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SUMMARY

This paper presents the fully base-isolated highway bridge benchmark problem. The highway bridge
benchmark problem consists of two phases: (1) Phase I-—the bridge deck being base isolated only at the
abutments and the center bent being integral with the pier (without isolation), and (2) Phase II—the bridge
deck being fully base isolated at both the bent/pier and abutment locations. In both phases of the highway
bridge benchmark, the objective is to augment the performance of the isolation system using supplemental
control strategies. The problem definition (Part I) as well as a sample controller (Part IT) for Phase I of the
study has been presented in the companion papers. The focus of this paper is to present the fully base-
isolated highway bridge and sample Lyapunov semiactive controller (Part III). As-built structural designs
of the 91/5 overcrossing in Orange county in Southern California are used to develop the finite-element
model for this benchmark based on Phase 1. The nonlinear analysis tool and the controller interface have
been developed in MATLAB. The bridge is isolated using nonlinear elastomeric bearings with a lead core.
Magneto-rheological (MR) dampers are used to control the seismic response of the bridge. The MR
dampers are installed at the isolation level at 10 locations over the abutments and bent/pier locations, each
location consisting of an orthogonal pair of dampers to control the responses in both directions. The
outputs allowed in the benchmark problem definition are used to design the controller and the velocity and
displacement measurements if required are obtained by integrating accelerations using a filter, which
simulates integration. Detailed comparisons of benchmark performance indices for the fully base-isolated
bridge with sample semiactive controllers and passive strategies are performed in comparison with the
uncontrolled case, for a set of strong near-field earthquakes. The sample Lyapunov semiactive controller is
shown to reduce the isolator and mid-span displacements. The modeling and sample control designs
demonstrated in this paper can be used to form the basis for studying a wider variety of active and
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semiactive control strategies—to be developed by the participants in the benchmark study—for fully base-
isolated highway bridges. Copyright © 2009 John Wiley & Sons, Ltd.

KEY WORDS: benchmark problem; fully base-isolated highway bridge; lead-rubber bearings; MR
dampers; Lyapunov sample controller

INTRODUCTION

Recent earthquake activities worldwide and the resulting damage have reinforced the need and
urgency to protect civil infrastructure and its occupants against severe earthquakes. In order to
reduce the vulnerability of building and bridge structures to severe earthquakes, ‘smart’ base-
isolated structures, where the performance of the base isolation system is improved by adding
semiactive variable stiffness and damping devices, have been proposed and studied by various
researchers [1-20]. Over the last decade, the ASCE Structural Control and Monitoring
Committee and Task Group on Benchmark Problems, the U.S. Panel on structural control and
IASCM (International Association for Structural Control and Monitoring) have developed a
series of benchmark problems in structural control. The benchmark studies have addressed the
problem of control on a variety of structure and loading types such as seismic and wind-excited
buildings and seismically excited long-span cable-stayed bridges [21-26]. Recently concluded
nonlinear base-isolated building benchmark studies [7,12,27-30], in which more than two dozen
researchers presented their findings, also focused on smart base-isolated structures, more
specifically on buildings. A key conclusion from this study was the need of further research into
effectively controlling the response of nonlinear base-isolated structures. Specifically, it was
found that although a majority of passive, semiactive and active controllers are effective in
reducing the isolation level displacements, the superstructure accelerations and drifts still posed
challenges for nonlinear isolation systems.

Highway crossings are critical infrastructure as they serve as major access and evacuation
routes during and after catastrophic events. It is extremely critical that these bridges remain
operational following severe earthquakes. In order to facilitate comparisons between various
control strategies for base-isolated highway bridges, a new benchmark problem has been
developed [31] by the U.S. Panel and ASCE structural control and monitoring committees.
The highway bridge benchmark provides a valuable test-bed to further improve the controller
designs and address the challenges of reducing the response of highway bridges with
nonlinear isolation systems. The highway benchmark study has been designed to include
passive, semiactive and active control strategies. Sample active, semiactive and passive
controllers have been provided for the Phase I study for the partially isolated case [31,32].
Passive and semiactive sample control strategies are presented in this Phase II study for the fully
isolated case.

