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PREFACE 

In structural engineering, one of the constant challenges is to find new and better means 
of designing new structures or strengthening existing ones so that they, together with 
their occupants and contents, can be better protected from the damaging effects of 
destructive environmental forces such as wind, wave loads, and earthquakes. As a result, 
new and innovative concepts of structural protection have been advanced and are at 
various stages of development. Structural protective systems can be divided into three 
groups as shown in Table I. The technique of seismic isolation is now widely used in 
many parts of the world. A seismic isolation system is typically placed at the foundation 
of a structure which, by means of its flexibility and energy absorption capability, partially 
absorbs and partially reflects some of the earthquake input energy before it is transmitted 
to the structure. The net effect is a reduction of energy dissipation demand on the 
structural system, resulting in an increase in its survivability. 

Table I. Structural Protective Systems 

Seismic Passive Energy Active 
Isolation Dissipation Control 

Elastomeric Bearings Metal!ic Dampers Active Bracing Systems 

Lead Rubber Bearings Friction Dampers Active Mass Dampers 

Elastomeric Bearings with Viscoelastic Dampers Active Variable 
Energy Dissipating Devices Stiffness or Damping Systems 

Viscous Dampers 
Sliding Friction Pendulum Pulse Systems 

Tuned Mass Dampers 
Flat Sliding Bearings with Aerodynamic Appendages 
Restoring Force Devices Tuned Liquid Dampers 

Lubricated Sliding Bearings 
with Energy Dissipating 
Devices 

Much progress has also been made in research and development of passive energy 
dissipation devices for structural applications. Similar to seismic isolation technology, the 
basic role of passive energy dissipation devices when incorporated into a structure is to 
absorb or consume a portion of the input energy, thereby reducing energy dissipation 
demand on primary structural members and minimizing possible structural damage. 
Unlike seismic isolation, however, these devices can be effective against wind excited 



motions as well as those due to earthquakes. In recent years, serious efforts have been 
undertaken to develop the concept of energy dissipation or supplemental damping into a 
workable technology, and a number of these devices have been installed in structures 
throughout the world. 

Active control research has a more recent origin. Active structural control is an area 
of structural protection in which the motion of a structure is controlled or modified by 
means of the action of a control system through some external energy supply. 
Considerable attention has been paid to active structural control research in recent years. 
It is now at the stage where actual systems have been designed,fabricated and installed in 
full-scale structures. 

This collection of lecture notes represents an attempt to introduce the basic concepts 
of these relatively new technologies, to provide a working knowledge of this exciting and 
fast expanding field, and to bring up-to-date current research and world-wide 
development in seismic isolation, passive energy dissipation, and active control. The 
book is divided into three parts, each addressing one of these topics. In each case, basic 
principles are introduced, followed by design and applications, implementation issues, 
case studies, and code issues if applicable. 

It is a great pleasure to acknowledge the significant contributions made to this lecture 
series by Professor Peter Hagedorn of the Technische Hoshschule Darmstadt, Germany; 
Professor Hirokazu lemura of Kyoto University, Japan,• and Professor Jose Rodellar of 
the Universidad Politecnica de Catalunya, Spain. They delivered excellent lectures at 
Udine in June, 1993, and contributed important chapters in this book, making this project 
a truly international ef!on. 

T.T. Soong 
M.C. Constantinou 
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CHAPTER I 

MECHANICAL VIBRATIONS AND VIBRATION CONTROL 

P. Hagedorn 

Technical University of Darmstadt, Darmstadt, Germany 

Abstract 

In these lectures, an introduction is given into the basic concepts of the theory of active and passive vibration 

damping. First one degree of freedom systems are discussed with respect to the different solution techniques 

and with view to damping and isolation mechanisms. Next the theory of optimal control is briefly introduced 

and some examples are given. Mechanical systems with n degrees of freedom are discussed and the concepts 

of mechanical impedance, vibration absorption anrl impedance matching are studied. The sources of nonli­

nearities in structural vibrations are examined and an appropriate solution technique is explored. Finally, 

special attention is devoted to a particular technical application, namely to the wind-exited vibrations of 

transmission lines, where the problem of the damping of bundles of conductors is discussed in more detail. 

1 General Remarks on Damping, Systems with One Degree 
of Freedom 

1.1 Introduction: Systems with One Degree of Freedom 

In what follows we shall briefly review the forced oscillations of a one-degree of freedom 
system described by 

mx+d±+cx=f(t) (1.1) 

where f(t) is a given forcing function. The coefficients m, d, and c respectively stand for 
mass, damping, and stiffness. 
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It is often convenient to introduce the parameters w := yCTm, T = wt. Indicating the 
derivatives with respect to the new dimensionless time T by a prime equation (1.1) can be 
reduced to 

11 I 1 (T) x (r)+2Dx(r)+x(r)= mf z; , (1.2) 

where 

D=-d-
2..jCm ( 1.3) 

is the non-dimensional damping parameter which in most structures assumes values between 
0.001 and 0.02. 

1.2 Forced Oscillations 

1.2.1 Response to Harmonic Excitation, Isolation 

The case of harmonic force excitation 

f(t) = j cos(fU + o:) (1.4) 

or in complex notation 

f(t) = Rel_(t) (1.5) 

with 

( 1.6) 

is the most elementary one. In our notation we use- to indicate "amplitude" and underline 
complex quantities. The character j is used to denote the imaginary unit. The general 
solution to (1.1) is of the type 

x(t) = XH(t) + xp(t). (1.7) 

In many applications we are interested mainly in xp(t), that is in the particular solution of 
the inhomogenous equation. In the case of forced harmonic oscillations the Ansatz 

x (t) = i; eif'lt _p _p ( 1.8) 

leads to 

( 1.9) 
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where the transfer function Q_ is the complex dynamic compliance of the system, and it is 
given by the function 

(1.10) 

with TJ := r!fw. The magnitude and the phase of the transfer function are respectively given 
by 

IG( .)1- ~ 1 
- TJ - c y'(1- ry2)2 + (2Dry)2' 

2Dry 
tan[argG(ry)] = - 1 _ T/2 . 

(1.11) 

(1.12) 

As we can see in fact Q_ has the dimensions of an inverse stiffness, so that the function 

(1.13) 

is non-dimensional. This function is shown in Fig. 1.1. 

The function VA( TJ) assumes a particularly simple form in double logarithmic representation 
since it can be approximated by straight lines for all points which are far away from the 
resonance TJ = 1. The maximum of VA depends on D and is nearly equal to 1/(2D). 

Of course the case of a given harmonic force exciting a structure is not really very common, 
typically the exciting forces act through elastic or visco-elastic elements on the oscillating 
system. In many cases kinematical variables, such as displacement or velocities are given as 
functions of the time instead of the forces. This is of course the case for a structure excited 
through base motion. We briefly consider the different types of harmonic excitation shown 
in Fig. 1.2. 

In the first case shown in Fig. 1.2a the end-point of the spring moves according to 

(1.14) 

This gives an equation of motion of the type 

mx + d± +ex = cxF(t) = CXF cos f!t. (1.15) 

In the second case the damper end-point moves according to 

xv(t) = xv cos(nt- 1r /2) (1.16) 

giving an equation of motion 

mi + d± +ex= d±v(t) = df!xvcosf!t. ( 1.17) 
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Figure 1.1: The function VA( 77) in linear and logarithmic representation 
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a) 

b) 

c) 

Figure 1.2: Different types of harmonic excitation: 
a) given displacement of spring end-point 
b) given displacement of spring damper 
c) base excitation 

Finally in Fig. 1.2c the base motion is described by 

xc(t) = i c cos nt ( 1.18) 

which leads to 

mx + d± +ex= -mia(t) = mfl2xccosflt. ( 1.19) 

Note that in the last case the coordinate x is the relative displacement of the mass m with 
respect to the moving base. In all three cases in steady-state the amplitude i; is equal to the 
excitation amplitude of the given displacement multiplied by an amplification factor. In the 
case o f Fig. 1.2a the amplification factor is exactly the function VA(7]) shown in Fig. 1.1. 
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In the other two cases the amplification factors can be written as 

( 1.20) 

so that the amplitudes in the three cases are 

(1.21) 

Figs. 1.3a and 1.3b show the amplification factors Va and Vc. 

1 1 ) ) 

't{l!l~ 

1l 

Figure 1.3a: The function Va( 77) in linear and logarithmic representation 

So far we have only looked at the amplitudes of the displacements. Frequently, of course, 
we are interested in the amplitudes of the velocities or of the accelerations which can easily 
be obtained by differentiation of this stationary solution. Each differentiation implies a 
multiplication of the amplification factor by 7]. 
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Figure 1.3b: The function Vc( 7J) in linear and logarithmic representation 
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In all three cases for small values of the damping ratio the maximum values of the amplifi­
cation factor with respect to the dimensionless frequency is approximately equal to 1/(2D). 

Table 1 gives some of the characteristic parameters of the amplification factors. 

.,., VA VB Vc 

0 1 0 0 

1 1 1 1 
2D 2D 

00 0 0 1 

'r/Amax = v'1 - 2D2 1 - -
2D..J1-D2 

'r/Bmax = 1 - 1 

.,., - 1 - - 1 
Cmax - ..;1_ 2D 2 2DV1-D2 

.,., ~ 1 ~ 1 ~2D"l ~ .,.,2 

.,.,~1 ~ _l_l ~1 1 
2D11 2D"l 

"12 1 - 1 2Dl ~1 
-~ 1) 

Table 1: Characteristic of amplification factors 

Let us now look at the question of the insulation of oscillatory motions. Two different 
aspects can be studied. In the first case we assume that an oscillatory system is subjected 
to the harmonic force due to a rotating excentric mass. In this case the force amplitude is 
proportional to the square of the frequency. Let ]u be the amplitude of this force. In steady 
state. the forces transmitted to the base by means of the damper and the spring will also be 
harmonic, let Jz be their amplitude. It is an easy exercise to show that the ratio of these 
two forte amplitudes is given by 

Jz 1 + (2D"l)2 

Ju = (1 ~ "12)2 + (2D.,.,)2. 
( 1.22) 

The ratio Jz / ]u can be used as a measure for the degree of insulation in this case. In order to 
obtain small values for this quotient we must choose large values of "1 (i.e. soft springs) and 
small values of D. However, if D is too small, there may be dangerously large amplitudes 
during the process of speeding up the rotor in the neighborhood of the resonance '7 ~ 1. 
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Figure 1.4: The ratio Jz / Ju 

Therefore a compromise has to be achieved. Possibly some damping can be provided during 
the starting of the rotor which can later be "turned off" . 

Let us now look at the problem of isolating the motion of a rigid body against base excitation. 
Frequently in this case the absolute acceleration of the base-excited mass is to be kept as 
small as possible. This is not the variable x in Fig. 1.2c but rather x + xa . The quotient 
of the complex amplitudes of the body 's displacement and the base displacement can be 
used as a measure of the quality of vibration insulation. It turns out that exactly the 
same expression (1.22) characterizes this quotient, so that the same results are obtained. 
Protecting a structure or elastically supported machine from base excitation therefore is 
equivalent to minimizing the forces applied by the structure to the base in the case of 
excitation due to an unbalanced rotating mass. 

1.2.2 Impact Response 

The response to a harmonic force excitation described in the previous section completely 
characterizes the system, i.e. if the transfer function Q is known, the response to any input 
f(t) can be computed. This is, however, only one way of characterizing a linear system. The 
system's properties may also be described via the response to other functions, such as the 
unit step function or the unit impulse. 

Consider equation ( 1.1) with f( t) = s( t), the unit step function. It is a simple exercice to 
compute ~he response 

(1.23) 
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Figure 1.5: Unit step function s( t) and step response h( t) 

to the unit step function s(t) with 

8 = wD, wd = wVl- D 2 • 

P. Hagedorn 

( 1.24) 

These expressions are valid only forD < l. The unit step function s(t) and the step response 
h(t) are shown in Fig. 1.5. 

A third way of characterizing the system is through the response of the unit impulse, i.e. 
the Dirac function f(t) = t5(t). The impulse response can be written as 

( 1.25) 

for D < 1 and is shown in Fig. 1.6. 

It is easy to verify that t5(t) and g(t) are respectively the generalized time derivatives of s(t) 
and h(t). 
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Figure 1.6: Unit impact and impact response 

If the FOURIER transform is applied to g(t) we obtain 

g(t) ~ Q(n), (1.26) 

1.e. the previously considered transfer function is exactly the FouRIER transform of the 
impact. response. 

1.2.3 Response to Arbitrary Forces 

Let us now consider briefly equation (1.1) for arbitrary time functions f(t). If we consider 
the FouRIER transform .£(!1) of J(t), 

f(t) ...... E.( !1), (1.27) 
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the FoURIER transform X(f2) of the response x(t) can be computed by 

X(f2) = Q(f2)F(f2). (1.28) 

The inverse FoURIER transformation then gives the time function x(t). Also the relation 
between the power spectra of the input f(t) and the output x(t) is often used: 

(1.29) 

This formula is also useful in the case of non-deterministic input signals. 

1.3 Structural Damping 

So far in equation (1.1) we have considered linear springs, ideal linear dampers, and a 
rigid mass. In reality damping and restoring forces can often not be physically separated, 
both damper and spring forming one physical element. This is the case, e.g. for rubber 
springs, where the material law may contain high damping terms and also in disc springs, 
where mechanical energy is dissipated by friction between the different discs. Fig. 1. 7 shows 
symbolically different models of massless supporting elements. 

The damping properties of real systems usually have to be determined experimentally. This 
can be done submitting the material or the element to a harmonic displacement and mea­
suring the corresponding force. A hysteresis loop is then obtained in the f-x-plane. If the 
element is linearly viscoelastic as in Fig. 1. 7a the hysteresis loop is an ellipse with the area 

( 1.30) 

equal to the energy loss for one cycle. 

In (1.30) the energy loss per cycle is proportional to the square of the displacement amplitude 
and to the frequency. In the corresponding elliptic hysteresis loop of Fig. 1.8a the line defining 
the linear spring characteristic is very close to an axis of symmetry of the ellipse. 

Real materials and structures usually, however, do not present linear viscoelastic behavior, 
and· the hysteresis loops have different forms, such as, e.g. in Fig. 1.8b. Each hysteresis 
loop can usually be approximated by an ellipse, however, the parameters of this ellipse 
do not correspond to a linear viscoleastic law if the frequency and amplitude are changed. 
Experience shows that the energy loss in many structures is quadratic in the amplitude xp 
but at the same time is almost independent on the frequency n. 
In these cases the energy loss per cycle can be approximated by 

( 1.31) 

where k is a constant, rather than by (1.30). The dissipation of mechanical energy in these 
cases is usually due to a variety of simultaneous phenomena, where nonlinear material laws 
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a) 

f = ex • dx 

b) X 

f: dxlx •dlxlx 

d(xJ 

c) 

f :F(x.xl 

F(x,xl 

///, / / 

Figure 1. 7: Different models of massless supporting elements 
a) Linear-viscoelastic 
b) Combination of nonlinear spring with nonlinear damper 
c) General element 

usually only play a secondary role. Most of the mechanical energy is typically dissipated at 
the boundaries and joints of parts of the structure. In mechanical engineering structures it is 
well known that e.g. welded structures present much lower damping than bolted or riveted 
structures. In civil engineering structures the situation is similar. 

This type of damping, described by (1.31) is called structuml damping. It can be also 
described by defining a damping constant in equation (1.1) which is inversely proportional 
to the frequency: 

k 
d - ­- rrn· (1.32) 
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a) 
I =ex 

X 

bl 

X 

Figure 1.8: Hysteresis loops 

The equation of motion in complex notation has then the form 

mx + .!_:i; +ex = f.ejrlt - 7rn- - - ( 1.33) 

in the case of a harmonic force excitation . This gives rise to the transfer funct ion 

G (fl - ~ 1 
-D ) - c (n) 2 · k 

1- z;; +) 1fC 

( 1.34) 

The quantity tan v = k/( 1rc) is the loss factor, which is equal to the tangent of the loss angle. 
The loss angle is often used to characterize material damping, e.g. of rubber-like materials. 

Exactly the same result is obtained if we substitute ( 1.33) by 

mff. + c(l + j tan v)!f = [eillt. ( 1.35) 
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In this case the damping is contained in the imaginary part of the "complex stiffness" 
c( 1 + j tan v ). This formulation is particularly suitable for continuous systems, where the 
damping can be introduced a posteriori into the conservative system by substituting the 
modulus of elasticity E by the "complex modulus of elasticity" E( 1 + j tan v ). 

It is not clear how this structural damping law should be applied to a system under an 
arbitrary force excitation f(t). One idea would of course be to use the transfer function (1.34) 
for the determination of the response to an arbitrary force input according to (1.28). We 
noted previously that the inverse FOURIER transform of the transfer function is equal to the 
impact response. The inverse transform of ( 1.34) is, however, not a real function! This follows 
from the fact that the FoURIER transforms of real functions always are hermitean (they have 
an even real and an odd imaginary part), which is not the case for (1.34). Moreover, a more 
careful examination shows that the inverse transform of ( 1.34) is not even a causal function, 
i.e. the impact response is present before the impact! 

These considerations show that structural damping according to (1.32) is highly unsatisfac­
tory from a mathematical point of view, although real structures are usually well characteri­
zed in this manner in the case of harmonic forcing functions. Of course the frequency range 
of interest in structural vibrations is usually quite limited, so that also the transfer function 
is defined by (1.34) in a very limited frequency band only. For nonharmonic excitation it 
may be essential to take into account nonlinearities in the damping law if high precision is 
required. 

References: 

Hagedorn P., Otterbein S.: Technische Schwingungslehre, Springer, Berlin 1987. 

2 Some Remarks on the Theory of Optimal Control 

2.1 Control Problems, Controllability 

Since this course deals with passive and active damping of structures, a short introduction 
to control theory would be in place. In this lecture we will limit ourselves mainly to a few 
remarks concerning the theory of optimal control. Consider equation ( 1.1) of lecture 1 and 
suppose that the force f(t) on the right-hand side is to be chosen as a function of timet in 
such a way as to damp the vibrations, steering the sytem to equilibrium in minimal time. 
The determination of this function f( t) is then typically an exercise in optimal control. 

In control theory it usually is convenient to write the equations of motion in the form of a 
first-order system. Moreover, in what follows we will not restrict ourselves to the one degree 
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of freedom oscillator but we will treat somewhat more general problems. Examples will be 
given not only related to the active vibration damping but also to other fields. 

Consider a system of the form 

x = f(x, u, t) (2.1) 

with x E Rn, u E Rm. With the introduction of a given function of time u( t) into the 
right-hand side of equation (2.1), one obtains an ordinary, generally non-linear, differential 
equation. In many physical processes described by differential equations, the time depen­
dence of the process may be influenced in some manner. This is generally referred to as a 
steering oft he process: it is implemented in equation (2.1) by means of the steering function 
or control function u(t). The variable xis called the state variable in control theory. Consi­
der, for example, a spaceship; then the components of the vector x may refer to position and 
velocity and uT = ( ui, u2, ••• , u170 ) may represent the controllable thrusts of the individual 
engines as well as their directions of action insofar as the engines are gimballed. If a system 
is to be transferred from a given state x0 to another state XI there often exist numerous 
control functions with which this may be accomplished. Not all of these will be suitable and 
the question arises how one might determine a most suitable one - for example, that one 
which minimizes the fuel consumption, or that which minimizes the travel time. 

The solutions of the system (2.1) depend on the function u( ·)and one often writes them in the 
form x( Xo, t0 ; u( · ), t). A typical question in control theory then is the following: For a given 
x0 , t0 , and XI. does there exist a ti > t0 and a function u( ·) such that x(x0 , t0 ; u( · ), t!) = XI. 
that is, does there exist a function u( ·) which steers the system from x = x0 to x = XI? If the 
answer to this question is affirmative, then one also says that the system (2.1) is controllable 
from Xo to XI. 

An important special case is that of the linear system with constant coefficients: 

x = Ax+Bu, (2.2) 

where A is an n x n matrix and B is an n x m matrix. For linear systems, it is meaningful 
to define complete controllability: 

The system (2.2) is completely controllable if and only if for every x0 there exists a function 
u( ·) which steers the system to XI = 0. 

For the system (2.2) there exists a simple criterion for controllability. The system (2.2) is 
completely controllable if and only if 

rank (B,AB, ... ,An-IB) = n (2.3) 

holds. 
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y 

e.P 

X 

Figure 2.1: Satellite in a gravitational field 

Examples: 

{1) Satellite in a central gravitational field. With kinetic energy T = !m(r2 + r2r.p2) and 
potential energy U = -1m/r, the equations of motion are obtained as 

0 , } 
r = - r2.: rr.p , 

(2.4) 

rf; 
r.pr 

- 2-. 
r 

Here m is the mass of the satellite, 1 is the product of the gravitational constant with the 
mass of the planet , and r and r.p are the polar coordinates of the satellite, idealized as a 
particle, in the xy-plane (Fig. 2.1). A particular solution is given by the motion in a circular 
orbit with r = R, ~ = w = J( 1/ R3 ). Deviations from this orbit are to be corrected by 
two rocket engines with thrust v ectors in the directions e-;. und e;, respectively, so t hat t he 
equations o f motion now have the form 

= r~2 - ; 2 + u1 , } 

~r 1 
rf; = -2- + -u2, 

r r 

r 

where u1 und u2 are the accelerations in the radial and normal directions, respectively, a s 
produced by the corresponding engines. The expressions "radial" and "tangential" here refer 
to the circular orbit. The introduction of the new variables 

(2.5) 
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which represent the (small) deviations from the reference motion, and the subsequent linea­
rization lead to differential equations of the form (2.2) with 

1 0 0) (0 0) 0 0 2w 1 0 
0 0 1 ' a= 0 0 ' 

-2w 0 0 0 1 

(2.6) 

providing a first approximation to the controlled motions in a neighbourhood of the reference 
orbit. To investigate the controllability of the system, the rank of (a, Aa, A 2a, A 3a) must 
be computed. One has 

rank(a,Aa,A2a,A3a) = 

='~k 0 0 1 0 0 2w -w2 

-~) 0 0 2w -w2 0 0 = 4, 0 0 1 -2w 0 0 -4w2 

1 -2w 0 0 -4w2 2w3 0 

and it follows that the system indeed is completely controllable. 

If one assumes that only radial thrust is available, then aT = (0, 1, 0, 0) follows and the 
system no longer is completely controllable, as may easily be checked. If one, however, admits 
only tangential thrust with aT = (0, 0, 0, 1), the complete controllability is maintained. 

(2) The concept of pervasive damping. The linear oscillations of a damped discrete mechanical 
system about a stable equilibrium position are described by 

Mi+Dx+Cx= 0 (2.7) 

where MT = M and cT = C are positive definite constant matrices. If the damping 
matrix nT = D also is positive definite, then (2.7) is "completely damped" and the trivial 
solution is asymptotically stable. This is a sufficient but by no means necessary condition 
for asymptotic stability. More specifically, the system may be asymptotically stable even 
when D is only semi-definite; the latter case is referred to as pervasive damping. It is easy 
to show that the complete controllability of the system 

Mi+ Du+ Cx= 0 (2.8) 

(written as a first-order system) together with the positive semi-definiteness of D is a ne­
cessary and sufficient condition for asymptotic stability. The transformation of the system 
(2.8) to the principal coordinates of the undamped system results in 

•• 2 IT 0 . 12 Yi + w; Yi + i u = , z = , , ... , n, (2.9) 

where the I; E Rm are constant vectors. If the vector I; vanishes for some i then the corre­
sponding subsystem (2.9) is not completely controllable and the corresponding eigenmode is 
undamped. 
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2.2 The Pontryagin Maximum Principle 

Consider again the system (2.1) and assume that it is desired to transfer the system from 
the given state Xo to the terminal state XI, which is also specified. Furthermore, the control 
function u( t) is assumed to be piecewise continuous and it is to take on values in the so-called 
"control set" U. ~ solution of the control problem then is a pair of functions u( t), x( t) satis­
fying equations (2.1), with u(t) E U, to$ ti and x(t0 ) = x0 , x(ti) =XI· The corresponding 
function u(t) is called an admissible control function. The instants t0 and ti here generally 
have not been specified a priori. 

The control set U is assumed to be a closed bounded set as, for example, the "unit ball" 
II u liS 1 or the "unit sphere" II u II= 1; but the control set may also be specified in terms of 
several equations or inequalities of the form g( u, x, t) $ 0. In applications these constraints 
arise from simple physical limitations imposed on the acceleration, velocity, or force, for 
example. 

The question concerning the existence of a solution for the control problem formulated above 
will not be treated here. Rather, it will be assumed that solutions exist and necessary 
conditions for the "optimal" solution will be formulated. An optimal solution of the control 
problem here is one for which the "cost functional" 

i t! 

J = fo(x(t), u(t), t)dt 
to 

(2.10) 

takes on its smallest possible value. Here, fo is a given function of x, u, and t. Note again, 
that ti is not specified but that it depends on whichever control function u(t) is chosen. In 
particular, fo may be identically equal to unity so that the optimal solution for the control 
problem is that which yields the shortest transit time from x0 to XI (called "time-optimal 
control"). 

The optimal control problem may also be formulated in a somewhat different manner by 
introducing the additional variable x0 I and dealing with the system 

:i:; = J;(xi, ... , Xn, u, t), i = 0, 1, 2, ... , n. (2.11) 

The given quantities are assumed to be the point (0, xi(to), x2(to), ... , Xn(to)) in Rn+l as 
well as the straight line xi(ti),x2(ti), ... ,xn(ti) parallel to the Xo-axis, where ti is yet unde­
termined. Determine that control function u( t) whose corresponding solution of equations 
(2.11) cuts the straight line as close as possible to the hyperplane Xo = 0 (Fig. 2.2). 

Necessary conditions for the optimality of a solution of the control problem are supplied by 
the Pontryagin maximum principle, which is cited here without proof. 

1 The additional variable x 0 should not be confused with the initial state x( to) = Xo 
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Figure 2.2: The problem of optimal control 

Let (u(t), x(t)) be a solution of the boundary-value problem defined by the system (2.1), 
Xo and Xt with free terminal time, and minimizing the functional (2.1 0). Then there exist 
continuous piecewise diffe-rentiable functions y0 ( t), y1 ( t), ... , Yn( t) which satisfy the following 
conditions: 

a) The functions x 1 ( t) which satisfy the differential equations 

with 

8H 
Xi=-, 

8y; 

an Yi = -~, i = 0, 1,2, . .. ,n, 
UXj 

H (X 1, 0 0 0 , X n; Yo, 0 0 0 , Yn; u( t)' t) = 
= L:i=o y;f;(xJ, ... ,xn;IT(t),t); 

b) the Yo, Y1, ... , Yn are not all simultaneously zero, and y0 is a constant :=:; 0; 

c) one has 

H ( XJ ( t ), .. 0 'Xn( t); Yo( t ), 0 .. , Yn( t ); u( t)' t) = 
= maxH(x1(t), ... Xn(t); Yo(t), .. . , Yn(t); u(t), t), 
uEU 

(2.12) 

(2.13) 

(2.14) 

(2.15) 

that is, the optimal control function at each instant assumes those values which maxi­
mize H; 

d) in terms of the optimal solution, H is a continuous function of the time and one has 
H(tt) = 0. If the functions/;, i = 0, 1, 2, . .. , n do not depend on t explicitly, then H 
is a constant and equal to zero. 



Mechanical Vibrations and Vibration Control 21 

Clearly, equations (2.12) and (2.13) describe Hamiltonian systems where the Xi correspond 
to the generalized coordinates and where the additionally introduced adjoint variables Yi 
correspond to the generalized momenta. Recall also that the Hamiltonian is a first integral 
for autonomous systems, taking on the value zero in the case of an optimal control, as 
indicated by the assertion (d) of the theorem. 

If (2.1), (2.10), and xo, Xt are given, the next step would be to form the function (2.14). The 
optimal controls are determined from (2.15) in their dependence on the x 1, ... , xn; y0 , ... , Yn; 
and t. Subsequently, one would then attempt to use u(t) as obtained therefrom to determine 
the solution of the equations (2.12) and (2.13) subject to the given boundary conditions on 
x. It is immediately apparent from equation (2.13) that y0 must be constant, since H is 
independent of x 0 by definition. Since (2.13) is linear and homogenous in y0 , y1 , .•. , Yn and 
since Yo is constant, there is no loss in generality in choosing y0 = -1 for non-vanishing y0 . 

Equation (2.12) fori= 0 corresponds to the differentiated form of (2.10), and it is indepen­
dent of the remaining equations (2.12) and (2.13). Thus, equations (2.12) and (2.13) need 
to be considered only for i = 1, ... , n. 

2.3 Examples 

(1) Time-optimal motion of a particle with bounded acceleration (Pontryagin). Assume that 
the control function u( t) in the equation 

x=u (2.16) 

is subject to the constraint lui ::; 1. For given initial conditions x(O) and :i:(O), that control 
function is to be found which transfers the system to x( tt) = 0, x( tt) = 0 in as short a time 
as possible. The cost functional J here is given by 

r~~ 
J = lo dt. (2.17) 

Equation (2.16) now is written as a first-order system 

(2.18) 

and the function H is defined in accordance with (2.14) as 

H = Yo+ x2Y1 + uy2. (2.19) 

Based on (2.13), the adjoint equations are given by 

Yo = 0, } 
iJ1 = o, 
Y2- -Yl· 

(2.20) 
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They have the solutions 

Yo= Co, } 
YI = CI, 
Y2 = C2- Cit. 

(2.21) 

Co S 0 follows from the maximum principle, and one may here choose Co = -1 without loss 
of generality. The optimal control is given by 

u(t) = 8gn Y2(t) = 8gn (C2- Cit). (2.22) 

The optimal control function thus is piecewise constant and assumes only the values + 1 and 
-1. Furthermore, it is apparent that the function u(t) has at most one point of discontinuity, 
since the function C2 - C1t clearly has only one zero. 

For the time interval for which u = +1 holds, equations (2.18) yield 

xi= ~t2 +82i+8I = ~(t+82) 2 + (8t- ~8~),} 
X2 = i + 82 

with 8I and 8 2 as constants of integration. The elimination oft yields 

(2.23) 

(2.24) 

For u = + 1 the optimal trajectories thus coincide with the parabolas shown in Fig. 2.3. 

In an analogous manner, u = -1 yields 

and 

xi = -~t2 + 82t + 8I = -~(t- 82)2 + (8I + ~82 2 ) } 
X2 = -t + 82 

x1 = -~x~ + (8I + ~8~). 
The corresponding optimal trajectories are shown in Fig. 2.4. 

(2.25) 

(2.26) 

It has been shown already that the optimal control takes on only the values ±1 and exhibits 
only one switching point. If u( t) first takes on the value + 1 and then the value -1, then the 
optimal trajectory must be of the type indicated in Fig. 2.5. 

Conversely, if u( t) is first equal to -1 and then + 1, then the optimal trajectory must be of 
the type indicated in Fig. 2.5. The totality of optimal trajectories has been represented in 
Fig. 2.6. The heavy curve AOB is called the switching curve for the control function; its 
upper half OB is given by Xt = xV2 and its lower half OA by x 1 = x2 /22 • The maximum 
principle supplies necessary conditions for optimality. Thus, only the trajectories depicted 
in Fig. 2.6 qualify as candidates for optimal trajectories. Only one such trajectory passes 
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Figure 2.3: The family of optimal trajectories for u = + 1 

Figure 2.4: The family of optimal trajectories for u = -1 
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through every initial point. If it is known that there exists an optimal control for given initial 
conditions - as can indeed be shown in the present case - then the field of trajectories shown 
in Fig. 2.6 actually is that of the optimal trajectories. 

u= - 1 

0 

u =+I 

(a) (b) 

Figure 2.5: Typical optimal trajectories 

A 

Figure 2.6: The field of optimal trajectories 
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The solution of the control problem as presented here, may also be interpreted in a somewhat 
different manner. Let a function v( x1 , x2 ) be defined by 

( ) { +1 for points below the curve AOB and on AO, 
v XJ, X2 = i' • b h AO -1 10r pomts a ove t e curve B and on OB. 

Then, the optimal control may be written in the form u(t) = v(x1(t),x 2(t)). When given in 
terms of the state variables the control function v( x 1 , x 2 ) is called a "closed loop control func­
tion", as opposed to u( t) ("open loop control function"). Correspondingly, the differential 
equations (2.18) may be replaced by :i; 1 = x2 and :i; 2 = v(x 1,x2 ). 

(2)Active time-optimal control of an oscillator. Consider the differential equation 

X+ X= U, (2.27) 

and write it as the first-order system 

(2.28) 

Assume that the control function satisfies lui :::; 1. For given initial conditions u(t) again is 
to be determined in such a way that the system is transferred to x 1 = 0, x 2 = 0 in as short 
a time as possible. With y0 = -1 the function H thus is given by 

H = -1 + YtX2- Y2XJ + Y2U, 

and the adjoint equations are obtained as 

The solution of equations (2.30) is 

Yt ( t) = -A cos ( t - a 0 ), } 

Y2(t) =A sin (t-ao), 

(2.29) 

(2.30) 

(2.31) 

where A > 0 and a0 are constants of integration. Based on the maximum principle, one 
obtains 

u = sgn y2 = sgn [A sin ( t - a 0 ) J = sgn [sin ( t - a 0 )], 

so that u(t) is a piecewise constant function with period 271'. 

For u-: +1. the general solution of equations (2.28) is given by 

x1 = Bsin(t- !1o) + 1,} 
x2 = Bcos(t- f3o), 

(2.32) 

(2.33) 
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where B and {30 are constants of integration. The elimination oft yields the first integral 

In an analogous manner, u = -1 yields 

and 

x1 = Bsin(t -/J0) -1, } 
x2 = Bcos(t -7J0 ) 

2 2 -2 
(x1 + 1) + x 2 = B . 

(2.34) 

(2.35) 

(2.36) 

The phase trajectories for (2.28) thus consist of circular arcs with centers at ( 1, 0) and ( -1, 0), 
respectively. Since the optimal control function u(t) is piecewise constant and takes on only 
the values + 1 and -1, the optimal trajectories are composed only of a sequence of such 
circular arcs. These trajectories can now easily be constructed as shown in Fig. 2.7. 

