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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 implement
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 1, Basic Research, is carried out to
support projects in the Applied Research area. Element I1, Applied Research, is the major focus of
work for years six through ten. Element 111, Demonstration Projects, have been planned to support
Applied Research projects, and will be either case studies or regional studies. Elememt IV,
Implementation, will result from activity in the four Applied Research projects, and from Demonstra-
tion Projects.

ELEMENT I ELEMENT Il ELEMENT Ill
BASIC RESEARCH APPLIED RESEARCH DEMONSTRATION PROJECTS
« Seismic hazard and = The Building Project Case Studiss
ground motion » Active and hybrid control
+ The Nonstructural » Hospital and data processing
* Soils and geotechnical Componenis Project facilities
enginesring + Short and medium span bridges
+ The Lifslines Project [ >+ Water supply systems in
» Structures and systems Memphis and San Francisco
The Highway Project Regional Studies
* Risk and reliability * New York City
* Mississippi Valley
* Protective and intsliigent * San Francisco Bay Area
systems

. Xdllo::l and sconomic ‘J_L jl_ll
\

ELEMENT IV
IMPLEMENTATION

Conferences/Workshops
Education/Training coursss
Publications

Public Awareness

Research in the Building Project focuses on the evaluation and retrofit of buildings in regions of
moderate seismicity. Emphasisis on lightly reinforced concrete buildings, steel semi-rigid frames, and
masonry walls orinfills. The research involves small- and medium-scale shake table tests and full-scale
component tests at several institutions. Ir: 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.



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. Evaluatethe performance of full-scale active bracing and active mass darmpers already in place
in terms of performance, power requirements, maintenance, reliability and cost.

2. Compare passive and active control strategics 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.

The work presented in this report represents one part of the full-scale active control implementation

project focusing on the development of more efficient control algorithms. Since peak response is
closely related to structural safety, control algorithms which provide improved peak response
reduciion are desirable. A class of nonlinear control algorithms are presented in this repor’ for this
purpose. Extensive simulation and experimental results presented in this report shoss that the
proposed nonlinear control laws can be more effective than traditional linear control laws in peak
response reduction. The successful accomplishment of the experiments indicates that the implemen-
tation of nonlinear control laws in practice present no inherent difficulties and their design can be
carried out following the same procedures as in the linear control case. Good agreement between
analytical and experimental results makes it possible to extrapolate the nonlinear control resuits for
poteniial full-scale structural applications.



ABSTRACT

Linear quadratic regulator has been used extensively in many control systams designed for
structural control applications due 1o its stability and robustriess. Recent results obtained
from simulation, model experiments, and full-scale structural applications, however, show
that it is difficult to employ linear feedback control laws to produce a significant peak
response reduction when the peak response occurs during the first few cycles of the
time history. In this report, a class of nonlinear control algorithms are proposed which
can provide improved peak response control performance. Through extensive simulation
studies and experimenta! verification in the laboratory using a model structure, it is shown
that these nonlinear control laws can significantly improve peak response reduction under
the same constraints imposed on the control resources as in the linear quadratic regulator
case.
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SECTION 1
INTRODUCTION

in recent years, remarkable progress has been made in research and implementation of
active structural control techneclogy for structural protection against environmental loads.
It is now at the stage where actual systems have been designed, fabricated and instalied
in full-scale structures (Soong, et al., 1991; Reinhom, et al., 1993). in most of the operat-
ing systems, linear control laws based upon some quadratic performance criteria are
being used since they are best understood and they provide stable and robust controlled
performance for the structures.

An important consideration in structural control is to reduce the peak structural
responses in order to prevent possible structural damage due to severe environmental
loads. Howevaer, the results obtained from simulations, model experiments and full-scale
structural applications show that it is difficult to employ quadratic performance criteria and
linear feedback control laws to produce a significant peak response reduction when the
peak response occurs during the first few cycles of the time history, which is usually the
case under seismic ground excitations {Soong, 1990; Soong and Reinhorn, 1993}. This
is somewhat expected since the weighted sum of the vibration energy and control energy
is minimized in linear quadratic control laws but this minimization does not guarantee min-
imization of he maximum response. How to suppress the initial large responses, there-
fore, becomes a problem of practical importance as active control technology becomes
more common in civil engineering.

A more effective cantrol parfermance critarion is clearty one related to tha minimiza-
tion of some function of the maximum response, which has been studies by several
authors (Sarma and Kozin, 1971, Glover and Schweppe, 1971; Coress and Leitmann,
1981; Chemousko, 1982). Unfortunately, the existence of an implementable solution for
this nonlinear optimal problem has not been clearly established at this time. Lee and Kozin
(1985, 1986) investigated the bounded state control of linear structures based on an



extension of the Lyapunov function method; however, in their procedure, the extemnal
input must be known completely at the beginning, which is not possible in, for example,
the earthquake case. Chuang and Wang (1991} introduced an additional state constraint,
the oscillation amplitude, into the linear quadratic contro! law. By adjusting the weighting
matrix at different response amplitudes, they derived a bounded state control approach
based on the linear control law. This procedure, however, is available only in the scalar
case ard it alsc requires some knowledge of the input.

Alternatively, a class of nonlinear control laws based on the minimization of higher-
order performance criteria was developed mainly for control of mechanical and slectrical
systems (Rekasins, 1964, Bass and Webber, 1966; Speyer, 1976; Jacobson, 1977,
Suhardjo et al., 1992). The theareatical basis for employing higher-order performance cri-
teria is that minimizing the maximum response can be approximated by minimizing a per-
formance function of this type. That is, a minimax criterion of the type

min max g[Z(7}] (1.1)
u t

whare z(r) represents the state vector of the structure, g [2(r)] denotas a positive def-
inite scalar function of z(r) , and u is the control law to be chosen, can be approximated
by the criterion

T
min [ {g(2(n]}""a (1.2)
0
for large m, since (Taylor, 1958)
r 5 17 (2m)
lim {Jlf(r)l '"dr} = suplf (1| (1.3)
m - oo 0 4

Generally, the integrand in Eq. (1.2) can be replaced by a finite (or infinite) sum of positive
definite homogeneous multinomiat forms of degree 2m (m = 1,2, - . . ).

Practical applications of these control laws have shown a good control efficiency from
the viewpoint of peak response reduction. On the other hand, Bang-Bang control laws,
based on minimizing the vibration energy subjected to maximum control force constraint,
have also shown a good ability to suppress large responses (Beliman, et. al., 1956;
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Wonham and Johnson, 1964; Bryson, 1985; Meirovitch, 1990). Recently, Indrawan and
Higashihara (1993) introduced a Bang-Bang control law to the control of a single-degree-
of-freedom structure with an active mass damper subjected to seismic loads. Simulation
results show that, keeping the same maximum control force, the linear control law gives
a maximum displacement of 1.99 mm, while the Bang-Bang control law gives a maximum
displacement of 1.11 mm. Remarkable control efficiency can be achieved by using the
proposed Bang-Bang control law. But unfortunately, as this paper stated, servo-hydraulic
actuators, which are popular control force delivery devices, are not suitable for this kind
of control laws due to high-speed switching of control forces. Therefore, some modifica-
tions are necessary for practical implementation of Bang-Bang control laws in civil engi-
neering.

The work presented in this report is focused on the development of implementable
nonlinear control laws which can provide improved peak response control performance
under the same constraints imposed on the control force and other resources as in the
linear contro! law case. First, five different nonlinear control laws, based on both higher-
order performance criterion and Bang-Bang control theory, are proposed in Section 2, The
maximum control force constraint is imposed on these nonlinear control laws for oractical
consideration. Then, in Section 3, extansive parametric studies are performed, especially
to identify the regions of effectiveness for nonlinear parameters. The influence of the max-
imum control force constraint is evaluated. Based on the typical parameters selected in
Section 3, a series of comprehensiva control axperiments are carried out in the laboratory
using model structures with ground excitations supplied by a shaking table. Section 4 is
devoted to the presentation of the experimental results. The effectiveness of the proposed
nonlinear control laws in peak response reduction is demonstrated experimentally. Finally,
good agreement between numerical simulations and experimental results leads to the
conclusion, in Section 5, that implementation of the proposed nonlinesar control laws does
not bring inherent difficulties to achieving a real enhancement of structural control perfor-
mances.



SECTION 2
CONTROL ALGORITHMS

2.1 Brief Review of Classical Linear Quadratic Regulator (LQR)

Consider a general linear building structure modelled by an n-degree-of-freedom lumped
mass-spring-dashpot system. The matrix equation of motion of the structural system,
subjected to a horizontal earthquake ground acceleration i, () can be written as

MX (1) +Cx (1) + Kx (2) = Du(2) + mi, (1) (2.1)

T . . . . .
where x(t) = [xl,xz, - - - ,x,] is an n-dimensional vector of relative displace-

ments, u (r) is a r-dimensional control force vector, D is an » x r matrix denoting the lo-

cation of the controllers, M is an n x n diagonal matrix with jth diagonal element m,

m = —-[m],mz, Cooam)] T, and € and K are nxn tri-diagonal damping and stiff-
ness matrices, respectively. In the above, the superscript T indicates vector or matrix
transpose.

In the state-space representation, Eq. (2.1) becomes

2() = Az(7} +Bu(r) +wiy (1) (2.2)

where

(1) = l:x(t)} ; A= 0_1 I_1 ;. B= -n1 ; w=|— —01 (2.3)
X () Mk _m'c m'p M m

In classical linear quadratic regulator (LQRY), the control force is linear in the state
vector z(r) (Soong,1990), i. e,

u(n = Gz(n = —R"‘BTPz(t) (2.4)
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in which the control gain matrix G is found by minimizing

i
7= % ([ (nQz +u (WRu(]d (2.5)
0

where Q@ is a 2nx 2n positive semi-definite weighting matrix and R is a r x» positive
definite weighting matrix. In Eq. (2.4), P is the Riccati matrx which ¢an be obtained by
solving the approximated time invariant Riccati matrix equation

PA+A'P_-PBRB'P+Q = 0 (2.6)

As seen from Eq. (2.5), the linear control law derived above, while effective in
reducing the structural response in the time-averaged mean-square sense, may not be
offective in reducing the peak response, particulaly when the peak response occurs
near the baginning of the excitation interval. Since peak response reduction is of
practical importance in structural control, other forms of the control iaw may be more
desirable. A natural candidate is a control law which is nonilinear in the state vector in
order that the control force be more sensitive to larger response values.

2.2 Higher-Qrder Regulator Formulation
In order to have a performance index that is more sensitive to larger response values,

higher-order terms of the response vector are introduced into the performance index as
follows:

4
J = % f [zTQz( 1+ alerz) +(alerz)erBR'1Ber( 1+ ulzTPz) + UTRI.I]dt (2.7)
0

in which @ and R are the same as in Eq. (2.5), @ is a noniinear feedback weighting
factor, and P is an unknown symmetric matrix. In minimizing this kind of a perfformance
index, not only the total energy but also its higher order terms are minimized, which
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should lead to a more effactive control law in terms of maximum response control.

Following the same procedure as in the linear quadratic regular ¢ase, one can first
form the Hamiltonian as

o = % [zTQz( 1+ alzTPz) + (alzTPszTPBR“lBTPz( 1+ ulerz) + uTRu]

(2.8)
+A [Az+Bu+wx, 2Z]
The necessary conditions for optima! ccntrot are
OH o  OH_ . 4T 0H _ o T v _aq -
57:-o, au_1:', A az_o, Ay =0, (2.9)

By carrying out necessary partial derivatives of # with respect to u and z, one obtains
u(n = -RIBA® ; 0srst (2.10)
: T T T
At) =-A A—( l+o 2 Pz)Qz—(alz Qz)Pz
—( 1+ ulzTPz

~( 1+ QIZTPZ

-(u]zTPz)( alzTPBR‘l BTPz)Pz

Y

(a zTPz)PBR‘lB’Pz
1 2.19)

N s s

(alzTPBR*IBTPz)Pz

The set of Egs. (2.2), (2.10) and (2.11) provides the optimal solution for z(r), u(s) and
A (#) . Once the form of A (¢) is assumed according to a prescribed control strategy, the
optimal control force can be derived.

