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ABSTRACT

This report presents a structural vibration reduction system which includes control algorithms
and example devices. The concept of this system is to adaptively change the physical parameters
ot a structure based on dynamic information such as ground motions and the structure's response
to these motions. This approach is referred to as Real-time Structural Parameter Modification
{RSPM). A structure implemented with RSPM capacity is called an innervated structure. An
innervated structure consists of three integrated functions or components: a sensory unit to
measure the dynamic signals, a decision-making unit to analyze the signals and responses of the
structure with added innervating clements, and an action unit consisting of certain functional
switches and/or actuators. The basic functions are seif-monitoring, self-decision-making and

self-tuning.

The innervating action of structures is modeled after human body motion control principles,
which is conceptually different from the various structural control schemes presently defined by
the structural engineering community. This report presents only the basic concept and
preliminary theoretical and experimental results to demonstrate the feasibility of introducing
innervating actions to structures. It emphasizes a research direction to establish the necessary
engineering knowledge base for the design and construction of man-made structures with

features and characteristics similar to those of living systems.
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SECTION 1
BACKGROUND

1.1 Introduction

Structures designed against static loading conditions usually only consider the proper distribution
of structural stiffness. Such a design principle is insufficient for earthquake or other
time-dependent loading conditicns. If stiffness is chosen based on static actions alone, the
dynamic magnification factor can increase. That is, the amount of increase of deformation due to
dynamic loading can be preater than the amount of deformation reduced due to increased
stiffness. To overcome this difficulty, the concept of absorbing energy through inelastic
deformation of the structure has been pursued. However, design based on ductility alone is

considered undesirable since it carries high repair and/or replacement costs.

In recent years. many research efforts have been devoted to establishing earthquake engineering
design approaches by absorbing energy using devices/protective systems rather than utilizing
inelastic deformation of the structure. Such structures are referred to as structures with

energy-absorbing-means (EAM).

As early as 1969, viscoelastic (VE) dampers were installed in the World Trade Center to reduce
wind-induced vibrations (Mahmoodi 1972). Subsequently, three tall buildings have also been
installed with VE dampers for the same purpose. Using VE dampers to control earthquake
induced vibrations has been examined by many authers (Lin et al., 1991, Aiken et al., 1990,
Chang et al.. 1991, Liang et al., 1989, 1990, 1991a.,c.d, Tong 1991, and Tsai et al., 1992, 1993a).
Friction dampers have also been used for other applications and extended to earthquake
protection (Pall et al., 1981, 1986, Filiatrault et al., 1985, Aiken et al., 1993, Constantinou et al.,
1993a b, and Soong 1694b). Fluid dampers that primarily provide viscous damping have been
used in the past for mechanical engineering applications. In 1993, Constantinou published the

results from a comprehensive study on the earthquake applications of fluid dampers (1993a).
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The metallic yielding method is another type of energy absorbing device, first installed for base
isolation purposes {Tyler 1978, Buckle et al., 1990, and Kelly 1993). Later this method was
referred to as "Added damping and stiffness” or ADAS by Whittaker et al. {1991). More
recently, the feasibility of using two or more devices together on the same structure were

examined by Tsai and Lee (1993b) and Pong et al. (1994).

In order to further develop EAM and apply them to engineering practice, researchers are
examining how to use them within the context of existing building codes. The direct design
parameter of most EAM is typically the damping ratio. However, both theoretical analysis and
experimental tests have shown that introducing higher damping may not be a superior choice
over increasing stiffness, that a higher damping ratio does not necessarily result in reduced
deformation, and that the design of the damper cannot be separated from the overall structural
system. This is not only true for the design of dampers, but also for theoretical modeling, such as
finite element analysis. It may be readily shown that for a given number of dampers installed in
the same structure, different results can be obtained for different configurations of damper
locations. This issue is addressed in a separate report by the authors entitled "Damping of
Structures: Part II - An Application of Complex Energy Theory in Structural Monitoring” (to be
published).

An Application of Complex Energy Theory in Structural Monisoring

Anocther important issue regarding the application of EAM is establishing their limit of
effectiveness. When the damping ratio of a structure is small (say, less than 2%), its ability to
dissipate energy is low. In this case, added passive damping is effective. When the damping
ratio of a structure is high (say, more than 5%), added passive damping becomes less effective.
To extend the capability of passive EAM, various active controls have been investigated (Liu
1993, Inaudi et al., 1994, Soong 1990a,b, 1994a.b, Reinhom et al., 1985, Yang et al., 1992, and
Yao 1972). These authors have shown that a larger dynamic range of control can be achieved by
active control devices. In mest active control cases, the control forces are determined through
velocity-feedback. In structural dynamics, the force proportional to velocity is the damping force.
1-2



Therefore, generally speaking, most active controls are related to EAM. In this report, this kind

of active control is referred to as active EAM.

At the same time, many researchers pursued an alternative method of vibration control. Instead
of applying active force to structures, this approach either changes structural parameters or
simulates active forces by certain switching mechanisms. This method is referred to as
parametric control, semi-active control, semi-passive control, hybrid control or innervating
control by different researchers. (Examples include Kobori et al., 1990, 1991, 1994, Feng et al.,
1992, Nemir et al., 1992, Inaudi et al., 1993, Kawashima et al., 1993, Lee et al., 1994 and Sack et
al., 1994.) In the following, this approach will be discussed.

1.2 Recent Developments in Structural Control

In this section, definitions in structural control are reviewed to facilitate subsequent discussions.

Basic Concept

In engineering approaches, the control process is often described by a state equation, namely,
X(t) = A(t) X(t) + B(t) U(1) .1

where the vector X(t) is the sfate variable describing the current state of the system to be
controlled. The vector U(t) is the input variable including the control quantities. A(t) is the state
matrix containing the physical parameters of the system. For application in civil engineering
structures, the physical parameters are mass, damping and stiffness of the structure. B(t) is the
input matrix, usually describing the location of the control action. Generally, all the quantities are
functions of time. However, in most control technologies currently available, A and B do not
vary with respect to time. In this case, Equation (1.1) is said to be a first-order, linear,
time-invariant system. From Equation (1.1), within a limited duration, t, to t,, if there exists a
U(ty, t,) with limited bound, such thai any state X(t,) can be transferred to zero, the system
denoted by A(t) is controllable at time t, .
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The above definition is not quite suitable for this purpose. To reduce structural vibrations due to
earthquake ground motions, the response of a structure, usually the deformation, should stay
within certain bounds, such as the limit of the drift between two floors. In this sense, the concept
of controllability, and therefore the control theory, is not appropriate for aseismic design, because
1) such a control process cannot guarantee the response bound all the time, and 2) it is not
necessary to bring the structural response to zero, in other words, the response bounds is being

regulated but not the response itself,

The motion of a structure excited by earthquake ground motions may be approximated by a

linear mechanical vibrating system:
MY'+CY®+KY(®)=FQ) (1.2)

where M. C and K are the mass, damping and stiffness coefficient matrices. Y(1), Y'(t) and Y"(t)
are the displacement. velocity and acceleration vectors. The superscript ' and " stand for the first
and second derivative with respect to time t. F(1) is the forcing function vector. For carthquake

ground motions, F{t) may be written as
F()=-M {1} y" () (1.3)
where, {1} =[1,1,..1]" and y" (1) is the ground acceleration.

For the control scheme that applies forces directly to the structure, the equation of motion can be

expressed by
MZ')+CZ'MO+ K Z() =F@) + F(t) (14)

where Z(t) is chosen to be the relalive displacement, Y(t) - {1} y", (1) . Regular control forces
F.(t) are often set to be linear functions of Z(t), Z'(t) and y", (1). It can also contain a force P, not

relating to the state variable
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XW=[(Z'®, Zo) (1.5)
and the input force F(t). In other words, P can be a continuous impulse with high frequency. It

can also be time invariant, such as a prestress force, etc. For convenience, P is used to denote P(t)

in subsequent considerations. Furthermore, the control force may be expressed as:
F) =aZ+BZM+yy" ()+3P (1.6)

Comparing Equations {1.4) and (1.5) with (1.2), we have

_{-M'lc MK | |1
A—{ : 0 ],B—[o} (1.7

The effort described by Equations (1.4) and (1.6) can be further shown in figure 1-1 (a), which
provides an example of active structural control (Scheme 1). Figure 1-1 (b) is the logic diagram
of figure 1-1 (a).

4 N

building\ feedforward control loop (y"g)
plant
control
-~ SEnsor -
input force output
controller (inertial g (deft tion)
(computer)
power supply {1 force)
7rrrrrrrri7
—>
ground motion feedback control loop ( Z', Z)
(@ (b

. _/

FIGURE 1-1 Active Control (Scheme 1)




When

F() =aZ®)+BZ'(H (1.82)
the control force is determined according to the output state, such as the deformation at a specific
location. From figure 1-1(b), it can be seen that the process of input-plant-output-feedback
gain-input forms a loop, known as a feedback loop. This is defined as feedback control.
When

F() = yy", (0 (1.8b)
the control force is determine according to the input variable. From figure 1-1 (b), it can be seen
that the process of input-feedforward gain-input forms a differemt loop, known as a feedforward
loop. This is defined as feedforward control.
In general. a system may coniain both feedback and feedforward loops, so that in this case,

Fdt) =aZ()+BZ' () +yy", (1) (1.8¢)

Sometimes, a system may contain more than one feedback er feedforward loops. However, all

the "loops” can be closed loops. Therefore, they are defined as closed loop control.

When

F.= 3P (1.9

the control force is applied neither according to the feedback nor the feedforward signals. Thus,

no closed loop exists. Equation 1.9 describes an open loop control.

1-6



In most cases, the control system described by Equations 1.8 (a), (b} and (c) and 1.9 engages the
application of certain external force or energy to the structure. This is referred to as the active
control. In practice, active forces are introduced by actuators, such as hydraulic actuators or

¢lectromagnetic actuators.

On the other hand, the state variable of a structure such as the deformation can be reduced
without the application of any external forces. For example, certain dampers can be installed in
strategic locations on a structure to increase damping to a desirable level. This is usually refcrred
to as damping control. Sometimes, the mass or stiffness of a structure can be modified to change
its natural frequencies to avoid resonance. They are referred to as mass and siiffness controls,
respectively. These cases, for which no external force or energy is added to the structure, are said
to be passive controls. There are other types of passive control, such as base isolation. In
addition, the vibration energy of the structure can be used to generate the control force described

by Equation 1.9.

A structure may be controlled by using both active and passive components. This is called hyhrid
control. As mentioned before, combinations of different passive devices have been presented (for

example, Tsai and Lee, 1993b), which are also referred to as a hybrid approach.

The above definitions can be found in technical publications and textbooks. However, they are
not yet unified. For example, control described by Equation 1.8(a) is called closed loop control
and the one described by Equation 1.8(b) is called open loop control (Soong, 1990a). The word
"semi-active” is used to express hybrid control and also to explain control that does not directly

apply forces to the structure but instead applies it to elements or devices, such as actuators.

Active Stiffness

The concept of active stiffness, or variable stiffness was first introduced in aerospace

engineering structures. It is conceptually shown in figure 1-2.
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piezoelectro- actuator

2 3

¢

\. y,

FIGURE 1-2 Active Stiffness

In figure [-2. two possible methads to vary the stiffness of a structure are shown. On member 1,
piezoelectric films are attached. Both sensors and actuators can provide the forces. In the right
hand side panel. an actuator is installed in the diagonal (2-3) direction to provide the variable
axial force. With these two actuators, the system hecomes active. In this case, energy is applied

to the structure in the two diagonal directions through active control.