Here also the control problem may again be written in "closed-loop" form with v(x1,x2): 

(2.37) 

with a corresponding definition of the optimal control function v( x1, x2 ). When the control 
function u(t) takes on only extreme values and jumps back and forth between them, as was 
the case in Examples 1 and 2, it is generally referred to as "bang-bang" control. 

(3) Minimum time paths through a region with position-dependent velocity vector. 
This example has no direct application to active damping, but is quite instructive. Consider 
a ship navigating in the x1x2-plane and assume that the motion occurs in a region where a 
strong current is active. The current has the velocity component u( x1 , x2 ) in the direction 
x1 and v(x 1 , x2) in the direction of the x2-axis; the magnitude of the velocity of the ship 
relative to the water is given by w and the direction of the relative velocity is given by the 
angle r.p of the velocity vector with respect to the x1-axis. The angle here is the control 
which is to be chosen in such a way as to minimize the time of travel from a given point A 
to another given point B (Fig. 2.8). One then has the equations 

~~ = wc~sr.p + u(x1,x2), } 

x2 = wsmr.p+ v(xbx2), 
(2.38) 

where u, v are known functions of x1 , x2 and where r.p is the control function yet to be 
determined. With y0 = -1 the Hamiltonian has the form 

H = -1 + YI(wcosr.p + u) + y2(wsincp + v). (2.39) 
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x2 

x2 

u = -1 
B 

XI XI 

u = + 1 

(a) (b) 

x2 

(c) 

u = +1 

(d) (e) 

Figure 2.i: Construction of the optimal trajectories 
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B 

A 

Figure 2.8: Navigation in the presence of a position-dependent current 

The adjoint equations are given by 

YI = _ oH = -y1 !..:!_ _ y2 ov , } 
OXJ OX! OX! 

. oH ou ov 
Y2 = -- = -y~-- Y2-, 

ox2 ox2 ox2 

(2.40) 

and the optimal control is obtained from 

oH ( . 
Ot.p = w - Y! Sill 'P + Y2 cos 'P) = 0 (2.41) 

in the explicit form 

tan t.p = Y2/YI· (2.42) 

From (2.39) with H = 0, together with (2.42), it is easy to compute 

cos 'P } YI = . , 
w + u co~ t.p + v sm t.p 

Slll t.p 
Y2 = . · 

W + U COS t.p + V Sill t.p 

(2.43) 

The elimination of y1 and Y2 in (2.40) and (2.42) yields 

cp = sin2 <.p- + Slll t.pCOSt.p --- -COS t.p-. -. 
ov . ( on ov ) 2 ou 
ox1 ox1 ox2 dx2 

(2.44) 

Finally, the simultaneous solution of (2.38) and (2.44) then results in the optimal trajectories. 
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An important special case is that in which u and v depend only on the coordinate x2. The 
first of equations (2.40) then results in Yl =const., and forming the first of equations (2.43) 
one obtains 

_____ co_s-''P'------ = canst. 
w + u(x2) coscp + v(x2) sin 'P 

(2.45) 

Thus, in this case, it is possible to determine the control function 'P implicitly as a function 
of the coordinates. 

In the particular case 

u(x1,x2) 

v(x1, x2) 0, 

with h =canst. equation (2.45) yields 

COS i.p COS 'Pe 
x2 = const. = 

W- WhCOSi.p w 

(2.46) 

(2.47) 

where 'Pe is the value of the control at the end-point, that is, at the point Xt = 0, x2 = 0. 
It is advantageous to use the angle 'P instead of the time as the independent variable in the 
equations of motion. The function x 2 ( 'P) is already known: 

1 1 

COS i.p COS 'P e 

Based on equation (2.44 ), one has 

w 
<P = - cos2 i.p, 

h 

or, equivalently, 

dt h 1 
di.p - ; cos2 'P' 

which results in 

w. 
-,;lte- t)tani.p- tan'Pe· 

(2.48) 

(2.49) 

(2.50) 

( 2 .. 51) 

This relationship may now be used to write the second equation of motion in the form 

dx1 h 2 
- = ---3 -(cos '.fJ+COSi.pCOS'.fJe -1) 
di.p cos 'P 

(2.52) 
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~ 
h h 

2 

- 2 

Figure 2.9: a) Flow field, 

w 

b) Optimal trajectory 

with solution 

XI=~ {sec 'Pe(tan<.pe - tanc.p)-

tan 'Pe + sec 'Pe } 
- tan c.p( sec 'Pe - sec <.p) + In . 

tan <.p + sec <.p 

P. Hagedorn 

If one introduces the initial conditions xi = 3.66h, x 2 = -1.86h. and <.p = c.p0 , then the 
expressions for XI ( <.p) and x2( <.p) yield algebraic equations for the two unknowns <.po and 'Pe· 
This approach eventually results in <.po = 150° and 'Pe = 240°. The corresponding optimal 
trajectory is represented in Fig. 2.9. 
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3 Damping in N-degree-of-freedom Systems 

3.1 Modal and Non-modal Damping 

The linear equations of motion of a forced system with n degrees of freedom are given by 

MqtDqtCq=f(t) (3.1) 

with q = (qi, q2, ... 'qn)T and where MT = M > 0 is the mass matrix, cT = c > 0, the 
stiffness matrix and DT = D ~ 0 the damping matrix. The function f(t) on the right-hand 
side is the forcing function or control function. In the undamped case and with the forcing 
function f(t) = 0 (3.1) leads to 

( 3.2) 

where all the eigenpairs w;, 1;, i = L 2 ..... n are real under the assumptions previously 
made. In (3.2) w; are the circular eigenfrequencies and l; the eigenvectors. It is well known 
that the eigenvectors (normalized according to l[Ml; = 1) satisfy the orthogonality relations 

(3.3) 

Let us now consider the equation 

Mq+ Dq t Cq = 0 (3.4) 

describing the free vibrations of a damped system. The Ansatz q =lest now again leads to 
an eigenvalue problem where, however, both the eigenvalues Q.; as well as the eigenvectors 1 
are complex in general. The eigenpairs .&. 1 appear in complex conjugate pairs. Of course 
the general solution of ( 3.4) is obtained by forming a linear combination of the different 
complex exponential solutions. Dividing respectively the eigenvectors and the eigenvalues 
into their real and imaginary parts according to 

leads to the general solution 

n 

q(l) = L a;e-S,t [k; cos(wd;t + ni)- v; sin(wd;t + n;)] 
i=l 

(3.5) 

( 3.6) 

where a;, a;, i = 1, 2, ... , n are real integration constants. It can be seen that due to the 
complexity of the eigenvectors there are normally no time instants t for which all the different 
generalized coordinates vanish simultaneously if the system oscillates in a complex mode. 

It was already examined in lecture 2 that all the real parts 15; in ( 3.5) are strictly positive if 
D > 0. This is a case of complete damping. We may, however, have all/5; positive even with 
D 2 0. This case of pervasive damping is illustrated in the example of Fig. 3.1. 
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Figure 3.1: lllustration of pervasive damping 

The system matrices of the system of Fig. 3.1 are given by 

\ 
)' C= ( ~cc ~r.c ~c ) , D = ( ~ ~ ~ ) . 

0 -c 2c 0 0 0 
(3.1) 

It is a simple exercise to show that the system represented m Fig. 3.1 does not exhibit 
undamped motions , i.e. that 8; > 0, i = 1, 2, 3. 

In the previous lecture a condition for pervasiveness of the damping matrix had been formu­
lated. Here we will briefly reconsider this problem . Suppose that (3.4) admits an undamped 
motion, which can only be a harmonic solution. Then 

( -w2M + C )I = 0, D I = 0 (3.8) 

hold simultaneously. These equations only have a non-trivial solution in I if 

rank(-w2 M + C,D) < n (3.9) 

holds. For 

rank(-w2M + C,D) = n ( 3 .10) 

the system (3.8) only admits the trivial solution in I. Doth the conditions (3.9) and (3.10) 
need to be verified for the eigenfrequencies w of the undamped system only. Equation (3.10) 
is a reformulation of the condition for the pervasiveness of damping which was already given 
in lecture 2. 

Usually the eigenvectors of the damped system a re different from the eigenvectors o f the 
undamped system. There are, however, certain cases in which the (real) eigenvectors of the 
undamped system are identical to the ones of the damped system. We will briefly consider 
the conditions on D for this to occur. From the orthogonality conditions (3.3) it is clear that 
if Dis proportional toM, then the real eigenvectors of the undamped system are orthogonal 
also with respect to D, which does then not affect the eigenvectors. 
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The same holds for D proportional to C and also for 

D = aM+(JC. (3.11) 

This is a sufficient condition for the coincidence of the eigenvectors of the damped and 
undamped systems, it is, however, not a necessary condition. Even for more general matrices 
D the coincidence of the eigenvectors is possible. Let us derive this more general condition. 
The eigenvalue problem 

(iM + .§.D + C)l = 0 (3.12) 

can be transformed into 

(3.13) 

by multiplying it by M-1 . Multiplying again by M-1c one has 

(3.14) 

If, and only if the commutation condition 

(3.15) 

holds, this can be written as 

(3.16) 

or 

(3.17) 

We now compare (3.12) to (3.17) and see that if (§.,1) is an eigenpair then also (§.,M- 1 Cl) 
is an eigenpair of the same eigenvalue problem. Suppose that §. is simple, then only one 
eigenvector corresponds to the eigenvalues, and we have 

(3.18) 

which can also be written as 

C l = pMl (3.19) 

or 

(C- pM)l = 0. (3.20) 

Therefore the eigenvector l of the damped system is also a (real) eigenvector of the undamped 
system. The condition ( 3.15) is necessary and sufficient for having modal damping (i.e. 
damping that does not couple the eigenmodes of the undamped system). 
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If the damping is modal then a coordinate transformation using the modal matrix transforms 
the homogenous system into 

(3.21) 

where k = 1, 2, ... , n. Only in the case of modal damping the n-degree-of-freedom system 
can be uncoupled into n damped linear oscillators with a real coordinate transformation. 

If the damping matrix is not precisely known, then frequently the eigenvalue problem is 
solved for the undamped system for which the normal coordinates and the eigenfrequencies 
are determined. The damping ratios Dk are then assumed a posteriori. Building codes 
often specify the damping ratios to be assumed in the calculation. For example DIN 4149 
recommends to use approximately D = 0.051 for all modes in the study of earthquake 

·vibrations of nuclear power stations. In steel constructions on the other hand very low 
values such as for example D = 0.0017 are often specified. 

3.2 The Case of Small Damping - A Perturbational Approach 

It has already be seen that unless some artificial damping is introduced in a structure the 
damping terms are usually small. In what follows we will assume that the free vibrations of 
a damped system are described by 

Mq + tDq + Cq = 0 (3.22) 

with E ~ 1. We will give a simple perturbational approach for the solution of the correspon­
ding eigenvalue problem as a function of c The Ansatz 

q( t) = le81 (3.23) 

leads to 

(iM + t§.D + C)l = 0. (3.24) 

We assume both the complex eigenvalue §. as well as the complex eigenvector l as being 
represented by a power series in E according to 

(3.25) 

(3.26) 

It is well known that such an expansion needs not to converge in general. For f = 0 we 
obtain the solution of the undamped problem, namely 

(3.27) 

(3.28) 
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Here rk is the k-th eigenvector of the undamped system normalized with respect to the mass 
matrix. In what follows we will focus our attention on the first mode only, so that we omit 
the index k which should be used to distinguish the different eigenpairs in (3.25), (3.26). 
The eigenvector l of the perturbed problem will be normalized according to 

( 3.29) 

Therefore also 

(3.30) 

holds. Substituting (3.25) and (3.26) into (3.24) and comparing terms of the same order of 
magnitude gives 

E0 : (-wiM + C)r1 = 0, 

E1 : ( -wiM + C)h + (2jwl:hM + jw1D)r1 = 0. 

E2 : ( -wiM + C)h + (2jwi§.1M + jwJD)h + 
+ [ (§.f + 2jwi§.2 )M + §.1 D] r1 = 0. 

11 being orthogonal to r 1 with respect to M, it can be written as 

( 3.31) 

(3.32) 

( 3.33) 

( 3.34) 

where the coefficients /}_1•2 , ... , /}_1 ,n have to be determined. :Multiplying ( 3.32) by r[ from 

the left gives 

( 3.35) 

The first correction to the eigenvalue of the undamped system has therefore been obtained. 
It is always real and non-positive. Similarly, multiplying ( 3.32) from the left by r[ gives an 
equation for the determination of 1}_1,u. Together with (3.34) this gives the first correction to 

the eigenvector 

( 3.36) 

It can be seen that this correction is always purely imaginary. Similarly higher-order appro­
ximations to the eigenvalues and eigenvectors can easily be computed. The case of multiple 
eigenvalues has to be considered separately, as is obvious already from equation (3.36). 

The approximate solution of the eigenvalue problem of the damped system can be useful in 
some practical cases. It is then usually sufficient to use the first-order approximation. 
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3.3 Mechanical Impedance, Vibration Absorbers, Impedance Matching 

We reconsider equation (3.1) for the case of harmonic excitation. In complex notation we 
have 

(3.37) 

We are interested in the steady-state solution 

(3.38) 

Substituting into (3.37) gives 

(3.39) 

with 

(3.40) 

Equation (3.40) defines the complex compliance matrix of an n-degree-of-freedom system. 
Often we are more interested in the complex impedance matrix, using the velocities as inputs 
and forces as outputs. The complex impedance matrix is therefore given by 

(3.41) 

If in equation (3.37) only the first m force components are different from zero and f_m+I, 
f 2 , .•. , f are equal to zero then -m+ -'-" 

[~L = [G(flllm [tL 
holds with 

r~L = (9_1,§_2, ... ,9_m(' 

[t]m = (L.L·····lm)r. 

(3.42) 

(3.43) 

( 3.44) 

The complex compliance matrix and the complex impedance matrix of the reduced system 
of m inputs and m outputs are respectively given by 

(G(fl)Jm = [( -fl2M + jflD + c)- 1 L 
z(m)(fl) = -f_ [( -fl2M + jflD + C)- 1 r1 . 

yfl . m 

(3.4.5) 

(3.46) 

Note that in equation (3.45), (3.46) the symbol ( lm means that on the right-hand side the 
upper m X m sub-matrix is to be selected. However, in (3.45), (3.46) first then x n matrices 
have to be inverted. 
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Complex impedance matrices of this type are often measured, particulary in experimental 
modal analysis. The complex impedances completely represent the linear dynamic behaviour 
of the system at its point of interconnection to other systems. Also dynamic vibration 
absorbers in the steady-state case can be completely described by their impedance matrix. 

Consider the forced harmonic vibrations of the system shown in Fig. 3.2a. If the forcing 
frequency n is known, these vibrations can be conveniently limited by means of a vibration 
absorber as shown in Fig. 3.2b. The vibration absorber depicted in Fig. 3.2 has been studied 
extensively by Den Hartog. In what follows we briefly discuss the somewhat more general 
problem illustrated by Fig. 3.3. The vibrations of the base block are described by 

(3.47) 

where p(t) is the force acting on the base due to the vibration absorber. The vibration 
absorber is characterized completely by its complex impedance which may, for example, 
be given in a catalogue from a manufacturer. The number of degrees of freedom and the 
particular design of the impedance is irrelevant at this point. 

a) b) 

Figure 3.2: On the vibration absorber for a one-degree-of freedom system 

In complex notation we have for the steady-state solution 

.:£1(t) = i_1ej111 , L(t) = ]lejl1t, l!_(t) = -jf!k(Q)i_lejl1t 

which together with (3.47) gives 

[-m1f!2 + (dt + k(Q))jQ + c1] i.t = 11 · 

(3.48) 

(3.49) 
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J 

Figure 3.3: Fundamental system with vibration absorber of impedance Z.(f!) 

Solving for the vibration amplitude reduces to 

i.l = r========1o;;========o jl 

[(1- 7]2)- /-7]-] 2 + [2D7] + R-7]-] 2 CJ 
y'm1 c1 y'm1 c1 

(3.50) 

with 

Z.=R+jl, (3.51) 

n D = d1 TJ = Jctfm1 ' 2y'mtc1 
( 3.52) 

Here the complex impedance Z. of the dynamic vibration absorber is represented by its real 
and imaginary parts R, I respectively. Suppose now that we wish to choose an "optimal" 
vibration absorber such that jx1 j be minimized. This implies that 

[(1- 77 2)- 1-TJ-] 2 
+ [2D77 + R-TJ-] 2 

y'm1c1 y'm1c1 
(3.53) 

be maximized. What are the optimal values of R,I if !Z.I is given? Maximizing (3.53) is 
equivalent to maximizing 

(3.54) 
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with respect to R, I. The solution is that R, I have to be chosen such that 

R 
I 

2Dry 
-(1 - ry2)' R > 0 
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(3.55) 

holds. This can easily be seen by regarding (3.54) as the scalar product of the two vectors 

(3.56) 

The scalar product assumes its maximum value if the two vectors are parallel and this gives 
(3.55). The optimal impedance of the dynamic vibration absorber shown in Fig.3.3, subject 
to the condition of a constant absolute value of the impedance, has therefore been solved. It 
is not surprising that it satisfies a condition which is very closely related to the well-known 
impedance matching. The effective value of the power dissipated in the dynamic absorber is 
given by 

p- ~R:2 - 2 XI. 

3.4 The Elastically Supported Rigid Body, Principal Elastic Axes 

( 3 .5i) 

The system shown in Fig. 3.4 corresponds to a three d .o.f. system excited by an unbalanced 
rotor. If a system of dynamic vibration absorbers is to be designed for this case, it will in 
general have to be composed of three vibration absorbers of the Den Hartog type, tuned to 
the frequency !1. 

c 

c c 

. [~-1 
l---4 

Figure 3.4: Elastically supported planar base block with rotating machine 

In three-dimensional space a rigid body has six degrees of freedom so that six of these 
vibration absorbers would be needed in general. However, usually some of the modes of 
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this six-degree-of-freedom system are more important than others, and vibration absorbers 
can be designed in such a way as to interact with the most important mode. This may 
considerably simplify the design of vibration absorbers for six d.o.f. systems. It requires, 
however, that the modes are known. 

In three-dimensional space small displacements of a rigid body can be characterized by 

(3.58) 

where 

(3.59) 

contain the cartesian coordinates of the linear displacement s = PP1 of a point P of the 
body from its old to its new position P1 (translation) and <Pis the rotation vector about P. 
The potential energy is 

1 
U = 2qTCq (3.60) 

with cT = c > 0. This leads to 

Q= Cq, (3.61) 

where 

(3.62) 

Here 

(3.63) 

are respectively the force applied at point P and the moment (couple) to produce the dis­
placement q. 

For a gen~ral linear elastic support of a rigid body in three-dimensional space the matrix 
C is full. Let us briefly look at the possible simplifications of the matrix C. We note that 
both q and Q are transformed using the same transformation matrix T if we go from one 
cartesian reference system to another. 

I T I 

Q = TQ, q = T q, 

C 1 =TCTT. 

(3.64) 

(3.65) 

C 1 is the 6 X 6 stiffness matrix in the new reference system. A rotation in three-dimensional 
space from one system of cartesian (orthogonal) axes to another is given by 

(3.66) 
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where G is the three-dimensional rotation matrix. Similarly a translation is described by 

1 0 0 0 0 0 
0 1 0 0 0 0 

Ttrans = 0 0 1 0 0 0 
(3.67) 

0 +zo -yo 1 0 0 
-zo 0 +xo 0 1 0 

+Yo -xo 0 0 0 1 

where xo, yo, zo are the coordinates of the origin of the new reference system given in the 
old system. A general transformation matrix T can be written as product of two matri­
ces of the types (3.66) and (3.67). It is an interesting problem to study which coordinate 
transformations give simple representations of the stiffness matrix. It can be shown that in 
general three central displacement axes (orthogonal but not intersecting in general), as well 
as three central rotation axes (orthogonal but not intersecting in general) exist. The central 
displacement (rotation) axis has the property that a linear displacement in its direction (a 
rotation about this axis) corresponds only to a force and a moment vector in its direction (i.e. 
a "wrench"). General elastic supports therefore do not admit axes for which a translation 
of the rigid body corresponds exclusively to a force and the rotation of the body exclusively 
to a moment! 

Of course, in the linear vibrations of an elastically supported body, also the inertia properties 
are important. The transformation of the inertia matrix of a rigid body is, however, much 
more widely known than the transformation of the elastic support which we discussed above. 
The solution of the linear vibration problem of an elastically supported body leads to six 
eigenmodes. In each mode the body's motion can be described as a "wrench" motion and 
the corresponding absorber also has to be of the "wrench" type (i.e. rotation about one axis 
as well as translation in the direction of the same axis). The knowledge of these modes is 
obviously important in designing simple vibration absorbers, be they passive or active. 
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4 Nonlinearities In Structural Vibrations 

4.1 Introduction 

Although the majority of the problems of structural dynamics can be described by linear 
differential equations at least in a first approximation, the significance of nonlinear systems 
in engineering vibration problems is continuously increasing. This is, on one hand, due to 
improved computational methods and facilities, on the other hand to the higher requirements 
with respect to precision and safety. In many cases, however, there is only limited knowledge 
available on the nonlinear material behaviour, the dynamic behaviour at the system boun­
daries and the points of interconnection, and also on the loads acting on the real structure; 
in these cases sophisticated nonlinear modelling may not be adequate before realistic values 
have been found for these data. 

In general, the nonlinear problems of structural vibrations can be described by differential 
equations of the type 

M(q,t)q = f 1(q,q,t), ( 4.1) 

at least after discretization. In this formula q is the n-dimensional vector of the generalized 
coordinates, and the n X n matrix M is non-singular for all values of q and t. Equation ( 4.1) 
shows already one of the main properties of nonlinear oscillations of mechanical systems: it 
is in general not possible to solve the equations explicitly and analytically with respect to 
the highest derivatives (i.e. it is usually not possible to invert the matrix M symbolically), 
and this has consequences for the numerical treatment. 

The dependence of the mass matrix M on the generalized coordinates is typically due to 
geometric nonlinearities. This brings us to possible classifications of the nonlinearities in 
structures as well as of the nonlinear oscillations. Such a classification is neither simple nor 
unique, due to the many different phenomena and sources of nonlinearities. It is, however, as 
a rule not difficult to distinguish between geometric nonlinearities and other nonlinearities 
due to the material properties and to the connections existing between the different parts 
of a structure. The number of degrees of freedom is a completely different criterion of 
classification which may, however, be of extreme importance for practical purposes. This 
is due to the fact that technical problems described by a very large number of degrees of 
freedom frequently have to be treated in a different manner than systems of few degrees of 
freedom. In large systems it is usually impossible to oversee the complete variety of different 
types of solutions, which on the other hand holds true for small systems such as for example 
the classical VAN DER POL oscillator. 

In the modern theory of nonlinear dynamics concepts such as catastrophe theory, bifur·cation 
theory, chaotic motions, etc. are of importance. It must, however, be said that these concepts 
so far have had little impact on technical engineering problems, possibly with the exception 
of bifurcation aspects, although they can be fascinating from the mathematical point of view. 
In some cases, however, they permit new and deeper views of known phenomena. 



Mechanical Vibrations and Vibration Control 43 

In what follows we will examine an approximate method which turns out to be quite useful 
in the analysis of simple nonlinear systems. 

4.2 Slowly Changing Amplitude and Phase 

Consider the equation 

.. 2 !( . ) X+ w0 x = X,X, ( 4.2) 

where f( x, x) is an arbitrary (nonlinear) function, and introduce the coordinate transforma­
tion from x, x to a, 1j; as defined by 

x(t) = a(t) sin(wot + V'(t)), 

x(t) = a(t)wo cos(wot + lj;(t)). 

( 4.3) 

(4.4) 

The differentiation of ( 4.3) with respect to time and a comparison of the result with the 
second yield 

a(t) sin(w0 t + 1/'(t)) + a(t)~(t) cos(w0 t + ~·(t)) = 0. 

Equation ( 4.2) c<Jn now be written as 

1 a= -f(asin(wot + 1/>),awocos(wot + 1/,))cos(wot + !/>), 
wo 

. 1 
1/J = -~0af(asin(wof + 4'),aw0 cos(w0 t + ~~))sin(w0 t + ~~). 

( 4.5) 

(4.6) 

(4.i) 

Up to this point, no more than a coordinate transformation has been carried out, and the 
differential equations (4.6), (4.7) are still exactly equivalent to (4.2). If f(x,i:) is "small", 
then a and '¢ are also small, that is, the amplitude a and the phase ~' change only slowly. 
"Slowly" here means that the value of 4' in the argument (wot+ lf') as well as the value of a(t) 
remain neraly constant during a time interval of duration To = 2rr fwo. Since it generally 
is not possible to obtain an exact solution to ( 4.2), the differential equation is simplified 
by replacing the right-hand sides by their temporal mean over the interval [t, t + T0 ]. In 
forming this mean value, a and rf' will be kept constant on the right-hand side of(4.6), (4.i). 
Equations (4.6), (4.i) thus are replaced by 

1 12" a=-.- f(asin(0 + r/1),awocos(0 + r/1))cos(0 + r/1)d0, 
wo2rr o 

( 4.8) 

~ =--=.!.__ fh f(asin(0 + rJ'),awocos(0 + rf'))sin(0 + V')d0. 
awo2rr lo 

( 4.9) 

The result is an autonomous (that is, time-independent) system of equations providing a 
first approximation to the time dependence of the amplitude and phase. For this reason the 
method is often called the method of slowly changing phase and amplitude. 
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As a first example we apply this procedure to the case of linear damping and a cubic nonli­
nearity; with 

f(x,x) 2x3 . = w0 -- 2ox 
6 

w2 
= 6° a3 sin3 (w0 t + '¢;) - 2oaw0 cos(wot + '¢;) 

2 

= ;~ a3(3sin(w0 t + '¢;)- sin(3wo + 3'¢;)]-

-26awo cos(wot + '¢;) 

equations (4.7), (4.8) result in 

a= -oa, 

• a2 
'¢; = -wo-. 

16 

(4.10) 

(4.11) 

( 4.12) 

An integration of the first differential equation, a substitution of the result into the second, 
and a use of the initial conditions a(O) = C0 , '¢;(0) = 0 eventually yield 

a(t) = C0 e-81 , 

'f/;(t) = C5 ~~(e-2ot- 1). 

In accordance with ( 4.3) one thus obtains the approximate solution 

( 4.13) 

(4.14) 

( 4.15) 

In a second example we treat the case of Coulomb damping and a third-order spring, giving 

f(x,x) 
2x3 . = w0 6- psgn(x) 

2 

;~ a3 {3 sin(w0 t + '¢;)- sin(3wot + 3'¢•)} -

- p sgn {cos( wot + '¢;)} . 

The use of equations (4.8), (4.9) then results in 

. 2p a=--, 
11"Wo 

(4.16) 

( 4.17) 

( 4.18) 
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Integration yields 

2p 
a(t) =Co--t, 

1rwo 

so that 

is the approximate solution. 
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(4.19) 

( 4.20) 

( 4.21) 

The quality of the results which one may obtain under the appropriate circumstances may 

be deduced, for example, from the phase diagrams in Figs. 4.1 and 4.2. 

I X 

-- Exact solution 

----- Approx1mate !ioluuon 
based on (91) 

Figure 4.1: Phase diagram of damped linear free oscillations of the mathematical pendulum 

with Co= l,wo = 1, 8 = 0.2 

In the case of forced oscillations we proceed in a similar manner. Suppose that we are 

interested in solutions of 

x + w6x- f(x, i:) = P sin l!t. ( 4.22) 
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Exact solution 

·--- Approx1mare. soluuon 
based on (94) 

Figure 4.2: Phase diagram of the free oscillation of the mathematical pendulum with Cou­
lomb damping and with Co= 1,w0 = 1,p = 0.16 

The coordinate transformation 

x = asin(nt + 1/J), 

x =an cos(nt + 1/J) 

then yields 

p 1 1211' a= --sin 1j; +- f(a sin(0 + 1/J), an cos(0 + 1/J)) cos(0 + 1j;)d0, 
2n n21l' 0 

. p 1 1271' 
'1/J = --cos lj)- --n- J(a sin(0 + '1/J), ancos(0 + 1/J)) sin(0 + ,P)d0 

2na aH21l' o 

4.3 Application to a Vibration Absorber 

( 4.23) 

(4.24) 

( 4 .25) 

( 4.26) 

We now apply the method to the equations of motion of the liquid-filled damper shown in 
Fig. 4.3, which has been used experimentally in high-voltage overhead transmission lines 
for quenching oscillations of very low frequencies (f ~ IH z). It consists of a liquid-filled 
cylindric container with an inner box and plates with holes. Its working principle follows 
from the diagram of Fig. 4.4. In the design of the damper the main problem was to choose the 
dimensions of the different parts in such a way as to maximize the dissipation of mechanical 
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Figure 4.3: Liquid-filled damper 

energy during the damper's harmonic rotational motion according to J(t) = J sin !1t (see 
Fig. 4.4 b). 

The instationary BERNOULLI equation ran be written for this system as 

[ I J .. 2( · . · [ ll J -If+ ~ h + n 2 h2 sgnh + 2gh = g- 2 n2 1;3 sin Dt. ( 4.27) 

In this equation the parameters ll and o are given by H /2 = h 1 + h2 , o = A/A 1 and ( is the 
loss factor which depends on the diaphragm used ; all the other symbols can immediately be 
identified in Fig. 4..1. The changes in the angle 3 are small so that sin J ::::= ,(3. It can easily 
be seen that the excitation term on the right-hand side of (4.22) \'anishes for 

( 4.28) 

For this value of the ~·xcitation frequency the liquid does not oscillate with respect t o the 
container (in steady state), and the frequency Db corresponds to the eigenfrequency of the li­
quid column of an U-shaped tube of constant cross-section and length H. In non-dimensional 
form the equation of motion can be written as 

h + B/;2 8gn h + h = E sin TJT. 

The Ansat; of the slowly varying fac<' and amplitude according to 

h(r) = a(r)sin(17r + ~'(r)), 

h(r) = a(r)11cos(1/T + ~'(r)) 

(4.29) 

(4.30) 

( 4.31) 
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Figure 4.4: Schematic diagram of liquid damper 

a) horizontal position, 
b) inclined position 
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in the usual way leads to the approximate equations 

4 1 
a(r) =- 31rB1r2a 2 - 2Esin Jj; , (4.32) 

. TJ2 - 1 E 
Jj;(r) = ---- -coslj;. 

2TJ 2TJO: 
( 4.33) 

The stat ionary solution a(r) =a., Jj;(t) = 1f;., can easily be obtained from these equations as 

(4.34) 

( 4.35) 

. 2 a 
cos 1/J, = ( 1 - TJ ) E . (4 .36) 

With the approximate analytic solution determined in this manner, the energy dissipated in 
the liquid damper can be computed, and the results of this simple calculation were compared 
to values measured in the laboratory. Fig. 4.5 shows a schematic representation of the 
laboratory setup in the Institut fur Mechanik of the Darmstadt University. 

KroftmeOdose 

Figure .!.5: Schematic representa tion of experimental s etup 
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Figure 4.6: Average power dissipated in the liquid damper as a function of the excitation 
frequency; computational results and experiments 

The comparison of the average energy dissipation of the damper as a function of the excitation 
frequency is given in Fig. 4.6. 

This comparison of the simple approximate computations and laboratory results shows ex­
cellent agreement, also for different diaphragms used. The simple approximate formulae for 
the energy dissipation were therefore used for designing different types of dampers . The non­
linear equations of motion were also integrated numerically in the time domain. However, 
no additional insight was gained from these simulations for the present problem. 

This simple example shows the usefulness of equivalent linearization, at least for the sta­
tionary case and with harmonic excitation. As a rule the results will be less favourable 
for non-stationary problems. Of course, t he quality of harmonic linearization depends o n 
whether the excitation forces and the system's response can be approximated by a harmonic 
function or not. In non-stationary problems the numeric integration of the equations of 
motion in the time domain is therefore often necessary; even in relatively simple problems 
the correct visualization of the influences of the different parameters can then be quite a 
challenge. 
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4.4 Final Remarks 

As could be shown with the example from the previous section. simple approximate analytical 
solutions can be extremely useful in characterizing the general behaviour of nonlinear systems 
and showing the influence of the different design parameters. In this sense, approximate 
analytical solutions can be more useful than numerical solutions obtained from the numerical 
integration of the differential equations. Similar techniques are also used in the case of 
nonlinear systems subjected to stochastic loadings. 
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5 Wind-excited Vibration of Transmission Lines 

5.1 Introduction 

In overhead transmission lines, different types of mechanical vibrations may occur. The most 
common type corresponds to wind-excited vibrations in the frequency range of 10 Hz to 50 
Hz, caused by vortex shedding. Since these vibrations occur quite often, they may give rise 
to material fatigue, thus limiting the lifetime of the conductor. As capital investment is 
very high - even in small countries such as Germany the investment in high-voltage level 
transmission is of the same order of that directly connected with power generation - the 
problem of conductor vibration and fatigue merit being given the proper attention. 

Since approximately 19:30 the Stockbridge damper and similar devices have been used suc­
cessfully to damp out these conductor vibrations. However, cases are known in which serious 
damage was caused to the conductor at the points of attachment of the dampers, i.e. at 
their clamps. Obviously this was due to the fact that the dynamic characteristics of damper 
and conductor had been improperly matched. Sufficient attention should be given to good 
modelling of this aspect of the problem. As we shall see, this can be done in different ways 
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and at different levels. Only single conductors will be modelled in this paper, the problem 
of bundled conductors, which are widely used, will be treated in the next lecture. 

Another very important type of vibrations in overhead transmission lines is the conductor 
"galloping". It is a low frequency ( f < 1 Hz) vibrations which occurs only under very special 
meteorological conditions. It will be addressed shortly in the last part of the paper. 

