðtÞ þ Dz fSD ðtÞ þ E z U€ g ðtÞ
ð16Þ
where, A, B, Cm, Cz, Dm, Dz, E, Em, Ez, x_ ðtÞ, x(t), y(t),
z(t) are appropriately defined system matrices or
vectors.
The nonlinear equations of motion are solved using
an iterative pseudo-force method (Nagarajaiah et al.,
1991a, b). The equations of motion (Equations (8)–(10))
are solved using the unconditionally stable Newmark’s
constant-average-acceleration method. The differential
equations governing the behavior of the nonlinear
sliding isolation elements, passive damper, and the
SAIVS device are solved using the unconditionally
stable semi-implicit Runge–Kutta method. An iterative
procedure consisting of corrective pseudo forces is
employed within each time step until equilibrium is
achieved.

CONTROL ALGORITHM FOR SAIVS DEVICE
A newly developed nonlinear control algorithm is
presented next. Based on Equation (1), which governs
the mechanical behavior of SAIVS device:
KSAIVS ¼ ke cos2 ðtÞ

ð17Þ

Introducing a time shift, , we get:
KSAIVS ¼ ke cos2 ðt  Þ

ð19Þ

with  ¼ 0.917 being a nondimensional constant
(>y(t  )/)),  is the dimension of an individual
spring element (15.24 cm) and y(t  ) is the displacement ð > yðt  ÞÞ of Joint 1, connected to the linear
electromechanical actuator. The displacement y(t  )
required to control the SAIVS device is given by:

i¼j

where kmax ¼ maximum stiffness of the SAIVS device
(2510 N/cm), kmin ¼ minimum stiffness of the SAIVS
device (373 N/cm), and mtotal ¼ total mass of the system.
Also, t  0 and t >  in Equations (19) and (20). For t  
KSAIVS ¼ ke

ð22Þ

The relative displacement Ub2, needed in Equation (20),
can be readily measured by connecting a LVDT between
the deck and the right pier.
The control algorithm (Equation (20)) is designed
such that the angle (t) is a nonlinear function of the
moving average of relative deck–right pier displacement.
The control objective is to make spring force a nonlinear
function of the relative deck–right pier displacement.
The nonlinear function is designed to simulate softening
tangential stiffness at larger relative displacements,
with eventual negative tangential stiffness at peak
relative displacements to reduce the response. A moving
average of the relative displacement was chosen to
ensure smooth stiffness variation and to reduce the
effects of measurement noise. The exponent,  ¼ 0.6,
was chosen to simulate softening tangential stiffness and
was arrived at by performing a series of analytical
simulations for the chosen earthquakes, which resulted
in the least response. The coefficient  ¼ 3.5 was chosen
to ensure that the SAIVS position is within 10 cm. The
SAIVS position is bounded by 1 cm in the open
position and 10 cm in the closed position.

EXPERIMENTAL AND ANALYTICAL RESULTS



yðt  Þ
ðt  Þ ¼ sin1  


k
X

ð21Þ

ð18Þ

where Kmin<KSAIVS<Kmax, and

yðt  Þ ¼

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
mtotal
¼2
ðkmin þ kmax Þ=2


 
Ub2 ðt  i Þ
ðk  jÞ

ð20Þ

The results are presented in Table 2 in the form of
peak values of relative displacement responses, peak
total force at the isolation level (total of friction, SAIVS
device, and passive damper force normalized by deck
weight), and deck acceleration. The results under
(1) Sylmar 90, (2) Newhall 90, and (3) El Centro
earthquakes are discussed in detail. The peak values of
experimental relative deck–right pier displacement
response, as a function of peak table acceleration, with
SAIVS passive open – minimum stiffness – case, SAIVS
passive closed – maximum stiffness – case, and
semiactive control cases are presented in Figure 10.
Figure 11 shows the total force at the isolation level
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SAIVS
device

Open
Closed

Control

Open
Closed

Control

Open
Closed

Control

Earthquake

El Centro
El Centro

El Centro

Sylmar 90
Sylmar 90

Sylmar 90

Newhall 90
Newhall 90

Newhall 90

1.294
1.03
(20%)
1.00
(23%)
1.641
1.703
(4%)
1.361
(17%)
1.135
1.438
(27%)
1.09
(4%)

Expt.
1.323
1.05
(21%)
1.00
(24%)
1.642
1.57
(4%)
1.375
(16%)
1.03
1.313
(27%)
1.08
(5%)

Anly.

