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PREFACE

The National Center for Earthquake Engineering Research (NCEER) was established to expand
and disseminate knowledge about earthquakes, improve earthquake-resistant design, and imple-
ment seismic hazard mitigation procedures to minimize loss of lives and property. The emphasis
is on structures in the eastern and central United States and lifelines throughout the country that
are found in zones of low, moderate, and high seismicity.

NCEER'’s research and implementation plan in years six through ten (1991-1996) comprises four
interlocked elements, as shown in the figure below. Element I, Basic Rescarch, is carried out to
support projects in the Applied Research area. Element II, Applied Research, is the major focus
of work for vears six through ten. Element III, Demonstration Projects, have been planned to
support Applied Research projects, and will be either case studies or regional studies, Element
1V, Implementation, will result from activity in the four Applied Research projects, and from
Demonstration Projects.

ELEMENT ! ELEMENT Il ELEMENT 1l
BASIC RESEARCH APPLIED RESEARCH DEMONSTRATICN PROJECTS
+ Saismic hazard and « The Building Project Case Studies
ground motion = Active and hybrid control
+ The Nonstructural + Hospital and data processing
+ Soils and geotechnical Components Project facilities
engineeting

+ Short and medium span
- The Lifelines Project I:J1> bridges

« Structures and systems - Water supply systems in

« Risk and reliability « The Bridge Project Reglilgnmaﬁlgtsui?:s\?:an Francisco
+ Protective and . Nt_aw York City
intelligent systems « Mississippi Valley

= San Francisco Bay Area
+ Societai and economic

studies i-]
v ELEMENT IV

IMPLEMENTATION

- Conferences/Woerkshops

o Education/Training courses
« Publications

« Public Awareness

Research in the Building Project focuses on the evaluation and retrofit of buildings in regions of
moderate seismicity. Emphasis is on lightly reinforced concrete buildings, steel semi-rigid
frames, and masonry walls or infills. The research involves small- and medium-scale shake table
tests and full-scale component tests at several institutions. In a parallel effort, analytical models
and computer programs are being developed to aid in the prediction of the response of these
buildings to various types of ground motion.
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Two of the short-term products of the Building Project will be a monograph on the evaluation of
lightly reinforced concrete buildings and a state-of-the-art report on unreinforced masonry.

The protective and intelligent systems program constitutes one of the important areas of
research in the Building Project. Current tasks include the following:

1. Evaluate the performance of full-scale active bracing and active mass dampers already in
place in terms of performance, power requirements, maintenance, reliability and cost.

2. Compare passive and active control strategies in terms of structural type, degree of
effectiveness, cost and long-term reliability.

3. Perform fundamental studies of hybrid control,

4. Develop and test hybrid control systems.

NCEER’s research efforts in the active control area has led to the development of a full-scale
active bracing system, which was installed in an experimental structure in Tokyo. This report
describes design, fabrication, and operational aspects of this system, together with its observed
performance under three actual earthquakes and other artificial loadings. We note that, while
several active mass dampers have been implemented in full-scale structures over the last few
years, the active bracing system described here represents the first full-scale active system of this
type developed and tested under actual ground motions. The experience gained through the
development of this system can serve as an invaluable resource for the development of active
structural control systems in the future.

iv



ABSTRACT

An active bracing systern has been designed, fabricated, and installed in a full-scale ded-
icated test structure for structural response control under seismic loads. This report
presents (i) a description of the constructed system, (i) design specifications for the control
system aiong with simulation studies for the design earthquake, and (iii) olbserved per-
formance of the system under three actual earthquakes and other artificial loadings.
Detailed design and analysis of the active system are carried out with respect to hardware
development, control force constraints, and power and energy requirements. 1t is shown
that a full-scale efficient active structural control system can be developed within limits of
current technology. Simulation results provide information on performance bounds that
can be expected of active systems in structural control under seismic loads and under
constraints imposed by practical considerations. Installation details of the system in the
building structure are presented along with the selections for fail-safe shutdown operations
in case of malfunctions. Also presented are the procedures for proper maintenance and
self testing which ensure continuous control with minimal resources. The observed per-
formance under artificial loadings and actual ground motions is compared with the esti-
mated analytical response. It is shown that the performance of the active bracing system

is predictable by simple analytical procedures and efficient within the design limitations.
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SECTION 1
INTRODUCTION

The possible use of active control systems as a means of structural protection against
seismic loads has received considerable attention inrecent years. It has now reached the
stage where active systems have been installed in full-scale structures (Soong 1990). The
focus of this report is on the development of an active bracing system and it’s imple-
mentation to a full-scale dedicated test structure whose performance could be assessed

under actual ground motions.

Active control using structural braces and tendons has been one of the most studied control
mechanisms. Systems of this type generally consist of a set of prestressed tendons or
braces connected to a structure, their tensions being controlled by electrohydraulic ser-
vomechanisms. One of the reasons for favoring such a control mechanism has to do with
the fact that tendons and braces are already existing members of many structures. Thus,
active bracing control can make use of existing structural members and thus minimize
extensive additions or modifications of an as-built structure. Thisis attractive, for example,

in the case of retrofitting or strengthening an existing structure.

Active tendon control has been studied analytically in connection with control of slender
structures, tall buildings, bridges and offshore structures. Early experiments involving the
use of tendons were performed on a series of small-scale structural models (Roorda 1980),
which included a simple cantilever beam, a king-post truss and a free-standing column
while control devices varied from tendon control with manual operation to tendon control

with servo-controlled actuators.

More recently, a comprehensive experimental program was designed and carried out in
order to study the feasibility of active bracing control using a series of carefully calibrated
structural models. As Fig. 1.1 shows, the model structures increased in weight and
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Fig. 1.1 Experimental Stages of Active Bracing Gontrol
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complexity as the experiments progressed from Stage 1 to Stage 3 so that more control
features could be incorporated into the experiments. AtStages 1 and 2, the model structure
was a three-story steel frame modeling a shear building by the method of mass simulation.
At Stage 1, the top two floors were rigidly braced to simulate a single-degree-of-freedom
system. The model was mounted on a shaking table which supplied the external load and
the control force was transmitted to the structure through two sets of diagonal prestressed

tendons mounted on the side frames.

Results obtained from this series of experiments are reported in (Chung et al. 1988, Chung
et al. 1989). Several significant features of these experiments are noteworthy. First, they
were carefully designed in order that realistic structural control situations could be inves-
tigated. Efforts made towards this goal included making the model structure dynamically
similar to a real structure, working with a carefully calibrated model, using realistic base
excitation, and requiring more realistic control force. Secondly, these experiments per-
mitted a realistic comparison between analytical and experimental results, which made it
possible to perform extrapolation to real structural behavior. Furthermore, important
practical considerations such as time delay, robustness of control algorithms, modeling
errors and structure-control system interactions could be identified and realistically

assessed.

Experimental results show significant reduction of structural motion under the action of the
simple tendon system. In the single-degree-of-freedom system case, for example, a
reduction of over 50% of the first-floor maximum relative displacement could be achieved.
This is due to the fact that the control system was able to induce damping in the system
from a damping ratio of 1.24% in the uncontrolled case to 34.0% in the controlled case

(Chung et al. 1988).

1-3



As afurther step in this direction, a substantially larger and heavier six-story model structure
was fabricated for Stage 3. It was also a welded space frame utilizing artificial mass sim-
ulation, weighing 18.1 metrictons and standing 5.5 min height. Inthis series of experiments,
multiple tendon control was possible and the results again show that simple tendon
arrangements can produce significant motion reduction under simulated earthquake

excitations (Reinhorn et al. 1989).

Another added feature at this stage was the testing of a second control system, an active
mass damper, on the same model structure, thus allowing a performance comparison of
these two systems. Furthermore, control requirements and control efficiencies realized in
this series of experiments were extrapolated to the full-scale case, leading to a preliminary
design of the full-scale active bracing system for Stage 4. The feasibility of implementation
was analyzed, followed by the design and simulation study in order to assess its per-

formance capabilities when instalied in an actual structure (Socong et al. 1991).

The active bracing system has since been fabricated, installed in a full-scale test structure,
tested using artificial excitations, and subjected to actual ground motions (Reinhorn et al.
1992). The objectives of the full-scale implementation are (i) to verify the complex
electronic-digital-servohydraulic system under actual strong motions, (i) to verify the
capability of the system to operate or shutdown under prescribed conditions, and (i) to
validate simplified analytical procedures used to predict actual system performance. This
report provides information on the detailed design and analyses of the full-scale active
bracing system. The performance of the systern under simulated excitations and actual
ground motions is described and compared with predicted performances using simple

analytical procedures.



SECTION 2
TEST STRUCTURE AND ACTIVE BRACING SYSTEM

2.1 Full-Scale Test Structure

A dedicated full-scale test structure was erecled for performance verification of the active
bracing system under actual seismic ground mations. Located in Tokyo, Japan, the
structure is a symmetric two-bay six-story building as shown in Figs. 2.1 and 2.2. It was
constructed of rigidly connected stesl frames of rectangular tube columns and W-shaped
beams with reinforced concrete slabs at each of the floors. Having rectangular columns,
the two orthogonal directions are not structurally identical. Weighing 600 metric tons, the
structure was designed as a relatively flexible structure with a fundamental period of 1.1 sec
in the strong direction and 1.5 sec in the weak direction, in order to simulate a typical
high-rise building. The structure was constructed without claddings except for the top story
(sixth floor), which houses an experimental active mass damper (AMD) (Aizawa et al, 1920).
Side access stairs were built without connection to the main structure to preserve the
symmetry of the system for sake of simplicity. Due to lack of cladding and the simple
connections, the structure has very low damping in the dominant modes (between 0.5%
and 1% of critical).

2.2 Active Bracing System (ABS)

As shown in Figs. 2.2 and 2.3, solid diagenal tube braces were attached at the first story
of the building after the main structure was constructed (see details in Fig. 2.4). The control
system enables longitudinal expansion and contraction of the braces by means of hydraulic
servocontrolled actuators, inserted between the brace elements and forming an internal
part of the bracing system. The control system includes also a hydraulic power supply, an

analog and digital controller, and analog sensors as shown schematically in Fig. 2.5.
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Fig. 2.3  Active Brace System
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2.2.1 Braces

The design of the braces was based on the maximum control force and the anticipated
stiffness with the assurance that buckling will not occur under actuator actions. The active
brace and the joint configuration are shown in Figs. 2.6 and 2.7. Circular steel tubes were
used as bracing members with the following specification: Iehgth = 360.5 cm,
diameter = 165.2 mm, thickness = 4.5 mm, and strength = 564 KN. The measured
stiffness of the braces is 98.4 kN/mm in the x-direction and 73.8 kN/mm in the y-direction.