As mentioned earlier the base isolation system is studied in two phases in this benchmark
study. In Phase I base isolation is at the abutments only, with four nonlinear lead-rubber
bearings (LRB) utilized to isolate the deck at each abutment. In Phase I, the center bent and pier
connections are not isolated and are expected to exhibit inelastic behavior under severe ground
motions [31]. In Phase II, the bridge deck is isolated at the abutments and the center bent/piers
as well as shown in Figure 1. In Phase II, which is presented in this paper, a total of 20 control
devices (10 in each direction) are placed at the isolator locations as shown in Figure 2. The
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Figure 1. Schematic of the highway bridge benchmark (skew not shown).
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Figure 2. Locations of control devices and sensors on the bridge (skew not shown).

control devices are expected to augment the performance of the isolation system by providing
additional control action and energy dissipation.

The highway bridge benchmark model is based on the newly constructed 91/5 highway bridge
in southern California [5]. It is a continuous two-span, cast-in-place prestressed concrete box-
girder bridge. The Whittier—Ellsinore fault is 11.6km (7.2miles) to the northeast, and the
Newport-Inglewood fault zone is 20 km (12.5 miles) to the southwest of the bridge. The bridge
has two spans, each of 58.5m (192 ft) long spanning a four-lane highway and has two abutments
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skewed at 33°. The width of the deck along east span is 12.95m (42.5 ft) and it is 15m (49.2 ft)
along west direction. The cross section of the deck consists of three cells. The deck is supported
by a 31.4m (103 ft) long and 6.9 m (22.5 ft) high prestressed outrigger, which rests on two pile
groups, each consisting of 49 driven concrete friction piles. The columns are approximately
6.9m (22.5ft) high. Additional details of the bridge are presented in the definition paper [5,31]
and a schematic is given in Figure 1. For full details of the bridge the reader is referred to the
companion paper [31].

A sample semiactive Lyapunov controller using magneto-rheological (MR) dampers [33] is
presented for the Phase II benchmark. MR dampers have been studied extensively in the
literature for the control of both linear and nonlinear structures [33,34]. The basic idea of using
MR dampers is to effectively switch the level of nonlinear damping in response to earthquake
excitations so that the resulting performance is better than an equivalent passive damper. In this
study, a total of 20 MR dampers are installed in the isolation system locations, each location
consisting of an orthogonal pair of MR dampers to control the responses in both directions as
shown in Figure 2. The switching law for the dampers is developed using a Lyapunov
formulation. The outputs allowed in the benchmark problem definition paper [31] are used to
design the controller, and the velocity and displacement measurements if required are obtained
by integrating accelerations using a filter, which simulates integration. Detailed comparisons of
benchmark performance indices for the fully base-isolated bridge with sample semiactive
controllers and passive controllers are performed in comparison with the uncontrolled case, for
a set of strong near-field earthquakes. The sample Lyapunov semiactive controller is shown to
reduce the isolator and mid-span displacements.

In this paper the structural model is presented first, followed by the Lyapunov controller
formulation. The controller implementation and device descriptions are presented next, followed
by numerical simulation results. Finally, key conclusions of this paper are presented. The
modeling and sample control designs demonstrated in this paper can be used to form the basis for
studying a wider variety of passive, semiactive and active control strategies—to be developed by
the participants in the benchmark study—for fully base-isolated highway bridge problems. The
controller developed herein is not intended to be competitive; it provides a set of programs and
tools to aid participants to design competitive controllers for the Phase II highway-isolated bridge
benchmark. However, it is anticipated that the participant would compare the results of their
controllers with the results from the sample controller presented in this paper.

STRUCTURAL MODEL

A full three-dimensional finite-element model was developed in ABAQUS [35] in order to
compute the structural properties of the system. Complete details of this model along with their
dynamic properties are described in the definition paper [31]. In addition to a total of 108 nodes,
4 rigid links, 70 beam elements, 24 springs and 27 dashpots, 10 user-defined bearing elements are
modeled. The deck structure elements are assumed to be linear and the element stiffness and
mass matrices are derived from the finite-element model and assembled at the nodes using
lumped mass and stiffness approximation. The nonlinear elements are added to the linear elastic
deck elements and the augmented model is used for evaluating structural responses.

All element mass matrices and initial elastic element stiffness matrices obtained in ABAQUS
are summed at nodal masses to assemble global stiffness and mass matrices within MATLAB
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environment, and then the nonlinear elements are modeled for generating the evaluation model.
Each nodal mass of the deck and bent is assigned six dynamic degrees of freedom (DOF). The
deck-ends and abutments, which are assumed to be infinitely rigid in plane, are modeled using
three master DOF (two translational and one torsional DOF). The full nonlinear model of the
bridge has 430 DOF. This model is used as the evaluation model of the bridge.

