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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 Research, is carried out to
support projects in the Applied Research area. Element II, Applied Research, is the major focus
of work for years 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
IV, Implementation, will result from activity in the four Applied Research projects, and from
Demonstration Projects.

ELEMENT I
BASIC RESEARCH

• Seismic hazard and
ground motion

• Soils and geotechnical
engineering

• Structures and systems

• Risk and reliability

• Protective and
intelligent systems

• Societal and economic
studies

ELEMENT II
APPLIED RESEARCH

• The Building Project

• The Nonstructural
Components Project

• The lifelines Project

• The Bridge Project

ELEMENT III
DEMONSTRATION PROJECTS

Case Studies
• Active and hybrid control
• Hospital and data processing

facilities
• Short and medium span

bridges
• Water supply systems in

Memphis and San Francisco
Regional Studies
• New York City
• Mississippi Valley
• San Francisco Bay Area

ELEMENT IV
IMPLEMENTATION

• ConferenceslWorkshops
• EducationlTraining 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-tenn 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 perfonnance of full-scale active bracing and active mass dampers already in
place in tenns of perfonnance, power requirements, maintenance, reliability and cost.

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

3. Perfonn 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 thefirstfull-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 thefuture.
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ABSTRACT

An active bracing system 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 ofthe constructed system, (ii) design specifications forthe control

system along with simulation studies for the design earthquake, and (iii) observed 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. It 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 in recent 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 ~xisting 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. This is 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 seNo-controlied 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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Stage 1:

Stage 2:

Stage 3:

Stage 4:

1DOF

2.84 tons

~

3DOF

2.84 tons

~

6DOF

19.1 tons

~

Full-Scale
6DOF

600 tons

Fig. 1.1 Experimental Stages of Active Bracing Control
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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. At Stages 1and 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).
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As a further 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 19.1 metric tons and standing 5.5 m in height. In this 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 installed in an actual structure (Soong 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, (ii) to verify the

capability of the system to operate or shutdown under prescribed conditions, and (iii) 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 system under simulated excitations and actual

ground motions is described and compared with predicted performances using simple

analytical procedures.

1-4



SECTiON 2

TEST STRUCTURE AND ACTIVE BRACING SYSTEM

2.1 Full-Scale Test Structure

A dedicated full-scale test structure was erected for performance verification of the active

bracing system under actual seismic ground motions. 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 steel 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 exceptfor the top story

(sixth floor), which houses an experimental active mass damper (AMD) (Aizawa et ai, 1990).

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 (ASS)

As shown in Figs. 2.2 and 2.3, solid diagonal 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. 2.2 Configuration of Active Bracing System
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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: length = 360.5 em,

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 TC (NFPA style Mx2)

were selected as actuators 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 movement in the actuators is only ± 12 mm, larger size

actuators were chosen to enable length 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, Le., 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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Reproduced from
best available copy.

Fig. 2.6 Member of Active Brace
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Fig. 2.7 Joint Configuration of Active Brace

2-9



Fig. 2.8 Actuator and Connected with Brace
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Fig. 2.9 A Set of Actuators with a Servovalve
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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 full

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 operation to restore the pressure and charge the accumulators. According to this design

2-12
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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 system is shown in Fig. 2.10 coupled to the 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 system is presented

in Section 5.3. To allow the computer to control all aspects of the system, afield modification

was made to the digital logic circuits of the controller, 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 algorithm 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

INTELTM 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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Fig. 2.12 Digital Microcomputer System
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lSlTl 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 output range

of ±100 em/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/sec2. 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 a range of ± 12 mm which is used to adjust the length of the

brace via the servovalve loop.
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Fig. 2.13 Servovelocity Seismometer
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Fig. 2.14 LVDT Installed on Actuator
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SECTION 3

CONTROL ALGORITHM 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 constraintthat 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 algorithm which is the basis of the control

design is reviewed herein. The equation of motion of a discrete-parameter structure, under

earthquake excitation x 0 (t) and active control force which is expressed in terms of

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

z(t)

where

A z Ct) + b u(t) + w xoCt) (1)

lx(t)J [ 0
z(t) = -. , A = _ M -I K
- x(t) - __

3-1



where z (t) is the state vector of order 2 n consisting 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 offreedom (DOF) of the structure (n = 6 in the present

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

M ,C and K are the mass, damping and stiffness matrices, respectively, which
- d

can be estimated through identification tests. Vector b is the control force location
- I

vector of order n, whose elements are 2 k c cos a for the corresponding floor where

the active braces are attached and zero otherwise, k c being the stiffness of the active

brace and a the brace inclination angle from the horizontal; w is a vector of order
- I

with all elements equal to - 1, ,indicating the contribution of the ground acceleration.

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

integral:

(3)

for the duration t f of ground excitation. In Eq. (3), Q is 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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Q [~ ~J (4)

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

(5)

such that the second term in Eq. (3) characterizes the contra! energy. r? is a control

parameter which determines the relative importance between safety and economy;

r? = 00 represents the uncontrolled case. It is noted from the above derivation that r?