2.2.2 Hydraulic Actuators

Four units of Parker, heavy-duty hydraulic cylinder series 2H--style TG (NFPA style Mx2)
were selected as actuatcors with the following specifications: length = 735 mm, piston
diameter = 152.4 mm, rod diameter = 63.5 mm, stroke = + 50 mm, and average
capacity = 344 kN. Figure 2.8, shows the manner in which the actuator is connected with
the brace. Although the expected movementin the actuatorsisonly = 12 mm, larger size
actuators were chosen to enable [ength corrections during construction. In future appli-

cations, a much shorter actuator would be sufficient.

The average capacity of the actuator is based on the working pressure [20.68 MPa
(3,000 psi}] of the hydraulic oil and the average piston area, i.e., the average of the piston
area on one side and the same area minus the rod area on the opposite side of the piston.

The capacity can be improved by increasing the working pressure of the hydraulic oil.

Two hydraulic actuators are coupled in series in each direction and are monitored by one

servovalve, which is shown in Fig. 2.9, and one servovalve-controller of type
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Fig. 2.6  Member of Active Brace
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Fig. 2.7
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Joint Configuration of Active Brace
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Fig. 2.8  Actuator and Connected with Brace
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A Set of Actuators with a Servovalve

Fig. 2.9
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MTS 458. The inner control loop for the hydraulic actuators is used for position feedback.
The servovalve MTS252.2x can supply up to 55 liter/min (15 gpm) at a pressure drop of
6.89 MPa (1000 psi).

2.2.3 Hydraulic power supply

The final design of the hydraulic system allows the active system to remain ready for fult
power controlled operation, while requiring the hydraulic pump to operate for only a few
seconds each hour, to keep the system fully charged. As shown in the simplified block
diagram of the control system hardware {see Fig. 2.10), hydraulic accumulators, which are
shown in Fig. 2.11, are placed between the pump and a hydraulic manifold, and are kept
charged by the hydraulic pump. This stored power is used when the active control is first
started so that full hydraulic pressure is instantly available. The accumulators can supply
enough power to allow the hydraulic pump to reach full pressure operation, and can drive
the actuators for approximately one minute, longer than most major earthquakes, in the

event of a power failure.

The actuators use oil at pressures varying between 19 and 21 MPa (2700 - 3000 psi). The
hydraulic pump with a capacity of 120 liter/min (~30 gpm) operates between the upper
and lower pressure limits. The hydraulic power system was designed to operate almost
passively, i.e., the accumulator battery of 38 liters (10 gallons) is inserted in the line to
maintain continuous pressure and to supply the required oil for an event of up to 60 seconds.
The hydraulic manifold ‘(an electrically controlled valve) opens the hydraulic system in case
of an event, while the accumulators supply the required oil. When the pressure on the
hydraulic lines drops below the lower operating pressure limit, the hydraulic pump starts

its operationtorestorethe pressure and charge the accumulators. According to this design
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Fig. 2.11 Manifold and Accululators
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it is expected to have the hydraulic pump operating only after (and not during) a seismic
event. The schematic of the hydraulic systemis shownin Fig. 2.10 coupled tothe necessary
controllers and actuators.

2.3 Analog/Digital Controller

An analog/digital controller was chosen based on the requirements that the analog con-
troller must be compatible with the hydraulic service manifold and with the servovalves, and
be capable of simultaneously controlling the two sets of servovalves. The controller is
capable of fully controlling the state of the hydraulic service manifold, and driving the ser-
vovalves; moreover, the controller has a series of fail-safe circuits designed to properly shut
down the entire system if any problems are detected. As built, the controller was designed
to allow a digital computer to monitor the status of the controller and the hydraulic system
linked to the controller, and to adjust some operating parameters of the system, including
triggering the fail-safe circuits. More detailed discussion of the fail-safe systemis presented
in Section 5.3. To allow the computer to control all aspects of the system, afield medification
was made to the digital logic circuits of the contraller, which allows the hydraulic system to
be remotely controlled through an external digital connection.

2.4 Digital Microcomputer

The microcomputer executes the control algorithm, monitors the status of operation of
various hydraulic components and monitors the status of the structural system. The
software algoritnm is designed to start operation upon detection of an event or shutdown
in case of malfunctions. The system consists of a PC computer with an
INTEL™ 80386/25 MHz processor equipped with an INTELTM 80387/25 MHz math-
coprocessor, which are shown in Fig. 2.12. Two analog-to-digital (A/D) and digital-to-
analog (D/A) conversion boards provide interface for up to 16 channels of differential inputs

from sensors and four channels of analog outputs to controllers. In addition, 16
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LSTTL digital logic channels are available on the computer boards. The analog channels
are used to interface with the sensors (conditioners) and with the analog servoloop. The
digital logic channels are used to monitor the state-of-the-controller and adjust its opera-
tions. An RGB monitor is connected to the system to enable visual monitoring of operations.

2.5 Sensors

The control system has four servovelocity seismometers of type Tokyo Sokushin VSE11,
which is shown in Fig. 2.13, for each principal direction of the building with an cutput range
of =100 cm/sec. The velocity sensors are located on the ground, at the first, at the third,
and at the sixth floors of the building. Same sensors can provide acceleration information
up to =+ 1000 cm/sec?. Additional transducers are mounted at each floor to monitor
building behavior. Each actuator is equipped with a displacement transducer (LVDT) which
is shown in Fig. 2.14 having arange of = 12 mm which is used to adjust the length of the

brace via the servovalve loop.
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Fig. 2.14 LVDT Instalied on Actuator
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SECTION 3
CONTROL ALGCRITHM DEVELOPMENT

The control algorithms developed for the full-scale test were based on classical linear
optimal control laws previously discussed by Chung et al. (1988,1989) and Reinhorn et al.
(1989). However, unlike in the laboratory, the use of displacement measurements as
feedback state variables in conventional control design is not feasible in the field. Under
the constraint that only three velocity sensors are available, two alternative control strategies
were developed. They are (1) velocity feedback with observer which provides full-
dimensional state feedback with the aid of a state-estimator and (2) three-velocity feedback
which treats the full-state as an equivalent reduced-order system. These control algorithms
are described below following a brief summary of the classical linear optimal control theory.

3.1 Basic Considerations

The classical linear optimal closed-loop control algerithm which is the basis of the control
designis reviewed herein. The equation of motion of a discrete-parameter structure, under
earthquake excitation x,(f) and active controf force which is expressed in terms of

actuator displacement u(!) ,is described in the state-space representation as:

20 = Az() + bu() + wk,() (1)

where

x(1) 0 I ¢ 0
O ey AT M TMTC bl sy | ()
- - - - ~ Y !
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where =z (t) isthe statevector oforder 2n ceonsisting of vectors x (t) and x (t)

which are the relative displacement and relative velocity vectors of order n, respectively,
n being the number of degrees of freedom (DOF) ofthe structure ( 2 = 6 inthepresent

case); u(t) isthe actuator displacement that characterizes the control force. Matrices

M,C and K arethe mass, damping and stiffness matrices, respectively, which

~ ~ g

can be estimated through identification tests. Vector & is the control force location
~ 1

vector of order n, whose elements are 2k, cos a forthe corresponding floor where

the active braces are attached and zero otherwise, k. being the stifiness of the active

brace and « the brace inclination angle from the horizontal; w  is a vector of order
~ 1

with all elements equalto — 1, , indicating the contribution of the ground acceleration.

Based on the classical quadratic performance criterion, u(t) is found by minimizing the

integral:
J= L Fwezo - o] a (3)

for the duration ¢; of ground excitation. In Eq. (3), Q s a positive semi-definite
weighting matrix for the response and r is a positive weighting factor for the control.

in the present case, matrix Q is chosen to be:
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RS 0
Q = [O O} (4)

so that the first term in Eq. (3) characterizes the potential energy of the structure, and

r = 2Bk, (5)

such that the second term in Eq. (3) characterizes the control energy. [3 is a control

parameter which determines the relative importance between safety and economy;
3 = o representsthe uncontrolled case. ltis noted from the above derivation that B

is the only parameter that needs to be specified in the contrcl design.

Under linear feedback control, «(¢) is obtained to be linearly related to the state vector

z (t) as (Sage 1977, Chung et al. 1988,1989):

u(t) = G =z(t) = rle’Pz() (6)

where G isthefeedback gainoforder 2n and P isobtained from the approximated

time invariant Ricatti matrix question:

PA+ ATP - Pbr'o’P - Q = 0 (7)

It can be seen from the above that information of all state variables, i.e., displacements and
velocities, is required in order to calculate the feedback control force. This requirement,

however, is impractical in field applications either because all the state variables are not
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accessible for direct measurement or because the available sensing devices are limited.
In the present full-scale structural test, only three velocity sensors are provided in each of
the principle directions which necessitates modifications.

3.2 Velocity Feedback with Observer

Suppose the state variables of a dynamic system are not fully accessible. In order to apply
the state feedback strategy, a state observer can be used if the system is completely

cbservable (Chen 1984).

Consider a dynamical system whose state equation is given by Eq. (1) and the associated

output or observation equation is expressed as:

y(t) = C€=(t) (8)

where v ({) isthe observed vector oforder m{(m<2nr) and C isthe mx2n

measurement matrix. Assuming that z (¢) is an estimator of z (), then the state

observer equation can be written as (Chen 1984, Soong 1989):

2(1) = Ax() + bu(t) + wi,(t) + ,5(3/(1) - Q{Z(i)) (9)

where [ isthe 2nxm observer matrix.

Let z (t), betheerror betweenthe actual state vector =z (¢), andthe estimated state

vector z(t), ie:
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20 = 21 —E (10)
Substituting Egs. (1) and (9) into Eq. (10), one obtains:
20 = (47 LO)z (11)

It is seen from Eq. (11) that, if the observer matrix L is properly selected so that the

eigenvalues of matrix ( {4 - L C) have negative real parts smaller than —o, thenall

ol

elements of the error vector =z (t) will die out at rates fasterthan e~ Consequently,

even if there is large error between 2 (¢,) and x(t,) atinitialtme ¢,, the vector

z (t) wil approach =z (t) rapidly.

