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1. INTRODUCTION

Isolated bridges have been studied to be effective
in mitigating the induced seismic force. However,
the deck displacement becomes excessively large
when subjected to an extreme earthquake. Such a
large displacement may result in the higher-than-
expected seismic force due to the pounding effect of
decks and the p— g effects”. In the past studies
structural controls were useful on reducing seismic
responses of isolated bridges”®. However, only the
isolators were regarded as either nonlinear element
or hysteretic element with all the columns being
assumed to behave linearly. In reality, the columns
may exhibit hysteretic behaviour when they are
subjected to extreme excitations. In this paper, the
seismic control performance and the corresponding
responses of isolated bridges with both the column
and the isolator being nonlinear are clarified.

The linear quadratic regulator (LQR) optimal
active control, which is simple and reliable for on-
line operations >, will be used in this study. A
typical five-span continuous isolated highway
elevated bridge is analyzed. With the actuator
exerting the active control force, the control
performance of the seismic displacements of an
isolated bridge is studied by regulating the
weighting matrices of LQR control. It is found that a
larger control force may cause larger column
yielding and render less efficiency on reducing deck
displacement. Thus saturated control is applied to
prevent inefficient control.

Moreover, passive

control with viscous dampers is also applied for
comparison.

2. ANALYSIS MODEL

Assuming the deck of a typical isolated bridge is
rigid in the longitudinal direction, a column with the
effective deck mass on the top can be taken apart as
a unit for seismic analysis, as shown in Fig. 1. For
study of control effectiveness, the column-deck-
isolator system may be idealized as a two degree of
freedom lumped-mass system. A control device is
set between the deck and the column.
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Fig.1 Analytical idealization - 2DOFs system.

The columns and the bearings are assumed here
to be perfect elastoplastic and bilinear elastoplastic,
respectively, as shown in Fig. 2. The Bouc-Wen
hysteretic model” is used for the column and the
bearings as

Fy@) = oikix(0) + (- a;)kix v (0)

(i = cand b) N
in which the subscripts ¢ and b denote the column
and the bearing, respectively, e.g. x,= deformation
of the column; k;= initial stiffness; ;= ratio of the
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post-yielding to pre-yielding stiffness; x,; = yield
deformation; and v; is a nondimensional variable
introduced to describe the hysteretic component of
the deformation with |v; |<1, where

T e T P G )
in which parameters 4;, f; and y; govern the scale
and general shape of hysteresis loop, whereas the
smoothness of force-deformation curve is
determined by the parameter »; . These parameters

are considered time invariant herein.

T T

L /_ 4

Lateral force
Lateral force

1

~—
&

—_
o

~—

Displacement Displacement

Fig.2 Material behaviour: (a) column and (b) isolator

The equations of motion of the isolated bridge
system may be expressed as

M (1) + Cx(1) + K x(1) + K, v(1) = g () +HU®) (3)
is a vector with the
deformations of the column and the bearing;
v:[vc vb]T is a hysteretic vector; %,(?) is the
absolute ground acceleration; Ufz) is the control
force generated by the control device; M, C, K,
and K; are mass, damping, elastic stiffness and

in which x=[x. x]

hysteretic stiffness matrices, respectively; n and H
are the location matrices of the excitation and the
control force, respectively. These matrices are given

by
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where m, and m, are the masses of the column
and the deck, respectively; ¢, and ¢, are the

b

damping coefficients of the column and the bearing,
respectively.

3. CONTROL STRATEGIES

(1) Optimal Active Control
The equations of motion by Eq. (3) can be written
using a state space formulation as follows,

() = glZO,vOl+BU@D+ Wi (t)  (5)
where the space-state vector Z(t) =[x(r) X(t)]T ;
g[Z(1),v()] is a nonlinear function of Z(z) and
v(t); B and W are the matrices of the control
location and the excitation location, respectively. g,
B and W are defined as follows,

X
M [Ccx+K x+K ,vJ’

0 0
B-= W= ©)
o) ¥

The LQR performance index is given by
7= [z ez + RV K (7)

in which Q is a (4 x 4) symmetric positive
semidefinite weighting matrix and R is a positive

glZ(]= {

weighting scalar.

Under the constraint of the state equations of
motion by Eq. (5), the optimal solution that
minimizes the performance index, as shown in Eq.
(7), is obtained as?®.

U@)= -0.5R"'BPZ(1) (8)
in which P is the solution of Ricatti equation given
by

AP +PAy-05PBR'B'P= -2Q (9
where
Ag = 0g(Z)/ 0Lz~ (10)

Note that the constant Ricatti matrix P in Eq. (9)
is obtained by linearizing the structure at Z =0, as
shown in Eq. (10) and by neglecting the earthquake
excitation X, .