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

Under linear feedback control, u (t) 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) r-1bTPz(t) (6)

where G is the feedback gain of order 2 nand P is obtained from the approximated

time invariant Ricatti matrix question:

PA + ATp - Pbr-1bTp + Q o (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

observable (Chen 1984).

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

output or observation equation is expressed as:

yet) C z (t) (8)

where y (t) is the observed vector of order m (m ::; 2 n) and C is the m x 2 n

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

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

z(t) (9)

where L is the 2 n x m observer matrix.

Let z (t) , be the error between the actual state vector z (t) , and the estimated state

vector z(t), i.e:
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z (t) z(t) -z(t) (10)

Substituting Eqs. (1) and (9) into Eq. (10), one obtains:

z (t) ( 1 1)

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

eigenvalues of matrix (1 - ~ ~ )have negative real parts smaller than - (J, then all

elements of the error vector z (t) will die out at rates faster than e -at. Consequently,

even if there is large error between z(t 0) and z (t 0) at initial time to' the vector

z(t ) will approach z (t) rapidly.
- -

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

accomplished by substituting the observed state z(t) forthe real state z (t) in Eq. (6),

giving:

I T -u(t) = -,- b Pz(t) (12)

In an effort to reduce on-line computation, an approximation is introduced in solving Eq. (11)

by using finite differences. Equation (9) then becomes a difference equation in the

discrete-time form:
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L~ty(t)] ( 13)

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

ground acceleration x 0 at time t and the estimated state vector at the previous time

step are required along with the available output 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.

In the 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% EI Centro earthquake as input. The observer matrix is L determined in a

way that the poles of matrix (1 - ~ ~ )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 [3 is shown in Fig. 3.1 (a), where the associated

control efficiency in terms of reductions in maximum structural relative displacement,

maximum absolute acceleration and maximum base shear is given in Fig. 3.1 (b). It is seen

that, as expected, the smaller the [3 value, the better the performance. The case of

[3 = 4 is determined for the design of ASS 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 Control

Since three velocity sensors are available at the first, third and sixth floors, an alternate

control design is one using direct three-velocity feedback. In this 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 for a more

comprehensive dynamic analysis whereby the masses are redistributed to three nodal

points 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

is insignificant as can be seen in the last two columns ofTable 3.1. However, it is 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 Control Algorithms

Full-state Velocity

Control Algorithm uncontrolled Observer Feedback Feedback

Control Based on Based on

3DOF 3DOF

Top fl. ReI. Disp.

Maximun (em) 7.9769 4.6673 5.0406 5.0480

Reduction (%) 41.5 36.8 36.7

Top fl. Abs. Ace.

Maximun (g's) 0.3678 0.2340 0.2555 0.2576

Reduction (%) 36.4 30.5 30.0

Base Shear

Maximun (leN) 1019.7 606.6 632.7 650.3

Reduction (%) 40.5 38.0 36.2

Control 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

in the 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 given 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:

T =d

e
3601

(14 )

where T d is the time delay in seconds, e is the phase lag in degrees and 1 is the

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 also 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 L x in time while velocity

feedback force lags the velocity by Lx,their corresponding phase lags for the i-th mode

are Wi L x and Wi Lx' 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

for the real system as compared to the ideal one. Even worse, time delaywill 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. 1989):

ui(t) = -9Ii11i(t) - g2i~i(t) = -9'li11i(t - Lx)

-g'2i~i(t - Lx) (15)

where g' I i and g' 2i 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 shift, the displacement feedback forces contributed by the mode can be

resolved into (g' Ii cos W i Lx) 11 i as a displacement component and

(-g' lisinwiLx)~JWi as a velocity component. Similarly, the displacement and

velocity components of the velocity feedback force contributed by the i-th mode are,

respectively, (g' 2isinwiLx)wi11i and (g' 2iCOSWiLx)~i' In order to make the real

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 :

- (1 /Wi)SinWi'tX]-1

coswi't x
(16 )

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

10 em/sec based on local seismic records over the past seven years

(maximum = 9.5 em/sec). Accordingly, the scaled (32%) EI Centro earthquake with

98 cm/sec2 (0.1 g) peak acceleration was determined as the design earthquake which

corresponds to the criterion of 10 em/ sec maximum velocity. Response analyses were also

carried out using a series of recorded earthquake time histories to verify the adequacy of

the design specifications. Table 4.1 tabulates the earthquakes considered in the 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 f3.

A series of numerical simulations with different f3 values have been presented in the

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

f3 = 0.5 , f3 = 4 was used for control system design from the 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 em

and 6.6 em/sec, respectively, also within the performance limitation of the specified device.

The following analysis for design of the power resource is based on this f3 value.
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Table 4.1 Design Earthquakes

Earthquakes Component Scale Duration Sampling

factor (sec) time (sec)

E1 Centro NS 0.32 20 0.02

Hachinohe NS 0.60 20 0.01

Miyagioki. 0.68 30 0.01

Taft N21E 0.715 20 0.02

Mexico N90W 0.65 100 0.02

Mexico SOOE 1.115 100 0.02

Pacomia Dam S16E 0.095 20 0.02

PacomiaDam S74W 0.104 20 0.02

Tokyo 1.48 10 0.02
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4.2.2 Design of passive power resource.