The equations of motion for the bridge is given by

MU(2) + CU(1) + K()U(1) = —MnUg(?) + bF(?) (1)

where M is the assembled mass matrix consisting of all the nodal masses, C is the assembled
stiffness matrix and K(7) is the assembled stiffness matrix consisting of both the linear and
nonlinear parts. The vector 1 contains the loadings for the ground acceleration, and the matrix b
is the control force influence matrix. The vector F is the control force generated by the control
devices. Equation (1) is solved using Newmark’s method in an incremental form and the details
are given in the definition paper [31].

The global damping matrix C can be expressed as a combination of the distributed ‘inherent’
damping in the structure and soil radiation damping. The inherent damping of the
superstructure is assumed to be a function of the mass and initial elastic stiffness matrix of
the superstructure. The Raleigh damping parameters are computed by assuming a 5% modal
damping ratio in the first and second modes.

The nonlinear moment—curvature behavior of the two center columns is modeled by a
bilinear hysteresis model. For simplification, the force—deformation relationships for axial,
shear and torsional behavior are assumed to be linear and only two bending moment—curvature
relationship is considered to be bilinear. The interaction between the axial load and bending
moment during earthquake motions is not included. In addition, the nonlinear responses in both
directions are considered to be uncoupled. This assumption is reasonable since the responses of
columns are dominated by bending.

A concentrated plasticity model is implemented for modeling the material nonlinearity of the
bent column. The plastic deformations over an element are assumed to be concentrated at the
ends of the member. The moment—curvature relationship in both directions is idealized as
bilinear and composed of two components: linear and elasto-plastic component. The elastic
behavior remains unchanged, while the moments and shears of the elasto-plastic member are the
combination of the end forces of the components according to the state of yield.

The bridge deck is isolated at the abutments and the center bent/piers as well as shown in
Figures 1 and 2. A total of 10 LRB are used to isolate the bridge deck, placed at the locations
shown in Figure 2. The four isolators between the deck and the abutment are located at the east
and the west abutments. The isolators between the outrigger bent and the piers are placed on top
of the south column and the north column, as shown in Figures 1 and 2.

The isolation system is modeled using a bilinear force—deformation relationship in both x and
y directions as follows [31]:

= pr Ux + (Kex - pr) Ux

Fy
_ 2
F, = KU, + (Koy — Kp) U,

In Equation (2), F\ is the restoring force of the isolation bearings in the x direction, F), is the
restoring force of isolation bearings in the y direction, K), is the post-yield stiffness of isolation
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bearings (x and y directions indicated by the corresponding subscripts), K, is the pre-yield
stiffness of isolation bearings and U is the yield displacement of bearings.

A total of 20 control devices (10 in each direction) are placed at the isolator locations as
shown in Figure 2. These consist of four locations (two devices per location) between the deck
and each abutment and two locations on the center columns (one on each side of the deck).

For the Phase I controller design, a linearized reduced-order model based on modal reduction
techniques [32] is derived from the full-order evaluation model. The resulting reduced-order
model is found to capture the dynamics of the full-order model accurately in the modes of
interest. The control-oriented model is given as

X = A+ Bou + Kyl 3)
y. = Cx" + Diu + Fiij, 4)
Y = C'x" + D"u+ Fliig + v %)

where the subscript r in Equations (3)—(5) refers to the reduced model. In the above equations, x
refer to the states of the system, A, B and E are the system state matrices and i is the ground
acceleration vector in two directions. The regulated output y. and the measurement output y,,
equations are given in Equations (4) and (5), respectively. Matrices C, D and F are mapping
matrices of appropriate dimensions and v denotes the measurement noise. The above reduced-
order state-space form has been used to develop the active and sem-iactive controllers
(H,/LQG) formulation in Phase I. However, for Phase II of the study, the outputs are directly
used to implement a controller as described next, and a reduced-order form is not necessary.