5.2 Vortex-excited Vibrations 

5.2.1 The Mathematical Model of the Conductor 

Figure .5.1 shows a typical span of a transmission line equipped with a damper which is 
usually mounted near the suspension clamp; there also may be more than one damper per 
conductor in each span. The span l, i.e. the distance between suspension towers, is usually 
in the order of 300 m to 1000 m. The conductor's sag is small, in general a few percent of 
the span. On the other hand, the frequencies under consideration (10 - 50 Hz) correspond 
to wave lengths of a few meters only, so that for the purpose of their study the sag can be 
disregarded, the conductor being modelled as a straight flexible continuous system. From 
observations it is known that although the conductor vibrations are not strictly planar, they 
occur predominantly in the vertical direction (see [2]). For this reason the dynamic behavior 
of overhead transmission line conductors can be conveniently studied in the plane. 

Figure .5.1: Overhead transmission line with damper 

The mathematical model which is most often used for the conductor is the beam with bending 
stiffness EI under a large nominal force, i.e. a large tension T, whose transverse vibrations 
are described by 

E!w1v(x,t)- Tw"(x,t) + mw(x,t) = q(x,t) + d(w,w,t). ( 5.1) 
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Figure 5.2: Conductor with damper 

In (5.1), w(x, t) is the transverse displacement at the location x of the conductor and at 

time t (see Fig. 5.2), m is the mass per unit length, q(x, t) are the forces acting on the 

conductor due to wind action and vortex shedding and d( w, w, t) stands for the conductor 's 

self-damping. The primes indicate differentiation with respect to x, while the dots stand for 

differentiation with respect to t . Equation ( 5.1) is valid for x f. /1 ; at the point x = /1 the 

damper force has to he taken into account . The equation is usually solved for the boundary 

conditions 

w(O,t) = w(l,t) = 0, w'(O,t) = w'(l,t) = 0 (5.2) 

which means that the suspension clamps are assumed as fixed during the vibrations. This 

is not necessarily so during actual vibrations, but it certainly is a case which may occur in 

reality (due to a symmetric span for example), and it is therefore taken as a reference in the 

calculations. 

Supposing q(x,t) and d(w,w,t) as known, as well as the damper force acting on the con­

ductor, one would have to solve the boundary value problem formed by (5.1) and (5 .2). 

The bending stiffness in (5.1) is a parameter which can usually only be determined experi­

mentally due to the complicated structure of the conductors. They are formed by stranded 

wires which are neither completely free to slide with respect to the other wires nor do they 

form a rigid cross section. The bending stiffness consequently lies somewhere in between 

the corresponding two extreme values; it is small but essential if one wishes to calculate 

bending strains, which are responsible for the fatigue damages. It has, however, only ne­

gligible influence on the eigenfrequencics and eigenmodes of the free conductor vibrations 

(i.e. with q(x , t) = O,d(w,w,t) = 0) which are almost exactly those of a taut string (without 

bending stiffness) fixed at both ends. The eigenfrequencies are all the integer multiples of 

the first eigenfrequency, which in the case of a transmission line is typcially of the order of 

0.1 Hz. This means that the frequency range of 10 Hz to .50 Hz corresponds to the interval 

between the 100th and the SOOth eigenfrequencies of the conductor. All these modes then 

have to be modelled properly in the numerical solution of the nonlinear boundary value 

problems formed by (5.1) and (5.2), independently of the method of solution. 
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This implies a large number of elements if FEM techniques are used, or a high number of 
functions in the Ritz method for example. For bundled conductors, the numerical effort of 
course increases much more, almost becoming prohibitive, particularly in view of the fact 
that the wind forces are only modelled in a very rough manner, as we shall see later. There 
is therefore a strong interest in simplifying the model (without loosing essential information 
if possible). This goal is reached by using the fact that c: = J EI/Tz2 «:: 1. 

With the dimensionless factor t: introduced above one can write (5.1) as 

c:2w1v(x,t) + T1Z2 [-rw"(x,t) + mw(x,t)- q(x,t)- d(w,w,t)] = 0. (.5.3) 

Recalling that t:2 is a very small number, one may try to solve (5.3) by using perturbational 
calculus. This is in fact possible, it simplifies the problem enormously and gives excellent 
results. For t: = 0 equation (5.3) describes the vibrations of a flexible string (with zero 
bending stiffness); of course, the order of the partial differential equation is then lower, so 
that not all the four boundary conditions (5.2) can be satisfied. Only the first two boundary 
conditions are fulfilled by the zero-order solution to the problem. 

In this zero-order problem, no bending strains can of course be calculated since there is no 
bending stiffness. With the zero-order solution known, higher-order approximations can be, 
however, constructed by standard perturbational techniques. Since the order of the partial 
differential equation (5.3) changes with t: 2 equal to or different from zero, this is a case of 
singular perturbations, and large bending strains only exist at the points at which the zero­
order solution w0 (x, t) has discontinuous slope, as is the case precisely at the points where 
concentrated forces act on the string, i.e. at the ends and at the point of attachment of 
the damper. At these places boundary layers occur, in which the bending strains decrease 
exponentially from a large value to almost zero. The locations of the bending boundary 
layers are shown in Fig. 5.3. It is at these points that fatigue may occur and where the 
bending strains should be checked. 

layers 

~ 
Figure 5.3; Bending boundary layers in a conductor 
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In [4] it is shown, for example, that the bending strain at the right-hand end of the conductor, 
i.e. in the boundary layer 3 is given by 

(5.4) 

where w~ is the slope at x = z- calculated from (5.3) with c: 2 = 0. Since .JT/ EI is small 
compared to the length l and also to the wavelengths - it typically is of the order of a 
few centimeters while the wavelength is of the order of a few meters - the perturbational 
formulae like (5.4) give excellent results. The bending strains in the free field, i.e. far away 
from the bending boundary layers may be as small as one fiftieth of the bending strains in 
the boundary layers. 

A comparison of the bending strains calculated with the full equations with those computed 
with the perturbational approach for realistic conductor parameters reveals that the diffe­
rence is extremely small, usually below one percent. Due to this fact the perturbational 
formulae are now widely used since they considerably simplify the mathematical treatment. 

5.2.2 Energy Balance 

From many observations of vibrations caused by vortex shedding under steady wind condi­
tions it is known that one frequency usually predominates at each wind speed. As will be 
seen later, this frequency is proportional to the speed of the wind blowing transversally to 
the conductor, which may vary slowly in time over a wide range. For given wind conditions 
the conductor can therefore be considered to oscillate with a single frequency. The eigenfre­
quencies of the conductor on the other hand are extremely dense, being spaced for example 
at 0.1 Hz intervals. Wind speeds leading to resonant conductor vibrations are therefore very 
close to speeds which correspond to anti-resonances. Also, the conductor length between 
two suspension clamps is usually not well known, and it is not even constant since it changes 
with temperature; the tension T in the conductor is subject to even more severe changes 
with temperature. 

If a conductor oscillates, with a frequency of say, 32.1 Hz, it is for practical purposes not 
possible to distinguish whether it vibrates resonantly in the 322th, the 321th, or the 320th 
mode. However, this is not relevant since the wave-lengths corresponding to these neighbo­
ring modes are almost equal and so will be the maximum bending strains for given vibration 
amplitudes in the free field. Keeping in mind that a large part of the computational effort 
stems from the fact that a boundary value problem is being solved, one is therefore tempted 
to eliminate all the boundary conditions, at least during part of the calculations. 

In fact, harmonic or quasi-harmonic mono-frequent vibrations being assumed, the vibration 
amplitudes completely determine the power introduced by the wind forces into the conductor. 
It turns out that the average energy level (averaged over one wave-length) is almost constant 
along most of the conductor. If this average energy or amplitude level is known for the free 
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field, the bending strains for example at x = l can easily be calculated. It is more or less 
obvious that the boundary conditions at x = 0 do not affect the bending strains at x = l for 
the high modes being considered. For the infinite string the relation between wave-length ,\ 
and circular frequency w is 

.A=w~ (5.5) 

and the only effect of the conductor length and boundary layers is that the resonant frequen­
cies are slightly shifted. 

A simplified approach for the computation of the bending strains for a given wind speed is 
therefore obtained if one assumes that any frequency can be a resonant frequency for the 
conductor, computing the vibration amplitudes A in the free field from an energy balance of 
the type 

Pw(A) = Pv(A) + Pc(A). (5.6) 

In (5.6) Pw(A) is the power introduced into the conductor by the wind forces (for a given 
wind speed and frequency), Pv(A) the power dissipated in the Stockbridge damper and 
Pc(A) the power dissipated due to the conductor's self-damping properties. Expressions 
for Pw(A) and Pv(A) will be given in the following sections. The power Pc(A) is small 
compared to Pv(A) and will be disregarded in this lecture. Once the amplitude A has been 
determined from (5.6), the bending strains in the boundary layers can be computed by using 
simple perturbational formulae (see (4]). 

An example of the results obtained with this simplified model is given in Fig. 5.4. It is 
seen that the vibration amplitude found in this manner as a function of the frequency (or 
wind speed) is the envelope to the amplitude curve from the boundary value problem. The 
resonant peaks are close to this envelope. In comparing both results one should keep in mind 
that equation (5.6) can be easily solved by using a pocket calculator, while the solution to 
the boundary value problem is a much more formidable task, further complicated by the fact 
that the wind forces cannot be precisely delineated. 

5.2.3 Modelling of the Wind Forces 

It is well-known that mainly vortex shedding is involved in the mechanism of excitation of 
the conductor vibrations in the frequency range under consideration. Surprisingly enough, 
relatively few data are available on the vibrations of a string or conductor even under the 
action of a laminar, steady transverse wind, particularly if the vibration amplitudes are as 
large as one conductor diameter, which is the case in transmission line vibrations. 

Karman vortex street model 

If a stationary circular cylinder with diameter D is immersed in a planar uniform and sta­
tionary flow with velocity v, it is known that for a large range of Reynolds numbers vortices 
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"exact solution" 

----·--result OT e nergy balance 

Figure 5.4: Bending strains: results of energy balance vs. boundary value problem 

form alternatively at the upper and lower edge of the cylinder (see Fig. .5 .. 5 ). The force 
F(t) which the flowing medium applies to the cylinder, is periodic, and the term with the 
fundamental frequency very clearly dominates all the other terms of the FoURIER series of 
F(t). This dominant part of F(t) can be written as 

1 2 
F(t) = 2pDLv CLsin2rrf5 t (5. 7) 

with pas the density of the flowing medium, D the cylinder's diameter, L its length, v the 
velocity of the unperturbed flow, CL a coefficient which is of the order of 0.2- 1.0 and fs the 
Strouhal frequency given by 

fs = C3 V/ D, (5.8) 

( c3 = 0.19). The expression ( 5. 7) is sometimes used in the computation of the wind-excited 
vibrations of overhead transmission lines . However, one should keep in mind that it is valid 
only for a stationary cylinder, or possibly also for a cylinder with small vibration amplitudes. 
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v ---
Figure 5.5: Vortex street forming at a circular cylinder 

In the conductor vibrations, the amplitudes may become as large as D and (5.7) cannot be 
immediately applied. 

Several researchers have measured the forces applied by the flow to a transversally oscillating 
cylinder, see [1], [3], [9]. The results differ considerably, and the most complete information 
seems to be contained in [9]. Also with a cylinder moved harmonically in transverse direction 
with amplitude A and frequency J, the fundamental harmonic in general dominates the other 
terms in the FOURIER series of the force applied to the cylinder and F(t) can be approximated 
as 

(5.9) 

where now C£ and also the phase angle <p between the force and the cylinder displacement 
depend on the ratios a = A/ D and r = f / fs· The power corresponding to this force is 
positive for 0.9 < r < 1.3 and 0 < a < 1 approximately, it becomes negative otherwise. At 
r = 1 the "lock-in"phenomenon takes place, and force amplitudes may become much larger 
than in the Karman vortex street observed at the stationary cylinder. 

With the aid of (5.9) the power introduced by the wind in a transversally oscillating conductor 
can be estimated as 

(5.10) 

where a; are coefficients which are determined with basis on the experiments. In deriving 
(5.10) it is taken into account that the amplitude is a function of x in the conductor's 
standing wave oscillation and in the expression of the power of the wind forces acting on the 
cylinder the cylinder's amplitude is substituted by A sin 1rxj .A, followed by averaging over 
the wave-length. 
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5.2.4 Modelling of the Stockbridge Damper 

Dampers of the Stockbridge and of similar types are formed by two rigid masses fixed at the 

ends of a "messenger cable" which is clamped to the conductor (see Fig. 5.6). The messenger 

cable consists of several steel wires and is built in such a way that a high amount of energy is 

dissipated in the deformation of these cables, i.e. when the end masses move. The dampers 

are usually placed near the suspension clamps, at a distance which should be less than one 

half wave-length of the highest-frequency-mode to be damped, so that they are never placed 

at a vibration node of the undamped cable. 

(a) (b) 

Figure 5.6: Typical dampers 

Representation of the damper by its impedance matrix 

In an actual line, the damper clamp usually executes a transverse translational as well as 

a rotational motion when in operation. In both types of motion, mechanical energy is 

dissipated in the damper . With the assumption of linearity the dynamic behavior of the 

damper can be characterized by the damper's driving point impedance -ma,trix which can be 

measured in the laboratory. To this end two tests are carried out [5]: In the first one the 

damper clamp executes a translational harmonic oscillation with complex velocjty amplitude 

y, in the second one. a rotational oscillation with angular velocity amplitude 0 and in both 

cases the moment and force amplitudes at the clamp 1ft and F are measured. The elements 

Z;j of the complex impedance matrix are then defined by 

( 5.11) 

where the index in the force and moment amplitudes characterizes the first and second 

experiment, respectively. Fig. 5. 7 shows the impedance determination of the damper and 

the experimental set-up. It should be observed that in the experiments it may be convenient 

to use a pseudo-random excitation rather than a sweeping sine, since this is usually much 

faster . 

The complete information with regard to the action of the damper can easily be deduced from 

the 2 x 2 impedance matrix Z(w), as shown in (5]. For a completely symmetric damper, the 
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F(t) 

M (f)~ __j y (I ) =.Yo cos wt 
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(a) 

Figure .5. 7: Impedance determination for the damper: 
a) vertical clamp motion, 
b) rotary clamp motion 

off-diagonal terms of the Z matrix vanish identically. In (-5] it was also shown that the moment 
impedance Z22 does not seriously affect the overall energy balance. For the calculation of 
the vibration amplitudes in the free field and the bending strains at the suspension clamp, 
it is therefore sufficient to consider only the term Z11 of the impedance matrix. The term 
z22 is, however, important in the computation of the bending strains at the damper clamp. 

The approach usually taken in studying the effect of the dampers on the conductor's vi­
brations is to consider only the single scalar impedance Z11 ( w ), which suffices to correctly 
estimate the vibration amplitudes. An additional advantage of this approach is that the 
conductor's vibration analysis can be carried out with the string model (with zero bending 
stiffness), and the bending strains are computed a posteriori via singular perturbations. If 
the complete impedance matrix is used , concentrated moments are applied to the conductor, 
so that the beam has to be used to model the conductor. 

The force acting on the damper located at x = f1 can he written as (see Fig .. 5.8) 

Fv(t) = T [w'(l{,t)- w'(l] , t)j. (5.12) 

If the conductor oscillates harmonically with frequency w one has 

w(x,t) = Re [w(x)ejwt] ( 5.13) 

and 

Fv(t) = [w' (l{, t)- w' (/!, t)j coswt. (5.14) 
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Figure 5.8: Force acting on the damper 

On the other hand, the damper force can be related to the velocity u:(/1 , f) by means of the 
damper impedance: 

Fo(t) = Re [z11 ll' (!J)jweiwt] ( 5.15) 

so that Fo(t) can be eliminated from (5.li) and (5.18). In [-1] this approach is used to 
calculate the power Po by the damper under given conditions. 

In particular, one can compute which fraction of the vibration energy contained in a. harmonic 
wave arriving from the free field towards the suspension clamp with the damper is reflected 
towards the free field and which part is absorbed by the damper (see Fig. 5.2). It can be 
expressed by means of the coefficient of absorption calculated in [-!] as a function of Z11 

and the cable parametC'rs T, m, as wdl as the distance /1 and the frequency w. It turns out 
that the coefficient of absorption is rqual to one. i.e. all the incoming vibration energy is 
absorbrd for a certain damprr impedance (Zu)oPT which can easily he calculated. If the 
optimal complex danq)('r imprdance is written as 

one has 

and 

~ 
!(Zll)OPT! = ·. ( I ) 

Sill w__!.L_ 

~ 

w/1 1r 

f3o l'T = ...JTTm - 1· 

(5.16) 

(5.17) 

(5.18) 

It should be noted that the optimal damper impedance drpends on the frequency and on 
the damper location. It is not ad\·antageous to have a damper impedance constant over a 
largr frrquency rang<'. as somf' manufacturers seem to believe. This goal is often aimed for 
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by building asymmetric dampers, i.e. dampers with unequal "masses" at the two ends of the 
messenger cable. If this type of construction is used, the translation motion of the clamp is 
strongly coupled to its rotational motion, and large bending strains in the cable may occur 
at the damper clamp; also the full Z matrix has then to be used to describe the damper's 
dynamic behavior. 

Relation (5.17) can be used together with (5.18) to choose a proper damper for a given 
conductor. Of course, a damper with such ideal characteristics will not be generally available, 
but if the conditions ( 5.17) and ( 5.18) are approximately fulfilled at least in part of the 
frequency range, the damper will work properly and not cause additional problems, as is 
sometimes the case if it is not well matched to the cable. From (.5.17) it can also immediately 
be seen that the magnitude of the damper impedance should always be larger than the 
conductor impedance v'fu. for transverse waves. 

5.3 Galloping, a Self-excited Vibration 

While the vortex-excited vibrations discussed in the previous chapter are almost always 
present in a transmission line, usually with amplitudes well below one conductor diameter, 
galloping vibrations are only observed sporadically. As a rule they only occur in winter, when 
ice deposits on the conductor make it asymmetric and cause an aero-elastic instability. The 
general mechanism of this instability can be understood with a simple one-degree-of-freedom 
model. 

Consider a rigid body in planar motion subjected to a stationary plane flow with velocity 
V00 (v00 is the velocity of the undisturbed flow at a distance far away from the body). The 
flowing medium then exerts forces and moments on the body, depending on the angle a (see 
Fig. 5.9). 

The forces usually are resolved into two components: the drag D in the direction of v00 and 
the lift L orthogonal to the V00 -direction (the influence of the resultant moment will not 
be considered here). The components L and D are determined experimentally in a wind 
tunnel and are represented by the drag coefficient co and the lift coefficient cL, both of 

Figure .5.9: Flow-immersed rigid body with lift L, drag D, and angle of attack a. 
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L~ 

Figure 5.10: Flutter oscillations of an unstable profile 

which depend on a: 

1 
L = 2pcL(a)ldu?x,, 

1 
D = 2pcv(o:)ldv!, (5.19) 

where pis the mass density of the flowing medium, dis some characteristic diameter (which 
must be determined simultaneously with C£ and cv ), and lis the length of the profile under 
consideration. It is now assumed that only a vertical translation of the profile is admissible 
and that this motion is constrained by a linearly elastic spring with spring constant c (see 

Fig. 5.10). 

If the vertical velocity of the profile is given by .i:. then one has 

v = .,j { ( Voo cos no )2 + ( ~'oo sin ao - i )2} . ( 5.20) 

However, not only the magnitude of the velocity is changing but also the relative angle of 
attack which determines L and D; one has 

( 
7100 sin no - :i:) ( i ) a = arctan = arctan tan n 0 - . 

v00 cos no v"" cos no 
(5.21) 

The lift and the drag again are given by ( 5.19) but with V00 replaced by v and with a 
satisfying the relationship ( 5.21 ). The equation of motion is 

mx- L COSO'- D sin 0: + c:r; = 0. ( 5.22) 
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For small oscillations about the equilibrium position with x = xo + x, :i: = i, one has 

2 2 2 ..:.. . v ~ V00 - V00 X sm oo, 

:i; 
0 = Oo + Q ~ Oo - -COS Oo. 

Voo 

The linearized form of equation ( 5.22) thus is given by 

.. pld [(deL ) ( dcD) . mx + 2v00 da + cv - CL- do sm oo cos oo+ 

+2( C£ cos o 0 +CD sin o 0 ) sin o 0 ] i +ex= 0 

with the equilibrium position defined by 

pld ( . ) 
Xo = -V00 CL COS Uu +CD Sin Oo . 

2c 

(5.23) 

(5.24) 

(5.25) 

(5.26) 

Here, CL and CD and their derivatives in (.5.21) and (5.22) must be evaluated at the angle of 
attack o = o 0 • The linearized equation of motion thus becomes 

.. p . 
mx + 2tdv00bx + ex= 0, ( 5.27) 

where b has been used to denote the bracket in equation ( 5.2.5 ). For the stability of the 
equilibrum position, one must have b > 0; for b < 0 the system is being excited. This 
stability criterion is simplified for o0 = 0 since one then has b = dcL/da +CD. In this form 
the stability criterion deL/do+ CD > 0 was already given by Den Hartog in 1932. 

In winter asymmetric ice deposits may cause self-excited oscillations of the type described 
above. The mechanism can be much more complicated involving not only one-dimensional 
motion of the conductor's cross section, but also its rotation. In bundled conductors, which 
are quite common, the mechanical-mathematical model is still more complicated. 

Galloping vibrations typically occur in one of the first eigenfrequencies of the conductor, 
that is with a frequency below 1 Hz but with very large amplitudes. Frequently, the am­
plitudes are of the order of several meters and lead to short circuits. Due to these short 
circuits transmission lines sometimes have to be taken out of operation, and this may have 
catastrophic consequences. 

In contrast to the vortex-excited vibrations, which usually can be well controlled via dampers 
of the Stockbridge or of a different type, there is so far no universally accepted solution for 
controlling the galloping vibrations. The reason for this is not a lack of understanding of 
the complex mechanisms leading to this aero-dynamic instability but rather the difficulty 
to absorb vibration energy at a very low frequency under the technical constraints (small 
geometrical dimensions, low weight) given in an actual transmission line. The liquid-filled 
damper described in one of the previous lectures was one of many attempts to control these 
vibrations. 
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5.4 Conclusions 

Wind-excited vibrations in overhead transmission lines involve very high costs associated 
both with conductor fatigue and with the catastrophic shut-downs due to short circuits. 
While the vortex-excited vibrations are usually well controlled via dampers, the same does 
not hold for galloping vibrations, although many passive and some active devices have been 
considered and tested. 
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6 The Control of Vibrations in Bundled Conductors via 
Self-Damping Spacers 

6.1 Introduction 

In overhead transmission lines the individual conductors of conductor bundles are kept apart 
by spacers for electrical reasons. The spacers are subject to different types of loads: small 
static forces due to different mechanical tensions in the conductors, extremely large loads for 
short time intervals (short circuits) and large quasi-periodic forces (galloping). In addition, 
they are regularly exposed to aeolian vibrations of the conductors in the frequency range 
between 10 and 60 Hz. High mechanical stresses may develop in the conductors, not only 
near the suspension clamps but also in the neighborhood of the spacer clamps. 

In order to limit the bending stresses in the conductors and to absorb part of the conductors' 
aeolian vibration energy, viscoelastic parts were incorporated in the spacer. These new 
"spacer dampers" were first mentioned in [1). 

Few papers have so far been devoted to the mathematical-mechanical modeling of spacer 
dampers in bundled conductors [2) - [5). In the ideal case, the spacer dampers would damp 
the aeolian vibrations of bundled conductors to acceptable values in all subspans. Additional 
damping devices (e.g. Stockbridge dampers) would then be rendered superfluous. It is not 
yet clear under which conditions this goal can actually be achieved completely by the spacer 
dampers on the market. The practical evaluation of the performance of spacer dampers via 
field tests is being carried out by utilities and manufacturers. This is time consuming, and 
long term experiments have to be carried out under different meteorological and mechanical 
conditions. 

It is of course clear, that a mathematical-mechanical model of a bundled line with spacer 
dampers can neither completely substitute the field tests nor the iaboratory experiments. 
However, it can be a valuable tool in the design of spacer dampers and in deciding if for a 
given line sufficient damping can be achieved without additional damping devices. Such a 
model may also be useful in definig the minimum number of spacers dampers per span as 
well as their spacing. 

In the present paper we develop a mathematical model for bundled conductors with spacer 
dampers with regard to aeolian vibrations only. For aeolian vibrations the individual conduc­
tors in the first approximation can be mechanically modelled as taut strings and described 
by the wave equation. The conductors' bending stiffness will not be taken into account for 
simplicity - it can however be included without problems. The conductor vibrations arc 
assumed to be harmonic, and the spacer dampers are modeled as linear systems. 

Mathematical models taking into account a complete span of a bundled conductor with 
spacer dampers, lead to a large system of (differential) equations amenable to numerical 
treatment only. Little insight will be gained by such numerical studies because of the system's 
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Figure 6.1: Spacer damper for a four bundle 

sensitivity to small parameter variations. A different approach was therefore proposed in [6) 
for twin bundles and further developed in [7). In this approach, the energy dissipated in a 
spacer damper of a bundle of four conductors is computed by modeling a single spacer with 
semi-infinite conductors attached at its clamps. 

The design of spacer dampers may vary considerably from one manufacturer to the other. 
Most spacer dampers however have in common that their elasticity and damping depends 
on rubber elements. Such a spacer damper for a bundle of four conductors is depicted in 
Fig.6.1. In this particular design, the spacer damper consists of an aluminum frame, which 
can be considered rigid for the purpose of our considerations. Arms are attached to the 
central body by means of special flexible joints containing rubber elements. At the free end, 
each of these arms holds a clamp, to which the particular conductors are attached. 

It is usually assumed that the aeolian vibrations of single conductors occur predominantly in 
a vertical plane, the wind blowing transversally in a horizontal direction giving rise to vertical 
pulsating forces on a conductor. In bundled conductors the situation is more complicated. 
Not only is the vortex shedding different from the single conductor case, because the vortices 
shedding from the windward conductor will hit the leeward conductor, but also the spacer 
damper itself complicates the situation further. Clearly, a design like the one shown in Fig.6.1 
will provide coupling of the vibrations in the different directions. I.e. a vertical distributed 
and pulsating force according to Fig.6.2 will cause rotation of the arms, together with a 
compression of the flexible joints in the arm's longitudinal direction. The conductor will not 
move purely in a vertical plane. 

In each of the four conductors the vibrations can be described in terms of travelling waves 
both in tbe horizontal and in the vertical plane. In both planes there are harmonic waves 
travelling from each side towards the clamp. These 16 incident harmonic waves may possibly 
arrive with different phase angles. Part of the vibration energy of the incident waves is 
absorbed in the spacer damper, the remaining part being reflected again in the form of 
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Figure 6.2: Bundle of four conductors 

harmonic waves. This gives a total of 16 incident and 16 reflected waves. A possible criterion 
for the optimization of a spacer damper is the maximization of the energy dissipation, and 
this problem will be discussed in detail in what follows. 

6.2 The Spacer Damper in a Bundle 

Fig.6.3 represents the spacer damper of Fig.6.1 with the forces acting at the clamp. In this 
figure only one of the four arms is shown attached to the central frame via a viscoelastic 
joint at the point P. The forces in the directions transverse to the conductor are denoted hy 
J;, i = 1, 2, 3, 4, while the forces in the axial direction of the conductor are g., s = 1, 2. Since 
there are four arms, there is a total of 16 transverse force components ft, h, ... , J16 and 8 
axial components g1,g2, ... ,gg. The conductor vibrations in the direction of f1,f2, ... will be 
denoted by w1 ( x, t), w2( x, t), . . . , respectively, and are described by the wave equation 

pAcw;(x, t) = T;w;(x, t)", i=1,2, ... 16, (6.1) 

pAc being the conductor's mass per unit length and T; its tension (normal force). Clearly 
T, = T2 = T3 = T4 since the first four indices refer to the same conductor. The individual 
conductors may, however, be subject to different t.ensions so that possibly T4 ::j:. T5 , etc. The 
harmonic travelling waves of the conductors are of the type 

i = 1, 2, ... ' 16, (6.2) 
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Figure 6.3: Spacer damper with forces acting at the clamp 

where Q is the angular frequency, k; the wave number and !1/ k; = jT;j pAc the wave velocity 
in the conductor. 

The Wl are the complex amplitudes of the waves travelling in the conductors in the positive 
and negative x-direction respectively. These complex amplitudes will be split up into the 
complex amplitudes of the incoming waves W1;, i = 1, 2, ... , 16, travelling towards the spacer 
clamp in a given section of the conductor, and the complex amplitudes Wu, i = 1, 2, ... , 16, 
of the waves leaving the clamp. Refering to Fig.6.3 we have for example 

w12 = l¥t, 

wL2 = w;, (6.3) 

since in the conductor section characterized by 91 incoming waves travel in the direction of 
positive x, while the waves leaving the clamp travel in the direction of negative x. Similarly, 
in the conductor section characterized by 92 we have the incoming waves travelling in the 
direction of negative x, so that 

wl3 w3-, 

WL3 = Wf, 

wl4 = w4-, 
WL4 = Wl. 

The vector of the complex amplitudes of the incoming waves is defined as 

(6.4) 

(6.5) 
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and similarly we write 

(6.6) 

for the waves leaving the clamp. 

The first goal of our calculations is to compute W L for a given WI. We can than also 
calculate the power dissipated in the spacer damper and possibly optimize the spacer dam­
per's parameters in such a way as to maximize this power. Since the system formed by the 
conductors and the spacer damper is being modeled linearly, we will have a relation of the 
type 

(6. 7) 

where the complex 16 X 16 matrix F(Q) is to be determined. With regard to the waves under 
consideration the system formed by the spacer damper and the conductors is therefore a 
"32 port" as shown in Fig.6.4. 

It turns out that the matrix F(Q) can easily be calculated if the conductor parameters and 
the complex impedance matrix Z(Q) of the spacer damper are known. This matrix describes 
the relation between the complex amplitudes of the forces 

• • A A T 
f = (ft, h, ... , !t6) (6.8) 

shown in Fig.6.3 and the complex amplitudes 

• A A A T w = (wl,wz, . . . ,wl6) (6.9) 

-
F ( Q ) 

.. 

-

Figure 6.4: 32-port representing a four boundle spacer damper 
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of the velocities of the points of application of these forces in the respective directions during 

harmonic motion: 

t = z(n)*· (6.10) 

In what follows, we assume for the moment the complex 16 X 16 matrix is known; in a later 
section we will examine how it can be obtained. 

Since we wish to use (6.10) to compute WL for a given W1, we must first relate the wave 
motion in the conductor to the forces acting at the clamp. The force ft ( t) in Fig.6.3 for 
example, is given by 

h(t) = Ttw~(-b,t), 

2b being the length of the clamp. With (6.2) this results in 

JI(t) = TtRe [ik1(lVte-ik1b- W1-e+ik1b)ei0t], 

so that the complex force amplitude }1 is 

Similarly one has 

While the forces ft, h act at x = -b, the forces /3, f 4 are applied at x = +b, so that 

(6.11) 

(6.12) 

(6.13) 

(6.14) 

( 6.15) 

(6.16) 

The complex amplitudes j;, i = 5, 6, ... , 16, are given by analogous expressions. These force 
amplitudes are therefore linear combinations of the amplitudes of the incoming waves and 

of the waves leaving the clamps, i.e. 

( 6.17) 

where the complex 16 X 16 matrices A, B depending on the k; = n; ../T;f pAc, i = 1, 2, ... , 16, 
arc easily obtained from the equations similar to ( 6.12) - ( 6.16). 
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Next we turn to the velocity amplitudes appearing in (6.10). The velocity component ui1 of 
the point of application of fi in the direction of this force is 

w1(t) = w( -b, t), (6.18) 

and with ( 6.2) this gives 

(6.19) 

(6.20) 

Similarly, 

(6.21) 

(6.22) 

( 6.23) 

etc. Also the vector ~ can therefore be written as a linear combination of W 1 and W L : 

(6.24) 

The complex 16 X 16 matrices D and E are again easily found from equations of the type 
(6.20)- (6.23). 

Substituting (6.17) and (6.24) into (6.10) results in 

( 6.25) 

which can be solved for W L : 

( 6.26) 

In (6.26) not only the matrix Z but also A, B, E, H depend on n. The matrix F(Q) in 
(6.7) is therefore given by 

F = (B- HZ)- 1( -A+ EZ). ( 6.27) 
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We are now in a position to calculate the complex amplitudes of the waves leaving the spacer 
damper for a given WJ. Next we wish to compute the power dissipated in the spacer damper 
for given WJ. 

The power dissipated in the spacer damper averaged with respect to time is 

(6.28) 

with the asterix meaning "complex conjugate transposed". We first write f and .J.r as linear 
functions of WI. With ( 6.24) and ( 6.26) we obtain 

(6.29) 

which can also be written as 

( 6.30) 

Using (6.10) and (6.30), (6.28) finally leads to 

Ps = -WjG(!J)WI, (6.31) 

where the 16 X 16 complex hermitean matrix G(O) is 

G(O) = ~K*(O)Z*(O)K(!J), (6.32) 

with 

K = E + H(B- Hz)-1( -A+ EZ). ( 6.33) 

The problem of computing the power dissipated in the spacer damper for given incident 
waves has therefore been solved (under the assumption of a given impedance matrix for the 
sparer damper). 

The power transportcd towards the sparer damper by the incident waves, i.e. the "incident 
power" is given by 

( 6.34) 

where T is a 16 x 16 real diagon:tl matrix with diagonal elements 
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T;; = 20 vPAcT;, i=1,2, ... 16. 
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(6.35) 

We define an absorption coefficient q, 0 S q S 1, as in [7], as the quotient of the dissipated 
by the incident power 

Ps WjG(!l)WI 
q = P1 =- WjT(!l)WJ. (6.36) 

This coeffient is a homogeneous function of degree zero in W Ii it assumes different values for 
different combinations of the complex amplitudes w[l, w[2, ... ' wll6 of the waves incident 
along the different conductor sections. 

The phase angles between the different waves are not known a priori, the minimum value 
Qmin of this quotient can be used as a measure for the efficiency of the spacer damper at a 
given value of the frequency fl. It gives the fraction of incident power which is dissipated 
in the spacer damper for the worst case of the phase angles between the different incident 
waves. The design of the spacer damper should therefore be optimized in such a way as to 
maximize Qmin for each n. 
The minimum value of the absorption coefficient defined by (6.36) not only can be used in 
the optimization of the spacer damper design but also in the energy balance as outlined in 
[7]. Using energy balance techniques it is possible to estimate the number of spacer dampers 
necessary per span for a given limit of vibration angles or nominal bending strains at the 
clamp in the conductors. This question will not be further adressed in the present lecture. 