The required flow rate q(t) of the hydraulic cylinders can be determined approximately

in terms of the piston area A p and the actuator velocity u(t) as:

(17)

in which u(t) is calculated based on the selected f3 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 oil 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 flow 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 (t) , of the hydraulic system can

be evaluated in terms of the control force F (t), and actuator velocity zl (t) as:

pet) = F(t)zl(t)

Energy consumption, E (t) , can be obtained from:
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(19)

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

under the 32% EI 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)(Ct) = G~ xCt) and

in which u)( and u yare the actuators displacements, G)( and Gyare control gain

vectors, and x and yare vectors of sensed velocities in the x - and y - 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. To accomplish this, the control software monitors the status ofthe 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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To improve safety and reliability ofthe 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 extremely fast during the actual control

operation. The major features ofthe control software are shown in ablock diagram (Fig. 5.1)

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

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

operations, Le., "stand-by," "control," and "shut-down."

(i) 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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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, and the active control system is started ifa significant motion is detected.

An averaging technique is used to minimize the possibility that signal noise will

unnecessarily trigger the control.

(ii) "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.

(iii) 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 self

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

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

Module / )urpose Notes
(1 (2)

Normal operations

Monitor ground and individual floor velocities
Adjust instrument offsets
Start / stop control The software can identify signal noise to

• Turn hydraulic power. on / off eliminate false starts.
• Release /Iock servovalve commands

Generate control signal
See system/software reliabilityMonitor system status

System maintenance
Self excitation test
Self identification test
Emerqency stop test

System / software reliability

Servovalve command locked when control is off Command locked at zero
Traps and properly handles software errors Critical errors cause an emergency stop
Monitor status of computer hardware Uses intelligent error handling
Monitor status of digital controller (Monitor Uses intelligent error handling

hydraulics and electronics through controller)
Monitor top floor velocity Large velocity causes emergency stop
Intelligent error handling

• Recovery from certain non-critical errors
• System protected from some operator errors
• Excessive errors trigger emergency stop

Emergency stop Actuators are smoothly returned to the
• Redundant interlock triggers resting positions, such that the natural fre

Digital si~nal to controller quencies of the structure are not excited.
Analog signal to remote relay/trigger

• Servovalve command instantly locked
• Hydraulic power stopped
• Control siqnal "ramped" to zero ,
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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 any 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.

When the 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

signal to the external fail-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 seNovalve 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 ambientvibrations

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 "actual test" ofthe system was observed during three strong ground motions

that occurred on April 10, April 14, and May 11, 1992. The three earthquakes of magnitude

4.95.0, and 5.6 (respectively) had peak accelerations of approximately 10 cm/sec2 (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. It is interesting 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

(...) Values In parantheses could not be precisely venfled due to excessive nOise.

Direction Mode I II 1\1 IV V VI
(1 ) (2) (3) (4) (5) (6) (7) (8) (9)

Frequency Hz 0.98 2.88 4.93 7.18 9.79 13.23
Damping % 1.00/< 2.00/< 4.00/< 8.00/< (>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 0.0163 -0.0176 -0.0252 0.0130 -0.0051
Shapes 3 0.0125 0.0230 0.0104 ··()'oOOO -0.0264 0.0161

2 0.0069 0.0170 0.0212 0.0119 0.0102 -0.0267
1 0.0022 0.0063 0.0117 0.0063 0.0279 0.0274

Participation 50.82 19.94 13.40 4.97 13.20 7.09
Factors

Frequency 0.69 1.91 3.18 4.39 5.81 8.30
Damping 0.5% 0.30/< 0.70/< 1.50/< (>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 Modal 4 0.0183 0.0187 -0.0088 -0.0196 0.0227 -0.0097
Shapes 3 0.0114 0.0229 0.0085 -0.0095 -0.0262 0.0158

2 0.0063 0.0171 0.0190 0.0265 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 ..
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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 ofthe AMD are shown in Fig. 6.1. The responses ofthe sixth floor shown

in Fig. 6.2 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. 6.2(e) and (f)]. The performance of the structure, summarized in Table 6.2, shows a

substantial increase in the equivalent damping ratio [Col.(?) and (8)] and a substantial

reduction of the resonant amplitude [Col. (5) 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 shown in Fig. 6.3) and is 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 a11990, Wang, et aI1992).