In view of the non-quadratic terms in the performance index, a nonlinear feedback
control law appears to be appropriate. Hence, let A (r) be of the form

A = (1 +alzTPz)Pz (2.12)
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where P is a 2n x 2n matrix to be determined. Taking the derivative of A (r) with respect

to time 1, one has
\ _ T To7.
Ar) = [(1 +oz PzJP+2ulez P]z
Substituting Eq. (2.12) into Eq. (2.10), the control law is found to be
T - T
u(@) = -( 1+ o2 Pz)R B Pz
if the input is neglectad, Eq. (2.2) becomes
(1) = Az-(1+0 z'Pz|BR187P2
Substituting Eq. (2.15) into Eq. (2.13), the derivative of A (¢) is
. 2
Ay = (1 +a zTPz)PAz—( 1+ alzTPz) PBRIB Pz +
[alz PA+ ATP)Z] Pz- 2( 1+ alzTPz)(alzTPBR'lBer)Pz
Equating the right-hand sides of Eqs. (2.11) and (2.16) leads to

(1+a 2'Pz)(PA+A'P-PBRBTP+Q)z-
[alzT(PA +A'P-PBRB'P + o)z] Pz =0

which holds if and only if the following equation is satisfied:

PA+A’P-PBRB'P+Q =0

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)

This is seen to be the standard matrix Riccati equation. There are many sclution
algorithms which can be used to determine the Riccati matrix P. Finally, the substitution
of p inta Eq. (2.14) produces the desired control law. Obviously, for small response 2 (¢)
or small weighting factor o u(s) reduces to Eq. (2.4), which is the standard linear

24



control law based on the quadratic performance criterion. In this report, we call Eq. (2.14)
Nonlinear Control Algorithm 1.

2.3 Power Series Feedback Control Law

It is noted that in Eq. (2.14) the nonlinear term is of the third order of z (1) . A nawral
exiension is to include higher-order terms of z(¢) in the form

G aia 3 “; s 1
u(s) = Gz() +§ z(n +§TGz o+ - - - = u_.2G sh(a,2) (2.19)

in which
i i i i I
2 =[ZM.50, - - - .5,0] (2.20)

a, is also a nonlinear feedback weighting factor and sh (x) is the hyperbolic sine
function. Equation (2.19) is called Nonlinear Control Algorithm 2 here.

2.4 Polynomial Velocity Feedback Control Law

In Eq. (2.14) the feedback control force includes both displacement feedback and
velocity feedback. Generally, velocity feedback dominates the control force. Therefore,
another two nonlinear velocity feedback control laws, enhanced by a quadratic term in
velocity or displacement, are proposed specially for single-degree-of-freedom (SDOF)
systems. They are

u(t) = g (n) + [0 (0 ] (0) (2.21)

u(t) = g0 + [0’ (0], 200 (2.22)

where g is an element of control gain vector g = [g,. g,] - In tum, Eq. (2.21) and Eq.

2-5



(2.22) are called Nonlinsar Control Algorithms 3 and 4, respectively.

2.5 Inverse Order Fesdback Control Law

All of the control laws presented above provide the control forces which are directly
proportional to some powers of the response z(t) . In practical applications, however,
due to necessary control force limitations, a control force constraint is usually imposed
on the nonlinear control laws, which is difficult 10 deal with thecretically. In view of this
requirement, a control law which is inversely proportional to some powers of the
response is suggested below.

First consider a SDOF system. If perfformance index takes the form

i
7= [[ZFmazmla (2.23)
0

1
2
and subjected to the maximum control force constraint
max |[u(r|su, (2.24)
then from Bang-Bang control theory, we know that the optimal control force is
u(r) = -u,sgn [BT?\. (r)] (2.25)

in which A (1) is the co-state vector and sgnix] denotes the signum function. When
velocity feedback is dominant in the control force, we can approximate u (1) as

u(r) = -u,sgniz(n] = u,ﬁgl (2.26)

In the linear cantrol case, the maximum control force is approximately

max|u (0} = g, (... (2.27)



where (x);,. is the absolute maximum of relative velocity during (0, 1} under linear
control. In the nonlinear control case, when keeping the same maximum control force as
in the linear control, Eq. (2.26) becomes

W) = 8, T Bk, = V() £, X(0) (2.28)
where
- Do
Y(I) - |x(r)| ’ IOS’Y([) S,Ymax (229)

represents a time-variant amplification factor which is an inverse function of the velocity
response and is bounded by vy, in order to prevent y(¢) from becoming unbounded as
X(t) approaches zero.

Eor a MDOF system, the control force vector corresponding to Eq. (2.28) takes the

form

u(s) = G x() +y(NGX(1) {2.30)

and the top fioor response is chosen to form (1) , i.e.,

L

(x,)
Y(ry = asm : LOLy (D) £7,,,, {2.31)

where subscript n represents the top floor and o is a nonlinear weighting factor. Finally,
Eq. (2.30) is called Nonlinear Control Algorithm 5.

To sum up, all five nonlinear control algorithms proposed in this report are listed in
Table 2-1.



2.6 Maximum Control Force Constraint

The possibility of reaching the maximum limit in the control force requirement is a
desirable condition in order to enhance the control effectiveaness. However, the demand
on the control force for the nonlinear control laws presented above depends on the
frequency content of the forcing term and on the amplitude of the external excitation.
This direct dependency on the amplitude of the external excitation is not a desirable
charactenistic in designing active devices. Indeed, difficulties in determining the control
force requirement reiated to stochastic behavior of the external excitation are increased
by the nonlinearity of the controller. Moreover, similar reasons do not pemit one to easily
conduct comparative studies between the performance of nonlinear algorithms and the
classical LQR. Therefore, a maximum control force constraint, exactly the same as Eq.
(2.24) in the nonlinear control algorithm 5, is added to the noniinear control algorithms 1
to 4. Thus, in order to evaluate the perfarmance of the nonlinear algorithms, a reference
level of performance for the system will be determined by a specified level of
performance of the linear control algorithm (LQR). This performance level determines
the peak value of the linear control force which is then taken as the bounded control
force u,, for the noniinear algorithms,



Table 2-1. Nonlinear Control Algorithms

Algorithms Fommulae
LOR u(r) = Gz(r) = -R1B Pz(n)
Nonlinear 1 u() = —{1 +a zTPz]R'IBTPz
1 y
o 4
Nonlinear 2 u(r) = Gz(r) + -3—'2623(0 + %st (1 +
Nonlinear 3 u(t) = gi(0) + [’ (0] g5 (0
Nonlinear 4 u(r) = gx(1) + [a“xz(t)]gjx(r)
Nonlinear 5 u() = Gx () +y()Gaxa()
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SECTION 3
PARAMETRIC STUDIES

3.1 introduction

The noniinear contral laws proposed in Section 2 are extensively investigated in this
section by numerical simulation. Numerical calculations are necessary in the design
process of control systems to determine the parameter values or control gains for
obtaining an optimal feedback. In the expressions of these nonlinear control aigorithms,
two groups of parameters are unknown. The first one is related to the linear part of the
feedback and the second one concems the nonlinear part. The determination of the
linear gains can be camried out by solving the optimal problem characterized by the
Riccati equation (Eq. (2.6)). Optimal formulation using the linear quadratic functional
permits one to regulate the level of control activity by an appropriate choice of weighting
matrices Q and R. The influence of the choice of matrices Q and R on the control
performance is analyzed for two structural systems. Correspondingly, in the nonlinear
feedback pan, the emphasis of parametric studies is placed on the weighting coefficient
o. The introduction of this parameter in the nonlinear expression permits one to regulate
the relative importance between the linear and the nonlinear terms. A correct choice of a
has been found to be important for enhancing control performance. Thus, the study of
the influence of parameter on the structural response is carried out first. Finally, through
extensive parametric studies, the design parameter values for experimental verification
are suggested.

3.2 Controlled Structural Systems and Earthquake inputs

The effectiveness of the nonlinear contral techniques for peak response reduction is
evaluated using two different structural systems. The first controlled structure is a one-
story steel frame with a set of active tendon control devices, which can be idealized as a
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single-degree-of-freedom (SDOF) control system. The second one is a three-story steel
frama with the same active tendon control devices as in the SDOF system. A schematic
sketch of this system is shown in Fig. 3-1. Actually, if the top tow floors of the three-story
frame are braced rigidly, the MDOF system becomes a SDOF system. Later in the
experimental phase, this technique will be utilized to build the model structures. The
dynamic parameter values of the structural system are given in Table 3-1, which are
chosen to correspond to the ones estimated from an identification process of the
experimental set-up that will be presented in the next section.

As typical eanthquake records, the N-S component of the 1940 El Centro
acceleration record and tha N21E component of the 1957 Taft eanthquake record are
chosen as the base excitations due to dependency of the nonlinear control laws on the
frequency content of the external input. But the intensities of these records are scaled
down appropriately in order to prevent the structure from exceeding the elastic limit in the
uncontrolled case and to have a comparable level of excitations. The two base
acceleration time histories are shown in Fig. 3-2.

The parametric studies are performed for different structural systems, under

different earthquake inputs, and by using different control algorithms. Table 3-2
summarizes all parametric study cases in this investigation.

3.3 Weighting Matrices Q@ and R
Under the quadratic performance criterion expressed by Eq. (2.5), the feedback control

law is designed such that integral J is minimized. Generally, in terms of minimizing
vibratory energy and control energy, weighting matrix @ can be chosen as

qlz['; g] or °z=[g ;] or 03=['; vﬂ 3.1)

and since only one controller is used in this investigation weighting matrix R is a scalar
which takes the form
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R = 4Bk (3.2)

in Egs. (3.1) and (3.2), K and M are the structural stiffness and mass matrices,
respectively; k_ is the tendon stiffness; and P is a non-dimensional paramzier which
determines the relative importance of control effectiveness (response reduction) and
economy (control force requirement). The results from previous research (Wu and
Soong, 1994) have shown that choice of weighting matrix Q among Q,, Q, or Q,
would lead to almost the same control efficiency if the corresponding weighting
coefficient B is chosen properly. Therefore, the parametric study in terms of weighting
matrices @ and R is focused on the evaluation of effectiveness of the control actions for
different choices of the parameter B. The weighting matrix Q is simply taken as
Q-=0q,.

At the beginning of the parametric study, it is useful to introduce a definition for the
reduction factor which will be used as a measure of control efficiency. it is defined by
max |V..| - max|Vc|

= (3.3)

< max'Vul

where V represents a general response quantity such as relative displacement, relative
velocity or absolute acceleration, and subscripts u and ¢ denote the uncontrolled and
controlled cases, respectively.

First, consider the SDOF system. Figure 3-3 shows the numerical simuiation results
representing the maximum relative displacement reduction, maximum absolute
acceleration reduction and maximum required control force for different f values under
the 1/3-scaled N-S El Centro acceleration input. It is clearly illustrated that, as the value
of B decreases, the control force increases, leading to an increase in response
reduction. Therefore, the selection of the level of control activity by choosing an optimal
value of B depends on the capacity of the employed control device. Initially, a value of
B = 32 is chosen as a reference for the next nonlinear control analysis, and the
comresponding maximum control force is 0.92 AN.
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For the three-story frame controlled by one active device, the maximum response
reductions at the top-floor are drawn in Fig. 34 under the 1/4-scaled El Centro
earthquake input, and the exact peak values are listed in Table 3-3 under the 1/2-scaled
Taft earthquake input. The response reduction trend by varying the parameter P is
similar to the previous SDOF system case. But note that, in the case of the scaled El
Centro excitation, a value of B smaller than 32 produces a decreasing rate of
accelaration reduction. Thus, the aforementioned value of p may be suitable for the next
nonlinear control analysis it consideration of a better force reduction performance.
Correspondingly, the mzximum control forces are 0.984 kN and 1.194 kN for El Centro
and Taft earthquake excitations, respectively.