(2) Passive Control
A linear viscous damper with a constant damping

coefficient, ¢, , is set between the deck and the
column. The passive control system is decentralized
so that the equations of motion by Eq. (3) is
rewritten by

ME(?) +[C + Cp k() + K x(0) + K, v(t) = nig (1) (11)
where

(12)
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4. TARGET ISOLATED BRIDGE AND
GROUND MOTION

A typical isolated bridge designed by Japan
Design Specification of Highway Bridges, Part V
Seismic Design was analyzed to investigate the
seismic performance of structural control as
shown in Fig. 3 ¥. The superstructure consists of a
five-span continuous deck with a total deck length
of 5@40 m = 200 m and a width of 12 m. They are

supported by four short reinforced concrete columns.

The longitudinal reinforcement ratio is 0.91% and
the tie reinforcement ratio (volumetric ratio) is
0.53%. Five high-damping-rubber bearings with a
size of 112 mmx 600 mmx 600mm ( H xBxD) are

5 % 40m=200m
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Fig.3 A continuous elevated highway bridge (a) elevation,
(b) lateral view of superstructure, (c) lateral view of column,
and (d) side view of column.

used per column.

The bridge is idealized as a two degree of
freedom lumped-mass system. The effective mass of
deck and 600T and 243.15T,
respectively. As described earlier, the restoring
forces of the columns and the isolators are perfect
elastoplastic and bilinear elastoplastic, respectively.
The parameters in Eq. (1) are k. =112.7 MN/m,
ac =0, x,. =0.0309 m, 4, =1, B. =y, =05 and
n, =95 for the column, and k;, =47.6 MN/m,
ap=0.1912, x,,=0.016 m, 4, =1, f,=y,=0.5 and
np =95 for the isolators. The first and second natural
periods of the isolated bridge with the initial elastic
stiffness are 0.86 sec and 0.24 sec, respectively. The
damping ratios of the system are assumed 2% for
the both modes.

The ground motion was measured at Sun-Moon
Lake in the 1999 Chi-Chi, Taiwan earthquake, as
shown in Fig. 4. is used as the input excitation. The
excitation is applied at the full intensity for the
evaluation of the real seismic performance. Time

column are

histories of all the response quantities are computed
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Fig.4 Sun-Moon Lake ground motion record, Chi-Chi
Earthquake in Taiwan, 1999.

with 40 seconds of the records.
5. SIMULATION RESULTS

(1) Optimal Active Control

As a numerical analysis, Fig. 5 shows the control
force and the seismic responses of the isolated
bridge subjected to Sun-Moon Lake record with and
without control. The weighting Q in Eq. (7) was
assumed as a diagonal matrix, as follows:
Q;; =[1,1000,1,1], and the weighting R was varied
from 107" to 3x107'?. The hysteretic loops of the
isolator and the column with and without active
control are shown in Fig. 6, which demonstrates that
the column yields even in the controlled systems. As
observed from Fig. 5, the control with R=107"
demands smaller control force than the control with
R=3x10"". The peak control force is 1.28 MN
(22% of the deck weight) and 1.98 MN (34% of the
deck weight) under R=10"" and R=3x107"7,
respectively. In the uncontrolled system, the peak
deck displacement reaches 0.55 m. It is noted that
the column has a residual displacement of 0.1 m.
This results in the same magnitude of residual
displacement in the deck. Because it is difficult to
restore the deck to the original alignment once a
residual drift occurs, it is required to control the
residual drift as small as possible. Under the control
with R=107", the peak deck displacement of the
bridge reduces to 0.35 m, which is 64% of that
under uncontrolled, with the residual displacement
of 0.1 m. It is obvious that both isolator deformation
and column deformation have substantially reduced.
However, under the control with R=3x10"7 ,
which exerts larger control forces, the peak deck
displacement is 0.37 m, 67% of that under
uncontrolled, and the residual displacement is 0.2 m.
The deck displacement does not further decrease,
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Fig.5 Responses and control force with and without active control.
even increase, as the control force increases. deformation, a larger control force inversely

Compared to the control with R =107"", the isolator
deformation decreases as the control force increases,
but it costs the increase of the column deformation.
Fig. 7 presents the hysteretic loops of control force
and corresponding stroke.