Some typical response histories of the sixth floor are shown in Fig. 6.4 for the controlled

(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.
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Table 6.2 Characteristics of Harmonic Loading Tests

Response Maximum Equivalent
Vibration Control Frequency Velocity Damping
Source Status (Hz) (em/sec) (%)

X Y X Y X Y
(1 ) (2) (3) (4) (5) (6) (7) (8)

Free Vibrations OFF 0.98 0.68 6.26 5.64 1.04 0.55
ON 0.98 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 2.57 2.57 1.04 0.55
Nonresonant ON 0.80 0.80 1.22 1.71 3.34 3.47

Force Vibrations OFF 2.00 2.00 0.63 2.53 1.04 0.55
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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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-oirection is the inability of the control

algorithm used to reduce substantially the first amplitude, which is the largest. Alternative

control 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 model 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 a11991) and (ii) an approximated continuous model (Wang et aI1992). 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 in the 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

shown in Fig. 6.3. Thetime histories ofthe 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

in the structural system, the analytical predictions seem to be adequate for interpreting the

structural response and for designing new systems.
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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 ASS (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

lzu-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 ASS is shown in Table 8.1.

Table 8.1· Comparison of AMD and ASS

AMD ABS

Average Reduction of Peak Displacement 56% 29%

Structural Response Acceleration 22% 26%

Maximum Actuator Movement (em) 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 ASS and

lesser base shear

using the AMD. The maximum actuator movement is an indicator of the required input

energy. It is very large for the AMD system and is quite small for the ASS indicating sub­

stantially less energy needed by the ASS. 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 ASS system reduces the structural response in all modes,

as can be observed in Fig. 6.5. The main reasons of this behavior are (i) the ASS has better

ability to redistribute earthquake energy in higher modes and suppress their influence, as

noted also by Yang (1982) and (ii) the AMD constructed in this building was designed to

suppress only the lower modes. A change in the control algorithm can produce even better,

performance in the higher modes for the ASS.
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SECTION 9

CONCLUDING REMARKS

The design, installation, and operational 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 modified control algorithms were used. They are (1) velocity feedback with

observer, and (2) three-velocity feedback. Both alternatives 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

bracing forces when the control system is activated, the P - 6. effect, which is a problem

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 results

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.

9-1



(b) The success of the full-scale ASS performance is the culmination of numerous ana­

lytical studies and carefully planned laboratory experiments involving model struc­

tures.

(c) The ASS can be implemented with existing technology under practical constraints

such as power requirements and under stringent demand of reliability.

(d) The use of ASS 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.

(e) The full-scale ASS performs, by and large, as expected, and its performance can be

adequately predicted through simplified analytical and simulation procedures.

(f) 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.

9-2



SECTION 10

REFERENCES

Aizawa, S., Hayamizu, Y., Higashino, M., Soga, Y., Yamamoto, M., and Haniuda, N. (1990).

"Experimental Study of Dual Axis Active Mass Damper." Proceedings of the U.S. National

Workshop on Structural Control Research, (Housner, G.W. and Masri, S.F., eds), University

of Southern California, Los Angeles, 68-72.

Chen, C.T. (1984) Linear System Theory and Design, Holt, Rinehart and Winston, NY.

Chung, L.L., Lin, R.e., Soong, T.T. and Reinhorn,A.M. (1988), "Experimental Study of Active

Control of MDOF Structures Under Seismic Excitations," Report NCEER-88-0025, National

Center for Earthquake Engineering Research, Buffalo, NY.

Chung, L.L., Lin, R.C., Soong, T.T. and Reinhorn, AM. (1989), "Experimental Study ofActive

Control for MDOF Seismic Structures," ASCE J. Engr. Mech. Div., Vol. 115, No.8,

pp.1609-1627.

Chung, L.L., Reinhorn, AM. and Soong, T.T.(1988), "Experiments on Active Control of

Seismic Structures," ASCE J. Engr. Mech. Div., Vol. 114, No.2, pp. 241-256.

Clough, R.W. and Penzien, J. (1975), Dynamics of Structures, McGraw-Hili, NY.

McGreevy, S., Soong, T.T. and Reinhorn, AM. (1988), "An Experimental Study of Time

Delay Compensation in Active Structural Control," Proceedings of 6th International Modal

Analysis Conference and Exhibits, Vol. I, pp. 733-739, Orlando, FL.

Reinhorn, AM. and Soong T.T., et al. (1989), "1:4 Scale Model Studies of Active Tendon

Systems and Active Mass Dampers for Aseismic Protection," Report NCEER-89-0026,

National Center for Earthquake Engineering Research, Buffalo, NY.

10-1



Reinhorn, A.M., Soong, T.T., Riley, M.A., Lin, R.C., Aizawa, S., and Higashino, M., (1992).

"Full Scale Implementation of Active Control - Part II: Installation and Performance,"

ASCE!J. of Structural Engineering, (in print).

Roorda, J. (1980), "Experiments in Feedback Control of Structures, in Structural Control,

H.H.E. Leipholz (ed.), North Holland, Amsterdam, pp. 629-661.

Soong, TT. (1990), Active Structural Control: Theory andPractice, Longman, London and

Wiley, NY.

Soong, TT, Reinhorn, A.M., Wang, Y.P. and Lin, R.C. (1991). "Full Scale Implementation

of Active Control- Part I: Design and Simulation," ASCE/Journal of Structural Engineering,

ASCE, Vol. 117, No.11, 3516-3536.

Wang, Y.P., Reinhorn, A.M. and Soong, T.T. (1992). "Development of Design Spectra for

Actively Controlled Wall Frame Buildings," ASCEjJournal of Engineering Mechanics,

ASCE, Vol. 118 No.6, 1201-1220.