Once the full-dimensional state vector is established, the state feedback controt can be

accomplished by substitutingthe observedstate z (¢) fortherealstate =z (t) inEgq. (6),

giving:

u(t)y = ~r-'o’ P (1) (12)

[n an effort to reduce on-line computation, an approximationis introducedin solving Eq. (11)
by using finite differences. Equation (9) then becomes a difference equation in the

discrete-time form:
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o = |1 - (A EE A r A waLk, ) +

LAty (1)] (13)

It is noted that, in order to predict the state vector at time instant ¢, , the knowledge of

ground acceleration 5, attime ¢ and the estimated state vector at the previous time
step are required along with the available cutput measurements. As a consequence, an
increase in on-line computation is inevitable with a potential increase in time delay, which

is critical in real time control.

Inthe present study, two velocity transducers located at the first and third floors are selected
for output measurements of the system. To illustrate the effectiveness of the proposed
control algorithm, a series of numerical simulations were performed with various 3 values
using the 32% EIl Centro earthquake as input. The observer matrixis L determinedina
way that the poles of matrix ( {‘1 - {~ 9‘ ) are assigned to be three times of those of matrix

A so that the error term will diminish rapidly. The correlation between the control force
requirement with the weighting factor B is shown in Fig. 3.1(a), where the associated
conirol efficiency in terms of reductions in maximum structural relative displacement,
maximum absolute acceleration and maximum base shear is given in Fig. 3.1(b). Itis seen
that, as expected, the smaller the 3 value, the better the performance. The case of

B = 4 isdetermined for the design of ABS as will be explained in the next section. As
an illustration, time histories of the top floor response and base shear corresponding to

3 = 4 are shown in Fig. 3.2. The associated control force requirement is shown in

Fig. 3.3(a).
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3.3 Three-Velocity Feedback Controi

Since three velocity sensors are available at the first, third and sixth floors, an alternate
control designis one using direct three-velocity feedback. Inthis development, the full-order
system is first reduced to a 3-DOF system and the mode shapes of the reduced order
system are constructed from the first three modes of the frequency response functions of
relevant floors. it is noted that orthogonality between the mode shapes does not hold here
because a part of the modal displacement information has been discarded. A mode
smoothing procedure to improve the modal orthogonality is therefore conducted fora more
comprehensive dynamic analysis whereby the masses are redistributed to three nodal
paints and the equivalent stiffness and damping matrices are derived, respectively, by pre-
and post-multiplying the diagonal generalized stiffness and damping matrices by the inverse
modal matrix. Accordingly, the natural frequencies of the reduced order system are close

to the first three modes of the full-order system.

The control design is now developed using velocity information only. The effectiveness
of this strategy is confirmed by simulation. The difference between the control efficiency
of using both displacement and velocity feedback and that of using velocity feedback alone
isinsignificant as can be seeninthe lasttwo columns of Table 3.1. However, itis interesting
to see that less control force is required in the velocity feedback case but more power is

required.

Control requirements and structural performance using different control strategies are also
compared in Table 3.1. While the control algorithm with observer gives the best result as
expected, its implementation requires more on-line computation time, as mentioned earlier,

implying greater increase in time delay and reduction in control efficiency.
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Table 3.1 Performance Comparisons with Different Controf Algorithms
Full-state | Velocity
Control Algorithm uncontrolled | Observer | Feedback | Feedback
Control Basedon | Based on
3DOF 3DOF
Top fl. Rel. Disp.
Mazximun (cm) 7.9769 4.6673 5.0406 5.0480
Reduction (%) 41.5 36.8 36.7
Top fl. Abs. Acc.
Maximun (g's) 0.3678 0.2340 0.2555 0.2576
Reduction (%) 364 30.5 30.0
Base Shear
Maximnn (kN) 1019.7 606.6 632.7 6503
Reduction (%) 40.5 38.0 36.2
Contol Force (kN) 629.1 565.5 563.4
Power Requirement 20.47 24.1 28.8
(kW)
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3.4 Time Delay

In real time control, time delay is contributed mostly by signal processing, on-line com-
putation, and control execution using the hydraulic system. These time delays accumulated
inthe control loop can cause deterioration of control performance or even system instability

if they are not properly compensated (Soong 1990).

Time delay can be determined from the phase lag measured between the signal input and
signal output for a giver system component. In an identification test, the phase lag angle
is determined from the imaginary and real parts of the input and output frequency transfer

functions. The delay time for each component of the system is in turn determined by:

0
T, = 3607 (14)

where 7, isthe time delay in seconds, © is the phase lagin degrees and f isthe

frequency in Hertz.

A preliminary assessment of time delay of the hydraulic actuators used in this test was
carried out in the laboratory. Using banded white noise as input, the delay time between
the command signal and the achieved actuator response was estimated to be about
12 msec. The required on-line computation time was aiso estimated in a similar manner
to be about 14 msec for the observer control algorithm and 5 msec for the three-velocity

feedback algorithm.

Among various time delay compensation methods, phase compensation that was first
discussed by Roorda (1980) and verified effective in laboratory experiments (Chung et al.
1988, McGreevy et al. 1988 and Chung et al. 1989) is one of the most attractive strategies.

This method is adopted in the present study as briefly described below.
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If the displacement feedback force lags the displacement by t, in time while velocity

feedback force lags the velocity by T .. ,their corresponding phase lags for the i-th mode
are w,;T, and w,;T, . With the phase shift, the displacement feedback force may be
resolved to produce positive active stiffness and negative active damping while the velocity
feedback force may be resolved to produce positive active stiffness and positive active
damping. Due to the existence of negative active damping, control effects are diminished
forthe real system as comparedtotheideal one. Evenworse, time delay will cause instability
if the resultant damping force is negative. Since phase lag is proportional to the delay time
and modal frequency, the effect of time delay can become serious for higher modes even

with small amounts of time delay.
The control force contributed by the i-th mode can be expressed as (Chung et al. 1889):
u,(t) = —-g, () - gztﬁi(t) = —g M- T

g Mt - T,) (15)
where ¢, and g’,, are the modified displacement and velocity feedback gains,

respectively, with time delay compensation. The modified feedback gain factors are

determined so that the same control effect can be achieved.

Due to phase shiit, the displacement feedback forces contributed by the mode can be
resolved into (g cosw;T,)n, as a displacement component and
(g sinw,T,)n,/w, as a velocity component. Similarly, the displacement and
velocity components of the velocity feedback force contributed by the i-th mode are,
respectively, (g’ ,;sinw,;T,)w,;n, and (g’ ,,cosw,;T,)T;. Inorderto makethereal

system equivalent to the ideal one, the relationship between feedback gains for the real
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system and those for the ideal system can be established such that both systems have
the same active stiffness and active damping. Thus, the modified feedback gains are

obtained as :

cosw,; T, —(l/w)sinw;t, |
(16)

w,;sSIinw,; T, CosSw; T,

[97 9720 = (91 gal [

For multi-degree-of-freedom systems, the control gain correction due to time delay as
indicated in Eq. (16) can be applied to each mode in the modal domain and transformed
into the physical domain through modal transformation. More detailed derivation can be

found in (Reinhorn and Soong et al. 1989).
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SECTION 4
DESIGN OF ACTIVE CONTROL
4.1 Design Earthquakes

For design purposes, the peak velocity of the design earthquakes was taken to be
10cm/sec based on local seismic records over the past seven vyears
(maximum = 9.5 cm/sec). Accordingly, the scaled (32%) El Centro earthquake with
98 cm/sec? (0.1 g) peak acceleration was determined as the design earthquake which
corresponds to the criterion of 10 cm/sec maximum velocity. Response analyses were aiso
carried out using a series of recorded earthquake time histories to verify the adequacy of
thedesign specifications. Table 4.1 tabulates the earthquakes considered inthe verification
of the control system with their maximum accelerations scaled to 0.1 g.

4.2 Analysis and Design

4.2.1 Determination of weighting factor 3.

A series of numerical simulations with different 3 values have been presented in the

preceding section. While the best reduction in displacement was observed in the case of

B =0.5, [=+4 wasusedforcontrol system designfromthe practical standpoint since
it gave satisfactory structural performance (approximately 40% reduction) while requiring
reasonable amount of control force (665 kN), just within the capacity of the selected
actuators. The associated maximum actuator displacement and velocity are (+)0.5 cm
and 6.6 cm/sec, respectively, also within the performance limitation of the specified device.

The following analysis for design of the power resource is based on this 3 value.
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Table 4.1 Design Earthquakes
Earthquakes Component  Scale Duration Sampling
factor (sec) time (sec)
El Centro NS 032 20 0.02
Hachinohe NS 0.60 20 0.01
Miyagioki 0.68 30 0.01
Taft N21E 0.715 20 0.02
Mexico NoOwW 0.65 100 0.02
Mexico - SO0E 1.115 100 0.02
Pacomia Dam S16E 0.095 20 0.02
Pacomia Dam S74W 0.104 20 0.02
Tokyo 1.48 10 0.02




4.2.2 Design of passive power resource.

Therequiredflowrate q(¢) ofthe hydraulic cylinders can be determined approximately

in terms of the piston area A, and the actuator velocity u(t) as:
q(t) = Aju(t) (17)

in which u(t) is calculated based on the selected [3 value and the assumed brace
stiffness.

Equation (17) is a first-order approximation in which compressibility of the hydraulic fluid
and leakage around the valve and piston are neglected, which is adequate only when the
load reaction is small. In general, maximum values are the criteria of design specification.
The design capacity of the flow rate, however, is not based on the extreme value; it is rather
determined in accordance with the average flow rate from an economic point of view. The
servo-controlled system pumps the hydraulic il with a constant speed during the control
action. The difference of the oil flow between the required and the supplied is then adjusted

through the hydraulic accumulators.

Figure 4.1 illustrates the cumulative flow accumulated during an earthquake, which is
obtained by integrating the time history of the flow rate. The slope of this curve represents
the instantaneous fiow rate required to achieve the control goal. It is observed from
interpreting the slope of the curve that system demand is the highest between 2 and 5
seconds and less so over the rest of the time history, a property apparently resulted from
the nonstationary nature of the earthquake motion and the control effect contributed in the
previous time period. The linear curve represents the cumulative volume of a constant flow

which is obtained by minimizing the difference between the demand and supply
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of oil using the least-square criterion. The largest difference between the cumulative flow
and the average flow indicates the minimum volume of the hydraulic accumulator to be

considered in design.

A summary of simulated results under representative earthquakes is given in Table 4.2.
The ABS design specifications are determined accordingly.