(2) Optimal Active Control with Saturation

The previous results revealed that the control
force makes a trade-off between the isolator
deformation and the column deformation as the
control force increases. However, a larger control
force may hence cause larger column yielding,
which in turn largely increases column deformation
in inelastic range. Once the increase of the column
deformation surpasses the decrease of the isolator

increases the deck displacement and renders
ineffective control.

To avoid such an ineffective control, it is needed
to mitigate large column nonlinear deformation by
restricting the control force. The simplest strategy is
to saturate the maximum control force at a certain
level as

Ut IU*(t)' < Upax

U= ) *
Unnaxsign(U” (1)) ‘U (z)\zUmax

(13)

in which U *(t) is the optimal control force

demanded in Eq. (8) and U,

maximum contro] force.
Suppose the control force is limited by 15% of

is a limitation of the
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Fig.6 Hysteretic loops of the isolator and the column: (a) uncontrol, (b) active control with R=10-11, and (c) active control with

R=3%10-12.

N W

Force (MN)
—_ O

0
[ ]

1
(95

-0.3-02-0.1 0 0.1 0.2 03

Stroke (m)

-0.3-0.2-0.1 0 0.1 0.2 03
Stroke (m)

Fig.7 Hysteretic loops of actuator under active control: (a) R=10"", and (b) R=3 x 10"

the deck weight, i.e. 0.88 MN. The control force and
seismic responses under the control of R =3x107"
with and without saturation are shown in Fig. 8. It is
noted that the maximum deck displacement of 0.367
m under saturated control is almost the same as that
of 0.374 m under unsaturated control even though
the maximum control force has been bounded by
0.88 MN under saturated control, which is much
smaller than 1.98 MN under unsaturated control. It
is obvious that the residual displacement has
substantially reduced from 0.2 m to 0.04 m under
saturated control. Fig. 9 presents the hysteretic loops
of the isolator, column and actuator under saturated
control. The hysteretic loops without control and
without saturated control have already showed in
Figs. 6 and 7.

(3) Passive Control

Consider the use of passive viscous dampers
instead of active actuators. The seismic responses of
the same bridge was computed under viscous
damping coefficient ¢, .

Fig. 9 shows the control force and the seismic
responses under uncontrolled, controlled with an
active actuator, and controlled with a passive
viscous damper. In the active control, the weighting
matrix Q was assumed as the same as previous
cases while the weighting R was assumed as 107",
which have been referred previously. For the passive
control, the viscous coefficient ¢, was assumed as
757.7 KN/m/s™. Tt is noted that both active control
and passive control exert almost identical maximum
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Fig. 8 Responses and control force under active control with and without saturation.

T T T T T T ]-5
/\2 AZ* 1 =&
EO E, ] / { ] go.s
3 1300 1 ?
2 | Eaf 1 gos
i ) -1
-4 4 4
{— 1 A L I 4 | L : i _15 1 1 b L
02 0 02 o2 ~0302-01 0 01 02 0.3

Deformation (m)

0

Deformation (m)

0.2
Stroke (m)

Fig. 9 Hysteretic loops under active control with saturation: (a) isolator, (b) column, and (¢) actuator.

i.e. around 1.28 MN. As observed
from the results, the passive control achieves worse
control performance in reducing the peak deck
displacement and isolator deformation than the
active control. The peak deck displacement
decreases to 0.40 m and 0.35 m, under passive

control force,

control and active control, respectively, while the
isolator deformation decreases t0 0.30 m and 0.26 m,
respectively. Fig. 10 presents the hysteretic loops of
the isolator, column and viscous damper under
passive control with a viscous damper. The
hysteretic loops without control and with active
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Fig. 10 Responses and control force under active control and passive control.
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Fig. 11 Hysteretic loops under passive control: (a) isolator, (b) column, and (c) viscous damper.
control have already showed in Figs. 6 and 7. both the column and the isolator, was studied. The
LQR optimal active control and the passive control
8. CONCLUSIONS with a constant viscous coefficient were used to

clarify the effect on reducing the displacement
The seismic control performance for a nonlinear  responses for a typical five-span viaduct under Sun-
isolated bridge, which exhibits inelastic response at Moon Lake ground motion. The following
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conclusions may be obtained from the results
presented herein.

(1) The LOQR optimal active control is effective for
reducing the deck displacement and
deformation at smaller control force.

(2) At larger control force level, although the
isolator deformation further decreases, it potentially
results in larger column yielding, which inversely
increases the deck displacement. Such a situation
may render an ineffective control on the deck
displacement and larger residual displacement. It is
preferable to apply the saturation of control force to
prevent such an ineffective control.

(3) The passive viscous damper provides less
control effect than the active controller.

isolator
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