3.4 Weighung Coefficient o

Keeping the same B value and observing maximum control force limitation as in the
linear control case, an extensive parametric study about coefficient o has been carried
out as summarized in Table 3-2. The results are given in terms cof peak response
reduction, response time history and accumulated energy time history.

3.4.1 Peak Response Reductions

The nonlinear differential equations governing the closed-loop systems are
numerically solved in the time domain using the Adams-Moulton method and the high-
order Runge-Kutta integration scheme. The peak responses are evaluated for a wide
range of values of parameter o and using different nonlinear control laws. Figure 3-5
shows the peak response reductions at the top-floor of the three-story frame obtained
from nonlinear control algorithm 1 (Case 4) under the 1/4 El Centro earthquake
excitation. Table 3-4 gives the resuits using the same nonlinear control law under the 1/2
Tatt earthquake input. It can be clearly seen that, as the value of o increases, the peak
response reduction of relative displacement increases significantly under the same
maximum control force limitation as in the linear control case. For example, as seen from
Fig. 3-5, the reduction under linear control is 37% and 53% under nonlinear control at
o, = 0.032. These results indicate that the proposed nonlinear control law is more
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suitable than a linear one since it can produce a larger peak response reduction under
the same control force requirement. For acceleration response reduction, the
improvement by using the nonlinear control law is within 5% range compared with the
linear control case, and as the value of «, increases the peak response reduction
becomes even worse. Thus, a decision of using a, = 0.016 is made for noniinear control
algorithm 1 based on a proper trade off between structural safety and occupant comfort.

Similar results were obtained by employing other nonlinear control laws (Wu, et al.,
1994, Gattulli 1994). These results show that all nonlinear control laws presented in the
previous section yield a better control performance than LQR control in term of reducing
the peak response. Generally, reductions for the relative displacement are 10% - 15%
over that in the linear contro! case. For reduction of the peak absolute acceleration,
nonlinear control algorithm S is better than the others. According to the trade off between
structural safety and occupant comfort, an optimal value of o is chosen for each
nonlinear control algorithm as listed in Table 3-5.

3.4.2 Responsa Time Historles

Using the optimal values chasen for parameters B and «, response time histories
can be calculated directly by using numerical integration methed in the time domain. A
set of typical response time histories for uncontrolied, linear controlled and nonlinear
controlled cases are shown in Fig. 3-6, showing the top floor responses of the three-story
frame under the 1/4-scaled El Centro earthquake excitation, and the nonlinear control is
Case 4. These time histories illustrate that not only the peak values but the overall
responses are also reduced by employing the proposed nonlinear control law. Also as
expected, the maximum control force applied in the nonlinear control case is kept at the
same value as in the linear control case.

3.4.3 Accumulated Energy Time Histories
Energy formulations have been developed to evaluate the performance of structural

systems {Zahrah and Hall, 1982; Uang and Bertero,1988). The evaluation of energy
dissipation capacity of control devices is one way of studying a wide range of behavior
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charactenslics conceming the considerabla number of different passive and active
devices installed in structures throughout the world. On this basis, comparative studies
can be performed among different innovative technologies.

For a MDOF controlled system, the equation of motion is given in Eq. (2.1). This can
be considered as a force equilibrium equation, each term representing a force that will do
work during the dynamic event. Thus, an energy equilibium equation can be derived,
giving

Ey+Ep+E; = E +E, (3.4)
where E, is the kinetic energy, E,, is the viscously damped energy, E; is the strain

energy, E, is the control force energy and E, is the input energy. The expressions of
these energy terms are

Eg = 3X MX (3.5)
.T .

Ep = [ X CXdt (3.6)

Eg = 2X'KX @7

E, = Ju'DTax (3.8)
T

E, = | i,m dX (3.9)

It can be seen that each energy term is a function of time and has positive values.
Figures 3-7, 3-8 and 3-9 show the accumulated energy time histories for, respectively,
the uncontrolled, linear controlled and nonlinear controlled cases. First, from Fig. 3-7, it is
noted that, in the uncontrolled case, a significant portion of the energy input to the
structure is dissipated by inherent damping. Evidently, the consumption of this quantity of
energy may force the structure into the nonlinear range of material behavior
accompanied by excessive response and consequently structural damage. On the other
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hand, the introduction of the active control system consumes a large portion of the input
energy, which is clearly demonstrated in Fig. 3-8 for the case of linear control.
Furthermore, it can be cbserved from Fig. 3-9 that, if the active control action follows the
nonlinear conirol iaw, only a small portion of the total input energy is dissipated by
inherent damping, while the active control energy is dominant. Since structural damping
does not change with installation of the control system, the decrease in viscous damping
energy in the controlled case indicates that a remarkable reduction in the structural
response is achieved by applying an active control force.
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Table 3-1. Parameter Values of Structural Systems

Values
Parameters
SDOF MDOF
981 0 O
Mass matrix M {kg) 2943 0 981 0
0 0 98]
T
Natural fraquency f (Hz) 4.10 [237 745 1230]
_ T
Damping factor & (%) 2.62 [100 053 055
0.0897 0.2859 0.2979
Modal matrix @ 1.0 0.2365 0.2143 -0.2769
0.31385 0.2255 0.1146
Tendon stiffness &, (kN/m) 385.3 411.55
Tendon angle 8 {deg.) 36 36
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Table 3-2. Summary of Parametric Studies

Systems { Earthquakes Cases & Algorithms Parameters Results
LQR Q. R
SDOF | ElCentro (1/3)} | Case 1: Nonlinear 2 a, Peak Value,
Case 2: Nonlinear 3 o,
Case 3: Nonlinear 4 o, Time History,
LQR Q. R
MDOF | ElCentroc (1/4) | Case 4: Nonlinear 1 o, Accumulated
Taft (1/2) Case 5: Nonlinear 2 o, Energy
Case 6: Nonlinear 5 o




Table 3-3. Maximum Response of Three-Story Frame with LQR Control
(1/2 Scaled TAFT Earthquake Input)

Control Floor ] Relative Displacement Absolute Acceleration Contral

Algorithms | No. values | Reduction | Values | Reduction | Force

(cm) (%) (9) (%) (kN)

1 0.353 0.235 0.000

Uncantrolled 2 0.912 0.283
3 1.420 0.430

Linear 1 0.292 17.13 0.199 15.42 0.372
Control 2 0.823 9.750 0.245 13.44
B =256 3 1.271 10.52 0.376 12.61

Linear 1 0.274 22.39 0.177 24.58 0.572
Control 2 0.783 14.09 0.233 17.57
p =128 3 1.204 15.21 0.347 19.31

Linear 1 0.251 28.87 0.171 30.44 0.862
Control 2 0.722 20.78 0.202 28.72
B =64 3 1.108 21.97 0.317 26.29

Linear 1 0.226 3593 0.147 37.15 1.194
Control 2 0.646 29.11 0.181 36.17
p=32 3 0.992 30.13 0.284 33.83

Linear 1 0.195 4471 0.143 41.75 1.561
Control 2 0.564 38.19 0.154 45.54
B=16 3 0.864 39.18 0.246 42.76

Linear 1 0.163 53.78 0.121 48.32 1.935
Control 2 0.473 48.16 0.136 51.87
Bp=28 3 0.726 48.84 0.207 51.84
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Table 3-4. Maximum Response for Nonlinear Control Algorithm 1

(1/2 Scaled TAFT Earthquake Input)

Controf Floor | Relative Displacement Absolute Acceleration Control
Algorithms No. Values Reduction Values Reduction | Force
{cm) (%) @) (%) (kN)
1 0.353 0.235
Uncontrolled 2 0.912 0.283
3 1.420 0.430
Linear 1 0.226 35.83 0.147 37.15 1.194
Control 2 0.646 29.1 0.181 36.17
B=32 3 0.992 30.13 0.284 33.83
Nonlinear 1 1 0.201 43.06 0.157 33.19 1.194
B =32 2 0.598 34.43 0.193 31.80
o, = 0.004 3 0.928 34.65 0.283 34.19
Nonlinear 1 1 0.192 45.61 0.187 2043 1.194
B =32 2 0.569 37.61 0.202 28.62
o, = 0.008 3 0.892 37.18 0.287 33.26
Nonlinear 1 1 0.179 49.29 0.212 9.787 1.194
g =32 2 0.538 41.01 0.207 26.86
o, = 0.016 3 0.844 40.56 0.287 3328
Nonlinear 1 1 0.177 49.86 0.225 4.255 1.194
B =32 2 0.505 44.63 021 25.44
o, = 0.032 3 0.790 44.37 0.281 34.65
Nonlinear 1 1 0.176 50.14 0.243 -3.40 1.194
B =32 2 0472 48.25 0.224 20.85
o, = 0.064 3 0.739 47.96 0.279 35.12
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Table 3-5. Optimal Value for Nonlinear Control Laws

Systems Cases & Algorithms Parameters Max. Force (kN)
LQR B =32 0.920
SDOF Case 1: Nonlinear 2 a, = 0.6 (E! Centro)
Case 2: Nonlinear 3 o, = 0.06
Case 3: Nonlinear 4 a, = 120
LQR B =32 0.984
MDOF Case 4: Nonlinear 1 a, = 0.016 (El Centro)
Case 5: Nonlinear 2 o, = 1.2 1.194
Case 6: Nonlinear 5 a; = 08 (Taft)
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SECTION 4
EXPERIMENTAL VERIFICATION

4.1 Experimental Setup and Model Structure

In order to evaluate implementability of the nonlinear control algorithms, an experimental
investigation was carried out on a 1/3-scale model structure in the laboratory. The model
structure was a three-story frame modeling a shear building by the method of artificial
mass simulation. As stated in the previous section, as the first step, the top two floors of
the model structure were rigidly braced so that the structure would behave as a SDOF
system. Then, at the second step, the rigid braces on the top two floors were removed so
that a MDOF structural system could be simulated by this model. Figure 4-1 shows its
configuration in the laboratory. The model structure was bolted to a rigic foundation
which in turn was bolted to the center of the shaking table which supplied the desired
base excitation.

The control force was supplied by a servo-controlled hydraulic actuator through a
system of tendons attached to the first floor of the model structure. The tendens wers
pretensioned to about 2.2 kN, a value larger than the maximum designed control force
so as to insure tension at all times.

For the SDOF system, the state variable measurements were made by means of
strain gage bridges installed on one of the columns. The signal from one strain gage
bridge was used as the measured relative displacement. The signal was further passed
through an analog differentiator to yield measured relative velocity. For the MDOF
system, the state variable measurements were made by means of displacement
transducers (Temposonic-TM) installed on each fioor and on the base. The measured
relative displacements were obtained from the differences between the measured
absolute displacements and the base displacement. The transducer signals were further
passed through the analog differentiators to yield the measured relative velocities. The
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measured displacements and velocities were low-fraquency fillered to eliminate the high-
frequency noise. The base acceleration and absolute accelerations of the masses were
directly measured by accelerometers installed at the base and on each floor slab. The
Control force was obtained from the measured displacements of actuator piston or from
the load cells installed on each tendon. These measurements also provided information
for control operations and for performance evaluation of the system. A biock diagram
showing the measurement system and the control procedure is given in Fig.3-1. More
details of this experimental setup can be found in Chung et. al.{1989).

4.2 System Identification

A good model of a real structural system is essential for the success of vibration
mitigation using a control system. Thus, a reliable identification of the structural
parameters was required. The identification of the experimental structural model was
based on the assumption that the model response was in the linear range under control
actions. The parameters of the linear analytical model were identified based on
measurements of the frequency domain response of the structural model. Another
important factor to be considered in order to reach final success of the performance of
the control system is the time delay that will always occur when the designed control
force is applied 1o the structure.