4.3 Verification

From the analytical data shown in Table 4.2, it was found that the design was appropriate
for almost all earthquake records used except for the case of Hachinohe earthquake. In
that case, it requires a maximum control force of 696.5 kN which is far beyond the design
capacity of the system if the same control strategy is to be used. Investigation was made
by restricting the output control force within the design capacity of the actuator while using
the same feedback gains. Results show less reduction of structural response (about 30%
in displacement and 47% otherwise) when the control force is restricted to 333 kN per

actuator whereas stability of the mechanical system is preserved.

This situation should also be taken into account in the on-line control practice due to erratic
nature of earthquake ground motions.

4.4 Power and Energy

In order to generate the required control forces, large power supply may be required to
effectively activate the actuators. Power requirement, p(¢). ofthe hydraulic systemcan

be evaluated in terms of the control force £ (t), and actuator velocity u(t) as:
p(t) = F(u(i) (18)

Energy consumption, E(t), can be obtained from:
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E(t) = j:p('u)dr = f:F(t)u(r)dr (19)

Figures 6(b) and 6(c) illustrate the time histories of power and energy resources required

under the 32% El Centro earthquake.
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SECTION 5
EXPERIMENTAL STUDY
5.1 Control Algorithm

As discussed in Sections 3.1 through 3.3, the three-velocity feedback control algorithm is
the simplest of those available based on the sensor configuration. It is, thus, used in the

experimental study discussed in this section.

Using the three velocity feedback control, the movement of the actuators which provide

the control force is calculated by:

u () = GL x() and u )y = GI vy

inwhich «, and u, arethe actuatorsdisplacements, G, and €. arecontrolgain

vectors,and x and y arevectorsofsensedvelocitiesinthe x — and v — directions,

respectively.

The uncompensated feedback gains used in this case are 0.02166, 0.01031 and 0.00595
for the first, third and sixth floor velocities in the x- direction, respectively. The gains in the

y-direction are 0.02476, 0.01400 and 0.00706.

The implementation of this algorithm in real-time requires adjustment of gains to enable
quick integer operations. The program is compiled to execute modules that allow for a
computational cycle of 4.2 msec.

5.2 Automatic Control Operation

As discussed in Sec. 2.2.3, the hydraulic power for the full-scale active bracing system
needs to be continuously available, yet, unlike in a laboratory, it is not practical to have the
hydraulic system operating constantly. Consequently, the system had to be designed so

that the hydraulic system remains in a ready, but dormant, state, with the control software
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capable of bringing the system to full operation. In addition, the hydraulic system had to
be capable of almost instantly supplying full power to the active braces, and keeping the
braces supplied with power for the duration of the event, even if the hydraulic pump loses
power. Taaccomplish this, the control software monitors the status of the control hardware,
and adjusts the state as necessary. These requirements are met by subroutines added in
the control program, which monitors system status, starts or stops the control operations.

5.3 System Reliability and Maintenance

While occasional minor glitches in operation of a control system may be acceptable in a
laboratory, any problems or errors in the full-scale control system, operating without
continuous human guidance and monitoring, have the potential to cause damage or cat-
astrophic failure. To properly protect the system and the structure from damage in the
event of a full or partial failure of the control system, fail-safes were added to both the

hardware and the software.

The long-term maintenance of the system poses an additional series of challenges. If strict
tolerances are not met, the continuous wear can lead to degradation in the system per-
formance, and even to failure. The standard maintenance must include manual inspection

and verification of the system components on a regular bases.

As a safety feature, the computer can latch the servovalve commands, such that the
actuators are held in a rest position. When the latching command is sent to the controller,
all external servovalve commands are immediately disabled, and the actuators are adjusted
from their current position to the rest position. During rapid adjustment to the rest position,
the actuator displacement decays exponentially, such that neither the structure nor the
control system is stressed by the adjustment, and so that the natural frequencies of the
structure are not excited. This latching circuit is designed to be activated either by an

external signal from the computer, or by the fail-safe circuitry of the controller.
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Toimprove safety and reliability of the entire system, an external electrical circuit was added
to the system’s fail-safe chain. This circuit is directly connected to the controller, the
hydraulic pump, the control computer, and the top floor velocity transducers. The circuit
monitors both the signals from the velocity transducers and an analog signal from the
control computer. If the velocity signals exceed a preset limit or if the computer sends a
large signal, the circuit will trigger the fail-safe interlocks of both the controller and the
hydraulic pump. The connection to the hydraulic pump is a redundant safety feature, since
when the controller’s interlock circuit is triggered, the controller will automatically trigger
the pump’s interlock circuit.

5.4 Control Software

The design and development of the control software for the full-scale active bracing system
posed a variety of challenges. The control program is required to monitor the system and
the structure, start and stop the control system operation, and intelligently handle any
problems that might occur; moreover, the software must be able to handle these tasks
reliably for a long period of time. In addition, the software must be able to perform these
tasks efficiently; while the operating speed is not critical during the routine monitoring.and
maintenance operations, the program must operate extrernely fast during the actual control
operation. The major features of the control software are shownin a block diagram (Fig. 5.1)

outlined in Table 5.1. A detailed descripticn is given below.

(a) Normal Operation. During normal operation the control software deals with three

n

operations, i.e., "stand-by," "control,” and "shut-down."

() During the "stand-by" operation the control program monitors both the status of the
control system and the motion of the structure. The controller is continually moni-
tored for system interlocks and problems with the hydraulic system, both of which

could either reduce the effectiveness of, or prevent altogether, any active control
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(i)

(i)

operation. All of the instruments are constantly monitored for zero drift; any offsets
in the zero position of the instruments’ signals are removed, first when the program
is started and then on a regular basis during the normal operation. The base and
top floor instruments are monitored for seismic and wind induced motions,
respectively, andthe active control system is started if a significantmotion is detected.
An averaging technique is used to minimize the possibiiity that signal noise will

unnecessarily trigger the control.

"Control" starts when a seismic ground motion or high wind is detected, the control
program first turns on the hydraulic power and releases the servovalve command
latch, before beginning the controlled operation. During the controlled operation,
the program uses the signals from the instruments to calculate control signals
according to the previously detailed control algorithms. The program checks both
the control signal and the top floor velocity, to see that neither exceeds preset limits.

If the control signal exceeds the limit, the output is clipped at the limit level.

If the top floor velocity exceeds the limit, the software performs an emergency
"shutdown." In addition, the program monitors the controller for any problems. If a
problem is detected in the system, the program will either attempt to correct the
problem, if possible, or will perform an emergency shutdown of the system. When
the motions of both the ground and the structure have returned to reasonable levels,
the program will latch the servovalve command, turn off the hydraulic power, and

return to the normal waiting state until the next event is detected.

(b) System Self-Maintenance. Besides the normal operating routines, the control pro-

gram contains several routines for testing and verifying the integrity of the system. A seif

excitation test is used to verify that the control system is working properly, and to check

the efficiency of the control. A self identification testis used for verifying the natural
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Table 5.1  Control System Software

Module / purpose
)

Notes
(2)

Normal operations

Monitor ground and individual floor velocities
Adjust instrument offsets
Start / stop control

« Turn hydraulic power on / off

* Release / lock servovalve commands
Generate control signal
Monitor system status

The software can identify signal noise to
eliminate false starts.

See system/software reliability

System maintenance

Self excitation test
Self identification test
Emergency stop test

System / software reliability

Servovalve command locked when control is off
Traps and properly handles software errors
Monitor status of computer hardware
Monitor status of digital controller (Monitor
hydraulics and electronics through controller)
Monitor top floor velocity
Intelligent error handling
- Recovery from certain non-critical errors
- System protected from some operator errors
« Excessive errors trigger emergency stop
Emergency stop
« Redundant interlock triggers
Digital signal to controtler
Analog signal to remote relay/trigger
- Servovalve command instantly locked
« Hydraulic power stopped
- Contro! signal “ramped" to zero

Command locked at zero

Critical errors cause an emergency stop
Uses intelligent error handling

Uses intelligent error handling

Large velocity causes emergency step

Actuators are smoothly returned to the
resting positions, such that the natural fre-
quencies of the structure are not excited.
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frequencies of the structure and comparing the uncontrolled response of the structure to
the controlled response from the self excitation test. A third test is used to verify that the

emergency stop procedures and the fail-safe systems are working properly.

(c) Safety and Reliability. To protect the integrity of the control system, the software
contains many features designed to improve safety and reliability. As a general safety
feature, the servovalve command is kept latched, with the actuators in the rest positions,
whenever the program is not running either the control or a test routine. In addition, the
control is started automatically daily to prevent stick of the sensitive servovalves. Besides
extensive debugging and beta testing, the software is programmed so that a defect in the
program code or the occurrence of an unpreventable software error during operation will
not cause an outright failure of the program. Instead, when such an error is detected, the
program will trap the error and attempt an emergency shutdown of the system. Finally, the
program extensively monitors the status of the system hardware. The software constantly
checks the computer’s data acquisition boards for a’ny problems. The program can clear
most of the data acquisition board errors; however, if an excessive number of errors occur,
or if an error cannot be cleared, the program will perform an emergency shutdown. The
software monitors the status of the controller in a similar way, and monitors the top floor

velocity as mentioned above.

Whenthe control program detects a problem anywhere in the system hardware or software,
it will determine if the error is critical or not. If the error can be identified as a non-critical
error, an attempt is made to correct the problem. If the program is unable to correct the
error, or if an excessive number of correctable errors occur, the system is immediately
halted through an emergency shutdown. The emergency stop sequence consists of
sending two redundant interlock triggers; a digital signal to the controller, and an analog

signalto the externalfail-safe circuit. The servovalve command is latched, and the hydraulic
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power stopped. As an added redundant safety feature, the program will return the analog
control signal to zero through an exponential decay similar to the servovalve command

latch.
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SECTION 6
SYSTEM PERFORMANCE

The building structure was subjected to a series of excitations to identify its dynamic
properties and to verify the performance of individual components as well as of the overall
system. Forthe identification studies, the structure was monitored during ambient vibrations
created by heavy traffic and during self excitation tests. Free vibrations and forced vibrations
were generated using the 6 mton AMD located at the top of the test structure operated in
reverse action of its usual function. Note that the presence of the AMD in the same test
structure allows also a performance comparison with the active bracing system as further
explained. The "actuaitest" of the system was observed during three strong ground motions
that occurred on April 10, April 14, and May 11, 1992. The three earthquakes of magnitude
49 5.0, and 5.6 (respectively) had peak accelerations of approximately 10 cm/sec? (ap-
proximately 1% of gravity).