Yang, J.N. (1982). "Control of Tall Buildings Under Earthquake Excitations," ASCE/Journal

of Engineering Mechanics Division, 18 No.1, 50-68.

Yang, J.N. and Giannopoulos, F. (1978), "Active Tendon Control of Structures,"

ASCEjJournal of Engineering Mechanics Division., Vol. 104, No. EM3, pp. 551-568.

10-2



APPENDIX I

EARTHQUAKE OBSERVATIONS - - TIME HISTORIES

OF OBSERVED MOTIONS AND ESTIMATED RESPONSES

Table A1 provided the description of the three earthquakes that considered in this report.

This is followed by the display of a more complete set of the structural response time histories

(observed and simulated) related to this earthquakes.

Table A1 - Actual Earthquakes During the Operation Period of ASS

Time of Occurrence Epicenter Location Depth (KM) Magnitude

April 10, 1992 North latitude 35" 14'/ 89 4.9

(23:31) East longitude 139' 38'

April 14, 1992 North latitude 3E> 10'/ 62 5.0

(12:03) East longitude 139' 50'

May 11,1992 North latitude 3E> 32'/ 56 5.6

(19:07) East longitude 14<Y 32'
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1. Earthquake on April 10, 1992:

1) Response of 6th Floor in X-Direction

TIME (SEC)
o 10 20 30 40 50
I I I i I I I I I iii I I I I I I I I I I I Iii I I I I I I I I iii I I i I Iii I I I I i I

0.2 CM 6F Dis X Controlled CObs.) MAX.= 0.105 CM (9.9505ECl

Of , .• A V' A" 0 AAA "~" " AAAAA". 'cr • • • A A Y' AA A A An A A.,
[ - ~"V 0 'VV V "i[V ~VV vl(J VVW¥lflTvVl) VVv\lv V4;J OJUV' ITQ\}V • vv\jITV\I.

-0.2
0'o2~CM 6F Dis X Uncontrolled (Ana.) MRX.= 0.152 CM (l!7.9405ECl

_ • AAAAV dAAA ~~!V:"~A rn AA ""'4" AAd AA~AMlAAAAAflIlf1
<JljYr~ VV VI[I.JW VVV'VUv"~ v v VVvlj IJ \TV VIJ'V \['{VlJlJ VIJ\Jl

-0.2
1.5KIINE 6F Vel X Controlled CObs.) MRX.= 0.7l!7 KINE (14.3905ECl

O ,"' ... - .. \/( 11' 1\ ~ tA.,Jo.,!, ¥d A!If' II (\ Af\ f\ f\ ~.II 6~.1\. Lor>. A....~./o.. '" '" f\ u!\ "f\ 1\ fL 1\ A-\j
• q ov i vlfVloulj'YiI I"c'V VVl Vv \TVV' V'" r4JnvnrV"'V~V'r'""4>'i4O>0 V VY°4/"

-1.5
1.5K~INE 6F Vel X Uncontrolled (Ana.) MRX.= 1.161 KINE (17.2B05ECl

O •• A" 1-4/IIr}UM~ &JJ, j kAd._ ~J>,J-A' ~ ~,j AAV" (I AAAAnA~
•• .., I'( ~ \i Ill'~ ~ ~\~ 1 \l' VVVV f'C prrv n,l\' 'TV'\f'V VV VVlJlJlJlJVlJ

-1.5

200L. ":"'~J:IC~ ,( ~:~"I :':'~ll:I~~d ~ ~
o

~:.: A, < ..~:::,~ .1,~,:,', ~~:,. :~ • 'v ~ A s~ :8~:E:)
-20rr ,~lf'ill"liti V1'iI'«ljl 'vlli1ilTI' IOYvry y 'i'1J "I yp", "(ttll' fyhil'yn "inn'" ..... In. JrI/1'"

20GRL 6F Acc X Uncontrolled (Ana.) MRX.= 15.300 GRL (9.950SECl

O~llldliJh~UII~ILdl~hlnt~L~II~~,n'\I1'll..~ /wJW"4 .~ ..~ .},.4.!~ /y, tt. " 11. l\. " '" " A II t\ !
i~~ IV yn~ ,Wl (. r'fllVTI1 V'~"i °pf' Vi Vi If 'r'T'lrVIIV"I V

-20
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2) Responses of 6th Floor in V-Direction

TIME (SEC)
o 10 20 30 L!O 50
I I I I , I I I I I I I I I I I I I I I I I iii iii I I Iii I I I I I i I Iii I I I I i I I

-20

-1.5
GAL 6F Acc Y Controlled (Obs.) MAX.= 15.666 GAL (5.5110SECl

::~..~~VyJt{vIV~~;Jr~-r;,~.-
GAL 6F Acc Y Uncontrolled (Ana.) MAX.= 15.467 GAL (5.570SECl