A total of six earthquake motions are used to excite the bridge in two directions. Two
components, fault-normal and fault-parallel components, of the six earthquakes are used to
excite the bridge in both directions. The earthquakes used in this study are North Palm Springs
(1986), TCUO84 component of Chi-Chi earthquake, Taiwan (1999), El Centro component of
1940 Imperial Valley earthquake, Rinaldi component of Northridge earthquake (1994), Bolu
component of Duzce earthquake in Turkey and Nishi-Akashi component of Kobe (1995)
earthquake. These earthquakes are chosen to represent a broad range of ground motion
intensities (PGA ranges from 0.22¢ for El Centro to 0.82g for Turkey-Bolu), soil classes (A—D)
and spectral content.

SEMIACTIVE LYAPUNOV CONTROL ALGORITHM

Base-isolated structures can be idealized as single DOF (SDOF) nonlinear oscillators. The
Lyapunov semiactive control algorithm [14,28] utilized in the control of the highway bridge is
developed based on energy principles for a general ground-excited spring-mass-dashpot system
with time-varying damping. For a general SDOF system consisting of mass m, stiffness k and a
time-varying damping c(¢), the equations of motion can be written in state space as follows:

X = AX — Be(t)i, + Bkug (6)
where
0 1
A= |k (7
— 0
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B=41 ®)

X=1q ©)
Uy

In the above equations, u, and u, denote the absolute displacement and absolute velocity,
respectively, u, is the relative displacement and u, denotes the ground displacement. A positive-
definite scalar Lyapunov function (V) is constructed using the states defined in Equation (6) as
follows:

V =1"(X)a(X) (10)

where
o(X) = PTX = [Vk ﬁ]{”} (11)
Uy

where P is a positive vector.
Hence, the Lyapunov function ¥ can now be written as

V = Ski2 + /k/mugity +Lmid (12)

where the first term represents the total strain energy in the spring, the second term represents
the dissipated energy and the third term represents the total kinetic energy.
The Lyapunov derivative can be written as

V = o(X)P'Bii, <c(z) + ui(\/%\/rﬁu - kur)> (13)

For V to be negative, the following condition should be satisfied:

@ ¢ OF Cmax (Kt + \/mity )i >0 a9
c(t) =
C1 O Cmin (\/%ua + \/;”.ua)ur <0

Equation (14) can also be written as

(15)

€ OF Cax  (@ytty + 1ty )it >0
(1) =

€1 OF Cmin  (Wyuty + 1)1, <0

where w, = \/k/m, u,(t) is the absolute displacement and () is the relative velocity of the
structure.

It is worth noting that since there are no restrictions on the magnitude of the elements of the
vector P in Equation (11) (as long as they are positive real numbers), the algorithm is robust to
uncertainties in the system parameters, namely k& and m. For the ensuing simulations, the value
of w, = 1.68 rad/s corresponding to the post-yield period of the isolation system is used.
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CONTROLLER IMPLEMENTATION

Two types of control devices are implemented in Phase II of this study: passive nonlinear
dampers and MR dampers. The control devices are placed between the abutments/piers and the
deck at the 20 locations shown in Figures 1 and 2. For passive control implementation, the force
generated in the device depends only on the displacement and/or velocity between the
connection points of the damper. The passive nonlinear damper used in the study generates the
control force according to the following relationship [32]:

f= Ca|ur|a5gn(i‘r) (16)

where ¢, is an experimentally determined damping coefficient and #, is the velocity across the
piston of the damper. « determines the nature of the nonlinearity of the damper and has a value
between 0 and 1, where the extremes correspond to a friction and linear viscous damper,
respectively. For this study, « = 0.6 is used. To simulate the Lyapunov controller developed in
the previous section, MR dampers are used at the device locations shown in Figure 2. The MR
dampers are modeled using the Bouc—Wen hysteretic model as explained in the Phase I study of
the highway benchmark [32,34,36]. The control force generated in the MR damper is given by

f = cotty + 0z (17)

where ¢, is a viscous damping coefficient and z is a dimensionless hysteretic variable calculated
by solving the nonlinear differential equation [36]

2= —liclz|z""" = Bitnlzl" + Ay (18)

where y, n, f and A govern the nature of the hysteresis in the damper [34]. The magnitude of the
control force in the MR damper is adjusted by varying the applied external voltage. This is
represented mathematically by the voltage dependence of the damper parameters, ¢, and .
These functional relationships along with the values of these parameters have been presented in
the Phase I study of the highway benchmark [32].