Deck–left
pier (cm)

1.26
0.92
(27%)
0.91
(28%)
1.604
1.44
(10%)
1.218
(24%)
1.111
1.222
(10%)
1.03
(7%)

Expt.
1.295
0.9
(30%)
0.98
(24%)
1.602
1.35
(16%)
1.31
(18%)
1.1
1.164
(6%)
1.00
(9%)

Anly.

Deck–right
pier (cm)

1.384
1.113
(20%)
1.07
(23%)
1.76
1.792
(2%)
1.44
(18%)
1.196
1.498
(25%)
1.148
(4%)

Expt.
1.452
1.16
(20%)
1.15
(21%)
1.79
1.722
(4%)
1.558
(13%)
1.134
1.406
(24%)
1.204
(6%)

Anly.

Deck–table
(cm)

0.18
0.212
(18%)
0.18
(0%)
0.21
0.21
(0%)
0.193
(8%)
0.183
0.2
(9%)
0.223
(22%)

Expt.
0.26
0.296
(14%)
0.275
(6%)
0.269
0.28
(4%)
0.315
(17%)
0.29
0.29
(0%)
0.301
(4%)

Anly.

Left pier–table
(cm)

0.16
0.226
(41%)
0.19
(19%)
0.19
0.38
(100%)
0.241
(27%)
0.135
0.293
(117%)
0.155
(15%)

Expt.
0.21
0.272
(30%)
0.22
(5%)
0.213
0.42
(97%)
0.26
(22%)
0.201
0.35
(74%)
0.245
(22%)

Anly.

Right pier–table
(cm)

0.271
0.35
(29%)
0.277
(2%)
0.284
0.461
(62%)
0.331
(17%)
0.29
0.414
(43%)
0.29
(0%)

Expt.

0.27
0.345
(28%)
0.26
(4%)
0.29
0.433
(49%)
0.331
(14%)
0.3
0.445
(48%)
0.3
(0%)

Anly.

Total force at
isolation level/weight

0.318
0.38
(19%)
0.355
(12%)
0.36
0.494
(37%)
0.446
(24%)
0.304
0.373
(23%)
0.286
(6%)

Expt.

0.3
0.38
(27%)
0.31
(3%)
0.327
0.474
(45%)
0.406
(24%)
0.34
0.457
(34%)
0.378
(11%)

Anly.

Deck
acceleration (g)

Table 2. Comparison of experimental and analytical response of the sliding isolated bridge model with SAIVS device (values in parentheses indicate the
percentage reductions in passive closed and controlled cases compared to passive open case).
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Deck–right pier displacement (cm)

2

* El Centro
o Newhall 90
+ Sylmar 90

1.75

+

Open

1.5

+

Closed
1.25

*

o

+

Control
o
o

1
*
*

0.75
0.6

0.7

0.8

0.9

1

1.1

Peak table acceleration (g)

Figure 10. Comparison of experimental peak relative deck–right pier
displacement response under various earthquakes.

Total forces at isolation level/weight

0.5

* El Centro
o Newhall 90
+ + Sylmar 90
Closed
o

0.4

*
+

Control

0.3
o
o

Open

*
*

0.2
0.6

0.7

0.8

0.9

+

1

1.1

Peak table acceleration (g)

Figure 11. Comparison of experimental total force at isolation level/
weight under various earthquakes.