4.2.1 Parameters of Model Structure

In frequency domain, the absolute acceleration transfer function of the jth degree-
of-freedom contributed by the kth mode is

_r‘t( 2E, 0,0+ mﬁ 9,
]

(Hj* (i(l)))a =

3 {4.1)
), — o+ 2if, w, 0

in which, o, and £, are, respectively, the natural frequency and damping factor,
T, = ¢:m , where m is a vector of lumped masses; and ¢, is the kth modal vector, i.e.,
the kth column of modal shape matrix ® which was orthogonally normalized such that
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&'M® = I. The peak value of the jth acceleration transfer function is a superposition of
all modes, i.e.,

(H’.(im))a = ¥ (H}'g(im))a (4.2)
k=1

However, for small damping and well separated modes, the kth peak of the jth transfer
function will be assumed equal to (H L (10) by neglecting the contrbution of other
modes. The assumption of lightly damped structure pemits considering the peaks of the

transfer function occur precisely at v = ©,, ¥ = 1,2, - - - , with its amplitude
determined by
i Fk,/l +4§:
|(Hj (i) | = g, M (4.3)

From Eq. (4.3), it is shown that the ith peak value of the jth transfer function is
proportionel to the jth component of the kth modal shape. Therefore, by measuring the
absolute acceleration transfer function at each degree-of-freedom, the modal shapes
can be determined from the ratios of the peak values at the frequency corresponding to
each mode of vibration. The frequency corresponding to the kth peak value of the
acceleration response function is the natural frequency of the kth mode. Moreover, the
damping factor of each mode can be estimated by soiving Eq. (4.3).

The identification tests of the model structure were carmied out on the shaking table.
The banded (0 - 20Hz) white noise was used as the input excitation. For the SDOF
system, the absolute acceleration transfer function is shown in Fig.4-2 and the
identification results are listed in Table 3-1. For the MDOF system. the absolute
acceleration transfer function is shown in Fig.4-3 and the identification results are also
listed in Table 3-1.

4.2.2 Evaluation of Time Delay



In the performance of an active control system, the time delay is unavoidabie. The
time delays generated by the differentiator, low-frequency filter, on-line computations and
execution of the control force must be considered. The necessity of compensation for
time delay has been discussed by Chung et. al.(1989) and Reinhom et. al.(1989).

Time delay can be detarmined from the phase lag measured between the input and
the respective output signal for each component of the control system. In the
identification test for evaluating time delay, the banded (0 - 20Hz) white noise was used
as input. The phase lag angle for each control system component was determined from
the real and imaginary parts of the frequency transfer function of the input and output
signals. Thus, time delay is determined for each component of system using

1 9
Ta= 360" 7 4.4)

where T, is the time delay, 9 isthe phase lag in degrees and ¥ is the frequency in Hz.

A set of the expermental results obtained is shown in Fig.4-4. The time delay was 4
milliseconds for the differentiator, 20 milliseconds for the low-frequency fitter, 6~ 8
milliseconds for the on-line computation, and 7 milliseconds for the generation of the
control force. Therefore, the total delay tima that the control force lagged behind the
state variables was 33 ~ 35 milliseconds for displacements and 37 ~ 39 milliseconds for
velocities.

For the experiment on the structural model, the phase shift method was found to be
effective for time delay compensation. Details regarding the derivation of the phase shift
method can be tound in Reinhom et. al.(1989).
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4.3 Experiment Verification
4.3.1 Peak Response Reductions

Peak Response under Optimal _and o _Values. In the previous section, the
optimal p and o values listed in Table 3-5 were suggested from extensive parametric
studies. The first part of the experiment was to verify the control performance provided
by the proposed nonlinear control laws based on these optimal control parameters.
Corresponding to simulation cases, maximum responses of the SDOF system with and
without control actions are listed in Table 4-1, and Tables 4-2 and 4-3 give the resuits at
the top-floor of the MDOF system, respectively, under El Centro and Taft Earthquake
excitations. From these tables, the following observations can be made. First,
experimental results show that, relative to the linear control case, all five nonlinear
control laws provide better control performance in terms of reducing peak response. For
the example in Table 4-3, the relative displacement reduction is 38% by employing the
linear control law, while by using nonlinear controt algorithm 5, the reduction reaches
54%. For absolute acceleration, the reduction under linear control is 34% and 42% under
nonlinear control. Second, comparisons of experimental and analytical results indicate
good agreement, and the errors are generally within 10%. Third, reductions from
experiments are somewhat larger than those from simulations. The major reason is that
the hydraulic actuator was not able to generate the required control forces precisely, and
in general a small part of control force overshoot would occur at the peak of control
actions.

Peak Regponse under Different B_Values. Apart from the experimental
verification based on the optimal § and o values, a group of linear control experiments
were also carried out as the second part of the experiment. The purpose of doing this
group of tests was to verify suitability and reliability of the hydraulic active control system.
Figures 4-5 and 4-6 illustrate the top-fioor response reduction from both experiment and
simulation under El Centro and Taft Earthquake excitations, respectively. It can be seen
that good agreement is achieved within a broad range of B values. Generally, an
increase in the control force, which implies a decrease in B values, the peak response
reduction increases. But one may specially note from Fig. 4-5(b) that a control force
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smaller than 1.2 kN, corresponding to B = 32, will produce a decreasing ratio of
acceleration reduction. The experiment verified that the optimal B value should be
chosenas f = 32.

Peak Responge under Different o_Values. Similar to the previous tests for
different B values, the third part of the experiment was focused on nontinear control
algorithms, specially on different o values. All five nonlinear algorithms were verified
based the optimal B value but varying a values. Typically, the results obtained from the
MDOF system by using nonlinear algorithms 1 and 5 are shown in Figs. 4-7 and 4-8,
respectively. First, for nonlinear algorithm 1, Fig. 4-7(a) indicates that, keeping the same
maximum control force, as o -value increases, the peak response reduction of relative
displacement increases monotonously, which implies that the heavier the weighting of
nonlinear feedback in the control actions, the larger the reduction. But from Fig. 4-7(b),
one may note that the reduction of absolute acceleration decreases remarkably after a.-
value exceeds 0.016. Thus it is reasonable to choose the optimal o value as 0.016.
Second, for nonlinear algerithm 5, the similar trend can be observed from Fig. 4-8, and
the optimal o value may be selected as 0.8. Moreover, extensive experimental
verifications were also performed for SDOF system, for other nonlinear algorithms and
for a broad range of o values. Generally speaking, all five nonlinear control algerithms
are effective in terms of reducing peak response within a broad range of a values. The
reduction of relative displacement is better than that of absolute acceleration, and the
reduction as obtained from the experiments is better than that from simulation. Different
nonlinear algerithms lead to different optimal o values and it is possible to find these
optimal values from simulation analysis.

4.3.2 Response Time Histories

As shown in Fig. 3-1, for each story of the model structure, we can measure the relative
displacement and absolute acceleration. Furthermore, through the analog differentiaor,
the relative velocity can be obtained from the measured relative displacement. On the
other hand, using the recorded acceleration on the base of the model structure as the
simulation input, we can calculate responses for the same model structure under the
same excitation as in the experiment. Conclusions may be drawn from comparisons



between experimental and analytical results.

First, Fig. 4-9 shows the experimental response time histories and control force time
histories for uncontrolied, linear control and nonlinear control cases. These are only the
top floor response of the MDOF model structure under 1/4-scaled Ef Centro earthquake
excitation, and the nonlinear control is Case 4. From this typical set of time histories, it
can be seen that not only the peak response but the overall response is also reduced by
employing suggested nonlinear control law. As expected, the peak response during the
initial period is suppressed propery. For other nonlinear control laws, similar trend can
be observed, for example, as shown in Figs. 4-10 and 4-11 for Case 5 and Case 6,
respectively.

Second, the comparison batween experimental and analytical time histories are
illustrated in Figs. 4-12, 4-13 and 4-14, respectively, for Case 4, Case 5, and Case 6.
Good agreement between the two groups of time histories can be observed. Small
overshoots of peak control forces in the experimental results are due 1o inherent
mechanical limitations of the hydraulic actuator.
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Table 4-1. Maximum Response Verification for SDOF System
(1/3 Scaled EL-CENTRO Earthquake Input)

Control Relative Displacament Absolute Accalaration Max. Control
Algorithms Values (cm) | Reduction (%) | Values(g) | Reduction(%) | Force (kN)
Simu. | Exp. | Simu. | Exp. | Simu. | Exp. | Simu. | Exp. | Simu. | Exp.
Uncontrolled | 0.501 | 0.522 0.341 | 0.350
Linear Control
B =132 0.388 | 0.403 | 2255 | 22.80 | 0.274 | 0.279 | 19.65 | 2029 0.85 0.92
Case 1
oy = 0.6 0357 | 0334 { 2874 | 36.02 | 0.255 | 0.261 { 2522 | 2643 | 085 109
Case 2
oy = 0.06 0371 | 0.353 | 2595 | 32.38 | 0.263 | 0.269 | 22.87 | 23.14 Q.85 1.09
Case 3
a, = 120 0357 | 0.330 | 28.74 | 36.r 3 | 0.267 | 0256 | 21.70 | 26.86 | 085 0.06




Table 4-2. Top Floor Maximum Response Verification for MDOF System
(1/4 Scaled EL-CENTRO Earthquake Input)

Control Relative Displacemant Absolute Acceleration Max. Control
Algorithms Values (cm) | Reduction (%) Values {g) Reduction {%) Force (kN}
Simu. | Exp. | Simu. | Exp. | Simu. | Exp. | Simu. | Exp. | Simu. | Exp.

Uncontrolled 1.578 | 1.664 0.450 | 0.44%
Linear Control

p =32 0988 ) 0.999 | 37.37 | 3996 | 0.2668 | 0.2561 | 43.20 | 44.10 | 0.984 | 1.125
Case 4

a, = 0.016 | 0.790 | 0.782 | 49.94 | 53.03 0.246 | 0.255 | 45.33 | 43.21 | 0.984 | 1.171
Case 5

o, = 1.2 0779 | 0.788 | 50.60 | 5264 | 0.267 | 0.265 | 40.67 | 4058 | 0.984 | 1.229
Case 6

a, =08 0866 | 0.850 | 45.12 | 4892 | 0240 | 0.232 | 4666 | 48.33 | 1.255 [ 1.388




Table 4-3. Top Floor Maximum Response Verification for MDOF System
(1/2 Scailed TAFT Earthquake Input)

Control Relative Displacement Absolute Acceleration Max. Control
Algorithms Values (cm) | Reduction (%) Values (g) Reduction (%) Force (kN)
Simu. | Exp. | Simu. | Exp. | Simu. | Exp. | Simu. | Exp. | Simu. | Exp.

Uncontrolled 1.420 | 1.569 0.430 | 0.414
Linear Control

B =32 0992 | 0967 | 30.13 | 3837 | 0284 | 0.273 | 33.83 | 34.06 | 1.194 | 1.175
Case 4

o, = 0.016 0844 | 0.796 | 40.56 | 49.27 | 0.287 | 0.262 | 33.26 | 36.71 | 1.194 | 1.209
Case 5

o, = 1.2 0804 | 0780 | 43.38 | 5020 | 0284 | 0.278 | 3395 | 3285 | 1.184 | 1.238
Case 6

ag = 0.8 0838 | 0.726 | 40.99 | 53.73 | 0.246 | 0.239 | 42.70 | 4227 | 1.232 | 1.963




Fig. 4-1. View of the Model Structure
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SECTION S
CONCLUDING REMARKS

In civil engineering structural applications, peak response control is of practical impor-
tance due to its close relation with safety. The work presented in this report is focused on
the development of implementable nonlinear control laws which can provide improved
peak response control performance under the same constraints imposed on the control
force and other resources as in the linear control law case. Five different nonlinear control
laws have been proposed. The first aigorithm is derived based on a higher-order perfor-
mance criterion and optimal control strategy, and the last algorithm is developed from
modifications of Bang-Bang control theory. Other three algorithms come from the simpli-
fications of the first algorithm.