If the actuator functions like a "cylinder lock™ (Kobori et al., 1990) the stiffness of member 2-3
can have two possible statuses: a certain value or zero. There are various control laws to
determine the value of stiffness. One major effort carried out by Kobori was to change the
stilfness of the structure according to its change of natural frequency. For an SDOF system, the
natural frequency is proportional to the square root of the ratio of stiffness and the mass. For
MDOF systems, the relationship between the natural frequency and the stiffness is approximately
the same. Therefore, by changing the stiffness, the natural frequency of the structure can be
changed to avoid resonance under given excitations. For this method, it would be desirable to
describe an earthquake by a harmonic wave. However, most earthquake ground motions are
random in nature. Thus, changing the stiffness consistent with the natural frequency becomes

less effective.

Kobon et al., (1991) subsequently suggested an earthquake forecasting system to remotely
measure the earthquake wave and to analyze the frequency component of ground motion in
real-ime. This method is an improvement, however, its accuracy greatly depends on the

similarities of the characteristics of the ground at the measured location and the local site.
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A further development of Kobori is to perform FFT on the ground motions locally to determine
what kind of natural frequencies a structure should have. However, the FFT is, mathematically
speaking, an integral transformation. The integratior. requires a certain time duration, which
slows the response of the control system. In addition, since the earthquake ground motions are
random in nature, the FFT results obtained from first few seconds may not be suitable for the

entire duration.

Kobori et al., (1994) further advanced their active variable stiffness (AVS) approach by using
cylinder lock. As shown in figure 1-3, the cylinder lock is mounted at certain locations of the
structure which are subjected to vibration, If the displacement increases, the cylinder is locked
and thus provides some stiffness. If the displacement decreases, the cylinder is unlocked. In this

scheme, the absolute value of the displacement is used.

The above mentioned active stiffness methods are focused on controlling the displacement of
structures, however, they are not as effective in controlling vibration at all times. Since
earthquake ground motions are random events, it is difficult to determine under what condition
the control command would be issued. Among all the above mentioned approaches, the strategy
shown in figure 1-3 exhibits the best possible results. However, no rigorous explanation can be

given as to why this strategy works. Intuitively, the control law can be explained as follows.

Consider the motion of a point on the structure 1o be controlled. At any given time, there exists
the inertial, damping and restoring forces in a state of dynamic equilibrium with the external
force. For the active (variable) stiffness control, the inertial and damping forces remain
unchanged. First, the point moves away from the equilibrium position driven by the external
force. If an additional stiffness is added, the restoring force against the external force becomes
larger. In this case, this point will move slower and the resulting displacement will be smaller.
That is, the distance between positions 1 and 2 in figure 1-3 is shorter. Next, if at exactly the
peak position 2, the external force is reduced to zero, the point is driven back by the restoring
force. If the amount of stiffness is reduced, the restoring force will become smaller. This point
will then move slower and the resulting displacement will also be smaller. That is, the distance

I-9



between positions 2 and 3 is shorter. From position 3 to 4, the external force is applied to the
structure at exactly position 3 and it discontinues at exactly position 4. The same process can be

repeated.

4 ~

4 positive deformation direction

e High Stiffness

Zero Stiffness

6 equilibrium
3 / ° q

" \ 5 ’ position

¥ negative deformation direction

\ Y,

FIGURE 1-3 Active Stiffness Control Law Suggested by Kobori

2

Although the above strategy works in principle. there are a few problem areas in earthquake
engineering applications. Most importantly, since the external forces generated by the earthquake
ground motions are random in nature, it cannot be ensured that the extemal forces are applied
exactly at position I and discontinued exactly at position 2, etc. It is possible that shortly after
position 2, a large external force is suddenly applied to the point in the reversed direction (from 1
to 2), and the point will move outward resulting in a larger displacement, because the control law
commands a decrease of the stiffness and thus a weaker restoring force. In practice, any control
action has a certain time delay, and the additional displacement due to the time delay cannot be

avoided by the strategy presented in figure 1-3.

The corresponding action scheme for RSPM is shown in figure 1-4. Here, the stiffness is not
disconnected exactly at position 2 but at a later time such as position 2'. It alsoc may be dropped

sooner than reaching position 4, at an earlier position 4', and so on.
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The proposed RSPM scheme shown in figure 1-4 is intuitively sound. The proper positions 2', 4',

etc. can only be decided through dynamic analysis of the structure-device system in real-time.

Another problem area of the strategy of figure 1-3 is that minimizing the displacement at certain
local positions of a structure does not necessarily mean that the vibration of the entire structure is

properly controlled. Larger displacements permitted to occur at certain locations may reduce the

/ ™
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5 e High Stiffness

2 Zero Stiffhess

6!
-6 equilibrium
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" \ G position

¥ negativg deformation direction

\. /

FIGURE 1-4 Proposed Modification Law for Random Vibration

e

vibratiou at other more critical points of the structure. The tuned mass damper is a good example:
to reduce the deformation of the entire building, the displacement of the tuned mass may be
increased as much as possible. Sometimes, a region in the building vibrates just like the tuned
mass, while vibration of the rest of the building is reduced. For an MDOF system, this
phenomenon may very often be seen. Thus, the control law shown in figure 1-3 cannot be used

for "tuned-mass-control.”



Active Mass

The concept of active mass is first mentioned in the tuned mass damper method. Passive tuned
mass dampers are designed with fixed mass added to the structure in order to lower the natural
frequency of the system. Since a given mass can only work for one specific frequency, the
method of active mass damping has been pursued by researchers to cover a wider frequency

range.

Active Damping

The equation of motion (1.4) is expressed as equilibrium of forces. MZ", CZ' and KZ are the
inertia, damping and spring forces, respectively. Comparing Equations (1.4) and (1.3), the
control force F.(t) contains two components that act as damping and spring forces. The
conventional force-actuator method, applying dircct forces, will require an instant power supply.
For large structures, the required power supply will be large. To avoid using heavier actuators.
the weighting factors o and 8 may be chosen such that the feedback force aZ is not significantly
larger than P Z'. This means that the main function of F.(1) is to increase the damping function.
However, in so doing, this form of active control faces the same limitation as passive damping

control. That is, they are both most effective when the damping ratio is small, say less than 5%.

Another method of active damping is to use variable dampers. A number of investigators believe
that the response X(t) of a mass-damping-stiffness system described by Equation (1.2) can be
controlled by changing the damping coefficient. (Inaudi and Kelly, 1993 and Kawashima and
Unjoh, 1993) They presented computer simulations to indicate the potential of this approach.
Future research efforts are necessary to establish the physical meaning of variable damping and

relate them to possible design parameters.



Active Members

Both active stiffness and active dampers can be referred to as active structural members.

Actuators are one kind of active member,

Another kind of active member is represented by Kobori's cylinder lock. This kind of active
member has more potential for practical applications than actuators. In any case, the use of active
members is an important and promising approach. The field, however, requires continued

research and development efforts.

The above brief review is by no means exhaustive. It is presented to provide an orientation for

introducing the basic concepts of RSPM, which is discussed in the following sections.
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SECTION 2
REAL-TIME STRUCTURAL PARAMETER MODIFICATION

2.1 Theory of Complex Energy

It has been shown that the theory of complex energy (Liang et al., 19%1c) offers an important
quantitative description of the dynamic responses of multiple degree-of-freedom structures. The

theory of complex energy is briefly summarized in this section.

If a structure is non-proportionally damped, the Caughey criterion (Caughey and O'Kelly, 1965)

cannot be satisfied, that is, the relationship

CM'K=KM'C 2.1)

does not hold.

When a system is non-proportionally damped, its equation of equilibrium cannot be decoupled in
the normal modal space. This means that, in a vibrating system, a certain amount of energy is
transferred among the vibration modes. To analytically quantify the energy of the vibrating
systems, the concept of complex energy was introduced by Liang et al., 1992 and Liang and Lee,
1991d. The real part of the complex energy stands for the energy dissipated, whereas the
imaginary part represents the energy transferred. This latter amount of energy remains
conservative. For a dynamic system, let the mass M = [, the identity matrix. If Q denotes the

eigenvector of the stiffness matrix, it can be written:

K-Q'&Q (2.2)

where A, is the diagonal eigenvalue matrix,

A = diag(e?;) 2.3)
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where ©,; is the i natural frequency of the corresponding proportional damped system that

satisfies the criterion Equation (2.1).

The following generalized Raleigh quotient can be shown to be complex valued,

QT CP/QTP=20,(§ +j&) 24)

where ) is the square root of -1, P is the mode shape of the system, the subscript i stands for the i

mode, and , is the i" natural frequency of the system.
It can be proved that in Equation (2.4), £, is the conventionally defined damping ratio of the i*
mode, which is proportional to the ratio of the energy dissipated during one cycle of vibration,
W, , and the energy stored before this cycle, W, , that is,

E =W,/dnW, (2.5)
In Equation (2.4), & is the modal energy transfer ratio of the i mode, which is proportional to
the ratio of the energy transferred during one cycle of the vibration, W, , and the energy stored
before this cycle, W, , that is,

G =W, /4nW, (2.6)
With the help of Equations (2.4) and (2.5), the modal energy equation can be obtained,

w; = ayexp(&) 2.7

where @,, is defined by Equation (2.3).



In Equation (2.5), the term of natural frequency, ®, or o,, actually stands for the generalized
modal energy.

The damping ratio &, is always a positive number, since there is always energy dissipation in
cach mode. The modal transfer ratio £, can be positive, when energy is transferred into this mode;
ot it can be negative, when energy is transferred out of this mode; {; is zero, when no energy is
transferred. In this case, the complex mode reduces te normal mode. If the first mode is complex,

then the energy transfer ratio is always greater than zero, that is

>0 (2.8)

The energy transfer ratio for the last mode, &, ., is always less than or equal to zeto, where the

subscript n stands for a system having n degree-of-freedom.

The modal energy Equation (2.7) provides the basis for designing proper control laws to achieve
a desired modal energy status for a dynamic system. For example, if a structure is designed to be
flexible, its first few natural frequencies must be lower in value. This design lowers the dynamic
magnification factor. It can be seen from Equation (2.7) that the modal energy transfer ratio for
such a case should be as small as possible. In other words, the non-proportionality of the

damping for such a flexible system must be minimized.

When the damping ratio of a structure is very small, say less than 2-3%, the effect of complex
energy can be neglected. However, when the damping ratio is higher than 5%. especially when
using various EAM to enhance the value of the damping ratio, the effect of complex energy

must be examined.

2-3



2.2 Real-Time Structure Parameter Modification (RSPM)

Most current active control schemes in earthquake engineering directly apply forces to a structure
to suppress the vibration level. The innervating action proposed by the authors modifies the
physical parameters (such as the mass, damping, or the stiffness coefficients of the structure
and/or certain friction force equal ta the normal force times the friction coefficient) to optimally
reduce the vibration due to the input forces in real-time. That is, the structure performs an
adaptive function against external excitations through nonlinear modification laws (conceptually
shown in figure 1-4). Structures that consist of real-time structure parameter modification
(RSPM) capabilities in strategic locations are called innervated structures. Structures with
self-adjusting abilities are referred to as adaptive structures by some authors. RSPM may also be

referred to as one of the approaches of adaptive structures.

Innervating action is further explained by figure 2-1, which is different from the conventional
active control scheme shown in figure 1-1(b) in several ways. First, innervating action
simultaneously changes the mass, damping and stiffness coefficients of the structure. Therefore,
the feedback quantities are no longer the forces. The second important characteristic of
innervating action and its associate theory. laws and evaluating measures for structures are to

contain the structural response within desired limits.