The function q(W I) defined by (6.36) assumes a somewhat simpler form if all the conductors 
are subjected to the same tension T. In this case the diagonal matrix T defined by (6.3.5) is 
proportional to the identity matrix 

I ( 6.37) 

and the absorption coefficient is 

2 WjG(n.)WI 
q = - !l2..jpif;T WjW 1 (6.38) 

For a given value of n the minimum of q corresponds to the lowest eigenvalue a(!l) of the 
hermitean matrix -G(!l), i.e. 

2a(!l) 
Qmin = !l2..;p;f;T. (6.39) 
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The minimization of q(W I) in this case therefore reduces to the solution of a standard 

eigenvalue problem for a hermitean matrix. 

6.3 Calculation of the Impedance Matrix 

In the previous section the impedance matrix Z(f!) of the spacer damper was assumed to be 

known. In principle it can be found directly from laboratory experiments or calculated with 

the known design parameters of the spacer [7]. The direct experimental determination of 
the 16 X 16 impedance matrix is however a formidable task. Moreover, in the optimization 

of the design the dependence of Z(f!) on the design parameters is needed. In what follows 

we therefore give a description of the analytical determination of Z(f!). 

The spacer damper in Fig.6.3 consists of a central rigid body connected to 4 arms by visco­

elastic hinges. The spacer damper is therefore a system formed by 5 rigid bodies, i.e. it is a 
system of 5 x 6 = 30 degrees of freedom. The motion of each of the 5 bodies is ruled by the 

linear and angular momentum equations 

( 6.40) 

!}_(Ow·) dt I I 
i = 1,2,3,4,5. (6.41) 

Here m; is the mass of the i-th body, f; the acceleration of its center of mass with respect 
to an inertial frame of reference, 0; its central inertia tensor and w; its angular velocity with 

respect to an inertial frame. The Pi,j are the forces acting on the i-th body and the v;,j the 

moments about the center of mass of all the forces on the i-th body; the sums on the right 
hand side of ( 6.40) extend over all these forces and moments, respectively. 

The configuration of the system is represented at each instant by the values of the generalized 

coordinates 

(6.42) 

which can be arbitrarily chosen. Typically, for each body three linear coordinates and three 

angles will be used. Since we are only interested in oscillations of small amplitudes, the three 

rotation angles of each of the 5 bodies about the x-, y- and z-axes shown in Fig.6.3 can be 

used as generalized coordinates, and there is no need to use EULER angles or an equivalent 

representation. In the equations of motion linearized about the equilibrium position, the left 

hand sides of ( 6.40) will simply be linear combinations of the q;, i = 1, 2, ... , 30. The forces 

at the viscoelastic joints in linearized form can be written as linear combinations of q; and 

q;, i = 1,2, ... ,30. 
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With the system in equilibrium, the transverse forces /;, i = 1, 2, ... , 16 vanish, while the 
axial forces g;, i = 1, 2, ... , 8 are equal to the respective tensions in the cables. For the 
oscillating system we therefore have 

9i = T; + 9;, i = 1, 2, ... , 8, ( 6.43) 

where the 9;, i = 1, 2, ... , 8, are small of first order in the q. If the arm of Fig.6.3 is rotated 
about his axis PC, it is clear that T1 and T2 will produce a restoring torque of first order in 
q, while the torque produced by 91 and 92 will be of second order. 

The linearized equations of motion of the spacer damper are therefore of the type 

Mq + Dq + Cq = Lf + N u, ( 6.44) 

with M, D, Creal symmetric 30 X 30 matrices, L a real 16 X 30 matrix and N a real 4 X 30 
matrix. As before, 

( 6.45) 

is the vector of the forces acting ori the damper clamps in the directions transverse to the 
conductors of Fig.6.3 and 

( 6.46) 

contains the forces acting on the clamps in the conductors' axial direction. Only the dif­
ferences of the 9;, i = 1, 2, ... , 8 contained in (6.46) appear in the linearized equations of 
motion, if we assume that these terms are themselves small of the first order. In (6.44) the 
matrix M is easily obtained from the mass geometry of the spacer damper. The matrices D 
and C, since they describe how the forces and moments in the viscoelastic joints depend on 
the displacements and velocities, contain information both on the viscoelastic properties of 
the joints and on the geometry of the spacer damper. In addition the matrix C contains the 
coefficients of the restoring torques due toT;, i = 1, 2, ... , 8. The matrices L and N contain 
geometric information only. 

The clamps are however not free to move in the axial direction of the conductors. We 
assume that the axial stiffness of the conductor is such that the clamps are rigidly fixed in 
this direction. This corresponds to 4 conditions of constraint, which in linearized form are 
written as 

Aq=O, (6.47) 
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where the 30 x 4 real matrix A contains geometric parameters only. The constraint equation 
(6.47) can be used to eliminate u from (6.44). Since we are interested only in harmonic 
oscillations of the type 

q(t) = Re (qejflt) (6.48) 

with complex amplitude q, (6.44) can be reduced to 

( -Q2M + jQD + C)q = Lf + Nu. ( 6.49) 

In this equation f and u are the complex force amplitudes corresponding to (6.45), (6.46). 
Solving (6.49) for q gives 

(6.50) 

and substituting into 

Aq=O ( 6.51) 

yields 

(6.52) 

These are 4 scalar equations which can be solved for u: 

(6.53) 

The vector u is therefore known as a linear function off, and if it is substituted in (6.49) 
this equation can be solved for q giving 

q = J(Q)f. ( 6.54) 

The explicit form of the complex 30 X 16 matrix J(Q) is not given here for simplicity, but it 
follows easily from the equations above. 

The geometric displacements w; in the directions of the/;, i = 1, 2, ... , 16 at the end points 
of the clamps can be written as linear combinations of the Qj, j = 1, 2, ... , 30 such as 

w=Qq, (6.55) 
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with 

(6.56) 

the real 16 X 30 matrix Q again containing geometric information only. For harmonic oscil­
lations (6.55) can be written as 

w=Qci, (6.57) 

which together with (6.54) leads to 

w = QJ(!l)f, (6.58) 

or 

(6.59) 

This finally gives 

f = j~(QJ(!l))-l.J.., (6.60) 

so that the complex impedance matrix sought is 

(6.61) 

Note that Z(!l) contains information not only on the spacer damper but also on the conductor 
tensions. 

In Darmstadt a computer program was written for the computation of the impedance matrix 
of the spacer damper depicted in Fig.6.1. The expression for Z(!l) is generated in algebraic 
form using MATHEMATICA 2.0. This is convenient for parameter studies and for the opti­
mization of the spacer damper, since the dependence on the design parameters is explicitely 
given. The mechanical stiffness and damping parameters of the viscoelastic joints were expe­
rimentally determined in the laboratory. Since the damping is provided by rubber elements, 
the damping matrix Din (6.44) is frequency dependent. The term "viscoelastic" so far used 
to describe the properties of the joint is therefore misleading. In the present context it simply 
means that the joint has linear elastic and damping properties. 

For the spacer damper shown in Fig.6.3 with given conductors, the expressions for the 
impedance matrix Z(fl) and for the absorption coefficient q were computed as shown above. 
In the near future parameter studies will be carried out with the intent to optimize the design 
of the spacer damper. 
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6.4 Final Remarks 

In this paper a mathematical model was developed for a conductor bundle with a single 
spacer damper. Transverse waves in the individual conductors are travelling towards the 
spacer damper and then are partially reflected. A coefficient of absorption is computed via 
the solution of the eigenvalue problem of a hermitean 16 X 16 matrix, which. was obtained 
after lengthy but simple calculations. The dependence of this matrix on the spacer damper's 
design parameters can be given in explicit form. It is therefore more practical to optimize the 
spacer damper for a given conductor in this manner then by solving the eigenvalue problem 
of a complete span of bundled conductors with many spacer dampers. This latter model 
leads to a numerically poorly conditioned problem of a much larger order of magnitude. 

The question of optimal location of the spacer dampers in a bundle of given length is of course 
an important problem, which is being studied separately, the main criterion for optimal 
spacer placement being the pervasiveness of damping. 

Acknowledgement: The support of Richard Bergner GmbH+ Co., Schwabach, Germany, is 
greatfully acknowledged. 
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CHAPTER II 

SEISMIC ISOLATION SYSTEMS: 
INTRODUCTION AND OVERWIEW 

M.C. Constantinou 

State University of New York at Buffalo, Buffalo, NY, USA 

ABSTRACT 

Seismic isolation (also often referred to as base isolation) is a technique for 
mitigating the effects of earthquakes on structures through the introduction of 
flexibility and energy absorption capability. Various practical means for introducing 
this desired flexibility and energy absorption capability are described. 

INTRODUCTION 

Many methods have been proposed for achieving optimum performance of 
structures subjected to earthquake excitation. The conventional approach requires 
that structures passively resist earthquakes through a combination of strength, 
deformability, and energy absorption. The level of damping in these structures is 
typically very low and therefore the amount of energy dissipated during elastic 
behavior is very low. During strong earthquakes, these structures deform well 
beyond the elastic limit and remain intact only due to their ability to deform 
inelastically. The inelastic deformation takes the form of localized plastic hinges 
which results in increased flexibility and energy dissipation. Therefore, much of the 
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earthquake energy is absorbed by the structure through localized damage of the 
lateral force resisting system. This is somewhat of a paradox in that the effects of 
earthquakes (i.e., structural damage) are counteracted by allowing structural damage. 

An alternative approach to mitigating the hazardous effects of earthquakes 
begins with the consideration of the distribution of energy within a structure. During 
a seismic event, a finite quantity of energy is input into a structure. This input 
energy is transformed into both kinetic and potential (strain) energy which mus! be 
either absorbed or dissipated through heat. However, there is always some level of 
inherent damping which withdraws energy from the system and therefore reduces the 
amplitude of vibration until the motion ceases. The structural performance can be 
improved if a portion of the input energy can be absorbed, not by the structure itself, 
but by some type of supplemental "device". This is made clear by considering the 
conservation of energy relationship 

(1) 

where E is the absolute energy input from the earthquake motion, Ek is the absolute 
kinetic energy, Es is the recoverable elastic strain energy, Eh is the irrecoverable 
energy dissipated by the structural system through inelastic or other forms of action, 
and Ect is the energy dissipated by supplemental damping devices. The absolute 
energy input, E, represents the work done by the total base shear force at the 
foundation on the ground (foundation) displacement. It, thus, contains the effect of 
the inertia forces of the structure. 

In the conventional design approach, acceptable structural performance is 
accomplished by the occurrence of inelastic deformations. This has the direct effect 
of increasing energy Eh. It also has an indirect effect. The occurrence of inelastic 
deformations results in softening of the structural system which itself modifies the 
absolute input energy. In effect, the increased flexibility acts as a filter which reflects 
a portion of the earthquake energy. 

The technique of seismic isolation (e.g., Buckle 1990, Kelly 1993, Mokha 1991, 
Constantinou 1991a) accomplishes the same task by the introduction, at the 
foundation of a structure, of a system which is characterized by flexibility and energy 
absorption capability. The flexibility alone, typically expressed by a period of the 
order of 2 seconds, is sufficient to reflect a major portion of the earthquake energy 
so that inelastic action does not occur. Energy dissipation in the isolation system is 
then useful in limiting the displacement response and in avoiding resonances. The 
reduction of bearing displacements in highly damped isolation systems is 
advantageous in bridges where small displacements result in short expansion joints 
and avoid the use of knock-off elements (Constantinou 1991a, 1992, 1993; Tsopelas 
1994). 
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The reduction of bearing displacements in highly damped isolation systems 
result, typically, in reduction of the isolation system shear force. However, in 
hysteretic isolation systems (e.g. high damping rubber bearings, lead-rubber bearings 
and sliding isolation systems) high levels of energy dissipation lead to out-of-phase, 
high accelerations in the superstructure (that is, accelerations higher than those in 
a lightly damped isolated structure but still less than those in a non-isolated 
structure). This behavior is undesirable when the intent of seismic isolation is to 
protect expensive sensitive equipment in the isolated building (Kelly 1993). However 
when the intent of seismic isolation is to protect the structural system, high levels of 
hysteretic damping are beneficial. 

Evidence for this behavior is provided in Figures 1 and 2. The presented 
results are from analyses of an 8-story isolated building supported by 45 isolators 
(Winters 1993). Each isolation bearing has bilinear hysteretic properties which 
characterize a wide range of elastomeric and sliding systems. Twelve isolation 
systems with effective isolation period in the range of 1.5 to 3s and effective damping 
ratio in the range of 0.06 to 0.37 of critical were analyzed. The analysis included the 
effects of bidirectional interaction and eccentricities. The input was represented by 
9 pairs of actual earthquakes scaled to be representative of Seismic Zone 4 
(California), soil type S2 in accordance with the Uniform Building Code in the 
United States (ICBO 1991). 

Figure 1 demonstrates the increase of bearing displacement with increasing 
period and the reduction of displacement with increasing damping. Figure 2 
demonstrates the reduction of base shear force with increasing damping. 
Interestingly, the shear force in the upper stories is about the same for all levels of 
damping. However, the highly damped systems show a shear force distribution which 
is nearly constant with the height of the structure. This indicates higher mode, out­
of-phase, response, which, typically, is accompanied by high floor accelerations. 
Nevertheless, moderately and highly damped isolation systems offer the advantage 
of lower bearing displacements, while structural shear forces are about the same or 
less than those of lightly damped systems. 

The benefits of low bearing displacements, low structural forces and low floor 
accelerations may be realized with isolation systems which exhibit linear and viscous 
(not hysteretic behavior). This is demonstrated in the comparison of results in Figure 
3. Such systems may be constructed by combining low damping elastomeric bearings 
with fluid viscous dampers ( Constantinou 1992b ). Such fluid dampers have been in 
use in the United States for the last 30 years in shock and vibration isolation 
applications, primarily in the military. Recently, such devices have been specified for 
use in the seismic isolation system of a hospital complex in California. 
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Modem seismic isolation systems incorporate energy dissipating mechanisms. 
Examples are high damping elastomeric bearings, lead plugs in elastomeric bearings, 
mild steel dampers, fluid viscous dampers, and friction in sliding bearings. 

BASIC ELEMENTS OF SEISMIC ISOLATION SYSTEMS 

Buckle, 1990 identified the basic elements in a practical isolation system: 

(1) Flexibility to lengthen the period and produce the isolation effect, 
(2) Energy dissipation capability to reduce displacements to practical design 

levels, and 
(3) Means for providing rigidity under service loads such as wind. 

MODERN SEISMIC ISOLATION SYSTEMS 

Elastomeric bearings represent a common, but not the only, means for 
introducing flexibility into an isolated structure. Figure 4 shows the construction of 
one such bearing. It consists of thin layers of natural rubber which are vulcanized 
and bonded to steel plates. Rubber exhibits low shear modulus, typically G=0.5 to 
1 MPa at shear strain of about 50%, which is unaffected by the insertion of the steel 
plates. Effectively, the horizontal stiffness of the bearing is given by 

K = AG 
H l:t 

(2) 

where A = bonded rubber area and ~t=total rubber thickness. However, the 
insertion of the steel plates greatly reduces the freedom of rubber to bulge so that 
the vertical stiffness of the bearing is large. The vertical stiffness is given by 

AEC 
K =­

, l:t 
(3) 

where Ec = compression modulus. Analytical-empirical relations for evaluating the 
compression modulus of elastomeric bearings have been included in specifications 
such as the AASHTO, 1991. An approximate expression for the compression 
modulus was derived by Chalhoub 1990 and Constantinou 1992c based on principles 
of mechanics and physically motivated assumptions: 
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( 1 4)-l 
Ec = 6GS2F + 3K 

(4) 

where S =shape factor, defined as the loaded rubber area divided by the rubber area 
which is free to bulge, K =bulk modulus, typically around 2000 MPa and F =factor 
which takes a value equal to unity for circular bearings and a value between 2/3 and 
1 for circular bearings with a central hole (central holes are required in the 
manufacturing of large diameter bearings). Since the shape factor is in the range of 
10 to almost 40, the vertical stiffness is between 400 and 1300 times greater than the 
horizontal stiffness. This is particularly important in preventing rocking motion of 
the isolated structure. 

Elastomeric bearings made of low damping natural rubber (NRB) exhibit 
equivalent viscous damping of the order of 0.05 or less of critical. Such bearings may 
be useful in the isolation of structures containing very sensitive equipment. However, 
for the majority of applications of elastomeric bearings some form of additional 
energy dissipation is desirable. Significant developments in this direction have been 
the lead-rubber bearing and the high damping rubber bearing. 

Lead-rubber bearings (LRB) are constructed of low damping natural rubber 
with a pre-formed central hole. A lead core is press-fitted in the hole (Figure 5). 
The lead core deforms in almost pure shear, yields at low level of stress (8 MPa in 
shear at normal temperature) and produces hysteretic behavior which is usually 
stable over a number of cycles. Unlike mild steel, lead recrystallizes at normal 
temperature (about 20°C), so that repeated yielding does not cause fatigue. Lead 
rubber bearings exhibit characteristic strength which ensures rigidity under service 
loads. Lead-rubber bearings were developed in New Zealand and found several 
applications in New Zealand, Japan and the United States. 

High damping rubber bearings (HRB) are made of specially compounded 
rubber which exhibits equivalent damping ratio of about 0.10 to 0.15 of critical. 
Originally developed in the United Kingdom, this material found its first application 
in the first isolated structure in the U.S., the Foothill Communities Center in 
California (completed in 1986). Bridgestone in Japan subsequently developed a 
different high damping rubber compound which found several recent applications in 
Japan. 

A comparison of the behavior of elastomeric bearings is provided in Figure 
6 which shows test results on full scale natural rubber (NRB), lead-rubber (LRB) and 
high damping rubber (HRB) bearings. The tests were conducted by the Japanese 
Central Research Institute of Electric Power Industry (CRIEPI) in a research 
program for the isolation of Fast Breeder Nuclear Reactors (FBR). The three 
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bearings were designed for gravity load Po=4900kN(500 ton f). They had: NRB, 
D=1600mm, Lt=219mm; LRB, D=1600mm, Lt=225mm; HRB, D=1420mm, 
L:t=248mm. All had a shape factor of about 40 (Mazda 1991). 

Of interest is to note in Figure 6 the high stiffness of HRB at low shear strain. 
This property provides the mechanism for rigidity of the isolation system under 
service loads. It also creates an undesirable effect in earthquakes well below the 
design level earthquake. If the bearings are designed to shear strain levels of 150% 
in the design level earthquake, then in frequently occurring moderate level 
earthquakes the strain will be much less so that the bearings mobilize high stiffness 
(3 to 4 times more). Thus, the isolation system may provide insufficient 
deamplification of the input motion, which may lead to unexpected minor damage. 

Another observation to be made in the results of Figure 6 is the difference 
between the unscragged (of virgin) and scragged (having previoulsly experienced 
strains) properties of the high damping rubber bearings. It has been assumed in the 
past that during testing of bearings certain internal structures of rubber are severed 
so that the scragged properties prevail and become permanent. However, recent 
studies (Cho 1993, Murata 1994) demonstrated that high damping rubber recovers, 
either fully or partially, its unscragged (or virgin) properties within a short time 
interval after testing. 

Low damping rubber bearings in combination with yielding mild steel damping 
devices found several applications in Japan (Kelly 1988). Yielding steel devices were 
originally applied in New Zealand for the isolation of bridges (Buckle 1990). Wide 
application of such devices in the seismic isolation of bridges occurred in Italy where 
over 150 bridges use some form of seismic isolation (Martelli 1993). 

Sliding bearings represent another means of providing the basic elements of 
an isolation system. Flat sliding bearings limit the transmission of force across the 
isolation interface and thus produce the isolation effect. However, they need to be 
combined with restoring force devices or otherwise permanent displacements 
accumulate to unacceptable levels (Constantinou 1991b). Various means of 
providing restoring force have been investigated by Constantinou 1993 and Tsopelas 
1994. The most practical means of achieving this is by the use of a spherical sliding 
surface as in the Friction Pendulum System (FPS) bearings (Figure 7). 

FPS bearings consist of an articulated slider on a spherical surface which is 
faced with a polished stainless steel overlay. The slider is faced with bearing 
material, typically a self-lubricating high bearing capacity composite. Restoring force 
is generated by the rising of the structure along the spherical surface, while energy 
is dissipated by friction. The lateral force at the bearing, F, is related to the bearing 
displacement, u, by (Zayas 1987, Mokha 1991, Constantinou 1993). 
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F = w u + ~ w sgn(u) 
R 

87 

(5) 

where W=weight carried by the bearing, R=radius of curvature of the spherical 

surface, and J1. =coefficient of friction. The force is proportional to the carried weight 

so that the resultant force from all bearings always develops at the center of mass of 
the isolated structure. This completely eliminates eccentricities in the isolation 
system even in cases of uneven mass distribution. The quantity W /R represents the 

stiffness of the bearing. Therefore, the period of isolation system is given by 

1 

T = 2~ (:p (6) 

which is independent of the mass of the structure. 

FPS bearings have been used in the United States for the seismic isolation of 

two tanks, one apartment building in San Francisco, and the U.S. Court of Appeals 
building, also in San Francisco. This structure with a floor area of 31500m and 

weight of 55000 ton f (540 MN) is the largest isolated structure in the U.S. (Soong 

1992). Figure 8 shows the force-displacement relation of one the FPS bearings of the 

U.S. Court of Appeals building. Load on the bearing is 2440 kN, displacement 

amplitude is 290mm and velocity amplitude is 50 mmjsec. The radius of curvature 
of the bearing is R=1880mm (period T=2.75 sees). Ten cycles of testing 

demonstrate stable characteristics with a coefficient of friction equal to about 0.06. 

WORLDWIDE APPLICATIONS OF SEISMIC ISOLATION 

Directories of seismically isolated structures have been given by Buckle 1990, 

Fujita 1991, Kelly 1993, and Martelli 1993. Combining the information in these 
references and using personal knowledge, Table 1 was prepared. It presents a brief 
worldwide directory of seismically isolated structures. It includes only structures 
either completed or under construction in late 1993. Furthermore, isolated structures 
have been constructed or are under construction in Chile, China, Greece, Iceland, 

Iran, Mexico and South Africa. 
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Table 1. Brief Worldwide Directory of Isolated Structures 

Country Type of Structure Number of Type of Isolation 
Structures Systems 

Buildings over 200 Sliding Bearings 
Rocking Columns 

Former Soviet Pile-in-sleeve systems 
Union 

Bridges NA. NA. 

Other structures NA. NA. 

Buildings 6 Rubber Bearings 

France Bridges NA. NA. 

Other structures 2 Nuclear Power Neoprene Bearings 
Plants 

Buildings 9 + several High Damping Rubber 
apartment houses Bearings 
of the Italian Neoprene Bearings 
Navy 

Italy Bridges 156 Sliding Bearings 
(total length = Rubber Bearings 
150 km) Lead-rubber Bearings 

Various Hysteretic 
Damping Devices 

Other structures --- ---

Buildings 67 Rubber Bearings & Energy 
Dissipators 
Lead-rubber Bearings 
High Damping 
Rubber Bearings 
Sliding Bearings 

Japan Bridges over 100 partially Sliding Bearings 
isolated Lead-rubber Bearings 

High Damping 
Rubber Bearings 

Other structures Radar Tower Sliding Bearings 
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Table 1 Brief Worldwide Directory of Isolated Structures (continued) 

Country Type of Structure Number of Type of Isolation 
Structures Systems 

Buildings 6 Lead-Rubber Bearings 
Pile-in-sleeve Systems 
Lead-rubber & Sliding 
Bearings 

New Zealand Bridges 37 Lead-rubber Bearings 
Various Energy 
Dissipating Devices 

Other structures Industrial Chimney Rocking Foundation 

Buildings 24 Lead-Rubber Bearings 
High Damping 
Rubber Bearings 
Friction Pendulum System 
Springs & Viscodampers 

United States Bridges 54 (total length Lead-rubber Bearings 
= 11 km Sliding Bearings 

Other structures 2 Tanks Friction Pendulum System 
Heavy Equipment Lead-rubber Bearings 

High Damping Bearings 
Low Damping Bearings 
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LEAD PLUG 

Figure 5 Lead-Rubber Bearing 



.....
.. .... c 2 

1 
I 

;;n~
JO> 

' 
,.

..
..

. 
! 

I 
'-

"
 

1 
oo

l 
I 

I 
I 

--
-·

 .
 ~
.
 

· 
-a

 "' 0 ~ 
-

I 
oo

j 
i 

_,.
,.;"

'9"
"'"

 
I 

' 
. 

I 
. 

I 
! 

! 
~ 

-2
o

o
i 

6t
" 

' 
I 

I 
I 

1 
:z

: 
;.

 n
 ••

 , •
• 

.....
.... 

3
0

0
 

.....
 

c 
2

0
0

 
0 .. ....
....

. 
-a

 
1

0
0 

"' 0 
0 

~
 -

1
 o

ol
 

I 
::o

i <
7

>
 -

-:
 

I 
i 

! 
! 

! 
! 

Lo
 

~
-
2
o
o
1
 
h

r
;
 

1 
1 

1 
I 

: 
1 

1 
: 

2
0

0
 

....
....

 
lP

=
P

o
 

.... c 0 
1

0
0

 
.... .....

.. 
-a

 "' 
0 

0 ~
 

ez
p

re
••

••
 

ia
 

fi
1

•r
••

 
-
2

0
0

 

H
or

. 
0 

2
0

0
 

4
0

0
 

-
J
o
o
L
_-
4~
o~

o~
~2

~o
~o

~~
~o

~-
-~

2~
o~

o~
~

.~
~~
~
~
 

0 
2

0
0

 
4

0
0

 
6

0
0

 

::z
:: ""'
 I

.
 s

 ' 
"
0

 
1

.0
 

G
) .. 

~ 
"' • 

0
. 
s 

... 0 "" 

~
 

D
is

p
.(

m
m

) 

0 
P

=
 

0 

• 
P

" 
5

0
0

L
o

n
f 

0 
P 

=-
-

I O
O

to
nf

 

::z
:: .., 

I
.
 s 0 

"
0

 
1

.0
 

Q
) .. "' • 

0
.5

 ; 
... 0 "" 

0 

H
o

r.
 

D
is

p
. 

(m
m

) 

-~
 

0 
P

=
 

0 

• 
P 

=
 5

0
0

to
n

f 

0 
P 

=-
-

I O
O

to
nf

 

2
. 

5 ' 
:z

: 
2

. 
0 

""' 
• 

"
0

 
G

) 
I.

 5
 

.. .. • .. 
' 

1
.0

 • 
0 

o.
 s

 
X

 

D
is

p
. 

(m
m

) 

0 
I V

ir
ri

n
 

\ 
0 

I h
p

e
ri

e
o

c
o

d
 

T
 '

20
0%

 

~
 

-...
.....

, r-
--

0
-
-
-

0 
~
0
 

1
0

0
 

I
S

O
 

2
0

0
 

0 
5

0
 

1
0

0
 

I
S

O
 

2
0

0
 

0 
0 

so
 

1
0

0
 

I 
0 

2
0

 0
 

2
0

 s 

~
 

I 
0 0

 

e
)
_

 

I 0
0

 

S
h

ea
r 

lt
ra

in
 

o
f 

R
u

b
b

er
 

T
 (

%
}

 

0 
P

=
 

0 

• 
P

-
S

O
O

to
nf

 

0 
P

=
-

IO
O

to
nf

 

--
=

o
il 

S
O

 
1

0
0

 
IS

O
 

2
0

0
 

S
h

ea
r 

u
ra

ln
 

o
f 

R
ub

bo
r 

T
 (

%
}

 

i 
) 

N
R

B 

2
0

 

I 
5 

.....
... * ._
..

,o
 

co
.. 

0 
0 

S
h

ea
r 

s
tr

a
in

 o
f 

R
u

b
b

er
 

T
 
(
%

)
 

S
h

ea
r 

s
tr

a
in

 o
f 

R
ub

be
r 

"1
(%

) 

2
0

 

0 
P

=
 

0 

I 
S 

#- '-
' 

I 
0 

c::
:l..

 
V

ir
1

in
 

l1
p

e
r 

ia
n

ce
d

 

so
 

1
0

0
 

Is
 o

 
2

0
0

 
0

0
 

S
O

 
1

0
0

 
IS

O
 

S
h

ea
r 

a
lr

a
in

 
o

f 
R

u
b

b
er

 
"
'(

%
) 

S
h

ea
r 

s
tr

a
in

 
o

f 
R

ub
be

r 
T

 
(%

) 

i1
 )

 
LR

 B
 

ii
i)

 
HR

B 

F
ig

ur
e 

6 
F

or
ce

-d
is

pl
ac

em
en

t L
o

o
p

s,
 H

or
iz

on
ta

l 
S

ti
ff

ne
ss

 a
nd

 D
am

pi
ng

 R
at

io
 o

f F
ul

l-
sc

al
e 

N
R

B
, 

L
R

B
 a

nd
 H

R
B

 B
ea

ri
ng

s 
( 

fi
gu

re
 p

ro
vi

de
d 

by
 D

r.
 K

at
su

hi
ko

 I
sh

id
a,

 A
bi

ko
 

R
es

ea
rc

h 
L

ab
or

at
or

y,
 C

R
lE

P
I,

 J
ap

an
) 

2
0

0
 

c;n
 

~- "' 3 ;::;
· - "' 0 ~
 a· ::

l c;n
 

'<
 
~
 

(
p

 

3 "' \0
 

V
l 



96 M.C. Constantinou 

ARTICULATED SUDER 
BEARING MATERIAL-.......--

SEAL 

Figure 7 

Figure 8 

ENCLOSING 
CYUNDER 

SPHERICAL SURFACE 

Construction of Friction Pendulum System (FPS) Bearing 

0.2S 
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.0.2S 

HORIZONTAL DISPLACEMENT (mm) 

Force-displacement Loops of Full-scale FPS Bearing (Load =2440 kN, 
R= 1880 mm, velocity=50 mm/s) 



CHAPTER III 

PROPERTIES OF SLIDING BEARINGS: 
THEORY AND EXPERIMENTS 

M.C. Constantinou 

State University of New York at Buffalo, Buffalo, NY, USA 

ABSTRACT 

Sliding seismic isolation systems may consist of a variety of components, of which the 
most important one is the sliding bearing. Typically, sliding bearings consist of 
interfaces made of PTFE or PTFE-based composites and highly polished stainless 
steel. The properties of these interfaces are described. 

INTRODUCTION 

Sliding isolation systems found application in a large number of structures in 
the former Soviet Union (Eisenberg 1992), in a large number of bridges in Italy 
(Martelli 1993) and a number of buildings, bridges and other structures in Japan and 
the United States (Fujita 1991, Soong 1992). Little is known about the isolated 
structures in the former Soviet Union, except that several structures incorporate 
bearings with PTFE (polytetrafluorethylene or Teflon) in contact with polished 
stainless steel for the sliding interface. In Japan, sliding bearings consisted of filled 
(typically glass) PTFE in contact with polished stainless steel. In the United States, 
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sliding bearings consisted of either PTFE or high load capacity composites with 
PTFE as solid lubricant. In Italy, most applications consisted of lubricated PTFE­
polished stainless steel interfaces. · 

The use of lubrication in the sliding bearings used in Italy reflects the 
European practice in bridge engineering. Typically in Europe, sliding bearings for 
accommodating thermal expansion, creep and shrinkage of bridges are lubricated. 
Lubrication results in very low friction coefficient (approximately 0.01 to 0.02 under 
dynamic conditions). With such low values of friction, energy dissipation is very low 
and the isolation system requires some form of energy dissipating mechanism to be 
activated under seismic conditions. Medeot, 1991 described a variety of such 
mechanisms which were used in Italy. They include mechanisms based on the 
yielding of mild steel and fluid damping. 

Sliding bearings have also been combined with elastomeric bearings in some 
applications of seismic isolation in the U.S. and New Zealand. The sliding bearings 
were used either for providing additional energy dissipation or at wall locations 
where high compression forces occurred. 

The frictional properties of sliding bearings are affected by a number of 
parameters such as composition and condition of the sliding interface, bearing 
pressure, velocity of sliding, contamination and temperature. The physical 
interpretation and quantitative description of these effects is of foremost importance 
in the design of sliding seismically isolated structures. 

FRICTIONAL PROPERTIES OF PTFE AND PTFE-BASED COMPOSITES IN 
CONTACT WITH POLISHED STAINLESS STEEL 

Specifications for PTFE bearings in bridge applications restrict bearing 
pressures to values below 45 MPa. In the United States the use of unfilled, filled 
and woven PTFE for pressures up to of 24 MPa, if recessed, is allowed. In Canada 
and the U.K., bearing pressures of up to 45 MPa on unfilled and filled PTFE are 
allowed. These limits on pressure depend on the load capacity and wear 
characteristics of PTFE. 

Self-lubricating composite materials are significantly more expensive than 
PTFE and are typically used in applications with very demanding performance and 
quality control requirements. Examples include bearings in military and commercial 
aircraft, satellites, actuators, cranes, hoists, offshore oil platform bridges and FPS 
bearings (Zayas 1987, Mokha 1991a, Constantinou 1993). 

Composite materials in seismic isolation bearings found so far application only 
in the Friction Pendulum System (FPS) bearings. Over 300 such bearings have 
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manufactured, tested and installed in isolated structures in the U.S. These materials 
proved to be of exceptional performance with the following characteristics: load 
capacity of up to 275 MPa pressure, stable frictional properties, very low wear rate, 
chemical stability and insensitivity to significant temperature changes. 

The frictional properties of unlubricated PTFE-stainless steel interfaces under 
conditions of interest in seismic isolation have been studied by Mokha 1988, 1991b 
and Constantinou, 1990. In general, we should distinguish between the static (or 

breakaway) coefficient of friction, j.L8 , and the sliding coefficient of friction, lls' of 
these interfaces. The breakaway coefficient of friction is defined as the ratio of shear 
force to normal force at first movement under extremely slow (i.e. static) conditions 
of motion. The sliding coefficient of friction is defined as the ratio of shear force to 
normal force during sliding. 