20

0.2[" 6F Dis Y Con troll ed (Obs.) MRX." 0.171 CM (6. 290SEC(

O ~ 0 JiA M~fl.1I1\ AA .AdA.!' ~.., I-. A ~ ,,<A 'Mil ,.~_o¥o M -, ~ "<
~v v ~1 V IJ V\l4J1r'V I) ~ IJ"TVW- Y '9 or V V 11,,'" v~v orv V V v

-0.2. (A )
0.2[" 6F D15 Y Uneon tro II ed na. MRX. = 0.170 CM (8.120SEC(

., nA ~ r!l &A t'I A ~o.~ ~ ~ .~ ~ ~ A. r!I
o· • °rMn ijJ Ifw~mNWr'~ IffVvJ'1

-0.2l.lNE 6F Vel Y Controlled CDbs.) MRX.= 1.272 KINE (5••60SECI

AM;' ~ j, A.I"\ JAl.rqMIMJ r.l\ •• AA A,.., ..... fI ~n.A~Of""o.d "'~"""--,.,." .".01\ A" ",'o. '... '~~VW]"l"VU'V'l'V'''"l~V V"·"~V"V'VV"" ..""" • ~W'V"T ~ ....,

-1.5 .
KINE 6F Vel Y Uncontrolled (Ana.) MAX.= 1.555 KINE (8.270SECl

1.5
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3) Responses of 3rd Floor in X-Direction

I I I I I Iii I i I I I J I J I. Ii I I i I
o 10 20
I I I I I I I I I lit I I i I I l I I I I I I I Iii

30 LID
TIME (SEC)

50

o.lOr 3F Dis X Controlled (Obs.) MAX.= 0.051 CM 110.a;;OSECI

, ~ ~,,.,,,.., f\ Af\ h, r'\ Ii M1'\ A~ II 11 A(\ {\ A" fie 1\ • A • • ,.r .. Jo ,,(', /I ,.." ...." 1\ f\ AA1\
ou. w .... lV'YJ ~ ~-lJr(>rr,,'P'V 'IIi V'f"il V Vl[V Vl/I(v"iIVV "V' \T1"I"IIr'V v~ ~nJ\ru~

-0.10
o.lOr 3F Dis X Uncontrolled (Ana.) MAX.= 0.077 CM I Y7.910SECI

_ J~~~~AAntAk ~A~~~6~~ Dn~~~AAAAAAAA AA
ow • 1J111J yVJIJ #Hv roVvrqw-; 'Q rlV V vvvvvvv VVVvVvlJ N1

-0.10
KINE 3F Vel X Controlled (Obs.) MRX.= 0.596 KINE (9.720SECl

0' f,,,. d" u. MILII .I' 'j .,,,Iu,,lwuM ''fit •AII, , J"jlo. ""'11'" "<1'" ""''''''''I'"......... ••, 'Y''''"/~~1'\ i\ WHTrV'I\'fl\~ . II\TvY'pr I'V ,qt' Iffv 'pm y. "n" -jnn" ~ ,

-1
KINE 3F Vel X Uncontrolled (Aria.) MRX.= 0.729 KINE ( 13.020SECl

0' ~" ..>' .1'~Yl"I!~~W·'~.liIL' i .~.,.•. •~.t'",yU' /, I " ~ ~ ~ 'If A'If AI. AA"".. "'11~ )i'r I ~ ~I f'V'lJ .... VI ~"V' 'irt ril' ... 'rrun~ w~ ~ vv VVVV\[~

-1
15GRL 3F Acc X Controlled (Obs.) MRX.= 13.952 GAL (5.L!30SECl

o~1Ii1~~tl~;:t~iii~\~I\If.~f~I~'~~h~~~It~IU~1%W~~t~~11~~~tttJ
-15

1SGRL 3F Acc X Uncontrolled (Ana.) MAX.= 10.911 GAL (5.L!L!OSECl

o~U".cJ,~,lh03!AI~IJ.llli!hM~illMili.U1lW'L~I~Wlh"'~tJW~lAlhHWtJ<' NI~ ~..fJVi.J
/IlI1<!l'1' 11~'WI11l~.~1VVYYFnl~pHH1VpWll'PYHrrTll/'~Y' y liiiy' r"i~ ~Yt '"

-15
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4) Responses of 3rd Floor in Y-Direction

TIME (SEC)
o 10 20 30 L!o 50
I I I I , ( I I I I I I I I I i I I I I I I I II I I I , I I Ii' I I Iii I I I , I I I Iii I

0.15 eM 3F Dis Y Controlled (Obs.) MAX.= 0.099 eM (7.700SECl

•~.IJ wi. !11M." 1'\,M.lvi,M'&jJ.,"",!I,el.r·"","'tM ""'''',eo '" 6., '" " • • . vVur~ V r'~V"YV \ r r v' ~ i ~ r or vir V'T"I/' \JJ"

-0.15
O. [Sr 3F Di s Y Uncon tro 11 ed (Ana.) MRX. = O.11U CM ( ~O. ~9DSECI

O •• ! '~"W·'! M n, hL~,tn~,~h~'B!'~lM~V!tl,,~Un'!.M An.A,,~no.~, "'1 1 V' V IT'VV rv'vv vfVrW~V vr1r r~ ,TV YVfijl[vij~1J~1JVlnrlvvv