- R

feedback control loop ( Z', Z)

feedforward control loop

controller

") ]
input force charlging output
(inertial M, C. K (deformation)
force)

plant

FIGURE 2-1 Innervating Action
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Conceptually, the scheme of changing the mass, damping and stiffness may be seen from figure
2-2 by a simple selection system. With a selecting or switching mechanism, the main structure
can be connected/disconnected with certain mass/damping/stiffness functions. These functions
can be provided by certain substructures. or additional members. supports, bracings. weights.
dampers. etc. The selecting mechanism is implemented by "functional switches.” It is noted that
regardless of which physical parameter is modified, damping is always involved in the RSPM

approach. This is illustrated in figure 2-2.

g _E_Iadditional damping )

selecting
mass mechanism
dampin .
ping main structure
stiffness

& ;\/ﬁml damping

FIGURE 2-2 Selecting Mechanism and Parameter Modification

Consistent with figure 2-2, the equations of motion defined by Equation (1.4) may be rewritten

as

M(x". x', X, 1) Z"(0) + C(x", X X. ) Z'(1) + K(x". x". X, ) Z(t) = F(1) 2.9

Equation (2.9) expresses that the mass. damping and stiffness are all functions of time. The
function is feedforward/feedback controlled. This equation is not used for the design of
innervating action. It is only used to provide a comparison with conventional active controls
described by Equation (1.6). In other words. for innervating action, the term F(x", x. x, t).
although mathematically equivalent to the control force, does not appear in the control process.
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Fc(xﬂ’ x‘, x, t) = a(x"’ xl, x’ t) Z(t) + B(xll, xl, x, t) ZI (t) + _y(x", xl, x(’ t) y”g(t)
+d(x", x, x, ) P 2.10)

Comparing Equations (2.10) and (1.6), it is seen that all the feedforward and feedback co-
efficients, «, B, y and 5 are both spatial and time variants. However, the terms o Z(t) and BZ' (t)
(in many cases, also including the coefficient of acceleration} are not active forces. They are not

applied to the structure by devices or other external means.

The innervating action does not input any energy into the structure and does not have the
stability problem of conventional control. On the other hand, functional switching is a nonlinear
process. Although the algorithm can generally be made piece-wise linear, good modification

schemes are the key to success in innervating action design.

2.3 Minimal Conservative Energy

Proper innervating action requires rigorous operating laws. These may be examined from an
energy consideration viewpoint. Consider the modal energy status of a structure. First of all,
there is the energy input from the ground motion. This energy created by an external force is
denoted by W' (x", X', X, 1), where the superscript stands for the i" mode because the vibration is
considered from the viewpoint of modal encrgy. Using the method of modal analysis is
beneficial in structural modification. because the first few vibration modes often contain a major
portion of the energy. By proper modal truncation, the dynamic response of structures can be

obtained in a relatively simple fashion with sufficient accuracy.

Traditionally, W', (x", X', x, t) is considered to be the entire input energy to the i® mode of the
structure. In 1991. Liang and Lee presented the complex energy theory (1991c¢,d), in which they
advanced the theory of energy transfer among vibrating modes (see Equation (2.7)). This amount
of energy, denoted by W' (x", X', X, t), 1s the work performed by other vibrating modes of the
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structure. They have shown that by ignoring this term, significant errors may be introduced in the

dynamic analysis of MDOF systems.

Within the structure, there are the kinetic energy, E',, (X", X', X, t) represented by the inertial force;
dissipated energy, E' (x", X', x,1), contributed by the damping force; and the potential energy,
E\ (x", X', x, t), generated by the spring force. The kinetic and potential energies are usually
conservative. When the coefficients a, B, y and b are both spatial and time varying quantities, the
equations of motion of the structure become nonlinear. In this case, the term E',, can be separated
into two parts: a conservative part, E' (X", X, X, t) and a variable part, E',,,(x", X', X, t). Thus, the
modal mass m' (x", X', X, t) can be represented by a permanent part, m', , and a variable part,

m'(x", X', x, 1). That is,

m'(x", X\, X, t) =m’, + m, (x", X', X, 1) 2.11)

and

B (x", x,x, )= E'.(x",x,x, 0+ B\, (X", X, X, t) (2.12)

Similarly, the modal damping coefficient ¢' (x", x', X, {) can be written as the sum of a permanent

part, ¢',, and a variable part, ¢'(x", X', X, 1),

cx" X\ x,)=c\ +¢ (X", x,x, 1) (2.13)

and the dissipative energy can be expressed by

Ely(x", X, %, 0 = Efg (6, X, x, 0 + 'y, (", X, X, 1) 2.14)

where the subscript p for the term E'y, represents the energy dissipated by permanent loss of
energy due to damping.



Following the same process, the modal stiffness coefficient k'(x", x', x, t) can be represented by a

permanent part, k', , and a variable part, k'(x", x', x, f),

K(x",x,x,t) =k, +k' (X", x,x,1)

and likewise the potential energy can be expressed by

E, (x", x,x,t) = Ei, (x"x,x 1) + E\ x"x, x1) (2.15)

Thus the energy cquation for innervating action may be written as follows,

Epe +E +Ey+Ey+E\ + Efy= W, + W (2.16)

Here, all the energy terms in Equation (2.16), as well as in the following equations are both

spatial and time variables.

The conscrvative portion of the energy stored in the structure still needs to be minimized, as

expressed in Equation (2.16), namely,

min [ E'mc + Ellm ] = min (Econmlwc ) (217)

Equation (2.17) is referred to as the Principle of Minimum Conservative Energy.

From Equations (2.17) and (2.16), we have

min(Ewnmmv:) = min[(w'=+wim) - (E.Q) - (Eimr +E‘d’ + E.k)] (2'18)

In Equation (2.18), the two terms in the first bracket on the right hand side are energy input. The
third term represents the energy dissipated by the damping force. The remaining three terms on
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the right hand side of Equation (2.18) are the energy quantities which can be removed by
adjusting the mass, damping and stiffness.

From Equation (2.18), it is clear that the energy dissipated by damping force, E', should be
maximized. That is, the damping effect should be increased as much as possible.

Now, all the other energy terms are examined. First, the work performed by the external force,
W', is considered. This energy can be affected by two factors. First, the work performed by the
external force is a function of the static force and the corresponding static displacement. Most
structures are proportioned based on static loads and the static stiffness will not be affected by
EAM. In other words, the EAM will not change the static force and displacement. This amount
of energy and the corresponding displacement is the lower limit of any EAM. To evaluate an

EAM., one may compare the deformation under dynamic loading against the static deformation.

The second factor affecting the term W, is the dynamic magnification, or its reciprocal, the
dynamic impedance. Any EAM will somewhat influence the dynamic impedance. Structural
parameter modification will also influence this factor. Therefore, minimizing the conservative
energy maximizes the dynamic impedance in real-time. For example, the mass and stiffness
control schemes of Kobori et al., (1991, 1994) are measures of increasing the dynamic
impedance. In a later section, it will be shown that there are additional issues to be addressed to

increase the dynamic impedance.

Compared to the work performed by the external force, the term W',, in Equation (2.18) is a more
complicated quantity, because the energy transfer ratio £, can be either positive or negative (see
Equation (2.4)). In a real control process, a higher level command for choosing the globally
optimal § (i = I, or i = 1,2,..) must be issued in order to guarantee that the lowest amount of
W.(t) is realized.



The energy quantities (E',, +E'y + E';) in Equation (2.18) can be removed from the structure by
varying the mass, damping and stiffness. For example, consider a component of a member of a
structure with a certain amount of mass m shown in figure 2-3. When this component is
connected by the functional switch FS, to the main structure, the latter gains a certain amount of
kinetic energy, because now the two structures vibrate together. When the substructure is
disconnected from the main structure, by the switch FS, , the added mass is dropped, and the
corresponding kinetic energy is removed from the main structure. Similarly, when the switch FS,
is "on," the stiffness k is connected to the main structure. The change in stiffness k means that
certain potential energy is stored. If FS; is disconnected later, this amount of energy is removed

from the main structure.

a ™

N /

FIGURE 2-3 Energy Removal Mechanism

Changing the status of the switch FS, cannot perform the energy-storage-discharge functions.
However. it changes the capability of energy dissipation for the main structure. Intuitively, it can
be seen that the terms E',,. E'y and E',, should be maximized. However, maximization of (E',,
+E', + E'.,) may also affect the term W',,. Therefore, a hierarchical check in the RSPM operating
loop must be carried out. The commands for maximizing the terms (E',, +E'y + E\) are in the

lower rank. Another important consideration is that the damping mechanism can be used to
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remove this amount of energy from the main structure. Or, a portion of this amount of energy
may be used to perform certain work against the external force, resulting in an increase in the

dynamic impedance.

{r;gytransferred 10 and from other modes
energy dissipated \
directly
total

energy
energy removed non-conservative input
then dissipated ? energy of a P
structure

energy removed

then used against
external force

L
. /

FIGURE 2-4 Energy Status of a Vibrating Structure

In figure 2-4, the energy status of a structure installed with innervating devices is shown
conceptually. First of all, the dynamic impedance is increased to minimize the energy input by
the external force; then the energy already imported is dissipated as much as possible. One
portion of the imported energy is removed, through dissipation by using damping mechanisms.
At the same time, the energy removed is used to work against the external force. Meanwhile, the

amount of energy transferred by nonproportional damping effect is controlled.

As stated above, innervating action requires the minimization of the algebraic sum of all energy

terms:;

(W AW )-(E'g){E's +E'g + EW)]

without such a global consideration, a reduction of energy may not be achieved.
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SECTION 3
INNERVATING DEVICE, FUNCTIONAL SWITCH

It has been established that modifying the physical parameters of a structure can minimize the
total conservative energy. Although the principle of minimization of conservative energy is
applicable to any active control scheme, for this purpose, the innervating action of RSPM is

realized by certain special devices. They are referred to as functional switches.

3.1 Basic Functions

The functional switches work as structural/mechanical connectors, which can be bi-directional or

single-directional. Their functions are:

1) Completely rigid
2) Completely relaxed (zero stiffness and damping ) and/or
3) Adjustable damping.

The above three functions are called status. For convenience, status 1) is said to be "on," 2) is

said to be "off” and 3) is said to be "damp."

One type of functional switch can be a completely stiff connector in one direction and act as a
damper in the other direction. The direction and status can also be controlled. One such example

is shown in figure 3-1.

Different types of connectors can be subject to 1) tension-compression; 2) torsion; 3) bending

and 4) shear, as shown in figure 3-2.

The operational status can be 1) repeated control or 2) monogenetic control. The deformation of

the connector can be 1) more than 1 ¢cm up to several dm's, which is considered to be a long



stroke functional switch or 2) less than 1 ¢m, which is considered to be a short stroke functional

switch.

4 ™
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FIGURE 3-1 Single Direction Functional Switch
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FIGURE 3-2 Different Types of Functional Switches
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3.2 Protatype Designs

Monogenetic Functional Switch

The monogenetic type functicnal switch is used only once. It can be controlled by a safety valve,
or a safety bar, or other such device. When the working stress exceeds the allowed stress, the
safety bar will be broken and the switch is released to "off." Figure 3-3 shows a tension
monogenetic functional switch. A torsion monogenetic functional switch can be designed using

the same principle.

FIGURE 3-3 Monogenetic Functional Switch

Single Direction and Repeated Type Functional Switches

The single direction functional switch has been fabricated and examined (shown in figure 3-1) in
a pilot experimental program which is described later in this report. The advantage of using a
single direction switch is that they are simple to design and install and, two single direction

switches can be used to form a bi-directional switch, which will be discussed in the next section.

As shown in figure 3-1, the single direction switch is assembled by a plunger fitted into an oil
chamber. At the end of the chamber, there is a short path to a single direction control valve,
which is connected to an oil reservoir. The prototype single direction control valve is assembled

by a regular single valve and a regular electric magnetic control vaive.
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Repeated and Bi-Directional Type Functional Swiiches

Figure 3-4 shows a scheme for repeated bi-directional functional switches. This design has been
used in "semi-active control” for truck vibration absorbers. Recently, Kobori et al., (1990) have

used it in active variable stiffness systems. They called it "cylinder lock.”

r cylinder \

oil pipe

.

lcad direction
*———p

pision& bar

chamber 1 \elamher 2

FIGURE 3-4 Repeated Type Functional Switch (Used by Kebori)

The major disadvantage of the "cylinder lock™ shown in figure 3-4 is that the oil path may be too
long for fast and accurate temporal and position responses. In earthquake vibration reduction, at
least several hertz frequency response and several millimeter spatial reaction are needed.