6.1 Identification of Dynamic Properties

The dynamic properties of the uncontrolled system are determined from frequency
response functions obtained from ambient vibration tests or sweep tests produced with
the bracing system. The dynamic properties, listed in Table 6.1, did not change during the
observation period of 20 months except for small variations within the measurement
accuracies. ltisinteresting to note the lower damping ratios in the y-direction as compared
with the ratios in the x-direction. It should be remembered that the x-direction is reflecting
the strong axis of the columns and that connections are different in both directions. The
mode shapes were orthonormalized for the computation of the control gain coefficients.

The difference between the orthonormalized and the unmodified
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Table 6.1 Uncontrolled Dynamic Properties of Structure
Direction Mode i ] i v v vl
(1) @ @ @ () (6) 0 (8) 9)
Frequency | Hz 0.98 2,88 4.93 7.18 8,79 13.23
Damping || % 1.0%) 2.0% 4.0% 8.0% (>10%) | (>10%)
6 0.0264 { -0.0248 0.0181 { -0.0130| -0.0019 0.0001
5 0.0224 [ -0.0030 | -0.0204 0.0287 0.0003 0.0006
X Modal 4 0.0185 0.0t63 | -0.0176 | -0.0252 0.0130 | -0.0051
Shapes 3 0.0125 0.0230 0.0104 | -0.0000| -0.0264 0.0161
2 0.0069 0.0170 0.0212 00119 0.0102 | -0.0267
1 0.0022 0.0063 0.0117 0.0063 0.0279 0.0274
Participation 50.82 19.94 13.40 497 13.20 7.09
Factors
Frequency 0.69 1.91 3.18 4.39 5.81 8.30
Damping 0.5% 0.3% 0.7% 1.5% (>15%) | {(>15%)
6 0.0268 | -0.0234 0.0210 0.0065 0.0001 { -0.0004
5 0.0230 | -0.0040 | -0.0275 0.0196 -0.0077 0.0029
Y Modat 4 0.0183 0.0187 { -0.0088 | -0.0196 0.0227 | -0.0097
Shapes 3 0.0114 0.0229 0.0085 | -0.0085| -0.0262 0.0158
2 0.0063 0.0171 0.0190 0.0285 0.0030 ; -0.0186
1 0.0018 0.0043 0.0068 0.0122 0.0219 0.0325
Participation 50.01 20.34 10.88 20.42 7.90 12.84
Factors

{-.) Values in parantheses could not be precisely verified due to excessive noise.
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normal modes is almost negligible in the lower four modes and more substantial in the
higher two. However, this difference is less important in these higher modes since natural
damping in these modes is relatively high.

6.2 Free and Forced Vibration Response

The AMD was activated in both directions using harmonic excitations that produced
vibrations in the building. Free vibration observations were obtained from measurements
of the structural response made after abruptly stopping the mass damper movement.
Typical excitations of the AMD are shownin Fig. 6.1. The responses of the sixth floor shown
in Fig. 8.2 indicate large increases in damping, more pronounced in the decay in the
y-direction, and a successful brake in the buildup in the resonant response
[Fig. 8.2(e) and (f)]. The performance of the structure, summarized in Table 6.2, shows a
substantial increase in the equivalent damping ratio [Col.(7) and (8)] and a substantial
reduction of the resonant amplitude [Col. (8) and (6)]. Control results from nonresonant
forced vibrations indicated good amplitude reductions in all affected modes.

6.3 Response to Earthquakes

The structures response was recorded while the control system was automatically activated
during the earthquake episodes mentioned earlier. The ground motion was simultaneously
recorded (as shownin Fig. 6.3) andis used with an analytical model to estimate the probable
response of the structure in the uncontrolled mode. The analytical model was carefully
calibrated prior to its use for earthquake response estimates by comparing the structural
response in various tests with the ones computed (Aizawa et al 1990, Wang, et al 1992).
Some typical response histories of the sixth floor are shown in Fig. 6.4 for the controlied
(observed) and the uncontrolled (estimated) cases. The peak response and the RMS are

tabulated in Table 6.3 for the sixth floor and for the base of the structure.



Table6.2  Characteristics of Harmonic Loading Tests
Response Maximum Equivalent
Vibration Control|  Frequency Velocity Damping
Source Status (Hz) (cm/sec) (%)

X Y X Y X Y

___ (2) (3) (4) (5) (6) (7) (8)
Free Vibrations | OFF 0.98 0.68 6.26 5.64 1.04 0.55
ON 0.58 0.68 6.86 6.86 3.34 3.47
Resonant OFF 0.95 0.70 |(12.78) |(23.42) 1.04 0.55
Force Vibrations| ON 0.95 0.70 3.98 3.84 3.34 3.47
. OFF 0.80 0.80 257 2.57 1.04 0.55
Nonresonant ON 080 080 122 1.71 3.34| 347
Force Vibrations| OFF 200 2.00| 063] 253 1.04| 055
ON 2.00 2.00 0.52 0.89 3.34 3.47

() Estimated values (actual values exceed allowable in structure)
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Fig. 6.1 Typical Acceleration of AMD During Harmonic Loading Tests
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The peak responses are generally reduced in the x-direction, but are less affected in the
y-direction. The RMS responses are, however, reduced in all cases which indicate an

overall reduction of vibration amplitudes throughout the motion.

The reason for small or no reduction of peaks in the y-direction is the inability of the control
algorithm used to reduce substantially the first amplitude, which is the largest. Alternative
controi algorithms can handle this problem. It should be noted also, that the RMS is more
indicative of the energy transferred into the structure, and therefore energy reductions

obtained with active control are substantial.

The transfer functions of the structural response with respect to the excitation input are
indicative of the change of dynamic properties during control as shown in Fig. 6.5. The
controlled response has lower peaks and wider distributions around the peak, indicating
damping increase. The active bracing system produces a somewhat uniform reduction of
modal responses as indicated in the transfer functions in Fig. 6.5. The controlled peaks
are somewhat shifted from the uncontrolled ones, although the control algorithm used is
supposed to affect only the damping and not the stiffness. This shift is likely due to the
imperfect compensation of time delay, which creates "leaks" in the stiffness components

and, therefore, the frequency shifts.
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SECTION 7
ANALYTICAL PREDICTION OF OBSERVED RESPONSE

The analytical mode! was calibrated based on initial observations during the identification
studies. Two models were used: (i) A discrete model based on modal time analysis (Soong
et al 1991) and (ii) an approximated continuous model (Wang et al 1992). Both models
produced similar results for the simulations used for the design of the bracing system. The
approximated continuous model was used to predict the uncontrolled and the controlled
responses of the sixth floor of the structure during the nonresonant forced vibration tests
as shown in Fig. 7.1. Some discrepancies occur at the beginning of the motion presented.
These discrepancies are due to the transient response, which appears inthe analysis, while

the observed structural response was recorded during the steady state.

The actual earthquake response was predicted using the time step analysis and the
identified properties of the system. The control forces were estimated using the uncom-
pensated gains. The analysis was performed using the recorded acceleration time histories
shownin Fig. 6.3. Thetime histories of the analytical and observed responses are compared
in Fig. 7.2 for the April 14th earthquake. The differences in the maximum peaks are less
than 10%, while the RMS differences are less than 2%. Considering inherent imperfections
inthe structural system, the analytical predictions seem to be adequate for interpreting the

structural response and for designing new systems.

7-1



@ )

:—I OBSERVED (UNCONTROLLED) | ;] SIMULATED {(UNCONTROLLED) |

s A iy T R

i i T

Bl Ol
(c) ()

"l OBSERVED (CONTROLLED) | :[ SIMULATED (GONTROLLED)

g;W Yhih v% NW\ g,l.U]\NWW' ‘ NW\

20 23 30 B 48 -1 10 s 26 25 30
THE {eecarid TIVE (eecondd

(8) M
*r OBSERVED (UNCONTROLLED) | | i | SIMULATED (UNCONTROLLED) |

J } 5 ]
b \

L

b
—_—
P —
T

ﬁ

——

VELOGITY [onvoecs
o 2 N
i

n
&[I

e

l” u ¥ | 1 | AN AR ). ! I 3 ] ) ’ '
B 10 18 E ] 25 k) 30 40 43 50 + ] 7’0 18 = 20 5:0 35 49 46 &0
TIME {saoondq TME (secondd
)] )

X OBSERVED (CONTROLLED) | : | SMULATED (CONTROLLED) | ~
1 L Hiﬁ.__klI.A“H_ ng ni_ﬂ.,_,_wu.ukn
§“h ‘J\h ”vMyﬂu i uh q i
g"‘J i kl”fnn m g A g jHH‘HU’I 1 AL U

* Q 10 16 ZDHE (”.mdqdo k-] 4Q 45 80 4 ] 10 16 EOM ;:»n“:o 36 0 45 [

Fig. 7.1 Comparison of Analytical and Observed Responses During Harmonic

Loading Tests
7-2



@

el 6 th FLOOR | L x |

QBSERVE

fog. o B

AV ARA S

ooy
ANALYTICAL

DISPLACEMENT (mm)

ao_..{ ard FLOOR 1 % % }

OBSERVEDR

DISPLACEMENT (mm)

©)

cold 6N FLOOR

L.

L= B

10 ; QOBSERVE

b4 u - LI A 14

TR X ANALYTICAN

DISPLAGEMENT (mm)
; ) :

3
L
oy

=i
TERr

n:z:i

o
=,
[=]

19 ) ] 30 35 40

25

zmm{ 31d FLOOR ‘{ 5 ! Y P"

hE

ol % OBSERVED

B T T S S O .

s ; ANALYTIGA

DISPLACEMENT (mm)

o
"y
o
)
o
.
&
Q
)
i)
Y
L=}

Fig. 7.2  Comparison of Analytical and Observed Responses During April 14 Earthquake

7-3






SECTION 8
COMPARISON OF PERFORMANCES OF ABS AND AMD

As a active control devise, an Active Mass Damper system (AMD) has been installed on
the top floor of the same test building with ABS (Fig. 2.1) to compare their performances.
The top view of the AMD system is shown in Fig. 8.1. A complete description of the AMD
system and some observed results are given by Aizawa, S., et al. (1990). In the AMD
system, a six-ton moving mass is suspended (T =3.1secs) so that it can respond instan-
taneously. The structural response can be controlled in two directions by the two elec-

trohydraulic servo actuators, which are installed along orthogonal directions.