The control law in Equation (15) requires both absolute and relative velocity and
displacement measurements at the device locations. In order to obtain these quantities, the
absolute acceleration measurements at the device locations are integrated successively using a
filter that simulates an integrator [7]. The overall implementation scheme is given in Figure 3
and the SIMULINK model that is distributed to the participants of this study is shown in
Figure 4.

Earthquake L .x
— St'
.dtc Space y,
Bridge Model v
+
Ym
u Lyapunov
Controller

Figure 3. Overall numerical implementation.
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NUMERICAL SIMULATION STUDY

A set of 21 performance indices has been developed to assess the effectiveness of control schemes
comprehensively [31]. These performance indices measure the impact of the control strategy in
terms of various structural responses such as displacement, moment and accelerations at key
locations in the structure. These performance indices are summarized in Table I and readers are
referred to the definition paper [31] for more details.

Both the semiactive Lyapunov and passive control strategies are implemented for the Phase
II benchmark structure. The highway bridge is modeled as a multi-degree of freedom system;
however, the deck system is rigid in plane and the deck isolated with the LRB isolation system
will essentially behave like an SDOF. Hence, the bridge deck is modeled using three master
DOF (two translational and one torsional DOF).

MR dampers [33] are used as control devices at the locations shown in Figure 1. The
parameters of the MR damper are described in the sample control design of the Phase I
benchmark definition paper [32]. The results of the numerical study in terms of the performance
indices and time-history plots are presented in Table II and Figure 5. A total of 40
measurements are used for the implementation of the Lypaunov controller: 20 total
accelerations at the deck level and 20 total accelerations at the abutments at the nonlinear
damper locations. The sensor locations are shown in Figure 2. The velocities are obtained by
means of a second-order filter that approximates an integrator [7]. The simulations are
performed within the control implementation framework set forth in the benchmark definition
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Table I. Performance indices.

Peak base shear™
Ji = maX{max,./ IH(’)I}
- max
F()h
Peak mid-span acceleration™
4 = max {0l
o

"Om

Peak dissipated energy™

max;, [ dE
J7 = max Ti}

Normed overturning moment™

_ max;, | My(0)|
Jio = max{ T

Normed bearing deformation™

o, max;, [y
Ji3 = m“x{ T |
Peak device stroke’
max, |di(t

Jig = max{ i )‘}

“om

# Control devices
Ji9 = #Devices

Peak overturning moment*

i IMp(t
Ja = max {0
0h

Peak bearing deformation™
_ max;, |y, (1)|
Js = max{ S }

< 0b

# of plastic connections™
— Ny
Jg = max{ N,/}
Normed mid-span displacement
Jy = max {max,,z uymw}

[l

*

Normed column curvature™
max;, ||D()||
= Maxq —qpmax
s a { o™

Peak instantaneous power

max [, Pz(l)]}

J17 = max X 7

# Sensors
Joo = Sensors

Peak mid-span displacement™®

it [Ym(Z
Js = max{w

< 0m

Peak column curvature
i |©

Jo = max{miagﬁ.x (')I}

Normed base shear™

_ max;, | Fp(1)|
o= max{ Ll
Normed mid-span acceleration™

maxi, |17, ()]l
b

J1» = max o
[l

Peak control force*
vy J maxy [fi()l
Jis = de{T/}

Peak total power

> J::’ P/(l)dt}

Jig = max{ T
“om

Computational resources’

Jor = dim(x¢)

*The denominator consists of the corresponding response quantity in the uncontrolled case; i=1,2 for x and y
directions, j = 1,..., Ny are the number of plastic hinges, / is the number of control devices.

W = Weight.

! \/ Zyéb‘

“Xom =

SDimension of the discrete state vector.

Table II. Performance indices for Lyapunov semiactive control.