-0.15l.lNE 3F Ye1 Y Controlled (Obs.) MRX.= 1.26~ KINE (S.91DSECI

.... 'n ~JA~I~ .. jJ~ AlCn~,L .. nLl\!.A ......},h~~A","" •• b'~ ",.""1.,,.1 ••.o1< ".~~'l ',r~""~Uiy""<''''''r·.,J,,."."m",", ~. ,n ..~"",.~~~
-1.5

KINE 3F Ve 1 Y Uncon t ro 11 ed (Ana.) MAX. = 1. 153 KINE (B. 540SEC)
1.5

-1.5
GRL 3F Ace Y Controlled CObs.) MRX.= 16.L!7Ll GRL (7.690SEC)

2:YM~~~~IM'I~,\ ,lfJJ~~~~~~~
-2ot~
20r",....,.".~I~,~~~:c Y Uncon tro lied (Ana.) MRX. = 19.287 GRL (B. ~8DSECI

°r~~
-20
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2. Earthquake on April 14, 1992:

1) Response of 6th Floor in X-Direction

o 10 20
I I I Ii' I i I I I I I I I I I I I Iii I I

TIME (SEC)
30 ijO 50

I I I ii' I I I I I I I Iii I I Iii I

0.3 CM 6F Dis X Controlled (Obs.) MAX.= 0.1ij8 CM (9.2405ECl

Or "~ ·A" AAA AA • A00 •• 'if ~ " " Ae ,,' " ~ " .. .."' "' ". , " 4v- "". VIT'Vlj Vl) VIIV \TG WI?" "VV"Q VVVV VV VI.JVVV~VVvvv vv v VVif·ro

-D.3
eM 6F Dis X Uncontrolled (Ana.) MAX.= 0.302 CM ( 12. 1205ECl

o~:r .. A A1\ WN ~ ~~ ~ ~ AAAAAA¥A8rvwn nnAA8AAAAfJj
q ·VVV r~~VVVl)VOVVV \[V~ ~~VVlJl)VlJVVlJV

-D.3
KINE 6F Vel X Controlled (Obs.) MAX.= 1.063 KINE (8.9505ECl

20 f .0 .... ~;.f'AtA~.OA !.,.. ..;,.,~.;;dA ••• ",. "_"1/'" '"" '00'-;
, "'T v y ~\I V \J \JV V'iJ' \'l VV1 •i 'Ii \I ni'lVV crv "iI v· U 'In,;,",\)'" V'V~'TVV\T VQ v \h

-2
KINE 6F Vel X Uncontrolled' (Ana.) MAX.= 1.857 KINE ( 12. 360SECl

2

-2
20GRL 6F Acc X Controlled (Obs.) MAX.= 15.245 GAL (6.000SECl

O[d'IU'W.~.l.J,~~.LIM hllu L ,ft,~A 1.., """ " ~A .. '"~ VMw' .'001~~,,~ l1'r~I~,rfI111Irllv''Ii~,ryY'VYl'I'vyr'i 1"'" V' '(Frrf"r WPi(F'( v "Ii if' 'n" y ~ ~ ... "1"

-20 )
GRL 6F Ace X Uncontrolled (Ana. MAX,= 19.509 GAL ( 11.1.990SECl

2: r""Lu.....l}~~A~ W.lJJ A6A~ D~ ~ ~ AA" " ~ A n A '"1l'1''"'''III'4l~'1 i· III ~ 'If '{iJ I f~ rVl/ ViJ iJ '{~ V\(VY"i) ~ iii IJIJ'tl

-20
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2) Response of 6th Floor in Y-Direction

o 10 20 30
TIME (SEC)

40 50
I I I I I I ill I I j I / I I I I j / I ' I I i j J I I I j I I S I i j I i j , j I I

( 9.31.10SEClCM0.198MRX.=CM 6F Dis Y Con t r 011 ed (0bs. )

O':l~
~::tCM 6F Dis Y Uncontrolled (Ana.) MAX.= 0.220 CM (8.880SECl

" .0 0 fI 1\ ~ ~ • A H h .f\. tv. 'V' f\ 06 (\ 1\ f\ I~ ~ f\ A0 ~ 1\1' '" f\ /\ r'\ f\ ~
0;, .., •v • V'JlJl)'JOY' vIi1Jv VV "Vv~ V "iJ W \fV CJl) \TV V '{ WI} V'Tv V

-0.3
KINE 6F Vel Y Controlled CObs.) MAX.= 1.533 KINE (8.970SECl

:f..", -4~V'I/'V-Mv,*J'fvJ'~"'V"'~I11J'V";A,'"V'"-"""'I1
~t .