While both systems were installed in the same building, the structural control is performed
by only one at a time. The control effect of the AMD system was examined during the
Izu-Oshima earthquake on October 14, 1989 and on February 20, 1990. The observation
results are shown in Fig. 8.2. The structural response in the frequency domain is shown

in Fig. 8.3.

Summarizing the observation results for both control systems, a rough performance

comparison of AMD and ABS is shown in Table 8.1.

Table 8.1 - Comparison of AMD and ABS

AMD ABS

Average Reduction of Peak | Displacement 56% 29%
Structural Response Acceleration 22% 26%
Maximum Actuator Movement (cm) 10.51 0.194
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Fig. 8.1  Full-Scale AMD
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Note that the AMD system has a better reduction of displacement response and a lesser
reduction of accelerations. This implies a more comfortable response using the ABS and
lesser base shear

using the AMD. The maximum actuator movement is an indicator of the required input
energy. ltis very large for the AMD system and is quite small for the ABS indicating sub-
stantially less energy needed by the ABS. Comparing the response transfer functions
shown in Fig. 6.5 and Fig. 8.3, it is noted that the AMD reduces the structural response
substantially in the first and second modes in the y-direction and only in the first mode in
the x-direction (Fig. 8.3). The ABS system reduces the structural response in all modes,
as can be observedin Fig. 6.5. The main reascns of this behavior are {i) the ABS has better
ability to redistribute earthquake energy in higher modes and suppress their influence, as
noted also by Yang (1982) and (i) the AMD constructed in this building was designed to
suppress only the lower modeg. A change in the control algorithm can produce even better

performance in the higher modes for the ABS.

8-5






SECTION 9
CONCLUDING REMARKS

The design, installation, and cperational characteristics of a full-scale ABS for earthquake
resistance of a building have been presented in this report. The control algorithms were
developed based on the classic optimal closed-loop control theory. As required by sensor
limitations, two medified control algorithms were used. They are (1) velocity feedback with
observer, and (2) three-velocity feedback. Both aiternatives have been proven to be

effective through numerical verification.

Based on the recognition that it is more efficient to control a structure by applying a force
rather than a moment, (Yang et al. 1978, Reinhorn et al. 1989), horizontal control forces
were applied to the first floor through the action of diagonal active braces. While it is
conceivable that extra column axial forces are introduced by the vertical component of the
bracingforces whenthe controlsystemisactivated,the » - A effect, whichisaproblem
in structures with large deformations, be less pronounced since the braces are connected

to the first floor where the displacement is relatively small.

While several active mass dampers have been implemented in full-scale structures over
the last few years, the active bracing system reported here represents the first full-scale
active system of this type developed and tested under actual ground motions. The resuilts

presented in this report demonstrate that:

(a) The concept of an active tendon or bracing system, originated almost 20 years ago,
has led to the successful development of the device for civil engineering structural

control.
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The success of the full-scale ABS performance is the culmination of numerous ana-
lytical studies and carefully planned laboratory experiments involving model struc-

tures.

The ABS can be implemented with existing technology under practical constraints

such as power requirements and under stringent demand of reliability.

The use of ABS in existing structures can be a practical solution for retrofit as dem-
onstrated by this full-scale experiment. Note that the active braces were added only

after the structure was completed.

The full-scale ABS performs, by and large, as expected, and its performance can be

adequately predicted through simplified analytical and simulation procedures.

The experience gained through the development of this system can serve as an
invaluable resource for the development of active structural control systems in the

future.
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APPENDIX |
EARTHQUAKE OBSERVATIONS - - TIME HISTORIES
OF OBSERVED MOTIONS AND ESTIMATED RESPONSES

Table A1 provided the description of the thiee earthquakes that considered in this report.
Thisis followed by the display of amore complete set of the structural response time histeries

(observed and simulated) related to this earthquakes.

Tabie A1 - Actual Earthquakes During the Operation Period of ABS

Time of Occurrence Epicenter Location Depth (KM) | Magnitude
April 10, 1992 North latitude 35" 14’/ 89 4.9
(23:31) East longitude 13 38
April 14, 1992 North latitude 36 10’/ 62 5.0
(12:03) East longitude 139" 50’
May 11, 1992 North latitude 36" 32’/ 56 5.6
(19:07) East longitude 140 32’




1. Earthquake on April 10, 1992;

1) Response of 6th Floor in X-Direction

TIME (SEC)
0 10 20 30 uo 50

I A L L L L L L D L T L D T D D U e St e (e A SR D B SN SR BN Y T T T 17 171
I { i I ] 1

cM 6F Dis X Controlled {Obs.) MAX. = 0.105 M { 9.8505L0)

cM  6F Dis X Uncontrolled (Ana.)  MAX.=  0.152 M (47.840SEC)

l'SKINE 6F Vel X Controlled (Obs.) MAX. = 0.747 KINE ( 14.330SEC)
0

-1.5
kine  6F Vel X Uncontrolled (Ana.) MAX. = 1.161 KINE  ( 17.280SEC)

GAL 6F Acc X Controlled {Obs.) MAX. 11.361 GAL ( 5.2805EC)

il

GAL 6F Acc X Uncontrolled (Ana.) MAX. =

15.300 GRL ( 8.850S5EC)




2) Responses of 6th Fioor in Y-Direction

TIME (SED)
0 10 c0 30 4o

l[{lEIIll!lTIIIlIIJI[IIIlllIililllllllllllllilillll

2 CM 6F Dis Y Controlled (Obs.} MAX. = 0.171  CM { B.2803EC)

CM 6F Dis Y Uncontrolled (Ana.) MAX. = 0.170 CM { B.120SEC)

1.555 KINE  ( B.270SEC)

15.666 GAL { 5.5U40SEC)

2OG"RL 6F Acc Y Uncontrolled (Ana. ) MAX.= 15,467 GAL { 5.570SEC)
0 Pl ‘ r‘r‘ AL LA i li‘lllli i!a'lilllll'tllil||'lll'l Iglyilkriylﬂ'r!!‘;'vlﬁlv!;';ivl; 'i'l .'1'1'1'1'111||'.!n‘x,alx‘.!
—20* |
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3) Responses of 3rd Floor in X-Direction

TIME (SEC)
G 10 20 30 40 S0

Illllillil||lll|ill]||ll(lllIllTlIllllIIl]lll[llll]

0,10 M 3F Dis X Controlled (Obs.) MAX.=  0.051 CM { 10.8S0SEC)

0

-0.10%

0.10.%M 3F Dis X Uncontrolled (Ana.)
-0.10%
IK}NE 3F Yel X Controlled (Obs.) MAX.= 0.586 KINE ( 9.7205EL)
I : | ﬂ o : B ‘
0 WW% bl e AR A AP A A
_1 L )
1}§INE 3F Vel X Uncontrolled (Ana.) MAX. = 0.729 KINE ( 13.020SEC)

13.952 GAL { 5.430SEC)

GAL 3F Acc X Controlled (Obs.) MRX.

15
‘.,,JJML jhi-‘ﬁ”s IJUI 4;»4»}; r &;W“D-h
o W’h’ M n “[T "T” n'r] 1{ *‘Wﬂﬁﬁ'ﬂ}f ml#i Jﬁ “;} "l“’"’ﬁiﬁ \mpw
_lanL 3F Acc X Uncontrolled (Ana.) MRX.=  10.811 GAL { S5.4UOSEC)

o —




4) Responses of 3rd Floor in Y-Direction

TIME (SEC)
0 10 20 30 up 5
L S s e e e B B R A L A B B N I A B S|
0.15 _CN 3F Dis Y Controlled (Obs.) MAX. = 0.099 CM ( 7.7005EC)

—0.15¢%
0 115_I:M 3F Dis Y Uncontrolled (Ana.) MAX. = 0.110 CM ( 40.4S0SEL)
0 _ 'P Hi]llill‘n‘“l‘ll“““l“l‘nlihl'llhvl
I '1“][' "lYlH!]”H !'”]l“![" WO YWY
-0.15¢4
15)’(_INE 3F Vel Y Controlled (0bs.) MRAX.= 1.264 KINE ( 5.8103EQ)
D »
-1.5%
) SK_INE 3F Vel Y Uncontrolied {(Ana.) MAX. = 1.153 KINE { B.SUOSEC)
U_ .ll Lu LIV T i.kh!ljhi“i 1“1““I“)“I'Hll“l“llllh“lhAlala
l u'n' ARG w'nr!'l ylmu!j R LA
-1.5% =
21:IG_HL 3F Acce Y Controlled (Obs.) MAX.= 16.470 GAL ( 7.680SEC)
I A JJ ll‘ I”’”" ¢ J Y J
L L O
—ot '
AL 3F Acc Y Uncontrolled (Ana.) MRX. = 109.287 GAL { 8.U80SEC)




2. Earthquake on April 14, 1992;

1) Response of 6th Floor in X-Direction

TIME (SEC)
0 10 20 30 50
llilﬂll[IIlIl17lIITIIilI—II'IIlIllIllllllIl]lllllfj_ll—l
0.5 M 6F Dis X Controlled (Obs.) MAX, = 0.1u8 CM { 9.2U0SEC)
0
—0.3L ) ‘
05O 6F Dis X Uncontrolled (Ana.) MAX, = 0.302 CM { 12.120SEC)
0
-0.3t
ZK;NE 6F Vel X Controlled (Obs.) MAX. = 1.063 KINE ( B8.950SEC)

KINE  6F Vel X Uncontrolled (Ana.) MRX. = 1.857 KINE  ( 12.3B0SEC)

2L '
JcS 6F Acc X Controlled (Obs.) MAX.=  15.245 GAL [ 6.000SEC)
OMMHW%%WWMMW

20"

EDGHL 6F Acc X Uncontrolled (Ana.) MAX., = 19.509 CAL ( 14.SQ0SEC)
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2) Response of 6th Floor in Y-Direction

TIME (SEC)
0 10 20 30 ua

illI[[IT[i{(l(lllfl[1llllffilllt7llllifliflllfJII'Ii

0 3_CM 6F Dis Y Controlled (Obs.) MRX. = 0.188 (M ( 9.340sEC)

-0.3L
2K1NE 6F Vel Y Controlled (0Obs.) MRX. = 1.533 KINE { B.970SEC)

2K_INE 6F Vel Y Uncontrolled (Ana.) Mﬂx;z 1.588 KINE ( 9.060SEC)

-
20

0 »Mﬁﬁm%%%%
[

—20 .
2UG}'-!L 6F Acc Y Uncontrolled (Ana.) MAX.= 15.032 CGAL ( 14.5303EC)

k.