Extensive parametric studies have been perfomed for each of the proposed
nonlinear control algorithms. Based on the control perfformance, such as peak response
reduction, response time history or accumulated energy, the regions of effectiveness for
nonlinear controi parameters are identified, and the optimal values of these parameters
are determined. Simulation results indicate that all five nonlinear control algorithms are
effective in terms of improving peak response reduction. In general, the relative
displacement reduction is about 10% - 15% over that in the linear control case, and the
reduction of absolute acceleration is somev'hat smaller than that of the relative
displacement.

In order to verify the feasibility of developed nonlinear control laws, a series of
comprehensive control experiments have been carried out in the laboratory using a
model structure with ground excitations supplied by a shaking table. The successful
accomplishment of experiments indicates that the implementation of nonlinear control
laws is feasible and presents no inherent difficulties. Their designs can be carried out
following an iterative procedure based on the linear control gains. Good agreement
between experimental and analytical results makes it possible to extrapolate these
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nonlinear controi results for potential full-scale structural applications. Nonlinear control
laws such as those suggested herein can provide an effective means for enhancing
structural control effectiveness.
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"Active Structural Control in Civil Engincering,” by T.T. Soong, 11/11/87, (PB88-187778).

"Vertical and Torsiona) Impedances for Radially Inhomogeneous Viscoelastic Soil Layers,* by K.W.
Dotson and A.S. Velewsos, 12/87, (PB88-187786).

“Proceedings from the Symposium on Seismic Hazards, Ground Motions, Soil-Liquefaction and
Engineering Practice in Eastern North America,” October 20-22, 1987, edited by K.H. Jacob, 12/87,
(PBBB-138115).

"Report on the Whittier-Narrows, California, Earthquake of October 1, 1987, by J. Pantelic and A.
Reinhorn, 11/87, (PB88-187752). This report is available only through NTIS (scc address given above).

"Design of a Modular Pragram for Transient Nonlinear Amalysis of Large 3-D Building Structures,” by S.
Srivastav and J.F. Abel, 12/30/87, (PB8S-187950).

“Second-Year Frogram in Rescarch, Education and Technology Transfer,” 3/8/88, (PB88-219480).
"Workshop on Scismic Computer Analysis and Design of Buildings With Interactive Graphics.” by W.
McGuire, 1.F. Abel and C.H. Conley, 1/18/88, (PB88-187760).

"Optima! Control of Nanlinear Flexible Structures,” by J.N. Yang, F.X. Long and D. Wong, 1/22/88,
(PB88-213772).

"Substructuring Techniques in the Time Domain for Primary-Secondary Structural Systems,” by G.D.
Manolis and G. Juhn, 2/10/88, (PB88-213780).

"ltcrative Scismic Analysis of Primary-Secondary Systems.” by A. Singhal, L.D. Lutes and P.D. Spanos,
2/23/88, (PB88-213798).

"Stochastic Finite Element Expansion for Random Media,” by P.D. Spanos and R. Ghanem, 3/14/88,
(PB88-213806).

"Combining Structural Optimization and Structural Control.” by F.Y. Cheng and C.P. Pantelides, 1/10/88,
(PB88-213814).



NCEER-88-0007

NCEER-88-0008

NCEER-38-0009

NCEER-88-0010

NCEER-88-0011

NCEER-88-0012

NCEER-88-0013

NCEER-88-0014

NCEER-38-0013

NCEER-8R-0016

NCEER-88-0017

NCEER-88-0018

NCEER-88-0019

NCEER-88-0020

NCEER-88-0021

NCEER-88-0022

NCEER-88-0023

NCEER-38-0024

"Seismic Performance Assessment of Code-Designed Structures,” by H.H-M. Hwang, J-W. Jaw and H-J.
Shau, 3/20/88, (PB88-219423).

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

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

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

"Seismic Floor Response Spectra for a Combined System by Green's Functions.” by F.M. Lavelle, L.A.
Bergman and P.D. Spanos, 5/1/88, (PB&9-102875).

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

"A Swdy of Radialion Damping and Soil-Structure Interaction Effects in the Centrifuge,” by K. Weissman,
supervised by J.H. Prevost, 5/24/88, (PB89-144703).

“Parameter Identification 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 J.H. Prevost, 6/17/88, (PB89-144711).

*Damage Assessment of Reinforced Concrete Structures in Eastern United States,” by A.M. Reinhorn,
M.J. Scidel, S.K. Kunnath and Y.J. Park, 6/15/88, (PB89-122220).

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

“An Experimental Study of Seismic Structural Response With Added Viscoelastic Dampers,” by R.C. Lin,
Z. Liang, T.T. Scong and R.H. Zhang, 6/30/88, (PBB9-122212). This report is available only through
NTIS (see address given above).

“Experimental Investigation of Primary - Secondary System Interaction,” by G.D. Manolis, G. Juhn and
A.M. Reinhorn, 5/27/88, (PB89-122204),

*A Response Spectrum Approach For Analysis of Nonclassically Damped Structures,” by J.N. Yang, S.
Sarkani and F.X. Long, 4/22/88, (PB89-102909).

“Seismic Interaction of Structures and Soils: Stochastic Approach,” by A.S. Veletsos and A M. Prasad,
7/21/88, (PB89-122196).

"Identification of the Serviceability Limit Siate and Detection of Scismic Structural Damage,” by E.
DiPasquale and A.S. Cakmak, 6/15/88, (PB89-122188). This report is available only through NTIS (see
address given above).

"Multi-Hazard Risk Analysis: Case of a Simple Offshore Siructure,” by B.K. Bhartia and E.H.
Vanmarcke, 7/21/88, (PB89-145213).

"Automated Scismic Design of Reinforced Concrete Buildings.” by Y.S. Chung, C. Meyer and M.
Shino:uka, 7/5/88, (PBR9-122170). This report is available only through NTIS (see address given sbove).
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NCEER-88-0025

NCEER-88-0026

NCEER-88-0027

NCEER-88-0028

NCEER-88-0029

NCEER-88-0030

NCEER-88-0031

NCEER-88-0032

NCEER-88-0033

NCEER-88-0034

NCEER-88-0033

NCEER-88-0036

NCEER-88-0037

NCEER-88-0038

NCEER-88-0039

NCEER-88-0040

NCEER-88-0041

NCEER-88-0042

"Experimental Study of Active Comtrol of MDOF Structures Under Seismic Excitations,” by L.L. Chung,
R.C. Lin, T.T. Soong and A.M. Reinhorn. 7/10/88, (PR89-122600).

"Earthquake Simulation Tests of a Low-Rise Metal Structure,” by J.S. Hwang, K.C. Chang, G.C. Lec and
R.L. Ketter, 8/1/88, (PB89-102917).

"Systems Study of Urban Response and Reconstruction Due to Catastrophic Earthquakes,” by F. Kozin and
H.K. Zhou, 9/22/88, (PB90-162348).

"Seismic Fragility Analysis of Plane Frame Structures,” by H.H-M. Hwang and Y K. Low, 7/31/88,
(PB89-131445).

“Response Analysis of Stochastic Structures,” by A. Kardara, C. Bucher and M. Shinozuka, 9/22/88,
(PB89-174429).

"Nonnormal Accelerations Due to Yielding in a Primary Structure,” by D.C.K. Chen and L.D. Lutes,
9/19/38, (PB89-131437).

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

“A Re-evaluation of Design Spectra for Seismic Damage Control,” by C.J. Turkstra and A.G. Tallin,
11/7/88, (PB89-145221).

"The Behavior and Design of Noncontact Lap Splices Subjected to Repeated Inelastic Tensile Loading,” by
V.E. Sagan, P. Gergely and R.N. White, 12/8/88, (PB89-163737).

"Seismic Response of Pile Foundations,” by $.M. Mamoon, P.K. Banerjee and S. Ahmad, 11/1/88,
(PB89-145239).

“Modeling of R/C Building Structures With Flexible Floor Diaphragms (IDARC2).” by A.M. Reinhorn,
5.K. Kunnath and N. Panahshahi, 9/7/88, (PB89-207153).

“Solution of the Dam-Reservoir Interaction Problem Using 2 Combination of FEM, BEM with Particular
Integrals, Modal Analysis, and Substructuring,” by C-S. Tsai, G.C. Lee and R.L. Keuer, 12/31/88,
(PB89-207146).

“Optimal Placement of Actuators for Structural Control,” by F.Y. Cheng and C.P. Pantelides, B/15/88,
(PB89-162846).

"Teflon Bearings in Aseismic Base Isolation: Experimental Studies and Mathematical Modeling,” by A.
Mokha. M.C. Constantinou and A.M. Reinhorn. 12/5/88. (PB89-218457). This report is available only
through NTIS (see address given above).

"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).

"Evaluation of the Earthquake Resistance of Existing Buildings in New York City,” by P. Weidlinger and
M. Ettouncy, 10/15/88. to be published.

“Smatl-Scale Modeling Techniques for Reinforced Concrete Structures Subjected to Seismic Loads,” by W.
Kim, A. El-Atar and R.N_ White, 11/22/88, (PB89-189615).

“Modeling Strong Ground Motion from Multiple Event Earthquakes,” by G, W. Ellis and A.S. Cakmak,
10/15/88, (PBB89-174445).
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NCEER-88-0043

NCEER-8B-0044

NCEER-88-0045

NCEER-88-0046

NCEER-88-0047

NCEER-89-0001

NCEER-89-0002

NCEER-89-0003

NCEER-89-0004

NCEER-89-0005

NCEER-89-0006

NCEER-89-0007

NCEFR-89-0008

NCEER-89-0009

NCEER-89-R010

NCEER-89-0011

NCEER-89-0012

NCEER-89-0013

NCEER-89-0014

"Nonstationary Models of Seismic Ground Acceleration,” by M. Grigoriu, S.E. Ruiz and E. Rosenblueth,
7/15/88, (PB89-189617).

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

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

"Preliminary Studies of the Effect of Degrading Infill Walls on the Nonlinear Seismic Response of Steel
Frames,” by C.Z. Chrysostomou, P. Gergely and J.F. Abel, 12/19/88, (PB89-208383).

“Reinforced Concrete Frame Component Testing Facility - Design, Construction, Instrumentation and
Operation,“ by S.P. Pessiki, C. Conley, T. Bond, P. Gergely and R.N. White, 12/16/88, (PB89-174478).
"Effects 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).

"Statistical Evaluation of Response Modification Factors for Reinforced Concrete Structures,” by H.H-M.
Hwang and J-W. Jaw, 2/17/89, (PB89-207187).

“Hysteretic Columns Under Random Excitation,” by G-Q. Cai and Y K. Lin, 1/9/89, (PB89-196513).

"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).

"Experimemt on Performance of Buried Pipelines Across San Andreas Fault,” by J. Isenberg, E.
Richardson and T.D. O'Rourke, 3/10/89, (PB89-218440). This report is avzilable only through NTIS (see
address given above).

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

"Liquefaction Hazards and Their Effects on Buried Pipelines,” by T.D. O'Rourke and P.A_ Lane, 2/1/89,
(PB89-218481).

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

"Effects of the [985 Michoacan Earthquake on Water Systems and Other Buried Lifelines in Mexico,” by
A.G. Ayala and M.J. O'Rourke, 3/8/89, (PB89-207229).

"NCEER Bibliography of Earthquake Education Materials,” by K.E.K. Ross, Second Revision, 9/1/89,
(PB90-125352).

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

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

"Repair and Strengthening of Beam-to-Column Comnections Subjected to Earthquake Loading,” by M.
Corazao and A _J. Durrani, 2/28/89, (PB90-109885).