NPalmspr Chi® El centro Rinaldi Turk-Bolu Kobe-NIS

J1: Pk. base shear 0.92 0.92 0.76 0.90 0.83 0.89
J2: Pk. over. mom. 1.03 0.89 0.71 0.86 0.87 0.85
J3: Pk. mid. disp. 0.56 0.74 0.36 0.69 0.36 0.26
J4: Pk. mid. acc. 1.57 1.13 1.35 1.34 1.15 1.91
J5: Pk. bear. def. 0.56 0.74 0.35 0.70 0.38 0.27
J6: Pk. ductility 1.03 0.89 0.71 0.86 0.87 0.85
J7: Dis. energy 0.00 0.00 0.00 0.00 0.00 0.00
J8: Plas. connect. 0.00 0.00 0.00 0.00 0.00 0.00
J9: Nor. base shear 0.67 1.01 0.54 0.74 0.43 0.53
J10: Nor. over. mom. 0.66 1.00 0.51 0.70 0.42 0.52
J11: Nor. mid. disp. 0.43 0.90 0.32 0.46 0.32 0.28
J12: Nor. mid. acc. 1.59 1.58 1.23 1.24 1.13 1.19
J13: Nor. bear. def. 0.42 0.91 0.33 0.46 0.34 0.28
J14: Nor. ductility 0.66 1.00 0.51 0.70 0.42 0.52
J15: Pk. con. force 0.01 0.01 0.01 0.01 0.01 0.01
J16: Pk. stroke 0.56 0.74 0.35 0.70 0.38 0.27
J17: Pk. power - - - - - -

J18: Total power - - — — - -

J19: No. con. devices 20 20 20 20 20 20

J20: No. sensors 40 40 40 40 40 40

J21: Comp. resources - - - - - -

Copyright © 2009 John Wiley & Sons,
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Figure 5. Comparison of Lyapunov semiactive control (thick line) and passive control (thin line) for the
case of North Palm springs (1986) earthquake.

paper [31]. In addition to the semiactive control, two passive strategies are also studied for
comparison purposes: (1) the MR dampers are set at their highest level of damping (essentially
behaving like a passive damper and referred to hence forth as passive on case) and (2) the
nonlinear damper described earlier is used instead of the MR dampers. The results of the passive
case with the MR damper (MR damper passive on case) are summarized in Table 111 and the
response quantities with the nonlinear damper are given in Table IV. The time-history results
(North Palm Springs earthquake) of the mid-span displacement, mid-span acceleration and
force displacement loop for the LRB are shown in Figure 5.

The advantage of semiactive Lyapunov control (Table II) is evident from the significant
reductions observed in the base displacements. The reduction in mid-span displacements is
about 25-74% compared with 12-76% for the MR damper passive on case and 9—50% for the
nonlinear damper case. The reductions in the mid-span displacements for the MR damper
passive on case occur at the cost of increased base shears and increased mid-span accelerations;
however, the increases in the semiactive control case are less than those in the passive damping
case. The magnitude of reductions in the mid-span displacements for the semiactive case is more
than that of the nonlinear damper case. However, it can be seen that the mid-span accelerations
are increased in all cases with respect to the uncontrolled case. This is because of the increased
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NPalmspr Chi? El centro Rinaldi Turk-Bolu Kobe-NIS

J1: Pk. base shear 1.08 1.06 0.71 1.27 1.22 0.91
J2: Pk. over. mom. 1.16 1.07 0.72 1.28 1.25 1.04
J3: Pk. Mid. disp. 0.76 0.87 0.27 0.64 0.49 0.24
J4: Pk. mid. acc. 2.98 1.46 1.77 1.39 1.42 2.69
J5: Pk. bear. def. 0.70 0.86 0.26 0.65 0.50 0.23
J6: Pk. ductility 1.16 1.07 0.72 1.28 1.25 1.04
J7: Dis. energy 0.00 0.00 0.00 0.00 0.00 0.00
J8: Plas. connect. 0.00 0.00 0.00 0.00 0.00 0.00
J9: Nor. base shear 0.76 0.86 0.77 1.11 0.39 0.60
J10: Nor. over. mom. 0.76 0.85 0.76 1.08 0.39 0.59
J11: Nor. mid. disp. 0.36 0.59 0.11 0.61 0.16 0.13
J12: Nor. mid. acc. 2.21 2.07 1.55 1.70 1.38 1.61
J13: Nor. bear. def. 0.34 0.60 0.10 0.62 0.16 0.12
J14: Nor. ductility 0.76 0.85 0.76 1.08 0.39 0.59
J15: Pk. con. force 0.01 0.01 0.01 0.01 0.01 0.01
J16: Pk. stroke 0.70 0.86 0.26 0.65 0.50 0.23
J17: Pk. power - - — - - -

J18: Total power - - - - - -

J19: No. con. devices 20 20 20 20 20 20

J20: No. sensors 40 40 40 40 40 40

J21: Comp. resources - - - - - -

Table IV. Performance indices for passive nonlinear damper.
NPalmspr Chi? El centro Rinaldi Turk-Bolu Kobe-NIS