3.3 Design Principies of the Functional Switches

Dynamic Behaviars of the Switches

The dynamics of a functional switch can be understood from examining the behavior of a single

direction switch working under an idealized condition. Other types of dynamic behavior of the

switches can be easily extended from this basic analysis.
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Theoretically speaking, the "switching" action of the device should consume virtually no time.

The idealized process can be seen in figure 3.5.

At the time t,, the switch is initially set at "on." At time t,, it is predetermined to be "off” and the
switch disconnects immediately. The switch is set to "on" at time t, and t, and set to "off" at time

1.

4 - )

o n
off .

'0 t| ‘2 l! le

force

maximun feree
m f
N ——— . -
| minimum force Time

FIGURE 3-5 1dealized Time History Response of a Functional Switch
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SECTION 4
MODIFICATION SCHEMES

4.1 Actions of Innervated Structures

The innervating action of Real-time Structural Parameter Modification (RSPM) consists of two
major operations. First, the actions of the valves of the functional switches are controlled by an
adaptive algorithm. Second, the switching modifies the physical parameters of the structure. The
difference between an innervated structure and one with an added active system using actuators

is shown conceptually in figure 4-1.

An innervating action, described in this report, is different from typical passive control schemes
because it has a sensory system, a decision making unit and switching mechanisms. From the
viewpeoint of control law, innervating action is also different from the conventionally defined
adaptive control, because the directly controlled quantities are the physical parameters. Finally,
the innervating action limits the responses of structures to preset bounds while structural control

is based on the control theory that targets zero responses for the structure.

When the functional switch of an innervated structure is switched to the “on” position, a heavy
mass (1o add a significant amount of mass) may be connected to the structure to reduce its natural
frequency. The functional switch can also be used to increase the stiffness of the structure in
order to reduce the displacement and thereby increase the natural frequency. When the switch is
turned "off", the added mass and/or stiffness is released. When the switch is set at "damp,” with
adjustable damping, the energy dissipation capacity of the structure can be increased as needed.
When this state is eliminated, the damping force can be reduced.

In RSPM, there are only three output states, so that the innervating action algorithm can be much
simpler than those of regular actuator methods. Thus, the speed for real-time computing can be
increased significantly, which is a key issue in active or adaptive control. And, since no energy
input is applied to the structure by the control device, stability and robustness are no longer
important issues in RSPM.

4-1



To command RSPM actions, a hierarchical model consisting of several loops is established,
based on the behavior of human body motion control from local reflexes to different levels of
body motion controls with and without using the central nervous system (see, for example,

McMahon 1984). The following describes this four loop control procedure in more detail.

/ input cocicent w

djustable
adius M,C,K adjustable

(]

input utput

plant: M,
C, K fixed

feedback
controller feedback
controller
Conventional control Parameter control with mechanical switch
(x) b)

. /

Figure 4-1 RSPM with Functional Switches Compared with a Typical Active Control
Scheme

4.2 Innervating Action Hierarchy

To realize the RSPM process described in figure 4-1(b), the functional switches must perform
according to certain hierarchical commands. The lowest level of the command is issued for
specific purposes at the local level. For example, when a switch is dedicated to changing the
stiffness of a structural member, it will receive the command from a special local unit. This unit
consists of sensors that detect certain given quantities which are locally controlled. It also
contains a decision-making module that can be a dedicated computer or a simple logic circuit.
This local unit also has its own amplifier to issue the command with low electrical impedance.
Another example of this lowest level command unit is a switch to change the mass of the

structure by connecting it to a given mass.

The above loop of sensor-decision making- voltage amplifier-power amplifier-valve of the

switch is the lowest hierarchical loop, called the L, loop. This loop acts all the time, except when
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it is overridden by loops of higher ranks. Since the feedback quantity {or this loop is the velocity,
it may also be called the velocity loop.

In actual practice, when the stiffness of a structure is changed, the mass and/or damping should

also be changed. Therefore, it is reasonable to see many L, loops in action simultancously.

A second loop of command is introduced to adjust the unbalanced forces, which cause the
increase of velocity and acceleration of the structural responses at the local regions. A good
example of the influence of the unbalanced force is to examine the method of variable stiffness
(Kobori 1994), which is shown in figure 4-2. If the input is sinusoidal, the velocity and force are
equal to zero when the displacement is at its peak value. Under this ideal condition, Kobori's
variable stiffness method works, because virtually no overdraft can occur. However, at such a
position of zero velocity, just after the stiffness is reduced, a force acting in the direction of

greater displacement (or reduced stiffness) can suddenly develop.

This unbalanced force cannot be predetermined in the control algorithm, because earthquake
ground motions are random in nature. What can be done is to prevent the increase of
displacement by not letting the stiffness decrease. To carry out this function, a separate loop is
established, the L, loop, to provide feedback of the force information. This loop is called the
force loop. After sensing the undesired force, a command will be issued to the control valve of
the functional switch such as the one shown in figure 3-1 to delay the opening time of the valve.
This command can override the L, loop, although the L, loop is also a local loop. It is to be
noted that the L, loop is also concemned about the direction rather than quantitative measures of
the motion. This may be explained by the forward motion of a human body caused by an
unexpected "push" from the back. The reaction of the body is first to adjust its muscle system
and weight distribution to reverse the forward momentum to avoid “falling on the face” (see
Pollack 1990).
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FIGURE 4-2 Improper Control at Level One Caused an Overdraft Condition to Occur

The next higher level of command is issued by a control module which calculates the amount of
necessary changes in mass, damping and stiffness simultaneously. The principle of minimal
conservative energy is used as a criterion to deduct proper operation commands. This is the third
loop, referred to as the L, loop. The basic function of the L, loop is to check the efficiency of
the performance of the L, and L, loops by calculating the energy status of the system. In general,
it does not issue commands very ofien, unless certain highly ineffective actions (from the
structural systems' viewpoint) are initiated by the L, loops. Theoretically speaking, the L; loop
should be the main control loop. However, the current state-of-the-art of determining the energy
status of a system is based on the signals of the displacement and/or acceleration, which have
180° phase difference. These signals are either measured and/or calculated. To date, it is still
difficult to consider them global(y in real-time for system optimization. This "displacement” loop

may be improved when the fundamental knowledge base in structural dynamics is expanded.

The highest level of command of RSPM is a safety-check loop, the L, loop. This loop works
under criteria totally different from those of the other three loops. The criteria are established by
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various safety concems that are not directly related to the improvement of structural
performance. They may be internal stress, absolute acceleration, energy accumulation, and so on.
When the structure is in its linear region. these quantities may be a linear transformation of the
structural deformation. However, a structure is often designed to deliver ductility (inelastic
deformation), which is more difficult to describe analytically. An alternative measurement/
calculation system may need to be introduced to monitor these quantities. Whenever any critical
quantity is reached, commands are issued by the monitoring module to override the lower level
commands. in order to ensure stability and safety of the medification process. Returning again to
the example of a human body subjected to an unexpected "push” from the back, if “falling
forward" is inevitable, the decision of the body to stiffen and to raise the upper limbs to protect

the face and head are typical actions commanded by the L, loop (see Berne and Levy, 1993).

The hierarchy for the innervating action is described in figure 4-3.

To realize the hierarchical actions, first consider one of the basic schemes of seismic vibration
reduction for an MDOF system, shown in figure 4-4. Initially. all the swiiches are set to "On".
The structure is then subjected to a multi-dimensional ground motion input. The dynamic
responses, the internal and external forces. the modal energy status and/or ground motions are
subsequently measured and/or calculated. A system identification unit may be used to obtain
certain modal parameters. All measured/calculated information is kept in the storage unit. When
a response level exceeds the preset value, the central decision unit will trigger the action of local
decision units. Another important function of the central decision unit is to identify the optimal
set of specific functional switches and their on-off status with respect to global demands. For
example, a local region in a structure may achieve a minimal response but this minimal response
may lcad to undesirable deformation at a different location/region of the structure. On the other
hand, a local region may develop a large deformation and absorb a significant amount of energy
so that the level of global vibration may be reduced. Thus it is important to consider the optimal

performance of a structure at the global level.
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FIGURE 4-3 Hierarchy of Innervating Action

Upon recetving the commands from the central unit, the local decision units then calculate the
optimal results and give the on-off orders to the functional switches individually. This process
will be repeated at every subsequent time interval until the external excitation and the structural
vibration levels are reduced to values within the bounds. Again, a safety unit is provided to

safeguard possible malfunctions of the RSPM system.

Some details of the different levels of innervating action are given below.
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4.3 Functions of the L, loop

Stiffness-Switching

The L, loop is the most frequently activated loop in a typical RSPM scheme. Figure 4-5 shows
one of the methods of switching stiffness suggested by Kobori et al. (1990), which can also be
used in the L, loop.
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Mass Switching

Similar to stiffness-switching, switching of mass is also determined from velocity feedback.
Figure 4-6 shows examples of mass modification. The additional mass is connected to the main
structure through the switch FS1. Initially, FS1 is set at the "on" position and FS2 is "off." When
the structure moves, the added mass supplies an inertial force against the movement. When the
added mass gains the maximum speed and hence the maximum Kkinetic energy, switch FS1 is
disconnected, separating this added mass from the main structure. The corresponding amount of
energy is later dissipated through switch FS2, which is switched to the "on™ position immediately

after FS1 is switched "off."

Damping Switching

There are various methods in damping switching (see Kobori et al., 1990, 1991, 1994). At the
local level, when more energy is damped, smatler displacement will result. Therefore, it may
appear that damping switching is not necessary at first. However, damping switching is needed
when optimal performance of a structure at the global level is considered. This will be discussed

in a later section.

4.4 Functions of the L, Loop

The basic function of the L, loop is to handle the overshoot problem in the structural dynamic
response. This loop does not initiate any action, if the incoming excitation is not likely to make

an undesirable input 1o the response when a switching action is executed.

When an unhalanced force is about to develop on overshoot, a command will be issued to
override the action of the L, loop. This control loop, together with the L, loop, is shown in figure
4-7, in which the displacement loop is a feedback loop and the force loop is a feedforward loop.

When the force exceeds a certain preset value, the switch will be commanded to change its status
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either to move ahead or to delay a certain amount of time as shown in figure 1-4. That is, with

the L, loop, the control law shown in figure 1-4 can be achieved.

4 )

L, loop I..l loop

{functional switches |

feed forward feedback

FIGURE 4-7 Action Scheme for Two Local Control Loops

force (input ) 4 structure displacement {output)
>

4.5 Functions of the L, Loop

Often, all the displacements are reduced at the local region according to the prescriptions of the
L, and L; loops. However, with these two loops, the structure may not necessarily operate in an
optimal fashion. Sometimes, larger displacements are allowed at some local regions to further
reduce displacements at critical locations. In fact, it is sometimes more desirable to magnify the
displacements at selected locations to achieve a desired response configuration. Thus, a global
optimal view to properly distribute the displacements throughout the structure is necessary. This
is the purpose of the L, loop.

To accomplish desirable distribution of displacement, the criteria must first be established. In
Section 3, the principle of innervating actions was presented. Based on these principles, certain
control criteria governing structural modification can be deduced regarding internal force;
displacement (velocity and acceleration); structural energy (including moda' energy) and input

energy. To mathematically realize the desired displacement distribution, constraints must be
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introduced such as the residual displacement and the maximum force (displacement,

acceleration).

The same operation criteria can also be applied to quasi-static loading considerations, such as the
controllable ductile connections, and others. The corresponding control algorithm can be a
regular proportional integration and differentiation (PID) feedback, a state space feedback
system, modal space method, an optimization scheme, or an adaptive and intelligence control

algorithm. Some specific approaches for L., loop actions are given below.