6L 6F Acc Y Controlled (Obs.) MAX.=  11.509 GAL ( B.910SEC)




3) Responses of 3rd Floor in X-Direction

TIME (SECH
50

|I11 llllll 1'1 lllllll lllil‘lill‘l] lllllllll ]llllll‘ill
o 3F Dis X Controlled (Obs.) MAX.=  0.085 CM ( 8.720SEC)

bl et sl M My
Ww’w ‘“l S l]‘Tﬁ{lm b ‘,il 5“,,’,#{\131:{;%

GAL 3F Acc X Uncontrolled (Ana.) MAX.=  14.402 GAL ¢ 5.8605E0)

:CM 3F Dis X Uncontrolled (Ana.) - MAY. = 0.165 CM [ 12.110SEC)
AR AR p AR AAARAAALAARA A A 1A
A T T

KINE 3F Vel X Controlled (Obs.) MAX.= 0.751 HKINE ( 14.8205EC)

K_INE 3F Vel X Uncontrolled (Ana.) MAX. = 1.145 KINE  ( {1.370SEC)

" ;-;1111 ‘l‘ll"l"‘1‘1"11&‘1‘1'4':':#'11l‘J 'l‘l'l'l“'l'lll’lrlrl'l‘l‘awi‘l'n'n‘a

GAL 3F Acc X Controlled (Obs.) MAX.=  12.708 OfL ( 11.9205EC)

b e

[Lﬂ b WWW R o O UV A
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4) Response of 3rd Floor in Y-Direction

TIME {SEC)
a 10 20 30 up
l’lll"llllTl]T‘llT_'*flll‘lllllllllilrrTIIITllillTTlTIIl
CH 3F Dis Y Controlled (0bs.) MAX.=  0.117  CM (8.3605:0)

0.15¢

~0.15+%
0.15

—0.15-
1.5

_l'SKINE 3F Vel Y Uncontrolled (Ana.)

3F Vel Y Controlled (Obs.) MAX.= 0.870 KINE { 9.3005EC)

MAX.

it

1.774  KINE ( 89.620sEC)

1.5
' ! m!”:u"u" i ik,
“f%WWmf&%WMMWM% K

—ll;USG:RL 3F Acc Y Centrolled (Obs.) MAX.=  22.983 GAL ( 9.350SEC)

U .. i 'ff#.“,’ua!;‘;,“g Pt B b e

~4pt
4B 3F Acc Y Uncontrolled (Ana.)  wpx.= uyp.204 GAL { 12.590SEC)
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mﬁwquWWMWWMMWWMMWﬁWWMWW””“M“"

—40



3. Earthquake on May 11, 1992:

1) Response of 6th Floor in X-Direction

TIME (SEC!
0 10 20 30 up
l o ™7 T T T T T ] TTTT T T T T T l T T T T T ki L T [ T 7T T ¥ T T T I LR F T 1 T T I"}
0.g. O 6F Dis X Controlled (Obs,)  MAX.= ~ 0.365 CM  (27.1705EC)

M 6F Dis X Uncontrolled (Ana.) MAX.= 0.672 CM { 34.850SEC)

KN 6F Vel X Controlled (Obs.)  MAX.=  2.827 KINE  (27.U70SEC)

KINE 6F Vel X Uncontrolled (Ana.) MAX.= 4.088 KINE  (35.080SEC)

GAL 6F Acc X Controlled (Obs.) MAX, = 19.169 GAL ( 27.050SEC)

GAL 6F Acc X Uncontrolled (Ana.) MAX.=  25.181 OGAL ( 34.840SEC)
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2) Response of 6th Floor in Y-Direction

TIME (SEC)
S0

0 10 20 30 ug
L L S S B S T e e L B S Bt S S L O T A L N O M B B B
0.8 M 6F Dis Y Controlled (Obs.) MAX.= 0.347 CH { 41,BUOSEC)

0

-0.8

.uKINE 6F Vel Y Controlled (Obs.) MAX.=  2.153 KINE'  (41.B20SEC)

AN 6F Vel Y Uncontrolled (Ana.)  MAX.=  3.533 KINE  (38.510SEC)

GAL 6F Acc Y Controlled (0bs.) MAX.=  17.840 GAL { 25.370SEC)

20[;_{4[_ 6F Acc Y Uncontrolled (Ana.) MRX. = 18.390 GAL ( 38.5305€EC)
D- WRTITE TR T IV IYINLIVR wrlathal l11l| AL L d;ll fi i ‘ “ L .‘ ll b L l ‘
i AT 11!’1“!!!]]“'["

—pol
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3) Responses of 3rd Floor in X-Direction

TIME (SEC)
0 10 20 30 up 50

I'T"I_FIII‘[TTTIIIIII[IIIIIJIT‘I‘IllIlIllI'rj'lI]lllllll’fl]

oLy O 3F Dis X Controlled (Obs.) MAX. = 0.226 CM ( 27.220SEC)

"KINE.  3F Vel X Controlled (Obs.) MRX., = 1.335 KINE  (27.840SEC)

KINE 3F Vel X Uncontrolled (Ana,) MAX.=  2.184 KINE  ( 34.B20SEC)

2'0“ 3F Ace X Controlled (0Obs.) MRX, = 15.8397 OGAL ( 27.210SEC)
: ‘**WMM“*‘WWW%W% lomentprodyi

—ot

2Ds_m_ 3F Acc X Uncontrolled (Ana. ) MAX.=  1B6.BUB GAL { 25.1708EC)

C

-20t
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4) Response of 3rd Floor in Y-Direction

TIME (SEC}
10 20 30 40 50

]’llliIllllifl[l][lll]]lT[l‘]lIll‘rllllIIEIII]IIIIIIII

o 3F Dis Y Controlled (Obs.) MAX.=  0.184 CM (41.300SEC)

M 3F Dis Y Uncontrolled {Ana.)  MAX.=  0.393 CM ( 49.89CSEC)

.EK-INE 3F Vel Y Controlled (0Obs.) MAX. = 1.742 KINE { 25.760SEC)

GAL 3F Acc Y Controlled {(0bs.) MAX.=  20.656 GAL ( 25, BYOSEC)

GAL 3F Acc Y Uncontrolled (Ana.) MAX.=  21.241 GAL ( 30. 950SEC)
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"fterative Seismic Analysis of Primary-Secondary Systems,” by A. Singhal, L.D). Lutes and P.D. Spanos,
2/23/88, (PB88-213798/AS8).

"Stochastic Finite Element Expansion for Random Media," by P.D. Spanos and R. Ghanem, 3/14/88, (PB83-
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B-2



NCEER-88-0006

NCEER-88-0007

NCEER-88-0008

NCEER-88-0009

NCEER-88-0010

NCEER-88-0011

NCEER-88-0012

NCEER-88-0013

NCEER-88-0014

NCEER-88-0015

NCEER-88-0016

NCEER-88-0017

NCEER-88-0018

NCEER-88-0019

NCEER-88-0020

NCEER-88-0021

NCEER-88-0022

NCEER-88-0023

"Combining Structural Optimization and Structural Control," by F.Y. Cheng and C.P. Pantelides, 1/10/88,
(PBBB-213814/AS).

"Seismic Performance Assessment of Code-Designed Structures,” by HH-M. Hwang, I-W. Jaw and H-J. Shau,
3/20/88, (PB8B-219423/A8).

"Reliability Analysis of Code-Designed Structures Under Natural Hazards,” by H.H-M. Hwang, H. Ushiba
and M. Shinozuka, 2/29/88, (PB88-229471/A8).

"Seismic Fragility Analysis of Shear Wall Structures,” by J-W Jaw and H.H-M. Hwang, 4/30/88, (PB89-
102867/AS).

"Base [solation of a Multi-Story Building Under a Harmonic Ground Motion - A Comparison of Performances
of Various Systems," by F-G Fan, G. Almadi and 1.G. Tadjbakhsh, 5/18/88, (PB89-122238/A8).

"Seismic Floor Response Spectra for a Combined System by Green’s Functions," by FM. Lavelle, L. A.
Bergman and P.D. Spanos, 5/1/88, (PB89-102875/A8).

" A New Solution Technique for Randomly Excited Hysteretic Structures,” by G.Q. Cai und Y. K. Lin, 5/16/88,
(PB89-102883/A8).

"A Study of Radiation Damping and Soil-Structure Interaction Effects in
by K. Weissman, supervised by J.H. Prevost, 5/24/88, (PB89-144703/AS).
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"Parameter [dentification and Implementation of a Kinematic Plasticity Model for Frictional Soils," by J.H.
Prevost and D.V. Griffiths, to be published.

"Two- and Three- Dimensional Dynamic Finite Element Analyses of the Long Valley Dam,” by D.V. Griffiths
and I.H. Prevost, 6/17/88, (PB89-144711/A8).

"Damage Assessment of Reinforced Concrete Structures in Bastern United States,” by A.M. Retnhorn, M.J.

Seidel, 8.K. Kunnath and Y.J. Park, 6/153/88, (PB89-122220/A8).

“"Dynamic Compliance of Vertically Loaded Strip Foundations in Multilayered Viscoelastic Soils,”" by §.
Ahmad and A.S.M. Israil; 6/17/88, (PB89-102891/AS).

"An Experimental Study of Seismic Structural Response With Added Viscoelastic Dampers,” by R.C. Lin,
Z. Liang, T.T. Soong and R.H. Zhang, 6/30/88, (PB89-122212/AS). This report is available only through
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"Experimental Investigation of Primary - Secondary System Interaction,” by G.D. Manolis, G. Juhn and A.M.
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"A Response Spectrum Approach For Analysis of Nonclassically Damped Structures,” by J.N. Yang, S.
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"Seismic Interaction of Structures and Soils: Stochastic Approach,” by A.S. Veletsos and AM. Prasad,
7/21/88, (PB89-122196/AS).

"Identification of the Secrviceability Limit State and Detection of Seismic Structural Damage,” by E.
DiPasquale and A.S. Cakmak, 6/15/88, (PB89-122188/AS). This report is available only through NTIS (see
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"Multi-Hazard Risk Analysis: Case of a Simple Offshore Structure,” by B.K. Bhartia and E.H. Vanmarcke,
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(PB89-131437/A8).

"Design Approaches for Soil-Structure Interaction,” by A.S. Veletsos, A.M. Prasad and Y. Tang, 12/30/88,
(PB89-174437/A8). This report is available only through NTIS (see address given above).