normalized by deck weight, as a function of peak table
acceleration, under passive open, passive closed, and
semiactive controlled cases.
As evident from Table 2 and Figures 10 and 11, in
the case of Sylmar 90 earthquake, the deck–right pier
displacement in the passive closed (maximum stiffness)
case is reduced by 10% when compared with the passive
open (minimum stiffness) case. However, the passive
closed case results in 62% increase in the total force at
the isolation level, when compared to the passive open
case. As expected, increased stiffness in the passive
closed case attracts more forces. The semiactive
controlled case, shown in Figures 10 and 11, further
reduces the deck–right pier displacement by 15% when
compared to the passive closed case, yet maintaining the
total force at the isolation level significantly less than the
passive closed case (refer Table 2). Thus the semiactive
control case, with intelligent variation of stiffness,
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reduces the relative deck–right pier displacement
response further than the passive open and closed
cases, while maintaining the isolation level forces at
the same level as the passive open case. Such reductions
in displacements and forces reveal the effectiveness of
the SAIVS device. A similar set of observations can be
obtained from the analytical results presented in Table 2.
Table 2 also shows the peak values of relative right
pier–shake table displacement, and deck acceleration.
Note that the passive closed case, as a result of increased
forces, results in significantly increased right pier
displacements, thus undermining the beneficial effects
of sliding isolation system (refer Table 2). The semiactive control case maintains the right pier displacement
at the same level as the passive open case. The control
case also maintains the deck acceleration within bounds
of the passive open and closed cases.
The experimental results under Newhall 90 and
El Centro earthquakes are also presented in Table 2
and Figures 10 and 11. The semiactive controlled case
results in the least relative deck–right pier displacement
response, when compared with the passive open and
passive closed cases, in both earthquakes. In Newhall
90, the control case reduces the deck–right pier
displacement by 7% when compared to the passive
open case and by 16% when compared to the passive
closed case. In case of El Centro earthquake, the control
case gives a total 28% reduction in relative deck–right
pier displacement. Thus in Newhall 90 and El Centro,
the controlled case results in the least relative deck–right
pier displacement response, yet maintaining total force
at the isolation level at the same level as in the passive
open case (see Table 2 and Figure 11). It is noteworthy
that the maximum deck–right pier displacement
response in Sylmar 90 and El Centro occur in the
passive open case, whereas it occurs in the passive closed
case in Newhall 90. The variable stiffness case, however,
uniformly reduces the displacements and forces in all
three earthquakes. Thus, the newly developed control
algorithm is effective in reducing the displacements and
total forces. This demonstrates the salient features and
potential of the SAIVS system.
The shaking table test results are presented in
Figures 12–19 in the form of relative displacement
time history responses, total force at the isolation level
as a function of relative deck–right pier displacement
responses, SAIVS device force as a function of relative deck–right pier displacement responses, SAIVS
device position and deck acceleration time history
responses for Sylmar 90 and Newhall 90 excitations.
Corresponding analytical results are also presented in
Figures 13–15, and 17–19. Note that to highlight the
differences clearly, a 0.06 s time shift is introduced in the
passive open and closed case relative displacement time
histories shown in Figures 12 and 16. A comparison of
the experimental relative displacement time histories for
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Sylmar 90 earthquake

Closed
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(a)
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2
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5
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1

2

3

4

5
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Left pier–table
1

2

3

4

5

−0.15
−0.3
−2
0.3

−1

2
(b)

0
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0

2
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0.09

(d)

0
−0.09
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−2

Right pier–table
1

2

3

4

5

Figure 12. Experimental relative displacement time history
responses under Sylmar 90 earthquake.

−1

Figure 14. Comparison of experimental and analytical SAIVS force/
weight as a function of the relative deck–right pier displacement
under Sylmar 90 earthquake.
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2
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2
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(a)

... Analytical – experimental

SAIVS: control
1
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Relative displacement : deck–right pier (cm)
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Total forces at isolation level/weight

SAIVS: open
1

0
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Time (s)

0.5
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... Analytical – experimental
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Relative displacement (cm)
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0
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0
2
1
0
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0
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0
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... Analytical – experimental
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SAIVS: control
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... Analytical – experimental
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3
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6

7
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Figure 13. Comparison of experimental and analytical total force
at isolation level/weight as a function of relative deck–right pier
displacement under Sylmar 90 earthquake.

Sylmar 90 earthquake, presented in Figure 12, indicates
dominant deck–pier displacements and significantly
smaller pier displacements – a typical first mode
response. It is evident from Figure 12 that the controlled
case results in reductions in the relative deck–right pier
displacements. Figure 13 presents a comparison of the
analytical and experimental total forces at the isolation
level as a function of the relative deck–right pier
displacement responses under Sylmar 90 earthquake,
with passive open, passive closed, and semiactive
variable stiffness cases. It is evident from Figure 13(c)
that the controlled case results in reductions in relative deck–right pier displacements and total forces.
Corresponding analytical results presented in Figure 13
reveal that the analytical model captures the response of
the bridge model satisfactorily. Figure 14 presents the

Figure 15. Comparison of experimental and analytical SAIVS
switching and deck acceleration time histories under Sylmar 90
earthquake.