Action of L; Loop Based on Energy Criterion

Based on results of computer simulations, one of the desirable approaches to optimally distribute
the displacement is to realize an even rate of energy dissipation. Such a direct energy criterion
can be implemented into the L, loop to balance the modal energy (conservative energy). The
distribution can be easily realized in the spatial domain, which is approximately equivalent (but
not precisely) equal to distribution in the modal domain. In this case, the L, loop is used to check
the modal energy status and 1o prevent la'ge amounts of energy transfer from other modes into
the first mode by issuing a command to adjust the distribution of the energy absorbing actions.
At present, an analytical model and/or mathematical solution for this displacement adjustment is
still under development. A neural network model is used in a pilot experimental program, which
will be discussed later. One of the drawbacks of direct energy criterion is the slow reaction speed
due to the required integration related to the calculation of energy quantities. Successful
implementation of the energy criterion will be an important milestone to achieve better results for

optimal displacement distribution of the structure.

Action of L, Loop Based on Velocity-Displacement Criterion

Besides the direct energy criterion, the maximum velocity-displacement criterion may also be

used in global considerations. The basic idea is, wherever the velocity and/or displacement
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exceed the preset bound, the L, loop is activated to adjust the displacements at specific portions
of the structure. The method is faster than the direct energy method. It is still in the development

stage.

Modified Associative Memory Approach

A self-learning algorithm by Modified Associative Memory Modification (MAMM) method has
been developed for the L, loop. Associative memory control may be regarded as an improved
neural network control. Instead of using the three-layer neural network, an associative memory
(AM) algorithm uses a two-layer intelligent database network. It contains self-learning, on-line
identification and decision making functions. Its computing speed can be a thousand times faster
than a regular neural network. Because of the speed, it can be used with regular PC's (with math
co-processor) (Xu et al., to be published}. For most civil engineering structures, precision control
is not required. It is reasonable to lose a certain degree of accuracy for simplicity and speed. This
is the motivation for using the modified associative memory approach. Figure 4-8 shows a

general scheme of the MAMM for structural parameter modification.

-~ ™

Driving force/ground motion | plant switches output

— >

second layer
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first layer

BERD [Helel [efds] |
\_ J
FIGURE 4-8 Scheme for MAMM

The advantages of MAMM are that :t does not need precise system identification 1o model the

system, and that it works with both linear and nonlinear structures. The main disadvantage of

MAMM is low accuracy when demanded by the speed of computing for complex structures. The

basic idea of the MAMM is as follows: The input signals, such as earthquake ground motions,
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driving force induced by wind gusts, etc., are treated as input states which are stored in an input
layer. The control status, such as an “on," "off" and several degree of "damp” (the number of the
status are three or more, but less than 10) are treated as an output layer. The two layers are
associatively linked by given functions, such as a sharp-hat function. Figure 4-9 shows a block

diagram of an MAMM system.
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FIGURE 4-9 Block Diagram of a MAMM System

Theoretically speaking, if the initial conditions and the forces acting on the structure are given,
(input), the displacement, velocity and acceleration of the structure at any time (output) can be
determined. The input and output have a deterministic one-to-one relationship. In real
engineering structures, the relationship is very complex because of the random nature of the
input excitation and the irregular distribution of the mass and stiffness of the structure. However,
for a typical structure, the input-output relationship is still approximately deterministic. The AM
control will be an on-line leaming of this kind of relationship and decision making {output
status). The decision making process can be in milliseconds by using regular PCs and thus, the

speed is fast enough to control up to 50 Hz vibrations.
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Quasi-Dynamic Control

In plastic design, the ductility of structures is obtained through permanent plastic deformation. A
quasi-dynamic approach is developed to increase the ductility of the structure by controlling the
rotation capacity of a plastic hinge. The basic idea is the paralle]l connection of a functional

switch to the plastic hinge (see figure 4-10}.

When "plastic hinge' rotation of a given location is not needed, the switch is turned "on" so that
the rotational stiffness of the connection is increased. When rotation of the plastic hinge is
needed, the switch is shut off. Figure 4-11 shows the benefit of being able to reestablish full
elastic behavior of a mement connection after the formation of a plastic hinge. This feature not
only can contribute to achieving desired overall structural performance but also can be installed
as a fail-safe switch against structural collapse when the rotation capacity of a connection is

exceeded (sce L, loop).

- ™

regular plastic hinge

mechanical switch

L 777

FIGURE 4-10 Plastic Hinge and Functional Switch Design (Illustrated by a single bent)

Quasi-dynamic control can be used in combination with other types of functional adaptive

controls. It is also useful under single-direction loading such as wind gusts.
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Quasi-Dynamic Control

4.6 Safety Checks in the L, Loop

To prevent possible accident, such as malfunctions in the lower lk ‘el loops, or the o¢curance of
forces beyond the structure's design values, the L, loop is employed to shut down the system.
The feedback signal is either the relative deformation and/or the absolute acceleration. However,

stress. strain, bending moment, rotation. energy accumulation, or other parameters may be used.

The basic function of this loop is. whenever these quantities exceed preset values, it will
temporarily shut down all the on-line controls and change the functional switches to positions to
protect the integrity of the structure according to certain preset criteria. These positions and their
corresponding criteria are determined to ensure that the structure suffers minimum damage or

that it does not collapse.

Energy Criterion

The energy criterion can mainly be used in structures with brittle materials, such as concrete or
masonry. The basic idea is that if the energy accumulation exceeds certain pre-calculated levels,
all the switches will be turned 1o "damp” status. to dissipate the energy unsuccessfully controlled

by previous efforts.



The all "damp" status is also used when the structure resonates.

High-Frequency Criterion

Suppose a structur¢ vibrates with natural frequencies considerably higher than the main
frequency component of the input force, and that the actions taken at the local levels fail to bring
the deformation of the structure down to a safe level, the L, loop will command the switches to a

temporary status so that the structure has the highest stiffness.

Low-Frequency Criterion

Suppose a structure vibrates with natural frequencies considerably lower than the main frequency
component of the input force, and that the actions taken at the local levels fail to bring the
deformation of the structure down to a safe level, the L, loop will command the switches to a

temporary status so that the structure has the largest mass.
Another function of the L, loop is self-diagnosis. It periodicaltv checks the function of the

sensors, different levels of control functions and power supplies, and issues warnings for possible

malfunctions.
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SECTION §
RESULTS OF PILOT TESTS

The principles and algorithms described in the previous sections concerning real-time structural
parameter modification were implemented in a pilot experimental program. In this section, the

test results from a model structure subjected to excitations in one or two directions are presented.

Two kinds of excitations were used: the sweep sine input and the earthquake input. The former is
used 10 seek the equivalent damping ratio and to determine the maximum possible reduction of
the vibration level. Earthquake ground motion records were used to examine the effectiveness

and capability of the RSPM systems.

In the tests. various input levels were used to examine the linearity of the responses. Various

added stiffness were also used to determine the effectiveness of the stiffness-switching methods.
For this preliminary experimental program. results were quite close to theoretical predictions.

5.1 Test Setup

Shaking Table

A small two-directional shaking table in the Seismic Simulator [aboratory at the University at
Buffalo was used in the preliminary experimental program. Figure 5-1 shows the shaking table.

The dimensions of the table are given in figure 5-2.

The static and dynamic characteristics of the shaking table are given in table 5-1.



FIGURE 5-1 Two-Directional Shaking Table

Table §-1 Characteristics of a Two-Directional Shaking Table

(l‘cngth (mm)

Width (mm)

Height {mm)

Stroke (N-8} (mm)

Stroke (E-W)Y (mm)

Maximum weight capacity (Kg)
Maximum Frequency (Hz)

Harmonic distortion (0-10 Hz)
{0-20 Hz)
(0-30 H2)

1950

950

400

250 {peak-peak)
350 (peak-peak)
1000

30

< 10%

< 15%

< 15%
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FIGURE 5-2 Dimensions of the Shaking Table

Instrumentation-Sensors

The sensors used in this pilot experimental program cousist of the following:

Velocity sensor: Velocity sensors were used primarily in the L, loop. For the preliminary tests,
several coil type velocity sensors were assembled in the laboratory. The function of these sensors

was to output signals proportional to the relative velocity. Whenever relative velocity occurred,

the coil moved and cut a magnetic field. Voltage was then generated by the coil.
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Displacement sensor: The displacement sensors were mainly LVDT type sensors. Direct
recording by pen was also used to calibrate the displacement. For convenience, some records

generated by using the pen were used 10 evaluate the test results.

Acceleration sensors: Two types of acceleration sensors were used. PCB 393C earthquake
accelerometers were used to measure the ground motion and the absolute acceleration of the test
structure. High sensitivity low-cost accelerometers (pseudo-actuatots), developed by the authors,
were used for modal testing. They were also used for the same purpase as the PCB 393C

accelerometers.

Force sensors: The PCB 204M, 214A, force transducers were used to measure the force. A PCB
108M82 pressure transducer was used to measure the hydraulic pressure inside the functional

switches.

Data Acquisition System

A Vax H/GPX and MTS 420.3 data acquisition system with 128 channels was used for A/D

converting. PCB Data Harvest 420 signal conditioner was used as anti-aliasing filter.

In addition to the MTS system, two PC/486-based data acquisition systems were also used. The
system with an AT-MIO-64F-5 A/D board had 32 channels and the system with DT-2801 board
had 16 channels.

Test Structure

The first test structure was a small scale metal frame. It is shown in figure 5-3(a). In the
following, it is referred to as Structure 1. The static and dynamic characteristics of Structure 1 are
given in table 5-1I. The second test structurc was a scaled down three-story metal frame. It is

shown in figure 5-3(b}. [n the following, it is referred to as Structure 2.
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Table 5-11 Characteristics of the Test Structure

Length {(mm)

Width (mm)

Height (mm)

Weight (Kg)

Stiffness (N/mm) (E-W)
Natural frequency (Hz)

Damping Ratio (%)

1000
900
1500
250
40000

First mode: 2.1
Second mode: 5.5
Third mode: 17.5

First mode: 6.9
Second mode: 5.5
Third mode: 7.9
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FIGURE 5-3 (a) Test Structure Showing Instrumentation and a Single Functional Switch




FIGURE 5-3(¢) Functional Switches
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5.2 Sweep Sine Test of Structure 1 with a Single Functional Switch

In this section, test results of the structure with a single functional switch are presented and
discussed. The purpose of using only one functional switch (shown in figure 5-3 (c)) was to
examine its performance and the efficiency of using L, commands for the innervating action.
During the tests, several inputs were used, which include constant acceleration, and constant

displacement input at different levels.

Figure 5-4 shows the peak values of the relative displacement between the ground level and the
roof level with constant acceleration input. The input level was 0.1g. In figure 5-4, five cases
were compared: 1) the structure with a single RSPM functional switch; 2) the structure with one
rigid bracing whose stiffness was the same as that of the switch in the "on" position; 3) the
structure with one viscous damper which was a functional switch in the "damp" position,
(damper #1 ); 4) the structure with two viscous dampers which were two functional switches in
the "damp" position (damper # 2); and 5) the structure with the same dampers as those used in
case 4) plus two additional viscoelastic dampers (damper # 3). Table 5-11I gives the equivalent

damping, maximum deformation and percentage reduction of these five cases.

Table 5-11I Sweep Sine Test with a Single Functional Switch, Constant Acceleration Input

Rigid Bracing | Damper | | Damper 2 | Damper 3 Functional Switch
Experimental| Theoretical
Damping ratio (%) 8.1 13.5 18.6 221 330 34.0
Maximum deformation (mm}) 475 28.0 26.9 26.3 11.9 10.0
RSPM reduction (%) 750 515 55.8 54.8

The actuator of the shaking table is controlled by an MTS controller that has a built-in
displacement feedback loop, and is therefore able to compare the displacements more precisely
than the acceleration. To examine the linearity of the RSPM systems, constant displacement

input at different leveis was used, as described in the following.