Figure 1 shows the dependency on sliding velocity and pressure of the sliding 
coefficient of friction of unfilled PTFE in contact with mirror finish polished stainless 
steel at normal temperature (20° C). Constantinou, 1990 proposed that 

(1) 

where u = velocity of sliding, fmax = coefficient of sliding friction at high velocity 

of sliding, fmin = coefficient of sliding friction at essentially zero velocity of sliding, 

and a = coefficient controlling the dependency of friction on velocity of sliding. 

Constantinou, 1990 suggests that parameters fmax' fmin and a are functions of 
bearing pressure, surface roughness of stainless steel and composition of PTFE 
(unfilled or filled). Furthermore, temperature has an effect. In general, parameters 

fmax' fmin' and a are determined experimentally. Table 1 presents values of these 
parameters from the tests of Mokha, 1988. 

Mokha, 1988 and Constantinou, 1990 found that the breakaway coefficient of 

friction is, in generally, larger than fmin but always less than fmax· Values of !l8 are 

given in Table 1. This fact indicates that the existence of llB does not have any 

adverse effect of the response of seismic sliding isolated structures. This, of course, 

is valid provided that the value of 1J.8 does not increase with dwell of load or other 

effects. 

The frictional behavior of self-lubricating composites (containing PTFE) in 
contact with polished stainless steel follows the basic behavior described for unfilled 
and filled PTFE. For example, Figure 2 depicts the coefficient of sliding friction of 
the composite used in the FPS bearings. Interestingly, in this interface, the values 
of f ,f . and u 8 were found to approach each other at high bearing pressures. Jmax lmtn r 
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Typically in this interface, J.LB "'/min and both are slightly less than !max at pressures 
larger than 100 MPa. 

In summary, the following interesting conclusions may be derived for the 
friction of PTFE and PTFE-based materials in contact with polished stainless steel: 

(1) The coefficient of sliding friction reduces with increasing bearing pressure at 
all velocities of sliding. However, the rate of reduction appears to depend on 
the velocity of sliding. It is greatest at high velocity of sliding. 

(2) The effect of bearing pressure on the sliding friction diminishes at a value of 
pressure which depends on the type of PTFE and on the velocity of sliding. 
This limit of pressure is generally larger than about 35 MPa. 

(3) For sheet type PTFE (unfilled or filled), the sliding friction at pressures 
beyond the approximate limit of 35 MPa appears to be unaffected by the 
composition of PTFE (with or without fillers) and the surface roughness of 

stainless steel provided that the roughness is less than about 0.07 J.Lm of 
arithmetic average (Mokha 1988). For PTFE-based composites (see Figure 
2), a similar behavior occurs at higher pressure, approximately 100 MPa. 

EFFECT OF TIME AND TEMPERATURE ON THE FRICTION PROPERTIES 
OF SLIDING BEARINGS 

Time may have the following effects: 

(1) Alter the properties of the sliding interface by 
(a) Contamination 
(b) Corrosion of stainless steel 
(c) Chemical deterioration of PTFE or PTFE-based composite 

(2) Increase of adhesion or true contact area due to viscoelastic effects which may 
cause an increase in the breakaway coefficient of friction. 

Contamination 

PTFE is comparatively soft and capable of absorbing light contamination 
without effect on the coefficient of friction (Campbell 1987). However, heavy 
contamination causes an increase of friction during the initial cycle of movement 
(Campbell 1987, Mokha 1991). Campbell, 1989 reported also significant effect of 
light contamination on the friction of lubricated bearings. Campbell, 1989 found that 
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contamination of bearings in service in a dust-laden environment is unlikely, even 
when the bearings are unprotected and with a significant eccentricity of loading. 

However, it is a prudent practice to provide sealing to sliding bearings and not 
to disassemble bearings on site. 

Chemical Stability of PTFE and PTFE-based Composites 

PTFE has unique inertness as a result of the super-strong inter-atomic bonds 
which form PTFE. Conclusive tests on PTFE samples exposed for over fifteen years 
to practically all climatic conditions confirm the long-term chemically stability and 
weather resistance of PTFE (duPont, 1981). 

PTFE-based composites are used in aerospace and military applications so 
that they qualify under a number of U.S. Military Specifications. Particularly, the 
composite material used in the FPS bearings (Figure 2) is rated by these 
specifications as chemically stable and inert, without aging effects. 

Corrosion of Stainless Steel 

The stainless steel used in the sliding bearings is typically polished (to mirror 

finish) austenitic, type 304 or 316. Of the four groups of stainless steels (austenitic, 
ferritic, martensitic and precipitation-hardening), the austenitic group is the most 
resistant to corrosion. Particularly, the 316 type with high content of chromium and 
nickel together with a small amount of molymbenum is virtually impervious to rusting 
from almost any outdoor exposure. 

The excellent corrosion resistance of stainless steels is well known. A 
collection of data on the corrosion resistance of stainless steel is included in the 

Metals Handbook on Corrosion of ASM International (ASM, 1987). The handbook 
presents data on the corrosion of austenitic stainless steel after exposure of 

(a) 23 years in industrial and marine environment in New York City, and 
(b) 15 years in marine environment at 250m from the ocean in North 

Carolina. 

In both studies the conditions of exposure were severe, that is the specimens were 
unprotected. The condition of the surface of the stainless steel is described as free 
from rust stains. In particular, of all the types of the studied stainless steel, the 316 

type had the best performance with the passivation film developed over the least 
area. This passivation film could be easily removed (that is removed by hand) to 

reveal the bright finish. 
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Further explicit information on the finish condition of aged highly polished 
stainless steel has been recently obtained by this author through the inspection of the 
inventory of old stainless steel parts of a Buffalo area manufacturer. Among several 
inspected parts, a number was stored outside, completely unprotected for 10 years. 
The finish of all samples was in perfect condition. Furthermore, seven inspected 
parts were in storage for 34 years in an indoor environment equivalent to sealed 
bearings. All parts were in excellent condition with perfectly reflective finish. 

Effect of Dwell of Load 

The possible increase of the breakaway coefficient of friction with time (or 
dwell) of loading has been investigated by some researchers. Mokha, 1991b studied 
the breakaway friction of unfilled Teflon in contact with polished stainless steel at 
a pressure of 13.8 MPa and dwell of load of 1/2 hour and 594 days. Furthermore, 
Mokha, 1991b studied the breakaway friction of woven PTFE at a pressure of 45 
MPa and dwell of load of 1/2 and 7 days. The results demonstrate that the dwell of 
load has no or insignificant effect on the breakaway friction. Similar results have 
been reported by Hakenjos, 1974. 

Studies of Paynter, 1973 on unfilled PTFE at pressure of 24 MPa show that 
the breakaway friction is affected by dwell of load up to 24 hours. Beyond this time 
limit, dwell has no significant effect. 

These studies point to one common observation. Dwell of load may have 
effects which are limited to times from a few minutes to a few hours and not several 
years. The mechanism responsible for this phenomenon is identified in the next 
section. 

Effect of Temperature 

Campbell, 1991 reported data on the friction of PTFE in contact with polished 
stainless steel under conditions of very low sliding velocity and temperature in the 
range of 20° to -25°C. Unfilled and filled PTFE appear unaffected by temperature 
above 0°C but they show a marked increase in friction at temperatures below -l0°C. 
It appears that this behavior is related to the glass transition temperature of PTFE 
which is -13°C (Gardos 1982). 

It is known that the increase of friction with decreasing temperature in the 
PTFE-based composites is much less than in unfilled PTFE. This actually represents 
a leading reason for the use of these materials in the ultra-cold conditions of 
aerospace applications (Gardos 1982). Specific data on the frictional properties of 
one such material have been recently obtained from testing of full-size FPS bearings. 
Within the range of 300 to -300C, the coefficient of friction at high velocity of sliding 
(fmax> increased approximately by 0.01 per 25°C reduction in temperature. 
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PHYSICAL INTERPRETATION OF FRICTION IN SLIDING BEARINGS 

It is generally accepted that the friction between clean surfaces is mainly the 
result of adhesion (Bowden and Tabor, 1964). That is, the friction force is given by 
the product of real area of contact and the shear strength of the junctions. 

At low velocity of sliding , PTFE is transferred to the smooth substrate 
(stainless steel) as a very thin, highly oriented film. The film is 10 to 40 nm thick 
and oriented in the sliding direction. The shear strength, s, of the interface is very 
low. The friction force during sliding is 

F =sA (2) 

where A is the true area of contact 

The true contact area depends on the normal load. At low load (low average 
bearing pressure) the contact is elastic so that 

A = kW'l (3) 

where k =coefficient, W =normal load, 17 =coefficient in the range of 2/3 to 1. The 
coefficient 2/3 is derived when considering that the PTFE surface is covered with 
spherical asperities. Values of T'/ larger than 2/3 are derived by considering more 
complicated surface asperity distribution (Bowden and Tabor, 1964). At high normal 
load the true area of contact is 

A 

where Py = yield strength of PTFE. 

w 
Py 

The coefficient of sliding friction is, by definition, 

so that 

under elastic conditions, and 

F 
f..Ls = W 

sK 
J..L =--

s wl-'1) 

(4) 

(5) 

(6) 
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(7) 

under plastic conditions. 

Equations ( 6) and (7) explain the dependency of the coefficient of sliding 
friction on bearing pressure. At low pressure the contact is elastic so thatJ.L 8 

decreases with increasing W (note that 1- T) ;:::0). At high pressure the contact is 
plastic and J.L 8 is independent of normal load. The compressive yield strength of 
PTFE is about 15 MPa but the pseudo-yield strength of confined sheet PTFE is 
certainly much higher. This is consistent with the observed limit of about 35 MPa 
beyond which the coefficient of sliding friction is independent of normal load. 

As the velocity of sliding is increased the force needed to shear the film at the 
sliding interface increases. This phenomenon is primarily a result of the viscoelasitc 
nature of PTFE. At higher velocities a stage is reached where the shear force 
exceeds the strength of the boundaries between crystals. This higher fiction is then 
accompanied by the transfer of large fragments of PTFE (Mokha, 1988). 

In summary, the following may be concluded: 

(1) The dependency of the friction on the true area of contact is important at low 
bearing pressures, that is, pressures well below the pseudo-yield strength of 
PTFE, Py· Under these conditions, it is expected that dwell of load will result 
in an increase in the true area of contact and thus, increase of the coefficient 
of friction. The process by which this happens is the creep of PTFE. The 
process depends on the viscoelastic properties of PTFE. Therefore, there is 
a limit of time beyond which the true area of contact does not change and 
friction is not affected. The experimental results discussed in the previous 
section suggest that this time varies from a few minutes to a few hours. 

(2) At high bearing pressures, as those in bearings utilizing composites (e.g. FPS 
bearings), the true area of contact is constant and creep effects are 
insignificant. Accordingly, dwell of load should have no effect. 

(3) The dependency of the coefficient of friction on the velocity of sliding is a 
result of the viscoelastic behavior of PTFE. In essence, the shear strength of 
the interface is dependent on the rate of loading. 
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Table 1: Frictional Properties of PTFE in Contact with Polished Stainless Steel 

Type of Pressure MPa Sliding fmax fmin 1-'s(%) 1-'s/fmax 
PTFE direction (%) (%) 

UF 6.9 p 11.93 2.66 5.85 0.49 

UF 13.8 p 8.70 1.75 4.03 0.46 

UF 20.7 p 7.03 1.51 5.59 0.79 

UF 44.9 p 5.72 0.87 3.74 0.65 

15GF 6.9 p 14.61 4.01 8.42 0.58 

15GF 13.8 p 10.08 4.28 6.00 0.59 

15GF 20.7 p 8.49 4.32 5.62 0.66 

15GF 44.9 p 5.27 2.15 4.73 0.90 

25GF 6.9 p 13.20 5.54 7.76 0.59 

25GF 13.8 p 11.20 4.87 6.82 0.61 

25GF 20.7 p 9.60 4.40 6.60 0.69 

25GF 44.9 p 5.89 3.19 5.74 0.97 

UF 6.9 T 14.20 2.39 7.17 0.50 

UF 13.8 T 10.50 1.72 7.57 0.72 

UF 20.7 T 8.20 2.90 4.35 0.53 

UF 44.9 T 5.50 1.11 3.55 0.64 

Note: UF = unfilled PTFE; 15GF = glass-filled PTFE at 15%; 25GF = glass-filled 
PTFE at 25%; P = sliding parallel to lay (roughness Ra = 0.04 ~o£m, AA or 
CLA) T = sliding perpendicular to lay (roughness Ra = 0.07 1-£m, AA or 
CLA) 
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Figure 1 - Variation of Sliding Coefficient of Friction with Velocity and Pressure 

of Unfilled PTFE Sliding Against Stainless Steel Polished to 0.04 p.m Ra 
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CHAPTER VI 

DESIGN AND APPLICATIONS OF SLIDING BEARINGS 

M.C. Constantinou 

State University of New York at Buffalo, Buffalo, NY, USA 

ABSTRACT 

The design of sliding isolation systems and relevant applications are presented. 
Sliding isolation systems which found application are: 

( 1) EDF system consisting of leaded bronze-stainless steel sliding bearings without 
restoring force, 

(2) TASS system consisting of PTFE-elastomeric sliding bearings and rubber 
restoring force devices, 

(3) Spherical sliding or Friction Pendulum System (FPS), 

( 4) Lubricated PTFE sliding bearings with additional energy dissipating devices, 
and 

(5) Sliding bearings with restoring force devices for bridge applications. 
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EDF SYSTEM 

Spie-Batignolles Batiment Travaux Publics (SBTP) and Electricite de France 
(EDF) of France developed a sliding seismic isolation system for application in 
nuclear power plants. Development of the system started in the 1970's and resulted 
in an application in the Koeberg nuclear power plant in South Mrica. Another 
application at the Karun plant in Iran proceeded to the point of manufacturing of the 
bearings but construction was halted following the revolution in Iran (Plichon 1980, 
Pavot 1979, Gueraud 1985). 

The isolated plant in South Mrica is 150m by lOOm in plan, consists of two 900 
MWe units and weighs in excess of 100,000 metric tons (980 MN). About 2000 
bearings on a total of 600 pedestals support the entire nuclear island. In terms of 
plan dimensions, weight and number of bearings, this 15 year old plant represents by 
far the largest isolated structure. 

Figure 1 depicts the EDF system configuration and typical response to seismic 
excitation. Each bearing consists of a lower elastomeric part (typically neoprene) and 
a top sliding interface consisting of leaded bronze in contact with stainless steel. The 
bronze plate has grooves on the surface in order to collect debris in the wear process 
and prevent it from entering in the sliding interface. Under these conditions the 
interface. exhibits essentially Coulomb type friction with a friction coefficient in the 
range of 0.18 to 0.22 at pressures of 2 to 15 MPa and at all sliding velocities. The 
lead acts as solid lubricant to ensure stable frictional properties. 

The supporting elastomeric bearing part is typically designed to provide a 
frequency of about 1 Hz (actually 0.9 Hz in the Koeberg plant) to the isolated 
structure when sliding does not occur. For seismic excitation below a certain 
threshold (peak ground acceleration below about 0.2 g), sliding does not occur and 
the isolated structure responds with only distortion in the elastomeric part. In 
stronger excitation sliding occurs (see Figure 1), which effectively limits the force 
transmitted to the superstructure to about 0.2 times the weight (coefficient of friction 
x weight). Thus, a standardized plant design may be used in areas of significantly 
different seismicity without the necessity for extensive analyses and qualification 
testing. 

The EDF system lacks restoring force capability so that permanent displacements 
occur (see Figure 1), which may accumulate to large values in sequential 
earthquakes. This may be a problem in applications in which the Operating Basis 
Earthquake (OBE) is strong enough to induce sliding of the bearings. Thus in 
earthquakes which are expected to occur frequently during the lifetime of the 
structure, moderate sliding will occur and permanent displacements will accumulate 
to unacceptable values. This has not been a problem with the Koeberg plant since 
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the OBE had a peak acceleration below 0.2g which could not induce sliding of the 
bearings. 

Recent seismic isolation design specifications in the U.S. (ICBO 1991, AASHTO 
1991) penalize isolation systems which lack restoring force capability. Based on the 
possibility for accumulation of large permanent displacements, these specifications 
require that such isolation systems be designed for a displacement at least equal to 
three times the displacement calculated for the design earthquake. 

TASS SYSTEM 

The TASS system was developed by Taisei Corporation, Japan. It has been 
applied to three structures in Japan. These are the Taisei Technology Research 
Center building in Yokohama, a 4-story, 1173m2 floor area structure, the JAPCO 
Atagawa building in Shizuoka, a small single story indoor pool structure and the 
Toho Gas Center in Mie, a 3-story, 1800m2 floor area building. 

The TASS system consists of PTFE-elastomeric bearings to support the weight 
and provide the isolation mechanism and chloroprene rubber (neoprene) springs to 
provide weak restoring force and displacement restraint. Figure 2 illustrates the 
configuration of the system and its response to seismic excitation. (Kawamura 1988). 

The sliding interface of the PTFE-elastomeric bearings consists of glass-filled 
PTFE in contact with polished stainless steel and at pressure of about 7 MPa. The 
coefficient of friction at high velocity of sliding (fmax) is about 0.14, whereas at very 
low velocity of sliding (fm;n) is about 0.04 (Mokha 1988). Denoting as K1 the stiffness 
of the elastomeric part of the PTFE-elastomeric bearings and as K2 the stiffness of 
the neoprene springs, the idealized force-displacement relation of the TASS system 
takes the form of Figure 3. The combined stiffness K1 + K2 is selected so that the 
rigid body period of the isolated structure prior to sliding, T1, is between 1 and 2 
sees: 

(1) 

where W =weight. Thus, sliding does not occur as long as the isolation system 
displacement is below the value Y 
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(2) 

For period T1 in the range 1 to 2s, Y equals 10 to 40 mm. Therefore, for weak 
seismic excitation the isolation system behaves as a lightly damped elastomeric 
system which provides significant de-amplification of the input motion. 

In strong seismic excitation, sliding occurs and the low stiffness (K2) of the 
neoprene springs is activated. This stiffness is typically selected as to give a period 
of about 5 sees. Under these conditions, the maximum force transmitted through the 
isolation interface is 

(3) 

or 

(4) 

where T2 is the period of approximately 5 sees, and d=maximum isolation system 
displacement. 

Experimental studies (including triaxial excitation on a shake table) and analyses 
demonstrated that for Japan the maximum displacement d is less than 300mm and 
typically about 200mm. Thus, the maximum isolation system shear force (equation 
4) is less than 0.19W and typically about 0.15W. Isolated structures in Japan are 
designed for a base shear coefficient of 0.15 to 0.2. The value of 0.2 is the minimum 
allowed by the code based on the building period. Reduction to 0.15 is allowed after 
analytical and/or experimental evidence is provided. 

The configuration of the TASS system allows for ease in design. The 
characteristic strength, initial stiffness and post-sliding stiffness of the system are 
controlled by different, non-interacting elements. Proper selection of these 
characteristics may lead to significant de-amplification of the input motion in both 
weak and strong seismic excitation. 

FRICTION PENDULUM SYSTEM (FPS) 

FPS bearings were developed by Earthquake Protection Systems, San Francisco 
and since 1987 extensively studied at U.C. Berkeley and the Univeristy at Buffalo 
(Zayas 1987, Mokha 1991, Zayas, Constantinou 1993). FPS bearings combine the 
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basic elements of an isolation system (flexibility and energy dissipation capability) in 
a compact, low profile, all steel unit. 

FPS bearings found application in a water tank in San Francisco, an ammonia 
tank in Calvert City, Kentucky, the Hawley Apartments building, a 4-story 1900m2 

floor area building in San Francisco, and the U.S. Court of Appeals, also in San 
Francisco. This massive 540 MN, 31500m2 floor area building is the largest isolated 
structure in the United States (Soong 1992, Amin 1993). 

A cross section view of an FPS bearing is shown in Figure 4. The bearing 
consists of a spherical sliding surface and an articulated slider which is faced with a 
high pressure capacity composite bearing material. 

The basic principle of operation of the FPS bearing is illustrated in Figure 5. 
The motion of a structure supported by these bearings is identical to that of 
pendulum motion with the additional beneficial effect of friction at the sliding 
interface. The force needed to produce displacement of the FPS bearing consist of 
the combination of restoring force during the induced rising of the structure along 
the spherical surface and of friction force at the sliding interface. The derivation of 
the force-displacement relation is based on Figure 6. The FPS bearing is considered 
in its deformed position under the action of a lateral force F. The horizontal and 
vertical components of displacement are respectively given by 

u = Rsine (5) 

v = R(l-cosO) (6) 

where R is the radius of curvature of the spherical sliding surface. From equilibrium 
of the bearing in the vertical and horizontal directions it is derived that 

F 
F = w tane +-1-

cose 
(7) 

where W is the weight carried by the bearing and F1 is the friction force at the 

sliding interface. The quantity WtanO represents the restoring force in its most 
general form ( e may be large). 

The stiffness of the bearing is derived by dividing the restoring force by the 
displacement u 

F K=­
u 

w 
Rcose 

(8) 
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Accordingly, the force needed to induce a displacement u in the horizontal 
direction is given in the general case of large 6 by 

W Fl F= --u + -- (9) 
Rcos6 cos6 

For small values of angle 6, cos6 = 1 and Equations (8) and (9) take the 
linearized form 

w K=­
R 

F = Wu+~Wsgn(u) 
R 

(10) 

(11) 

in which now the friction force F1 has been replaced by the product of the coefficient 
of friction ~ and weight W. Furthermore, u represents the horizontal component 
of velocity. Equations 10 and 11 are valid for all practical purposes. FPS bearings 
are typically designed for displacement u<0.2R, so that the error of linearizing 
Equations (8) and (9) is insignificant. 

Returning now to Equation (10), we calculate the period of free vibration as 

( w)1f2 (R)1(2. T = 21t Kg = 21t g (12) 

The period is independent of the mass of the structure and dependent only on the 
geometry of the bearing. Thus, the period does not change if the weight of the 
structure changes or it is different than assumed. 

Furthermore, Equation (11) demonstrates that the lateral force is directly 
proportional to the supported weight. As a result of this significant property the 
center of lateral rigidity of the isolation system coincides with the center of mass of 
the structure. This property makes the FPS bearings particularly effective at 
minimizing adverse torsional motion in asymmetric structures. 

As an example of force-displacement relation of FPS bearings, Figure 7 shows 
recorded loops of isolation system force (four bearings) versus bearing displacement 
in recent tests at the National Center for Earthquake Engineering Research, Buffalo, 
N.Y. (Constantinou, 1993). A 158 kN, flexible pier bridge structure was supported 
by four scaled FPS bearings having R = 558.8 mm. The excitation in this test was 
the 1940 El Centro, CA earthquake scaled up by a factor of two (to a peak 
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acceleration of 0.68 g). The slope of the force-displacement loop is precisely that 
given by Equation (10). 

FPS bearings, in addition to combining the basic elements of an isolation system 
in a single and compact unit, have the following unique properties: 

(a) Period of vibration which is independent of the supported mass. 

(b) Their lateral force is directly proportional to the weight they carry and thus, the 
isolation system center of rigidity coincides with the center of mass of the 
supported structure. This property minimizes adverse torsional motions. Shake 
table tests with uneven distribution of mass (up to 80% of the total mass 
supported by half of the total number of bearings) resulted in insignificant 
torsional motion of the tested isolated structure (Zayas 1987, 1993; Mokha 1991) 

LUBRICATED PTFE BEARINGS WITH ENERGY DISSIPATING DEVICES 

Italian engineers developed a number of sliding isolation systems for bridges. 
Approximately 150 bridges in Italy employ some form of these systems for seismic 
isolation. An account of these bridges and some details of the isolation systems have 
been presented by Medeot, 1991 and Martelli, 1993. Typically, the isolation system 
consists of lubricated PTFE sliding bearings together with some form of energy 
dissipating device such as fluid dampers or yielding mild steel elements. One of the 
most interesting applications is that of the Mortaiolo viaduct on the Livorno­
Civitavecchia highway. Constructed in 1990, the viaduct has an isolated total length 
of 8 km. It consists of isolated continuous sections, each one of which has length of 
about 426m and it is divided into 10 spans of length equal to either 33m or 45m. 
Each end of a span is supported by piers (Mariani 1991). 

A combination of bearings is used in the Mortailo viaduct as shown in Figure 8. 
The four end bearings in each 426m long section are multidirectional lubricated 
PTFE sliding bearings. The two central bearings are also multidirectional lubricated 
bearings, however equipped with E-shaped mild steel dampers. The bearings in­
between the end and central bearings are also equipped with E-shaped steel 
dampers, however they employ shock transmission units (seismic snappers) which 
activate the dampers only in motions with velocity exceeding about 1 mm/s. Thus 
under service loading conditions, each section behaves as a standard bridge which 
allows thermal expansion about the central fixed bearings. The action of the 
bearings with shock transmission units is illustrated in Figure 9. Under slow 
longitudinal motion, as in thermal expansion, theE-shaped dampers do not deform 
and allow for unrestricted movement. Under seismic excitation, the shock 
transmission units lock and the E-shaped dampers deform as illustrated in Figure 9. 
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It should be noted that E-shaped dampers are also installed in the transverse 
direction, so that isolation is multidirectional (Mariani 1991). 

The action of the E-shaped damper is double. First is to provide rigidity against 
service loads at selected locations. Second is to yield and dissipate energy in seismic 
excitation. Deformation of the E-shaped damper (see Figure 9, the central leg moves 
with respect to the two exterior legs) induces constant bending moment over the 
entire length of the beam. On yielding, plasticization occurs over the entire length 
of the beam. This extends the low-cycle fatigue life of the device (Ciampi 1991). 

An example of behavior of a lubricated bearing with E-shaped dampers is shown 
in Figure 10. The geometry of the scaled bearing is given in Figure 11. Four of 
these bearings supported a quarter length scale model bridge deck of weight equal 
to 140 kN during shake table testing at the Univ. at Buffalo-National Center for 
Earthquake Engineering Research in 1992 (Constantinou, 1994). The model was 
subjected to 16 seismic tests and then the bearings were subjected to 25 cycles of ± 
50 mm displacement. The displacement at full plasticization was estimated to be 
about 5 mm, so that the global ductility at 50 mm was about 10. The maximum 
value of the strain in the dampers was approximately equal to 0.03. The dampers 
sustained 25 cycles of motion and exhibited stable properties up to the last cycle in 
which failure occurred. Overall the bearings maintained their properties for a total 
of about 50 cycles at global ductility exceeding 10 (displacement exceeding 50 mm). 

Results obtained in the shake table testing of the quarter scale bridge model are 
presented in Figure 12. It should be noted that the bearings were designed to fully 
yield at approximately 0.15 times the carried weight (W) which together with friction 
of the lubricated sliding interface would give approximately 0.17 W. Testing gave a 
force of about 0.2 W as a result of higher yield stress of steel. 

In one of the tests the model was excited with the Japanese bridge design motion 
of level 2, ground condition 3 (deep soil) scaled down to 0.3 g (- 75% of full 
motion). The bearings performed very well in this long duration motion. Permanent 
displacements were insignificant. The other test was with the 1952 Taft motion 
scaled up to 0.6 g. The input consisted of primarily a single strong shock. While the 
force transmitted to the deck and bridge substructure below was effectively limited 
to 0.2 W, permanent displacements of over 50% of the bearing displacement capacity 
were recorded. This rendered the bearings incapable of sustaining the same motion 
again. 

The lack of restoring force in this system represents a drawback which in the 
current design philosophy in the U.S. is penalized (AASHTO 1991). If the scaled 
Taft motion represented the design earthquake for an isolated bridge with the 
characteristics of the tested model, the design displacement should have been 4 x 60 
= 240 mm (from test results after extrapolation to prototype scale). However, the 
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1991 AASHTO would require that the bearings be designed for a displacement 
capacity of 3 x 240 mm or 720 mm. With such requirement on the displacement 
capacity the bearings would have been excessively large in comparison to other 
isolation systems (such as lead-rubber or FPS bearings) which could be easily 
designed to have an isolation system force of 0.2 W with design displacement not 
exceeding 200 mm. 

Apparently, design philosophies in various countries differ. The U.S. practice 
would penalize systems without sufficient restoring force. The Japanese practice 
would allow such systems but it would require re-centering of the structure following 
the development of significant permanent displacement. 

SYSTEMS CONSISTING OF SLIDING BEARINGS AND RESTORING FORCE 
DEVICES 

A number of bridge seismic isolation systems, which consist of flat PTFE sliding 
bearings and various forms of restoring force devices, have been developed and 
tested at the University at Buffalo (Constantinou 1991, Constantinou 1994, Tsopelas 
1994 ). The restoring force devices consisted of either unidirectional simple spring­
like devices and advanced compressible fluid-damping devices or multidirectional 
rubber springs. Figure 13 shows two such devices and representative force­
discplacement loops. 

Very recently, a number of bridges in the United States have been seismically 
isolated using PTFE sliding bearings with restoring force devices in the form of 
unidirectional urethane rubber springs. The system has the characteristics of the 
generic system tested by Constantinou 1991, except that the sliding bearings and 
restoring force devices have been combined in a single compact unit. 

MATHEMATICAL MODELING OF FRICTION IN SLIDING BEARINGS 

The friction force which is mobilized at the sliding interface of sliding bearings 
depends on the normal load, bearing pressure, direction and value of sliding velocity 
and composition of the sliding interface. Constantinou, 1990 and Mokha, 1993 
described a mathematical model to account for these effects on the frictional forces 
which develop as a result of sliding. 

At an instance of time a sliding bearing undergoes displacement components 

Ux and UY and velocity components Ux and UY along the two orthogonal directions. 
Furthermore, the interface carries a weight W, and it is subjected to vertical 
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acceleration Ov and additional seismic load Ps due to overturning moments effects. 
The frictional forces Fx and FY which develop at the sliding interface are described 
by 

(13) 

(14) 

where 

(Jv ps 
w· = W(l + g + JP (15) 

is the normal load on the sliding interface. Furthermore, Zx and ZY are 
dimensionless variables which are governed by a system of differential equations 
(Constantinou 1990). These variables account for the conditions of separation and 
re-attachment of the sliding interface. They take values in the ranges ± cos e for 
Zx and ± sin e for ZY' where 

(16) 

Angle e is defined as the angle between axis x and the direction of instantaneous 
sliding. 

The coefficient of sliding friction, lls' is described by 

lls = fmax - ifmax - fmin)e-aiUJ 

where 

(17) 

(18) 

is the magnitude of the instantaneous velocity. Parameters !maximin and a are 
functions of the composition of the sliding interface, surface roughness and bearing 
pressure as described in the section on Properties of Sliding Bearings: Theory and 
Experiments. Typically, these parameters may be assigned constant values based on 
the bearing pressure calculated for the gravity load (weight W divided by bearing 
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area). More accuracy, although of little practical significance, is obtained by 
describing fmn as function of the instantaneous bearing pressure p: 

(19) 

where A = bearing area. A relation found to approximate very well the 
experimental data is (Constantinou 1993). 

fmn = fmax - Df tanh (a.p) 
• 

(20) 

Mokha 1993 conducted tests of PTFE bearings under constant normal load and 
two-dimensional plane motion. Figure 14 shows the motion imposed in one of the 
tests. The motion consists of 45mm equal amplitude harmonic components in both 
orthogonal directions with frequency of 0.35 Hz in the x direction and 0.7 Hz in the 
y direction (test No. 6). In another slower test (No.3), the frequencies were 0.08 Hz 
and 0.16 Hz, respectively. Recorded and analytically determined loops of friction 
force versus displacement compared very well as shown in Figure 14. These loops 
were obtained from simultaneous testing of two PTFE bearings under normal load 
of 48 kN. 

In another example, Figure 15 shows the response of the aforementioned quarter 
length scale bridge model from testing on the University at Buffalo shake table 
(Constantinou 1993). Four FPS bearings with R = 559mm and fmax = 0.104 
(composite material under pressure of 17.3 MPa) supported a 140 kN deck on top 
of flexible piers. The model was excited with the 1952 Taft motion, component 
N21 E in the horizontal direction and vertical, both scaled up by a factor of four 
(peak horizontal acceleration equal to 0.68g). In this case, the analytical model 
accounted for the effects of vertical acceleration, variable normal load and velocity 
of sliding on the frictional properties of the bearings. It may be seen that the 
analytical results are in very good agreement with the experimental response. 

COMPUTER CODES FOR THE ANALYSIS OF SLIDING ISOLATED 
STRUCTURES 

Computer codes for the analysis of base-isolated building have been developed 
by Nagarajaiah, 1991 (program 3D-BASIS) and 1993 (program 3D-BASIS-TABS) and 
Tsopelas, 1991 (program 3D-BASIS-M) and 1994 (program 3D-BASIS-ME). These 
programs have the capability of modeling a variety of isolation elements including 
elastomeric and sliding bearings. The model of friction described in the previous 
section is incorporated in these programs. Program 3D-BASIS has been used in the 
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analysis of a number of isolated structures, including the U.S. Court of Appeals in 
San Francisco (Amin 1993). 
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CHAPTER V 

HYBRID EARTHQUAKE LOADING TESTS OF 
V ARlO US TYPES OF BASE ISOLATION BEARINGS 

H. Iemura 

Kyoto University, Kyoto, Japan 

ABSTRACT 

Under a joint research program between Kyoto University and the Hanshin Expressway 
Public Corporation, five isolation bearings of different damping mechanisms were tested 
under identical test conditions in order to evaluate their suitability and applicability to 
different types of bridges. The isolation bearings, including the lead-rubber bearing, two 
types of high-damping rubber bearings, sliding rubber bearing, and a conventional rubber 
bearing were tested under cyclic loading and hybrid earthquake (pseudo-dynamic) test 
methods. In addition to the fundamental cyclic load-deformation behavior, earthquake and 
resonant response behavior of the five isolation bearings were obtained. From the test 
results, equivalent damping ratios are evaluated based on the usual cyclic loading tests 
as well as from earthquake response of equivalent linear elastic models. In addition, the 
effectiveness of isolation is evaluated based on acceleration and displacement amplifications 
using earthquake response results obtained from the hybrid earthquake loading tests. In 
order to evaluate the effect of initial first-cycle stiffness of rubber bearings on the earthquake 
response, a second identical specimen of each type of isolation bearings was tested for its 

virgin earthquake response behavior. 