2K[INE 6F Vel Y Uncontrolled CAna.) MAX.= 1.588 KINE (9.060SECl

O-'-~~N0MV'~i~G
-2

~:F:;;;;;;=~~:~~:l~:~~=1
GRL 6F Acc Y Uncontrolled (Ana.) MAX.= 15.032 GAL ( 11.1.530SECl

20

-20
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3) Responses of 3rd Floor in X-Direction

TIME (SEC)
o 10 20 30 40 50
I I I I I I I I I I I I I I I i I I I I I I I i I I I I I I I II I Ii I I I I I I I I I I I I I I I

-1
15GRL 3F Acc X Controlled (Obs.) MRX.= 12.708 GRL (11.920SECl

Lh"C.l'J-ill~J'~ ~~f~lJ)~11_~d)!!~'I~!JL!II.JYJ~d/ldl!l1.IJlhULJlJ'}J~llt.l,1'l!1 JIlt.- ~ -U~lll rL.; .J.~LJJI,Jl~.~~!, ~11)lt
o t~·llThWIl ~I~M 'vfr rll"~1iIPilt'l\\\~ltH."qll'J\I'lliljll';~~I\~'ll"fh;~lWTlf tl~ If'tMn·.~l.l\p·ti\I1i''~''II'''''''r·~I'r·lti

-15
ISGRL 3F Acc X Uncontrolled (Ana.) MRX.= 14.402 GRL (5.860SECl

t Ji!L~)lAJWl.~ WJ!llJ.\.lM~Mf &AU~ Ai.~ AI U~ ~J..u.M\
o ~illi:l~t~ljl~ Wr 'f ~ II 'lIT 'Vj'r1'llrrr, I ,'fffrlfYV ~ " firyTr T'If y ,Ill

-15

0.15 eM 3F Dis X Controlled (Obs.) MRX.= 0.085 CM [9.720SECI

OL~~ J\ AhnIi ~oO"AA'-M." ••. d ." A""•.. d • 'If • '"t I,JIrV V'\ITO n rr~ n n V ITvv vvvo vVV vvvv \/'VVvvv VV

-D.15 . 11 ( )
0.15 CM 3F DIS X Uncontro ed Ana. MRX.= 0.165 CM [12.110SECI

at - . r\6n~.~rJiAAAAAAnn~AAAA~~AAnnAA~AAAAi
[ U b QVV~ VVVlJ VV VrVlJ V VIJ\[~ ij ~ ~ ~ VVVlJl) VV'J\} V

-D.15
l KINE 3F Vel X Controlled (Obs.) MRX.= 0.751 KINE [ 14.820SECI

a ~~Iift#~'/{I,f*~~'fv'''~
-1

KINE 3F Vel X Uncontrolled (Ana.) MRX.= 1.145 KINE (11.370SECI
1
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4) Response of 3rd Floor in V-Direction

TIME (SEC]
o 10 20 30 LID 50
I I I I I I I I I I I I I I I I I I I I I I I I Iii I i I I I I Iii Ii' I Iii I I I I I I I I
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3. Earthquake on May 11, 1992:

1) Response of 6th Floor in X-Direction

o
I I I

10
I I I I , I I I I I I I I

20
I I I I I I I

30
I i I I I I I I I

LID
I I i

TIME (SEC)
50

i , I I Iii I

( 3Ll. 8LlOSECl

( 27. 0505EC IMAX.= 19.169 GRL6F Ace X Controlled (Obs.)

6F Acc X Uncontrolled (Ana.) MAX.= 25.181 GALGAL
30

CM 6FDis X Controlled (Obs.) MAX.= 0.365 CM (27.1705ECl

0·08[__~_~Ilfr.A.AA.+J.-l+A-I+++A+H-+-I+f>--A-A-A~~~_ ~~ Orq",/lfI,,{\{\f\I\AAf\{\f\/\ "f\Ao ;0 -0 0"" I
r- ITV,IlV" V\{\T'iTV VVVV\)--VV v ........ vv '<,)\) v v VV\J

-0.8
CM 6F Dis X Uncontrolled (Ana.) MAX.= 0.672 CM (3L.!.8505ECl

o.o8l-- ~ --vn"'v"O__r:A,1I..q.,..,t"AJrA"-.....t-1f\r++Af-\-I-IOfI1J f\ A AAAfI1lflJlJlJl.A AAAf\ f\ f\ 1\ "
0

1
0

0 " o~v'V'J~'TVlJ v~1J'V VlJIJ V~ VV\[VVV VIJ\JV Vi

-0.8
KINE 6F Vel X Controlled (Obs.) MRX.= 2.827 KINE (27.L!705ECI

05 [ ..-...-_..-.A1tr----.....-.....AAJ"'.......M-,,'Jrf',A't>I6~~-\-If\'-\+\A -Hf\+1A+1I1f,JA-\lIJl+f\-A-An,...-A-,0f+{\p..A..,..,o.............-I.Jl1"'~'tt'A~~ ,p."_4"AfI.p."~"1
• • "to "'0T"'/ Irv vlJlJIJ VVtvV VV u • v r iJ v IJV -0<> "'lTV v

-5

JM'

-:r
-30
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2) Response of 6th Floor in Y-Direction
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3) Responses of 3rd Floor in X-Direction
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4) Response of 3rd Floor in Y-Direction
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