Figure 5-5 shows the peak values of the relative displacement between the ground level and the
roof level of the test structure. The constant displacement input level was 4 mm. The equivalent
acceleration level at the resonant frequency was about 0.1 g. Similar to the cases shown in figure
5-4, five cases were compared in figure 5-3: 1) the structure with a single RSPM functional
switch: 2) the structure with two rigid bracings whose stiffness was the same as that of the
switches in the "on" position: 3) the structure with one viscous damper which was a functional
switch in the "damp"” position. (damper # 1); 4) the structure with two viscous dampers which
were two functional switches in the "damp" position (damper # 2); and 5) the structure with the
same dampers as those used in case 4) plus two additional viscoelastic dampers (damper # 3).
Table 5-1V lists the equivalent damping. maximum deformation and percentage reduction of

thesc five cases.

Table 5-1V Sweep Sine Test with a Single Functional
Switch, Constant Displacement Input (4mm)

Rigid Bracing | Damper | | Damper 2 | Damper 3 Functional Switch
Experimental [ Theoretical
Damping ratio (%) 79 129 17.2 194 32.7 340
Maximum deformation {mm) 320 15.1 12.6 12.0 82 7.5
RSPM reduction (%) 744 457 349 31.7

When the constant displacement input level was increased up to 12 mm, the peak values of the
relative displacement between the ground level and the roof level of the test were also recorded.
The equivalent acceleration level at the resonant frequency was about 0.3 g. which was about
three times the value used in the test described in figure 5-4. In this case. three cases were
compared: 1) the structure with a single RSPM functional switch; 2) the structure with two rigid
bracings whose stiffness was the same as that of the switches set in the "on" position; 3) the
structure with two viscous dampers which were 1wo functional switches set at the "damp”

position and with various additional viscoelastic dampers.
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In this test, damper # 3 was chosen (previously explained), which provided the largest damping
ratio. It is because RSPM can yield a considerably higher damping ratio than that contributed by
passive control. Therefore, it is no longer necessary to compare with the case with small

damping.

Table 5-V lists the equivalent damping, maximum deformation and percentage reduction for

these three cases.

Table 5-V Sweep Sine Test with a Single Functional Switch,
Constant Displacement Input (12mm)

Rigid Bracing Dampers Functional Switch
Experimental Theoretical
Damping ratio (%) 83 17.2 322 340
Maximum deformation (mm) 88.2 68.1 254 250
RSPM reduction (%) 7.2 62.7

The above tests were carried out to examine the dynamic behavior of the functional switch. In
order to properly realize the RSPM, many functional switches will be used in practice. However,
from the above results, of only one functional switch with the L, command, it was clear that
RSPM can provide significant vibration reductions. Compared to a stiffness added design (rigid
bracing), the RSPM can achieve more than a 60% vibration reduction. In this pilot test program,
the damping ratio of the test structu. - was about 8%, which was in general larger than the regular
damping ratios of recal world structures. In the latter, the damping ratio of the first mode of a
structure was probably within 2% to 4% (see Liang and Lee, 1991d). Most building codes
suggest a 5% damping ratio. The reason a high damping ratio was used in this pilot test program
was to ensure that the structure did not collapse when large input levels were used. This means

that the reduction percentages listed in the above tables were conservative.

Another observation made from the pilot tests was the good agreement of the RSPM results
between the theoretical analysis and experimental data. For maximum displacements and the

damping ratios, the errors were less than 10%.
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The linearity of the RSPM was examined by increasing the input level. The basic process of
RSPM was nonlinear in nature, because of nonlinear feedback algorithms. However, the output
(the displacement) of the innervated structure was almost linear. This may be an important

characteristic of RSPM for engineering applications once it fully developed.

The above results were only for one functional switch and with only the L, level command. In

the following, the test results from two functional switches will be discussed.

5.3 Sweep Sine Test of Structure 1 with Double Switches

In this section, results of the push-pull switch pairs were discussed. The excitations were sweep
sines, The purpose of these tests was to examine the results of push-pull type RSPM actions with
both L, and L, commands. These two local loops were basic feedback modifications. During the
tests, different values of stiffness connecting to the functional switches were used to seek the
optimal vibration reduction. Results were compared with those obtained from theoretical

analyses.

First, the functional switches were used to deliver 50% of the total stiffness of the original test
structure. Figures 5-6 and 5-7 show the peak values of the relative displacement between the
ground level and the roof level with constant acceleration inputs. The input levels were 0.1g
(figure 5-6), and 0.15g (figure 5-7). In figure 5-6, two cases were compared: 1) the structure
with two push-pull type RSPM functional switches; and 2) the structure with two rigid bracings
whose stiffness was the same as that of the switches in the "on" position. In figure 5-7, three
cases were compared: 1) the structure with two push-pull type RSPM switches; 2) the structure
with number 2 switch working normally and number 1 switch fixed at the "on" position; and 3)
the structure with number 1 switch working normally and number 2 switch fixed at the "on"

position.
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Table 5-VI lists the values of the equivalent damping, maximum deformation, maximum base

shear and the perc:ntage reduction of the RSPM scheme of figure 5-6.

Table 5-VI Sweep Sine Test with Double Switches, Input Level 0.1g

Rigid Bracing Functional Switches
Experimental Theoretical
Damping ratio (%5) 8.1 352 380
Maximum deformation (mm) 272 6.2 60
RSPM reduction (%) 773
Maximum base shear (1bs) 507.8 127.0
RSPM reduction {%) 77.0

Table 5-VII lists the values of the equivalent damping and maximum deformation of the three

cases shown in figure 5-7.

Table 5-VII Sweep Sine Test with Double Switches, Input Level 0.15g

Switch # | fixed Switch # 2 fixed Push-pull
Damping ratio (%) 322 30.0 354
Maximum deformation (mm) 141 114 11.1

As the next step. the functional switches were commanded to deliver 75% of the total stiffness of
the original test structure. Figure 5-8 shows the peak values of the relative displacement between
the ground and the roof with constant acceleration inputs. The input level was 0.1g. This time,
five cases were compared: 1) the structure with two push-pull type RSPM functional swiiches;
2) the structure with two viscous dampers with the RSPM switches set in the "damp" position: 3)
the structure with fixed high stiffness; 4) the structure with number | switch working normally
and number 2 switch fixed at the "on" position: and 5) the structure with number 2 swiich

working normally and number 1 switch fixed at the “an" position.
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Table 5-VIII lists the values of the equivalent damping, maximum deformation, and the

percentage reduction of the RSPM of the five cases shown in figure 5-8.

Table 5-VI11 Sweep Sine Test with Double Switches,
75% Total Stiffness of Original Structure

Dampers Functional Switches Both Switches | Switch #1 | Swatch #2

Experimental | Theoretical Fixed RSPM RSPM
Damping ratio (%) 17.8 35.2 38.0 30 224 240
Maximum deformation (mm) 14.7 32 31 10.2 6.8 5.7
RSPM reduction (%) 77.1

These test results illustrate that the push-pull type functional switches associated with L, and L,
loop modifications work well. The level of vibration reduction was large. Even when compared
to the use of passive dampers (17% damping ratio), the level of vibration reduction through

RSPM was significant.

As a brief review of the effects of equivalent damping, figure 5-9 presents a comparison of the
displacements of Structure 1 with RSPM, with increased stiffness and damping, respectively. It

can be seen that Structure 1 with RSPM has an equivalent damping close to 70%.

§.4 Single Direction Earthquake Input for Structure 1 with RSPM

In this section, the results of the response of the RSPM system using earthquake ground motion
records (El Centro 1940 and Northridge 1994 (see Goliz, 1994)) as excitation input was
presented. The test conditions, amplitudes and time duration of the records were modified for

convenience according to the similitude law.
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Figure 5-10 shows the response time history of the system with two push-pull type RSPM
functional switches and the response time history of the same structural set up with the switches
set at the "on" position, both under the El Centro earthquake excitation. Figure 5-11 shows the
same configurations, both under Northridge earthquake excitation. In these cases, the damping
ratio of the structure was about 8% and the stiffness was about 50% higher than that of the
original test structure. The response time history of the structure with the switches set at the
"damp" position all the time was also studied. In this case, the stiffness was about the same as
that of the original structure, but the damping ratio was about 17%. The two cases allow
comparison of vibration reduction capability of the RSPM system with the typical "high
stiffness™ approach and the passive damping control method. It was observed that the structure
with high damping exhibits a higher response than that with a high stiffness. Therefore, for
comparisons between RSPM controlled and uncontrolled cases, only the "high” stiffnesses were
used. In figure 5-10, the input level was reduced to 0.3 g from the original 0.4 g of the El Centro
record, because the input level of the original ground motion was too high which may introduce
yielding to the test structure without innervating actions. In figure 5-11, the input level was also

reduced to 0.4 g.

The RSPM scheme achieved about a 50% reduction over the structure with high stiffness and
more than 70% reduction over the structure with higher damping. The total reduction was

consistent with the results of the sweep sine tests.

Vibration reduction through RSPM begins at the start of the structural responses to the
carthquake. The first peak of the time history was being reduced more than 50%. This can be
seen by comparing the responses shown in figures 5-10 and 5-11. In many typical control
methods, it is difficult 1o reduce the first few peaks of the time history, unless a combination of
devices were used (Pong et al.. 1994). In general, most vibration control schemes using energy
dissipation methods become effective after a given time period has elapsed and sufficient energy
has been accumulated in the system. The ability to reduce the first few peaks of the time history

was an imponrtant performance indicator of a vibration control approach. This conclusion can be
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clearly realized in computer simulations, and has recently been verified through earthquake

ground motion tests.

It may be noted that the response of the test structure with high damping was larger than with
high stiffness. mostly because the major frequency components of both the El Centro and the
Northridge earthquakes were lower than the natural frequency of the test structure. Passive

damping control was not effective in these cases.

Table 5-1X summarizes the maximum responses and base shears, the high stiffness and high

damping cases compared with the responses of RSPM.

Table 5-1X Single Direction Earthquake Input

RSPM High Stiffness High Damping
Max. displacement (mm) 496 99] 21.22
RSPM reduction (%) 50.0 85.0
Max. base shear (Ibs) 2410 529.0 472.0
RSPM reduction (%) 54.4 49.1

Table 5-IX shows that, with the RSPM, the base shear can also be significantly reduced. Figures
5-12 through 5-15 show the base shear time histories of the test structure with high stiffness and
with RSPM, respectively. [t can be seen that the reduction of the base shear of the test structure
with RSPM vs. that with high stiffness was about 56%. It should be noted that the base shear
time histories of the test structure with high damping were larger than with high stiffness. These

results coincide with the comparisons of displacements.

5.5 Multi-Direction Earthquake Input for Structure 1 with RSPM

There were two specific reasons 10 use multi-directional earthquake ground motions in the
RSPM scheme. First, the ground motions of earthquake are in fact more or less multi-directional,

although research has been sparse in this area. The dynamic behavior of a structure when
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subjected to different types of input, (single direction and multi-direction), can be quite different,
In order to observe these phenomena and verify the computer simulated results of

multi-directional excitations, a two direction shaking table was used to conduct the experiments.

Secondly, RSPM uses a feedback scheme. That is, the system only reacts when certain signals
are picked up by the sensors. In practice, virtually any sensors will have transverse sensitivity. In
other words, they may pick up signals perpendicular to the axis of the functional switch which
can mislead the switch into reacting incorrectly. Algorithms associated with RSPM that do not
consider this "cross effect” may fail to reduce vibration. Therefore, it was necessary to examine

the sensitivity of the RSPM scheme by using multi-directional ground motions.