138 H. Iemura 

INTRODUCTION 

Research and development of seismic isolation bearings for bridges in Japan have dra­
matically intensified in the past two years. In Japan, several base-isolated buildings have 
already been designed and constructed. Many of these buildings were constructed by large 
construction companies and serve as company research centers or company dormitories. 
Acceptance of the seismic isolation concept to bridges will be easier since bridges are typi­
cally designed to be supported on bearings, whereas building structures are conventionally 
designed to be fixed at their base. 

There will be more application of base isolation technology to bridges in the next 
few years with the completion of several fundamental and feasibility studies. An inten­
sive test program between the Public Work Research Institute of the Japanese Ministry of 
Construction and 28 private companies [PWRI 1991; 1990] was conducted with the main 
objective of developing menshin devices for bridges and formulating design guidelines. 
The Hanshin Expressway Public Corporation also initiated research on applying seismic 
isolation to bridges and expressways under its management. Recently, menshin-type bear­
in~s have been installed to a steel box-girder bridge along the Bay Route in Osaka. A 
hybrid earthquake loading system had been developed at the Dept. of Civil Engineering, 
Kyoto University and was used to test a high-damping rubber isolation bearing for its 
fundamental cyclic behavior and earthquake response behavior [Iemura et al, 1991]. 

Under a joint research program between Kyoto University and the Hanshin Express­
way Public Corporation, five isolation bearings of different isolation mechanisms were 
tested using this loading system in order to evaluate their suitability and applicability to 
different types of bridges. In this paper, the experimental results of the completed first 
phase of the research project will be presented. 

VARIOUS TYPES OF BASE ISOLATION DEVICES 

In buildings, base isolation devices are installed at the base to uncouple the whole build­
ing structure from destructive effects of earthquake ground motion. In bridges, the plane 
of isolation is below the girder superstructure so that inertial forces from the heavy su­
perstructure that are transmitted to the critical pier supports can be reduced by the base 
isolation system (or more appropriately, seismic isolation system). 

Many types of devices have been proposed to achieve seismic isolation. Several of 
these isolation systems use combinations of rubber bearings and complementary damping 
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devices and have been used in buildings where these have the luxury of a whole basement 

story devoted to house several isolation devices spaced at considerable distances. However 

in bridges, where the bridge seats may not offer enough space, single-unit compact isolation 

devices are desirable. In addition, these devices must be made of robust construction due 

to exposure to harsher environmental conditions. 

In recent years, many seismic isolation devices satisfying the above requirements 

for bridge application have been developed. Among these are the lead-rubber bearing, 

high-damping rubber bearing, and sliding rubber bearing. In a single unit are contained 

the necessary mechanisms to achieve seismic isolation: flexibility to lengthen the natural 

period of the supported structure, damping to limit excessive deformation, vertical stiffness 

to support heavy superstructure, and sufficient stiffness at low loads for serviceability 

against ambient vibrations. In the above-mentioned seismic isolation bearings, laminated 

elastomers made of rubber materials provide the required flexibility and interleaved steel 

plates give vertical stiffness. These bearings differ largely in the way damping mechanism 

is achieved. The lead-rubber bearing, which was developed in New Zealand, has a lead 

core at the center and utilize plastic yielding of the lead core for hysteretic damping. 

The high-damping rubber bearings use special rubber compounds that have inherent high 

damping. For the sliding rubber bearing, sliding friction provides the damping mechanism. 

Many other ways of providing damping have been proposed and developed, e.g., flexural 

yielding of steel bars, lead extrusion, torsional beam, high-yielding rubber core, etc. As 

base isolation concept gains more acceptance, new isolation techniques and configurations 

will continue to be developed. Excellent state-of-the-art reviews of the base isolation 

concept since its inception up to the present time can be found in Kelly [1986], Izumi 
[1988], Buckle and Mayes [1990]. 

For these isolation devices to be widely accepted by the structural engineering pro­

fession, their fundamental mechanical properties and their expected behavior during strong 

earthquakes should be well established. Extensive experimental tests are very much needed 

to study their behavior and provide data for analytical modeling and design. 

The most fundamental test being done on seismic isolators is the repeated cyclic 

loading test (or quasi-static test). This is a test procedure to establish some mechanical 

properties of the isolators, such as hysteretic load-deformation behavior, cyclic energy 

absorption capacity, performance deterioration under repeated loads, etc. 

The effectiveness of seismic isolators is very much dependent on the characteristics 

of the input earthquake motion and the supported structures. Most dynamic testing of 
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seismic isolators have been done on shaking tables. However, the requirement of applying 
high vertical loads due to the high dependence of isolation characteristics on axial bearing 
pressure would necessitate a large-capacity table for a full-scale specimen; or specimens 
would have to be drastically scaled down in order to accommodate them in most shaking 
tables. Due to the limitation of shaking tables, one test was done using explosively 
simulated earthquake about 10 years ago [cited in Kelly, 1986]. 

During the last two decades, online hybrid test method (pseudo-dynamic test method) 
has become a very powerful tool to test for inelastic earthquake response of structures. 
Online hybrid test method is a computer-controlled experimental technique in which direct 
step-by-step time integration is used to solve the equations of motion. The computed 
displacement at each step is statically imposed on a specimen through computer-controlled 
load actuators in order to measure its restoring forces at the current deformation state. The 
measured restoring forces are then fed into the equations of motion to compute the next set 
of displacements. The numerical time integration process and the online loading process 
are carried out for a given earthquake ground motion history. 

With the various types of isolation devices tested under different test methods and 
conditions, it is very difficult for the bridge designers to evaluate suitable isolation devices 
for a particular bridge. In addition, most of the tests conducted on large-scale specimens 
give only cyclic load-deformation characteristics and very few earthquake response tests 
(mostly shaking-table tests). It is necessary to evaluate and verify the seismic perfor­
mance of seismic isolation devices under earthquake excitations and for different structural 
configurations. 

BENCHMARK TEST PROGRAM FOR VARIOUS ISOLATION BEARINGS 

In order to evaluate suitable isolation devices for different types of bridges of the Hanshin 
Expressway Public Corporation, a joint research has been initiated with the Earthquake 
Engineering Laboratory of the Department of Civil Engineering of Kyoto University to 
evaluate the fundamental mechanical properties and earthquake response behavior of var­
ious isolation devices of different mechanisms tested under similar conditions. 

The isolation bearings tested were lead-rubber bearing (LRB), two types of high­
damping rubber bearings (HDRl, HDR2), and sliding rubber bearing (SRB). In addition, 
a conventional rubber bearing (CRS) was also tested and used for comparison with the 
base isolation devices. Two identical specimens were made for each type of bearings. The 
details of the specimens are shown in Fig. 1. 



Hybrid Earthquake Loading Tests 141 

The test set-up used in this experiment is shown in Fig. 2. The specimen is bolted 

to the underside of the rigid load-transfer beam and to a rigid platform that is fixed to 

the rails of the strong reaction floor. Different heights of isolator specimens could be 

accommodated by inserting filler plates between the specimen and the test platform. 

The actuator for horizontal motion (labeled no. 1) has a maximum stroke of ±125 mm 
and a maximum load capacity of 40 tonf. Each of the vertical actuators (no. 2 and no. 3) 

has load capacity of 40 tonf; hence, vertical load as high as 80 tonf can be applied on 

a specimen. Under the present set-up, specimens can be loaded to about ± 150% shear 

strain. This will be extended to more than ±250% in the next phase of the experimental 

program with the procurement of a loading jack with larger stroke capacity. 

The test methods adopted into the benchmark test program for this investigative study 

are mainly the cyclic loading tests and the hybrid earthquake loading tests. The notation 

for the test methods used for the discussion is shown in Table 1. For the earthquake 

response test, a 2-second SDOF system was assumed and subjected to the three earthquake 

records prescribed in the Specifications for Highway Bridges (S.H.B.) of Japan [1990]. The 

central difference time integration scheme is used for solving the equation of motion in 

this test. In the next phase of the research project, where substructured hybrid earthquake 

loading method will be used to test for earthquake response of seismically-isolated MDOF 

bridge system, a mixed explicit-implicit time integration scheme will be used for numerical 

stability and accuracy considerations. 

Table 1 Test Methods and Notation 

BCL Bipolar Cyclic Loading Test Cyclic Alternating Positive-Negative Loading 

UCL Unipolar Cyclic Loading Test Cyclic Positive Loading 
HE Hybrid Earthquake Loading Test Input Earthquakes from S.H.B. 

HS Hybrid Sweep Loading Test Input Frequency-Sweeping Sine Base Acceleration 

The sequence of tests is summarized in Table 2. Two specimens were fabricated 

for each type of isolation bearing. All tests can be done under one test set-up which 

enabled a series of test to be completed within a few hours and giving both fundamental 

mechanical properties and earthquake response behavior. To test for virgin earthquake 

response, the second specimen of each type was subjected to Type-3 Earthquake of S.H.B. 

This is especially important in that some rubber bearings exhibit exceptionally high stiffness 

during first displacement excursions. Due to this high initial stiffnesses, isolation effect 

might be diminished and consequently transmitting large forces to the pier supports. 
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Table 2 Sequence of Tests 

Test Sequence 
BCL-1 BCL-2 HE-1 HE-2 HE-3 HS UCL-1 UCL-2 
HE-3 (x2) BCL (x2) HE-3 

TEST RESULTS AND DISCUSSIONS 

Only a few representative results of the tests will be briefly described in this section. A 
more complete report on the test results is given in DPRC [1992]. 

Fundamental Cyclic Load-Deformation Behavior 

First, results of first two sequences of cyclic loading tests for each type of isolation 
bearings are given in Figs. 3 to 7. Load-deformation behavior for SRB can be easily 
divided into that exhibited by the rubber bearing and that of the sliding surface as shown 
in Fig. 7. At the end of the first test series (Table 2), the rigid load-transfer beam is offset 
by 80 ~m and fixed to enable large deformation in one orientation (UCL test). Figure 8 
shows the results of the second UCL test for each type of isolation bearings. These serve 
as the tests for fundamental mechanical properties from which the usual equivalent shear 
moduli and equivalent damping ratios are computed. Fig. 9 gives the equivalent elastic 
shear moduli for each type of isolators, while Fig. 10 gives the equivalent damping ratios. 
The values Ceq and heq are both plotted against the shear strain ratio (total deformation 
divided by total height of rubber layers), except for the sliding rubber bearing in which 
the shear strain ratio is not defined. Instead, a normalized displacement parameter (total 
deformation divided by the design displacement specified) is used as shown in Fig. IO(b). 

Earthquake Response Behavior 

To evaluate earthquake response behavior, a 2-second SDOF system is subjected to 
the three earthquake records specified in S.H.B. (Fig. 11). Maximum ground acceleration 
amplitudes were scaled for each type of isolators to give shear strain ratios in the 100% -
150% range. 

Representative results of earthquake response tests for each isolator type are given 
in Figs. 12-16. With these results, effectiveness of isolation can be evaluated directly 
in terms of earthquake response characteristics, or more specifically, the displacement 
and acceleration response time histories. From these, response reduction factors for both 
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displacement and acceleration are computed and given in Table 3. In addition, linear 
elastic response is computed to match the maximum displacement and acceleration values 
from hybrid earthquake loading tests and obtain the equivalent damping ratios based on 
earthquake response behavior. Table 4 summarizes the equivalent damping ratios based on 
earthquake response tests. 

For the second specimen of each isolation type, earthquake record no. 3 was used as 
input excitation (first test of second test series in Table 2) and virgin earthquake response 
for all isolation bearings were obtained. The main objective is to evaluate the effect 
of high initial stiiffnesses during first displacement excursions on earthquake response of 
seismically isolated bridge structures. This is specially pronounced in some types of rubber 
materials. Fig. 17 shows virgin earthquake response for one of the specimens. Comparison 
with the response of a preloaded specimen is indicated in Table 4. 

Resonant Response Behavior 

The same 2-second SDOF model was tested for resonant response when subjected 
to a sweeping sine-wave acceleration excitation (Fig. 18). Maximum input acceleration 
amplitudes were scaled to give resonant response also in the 100% - 150% range. The 
same technique as in hybrid earthquake loading test can be applied. Fig. 19 gives resonant 

response under sweeping waves for one of the specimens. Results for all of the types 
tested are summarized in Table 5. 

CONCLUSIONS AND FURTHER CONSIDERATIONS 

A benchmark test program for testing various seismic isolators with different damping 
mechanisms under similar conditions was adopted. Using cyclic loading test and hybrid 
earthquake loading test methods, it is possible to test for fundamental mechanical proper­
ties, earthquake response behavior and resonant response behavior. The effectiveness of 
isolation can be evaluated directly in terms of earthquake response values. 

In the next phase of this research project, a loading jack with larger horizontal 

strokes (±250 mm) will be procured for the purpose of further examining the behavior at 
larger shear strain (above 200%). In addition, the seismic safety of the total structure will 
be investigated by substructured hybrid earthquake loading test to obtain the earthquake 
response of MDOF system. Using this technique, it will be possible to examine the effect 
of the isolation system on the response behavior of the other components of a bridge 

structure, especially the critical bridge piers. 
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Figure 14 Earthquake Response from Hybrid Earthquake Loading Test (HDR1, HE-3) 



Hybrid Earthquake Loading Tests 

c 
g 
UJ 
u 
a: 
0 
u.. 

(a) Hybrid Expt. 
14 .---r--r-......:r..:,.--i---T--.-.,....,:'--r---,--,.-,-,---, 

7 

0 

-7 .......... . .. ; ................... ~ ......... ·-·-···---··············· 
HE-3 

115gal 
-14 L-L.-'--.l..-1----'--.......... -L... ............ _._ ......... _._.J.......J 

14 
(b) Bi-Linear Model 

7 

c 
g 
w 0 
u 
a: 
0 
u.. 

-7 

-140 -70 0 70 140 

z 
0 
~ 
<: 
a: 
UJ 
..J 
UJ 
u -70 
u 
<: 

DISPLACEMENT (mm) 

--Hybrid Expt. --Bi-Linear 

DISPLACEMENT (mm) 

............... .! ~-~R 2 HE-3 115ga/ 

.. " ........... ~- ....... . --- . ·-·-. -.. 

~! Max.94gal 
-140 L_~~~-'-~~-L...-L-k~~~~--~L_~~~~~_.__._~~_j 

0 10 2J 3J 40 

E .s 70 

1-z 
w 
:::! 0 
w 
u 
5 e, -70 
0 

TIME (sec) 

--Hybrid Expt. - -Bi-Linear 
-140 L_~~~-'-~-'--'--L~~~~~~~L-~~~~~_.__._~~_J 

o ro 2J 3J 40 ~ 
TIME (sec) 

155 

Figure 15 Earthquake Response from Hybrid Earthquake Loading Test (HDR2, HE-3) 
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(a) CRS 
Experiment Input Accel. 

(gal) 

HE-1 100 

HE-2 80 

HE-3 70 

HE-3 Virgin 70 

(b) LRB 
Experiment 

HE-1 

HE-2 

HE-3 

HE-3 Virgin 

Experiment 

HE-1 

HE-2 

HE-3 

HE-3 Virgin 

Input Accel. 
(gal) 

150 

140 

145 

145 

Input Accel. 
(gal) 

120 

130 

120 

120 

(d) HDR 2 
Experiment Input Accel. 

(gal) 

HE-1 105 

HE-2 105 

HE-3 115 

HE-3 Virgin 115 

(e) SRB 
Experiment Input Accel. 

(gal) 

HE-1 125 

HE-2 130 

HE-3 135 

HS 48 

Acceleration Response 
-------- ----------

Max. Response Amplification 
(gal) (%) 

101.1 101 

99.1 124 

86.8 124 

88.9 127 

Acceleration Response 
----------
Max.Respor.se 

(gal) 

123.9 

98.9 

100.5 

111.1 

Max.Resp. 
(gal) 

119.8 

96.2 

109.4 

129.2 

----------
Amplification 

(%) 

83 

71 

69 

77 

Amplification 
(%) 

100 

74 

91 

108 

Acceleration Response ------ ...... ------
Max.Resp. Amplification 

(gal) (%) 

89.9 86 

86.2 82 

94.1 82 

110.0 96 

Acceleration Response 
------ ------

Max.Resp. Amplification 
(gal) Factor (%) 

99.0 79 

102.6 79 

93.8 69 

108.9 227 

Displacement Response 
---------- ---------- ---------
Max.Response Shear Strain Magnification 

(mm) (%) (%) 

97 147 96 

97 147 119 

87 132 123 

83 126 117 

Displacement Response 
----------

Max. Response 
(mm) 

124 

103 

106 

96 

Max.Resp. 
(mm) 

113 

102 

103 

77 

Shear Strain Magnification ----------r---------(%) (%) 

161 

134 

138 

125 

Shear Strain 
(%) 

141 

128 

129 

96 

82 

73 

72 

65 

Magnification 
(%) 

93 

77 

85 

63 

Displacement Response 
------- ------ ------

Max.Resp. Shear Strain Magnification 
(mm) (%) (%) 

99 137 93 

93 129 87 

101 140 87 

84 117 72 

Displacement Response 
------- ------ ------

Max.Resp. Normalized Magnification 
(mm) Dis pl. (%) (%) 

106 101 84 

105 100 80 

103 98 75 

113 108 232 

Table 3 Response Reduction/Amplication Under Earthquake Loading 

H. Iemura 
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(a) CRS Maximum Response Matching Substitute Damping 
--------- ----------- ---------------

Accel.match Displ.match 
Experiment 

heq (%) heq hs (%) (%) 

HE-1 5 6 9.0 

HE-2 6 7 9.1 

HE-3 7 7 9.1 

HE-3 Virgin 7 8 -

HS 7 7 10.2 

(b) LRB Maximum Response Matching Substllute Damping --------- ----------- ---------------
Accel.rnatch Displ.match 

Experiment 
heq (%) heq (%) hs (%) 

HE-1 14 12 30.5 

HE-2 > 30 20 28.6 

HE-3 > 30 18 28.2 

HE-3 Virgin 18 21 -
HS 20 18 28.9 

(c) HDR 1 Maximum Response Matcl1ing Substttute Damping 
---------- ----------- ---------------
Accel.match Displ.match 

Experiment 
hcq (%) hcq (%) hs (%) 

HE-1 5 6 21.8 

HE-2 30 18 18.7 

I-IE-3 12 13 18.3 

HE-3 Virgm 9 22 -
HS 13 14 20.6 

(d) HDR 2 Maximum Response Matching Substitute Damping 
-------- ------------ ---------------· 

Accel.match Displ.match 
Experiment 

heq hcq hs (%) (%] (%] 

HE-1 11 6 22.1 

HE-2 20 14 20.4 

HE-3 15 12 18.3 

HE-3 Vtrgtn 11 17 -

HS 15 14 20.2 

(e) SRB Maximum Response Matching Substitute Damping ----------T---------- ----------------
Experiment 

Accel.match D!Spl.match 

heq (%) heq (%) hs (%] 

HE-1 19 11 25.2 

I-IE-2 23 17 24.4 

HE-3 29 16 25.8 

HS 24 22 30.6 

Table 4 Equivalent Damping Ratios Based on Earthquake Response 
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Figure 18 Input Frequency-Sweeping Sine Ground Acceleration Excitation 
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Figure 19 Resonant Response under Sweeping Excitation Input 

HS -Experiment Acceleration R esponse Displacement Response 
---------- ---------- ----- ----- ---------- ---------

Specimen Input Accel. Max. Response Amplification Max.Response Shear Strain Magnification 
(gal) (gal) (%) (mm) (%) (%) 

CRS 15 87.0 580 88 133 580 

LAB 37 98.6 266 105 136 280 

HDR 1 28 103.5 370 100 125 352 

HDR 2 30 102.9 343 104 144 342 

SRB 48 108.9 227 113 * 108 232 

* : Normalized Oispl. (%) 

Table 5 Response Reduction/Amplication Under Sweep Excitation 



CHAPTER VI 

EARTHQUAKE ENERGY PARTITIONING 
IN BRIDGE STRUCTURES WITH SEISMIC ISOLA TORS 

H. Iemura 

Kyoto University, Kyoto, Japan 

Abstract 

New earthquake energy spectra are proposed for practical design procedures using 

energy concepts. The spectra show integrated earthquake input energy of a unit mass for 

a given natural period and damping ratio. The total input energy and its partitioning in 
complex structures can be evaluated with the conventional procedure of modal analysis 
and the proposed spectra. Numerical simulations are carried out for inelastic structures 
to show the earthquake energy partitioning in time and in space. Inelastic earthquake 
response and earthquake energy partitioning of bridge structures with and without seismic 
isolators subjected to earthquake ground motions is evaluated to verify their engineering 

significance. 

Earthquake Input Energy Spectra 

The equation of motion of a single-degree-of-freedom inelastic structure with mass 

rn, damping coefficient C, and hysteretic restoring force F(x), subjected to earthquake 

ground acceleration z is 
rnx + Cx + F(x) = -rnz (1) 
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Multiplying by dx(= i:dt) and integrating each term of Eq. (1) for the duration of earth­
quake ground motion (0 ""'t0 ), it follows that 

1 rto rto ro 
2mx2(to) + lo Ci:2 dt + lo F(x )i: dt = - lo mi:(t)z dt (2) 

The first term on the left-hand side of Eq. (2) represents the kinetic energy of the mass at 
time t0 , the second term is the energy absorbed by viscous damping during vibration, and 
the third term includes both accumulated and dissipated energy by the hysteresis loops of 
the restoring force up to time t 0 . On the right-hand side of Eq. (2) is the earthquake input 
energy to a structure from time 0 to t0 • 

Partitioning of the earthquake energy in the time domain, represented by Eq. (2), 
is shown in Figs. 1 and 2 for a single DOF linear structure (T = 0.5s, h = 0.03) and a 
base-isolated structure (T = 2.0s, h = 0.01), respectively. The NS component of the El 
Centro record during the 1940 Imperial Valley Earthquake is used as input and hysteresis 
loops of a high-damping rubber bearing are used in the computer-actuator on-line hybrid 
earthquake response simulation (lemura et al). Comparing the results, it is clearly found 
that the earthquake input energy E, the kinetic energy Wk and the potential energy WE in 

the isolated structureare suppressed to a much lower level than in the non-isolated structure. 
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Fig. 1 Energy partitioning 
in a linear SDOF structure 
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Fig. 2 Energy partitioning 
in a base-isolated structure 

The earthquake input energy to a linear SDOF system with a unit mass at the end of 
excitation is a function of the natural period and damping ratio. Analogous to conventional 
response spectra, it is named as "the earthquake input response spectra". 
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Energy Partitioning in Complex Structures 

For a MDOF structure, its energy partitioning can be written as 

( 1 ) ra rto rto L 2m(i:7 + L Jo C;f;7 dt + L Jo FiiJ; dt = L Jo ( -m;x;z) dt 
i ;0 ;0 ;0 

(3) 

where i denotes the i-th mass or the i-th interstory, x and y denote relative displacement 

with respect to ground and interstory displacement, respectively. Eq. (3) can also be 

written as 
(4) 

At the end of response, kinetic and potential energies vanish, and thus the total input energy 

is absorbed by both viscous and hysteretic damping. 

(5) 

Using the modal analysis procedure and the proposed earthquake input energy spectra, 

the total earthquake input energy to an equivalent linear MDOF structure can be described 

by 

where Es is the earthquake input energy in s-th mode. Es can be found from the proposed 

energy spectra. When there is no modal coupling, the earthquake input energy estimated 

by Eq. (5) agrees perfectly with the results of step-by-step numerical calculation. Hence, 

analytical estimation of earthquake input energy and its partitioning can be carried out with 

application of equivalent linearization techniques. 

Inelastic Earthquake Response of Different Bridge Models 

For numerical simulation of earthquake energy partitioning in bridge structures with 

and without seismic isolators, one of typical bridges used by Hanshin Expressway Public 

Corporation shown in Fig. 3(a) is adopted. A bridge consists of steel girder, reinforced 

concrete (RC) pier and pile foundation. They are modeled with flexure beam elements 

as shown in Fig. 3(b). Trilinear hysteretic restoring force characteristic is assumed for 

moment curvature (M- ¢) relation of a pier. Pile foundation is modeled by horizontal 

and rotational elastic springs in accordance with the earthquake design specification of 

highway bridges in Japan. Energy dissipation due to soil-structure interaction is modeled 

by 10% viscous damping. 
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The following four types of connection between the girder and the pier top are 
modeled and inserted between No. 12 and 10 mass in the model shown in Fig. 3(b). 

1. Rotation-free pin connection (Model 1) 
2. Elastic spring support for which the natural period is set at 2.0 sec (Model 2) 
3. Isolator with bilinear hysteretic restoring force (Model 3) 
4. Elastic spring support with viscous damper (Model 4) 

As earthquake ground input motion, NS-component of th El Centro record during the 1940 
Imperial Earthquake is adopted and maximum acceleration is scaled to 600 gal to represent 
an extremely large event. 

17piles 

·~oo ~nso. •Jooo ·~oo 

\6000 
(b) Model 

(a) Prototype 

Fig. 3 Prototype and model of a bridge structure 

Displacement response of a girder which is pin connected to a pier (Model I) and 
moment-curvature (M- ¢)hysteretic response of section No.4 of pier bottom are shown 
in Fig. 4(a) and (b), respectively. Maximum displacement response of a girder is found to 
be 15.3 em with vibration period of one second. Bending moment response of a section 
at the pier bottom goes deeply into plastic region, and deterioration of both resistance and 
stiffness is observed. Displacement and (M- ¢) response of a bridge with elastic spring 
support (Model 2) are shown in Fig. 5(a) and (b). Although large displacement (35 em) 
is found due to soft elastic spring support, the moment response at the pier bottom shows 
much less hysteretic behavior. Fig. 6(a) and (b) show displacement and (M- ¢)response 
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of a bridge with an isolator with bilinear hysteretic restoring characteristics (Model 3). 
Fig. 7(a) and (b) show response of a bridge with elastic spring support and viscous damper 
(Model 4). In both models 3 and 4, much smaller hysteretic behavior is found compared 
to pin connection. Maximum displacement (20 em for Model 3, 10 em for Model 4) is 
also found smaller than Model 2. 
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The spatial distribution of maximum displacement response and acceleration and 
maximum bending moment response is plotted Fig. 8(a), (b), and (c). The displacement 
and acceleration response of a girder and bending moment response of a pier with pin 
connection (Model 1) show much larger response than others (Models 2, 3 and 4). This 
verifies that pin connection gives higher seismic load to piers than other models. It should 
be noted that a higher variation is found in displacement response of girders for seismic 
safety evaluation of bridges with various types of supports. 
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Fig. 8 Spatial distribution of maximum response 

Earthquake Energy Partitioning in Bridge Structure 

The partitioning of earthquake input energy and absorbed energy in the analyzed 
bridge structures is summarized in Table 1. The superstructure shares large portion of the 
earthquake input energy due to its large mass. When elastic support (Model 2), bilinear 
isolator (Model 3) and viscous damper (Model 4) are used, the earthquake input energy to 
girders is reduced significantly. Consequently, the total input energy to the bridge structure 
is also reduced significantly. The reason of this reduction is due to longer vibrational 
period of softly-supported superstructures. 
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Earthquake input energy is absorbed by different structural members depending on 

different structural models. In pin connection (Modell), earthquake response of a pier goes 

into inelastic region deeply and absorbs one-fifth of the total input energy, which means 

that the pier has to accept some earthquake damage. In Model 2 of elastic support, all 

elements stays in elastic range and almost all of input energy is absorbed by soil-structure 

interaction. In Models 3 and 4, from one-third to half of input energy is absorbed by 

the isolator or the damper. Consequently, hysteretic energy absorption by piers is reduced 

significantly which would then guarantee high reliability of bridge structures. 

In all models, large portion of the input energy is absorbed by soil-structure interac­

tion. The simulated results of this study, including different level and types of earthquake 

response, will be used for practical design of energy-absorbing capacity of seismic isolators. 

Table 1 Spatial partitioning of earthquake input energy 

and absorbed energy in bridge structures 

Super Structures 

Earthquake 
lmput Piers 

Pin 
Connection 

::22 ~50 

14 070 

Elastic 
Supports 

: ib 400 . .. . . 

8 473 

Bilinear 
Isolator 

9 912 

)0: 130> 

Viscous 
Damper 

:::: i(:4~q::: 

10 550 

9 613 6 556 Foundations 

. . . . 
Energy ~-----------+--------4-------~~~~~~--~:=~ 7 947 6 752 

... 

Hysteretic 
Energy 
Absorption 

Total 

Bearings 

Piers 

Foundations 

Sub Total 

0 0 

16 <2t6 :> . :<< :229> . 
.. ·.·.·.·.·.· ... ·.' 

0 0 

10 210 230 

Viscous Energy Absorption · : 3S : 860 : :: · : .2.5:: 200 : 
....... 

Total of Absorbed Energy 

46 293 

0 0 

8 710 17 000 

Unit : (t • em) 
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Conclusions 

To develop earthquake energy based design concepts, new earthquake energy spectra 

are proposed. Analytical control of partitioning of the earthquake energy in base-isolated 

structures has become possible with the use of the spectral and modal analysis of equiva­

lently linearized systems. Effects of inelastic behavior of isolators and of dynamic dampers 

are evaluated from numerical simulations. Appropriately designed isolators are found not 

only to suppress earthquake input energy but also to absorb most of it, thus, reducing the 

structural damage significantly. 
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CHAPTER VII 

SEISMIC ISOLATION DEVELOPMENT IN U.S.: CASE STUDIES 

M.C. Constantinou 

State University of New York at Buffalo, Buffalo, NY, USA 

ABSTRACT 

This section describes the development and application of seismic (or base) isolation 
in the United States. Significant strides have been made in the implementation of 
the technology. This is attributed to recent advances in seismic isolation hardware 
and the removal of a number of impediments, which delayed widespread 
implementation in the near past. 

INTRODUCTION 

Recent advances in isolation system hardware and the potential advantages 
offered by seismic isolation resulted in the construction of a number of isolated 
structures in the U.S. In the past, a number of impediments delayed the 
implementation of this technology until 1986, when the first isolated building, the 
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Foothill Communities Law and Justice Center in San Bernardino, CA, was 
constructed. 

These impediments (Mayes 1990) have been now largely removed. In 
particular, 

(a) The lack of code provisions for isolated structures has been resolved by 
the approval and incorporation in the Uniform Building Code (ICBO 1991) of 
"Earthquake Regulations for Seismic-Isolated Structure." Similar guidelines have 
been developed for bridges (AASHTO 1991). 

(b) The initial construction costs do not necessarily dominate the decision 
making process. Rather, considerations such as functionality during and after a 
strong earthquake, improved building performance, increased safety to occupants and 
historical and architectural value of existing buildings play a significant role in the 
decision making process. 

(c) Comparable isolation systems are now available that allow competitive 
bidding on Federal Government funded projects. For example, in recent Federal 
Government projects, high damping rubber bearings, lead-rubber bearings and sliding 
friction pendulum system (FPS) bearings participated in competitive bidding. 

(d) The Federal Government and the California State Government provide 
leadership in the implementation of seismic isolation. To date, the Federal 
Government, through the General Services Administration, has funded one major 
retrofit isolation project, the U.S. Court of Appeals in San Francisco, and is expected 
to fund other retrofit projects. Furthermore, the California State Government has 
approved the isolation retrofit of the State of California Justice Building in San 
Francisco. These structures are of significant historical and architectural value. 

DEVELOPMENT OF SEISMIC ISOLATION SYSTEMS IN THE U.S. 

Research on the development of seismic isolation systems for buildings began 
at the University of California at Berkeley in 1976 (Kelly 1991). Shrotly after, the 
California Department of Water Resources installed elastomeric isolators to a 
number of 230 kV circuit breakers in Southern California. The isolators were low 
damping natural rubber bearings of the French Gapec type (Kircher 1979). 

The research program at U.C. Berkeley received funding from the Malaysian 
Rubber Producers Research Association (MRPRA) in England, the U.S. National 
Science Foundation and the Electric Power Research Institute and concentrated on 
the development of elastomeric isolation systems for the protection of buildings and 
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secondary systems attached to them. Low damping elastomeric systems were 
originally studied. Subsequently, energy dissipating elements (such as lead plugs in 
the bearings, yielding steel devices, frictional systems) were combined with 
elastomeric bearings and experimentally studied (Kelly 1980a, 1980b, 1981, 1982, 
1990). In 1985, we have the first application of lead-rubber bearings in the retrofit 
of the Sierra Point overhead, a bridge near San Francisco. 

The researchers at U.C. Berkeley determined that a desirable method of 
increasing damping in the isolation system is to provide it in the rubber itself. A high 
damping rubber compound was developed by MRPRA and used in the first 
seismically isolated building in the United States. The Foothill Communities Law 
and Justice Center in San Bernardino was completed in 1986. 

At just about the time of completion of the Foothill Communities building, 
research at U.C. Berkeley was conducted on a novel sliding isolation system (Zayas 
1987). In 1987 experimental research began at the University at Buffalo on sliding 
isolation systems. With funding from the National Science Foundation, the National 
Center for Earthquake Engineering Research (NCEER) and industry, several sliding 
isolation systems were studied (Mokha 1988 and 1991, Constantinou 1991a and 
1991b ). Furthermore, the researchers at U. Buffalo developed the first computer 
programs specifically designed for the analysis of seismically isolated structures 
(Nagarajaiah 1991, Tsopelas 1991). Moreover, the researchers at U. Buffalo studied 
combined vibration and seismic isolation systems (Makris 1992) and equipment 
isolation systems (Demetriades 1992). 

In 1988, a sliding isolation system, the FPS system (Zayas 1987), found its first 
application in the United States. A 50-year old, 30 m tall water tank near San 
Francisco was fitted at its base with FPS bearings which were designed with uplift 
restraint. 