“Program EXKAL2 for Identification of Structural Dynamic Systems,” by O. Maruyama, C-B. Yun, M.
Hoshiya and M. Shin :zuka, 5/19/89, (PB90-109877).
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NCEER-89-0015

NCEER-89-0016

NCEER-89-P017

NCEER-29-0017

NCEER-89-0018

NCEER-8%-0019

NCEER-§9-0020

NCEER-89-0021

NCEER-89-0022

NCEER-$9-0023

NCEER-89-0024

NCEER-B3-0025

NCEER-89-0026

NCEER-89-0027

NCEER-89-0028

NCEER-89-0029

NCEER-89-0030

"Response of Frames With Bolted Semi-Rigid Connections, Part I - Experimental Study and Analytical
Predictions,” by P.J. DiCorso. A.M. Reinharn, I.R. Dickerson, J.B. Radziminski and W.L. Harper,
6/1/89, 10 be published.

"ARMA Montc Carlo Simulstion in Probabilistic Structural Analysis,” by P.D. Spanos and M.P.
Mignolet, 7/10/89, (PB30-109893).

"Preliminary Proceedings from the Conference on Disaster Preparedness - The Place of Farthquake
Education in Our Schools,” Edited by K.E.K. Ross, 6/23/89, (PB90-108606).

"Proceedings from the Conference on Disasier Preparedness - The Place of Earthquake Education in Our
Schools.” Edited by K.EK. 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. ozzarelli, 6/7/89, (PB90-164146).

"Nonlincar Dynamic Analysis of Three-Dimensional Base Isolated Structures (3D-BASIS)," by S.
Nagarsjaiah, A.M. Reinhorn and M.C. Constantinou, 8/3/89, (PB90-161936). 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. Paniclides, 8/3/89, (PB90-120445).

"Subsurface Conditions of Memphis and Shelby County," by K.W. Ng, T-S. Chang and H-H.M. Hwang,
7/26/89, (PHY0-120437).

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

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

"Shaking Table Study of a 1/5 Scale Steel Frame Composed of Tapered Members,” by K.C. Chang, J.8.
Hwang and G.C. Lee, 9/18/89, (PB9%)-160169).

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

*1:4 Scale Model Studies of Aciive Tendon Systems and Active Mass Dampers for Aseismic Protection,”
by A.M. Reinhom, T.T. Soong, R.C. Lin, Y.P. Yang, Y. Fukao, H. Abe and M. Nakai, 9/15/89, (PR90-
173246).

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

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

“Bedrock Accelerations in Memphis Area Due te Large New Madrid Earthquakes,” by H.H.M. Hwang,
C.H.S. Chenand G. Yu, 11/7/89, (PB90-162330).

*Seismic Behavior and Response Sensitivity of Sccondary Structural Sysiems,” by Y.Q. Chen and T.T.
Soong, 10/23/89, (PB90-164658).
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NCEER-89-0031

NCEER-8%-0032

NCEER-89-0033

NCEER-89-0034

NCEER-89-0035

NCEER-89-0036

NCEER-89-0037

NCEER-89-0038

NCEER-89-0039

NCEER-89-0040

NCEER-89-0041

NCEER-90-0001

NCEER-90-0002

NCEER-90-0003
NCEER-90-0004

NCEER-90-0005

NCEE£-90-0006

NCEER-90-0007

NCEER-90-0008

"Random Vibration and Reliability Analysis of Primary-Secondary Structural Systems,” by Y. Ibrahim, M.
Grigoriu and T.T. Soong, [1/10/89, (PB90-161951).

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

"Deterministic Model for Seismic Damage Evaluation of Reinforced Concrete Structures,” by J.M. Braczi,
A.M. 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, (PBO0-173865).

"Cyclic Undrained Behavior of Nonplastic and Low Plasticity Silts,” by A.J. Walker and H.E., Stewart,
7/26/89, (PB90-183518).

"Liquefaction Potential of Surficial Deposits in the City of Buffalo, New York,” by M. Budhu, R. Giese
and L. Baumgrass, 1/17/89, (PB90-208455).

"A Deterministic Assessment of Effects of Ground Motion Incoherence,” by A.S. Veleisos and Y. Tang,
7/15/89, (PB90-164254).

“Workshop on Ground Motion Parameters for Seismic Hazard Mapping.” July i7-18, 1989, edited by R.V.
Whitman, 12/1/89, (PB90-173923).

*Seismic Effects on Elevated Transit Lines of the New York City Transit Authority,” by C.J. Costantino,
C.A. Miller and E. Heymsficld, 12/26/89, (PB90-207887).

“Centrifugal Modeling of Dynamic Soil-Structure Ineraction,” by K. Weissman, Supervised by J.H.
Prevost, $/10/89, (PB%0-207879).

“Linearized ldentification of Buildings With Cores for Seismic Yulnerability Assessment,” by I-'K. Ho and
A.E. Akuan, 11/1/89, (PB90-251943).

“Geotechnical and Lifeline Aspects of the October 17, 1989 Loma Pricta Earthquake in San Francisco,”™ by
T.D. O'Rourke, H.E. Stewart, F.T. Blackburn and T_S. Dickerman, 1/90, (PB90-208596).

“Nonnorrial Sccondary Response Due to Yielding in & Primary Structure,” by D.C.K. Chen and L.D.
Lanes, 2/28/90, (PB90-251976).

"Earthquake Education Materials for Grades K-12," by K.E.K. Ross, 4/16/90, (PB91-251984).
*Catalog of Strong Motion Stations in Eastern North America,* by R.W. Busby, 4/3/90, (PB90-251984).

"NCEER Strong-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).

"Scismic Hazard Aleng a Crude Oil Pipeline in the Event of an 1811-1812 Type New Madrid Earthquake,”
by H.H.M. Hwing and T-H.S. Chen, 4/16/90(PB90-258054).

"Site-Specific Response Spectra for Memph's Sheahan Pumping Station,” by H.h.M. Hwang and C.S.
Lee, 5/15/90, (PB91-108811).

"Pilot Sty on Seismic Vulnerability of Crude Oil Transmission Systems,” by T. Ariman, R. Dobry, M.
Grigoriu, F. Kozin, M. O'Rourke, T. O'Rourke and M. Shinozuka. 5/25/90, (PB91-108837).
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NCEER-90-0009

NCEER-%0-0010

NCEER-90-0011

NCEER-90-0012
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NCEER--0014
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NCEER-90-0016

NCEER-9%0-0017

NCEER-90-0018

NCEER-90-0019

NCEER-%0-0020

NCEER-90-0021

NCEER-90-0022

NCEER-50-0022

NCEER-90-0024

NCEER-90-0025

NCEER-90-0026

NCEER-90-0027

"A Program to Generate Site Dependent Time Histories: EQGEN,” by G.W. Ellis, M. Srinivasan and A.S.
Cakmak, 1/30/90, (PB91-108829).

"Active Isolation for Seismic Protection of Operating Rooms,” by M.E. Talbott, Supervised by M.
Shinozuka, 6/8/9, (PB%1-110205).

"Program LINEARID for Identification of Linear Structural Dynamic Systems,” by C-B. Yun and M.
Shinozuka, 6/25/90, (PB91-110312).

"Two-Dimensional Two-Phase Elasto-Plastic Seismic Response of Earth Dams,* by A.N. Yiagos,
Supervised by J.H. Prevost, 6/20/90, (PB91-110197).

"Secondary Systems in Base-Isolated Structures: Experimental Investigation, Stochastic Response and
Stochastic Sensitivity,” by G.D. Manolis, G. Juhn, M.C. Constantinou and A.M. Reinhorn, 7/1/90,
(PB91-110320).

"Seismic Behavior of Lightly-Reinforced Concrete Column ar’ Beam-Column Joint Details,” by S.P.
Pessiki, C.H. Conley, P. Gergely and R.N. White, 8/22/90, (PB91-108795).

"Two Hybrid Control Systems for Building Structures Under Strong Earthquakes,” by J.N. Yang and A.
Daniclians, 6/29/90, (PB91-125393).

“Instantaneous Optimal Conirol with Acceleration and Velocity Feedback,” by J.N. Yang and Z. Li,
6/29/90, (PB91-125401).

“Reconnaissance Report on the Northern Iran Earthquake of June 21, 1990, by M. Mchmin, 10/4/90,
(PB91-125377).

"Evaluation of Liquefaction Potential in Memphis and Shelbv County,” by T.S. Chang, P.S. Tang, C.S.
Lee and H. Hwang, 8/10/90, (PB91-125427).

"Experimental and Analytical Study of a Combined Sliding Disc Bearing and Helical Steel Spring Isolation
System.” by M.C. Constantinou, A.S. Mokha and A M. Reinhorn, 10/4/90, (PB91-125385).

"Experimental Saady and Analytical Prediction of Earthquake Response of 2 Sliding Isolation System with &
Spherical Surface,” by A.S. Mokha, M.C. Constantinou and A.M. Reinhorn, 10/11/90, (PB91-125419).

"Dynamic Interaction Factors for Floating Pile Groups,” by G. Gazetas, K. Fan, A. Kaynia and E. Kausel,
9/10/90, (PB91-170381).

"Evaluation of Seismic Damage Indices for Rei..forced Concrete Structures,” by S. Rodriguez-Gomez and
A.S. Cakmak, 9/30/90, PB91-171322).

"Study of Sitc Response at a Sclected Memphis Site,” by H. Desai, S. Ahmad, E.S. Gazetas and M.R. Oh,
10/11/90, (PB91-196857).

*A User's Guide to Strongmo: Version 1.0 of NCEER's Strong-Mmion Data Access Tool for PCs and
Terminals,” by P.A. Friberg and C.A.T. Susch, 11/15/90, (PB91-171272).

"A Three-Dimensional Analytical Study of Spatial Variability of Seismic Ground Motions,” by L-L. Hong
and A.H.-S. Ang, 10/30/90, (PB91-170399).

"MUMOID User's Guide - A Program for the Mdentification of Modal Parameters,” by 3. Rodriguez-
Gomez and E. DiPasquale, 9/30/90, (PB91-171298).

*SARCF-II User's Guide - Seismic Analysis of Reinforced Concrete Frames," by S. Rodriguez-Gomez,
Y.S. Chung ind C. Meyer, 9/30/90, (PB91-171280).

A-8



NCEER-90-0028

NCEER-90-0029

NCEER-91-0001

NCEER-91-0002
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NCEER-91-0008

NCEER-9!1-(009

NCEER-91-0010

NCEER-91-0011

NCEER-91-0012

NCEER-91-0013

NCEER-91-0014

NCEER-91-0015

NCEER-91-0016

NCEER-91-0017

"Viscous Dampers: Testing, Modeling and Application in Vibration and Seismic Isolation,” by N. Makris
and M.C. Constantinou, 12/20/90 (PB91-190561).

“Soil Effects on Earthquake Ground Motions in the Memphis Area,” by H. Hwang, C.S. Lee, K. W. Ng
and T_S. Chang, 8/2/90, (PB91-190751).

"Proceedings from the Third Japan-U.S. Warkshop on Earthquake Resistant Design of Lifeline Facilities
and Countermeasures for Scil Liquefaction, December 17-19, 1990," edited by T.D. O'Rourke and M.
Hamada, 2/1/91, (PB91-179259).

" Physical Space Solutions of Non-Proportionally Damped Systems,” by M. Tong, Z. Liang and G.C. Lee,
1/15/91, (PB91-179242).

“Seismic Response of Single Piles and Pile Groups,” by K. Fan and G. Gazetas, 1/10/91, (PB92-1749%4),

"Damping of Structures: Part 1 - Theory of Complex Damping,” by Z. Liang and G, Lee, 10/10/91,
(PB92-197235).