SAIVS device force as a function of the relative deck–
right pier displacement loops under Sylmar 90 earthquake, with passive open, passive closed, and semiactive
control cases. It is evident from Figure 14(c) that the
SAIVS device in the controlled mode varies the stiffness
continuously and smoothly as commanded by the
control algorithm and reduces the response. The softening tangential stiffness is evident in both experimental
and analytical force–displacement loops in Figure 14(c);
however, the eventual negative tangential stiffness is
evident only in the analytical force–displacement loops
at peak relative displacements. The softening tangential
stiffness (Figure 14(c)) is the primary reason for the
reduction of response, essentially preventing excessive
strain energy from being stored in the SAIVS device
at larger relative displacements, coupled with energy
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Newhall 90 earthquake
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Figure 18. Comparison of experimental and analytical SAIVS force as
a function of relative deck–right pier displacement under Newhall 90
earthquake.
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Figure 16. Experimental relative displacement time history
responses under Newhall 90 earthquake.
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Figure 17. Comparison of experimental and analytical total force
at isolation level/weight as a function of relative deck–right pier
displacement under Newhall 90 earthquake.

Figure 19. Comparison of experimental and analytical SAIVS
switching and deck acceleration time histories under Newhall 90
earthquake.

dissipation resulting in an effective system. This is
further evident in Figures 12(b) and 15(a), wherein the
stiffness of the device is smaller when the peak relative
deck–right pier displacement occurs at 1.5 s, following
which the stiffness increases at 1.7 s when the relative
displacement is smaller. Figure 15 presents SAIVS
switching and deck acceleration time history responses,
in the controlled case, under Sylmar 90 earthquake. The
deck acceleration time histories presented in Figure 15(b)
reveal that no abrupt acceleration spikes occur as
the SAIVS device varies stiffness continuously and
smoothly.
From Figures 16–19, a similar set of observations,
as in the Sylmar 90 case, can be obtained from the
responses under Newhall 90 earthquake. Again, the
softening tangential stiffness – followed by negative

tangential stiffness at peak relative displacement in the
analytical force displacement loops (Figure 18(c)) – is
the primary reason for reduction in response. It is
evident from Table 2 that the pier displacements and
deck accelerations are substantially higher in the SAIVS
closed case. However, the semiactive controlled case
maintains the pier displacements and deck acceleration
either less than or within bounds of peak values of
passive open and passive closed cases. From peak values
of responses presented in Table 2, and Figures 13–15
and 17–19, it is evident that the proposed analytical
model captures the response of the bridge model
satisfactorily.
It can be concluded that the SAIVS device in the
semiactive controlled case reduces the deck–right pier
displacements further than the passive open and passive
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closed cases, yet maintaining the isolation level forces
at the same level as the passive open case. The ability of
the SAIVS device to vary the stiffness continuously
and smoothly results in reductions in displacements
and forces. The proposed control algorithm reduces
the response in the fault-parallel components of the
earthquakes considered in this study.

CONCLUSIONS
The efficacy of a novel semiactive independently
variable stiffness (SAIVS) device, in reducing seismic
response of a smart sliding base-isolated bridge model, is
analytically and experimentally studied and shown to
be effective. The analytical and experimental force–
displacement behavior of the SAIVS device reveals that
the device is capable of varying stiffness continuously
and smoothly. This unique feature of the device is not
available with the conventional on–off type variable
stiffness systems. It is evident from the analytical and
experimental study that the SAIVS device with a
suitable control algorithm, when incorporated into the
sliding base-isolation system, reduces bearing displacements further than the passive open and passive closed
cases, while significantly reducing isolation level forces
when compared to the passive closed case. The main
conclusions of this study are: (1) in sliding base-isolated
bridges, increasing the stiffness of the restoring springs
does not necessarily reduce bearing displacements, but it
certainly results in increased isolation level forces and
pier drifts; (2) semiactive controlled SAIVS device –
switching based on the control algorithm developed
which produces softening/negative tangential stiffness –
reduces bearing displacements further than passive open
and passive closed cases, while significantly reducing
isolation level forces when compared to the passive
closed case; (3) semiactive controlled case also maintains
the pier drifts and deck acceleration either less than or
within bounds of the passive open and closed cases;
(4) the developed analytical model, which incorporates
the nonlinear characteristics of sliding bearings and
SAIVS device, captures the response of the bridge model
satisfactorily and can be used to perform an extensive
analytical study. Thus through analytical simulations
and experimental tests, it is demonstrated that by
incorporating the new SAIVS device into the sliding
isolation system, the performance of sliding baseisolated bridges can be improved.
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