Because of the limitation of the instrumentation capacity, output of the earthquake records and
the response data could not be handled simultaneously. Thus, no time history was recorded in
these preliminary tests. However, comparisons were observed between the single input and the
multiple inputs by using the oscilloscope. A 14% reduction of the efficiency was observed when
multiple input was used. In these cases, the total reduction was about 43% when compared with
the results of high stiffness and about 70% total reduction when compared with the results of
high damping. The base shear can also be raduced by about 40% or more.

Table 5-X summarizes the maximum responses and base shears of the test structure with RSPM,

high damping and high stiffness schemes.

Table 5-X Multi-Direction Earthquake Input

RSPM High Stiffness High Damping
Max. displacement (mm) 5.68 9.93 1897
RSPM reduction (%) 43.0 70.3
Max. base shear (lbs) 2540 481.0 509.0
RSPM reduction (%) 472 500

5-23



600

500
ey 400
!
= 300
© 200
£
7
s 100
]
m 0
-100
-200 - — -
0 5 10 15 20 25 10 35 40

Lsec]
{ — Uncontrol  (EZ15HZ242.dot) |

FIGURE 5-12 Base Shear of Structure without RSPM, Under El Centro Earthquake

600

T )
T
o e L
o S

100 = - 7= = = = =~ - -

Base Shear [Lbs]

SEEY170 ) SRUSRRPUNDRURU SO DU

-200

0 5 10 15 20 25 30 35 40
[sec]

[[—— Control  [E215C2472.dat) |

FIGURE 5-13 Base Shear of Structure with RSPM, Under El Centro Earthquake

5-24



50
T [¢]
o
=
=
]
o -5
<
%3}
QQ
e
FSCJERT: s ) S S I U
180k - - - - b mmmmm e mmm o e e mm e e e o — e m e m i oo o i e ]
-200 . .
o E] 10 3 20 25 30 35 4
{sec)
[[— Uncontral ]

FIGURE 5-14 Base Shear of Structure without RSPM, Under Northridge Earthquake

100 1

Base Sheor {[Lbs]

(sec]

FIGURE 5-15 Base Shear of Structure with RSPM, Under Northridge Earthquake

5-25



Table 5-X shows that multi-directional input affects vibration reduction. This can be
compensated for by the L, loop modification, which was not implemented in the pilot

experimental program.

5.6 Single- and Multi-Direction Earthquake Inputs for Structure 2 with RSPM

In July 1994, Structure 2 (see figure 5-2 (b)) was prepared to experimentally verify vibration
reduction through RSPM on MDOF structures. This structure was also used to develop the

proposed hierarchical modification loops. Although further studies are still being performed,

pilot tests have shown good agreement between theoretical analysis and experimental data.
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SECTION 6
SUMMARY

For a number of years, the authors have been interested in learning from the "self-adjusting”
abilities of living system and in applying such principles to the design and construction of
man-made systems. The rapid advances in the development of sensors, computer logic and
hardware. and control processes and devices in recent years have made it possible to advance the
concept of "innervated structures” as a class of intelligent structures through real-time structural
parameter modifications. This report presents some preliminary theoretical development, based
on a very much simplified biomechanical control concept, as substantiated by a pilot
experimental program on structural vibration reduction due to earthquake ground motion. RSPM

is equally applicable to other time-dependent loading conditions.

Traditional seismic-resistant design of structures has evolved from the viewpoint of modified
static stiffness. In past decades, ductility was regarded as the important issue in structural design
against earthquakes. In recent years, vibration control technologies developed by the aerospace
and mechanical engineering professions have become a subject of study by structural enginecrs

to reduce vibration to protect against strong earthquake ground motions.

There are several fundamental issues facing the structural engineering community in the
development of structural control. Most of all, major civil engineering structures are MDOF
systems. Technologies developed under the assumptions of SDOF syslems (found in many
mechanical systems) and proportionally damped systems do not necessarily apply to generally
damped systems. Most structural control technologies currently under development must sooner
or later address some fundamental questions concerning the dynamics of MDQF systems. One of
the key questions is the behavior of MDOF systems with enhanced damping. Today, it is still not
known whether increasing the damping is always beneficial to a MDOF structure. The concept
and principle of an innervated structure is established based on certain biomechanical behaviors
of living systems (e.g. human body motion control). The innervating actions are the modification

of structural parameters (mass, damping and stiffness) by a hierarchical algorithm in reai-time,
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through equilibrium considerations of all energy quantities (both conservative and dissipated) of
an MDOF system. This approach is developed by the authors in an earlier study on the subject of

complex energy and structural damping (Liang and Lee, 1991d).

The first basic component of an innervated structure is a special sensory system. Otherwise, the
structure is totally passive. The second basic component of an innervated structure is the
algorithm to executive real-time structural paramecter modifications. The key issue here is to
modify the parameters of the structures themselves to limit the vibration levels within certain
bounds. The third basic component of an innervated structure is the functional switch. They
provide the self-adjusting ability of the structure without relying on large external forces required

by actuators used in conventional active control schemes.

In this report, all three basic components are introduced. The details of the sensory system will
be reported separately. They are described in a fashion to invite discussion and wider
participation by researchers. The field of developing innervated structures will continue
indefinitely as more and more is understood with respect to human locomotion and skeleton

control.

In order to show the unique features of RSPM, a comparison of RSPM with other existing
technologies in earthquake engineering was made. The latter include 1) structures with energy
absorbing means (EAM); 2) tuned mass dampers (TMD), and 3) active control (AC).

Comparison with and discussion of base isolation will be dealt with in a separate publication.

1.) Among EAM, TMD and AC, TMD is usually used for slim-shaped buildings and
yields the minimum vibration reduction. An example is used to compare regular TMD
and RSPM-TMD. An airport control tower is to be equipped with a TMD to reduce
vibrations excited by both winds and earthquakes. With 17 kps added mass, the
maximum damping ratio with TMD design is calculated to be 6%, (original damping
ratio of the tower is 3%). A less than 15% vibration reduction can be achieved by such a
design. Whereas an RSPM added TMD system can have more than 11% damping ratio
6-2



and more than 35% vibration reduction, with the same added mass. The TMD method is
sensitive to design and construction errors. A 5% change in damping and/or stiffness for
added mass can decrease the net damping ratio increase fron 3% down to 1%. Whereas
more than 20% changes in the above-mentioned parameters will only affect the vibration

reduction from 35% down to 30%.

TMD adds an additional mass, and is connected to the main structure through dampers
and springs as traditionally defined dynamic absorbers; RSPM-TMD employs virtually
the same setup of regular TMD except functional switches are used to replace the regular
dampers. Since the basic setups and construction for both methods are the same, the
estimate cost of RSPM-TMD is the added cost of the functional switch. Compared to the
performance and total cost of the airport control tower, the performance/cost ratio of

RSPM-TMD is significantly higher.

2.) Typically. AC adopts linear control theory and reduces vibration responses by
delivering counter forces which are, in general, gither proportional to feedback velocity or
displacement. The former is equivalent to increasing damping forces and the latter is
equivalent to increasing the spring force that is comparatively much larger than damping
forces. Because of the limitation of large-powered actuators, the feedback force of AC 1s

often proportional to velocity, ie. it is actually the damping force.

EAM uses various added dampers to absorb vibration energy. thus increasing the
effective damping forces. In this sense, typical EAM and AC actually employ the same
methodology of increasing damping forces. However, due to difficulties such as feedback
time delay, etc., the counter force applied by AC cannot be 100% effective at really
damping forces. A 70% effectiveness is currently the cap to reduce the effectiveness of
AC. Thus. despite theoretical advantages. AC in practice does not provide better results
than that of EAM. Among all EAM devices. the fluid damper, providing added viscous

damping to structures, has shown the best reduction both theoretically and experimentally
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with virtually the same cost as the others. Therefore, the fluid damper as a representative
EAM is used to compare with RSPM.

3.) In general, for all EAM devices as well as RSPM, the dampers and/or functional
switches must be mounted on certain supporting members that have limited stiffness.
Such a stiffness is denoted by S and the lateral stiffness of the original structure is
denoted by K. For a viable design with reasonable costs, S should not be too much larger
than K. For a simple SDOF structure with fluid damper, roughly a 10% damping requires
S > 0.5 K. A 20% damping requires S > 1.5 K. A 30% damping requires S > 2 K. Note
that when S = 2 K and if the supporting member is used to increase the lateral stiffness,
the entire structure can have three times stiffness than the original structure, which is
believed to already have more than two times vibration reduction. As a comparison, the
structure with a 30% damping ratic may not have such a large reduction. Therefore, 30%

damping provided by fluid dampers may be considered to be a practical cap.

Denote the possible peak response by X, .

Xm = (2 5q Keo)

Here £ is the equivalent damping ratio and K, is the equivalent stiffness.

For the case of fluid damper, the maximum value of £, . as mentioned above, is {aken as
30% and K, =K.

Therefore

Xe tud dwper > 1.5/ K (6.1)

Note that, for a VE damper with a narrow operating frequency range,
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Xon. vEdamper > 1.7/K (6.2)

For RSPM, & can achieve as high as 60%. When choosing S = K, and for K= 2K,

Eeq = 50%, we have

X nsew = 142 %05x2K)=05/K (6.3)

Comparing Equation (6.1) and (6.2), the peak response of RSPM can be three times
smaller than that of a fluid damper.

Note that, in this case, RSPM only requires S = K. And, RSPM requires the supporting
member to have the stiffness in only one direction (tension)} whereas the fluid damper
must have the supporting member to provide stiffness in both directions

(tension-compression). This fact also has cost implications

In random excitations, such as earthquake ground motions and winds, the peak response
of a structure is less than 1/(2 £, K_,) and in terms of equivalent damping and stiffness,
RSPM will only have two times smaller peak response compared to that of the fluid
damper. However, EAMs, including fluid dampers, cannot select optimal mass, damping
and stiffness as RSPM does and therefore cannot avoid "narrow-band-resonance.” Thus,

the input energy of RSPM can be smaller than that of EAMs.

The above brief comparisons suggest that RSPM is not only a promising technology itself, but
also has the ability to improve the performance of other passive vibration control and energy
absorbing technologies. In addition, RSPM helps to better define a new direction of research in

the pursuit of developing innervated structures.
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7/15/89, (PB90-164294).

"Workshop on Ground Motion Parameters tor Seismic Hazard Mapping,” Juty 17-18, 1989, edited by R.Y.
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. (PB%0-207887).

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

"Linearized Identification of Buildings With Cores for Seismic Vulnerability Assessment,” by |-K. Ho and
A.E. Akuan, 11/1/89. (PB90-251943).
"Geotechnical and Lifeline Aspects of the October 17, 1989 Loma Prieta Earthquake in San Francisco,” by

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

“Nonnormal Secondary Response Due 1o Yielding in a Primary Structure,” by D.C.K. Chen and L..D.
Lutes, 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 Siations in Eastern North America,” by R.'W. Bushy, 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).

“Seismic Hazard Along a Crude Oil Pipeline in the Event of an 1811-1812 Type New Madrid Earthquake, ”
by H.H.M. Hwang and C-H.S. Chen, 4/16/90(PB90-258054).

"Site-Specific Response Spectra for Memphis Sheahan Pumping Station,” by HH.M. Hwang and C.§.
Lee, 5/15/90, (PB%1-108811).

"Pilot Study 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-90-0010

NCEER-90-0011

NCEER-90-0012
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NCEER-90-0015

NCEER-90-0016

NCEER-90-0017

NCEER-90-0018

NCEER-90-0019

NCEER-90-0020

NCEER-90-002§

NCEER-90-0022

NCEER-90-0023

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,” hy M.E. Talbott, Supervised by M.
Shinozuka, 6/8/9, (PB91-110205},

"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 Ea-i-Isolaied 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 Lighily-Reinforced Concrete Column and Beam-Column Joint Details,” by S.P.
Pessiki, C.H. Conley, P. Gergely and R.N. White, 8/22/90, (PB91-108795).

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

"Instantanecus Optimal Control 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. Mehrain, 10/4/90,
(PB91-125377).