"3D-BASIS - Nonfinear Dynamic Analysis of Three Dimensional Base Isolated Structures: Part I1," by S.
Nagarajaiah, A.M. Reinhorn and M.C. Constantinou, 2/28/91, (PB91-190553).

"A Multidimensional Hysteretic Mode! for Plasticity Deforming Metals in Energy Absorbing Devices,” by
E.J. Graesser and F.A. Cozzarelli, 4/9/91, (PB92-108364).

"A Framework for Customizable Knowledge-Based Expert Sysiems with an Application to a KBES for
Evaluating the Seismic Resistance of Existing Buiidings,” by E.G. Ibarra-Anaya and S.J. Fenves, 4/9/91,
(PB91-210930}.

“Nonlinear Analysis of Steel Frames with Semi-Rigid Connections Using the Capacity Spectrum Method,”
by G.G. Deierlein, S-H. Hsieh, Y-J. Shen and J.F. Abel, 7/2/91, (PB92-113828).

"Earthquake Education Materials for Grades K-12." by K.E.K. Ross, 4/30/91, (PB91-212142).

"Phase Wave Velocities and Displacement Phase Differences in a Harmonically Cscillating Pile,” by N.
Makris and G. Gazetas, 7/8/91, (PB92-108356).

"Dynamic Characteristics of a Full-Size Five-Story Steel Structure and a 2/5 Scale Model,” by K.C.
Chang, G.C. Yao, G.C. Lee, D.S. Hao and Y.C. Yeh,” 7/2/91, (PB93-116648).

"Seismic Response of 1 2/5 Scale Steel Structure with Added Viscoelastic Dampers,” by K.C. Chang, T.T.
Soong, S-T. Oh and M.L.. Lai, $/17/9(, (PBR-1108186).

*Earthquake of Retaining Walls; Full-Scaic Testing and Computational Modeling,” by S.
Alampalli and A-W.M. Eigamal, 6/20/91, to be published.

"3D-BASIS-M: Nonlinear Dynamic Analysis of Multiple Building Base Isolated Structures.” by P.C.
Tsopelas, S. Nagarajaiah, M.C. Constantinou and A.M. Reinhorn, 5/28/91, (PB92-113885).

“Evaluation of SEAOC Design Requircments for Sliding Isolated Structures,” by D. Theodossiou and M.C.
Constantinou, 6/10/1, (PB92-114602).

“Closed-Loop Modal Testing of a 27-Story Reinforced Concrete Flat Plate-Core Building,” by H.R.
Somaprasad, T. Toksoy, H. Yoshiyuki and A.E. Akuan, 7/15/91, (PB92-129980).

"Shake Table Test of a 1/6 Scale Two-Story Lightly Reinforced Concrete Building,” by A.G. El-Attar,
R.N. White and P. Gergely, 2/28/91, (PB92-222447).
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"Shake Table Test of a 1/8 Scale Three-Story Lightly Reinforced Concrete Building,” by A.G. El-Auar,
R.N. Whitz and P. Gergely, 2/28/91, (PB93-116630).

"Transfer Functions for Rigid Rectangular Foundations,” by A.S. Veletsos, A.M. Prasad and W.H, Wu,
7131491

"Hybrid Control of Seismic-Excited Nonlinear and Inelastic Structural Systems," by J.N. Yang, Z. Li and
A. Daniclians, 8/1/91, (PB92-143171).

“The NCEER-9! Earthquake Catalog: Improved Intensity-Based Magnitudes and Recurrence Relations for
U.S. Earthquakes Fast of New Madrid,” by L. Seeber and J.G. Armbruster, 8/28/91, (PB92-176742).

"Proceedings from the Implementation of Earthiuake Planning and Education in Schools: The Need for
Change - The Roles of the Changemakers,” by K.E.K. Ross and F. Winslow, 7/23/91, (PB92-129998).

"A Study of Reliability-Based Criteria for Seismic Design of Reinforced Concrete Frame Buildings,” by
H.H.M. Hwang and H-M. Hsu, 8/10/91, (PB92-140235).

"Experimemal Verification of a Number of Strucwral System ldentification Algorithms." by R.G.
Ghanem, H. Gavin and M. Shinozuka, 9/18/91, (PB92-176577).

“Probabilistic Evaluation of Liquefaction Poiential,” by H.H.M. Hwang and C.S. Lee,” 11/25/91, (PB92-
143429).

“Instantaneous Optimal Control for Linear, Nonlineat and Hysteretic Structures - Stable Controllers,” by
J.N. Yang and Z. Li, 11/15/9t, (PB92-163807).

"Experimental and Theoretical Study of a Sliding Isolation System for Bridges,” by M.C. Constantinou, A.
Kartoum, A M. Reiahorn and P. Bradford, 11/15791, (PB92-176973).

"Case Studies of Liquefection and Lifeline Performance During Past Earthquakes, Volume 1; Japunese
Case Studies,” Edited by M. Hamada and T. O'Rourke. 2/17/92, (PB92-197243).

"Case Swdies of Liquefaction and Lifeline Performance During Past Earthquakes, Volume 2: United Sttes
Case Studics,” Edited by T. O'Rourke and M. Hamada, 2/17/92, (PB92-197250).

“Issues in Earthquake Education.” Edited by K. Ross, 2/3/92, (PB92-222389).

“Proceedings from the First U.S. - Japan Workshop on Eanthquake Protective Systems for Bridges, " Edited
by 1.G. Buckle, 2/4/92, (PB94-142239, AY9, MF-A06).

*Seismic Ground Motion from a Haskell-Type Source in a Multiple-Layered Half-Space,” A.P. Theoharis,
G. Deodatis and M. Shinozuka, 1/2/92, to be published.
“Proceedings from the Site Effects Workshop,” Edited by R. Whitman, 2/29/92, (PB92-197201).

“Engineering Evaluation of Permanent Ground Deformations Due to Seismically-Induced Liquefaction,” by
M_H. Baziar, R. Dobry and A-W .M. Elgamal, 3/24/92, (PB92-222421).

*A Procedure for the Seismic Evaluation of Buiidings in the Central and Eastern United States,” by C.D.
Poland and J.O. Malley, 4/2/92, (PB92-222439).

*Experimental and Analytical Study of s Hybrid Isolation System Using Friction Controllable Sliding
Bearings.” by M.Q. Feng, S. Fujii and M. Shinozuka, 5/15/92, (PB93-150282).

"Scismic Resistance of Slab-Column Connections in Existing Noo-Ductile Fiat-Plate Buildings,” by A.J.
Durrani and Y. Du, 5/18/92.
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"The Hysteretic and Dynamic Behavior of Brick Masonry Walls Upgraded by Ferrocement Coatings Under
Cyclic Loading and Strong Simulated Ground Motion,” by H. Lee and S.P. Prawel, 5/11/92, to be
published.

"Study of Wire Rope Systems for Seismic Protection of Equipment in Buildings,” by G.F. Demetriades,
M.C. Constantinou and A.M. Reinhorn, 5/20/92.

"Shape Memory Structural Dampers: Material Properties, Design and Seismic Testing,” by P.R. Witting
and F.A. Cozzarelli, 5/26/92.

"Longitudinal Permanent Ground Deformation Effects on Buried Continuous Pipelines,” by M.J.
O'Rourke, and C. Nordberg, 6/15/92.

A Simulation Method for Stationary Gaussian Random Functions Based on the Sampling Theorem,” by
M. Grigoriu and S. Balopoulou, 6/11/92, (PB93-127496).

“Gravity-Load-Designed Reinforced Concrete Buildings: Seismic Evaluation of Existing Construction and
Detailing Strategies for Improved Seismic Resistance,” by G.W. Hoffmann, $.K. Kunnath, A.M. Reinhom
and J.B. Mander, 7/15/92, (PB94-142007, A08, MF-A02).

"Observations on Water System and Pipeline Performance in the Limén Arca of Costa Rica Due (o the
April 22, 1991 Earthquake,” by M. O'Rourke and D. Ballantyne, 6/30/92, (PB93-126811).

“Fourth Edition of Earthquake Education Materials for Grades K-12," Edited by K.E K. Ross, 8/10/92.

"Proceedings from the Fourth Japan-U.S. Workshop on Earthquake Resistant Design of Lifeline Facilities
and Countermeasures for Soil Liquefaction,” Edited by M. Hamada and T.D. O'Rourke, 8/12/92, (PB93-
163939).

"Active Bracing System: A Full Scale Implementation of Active Control.” by A M. Reinhorn, T.T. Soong,
R.C. Lin, M.A_ Riley, Y.P. Wang, S. Aizawa and M. Higashino, 8/14/92, (PB93-127512).

“Empirical Analysis of Horizontal Ground Displacement Generated by Liquefaction-Induced Lateral
Spreads,” by S.F. Bartlert and T.L. Youd, 8/17/92, (PB93-188241).

"IDARC Version 3.0: Inelastic Damage Analysis of Reinforced Concrete Structures,” by S.K. Kunnath,
A.M. Reinhorn and R.F. Lobo, 8/31/92, (PB93-227502, A07, MF-A(2).

"A Semi-Empirical Analysis of Strong-Motion Peaks in Terms of Seismic Source, Propagation Path and
Local Site Conditions, by M. Kamiyama, M.J. O'Rourke and R. Flores-Berrones, 9/9/92, (PB93-150266).

"Seismic Behavior of Reinforced Concrete Frame Structures with Nonductile Details, Part 1: Summary of
Experimental Findings of Full Scale Beam-Column Joint Tests,” by A. Beres, R.N. White and P. Gergely,
9/30/92, (PB93-227783, A05, MF-A01).

"Experimental Results of Repaired and Retrofitted Beam-Column Joint Tests in Lightly Reinforced
Concrete Frame Buildings,” by A, Beres, S, El-Borgi, R.N. White and P. Gergely, 10/29/92, (PB93-
227791, A0S, MF-AO1).

*A Generalization of Optimal Control Theory: Lincar and Nonlinear Structures,” by J.N. Yang, Z. Li and
S. Vongchavalitkul, 11/2/92, (PB93-188621).

*Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part 1 -

Design and Properties of a One-Third Scale Model Structure,” by J.M. Bracci, A.M. Reinhorn and J.B.
Mander, 12/1/92, (PB94-104502, AO8, MF-AD2).
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"Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part II -
Experimental Performance of Subassemblages,” by L.E. Aycardi, J.B. Mander and A.M. Reinhorn,
12/1/92, (PB%4-104510, AQ8, MF-AQ2).

“Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part 11T -
Experimental Performance and Analytical Study of a Structural Model,” by J.M. Bracci, A.M. Reinhorn
and J.B. Mander, 12/1/92, (PB93-227528, A09, MF-AO1).

“Evaluation of Seismic Retrofit of Reinforced Concrete Frame Structures: Pamt I - Experimentai
Performance of Retrofitied Subassemblages,” by D. Choudhuri, J.B. Mander and A.M. Reinhorn, 12/8/92,
(PB93-198307, A07, MF-A(2).

"Evaluation of Seismic Retrofit of Reinforced Concrete Frame Structures: Part II - Experimental
Performance and Analytical Study of a Retrofitted Structural Model," by J.M. Bracci, A.M. Reinhorn and
J.B. Mander, 12/8/92. (PB93-198315, A09, MF-AQ3).

"Experimental and Analytical Investigation of Seismic Response of Structures with Supplemental Fluid
Viscous Dampers,” by M.C. Constantinou and M.D. Symans, 12/21/92, (PB93-191435).

"Reconnaissance Report on the Cairo, Egypt Earthquake of October 12, 1992,” by M. Khater, 12/23/92,
(PB93-188621).

"Low-Level Dynamic Characteristics of Four Tall Flat-Plate Buildings in New York City,” by H. Gavin,
S. Yuan, J. Grossman, E. Pekelis and K. Jacob, 12/28/92, (PB93-188217).
"An Experimental Study on the Scismic Performance of Brick-Infilled Steel Frames With and Without

Retrofit,” by J.B. Mander, B. Nair, K. Wojtkowski and J. Ma, 1/29/93, (PB93-227510, A07, MF-A02).