J1: Pk. base shear 1.06 0.91 0.62 1.07 0.78 0.91
J2: Pk. over. mom. 1.10 0.95 0.61 1.04 0.70 0.90
J3: Pk. mid. disp. 0.87 0.76 0.50 0.90 0.59 0.83
J4: Pk. mid. acc. 1.17 1.13 1.09 1.05 0.92 1.16
J5: Pk. bear. def. 0.88 0.76 0.49 0.90 0.56 0.83
J6: Pk. ductility 1.10 0.95 0.61 1.04 0.70 0.90
J7: Dis. energy 0.00 0.00 0.00 0.00 0.00 0.00
J8: Plas. connect. 0.00 0.00 0.00 0.00 0.00 0.00
J9: Nor. base shear 1.19 0.98 0.61 0.84 0.58 0.97
J10: Nor. over. mom. 1.21 0.98 0.60 0.82 0.58 0.96
J11: Nor. mid. disp. 1.02 0.98 0.59 0.76 0.52 0.96
J12: Nor. mid. acc. 0.91 1.19 0.95 0.98 0.87 0.99
J13: Nor. bear. def. 1.03 0.98 0.62 0.76 0.52 0.96
J14: Nor. ductility 1.21 0.98 0.60 0.82 0.58 0.96
J15: Pk. con. force 0.00 0.00 0.00 0.00 0.00 0.00
J16: Pk. stroke 0.88 0.76 0.49 0.90 0.56 0.83
J17: Pk. power 0 0 0 0 0 0

J18: Total power 0 0 0 0 0 0

J19: No. con. devices 20 20 20 20 20 20

J20: No. sensors 0 0 0 0 0 0

J21: Comp. resources 0 0 0 0 0 0
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Table V. Uncontrolled response quantities.

NPalmspr Chi? El centro Rinaldi Turk-Bolu Kobe-NIS
Fi™ (N) 6.934e5 1.049¢6 9.950e5 1.226¢6 1.108e6 7.833e5
MG (Nm) 3.268e6 6.884e6 7.330e6 8.033e6 8.001e6 5.068e6
Vo (m) 0.097 0.537 0.251 0.543 0.324 0.276
Vo (m/s%) 1.007 1.614 1.127 2.055 1.852 0.973
Yo (m) 0.103 0.544 0.249 0.550 0.328 0.286
pmax 1.563¢e—4 3.292e—4 3.505¢—4 3.842e—4 3.826e—4 2.424e—4
Emax 0 0 0 0 0 0
Ny 0 0 0 0 0 0
[ F5 1 (N) 1.954e5 3.351e5 3.029¢5 4.273e5 5.866e5 3.341e5
[ M| (Nm 1.365¢6 2.454¢6 2.211e6 3.119¢6 4.286¢6 2.435¢6
lvgax| (m) 0.050 0.144 0.118 0.150 0.246 0.133
76 (m/s%) 0.192 0.286 0.305 0.584 0.327 0.301
[lyg Il () 0.054 0.147 0.120 0.149 0.252 0.141
@™ 6.526e—5 1.1734e—4 1.058e—4 1.491e—4 2.050e—4 1.1643e—4
XM (m) 0.103 0.544 0.249 0.550 0.328 0.286
XM (m/s) 0.466 1.382 0.406 1.558 1.029 0.561

coupling between the deck and the relatively stiff center columns due to the addition of
nonlinear dampers. Similar increases in superstructure accelerations for nonlinear base-isolated
structures have also been reported in the first-generation base-isolated benchmark [28]. The
uncontrolled quantities for the highway bridge are summarized in Table V for reference. It is
worth noting that the sample controllers presented are not meant to be competitive and hence
further reductions are possible in the semiactive control case with better control algorithms.

CONCLUSIONS

In this paper, sample passive and semiactive control strategies are presented for the Phase II
highway bridge benchmark. The semiactive controller is implemented using MR dampers and a
nonlinear Lyapunov control algorithm. The isolation system considered in this study consists of
lead rubber bearings exhibiting bilinear hysteresis. The Lyapunov semiactive controller is
developed for a system with time-varying damping. The results of the simulation study are
presented in the form of a set of performance indices. It is shown that the Lyapunov semiactive
controller is effective in reducing the base displacements. The control design presented in this
study is intended as an aid for the benchmark problem participants; it is expected that results
can be improved further by designing more effective controllers.
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