In the 1990s joint research efforts between U.S. institutions and the Japanese 
construction industry began. The Earthquake Engineering Research Center of U.C. 
Berkeley and Shimizu Corporation, with the participation of MRPRA and Angonne 
National Laboratory, conducted evaluation studies of elastomeric isolation systems 
(Kelly 1993). NCEER and Taisei Corporation began work on the development and 
evaluation of advanced sliding isolation systems (Constantinou 1992a, 1992b, 1993a, 
1993b, 1994; Tsopelas 1994 ). This project involved the participation of U.S. 
industries which manufacture isolation hardware for aerospace and military 
applications. Fluid damping and restoring force/damping devices have been adapted 
for use in seismic isolation systems, tested and found to be very efficient. Very 
recently, fluid damping devices have been specified for an isolated structure in 
California. 
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SEISMICALLY ISOLATED STRUCTURES IN THE U.S. 

A pre-1989 review of seismic isolation activity in the U.S. and worldwide has 
been presented by Buckle 1990. The occurrence of the 1989 Lorna Prieta earthquake 
in San Francisco appears to have accelerated the implementation of seismic isolation 
to buildings. In particular, a number of seismic-isolation retrofit projects in the San 
Francisco area have been completed, are on-going, or underwent the conceptual 
design phase and await funding. In bridges we have accelerated implementation of 
seismic isolation systems as of 1991. Prior to 1991, only seven bridges were isolated 
of which five were in California. With the adoption of seismic design specifications 
by AASHTO, which apply for all parts of the country, and the development of 
seismic isolation guidelines for bridges (AASHTO 1991), the implementation 
accelerated so that by the end of 1992 there were 33 isolated bridges. Interestingly, 
the majority of these bridges (26) were in States other than California. 

To date, there are in the U.S. 25 seismically-isolated buildings (constructed 
or under construction), 59 isolated bridges, a number of isolated equipment and two 
isolated tanks. Several more are in the design or planning stage. Table 1 presents 
a directory of seismically isolated buildings in the U.S. as of early 1994. The table 
includes only buildings which have been constructed or are in the construction phase. 
Studies have been conducted on a number of other buildings and decisions have been 
rriade to proceed with seismic isolation when funding becomes available. Tables 2 
and 3 list isolated bridges and other structures which were constructed or were in the 
construction stages as of late 1993. 

The directories in Tables 1 to 3 illustrate the range of seismic isolation 
products currently available in the U.S. These include high damping rubber bearings, 
lead-rubber bearings, friction pendulum system (FPS) bearings, PTFE sliding 
bearings and fluid viscous dampers. Furthermore, spring-viscous damper systems 
have been used for combined seismic and vibration isolation (Makris 1992). 

SEISMIC ISOLATION RETROFIT PROJECTS 

Retrofitting buildings by seismic isolation appears to be a unique U.S. 
practice. Table 4 presents a summary of isolation retrofit projects. The table 
includes information on the structural system, isolation system and the dominant 
factors, other than that of better performance, which motivated owners to select 
isolation. These motivating factors include: 

(a) Historical Building Preservation. Modification or demolition of historical 
building features is minimized. 
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(b) Functionality. The facility remains operational during and after an 
earthquake. 

(c) Design Economy. Seismic isolation is the most economical retrofit 
measure. 

(d) Investment Protection. Long-term economic loss is reduced. 

(e) Content Protection. Important contents (e.g., artifacts) are protected 
against damage. 

The retrofitted isolated structures range from small buildings to monumental 
ones with floor areas up to 32,000 m2 and building weights up to 55,000 metric tons. 
Furthermore, two structures incorporate a unique feature in their isolation systems. 
The Hawley Apartments building has its isolators placed at the bottom of each 
column without interconnection of the columns to form an isolation basemat. This 
reduced construction costs and did not affect the ceiling to floor height. The 
Rockwell building incorporates a similar feature with the isolators placed close to the 
bottom of the second story columns. 

The design criteria employed for each of the retrofit projects depended on the 
type of structure and desired performance. In general, these criteria conformed with 
and in many cases exceeded those of the Uniform Building Code (ICBO 1991). This 
was necessitated either by the severity of operational objectives or by special damage 
protection goals. 

Further details are presented in the sequel for two case studies. Both involve 
monumental structures of historical and architectural value. 

CASE STUDIES IN SEISMIC ISOLATION 

Salt Lake City and County Building, Salt Lake City, Utah 

This represents the first building to be retrofitted using seismic isolation. The 
structure was built in 1894, has plan dimensions of 80m by 40 m and extends over 
five stories to a height of 30 m. A clocktower extends another 37 m above the roof 
of the main building. It was constructed of unreinforced brick masonry and 
sandstone. The structure is monumental and highly ornamented with a total weight 
of about 35,250 metric tons. 

At the time the building was constructed earthquake engineering was 
nonexistent. Over the years, occasional earthquakes caused cracks, loosened 
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stonework and shifted decorative statues atop of the clocktower. The condition of 
the building became an official concern and in early 1970 studies of the building 
condition were conducted. The studies recommended stiffening of the clocktower 
using a steel space truss. Continued deterioration of the building prompted a new 
comprehensive study in early 1980. The study recommended saving the building 
because of its historical and architectural significance. Various approaches for 
seismic retrofit were considered. 

All approaches to retrofit, except that of seismic isolation, were destructive to 
the architecture of the building and capable of only preventing building collapse. 
Seismic isolation was finally selected despite the fact that it was not the least 
expensive alternative. At that time, engineers in the U.S. had confidence only in the 
use of elastomeric isolation systems. Accordingly, the Request for Proposals in 1986 
called for competitive bids on elastomeric isolation systems. The successful bidder 
proposed the use of a combination of 447 lead-rubber and plain rubber bearings 
(Mayes 1988). 

The building loads were transferred and distributed to the isolators by an 
elaborate system, consisting of: 

-Concrete side beams cast on either side of the masonry walls above the 
isolt;ttors, post-tensioned and clamped through the walls. 

-Concrete cross beams cast on top of the isolators. 

-Steel grillage beneath the isolators to transfer load to the footings. 

-A concrete floor above the isolators to create rigid diaphragm action. 

U.S. Court of Appeals, San Francisco, California 

This building was constructed in two phases. Construction of the original 
building was completed in 1905. An addition was completed in 1935. The building 
has plan dimensions of 95 m by 81 m and overall height of 25m above street level. 
It consists of a full basement, four floors and two mezzanines. It weight is 
approximately 55,000 metric tons. 

The superstructure of both the 1905 and 1933 buildings is steel framed with 
the columns consisting of laced pairs of channels. The floor framing consists of 
cinder reinforced concrete arches between floor beams which are riveted to the 
girders. The foundation consists of individual footings in the 1905 building and of 
10 m-long concrete piles in the 1933 building. The exterior of the building features 
granite walls which are fastened to the steel framing above the second floor level. 
The first story exterior granite walls are supported on brick masonry basement walls. 
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The building represents an early example of American Renaissance Style 
without peer in San Francisco and the Western U.S. It has both significant historic 
and architectural merit. 

The U.S. Court of Appeals building suffered damage to its interior tile walls 
and exterior granite walls during the 1989 Lorna Prieta earthquake. The interior 
walls formed a part of the lateral load resisting system and their damage significantly 
reduced the seismic resistance of the building. The building was evacuated and a 
study was undertaken to analyze the damage and to recommend repairs and seismic 
upgrading. Subsequently, the owner, the General Services Administration, requested 
a consultant to conduct an additional study and examine the feasibility of seismic 
isolation as an alternative retrofit measure. 

The study concluded that the damage sustained has significantly weakened the 
seismic resistance of the building and developed alternative retrofitting schemes. The 
conventional retrofitting schemes called for the addition of either shear walls or 
shear wall towers and general strengthening of the highly ornamented partition walls. 
The seismic isolation retrofitting schemes consisted of installation of isolation 
bearings and addition of shear walls. 

The consultant recommended the use of seismic isolation despite an estimated 
moderate additional cost compared to the other retrofitting schemes. The 
recommendation was based on the following considerations: (a) greater degree of 
seismic protection, (b) least impact on its historic and architectural character, and (c) 
cost of repairing non-structural elements that may be damaged in a future severe 
earthquake. 

The General Services Administration decided on the use of seismic isolation 
and in July of 1991 requested proposals on three isolation systems: high damping 
rubber bearings, lead-rubber bearings and friction pendulum system (FPS) bearings. 
Following an evaluation by a panel, which was based on technical merit, cost and 
experience of the supplier, the friction pendulum system was selected (Amin 1993). 

CONCLUDING REMARKS 

As Tables 1 to 4 show, significant strides have been made in the U.S. in the 
implementation of seismic isolation technology. This is a result of recent advances 
in seismic isolation hardware and the removal of several barriers, as discussed herein 
which had impeded its progress. A noteworthy feature associated with the U.S. 
practice is that isolation technology has been used for retrofitting buildings to a 
significant degree and a majority of these projects have been sponsored by the 
Federal or State governments. 
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Table 1 Directory of Seismically Isolated Buildings in the United States 

Structure Isolation System Construction Floors Structural 
Completed /Size 

(m2) 
System 

Foothill Communities, Law 98 high-damping 1986 5/3280 Steel braced 
and Justice Center, San rubber bearings frame 
Bernardino, CA (new) 

Flight Simulator 40 lead-rubber + 1988 5/17100 Steel moment 
Manufacturing Facility, Salt 58 rubber bearings frame 
Lake City, Utah (new) 

Salt Lake City and County 208 lead-rubber + 1989 5/15800 URM bearing 
Building, Salt Lake City, 239 rubber bearings wall/steel 
Utah (retrofit) braced frame 

for clock 
tower 

Fire Command and 32 high-damping 1990 2/3040 Steel braced 
Control Facility, Los rubber bearings frame 
Angeles, CA (new) 

Two Townhouses, Los -Each- 17 spring 1990 3/440 Steel braced 
Angeles, CA (new) units + 3/400 frame 

6 viscodamper 
units (seismic + 
vibration isolation) 

USC Teaching Hospital, 68 lead-rubber 1991 8/31800 Steel braced 
Los Angeles, CA (new) + 81 rubber bearings frame 

Hawley Apartments, San 31 friction pendulum 1991 4/1860 Wood bearing 
Francisco, CA (retrofit) system (FPS) wall/steel 

bearings moment 
frame at 1st 
floor ., 

Rockwell Building 80, Seal 52 lead-rubber + 1991 8/23600 R/C moment 
Beach, CA (retrofit) 26 rubber bearings frame 

Kaiser Computer Center, 54 lead-rubber + 1992 2/11150 Steel frame 
Corona, CA (new) high damping rubber 

bearings 

MacKay School of Mines, 64 high-damping 1993 3/4650 URM bearing 
Reno, Nevada (retrofit) rubber bearings wall 

+ 42 PTFE sliders 
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Table 1 Directory of Seismically Isolated Buildings in the United States (continued) 

Structure Isolation System Construction Floors/ Structural 
Completed Size (m2) System 

US Court of 256 friction retrofit in 5/31500 Steel 
Appeals, San pendulum system progress in 1994 frame/URM in-
Francisco, CA (FPS) bearings fill R/C shear 
(retrofit) wall 

Emergency 28 high damping under 18/14200 Steel Frame 
Operations rubber bearings construction in 
Center, East (Bridgestone) 1994 
Los Angeles, 
CA (new) 

Oakland City 42 lead-rubber retrofit in 18/14200 Steel Frame 
Hall, Oakland, + progress in 1994 
CA (retrofit) 69 rubber 

bearings 

Portland Water 31 lead rubber 1993 2/2550 Steel Frame 
Bureau, OR + 
(new) 4 rubber 

bearings 

San Francisco 47 lead rubber under 7/34300 Steel Frame 
Main Library, + construction in 
CA (new) 95 rubber 1994 

bearings 

Channing House 56 lead-rubber under 10/23600 R/C moment 
Palo Alto, CA + construction in frame 
(retrofit) 58 rubber 1994 

bearings 

MLK-Drew 70 high damping under 6/15900 steel braced 
Trauma Center, rubber bearings construction in frame 
Watts, CA 1994 
(new) 

VA Hospital 110 lead-rubber under 12/31800 R/C wall & 
Long Beach, CA + construction in frame 
(retrofit) 18 rubber 1994 

bearings 
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Table 1 Directory of Seismically Isolated Buildings in the United States (continued) 

Structure Isolation System Construction Floors/ Structural 
Completed Size (m2) System 

Kerckhoff Hall, 57 lead-rubber under 6/11400 R/C frame, Ext. 
UCLA, Los + construction in brick infill, 
Angeles, CA 69 rubber 1994 limited shear 
(retrofit) bearings walls 

Hughes Aircraft, 24 lead-rubber under 12/21800 R/C wall & 
Los Angeles, + construction in frame 
CA (retrofit) 19 rubber 1994 

bearings 

Autozone HQ, 24 lead-rubber under 8/19100 Shear wall-long., 
Memphis, TN + construction in steel frame-
(new) 19 rubber 1994 trans. 

bearings 

Campbell Hall, 26 lead-rubber under 3/1800 URM bearing 
Western Oregon + construction in wall 
State College, 16 rubber 1994 
Menmouth, OR bearings 
(new) 

San Bernardino 400 high construction to 5 buildings, floor Steel frame 
County Medical damping rubber begin in 1994 area = 84000 
Center (new) bearings + 

233 nonlinear 
viscous fluid 
dampers 

Educational PTFE sliding retrofit to begin 9/8360 R/C Frame 
Services Center, bearings and in 1994 
Los Angeles, restoring force 
CA (retrofit) devices retrofit 

R/C: Reinforced Concrete, URM: Unreinforced Masonry 
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Table 2 Isolated Bridges in the United States 

State Number of Total Isolated Isolation System 
Bridges Length(m) 

Alabama 1 (new) 141 Lead-rubber bearings 

California 2 (new) 1307 Lead-rubber bearings 
6 (retrofit) 

Connecticut 1 (retrofit) 369 Lead-rubber bearings 

Illinois 4 (new) 2068 Lead-rubber bearings 
3 (retrofit) Lubricated PTFE sliding bearings with 

yielding steel dampers 

Indiana 1 (new) 352 Lead-rubber bearings 
1 (retrofit) PTFE sliding bearings and restoring 

force devices 

Kentucky 1 (new) 584 Lead-rubber bearings 
1 (retrofit) 

Massachusetts 3 (new) 1683 Lead-rubber bearings 
1 (retrofit) 

Missouri 7 (new) 989 Lead-rubber bearings 

Nevada 1 (retrofit) 135 Lead-rubber bearings 

New Hampshire 5 (new) 720 Lead-rubber bearings 
1 (retrofit) PTFE sliding bearings and restoring 

force devices 

New Jersey 2 (new) 718 Lead-rubber bearings 
3 (retrofit) 

New York 4 (retrofit) 703 Lead-rubber bearings 
1 (new) 

Oregon 1 (new) 624 Lead-rubber bearings 
1 (retrofit) Lubricated PTFE sliding bearings with 

yielding steel dampers 

Pennsylvania 1 (new) 54 Lead-rubber bearings 
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Table 2 Isolated Bridges in the United States (continued) 

State Number of Total Isolated Isolation System 
Bridges Length(m) 

Rhode Island 1 (new) 698 Lead-rubber bearings 
1 (retrofit) 

Vermont 1 (retrofit) 77 Lead-rubber bearings 

Washington 1 (new) 503 Lead-rubber bearings 
1 (retrofit) 

West Virgina 2 (new) 326 Lead-rubber bearings 

Table 3 List of Other Isolated Structures in the United States 

Isolated Structure Isolated System Year of Construction 

Circuit Breakers, Low damping 1979 
South California rubber bearings 

Mark II Detector, Stanford Lead-rubber bearings 1987 
Linear Accelerator, CA 

Liquid Argon Calorimeter, Lead-rubber bearings 1987 
Stanford Linear Accelerator, 
CA 

Emergency Water Tank Friction pendulum system 1988 
Dow Chemical, San (FPS) bearings 
Francisco 

Titan Solid Rocket Motor High damping 1991 
Storage, Vandenburg Air rubber bearings 
Force Base, CA 

Ammonia Storage Tank, Friction pendulum system 1993 
ISP Chemicals, Calvert (FPS) bearings 
City, Kentucky 
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Table 4 List of Seismic Isolation Retrofit Projects in the United States 

Structure Status Original New Structural Isolation Motivating Owner 
Struetural System System Factors for 
System Selecting 

Isolation 

Salt Lake Completed 1894 5-story Steel braced 2081ead Historical Salt Lake City 
City and in 1989 URM frame for clock rubber + building Corporation 
County bearing wall tower, floor 239 rubber preservation 
Building, Salt with 67m strengthening bearings 
Lake City, clock tower 
Utah 

Rockwell Completed 1%7 8-story R/Cmoment 52 lead rubber Functionality Rockwell 
Building 80, in 1991 R/C frame at + International 
Seal Beach, moment perimeter and 26 rubber 
CA frame floor 1 to 6 bearings 

Hawley Completed 1920 4-story Steel moment 31 friction Design Private 
Apartments, in 1991 wood frame at 1st pendulum economy 
San bearing wall floor system 
Francisco, CA bearings 

MacKay Completed 1908 3-story Floor ties/wall 64 high- Historical University of 
School of in 1992 URM anchors, new damping building Nevada, Reno 
Mines, Reno, bearing wall basemat rubber preservation 
Nevada bearings + 42 

teflon sliders 

U.S. Court of Retrofit in 1905 4-story R/C shear 256 friction Historical General 
Appeals, San progress in steel walls, limited pendulum building Services 
Francisco, CA 1994 frame/URM floor system preservation Administration 

in -fill with strengthening bearings 
1933 
addition 

Long Beach Retrofit in 1967 12- Strengthening 110 lead Functionality Veterans 
VA Hospital, progress in story, R/C of basement rubber Administration 
CA 1994 shear walls columns bearings + 18 

rubber 
bearings 

Channing Retrofit in R/C frame, None 56 lead rubber Design Private 
House, Palo progress in shear walls + 58 rubber economy, 
Alto, CA 1994 bearings investment 

protection 

Kerckhoft Retrofit in R/C frame None 57 lead rubber Investment UClA 
Hall, UClA, progress in and URM + 69 rubber protection 
Los Angeles, 1994 bearings 
CA 

Hughes Retrofit in R/C frame None 24 lead rubber Investment Hughes 
Aircraft, Los progress in + 21 rubber protection Corporation 
Angeles, CA 1994 bearings 
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Table 4 List of Seismic Isolation Retrofit Projects in the United States (continued) 

Structure Status Original New Structural Isolation Motivating Owner 

Structural System System Factors for 

System Selecting 
Isolation 

Campbell Retrofit in URM None 26 lead rubber Design Western 

Hall, progress in bearing wall + 16 rubber economy, Oregon State 

Western 1994 bearing historical College 

Oregon buildiing 

State preservation 

College, 
Menmouth, 
OR 

Oakland Retrofit in 1914 steel steel braced 42 lead rubber Design City of 

City Hall, progress in frame/URM frame for clock + 69 rubber economy, Oakland 

Oakland, Ca 1994 in-fill tower and bearings historical 

office tower, building 

R/C shear preservation 

walls, trusses 
above isolators 

State of Conceptual 1916 6-story R/Cshear 170 high Investment State of 

California design steel frame walls damping protection California 

Justice completed with R/C rubber 

Building, in 1992, floors/brick bearings 

San awaits in-fill 

Francisco, funding 

Ca 

50 UN Plaza Conceptual 1936 6-story R/C shear Isolation Investment General 

Building, design steel frame walls system to be protection, Services 

San completed with R/C selected in functionality Administration 

Francisco, in 1992, floors/brick competitive 

CA awaits in-fill bidding 

funding 

San Conceptual 1916 3-story R/C shear Not yet Content City of San 

Francisco design steel walls decided protection Francisco 

Asian Art completed, frame/URM (approximately 

Museum, awaits in-fill 200 isolators) 

San funding 
Francisco, 
CA 



CHAPTER VIII 

BASE ISOLATION DEVELOPMENT IN JAPAN 

- CODE PROVISIONS AND IMPLEMENTATION -

H. Iemura 

Kyoto University, Kyoto, Japan 

ABSTRACT 

In recent years, base isolation techniques are actively adopted in construction of 
bridges, buildings and other structures in Japan. This paper summarizes the code provisions 
for base isolated bridges and buildings in Japan, as well as their implementation. Earthquake 
records obtained from base isolated buildings are also reported to verify reduction of 
earthquake response in base-isolated structures. 

Development of Menshin Design Manual of Htghway Bridges in Japan 

A three-year Joint Research Program between the Public Works Research Institute and 
26 groups consisting of 28 private firms on "Development of Menshin Design of Highway 
Bridges" was conducted from April1989 to March 1992. The objective of this program is to 
develop a rational seismic design method of highway bridges with energy dissipating 
devices. Highway bridges with span length from 20m to lOOm are considered as the major 
target for this joint research program. 

The term "menshin" means reduction of response in Japanese. Although menshin 
design is closely related to the seismic isolation design, natural period of bridge is not 
forcibly elongated in the menshin design, because there are various restrictions in increasing 
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the natural period. Instead of elongating the period, emphasis in the menshin design is on 
increasing energy dissipating capability and distribution of lateral forces to as many 
substructures as possible in order to decrease the lateral forces for design of substructures. 

In this program, concentrated efforts were made to 1) development of menshin 
(energy dissipating) devices for highway bridges, 2) development of falling-off prevention 
devices and expansion joints appropriate for the mention bridges, 3) development of rational 
and simple menshin design method, and 4) favorable application of menshin design to 
highway bridges. 

In the research project, four high-damping rubber bearings, two sliding friction 
dampers, a steel damper, a roller menshin bearing, a link bearing, and a viscous damper 
were newly developed for bridges. 

In menshin design, the menshin devices are designed by the Seismic Coefficient 
Method and the Bearing Capacity Method, In both method, the lateral force is statically 
applied to the bridge, and seismic safety is examined based ~:m the allowable stress design 
approach in the Seismic Coefficient Method and bearing capacity basis considering ductility 
in the Bearing Capacity Method. Bridges are designed by the Seismic Coefficient Method, 
and then the ductility of reinforced concrete piers is checked by the Bearing Capacity 
Method. 

In the Seismic Coefficient Method, the design lateral force coefficient kh IS given as 

provided that cT · C£ <!: 0.8 

where, . 
kh : lateral force coefficient 
Cz : modification factor for zone 
ca : modification factor for ground condition 
c1 : modification factor for importance 

cT : modification factor for structural response depending on natural period 
(Fig.1) 

cE : modification factor energy dissipation capability 
(cE =1.0 for heq less than 0.1, C£=0.9 for heq larger than 0.1) 

kho : standard design horizontal seismic coefficient (=0.2) 

Except for cE, all factors are the ones specified in the Specifications of Design of 
Highway Bridges. 
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The two significant mechanical properties of base isolation bearings to reduce 
earthquake response are 1) relatively soft stiffness for lateral load, and 2) high 

energy-damping capacity for repeated loads. Elongation of natural period of structures due to 
soft stiffness of base isolation bearings results in reduction of earthquake response. This 
effect can be accounted for in terms of the modification factor CT in Fig.l. 

The modification coefficient ce takes a value from 0.9 to 1.0 depending on the first 

modal damping ratio of the bridge. Reduction of the design lateral force by as large as 20% 
is proposed in the Manual taking into account both the effects of low stiffness and high 

damping of base isolation bearings. 

In the Bearing Capacity Method, the lateral force coefficient kho and the equivalent 

lateral forcecoefficientkhe are given as 
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where 
khe equivalent lateral force coefficient for Bearing Capacity Method 

with ductility demand of piers 
kho lateral force coefficient for Bearing Capacity Method 

H. Iemura 

cR modification factor for structural response depending on natural period 

shown in Fig. 2 
C£ modification factor (from 1.0 to 0.7) for energy dissipation capability due to 

the bearing, ductility of piers and soil-structure interaction 
khoo : standard lateral force coefficient for Bearing Capacity Method (=1.0) 

11 : allowable ductility factor of reinforced concrete piers 

All the modification factors, except for C£ are the ones specified in the Specifications of 
Design of Highway Bridges. The modifications factor C£ depends on the modal damping 

ratio of the bridge. Reduction of the design lateral force by as large as 30% is proposed with 
the use of seismic isolation bearing. 

In the seismic design of the bearings, kho shall be used to check the displacement which 
shall not be more than 250% of the height of rubber bearings, which guarantees stability of 
the bearings. 
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In the design of the piers, the reduced seismic coefficient khe can be used with the given 

ductility demand 11-·. However, khe shall not be less than 0.3 to avoid extremely flexible 

structures. 

Implementation of the Menshin Design 

In Japan, several bridges have been built or are being built with seismic bearings of 

LRB or HDR type. The first bridge with the seismic isolation bearing in Japan is the 
Miyagawa Bridge in Shizuoka Prefecture. It is a three span continuous steel girder bridge of 
which seismic lateral force is distributed to two pies and two abutments with LRB. Its 

dimensions are shown in Fig.3. The Yamaage Bridge is a six-span continuous PC concrete 
girder bridge with HDR bearings of which the dimensions are shown in Fig.4. The free 

vibration and forced vibration tests were carried out to confirm fundamental vibration 

properties of the' bridge. In addition to these two bridges, 8 bridges with seismic isolation 

bearings are being designed or built in Japan. 

105800 

105 500 1150 
39 000 32 850 . 400 

Fig.3 Side view of the Miyagawa Bridge 

Due to the frequency of both small and large earthquakes in Japan, it is expected that 
the performance of these constructed bridges during actual earthquakes will give precious 

insight and knowledge on using seismic isolation for safety enhancement of bridges. 

From the study on favorable application of menshin design, it has been found that the 

menshin is effective for constructing super-multispan continuous bridge with total deck 

length over 1 km. Application of the menshin design for seismic retrofit of existing bridges 

and deck connection for making existing simply supported girder bridges continuous were 
also studied and have been found feasible. 
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Safety Evaluation of Base- Isolated Buildings in Japan 

H. Iemura 

In Japan, seismic design of all base-isolated buildings shall be reviewed by the 
Building Center of Japan. The method of safety evaluation is as follows: 

1. The time history response analysis shall be made with an appropriate structural, bearing 
and foundation models subjected to EL Centro NS record in 1940, Taft EW Record in 1 
952, Hachinohe NS in 1968 and an artificial earthquake motion reflecting local site 
ground conditions. 

2. Maximum acceleration of each earthquake ground motion is adjusted to give maximum 
velocity of 25 em/sec and 50 em/sec which corresponds to Level 1 and Level 2 
earthquake motion. 

3. For Level 1 earthquake ground motion, all structural members shall be under their 
yielding limits, and bearings should be under fairly stable region. 

4. For Level 2 earthquake ground motion, seismic safety of base-isolated buildings is 
evaluated from behavior of both structures and bearings as shown in Table 1. It is 
strongly recommended that safety level shall be higher that B-. 
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Table 1 Safety Level of Base Isolated Buildings Subjected to Level2 Earthquake Motion 

Bearing's Behavior B-I B-IT 

Bearing Displacement is within Bearing Displacement is over 
fairly Stable Range Stable Range but within Proof 

Tested Range 

Structures· Behavior 

S- I 

All members are within Ultimate 
State,so interstory restoring force 
is within elastic limit A+ B+ 

S-IT 

Some members are over 
Ultimate State but inters tory 
restoring force is within yielding A- B-
limit 

S-ill 

Over S-IT Range but Structural 
Stability is guaranteed 

c c 

Implementation of Base-Isolated Buildings 

For base-isolated buildings in Japan, the following types of bearing have been used. 

Rubber bearings+ Energy-Absorbing Damper 

- Rubber Bearings+ Inelastic Steel Damper 

- Rubber Bearings + Inelastic Steel Damper+ Lead Damper 

- Rubber Bearings + Lead Damper + Friction Damper 

- Rubber Bearings+ Viscous Damper 
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Lead Rubber Bearing 

High-Damping Rubber Bearing 

Sliding Bearing 

Construction of base-isolated buildings in Japan in each year is summarized in Table 
2. It is found that rubber bearing+ inelastic steel damper, lead rubber bearing, high-damper 
rubber bearing are popularly used for buildings. 

Seismic Records Obtained at Base-Isolated Buildings 

To verify the effectiveness of base isolation in reducing the earthquake response of 
structures, owners of the buildings are requested to install seismographs to record not only 
earthquake ground motion, but also earthquake response of base-isolated buildings. 

On the campus of the Tohoku University in Miyagi Prefecture, two identical 
buildings, one with base-isolation bearings and the other with conventional foundation, were 
built to monitor actual behavior of existing buildings. Fig.S shows the side view of the two 
buildings with and without the base isolation bearings. Obtained earthquake records in the 
two buildings are compared in Fig.6 which clearly verifies the effectiveness of the bearings. 
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CHAPTER IX 

SEISMIC ISOLATION DEVELOPMENT IN EUROPE 

M.C. Constantinou 

State University of New York at Buffalo, Buffalo, NY, USA 

ABSTRACT 

This section presents a brief account of the development and application of seismic 
(or base) isolation in Europe. It appears that the first documented attempts to 
mitigate seismic hazard by seismic isolation were made in Europe. 

INTRODUCTION 

The first documented attempts to mitigate earthquake hazards by seismic 
isolation were made by Europeans. Bechtold of Munich, Germany obtained a U.S. 
patent in 1907 and Calantarients (an Armenian) of Scarborough, England applied for 
a British patent in 1909 (Kelly 1986, Buckle 1990). Both systems were primitive 
sliding isolation systems without restoring force. 

In Italy following the devastating earthquake of 1908 in Messina-Reggio, a 
commission was formed and charged with the development of structural engineering 
methods for the reconstruction. Two proposals arose: one suggesting the use of 
sliding foundation, the other recommending the use of fixed foundation and requiring 
that buildings are designed for 8% of their weight as lateral force. The latter 
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proposal was finally adopted and incorporated in building codes. The first 
application of seismic isolation came much later in 1959 and not in Europe. A 
structure was built in Ashkhabad, Turkmenistan by Russian engineers. The structure 
is suspended by cables in a simple but ingenious way so that it acts as a pendulum 
(Eisenberg 1992). 

The documented simple ideas of Bechtold and Calantarients for seismic 
isolation have been actually successfully used much earlier. In the past, builders have 
used reed mats under building foundations to absorb seismic shocks. A notable 
example of such structure is a tall minaret in Kunya-Urgench, Turkmenistan, which 
was built in 1320 and is still standing. 

The Greeks built the Parthenon in approximately 440 B. C. with its marble 
columns consisting of parts which were connected together by wood dowels. The 
dowels were covered with lead in an apparent attempt to extend their lifetime. The 
columns could rock at their joints and dissipate energy through friction and inelastic 
action in the lead. In effect Parthenon had the basic elements of an isolation system, 
that is, flexibility due to rocking of its columns and energy dissipation at the joints. 
It successfully withstood two thousand years of seismic activity until its partial 
destruction by an explosion in 1687. 

DEVELOPMENT OF SEISMIC ISOLATION IN EUROPE 

Laminated natural rubber bearings were first used in the U.K. at the Pelham 
Bridge in Lincoln in 1956. Over the next decade about 200 bridges were constructed 
in the U.K. on rubber bearings, all for accommodating thermal expansion. 

Research by the Malaysian Rubber Producers Research Association 
(MRPRA) in the U.K. has led to the development of the high damping natural 
rubber. Testing of this new rubber compound was conducted at the University of 
California, Berkeley and it was first applied at the Foothill Communities building in 
California (Derham 1982, Kelly 1991). High damping rubber bearings are now 
manufactured in Italy, where they found several recent applications in the isolation 
of buildings (Martelli 1993). 

European engineers proposed a variety of isolation systems and actually 
applied a number of them. A characteristic of some of these systems is that they 
were well conceived and fully functional. However, their application was not 
preceded by systematic and extensive research as done in the U.S. and Japan. The 
reason for this has been the lack of large scale testing facilities as those available in 
the U.S. since the late 1960s. Exemption has been the French EDF system which 



Seismic Isolation Development in Europe 201 

was extensively studied prior to its application. A number of isolation systems 
proposed in Europe are presented next. 

Full Base Isolation or Seismafloat System 

This system was proposed by Swiss engineers and patented by Seisma AG of 
Zurich. The isolated structure is supported by natural rubber blocks (without 
reinforcing steel plates) so that it provides a degree of flexibility in all directions. 
Under typical conditions a structure supported by such bearings will have a 
fundamental frequency in the translational-rocking mode of about 0.5 Hz and a 
vertical mode frequency of about 1.5 Hz. The system is enhanced by sacrificial 
elements (made of foam glass) which prevent motion in wind but break and allow 
motion in earthquakes. These elements break in a rather smooth fashion which, 
unlike steel shear pins, introduce only limited high frequency response in the 
superstructure. Testing of the system was conducted much later. A small 1/30 scale 
model was tested at ETH Lausanne. In 1982, a 1/3 scale, 36 kN model was tested 
at the University of California, Berkeley (Staudacher 1985). The system has been 
applied at the Pestalozzi school in Skopje in the former Yugoslavia in 1969. This 3-
story, 24 MN weight structure was supported by 54 rubber blocks. It was designed 
by Swiss engineers (Staudacher 1985). 

Earthquake Guarding System (Aiexisismon) 

Ikonomou (1972, 1984) in Greece proposed laminated elastomeric bearings 
and a combination of sliding bearings and rubber restoring force devices as two 
seismic isolation systems. The sliding isolation system (Figure 1) consists of 
multidirectional sliding pot bearings to carry the weight, provide the isolation 
mechanism and dissipate energy. Restoring force is provided by separate cylindrical 
rubber springs. It is a well conceived and functional system. However, the assumed 
values of friction coefficient in the sliding bearings were of the order of 0.02 to 0.03, 
which are typical of values obtained in very slow motions such as in the thermal 
expansion of bridges. Today we know that friction at high velocity of sliding, as in 
seismic excitation, is much higher and typically in the range of 0.08 to 0.12 for PTFE 
bearings, except for high bearing capacity composites for which friction may be as 
low as 0.05 (see lecture notes on "Properties of Sliding Bearings: Theory and 
Experiments"). The system found application in a structure in Athens, Greece. 

Spring-Viscodamper Damper 

Huffmann (1985) described the German GERB isolation system which consists 
of helical springs to support the weight of the isolated structure and provide the 
isolation mechanism in all directions. Viscodampers, consisting of a piston immersed 
in highly viscous fluid, provide the needed mechanism for energy dissipation. 