"A Re-evaluation of Design Spectra for Setsmic Damage Control,” by C.J. Turkstra and A.G. Tallin, 11/7/88,
(PB89-145221/A8).
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V.E. Sagan, P’. Gergely and R.N. White, 12/8/88, (’?B89-163737/AS).
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"Modeling of R/C Building Structures With Flexible Floor Diaphragms (IDARC2)," by A.M. Reinhom, §.X.
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"Seismic Behavior of Flat Slab High-Rise Buildings in the New York City Area,” by P. Weidlinger and M.
Ettouney, 10/15/88, (PB90-145681/AS).
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"Nonstationary Models of Seismic Ground Acceleration,” by M. Grigoriu, S.BE. Ruiz and E. Rosenblueth,
7/15/88, (PB39-189617/AS).

"SARCF User's Guide: Seismic Analysis of Reinforced Concrete Frames," by Y.S. Chung, C. Meyer and M.
Shinozuka, 11/9/88, (PB89-174452/A8).

"First Expert Panel Meeting on Disaster Research and Planning,” edited by J. Pantelic and I. Stoyle, 9/15/88,
(PB89-174460/AS).

"Preliminary Studies of the Effect of Degrading Infill Walls on the Nonlincar Seismic Response of Sieel
Frames,” by C.Z. Chrysostornou, P. Gergely and J.F. Abel, 12/19/88, (PB85-208383/AS).

"Reinforced Concrete Frame Component Testing Facility - Design, Construction, Instrumentation and
Operation,” by 8.P. Pessiki, C. Conley, T. Bond, P. Gergely and R.N. White, 12/16/88, (PB89-174478/AS).
"Bifects of Protective Cushion and Soil Compliancy on the Response of Equipment Within a Seismically

Excited Building,” by J.A. HoLung, 2/16/89, (PB89-207179/AS).

"Statistical Evaluation of Response Modification Factors for Reinforced Concrete Structures,” by HH-M.
Hwang and J-W. Jaw, 2/17/89, ("B89-207187/AS).

"Hysteretic Columns Under Random Excitation,” by G-Q. Cai and Y.K. Lin, 1/9/89, (PBS9-196513/AS)‘

"Experimental Study of ‘Elephant Foot Bulge’ Instability of Thin-Walled Metal Tanks,” by Z-H. Jia and R.L.
Ketter, 2/22/89, (PB89-207195/AS).

"Experiment on Performance of Buried Pipelines Across San Andreas Fault," by I, Isenberg, E. Richardson
and T.D. O’'Rourke, 3/10/89, (PB89-218440/AS).

"A Knowledge-Based Approach to Structural Design of Earthquake-Resistant Buildings,” by M. Subramani,
P. Gergely, C.H. Conley, I.F. Abel and A.H. Zaghw, 1/15/89, (PB89-218465/AS).

"Liquefaction Hazards and Their Effects on Buried Pipelines,” by T.D. O’Rourke and P.A. Lane, 2/1/89,
(PBEY-218481).

"Fundamentals of System Identification in Structural Dynamics,” by H. Imai, C-B. Yun, O. Maruyama and
M. Shinozuka, 1/26/89, (PB89-207211/AS8).

"Effects of the 1985 Michoacan Earthquake on Water Systems and Other Buried Lifelines in Mexico,” by
A.G. Ayala and M.J. O’Rourke, 3/8/89, (PBB9-207229/A8).

"NCEER Bibhiography of Earthquake Education Materials,” by K.E.K. Ross, Second Revision, $/1/89, (PBS0-
125352/A8).

"Inelastic Three-Dimensional Response Analysis of Reinforced Concrete Building
Structures (IDARC-3D), Part T - Modeling,” by S.K. Kunnath and A.M. Reinhom, 4/17/89, (PB90-
114612/A8).

"Recommended Modifications to ATC-14," by C.D. Poland and J.O. Malley, 4/12/89, (PB90-108648/AS).

"Repair and Strengthening of Beam-to-Column Connections Subjected to Earthquake Loading," by M.
Corazao and A.J. Durrani, 2/28/89, (PB90-109885/AS).
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Hoshiva and M. Shinozuka, 5/19/89, (PBO0-109877/AS).

"Response of Frames With Bolted Semi-Rigid Connections, Part I - Experimental Study and Analytical
Predictions,” by P.J. DiCorso, A M. Reinhorn, J.R. Dickerson, J.B. Radziminski and W.L. Harper, 6/1/89, to
be published.

"ARMA Monte Carlo Simulation in Probabilistic Structural Analysis,” by P.1). Spanos and M.P. Mignolet,
7/10/89, (PB9G-109893/AS).

"Preliminary Proceedings from the Conference on Disaster Preparedness - The Place of Barthquake Education
in Our Schools," Edited by K.E.K. Ross, 6/23/89.

"Proceedings from the Conference on Disaster Preparedness - The Place of Earthquake Education in Our
Schools,” Edited by K.E.K. Ross, 12/31/89, (PB90-207895). This report is available only through NTIS (see
address given above).

"Multidimensional Models of Hysteretic Material Behavior for Vibration Analysis of Shape Memory Energy
Absorbing Devices, by E.J. Graesser and F.A. Cozzarelli, 6/7/89, (PB90-164146/AS).

"Nonlinear Dynamic Analysis of Three-Dimensional Base Isolated Structures (3D-BASIS),” by 8. Nagarajaiah,
AM. Reinhorn and M.C. Coenstantinou, 8/3/89, (PB90-161936/A8). This report is available only through
NTIS (see address given above).

"Structural Control Considering Time-Rate of Control Forces and Control Rate Constraints,” by F.Y. Cheng
and C.P. Pantelides, 8/3/89, (PB90-120445/AS).

"Subsurface Conditions of Memphis and Shelby County,” by K.W. Ng, T-S§. Chang and H-H.M. Hwang,
7/26/89, (PB90-120437/AS).

"Scismic Wave Propagation Effects on Straight Jointed Buried Pipelines,"” by K. Elhmadi and M.J. O’Rourke,
8/24/89, (PB90-162322/A8).

"Workshop on Serviceability Analysis of Water Delivery Sysiems," edited by M. Grigoriu, 3/6/89, (PB90-
127424/A8).

"Shaking Table Sindy of a 1/5 Scale Steel Frame Composed of Tapered Members,” by
K.C. Chang, J.S. Hwang and G.C. Lee, 9/18/89, (PB90-160169/AS).

"DYNA1D: A Computer Program for Nonlinear Seismic Site Response Analysis - Technical Documentation,”
by Jean H. Prevost, 9/14/89, (PB90-161944/A8). This report is available only through NTIS (see address
given above).

"1:4 Scale Mode! Studies of Active Tendon Systems and Active Mass Dampers for Aseismic Protection,” by
AM. Reinhorn, T.T. Soong, R.C. Lin, Y.P. Yang, Y. Fukao, H. Abe and M. Nakai, 9/15/89, (PB90O-
173246/A8).

"Scattering of Waves by Inclusions in a Nonhomogeneous Elastic Half Space Solved by Boundary Element
Methods,” by P.K. Hadley, A. Askar and A.S. Cakmak, 6/15/89, (PB90-145699/A8).

"Statistical Evaluation of Deflection Amplification Factors for Reinforced Concrete Structures,” by HH.M.
Hwang, I-W. Jaw and A L. Ch'ng, 8/31/89, (PB90-164633/AS).

"Bedrock Acocelerations in Memphis Area Due to Large New Madrid Earthquakes,” by H.HM. Hwang, C.H.S.
Chen and G. Yu, 11/7/89, (PBS0-162330/AS).
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10/23/89, (PB90-164658/AS).

"Random Vibraiion and Reliability Analysis of Primary-Secondary Structural Systems," by Y. Ibrahim, M.
Grigoriu and T.T. Soong, 11/10/89, (PB90-161951/AS).

"Proceedings from the Second U.S. - Japan Workshop on Liquefaction, Large Ground Deformation and Their
Eflects on Lifelines, September 26-29, 1989, Edited by T.D. O’Rourke and M. Humada, 12/1/89, (PB90-
209388/A8).

"Deterministic Model for Seismic Damage Evaluation of Reinforced Concrete Structures,” by I.M. Bracci,
AM. Reinhorn, J.B. Mander and $.K. Kunnath, 9/27/89.

"On the Relation Between Local and Global Damage Indices,” by E. DiPasquale and A.S. Cakmak, 8/15/89,
(PBY0-173865).

"Cyclic Undrained Behavior of Nonplastic and Low Plasticity Silts,” by A.J. Walker and H.E. Stewart,
7/26/89, (PBOO-183518/AS).

"Liquefaction Potential of Surficial Deposits in the City of Buffalo, New York,” by M. Budhu, R. Giese and
L. Baumgrass, 1/17/89, (PBS0-208455/AS).

"A Deterministic Assessment of Effects of Ground Motion Incoherence,” by A.S. Veletsos and Y. Tang,
7/15/89, (PBO0-164294/A8S).

"Workshop on Ground Motion Parameters for Seismic Hazard Mapping,” July 17-18, 1989, edited by R.V.
Whitman, 12/1/89, (PB90-173923/AS).

"Seismic Effcets on Elevated Transit Lines of the New York City Transit Authority,” by C.J. Coslantino, C.A.
Miller and E. Heymsfield, 12/26/89, (PB90-207887/AS).

"Centrifugal Modeling of Dynamic Soil-Structure Interaction,” by K. Weissman, Supervised by J.H. Prevost,
5/10/89, (PB90-207879/AS).

"Linearized ldentification of Buildings With Cores [or Seismic Vulnerability Assessment," by I-K. Ho and
AE. Aktan, 11/1/89, (PB90-251943/AS).
"Geotechnical and Lifeline Aspects of the October 17, 1989 Loma Prieta Earthquake in San Francisco," by

T.D. O'Rourke, H.E. Stewart, E.T. Blackburn and T.S. Dickerman, 1/90, (PB90-208596/AS).

"Nonnormal Secondary Response Due to Yielding in a Primary Structure,” by D.C.K. Chen and L.D. Lutes,
2/28/90, (PB90-251976/AS).
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"NCEER Swong-Motion Data Base: A User Manual for the GeoBase Release (Version 1.0 for the Sun3),”
by P. Friberg and K. Jacob, 3/31/90 (PB90-258062/AS).

"Seismic Hazard Along a Crude Oil Pipeline in the Event of an 1811-1812 Type New Madrid Earthquake,"”
by H.HM. Hwang and C-H.S. Chen, 4/16/90(PB90-258034).
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