"Social Accounting for Disaster Preparedness and Recovery Planning,” by S. Cole, E. Pantoja and V.
Razak, 2/22/93, (PB%-142114, A12, MF-A03).

" Assessment of 1991 NEHRP Provisions for Nonstructural Components and Recommended Revisions,” by
T.T. Soong, G. Chen, Z. Wu, R-H. Zhang and M. Grigoriu, 3/1/93, (PB93-188639).

*Evaluation of Static and Response Spectrum Analysis Procedures of SEACC/UBC for Seismic Isolated
Structures,” by C.W. Winters and M.C. Constantinou, 3/23/93, (PB93-198299).

"Earthquakes in the Northeast - Are We Ignoring the Hazard? A Workshop on Earnthquake Science and
Safety for Educators,” edited by K.E.K. Ross, 4/2/93, (PB9%4-103066, A09, MF-A02).

“Inclastic Response of Reinforced Concrete Structures with Viscoelastic Braces,” by R.F. Lobo, LM,
Bracci, K.L. Shen, A.M. Reinhorn and T.T. Soong, 4/5/93, (PB93-227486, A0S, MF-AQ2).

"Seismic Testing of Installation Methods for Computers and Data Processing Equipment,” by K. Kosar,
T.T. Soong, K.L. Shen, J.A. HoLung and Y K. Lin, 4/12/93, (PB93-198299).

"Retrofit of Reinforced Concrete Frames Using Added Dampers,” by A. Reinhorn, M. Constantinou and
C. Li, to be published.

*Seismic Behavior and Design Guidelines for Steel Frame Structures with Added Viscoelastic Dampers,”
by K.C. Chang, M.L. Lai, T.T. Soong. D.S. Hao and Y.C. Ych, 5/1/93, (PB%M-141959, AQ7, MF-AQ2).

*Seismic Performance of Shear-Critical Reinforced Concrete Bridge Piers,” by J.B. Mander, S.M.
Waheed, M.T.A. Chaudhary and S.8. Chen, 5/12/93, (PB93-227494, AOB, MF-AD2).
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"3D-BASIS-TABS: Computer Program for Nonlinear Dynamic Analysis of Three Dimensional Base
Isolated Structures,” by S. Nagarajaiah, C. Li, A.M. Reinhorn and M.C. Constantinou, 8/2/93, (PB%4-
141819, AQ9, MF-A(2).

"Effevts of Hydrocarbon Spills from an Oil Pipeline Break on Ground Water,” by O.J. Helweg and
H.H.M. Hwang, 8/3/93, (PB%4-141942, A06, MF-A02).

"Simplified Procedures for Seismic Design of Nonstructural Components and Assessment of Current Code
Provisions,” by M.P. Singh, L.E. Suarez, E.E. Matheu and G.O. Maldonado, 8/4/93, (PB%4-141827,
A09, MF-A02).

"An Energy Approach to Seismic Analysis and Design of Secondary Systems,” by G. Chen and T.T.
Soong, 8/6/93, (PB94-142767, All, MF-AQ3).

"Proceedings from School Sites: Becoming Prepared for Earthquakes - Commemorating the Third
Anniversary of the Loma Prieta Earthquake,” Edited by F.E. Winslow and K.E.K. Ross, 8/16/93.

"Reconnaissance Report of Damage to Historic Monuments in Cairc, Egypt Following the October 12,
1952 Dahshur Earthquake,” by D. Sykora, Db, Look, G. Croci, E. Karagsmen and E. Karaesmen, 8/19/93,
(PB$4-142221, AO8, MF-A02).

“The Island of Guam Earthquake of August 8, [993,” by S.W. Swan and S.K. Harris, 9/30/93, (PB94-
141843, AD4, MF-AOI).

“Engineering Aspects of the October 12, 1992 Egyptian Earthquake,” by A.W. Elgamal, M. Amer, K.
Adalier and A. Abul-Fad!, 10/7/93, (PB94-141983, A05, MF-A01).

"Deveiopment of an Earthquake Motion Simulator 2ad its Application in Dynamic Centrifuge Testing,” by
I. Krstelj, Supervised by J.H. Prevost, 10/23/93, (PB94-181773, A-10, MF-A03).

“NCEER-Taisei Corporation Rescarch Program on Sliding Scismic Isolation Systems for Bridges:
Experimental and Analytical Study of a Friction Pendulum System (FPS),” by M.C. Censtantinou, P.
Tsopelas, Y-S. Kim and 5. Okamoto, 11/1/93, (PB94-142775, AO8, MF-AQ2).

*Finite Eiement Modeling of Elastomeric Seismic Isolation Bearings,” by L.J. Billings, Supervised by R.
Shepherd, 11/8/93, to be published.

*Seismic Vulnerability of Equipment in Critical Facilities: Life-Safety and Operational Consequences,” by
K. Porter, G.S. Johnson, M.M. Zadeh, C. Scawthorn and S. Eder, 11/24/93, (PB9%4-181765, Al6, MF-
AD3).

*Hokkaido Nansei-oki, Japan Earthquake of July 12, 1993, by P.I. Yanev and C.R. Scawthom, 12/23/93,
(PB%4-181500, AO7, MF-A01).

*An Evaluation of Seismic Serviceability of Water Supply Networks with Application to the San Francisco
Auniliary Water Supply System,” by 1. Markov, Supervised by M. Grigoriu and T. O’'Rourke, 1/21/94.

"NCEER-Taisei Corporation Rescarch Program on Sliding Scismic Isolation Systems for Bridges:
Experimental and Analytical Study of Systems Consisting of Sliding Bearings, Rubber Restoring Force
Devices and Fluid Dampers,” Volumez [ and II, by P. Tsopelas, S. Okamoto, M.C. Constamtinou, D.
Ozaki and §. Fujii, 2/4/94, (PBS4-181740, A09, MF-A02 and PB9%4-181757, A12, MF-A03).

“A Markov Madel for Loval and Global Damage Indices in Scismic Analysis,” by $. Rahman and M.
Grigoriu, 2/18/94
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"Proceedings from the NCEER Workshop on Seismic Response of Masonry Infills,” edited by D.P.
Abrams, 3/1/94, (PB%4-180783, A07, MF-A02).

"The Nerthridge, California Earthquake of January 17, 1994: General Reconnaissance Report,” edited by
1.D. Goltz, 3/11/94, (PB193943, A10, MF-AQ3).

*Seismic Energy Based Fatigue Dlamage Analysis of Bridge Columns: Part I - Evaluation of Seismic
Capacity,” by G.A. Chang and J.B. Mander, 3/14/94, (PBM-219185, All, MF-A03).

“Seismic Isolation of Multi-Story Frame Structures Using Spherical Sliding Isolation Systems,” by T.M.
Al-Hussaini, V. A. Zayas and M.C. Constantinou, 3/17/94, (PB193745, A09, MF-A02).

“The Northridge, California Earthquake of January 17, 1994: Performance of Highway Bridges,” edited by
1.G. Buckle, 3/24/94, (PB94-193851, A06, MF-AQ2).

"Proceedings of the Third U S.-Japan Workshop on Earthquake Protective Systems for Bridges,” edited by
1.G. Buckle and I. Friedland, 3/31/94, (PB94-195815, A9, MF-MF).

*3D-BASIS-ME: Computer Program for Nonlinear Dynamic Analysis of Seismically Isolated Single and
Multiple Structures and Liquid Storage Tanks,” by P.C. Tsopelas, M.C. Constantinou and A.M. Reinhorn,
4/12/94.

*The Northridge, California Earthquake of January 17, 1994: Performance of Gas Transmission Pipelines.”
by T.D. O’'Rourke and M.C. Palmer, 5/16/94.

"Feasibility Study of Replacement Procedures and Earthquake Performance Related o Gas Transmission
Pipelines,” by T.D. O'Rourke and M . Palmer, 5/25/94.

"Seismic Energy Based Fatigue Damage Analysis of Bridge Columns: Part I{ - Evaluation of Seismic
Demand.” by G.A. Chang and J.B. Mander, 6/1/94, 10 be published.

“NCEER-Taisei Corporation Research Program on Sliding Seismic Isolation Systems for Bridges:
Experimental and Analytical Study of a System Consisting of Sliding Bearings and Fluid Restoring
Force/Damping Devices," by P. Tsopelas and M.C. Constantinou, 6/13/94, (PB94-219144, A10, MF-
ADY).

"Generation of Hazard-Consistent Fragility Curves for Seismic Loss Estimation Studies,” by H. Hwang
and J-R. Huo, 6/14/94,

"Seismic Study of Building Frames with Added Energy-Absorbing Devices,” by W.S. Pong, C.5. Tsai and
G.C. Lee, 6/20/94, (PB94-219136, A10, A03).

"Sliding Mode Control for Seismic-Excited Lincar and Nonlinear Civil Engineering Structures,” by 1.
Yang, J. Wu, A. Agrawil and Z. Li, §/21/94, (PB95-138483, A06, MF-A02).

*3D-BASIS-TABS Version 2.0: Computer Program for Nonlinear Dynamic Analysis of Three Dimensional
Base Isolated Structures.” by A M. Reinhorn, S. Nagarajaiah, M.C. Constantinou. P. Tsopelas and R. Li,
6/22/94.

"Proceedings of the International Workshop an Civil Infrastructure Systems: Applicaiion of Intelligent
Systems and Advanced Materials on Bridge Systems,™ Edited by G.C. Ler and K.C. Chang. 7/18/94,

"Study of Seismic Isolation Systems for Computer Floors,” by V. Lambrou and M.C. Constantinou,
7/19/94, (PB95-138533, A10, MF-A03).
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"Proceedings of the U.S.-lalian Workshop on Guidelines for Scismic Evaluation and Rehabilitation of
Unreinforced Masonry Buildings,” Edited by D.P. Abrams and G.M. Calvi, 7/20/94, (PB95-138749, A13,
MF-AQ3).

"NCEER-Taisei Corporation Rescarch Program on Sliding Seismic Isolation Systems for Bridges:
Experimental and Analytical Study of a System Consisting of Lubricated PTFE Sliding Bearings and Mild
Steel Dampers,” by P. Tsopelas and M.C. Constantinou, 7/22/94.

“Development of Reliability-Based Design Criteria for Buildings Under Seismic Load,” by Y.K. Wen, H.
Hwang and M. Shinozuka, 8/1/94.

“Experimental Verification of Acceleration Feedback Comrol Strategics for an Active Tendon System,” by
§.1. Dyke, B.F. Spencer, Jr., P. Quast, M.K. Sain, D.C. Kaspari, Ir. and T.T. Scong, 8/29/9%4,

“Seismic Retrofitting Manual for Highway Bridges.” Edited by [.G. Buckic and 1.F. Friediand. to be
published.

“Proceedings from the Fifth U.S.-Japan Workshop on Earthquake Resistant Design of Lifeline Facilities
and Couniermeasures Against Soil Liquefaction,” Edited by T.D. O'Rourke and M. Hamada, 11/7/94.

“Experimental and Analytical Investigation of Seismic Retrofit of Structures with Supplemental Damping:
Part | - Fluid Yiscous Damping Devices,” by A.M. Reinhomn, C. Li and M.C. Constantinou, 1/3/95, to be
published.

“Experimental and Analytical Study of Low-Cycle Fatigue Behavior of Semi-Rigid Top-And-Scat Angle
Connections,” by G. Pekcan, J.B. Mander and $.S. Chen, 1/5/95.

“NCEER-ATC Joint Study cn Fragility of Buildings,” by T. Anagnos, C. Rojalin and A .S. Kiremidjian,
1/20/95.

“Nonlinear Control Algorithms for Peak Response Reduction,” by Z. Wu, T.T. Soang, V. Gattulli and
R.C. Lin, 2/16/95.
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