"Evaluation of Liquefaction Potential in Memphis and Shelby 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 Study and Analytical Prediction of Carthquake Response of a Sliding [solation System with a
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 Reinforced Concrete Structures,” by §. Rodriguez-Gomez and
A.S. Cakmak, 9/30/90, PB91-171322).

*Study of Site Response at a Selected 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-Motion 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 AH.-S. Ang, 10/30/90, (PB91-170399).

"MUMOID User's Guide - A Program for the Identification of Modal Parameters.” by 5. Rodriguez-
Gomez and E. DiPasquale, 9/30/90, (PR91-171298).

"SARCF-II User's Guide - Seismic Analysis of Reinforced Concrete Frames,” by S. Rodriguez-Gomez,
Y.S. Chung and C. Meyer, 9/30/90, (PB91-1712B0).
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NCEER-91-0001
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NCEER-91-0004

NCEER-91-0005

NCEER-91-0006

NCEER-91-0007

NCEER-91-0008

NCEER-91-0009

NCEER-91-0010

NCEER-91-0011

NCEER-91-0012

NCEER-910013

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 Arez.” 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. Workshop on Earthquake Resistant Design of Lifeline Facilitics
and Couniermeasures for Soil 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, (PB92-174954).

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

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

“A Muitidimensional Hysteretic Model for Plasticity Deforming Metals in Energy Absorbing Devices,” by
E.]1. Graesser and F.A. Cozzarelli, 4/9/9]1, (PR92-108364).

"A Framework for Customizable Knowledge-Based Expert Systems with an Application t0 a KBES for
Evaluating the Seismic Resistance of Exisung Buildings,” 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 Fducation Materials for Grades K-12," by K.E K_ Ross, 4/30/91, (PR91-212142).

"Phase Wave Velocities and Displacement Phase Differences in a Harmenically Oscillating Pile,” by N.
Makris and G. Gazetas, 7/8/91, (PB92-108336).

"Dynamic Characteristics of a Full-Size Five-Story Steel Structure and a2 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 a 2/5 Scale Steel Structure with Added Viscoclastic Dampers,” by K.C. Chang, T.T.
Soong, S-T. Oh and M.L. Lai, §/17/91, (PB92-110816).

“Earthquake Response of Retaining Walls; Full-Scale Testing and Cumputational Modeling.” by §.
Alampalli and A-W.M. Elgamal, 6/20/91, 1o be published.

“3D-BASIS-M: Nonlinear Dynamic Analysis of Multiple Building Base Isolated Structures,” by P.C.
Tsopelas. S, Nagarajaiah, M.C. Constantinou ard A.M. Reinhorn, 5/28/91, (PB92-11388S).

"Evaluation of SEAOC Design Requirements for Sliding Isolated Structures,” by D. Theodossiou and M.C.
Constantinou, 6/10/91, (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. Akun, 7/15/91, (PB92-129980).

“Shake Table Test of a 1/6 Scale Two-Story Lightly Reinforced Concrete Building.” by A.G. El-Auar,
R.N. White and P. Gergely, 2/28/91, (PB92-222447),
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NCEER-%2-0003

NCEER-62-0004

NCEER-92-0003
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NCEER-92-0009

NCEER-92-0010

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

"Transfer Functions for Rigid Rectangular Foundations," by A S. Veletsos, A.M. Prasad and W H. Wy,
7i31/91.

"Hybnd Control of Seismic-Excited Nonlinear and Inelastic Structural Systems.” by J.N. Yang, Z. Li and
A. Daniehans, 8/1/81, (PB92-143171).

“The NCEER-9! Earthguake Caialog: Improved Intensity-Based Magnitudes and Recurrence Relations for
U1.S Earthquakes East of New Madrid.” by L. Seeber and 1.G. Armbruster, 8/28/91, (PB92-176742).

"Proceedings from the Implementation of Earthquake 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 Concrele Frame Buildings,” by
H.H.M. Hwang and H-M. Hsu, 8/10/91, (PB92-14023%).

"Experimental Venfication of a Number of Structural System Identification Algorithms,” by R.G.
Ghanem, H. Gavin and M. Shinozuka, 9/18/91, (PB92-176577).

"Prubabitistic Evaluation of Liquefaction Potential,” by H.H.M. Hwang and C.S. Lee," [1/25/91, (PB92-
143429).

“Instantancous Optimal Contrel for Linear, Nonlinear and Hysteretic Structures - Stable Controllers,” by
JN. Yang and Z. Li, 1171591, {PB92-163807).

"Experimental and Theoretical Study of a Sliding Isolation System for Bridges,” by M.C. Constantinou, A.
Kartoum. A M. Reinhorn and P. Bradford, 11/15/91, (PB92-176973).
"Case Swdies of Liquetaction and Lifeline Performance During Past Earthquakes, Volume 1: Japanese

Case Swadies,” Edited by M. Hamada and T. O'Rourke, 2/17/92, (PB92-197243).

“Case Studies of Liquefaction and Lifeline Performance During Past Earthquakes, Yolume 2: United States
Case Studies,” Edited by T. O'Rourke and M. Hamada, 2/17/92, (PB92-197250).

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

"Proceedings from the First U.S. - Japan Workshop on Earthquake Prosective Systems for Bridges, " Edited
by 1.G. Buckle, 2/4/92, {PB%4-142239, A99, 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 1o Seismically-Induced Liquefaction,” by
M_H. Baziar, R. Dobry and A-W_M. Elgamal, 3/24/92, (PB92-222421).

*A Procedure for the Seismic Evatuation of Buildings in the Central and Eastern Uniteg States,” by C.D.
Poland and }.O. Malley, 4/2/92, (PB92-222419).

"Experimental and Analytical Stwudy of a Hybrid Isclation System Using Friction Controflable Sliding
Bearings,” by M.Q. Yeng, 8. Fujii and M. Shinozuka, 5/15/92, (PB93-150282),

"Seismic Resistance of Slab-Column Connections in Existing Non-Ductile Flat-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 Streng Simulated Ground Motion,” by H. Lee and 5.P. Prawel, 5/11/92, to be
published.

"Study of Wire Rope Systemns 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, S.K. Kunnath, A.M. Reinhorn
and 1.B. Mander, 7/15/92, (PB3M-142007, AOB, MF-AQ2).

"Observations on Water System and Pipeline Performance in the Limén Area of Costa Rica Due to 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,

“Proceeaings from the Fourth Japan-U.S. Workshop on Earthquake Resistant Design of Lifeline Facilities
and Couitermeasures for $oil 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. Reinhoen, T.T. Soong,
R.C. Lin. M.A. Riley, Y.P. Wang, §. Aizawa and M. Higashino. 8/14/92. (PBY3-127512).

*Empirical Analysis of Hornizontal Ground Displacement Generated by Liquefaction-Induced Lateral
Spreads.” by 5.F. Bartlett and T.L. Youd, 8/17/92, (PB93-188241).

"IDARC Version 3.0: Inclastic Damage Amalysis of Reinforced Concrete Structures.” by $.K. Kunnath,
A.M. Reinhorn and R _F. Lobo, 8/31/92, (PB93-227502, A07, MF-A02).

A Semi-Empirical Analysis of Strong-Motion Peaks in Terms of Seismic Source, Propagation Path and
Lacal 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 I: Summary of
Experimental Findings of Full Scale Beam-Column Joim Tests,” by A. Beres, R.N. White and P. Gergely,
9/30/92, (PB93-227783, A0S, MF-AQI).

*Experimental Results of Repaired and Retrofitted Beam-Column Joint Tests in Lightly Reinforced
Concrete Frame Buildings,” by A. Beres, $. El-Borgi, R.N. White and P. Gergely, 10129/92, (PB93-
227791, A0S, MF-A01).

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

“Scismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part [ -
Design and Properties of a One-Third Scale Model Structure,” by 1.M. Bracci, A.M. Reinhorn and J.B.
Mander. 12/1/92. (PB94-104502. A08. MF-AQ2).
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NCEER-93-0008

NCEER-93-0009

NCEER-93-0010

“Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part II -
Experimental Performance of Subassemblages.” by L.E. Aycardi, ].B. Mander and A.M. Reirhorn,
12/1/92. (PB94-104510, A0S, MF-A02),

"Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part 111 -
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-AQ1).

"Evaluation of Seismic Retrofit of Reinforced Concrete Frame Structures: Part 1 - Experimental
Performance of Retrofitted Subassemblages,” by D. Choudhuri, J.B. Mander and A .M. Reinhorn, 12/8/92,
(PB93-198307, A07. MF-A02).

"Evaluation of Seismic Retrofit of Reinforced Concrete Frame Structures: Part 11 - 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-A03),

"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 Octaber 12, 1992,7 by M. Khater, 12/23/92,
(PB93-188621).

“Low-Level Dynamic Charactenistics 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 Seismic Performance of Brick-Infilled Steel Frames With and Without

Retrofit,” by J.B. Mander, B. Nair, K. Wojikowski and J. Ma, [/29/93, {PB93-227510, AG7. MF-A02),

"Social Accounting for Disaster Preparedness and Recovery Planming,” by 5. Cole, E. Pantoja and V.
Razak, 2/22/93, (PB94-142114, A12, MF-AQ3).

"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 SEAOC/UBC for Seismic I[solated
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 Earthquake Science and
Safety for Educators,” edited by K.E.K. Ross, 4/2/93, (PBS4-103066, A09, MF-A02).

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

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

"Retrofit of Reinforced Concrete Frames Using Added Dampers,” by A. Reinhorn, M. Constantinou and
C. L. 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.§. Hac and Y.C. Ych, 5/1/93, (PB94-141959, A07, MF-A02).

"Seismic Performance of Shear-Critical Reinforced Concrete Bridge Piers,” by J.B. Mander, S.M.
Waheed, M.T.A. Chaudhary and 5.5. Chen. 5/12/93, (PB93-227494, AC8, MF-A02).
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"3D-BASIS-TABS: Computer Program for Nonlinear Dynamic Analysis of Three Dimensional Base
Isolated Structures,” by 8. Nagarajaiah, C. Li, A.M. Reinhorn and M.C. Constantinou. 8/2/93, (PB%.
141619, A09. MF-A02).

"Effects of Hydrocarbon Spills from an Oil Pipeline Break on Ground Water,” by O.J. Helweg and
H.H.M. Hwang, 8/3/93, (PB%4-14]1942, A06, MF-A02).

"Simphified 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, (PB94-141827,
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-A03),

"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 te Historic Monuments in Cairo, Egypt Following the October 12,
1992 Dahshur Earthquake.” by D. Sykora, D. Look, G. Croci. E. Karacsmen and E. Karacsmen, 8/19/93,
(PB94-142221, AO8, MF-AQ2).

"The Island of Guam Earthquake of August 8, 1993." by S.W. Swan and S K. Harnis, 9/30/93, (PB%4-
141843, A4, MF-A01).

"Engincering Aspects of the October 12, 1992 Egyptian Earthquake,” by A.W. Elgamal, M. Amer, K.
Adalier and A. Abul-Fadl, 10/7/93, (PB%4-141983, A0S, MF-A0l).

"Development of an Eanthquake Motion Simulator and 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 Research Program on Sliding Seismic Isolation Systems for Bridges:
Experimenial and Analytical Study of a Friction Pendulum System (FPS)." by M.C. Constantinou, P.
Tsopelas, Y-8, Kim and S. Okamoto, 11/1/93, (PB94-142775, AO8. MF-AQ2).

“Finite Elememt Modeling of Elastomeric Seismic [solation Bearings,” by L.J. Billings, Supervised by R.
Shepherd, 11/8/93, 10 be pubiished.

*Seismic Vulnerability of Equipment in Criticat Facilities: Life-Safety and Operaticnal Consequences,” by
K. Porter, G.S. Johnson, M.M. Zadeh, C. Scawthorn and S. Eder, 11/24/93, (PB94-181768, Al16, MF-
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