202 M.C. Constantinou 

This system was developed and extensively applied for the vibration isolation 
of structures, equipment and machinery. The viscodampers were developed in 1937 
for the German navy for use in the isolation system of on board spring mounted 
Diesel engines. 

Testing of this seismic isolation system was conducted at the Earthquake 
Research Institute at Skopje in the former Yugoslavia using a 5-story, 32-ton model 
structure (Huffmann 1985). The tests demonstrated the effectiveness of the system. 
Figure 2 shows a detail of the isolation system of the tested structure (from 
Huffmann 1985). It was assumed in the past that viscodampers behave as linear 
viscous dampers. In reality viscodampers exhibit strong viscoelastic behavior. The 
mechanical properties of viscodampers have been recently studied at the University 
at Buffalo. Experimental and analytical studies resulted in the development of 
analytical models which could predict the properties of these devices from their 
geometry and the mechanical properties of the fluid (Makris 1991, 1993). Figure 3 
shows the mechanical properties of one such device. It may be seen that the 
damping coefficient reduces significantly with increasing frequency. This important 
property allows for the system to perform both as a seismic isolation system (low 
frequency response so that damping is high) and as a vibration isolation system (high 
frequency response so that damping is low) (Makris 1992). 

The system found application in a large diesel generator in Taiwan in 1970 
and very recently in two residential buildings in Los Angeles (Makris 1992). 

GAPEC System 

Delfosse, 1977 described a simple elastomeric isolation system which consists 
of low damping natural rubber bearings. The system found application in a school 
building, a small nuclear waste facility and four houses in France. The GAPEC 
isolators were also used in the isolation of a number of circuit breakers in California. 

EDF System 

This system was developed in France for use in nuclear power plants. In 
areas of low seismicity the system utilizes only neoprene bearings to produce limited 
isolation effect. In high seismicity areas, the neoprene bearings are fitted with top 
sliding plates which limit the transmission of force to about 20% of the carried 
weight (Plichon 1980, Pavot 1979, Gueraud 1985). An extended description of the 
system has been presented in the lecture notes on "Design and Applications of 
Sliding Bearings." 

The system has been applied to two nuclear power plants in France and one 
in South Africa. 
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Sliding Bridge Isolation Systems in Italy 

Italian engineers developed a number of sliding isolation systems for bridges. 
Typically, these systems utilize lubricated PTFE bearings together with energy 
dissipating devices such as yielding steel dampers or fluid dampers (Medeot 1991). 
A detailed description for one of these systems has been presented in the lecture 
notes on "Design and Applications of Sliding Bearings." 

Approximately 150 bridges in Italy employ some form of these isolation 
systems (Medeot 1991, Martelli 1993). The total length of these isolated bridges is 
approximately 150 km. 

SEISMIC ISOLATED STRUCTURES IN EUROPE 

Table 1 presents a directory of seismically isolated structures in Europe. Italy 
has by far the largest number of applications. Currently, several more projects are 
in the design stage in Italy and Greece. Particularly, two 70m diameter LNG tanks 
in Greece will be constructed on an isolation system. 
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Table 1 Directory of Isolated Structures in Europe 

Country Structure Isolation System Year 

England Nuclear Fuel Processing Elastomeric Bearings N.A 
Facility 

Cruas Nuclear Plant Neoprene Bearings 
(EDF System without 
Sliding Part) 1981 

Le Pellirin Nuclear Neoprene Bearings 
Plant (EDF System without 

Sliding Part) 1983 

France 3-story School in 152 Low Damping 
Lambesc Elastomeric Bearings 

(GAPEC) 1978 

Nuclear Waste Storage 32 Low Damping 
Facility Elastomeric Bearings 

(GAPEC) 1982 

4 houses Low Damping 
Elastomeric Bearing 
(GAPEC) 1977-1982 

Greece Justice Building, Athens PTFE Sliding Bearings Construction 
and Restoring Force began in 1973, 
Devices then halted 

and completed 
at a later 
time. 

Two 70m Diameter LNG Friction Pendulum (FPS) Under 
Storage Tanks Bearings Construction 

in 1994. 
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Table 1 Directory of Isolated Structures in Europe (continued) 

Country Structure Isolation System Year 

Iceland 5 bridges Lead-rubber Bearings N.A. 

Fire Station, Napoli 24 Neoprene Bearings 1983 

SIP Center, Ancona 297 High Damping 
( 5 buildings) Rubber Bearings 1989-1992 

Apartment Building, 43 High Damping 
Squillace Marina Rubber Bearings 1992 

Navy Building, Ancona 44 High Damping 
Rubber Bearings 1992 

Italy 
Apartment houses of the 192 High Damping 
Italian Navy, Rubber Bearings 1993 
Campo Palma 

156 bridges of total Sliding Bearings 
length = 150 km Rubber Bearings 

Lead-rubber Bearings 
Various Hysteretic 
Damping Devices 1974-1993 

Former Pestalozzi School, 54 Natural Rubber 
Yugoslavia Skopje Blocks (Seismafloat 

System) 1969 
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ABSTRACT 

CHAPTER X 

PRINCIPLES OF FRICTION, VISCOELASTIC, 
YIELDING STEEL AND FLUID VISCOUS DAMPERS: 

PROPERTIES AND DESIGN 

M.C. Constantinou 

State University of New York at Buffalo, Buffalo, NY, USA 

This section describes passive energy dissipating devices which may be used within 
a structural system to absorb seismic energy. These devices are capable of producing 
significant reductions of interstory drifts in moment-resisting frames. Furthermore, 
these devices may, under elastic conditions, reduce the design forces. 

INTRODUCTION 

The mitigation of the hazardous effects of earthquakes begins with the 
consideration of the distribution of energy within a structure. During a seismic event, 
a finite quantity of energy is input into a structure. This input energy is transformed 
into both kinetic and potential (strain) energy which must be either absorbed or 
dissipated through heat. If there were no damping, vibrations would exist for all 
time. However, there is always some level of inherent damping which withdraws 
energy from the system and therefore reduces the amplitude of vibration until the 
motion ceases. The structural performance can be improved if a portion of the input 
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energy can be absorbed, not by the structure itself, but by some type of supplemental 
"device". This is made clear by considering the conservation of energy relationship 
(Uang 1988): 

(1) 

where E is the absolute energy input from the earthquake motion, & is the absolute 
kinetic energy, Es is the recoverable elastic strain energy, Eh is the irrecoverable 
energy dissipated by the structural system through inelastic or other forms of action, 
and Ed is the energy dissipated by supplemental damping devices. The absolute 
energy input, E, represents the work done by the total base shear force at the 
foundation on the ground (foundation) displacement. It, thus, contains the effect of 
the inertia forces of the structure. 

In the conventional design approach, acceptable structural performance is 
accomplished by the occurrence of inelastic deformations. This has the direct effect 
of increasing energy Fh. It also has an indirect effect. The occurrence of inelastic 
deformations results in softening of the structural system which itself modifies the 
absolute input energy. In effect, the increased flexibility acts as a filter which reflects 
a portion of the earthquake energy. 

The technique of seismic isolation accomplishes the same task by the 
introduction, at the foundation of a structure, of a system which is characterized by 
flexibility and energy absorption capability. The flexibility alone, typically expressed 
by a period of the order of 2 seconds, is sufficient to reflect a major portion of the 
earthquake energy so that inelastic action does not occur. Energy dissipation in the 
isolation system is then useful in limiting the displacement response and in avoiding 
resonances. However, in earthquakes rich in long period components, it is not 
possible to provide sufficient flexibility for the reflection of the earthquake energy. 
In this case, energy absorption plays an important role. 

Modern seismic isolation systems incorporate energy dissipating mechanisms. 
Examples are high damping elastomeric bearings, lead plugs in elastomeric bearings, 
mild steel dampers, fluid viscous dampers, and friction in sliding bearings (see lecture 
notes on Seismic Isolation Systems: Introduction and Overview). 

Another approach to improved earthquake response performance and damage 
control is that of supplemental damping systems. In these systems, mechanical 
devices are incorporated in the frame of the structure and dissipate energy 
throughout the height of the structure. The means by which energy is dissipated is 
either yielding of mild steel, sliding friction, motion of a piston within a viscous fluid, 
orificing of fluid, or viscoelastic action in polymeric materials. 
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FRICTION DEVICES 

A frictional device located at the intersection of cross bracing has been 
proposed by Pall (1982, 1987) and used in six buildings in Canada. These buildings 
are the Concordia University new library 10-story building in Montreal, the Canadian 
Space Agency building in St.-Hubert, the CCRIT building in Laval and three 3-story 
buildings of Ecole Polyvalante in Sorel which were damaged in the 1988 Saguenay 
earthquake (Pall 1993). Figure 1 illustrates the design of this device. When seismic 
load is applied, the compression brace buckles while the tension brace induces 
slippage at the friction joint. This, in turn, activates the four links which force the 
compression brace to slip. In this manner, energy is dissipated in both braces while 
they are designed to be effective in tension only. 

Experimental studies by Filiatrault (1985) and Aiken (1988) confirmed that 
these friction devices could enhance the seismic performance of structures. The 
devices provided a substantial increase in energy dissipation capacity and reduced 
drifts in comparison to moment resisting frames. Reductions in story shear forces 
were moderate. However, these forces are primarily resisted by the braces in a 
controlled manner and only indirectly resisted by the primary structural elements. 
This subject is further discussed later. 

Sumitomo Metal Industries of Japan developed, and for a number of years 
manufactured, friction dampers for railway applications. Recently, the application 
of these dampers was extended to structural engineering. Two tall structures in 
Japan, the Sonic City Office Building in Omiya City and the Asahi Beer Azumabashi 
Building in Tokyo, incorporate the Sumitomo friction dampers for reduction of the 
response to ground-borne vibrations and minor earthquakes. These structures are, 
respectively, 31- and 22-story steel frames. Furthermore, a 6-story seismically isolated 
building in Tokyo incorporates these dampers in the isolation system as energy­
absorption devices. 

Figure 2 shows the construction of a typical Sumitomo friction damper. The 
device consists of copper pads impregnated with graphite in contact with the steel 
casing of the device. The load on the contact surface is developed by a series of 
wedges which act under the compression of belleville washer springs. The graphite 
serves the purpose of lubricating the contact and ensuring a stable coefficient of 
friction and silent operation. 

An experimental study of the Sumitomo damper was reported by Aiken 
(1990). Dampers were installed in a 9-story model structure and tested on a shake 
table. The dampers were not installed diagonally as braces. Rather, they were 
placed parallel to the floor beams, with one of their ends attached to a floor beam 
above and the other end attached to a chevron brace arrangement which was 
attached to the floor beam below. The chevron braces were designed to be very stiff. 
Furthermore, a special arrangement was used at the connection of each damper to 
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the chevron brace to prevent lateral loading of the device. Figure 2 demonstrates 
the installation. 

The experimental study resulted in conclusions which are similar to those of 
the study of the friction bracing devices of Pall {1982). In general, displacements 
were reduced in comparison to moment resisting frames. However, this reduction 
depended on the input motion. For example, in tests with the Japanese Miyagiken 
earthquake, ratios of interstory drift in the friction damped structure to interstory 
drift in the moment resisting structure of about 0.5 were recorded. In tests with the 
1940 El Centro and 1952 Taft earthquakes, the ratio of interstory drifts was typically 
around 0.9. Furthermore, recorded base shear forces were, in general, of the same 
order as those of the moment resisting frame. However, the friction damped 
structure absorbed earthquake energy by mechanical means. This energy would have 
otherwise been absorbed by inelastic action in the frame. 

An interesting outcome of the study is that, for optimum performance, the 
friction force at each level should be carefully selected based on the results of 
nonlinear dynamic analyses. The tested structure had a friction force of about 0.12W 
(W = model weight) at the first story and it reduced to about 0.05W at the top story. 

Another friction device, proposed by Fitzgerald (1989), utilizes slotted bolted 
connections in concentrically braced connections. Component tests demonstrated 
stable frictional behavior. Figure 3 shows this friction device. It may be noted that 
the sliding interface is that of steel on steel. 

Constantinou (1991a, 1991b) developed a friction device for application in 
bridge seismic isolation systems. Shown in Figure 4, this device utilizes an interface 
of stainless steel in contact with bronze which is impregnated with graphite. The 
device bears a similarity with the Sumitomo device in terms of the materials which 
form the sliding interface. 

Very recently Grigorian (1993) tested a slotted bolted connection which was 
nearly identical to the one of Fitzgerard (1989) except for the sliding interface which 
consisted of brass in contact with steel. This interface exhibits more stable frictional 
characteristics than the steel on steel interface. 

Frictional devices are in principle simple to construct but very difficult in 
maintaining their properties over prolonged time intervals. Particularly, 

(a) Metal to metal interfaces typically promote additional corrosion. 
Specifically, common carbon and low alloy steels suffer severe additional corrosion 
when in contact with brass, bronze or copper in all atmospheric environments. 1be 
British Standards (BSI 1979) specifically recommend against their use. Only stainless 
steels with high content of chromium may be acceptable when in contact with brass 
or bronze under atmospheric conditions other than industrial/urban and marine (BSI 
1979). 
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(b) The normal load on the sliding interface cannot be reliably maintained 
and some relaxation should be expected over the years. 

YIELDING STEEL ELEMENTS 

The reliable yielding properties of mild steel have been explored in a variety 
of ways for improving the seismic performance of structures. The eccentrically­
braced frame (Roeder 1978) represents a widely accepted concept. Energy 
dissipation is primarily concentrated at specifically detailed shear links of 
eccentrically-braced frames. These links represent part of the structural system which 
is likely to suffer localized damage in severe earthquakes. 

A number of mild steel devices have been developed in New Zealand (Tyler 
1978, Skinner 1980). Some of these devices were tested at U.C. Berkeley as parts 
of seismic isolation systems (Kelly 1980) and similar ones were widely used in seismic 
isolation applications in Japan (Kelly 1988). 

Tyler (1985) described tests on a steel element fabricated from round steel bar 
and incorporated in the bracing of frames. Figure 5 shows details of a similar 
bracing system which was installed in a building in New Zealand. An important 
characteristic of the element is that the compression brace disconnects from the 
rectangular steel frame so that buckling is prevented and pinched hysteretic behavior 
does not occur. Energy is dissipated by inelastic deformation of the rectangular steel 
frame in the diagonal direction of the tension brace. 

Another element, called "Added Damping and Stiffness" or ADAS device has 
been studied by Whittaker (1989). The device consists of multipleX-steel plates of 
the shape shown in Figure 6 and installed as illustrated in the same figure. The 
similarity of the device to that of Tyler (1978) and Kelly (1980) is apparent. The 
shape of the device is such that yielding occurs over the entire length of the device. 
This is accomplished by the use of rigid boundary members so that the X-plates are 
deformed in double curvature. 

Shake table tests of a 3-story steel model structure by Whittaker (1989) 
demonstrated that the ADAS elements improved the behavior of the moment­
resisting frame to which they were installed by a) increasing its stiffness, b) increasing 
its strength and c) increasing its ability to dissipate energy. Ratios of recorded 
interstory drifts in the structure with ADAS elements to interstory drifts in the 
moment-resisting frame were typically in the range of 0.3 to 0.7. This reduction is 
primarily an effect of the increased stiffness of the structure by the ADAS elements. 

Ratios of recorded base shears in the structure with ADAS elements to base 
shears in the moment-resisting frame were in the range of 0.6 to 1.25. Thus, the base 
shear in the ADAS frame was in some tests larger than the shear in the moment 
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frame. However, it should be noted again that, as in the case of friction braced 
structures, the structure shear forces are primarily resisted by the ADAS elements 
and their supporting chevron braces (see Figure 6). The ADAS elements yield in a 
pre-determined manner and relieve the moment frame from excessive ductility 
demands. ADAS elements have been very recently used in the seismic retrofitting 
of the Wells Fargo Bank, a 2-story concrete building in San Francisco. 

Various devices whose behavior is based on the yielding properties of mild 
steel have been implemented in Japan (Fujita 1991). Kajima Corporation developed 
bell-shaped steel devices which serve as added stiffness and damping elements. 
These dampers were installed in the connecting corridors between a 5-story and a 9-
story building in Japan. The same company developed another steel device, called 
the Honeycomb Damper, for use as walls in buildings. They were installed in the IS­
story Oujiseishi Headquarters Building in Tokyo. Obayashi Corporation developed 
a steel plate device which is installed in a manner similar to the ADAS elements 
(Figure 6). The plate is subjected to shearing action. It has been installed in the 
Sumitomo Irufine Office Building, a 14-story steel structure in Tokyo. 

VISCOELASTIC DAMPERS 

Viscoelastic dampers, made of bonded viscoelastic layers (acrylic polymers), 
have been developed by 3M Company and used in wind vibration control applications. 
Examples are the World Trade Center in New York City (110 stories), the Columbia 
SeaFirst Building in Seattle (73 stories) and the Number Two Union Square Building 
in Seattle (60 stories). Seismic applications of viscoelastic dampers have a more 
recent origin. For seismic applications, larger damping increases are usually required in 
comparison with those required for mitigation of wind-induced vibrations. Furthermore, 
energy input into the structure is usually spread over a wider frequency range, requiring 
more effective use of the viscoelastic materials. Extensive analytical and experimental 
studies in the seismic domain have led to the first seismic retrofit of an existing building 
using viscoelastic dampers in the U.S. in 1993. 

Viscoelastic materials used in structural application dissipate energy when 
subjected to shear deformation. A typical viscoelastic (VE) damper is shown in 
Fig. 7 which consists of viscoelastic layers bonded to steel plates. When mounted 
in a structure, shear deformation and hence energy dissipation takes place when the 
structural vibration induces relative motion between the outer steel flanges and the 
center plate. 

Under a sinusoidal load with frequency w, the shear strain -y(t) and the shear 
stress r(t) oscillate at the same frequency w but in general out-of-phase. They can be 
expressed by (Zhang 1989) 

-y(t) = -y0 sinwt, r(t) = T0 sin(wt + 6) (2) 
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where l'o and To are, respectively, the peak shear strain and peak shear stress, and li is 
the lag angle. For a given l'o• To is a function of w. 

The shear stress can also be written as 

T(t) = l'o[G'(w) sinwt + G"(w) coswt] (3) 

where G'(w) = Tocosliho and G"(w) = Tosinliho· The stress-strain relationship can be 
written as 

T(t) = G'(w)l'(t) ± G"(w) [1'~ -1'(t)] 1/ 2 (4) 

which defines an ellipse as shown in Fig. 8, whose area gives the energy dissipated by 
the viscoelastic material per unit volume and per cycle of oscillation. 

It is seen from Eq. ( 4) that the first term of the shear stress is the in-phase portion 
with G'(w) representing the elastic stiffness, and the second term or the out-of-phase 
portion represents the energy dissipation component. This is seen more clearly if Eq. 
(3) is rewritten in the form 

G"(w) 
T(t) = G'(w)l'(t) + --i'(t) 

w 
(5) 

since i'(t) = low cos wt. The quantity G"(w )/w is the damping coefficient of the damper 
material. The equivalent damping ratio is 

_ G"(w) ( w ) _ G"(w) <--- -- ---
w 2G'(w) 2G'(w) 

(6) 

Accordingly, G'(w) is defined as the shear storage rrwdulus of the viscoelastic 
material, which is a measure of the energy stored and recovered per cycle; and G"(w) is 
defined as the shear loss rrwdulus, which gives a measure of the energy dissipated per 
cycle. The loss factor, 1J, defined by 

G"(w) 
1J = G'(w) = tanli (7) 

is also often used as a measure of energy dissipation capacity of the viscoelastic 
material. 

The shear storage modulus and shear loss modulus of a viscoelastic material 
are generally functions of excitation frequency (w), ambient temperature (T), shear 
strain (1), and material temperature (B). Their dependence on these parameters have 
been studied extensively both analytically and experimentally. Constitutive models 
that have been proposed for viscoelastic materials include the Maxwell model, the 
Kevin-Voight model and complex combinations of these elementary models. More 
recently, the concept of fractional derivatives (Tsai 1993, Kasai 1993) and constitutive 
modeling based on the Botzmann's superposition principle (Shen 1994) have been used 
in modeling VE damper properties. 
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In order to determine the dependence of G'(w) and G"(w) on the ambient 
temperature, the method of reduced variables can be used (Ferry 1980). This method 
affords a convenient simplification in separating the two principal variables, frequency 
and temperature, on which the VE material properties depend, and expressing these 
properties in terms of a single function of each, whose form can be experimentally 
determined. 

The effect of temperature rise within the VE material when it is subjected to 
shear deformation can also be taken into account using the method of reduced variables. 
Analytically, the internal temperature, o, within the VE material due to the mechanical 
work done by the damper can be calculated from the heat transfer equation (Kasai 1993) 

8() 82() 8-y 
sp- ~K-+r-

8t 8z2 8t 
(8) 

where s is the specific heat of the VE material, p is the mass density, and K is 
thermal conductivity. The spatial variation of the temperature is assumed to occur in 
the z-direction across the VE layer. Experimental results and finite element analyses 
indicate, however, this transient heat conduction term is small and Eq. (8) can be 
approximated by 

1 it O(t) = T + - r(t)i'(t)dt 
sp o 

(9) 

where T is the ambient temperature. 

In structural applications, one is interested in the temperature rise within the VE 
material over a loading episode. Field observations and laboratory experiments have 
shown that, during each wind and earthquake loading cycle, this transient temperature 
increase is typically less than IOoC and has a minor effect on the performance of VE 
dampers. 

In summary, assuming VE dampers undergo moderate strain (:S 20%), the shear 
storage and loss moduli can be considered as functions of only the excitation frequency 
w and the ambient temperature T. 

Based upon the development above, it is seen from Eq. (5) that, at a given 
ambient temperature and under moderate strain, the stress in a VE material is linearly 
related to the strain and strain rate under harmonic motion. For a viscoelastic damper 
such as that shown in Fig. 7 with total shear area A and total thickness h, the 
corresponding force-displacement relationship is 

where 
F(t) = k'(w )x(t) + c'(w ).i:(t) 

k'(w) = AG'(w), 
h 

c'(w) = AG"(w) 
wh 

(10) 

(11) 

Thus, unlike friction devices or yielding steel elements, a linear structure with added 
VE dampers remains linear with the dampers contributing to increased viscous damping 
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as well as lateral stiffness. This feature represents a significant simplification in the 
analysis of viscoelastically damped structures (Zhang 1989, 1992). 

In order to assess seismic applicability of viscoelastic dampers, extensive 
experimental programs have been designed and carried out for steel frames in the 
laboratory (Ashour 1987, Su 1990, Lin 1991, Fujita 1992, Kirekawa 1992, Aiken 1993, 
Bergman 1993, Chang 1993a), for lightly reinforced concrete frames in the laboratory 
(Foutch 1993, Lobo 1993, Chang 1994), and for a full-scale steel frame structure in the 
field (Chang 1993a). These experimental results, together with analytical modeling, 
have led to the development of design procedures for structures with added VE dampers. 

Like many other design problems, the design of viscoelastically damped struc­
tures is in general an iterative process (Chang 1993a and 1993b). First, an analysis of 
the structure without added dampers should be carried out. Then the required damping 
ratio becomes the primary design parameter for adding VE dampers to the structure. 
The design will normally contain the following steps which may continue to update 
the structural properties after each design cycle: (a) determine structural properties of 
the building and perform structural analysis; (b) determine the desired damping ratio; 
(c) select desirable and available damper locations in the building; (d) select damper 
stiffness and loss factor; (e) calculate the equivalent damping ratio using the modal 
strain energy method; and (f) perform structural analysis using the designed damping 
ratio. When steps (e) and (f) satisfy the desired damping ratio and the structural per­
formance criteria, the design is complete. Otherwise, a new design cycle will proceed 
which may lead to new structural properties, damper locations or damper dimensions 
and properties. 

It can be seen that this design procedure falls into the traditional design procedure 
except for the determination of the required damping ratio and the selection of damper 
stiffness and loss factor. In general, the required damping ratio can be estimated by 
using the response spectra of the design earthquake with various damping ratios. The 
selection of damper stiffness k' and loss factor TJ can be a trial and error procedure. They 
can also be determined based on the principle that the added stiffness due to the VE 
dampers be proportional to the story stiffness of the structure. This is obtained from 

(12) 

where ( is the target damping ratio and ki and ki are, respectively, the damper stiffness 
and the structural story stiffness without added dampers at the ith story. For a VE 
material with known G' and G" at the design frequency and temperature, the area of the 
damper, A, can be determined from, as seen from the first ofEqs. (11), 

k'h 
A= G' (13) 

The thickness of the VE material, h, can be determined from the maximum allowable 
damper deformation to insure that the maximum strain in the VE material is lower than 
the ultimate value. 
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In this design procedure, the structure is assumed to be linear elastic. If inelastic 
deformation is allowed in the structure, the demand in VE damping can be reduced 
and a modified procedure has to be used. We also note that ambient temperature is an 
important design parameter in all cases. 

Viscoelastic devices have also been developed by the Lorant Group which 
may be used either at beam-column connections or as parts of a bracing system. 
Experimental and analytical studies have been very recently reported by Hsu (1992). 
These devices have been installed in a 2-story steel structure in Phoenix, Arizona. 

Hazama Corporation of Japan developed a viscoelastic device whose construc­
tion and installation is similar to the 3M viscoelastic device with the exception that 
several layers of material are used (Fujita 1991). The material used in the Hazama 
device also exhibits temperature dependent properties. Typical results on the storage 
and loss shear moduli at a frequency of 1 Hz and shear strain of 0.5 are: 355 psi (2.45 
MPa) and 412 psi (2.85 MPa), respectively at 32°F (OOC) and 14 psi (0.1 MPa) and 8 
psi (0.055 MPa), respectively at ll3°F (45°C). 

Another viscoelastic device in the form of walls has been developed by Shimizu 
Corporation (Fujita 1991). The device consists of sheets of thermo-plastic rubber 
sandwiched between steel plates. It has been installed in the Shimizu Head Office 
Building, a 24-story structure in Tokyo. 

VISCOUS WALLS 

The Building Research Institute in Japan tested and installed viscous damping 
walls in a test structure for earthquake response observation. The walls were 
developed by Sumitomo Construction Company (Arima 1988) and consist of a 
moving plate within a highly viscous fluid which is contained within a wall container. 
The device exhibits strong viscoelastic fluid behavior which is similar to that of the 
GERB viscodampers which have been used in applications of vibration and seismic 
isolation (Makris 1992). 

Observations of seismic response of a 4-story prototype building with viscous 
damping walls demonstrated a marked improvement in the response as compared to 
that of the building without the walls. 

FLUID VISCOUS DAMPERS 

Fluid viscous dampers which operate on the principle of fluid flow through 
orifices were first used in the 75mm French artillery rifle of 1897. This high 
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performance damper was adaptive, that is, its output was continuously varied 
depending on the angle of elevation of the weapon. It was considered a national 
secret of France which was shared with the U.S. and Great Britain only during World 
War I. Even today elements of the design are used in large artillery pieces and in 
most aircraft landing gears. 

Fluid dampers for automotive use were invented by Ralph Pea of Buffalo, 
N.Y. in 1925. Since then a number of fluid damper manufacturers were established 
in the Buffalo area. Of these, Taylor Devices was established in 1955 and since then 
produced over two million devices which were used as energy absorbing buffers in 
steel mills, canal lock buffers, offshore oil leg suspensions and primarily in shock and 
vibration isolation systems of aerospace and military hardware. Some notable 
examples of application are launch gantry dampers for the U.S. Navy with force 
output of up to 2000 kips (8900 kN) and travel of over 10 feet (over 3m), seismic 
dampers in nuclear power plants with force output of 300 to 1000 kips (1335 to 4450 
kN), payload dampers for the space shuttle, wind dampers for the Atlas and Saturn 
V rockets and shock isolators for most tactical and strategic missiles of the U.S. 
Armed Forces. 

A particular fluid damper which is produced by Taylor Devices has been 
studied by Constantinou (1992, 1993). The construction of this device is shown in 
Figure 9. It consists of a stainless steel piston with a bronze orifice head and an 
accumulator. It is filled with silicone oil. The orifice flow is compensated by a 
passive bi-metallic thermostat that allows operation of the device over a temperature 
range of - 40°F to 160°F ( -40°C to 70°C). The orifice configuration, mechanical 
construction, fluid and thermostat used in this device originated within a device used 
in a classified application on the U.S. Air Force B-2 Stealth Bomber. Thus, the 
device includes performance characteristics considered as state of the art in hydraulic 
technology. 

The force that is generated by the fluid damper is due to a pressure 
differential across the piston head. However, the fluid volume is reduced by the 
product of travel and piston rod area. Since the fluid is compressible, this reduction 
in fluid volume is accompanied by the development of a restoring (spring like) force. 
This is prevented by the use of the accumulator. Tested devices showed no 
measurable stiffness for piston motions with frequency less than about 4 Hz. In 
general, this cut-off frequency depends on the design of the accumulator and may be 
specified in the design. The existence of the aforementioned cut-off frequency is a 
desirable property. The devices may provide additional viscous type damping to the 
fundamental mode of the structure (typically with a frequency less than the cut-off 
frequency) and additional damping and stiffness to the higher modes. This may, in 
effect, completely suppress the contribution of the higher modes of vibration. 
Alternatively, fluid dampers may be constructed with run-through rod. This design 
prevents compression of the fluid and it does not require an accumulator. 
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The force in the fluid damper may be expressed as 

(14) 

where u = velocity of piston rod, C = constant and a = coefficient in the range of 
approximately 0.5 to 2.0. A typical orifice design features cylindrical orifices for 
which the output force is proportional to the velocity squared (a=2). This 
performance is usually unacceptable. 

To produce damping forces with coefficient a different than 2 requires 
specially shaped passages to alter the flow characteristics with fluid speed. This 
orifice design is known as fluidic control orifice. A design with coefficient a equal 
to 0.5 is useful in applications involving extremely high velocity shocks. They are 
typically used in the shock isolation of military hardware. Fluid viscous dampers with 
nonlinear characteristics have been recently specified in a number of projects in the 
U.S. The San Bernardino County Medical Center in California is a five building 
isolated complex utilizing 400 high damping rubber bearings and 233 nonlinear 
viscous dampers with a = 0.5. Construction of the complex is scheduled to begin 
in 1994. Furthermore, studies for the seismic retrofit of the suspended part of the 
Golden Gate bridge in San Francisco concluded that the use of fluid dampers with a 
= 0.75 produce the desired performance (Rodriquez 1994). 

The suitability of fluid viscous dampers for enhancing the seismic resistance 
of structures has been studied by Constantinou (1992, 1993). Fluid dampers with an 
orifice coefficient a= 1 were tested over the temperature range 32°F to 122°F (0°C 
to 50°C). The dampers tested exhibited variations of their damping constant from 
a certain value at room temperature (75°F, 24°C) to + 44% of that value at 32°F 
(0°C) to -25% of that value at 122°F (50°C). This rather small change in properties 
over a wide range of temperature is in sharp contrast to the extreme temperature 
dependency of viscoelastic solid dampers. Figure 10 shows experimental results on 
the mechanical properties of a tested fluid damper over the temperature range of oo 
to 50°C (P= C0U ). 

The inclusion of fluid viscous dampers in the tested structures on a shake 
table resulted in reductions in story drifts of 30% to 70%. These reductions are 
comparable to those achieved by other energy dissipating systems such as viscoelastic, 
friction and yielding steel dampers. However, the use of fluid dampers also resulted 
in reductions of story shear forces by 40% to 70% while other energy absorbing 
devices were incapable of achieving any comparable reduction. The reason for this 
difference is the nearly pure viscous behavior of the fluid dampers tested. 

Figure 11 shows the construction of the nonlinear viscous dampers of the San 
Bernardino County Medical Center. These dampers have output force of 1400 kN 
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at velocity of 1500 mm/s and a stroke of ± 610 mm. Scaled versions of these 
damper (scale of 1/6) have been very recently tested at the University at Buffalo. 
Figure 12 shows the recorded force-velocity data for one of the tested dampers. The 
nonlinear characteristics of the damper are evident. It may be noted in this figure 
that the output of the device is nearly unaffected by temperature in the range of 0 
to 50° C. This temperature insensitivity has been a specific project requirement. It 
has been achieved entirely by passive means, that is by compensation of the changes 
in fluid properties with changes in the volume of the fluid and metallic parts. 

DISSIPATION OF ENERGY IN SYSTEMS WI1H NONLINEAR VISCOUS 
DAMPERS 

Consider a fluid viscous damper with constitutive relation described by 
Equation(14). The energy dissipated in a cycle of sinusoidal motion 

(15) 

is 

(16) 

where T = 21T / Ci)0 , U0 = amplitude and Ci)0 = frequency. Integration of Equations 
(14) to (16) results in 

(17) 

where r is the gamma function. The dissipated energy may also be expressed in 

terms of the peak value of damper force p max = cu: Ci)~. That is, 

(18) 

Equation (18) may be used to demonstrate the advantages of nonlinear 
viscous dampers with small values of parameter a. Consider two cases, one with a 
= 0.5 (a technologically advanced design) and one with a = 2 (a typical design with 
cylindrical or Bernoulian orifices). For the case of a = 0.5, Wd = 3.496 P mallo• 
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whereas for the case of a = 2, Wd = 2.667 P mdlo· Thus for the same level of output 
force and amplitude of motion, the a = 0.5 damper dissipates 31% more energy than 
the a = 2 damper. 

The significance of this difference in energy dissipation capability is more 
conveniently demonstrated by studying the behavior of a single-degree-of-freedom 
system with dampers. Let the mass of the system be M and the stiffness (linear and 
elastic) be K. A damper with characteristics described by Equation (14) is included 
in the system. The damping ratio is defined by 

(19) 

in which u0 = amplitude of harmonic motion at the undamped natural frequency 

<..> 0 = JK/M. By virtue of Equation (17), the damping ratio is 

(20) 

Specifically, for a = 0.5 

c ( = 0.55641 1/2 3/2 
Muo W 0 

(21) 

for a = 1 

(22) 

and for a = 2 

(23) 

As expected the damping ratio is dependent on the amplitude of motion. For 
dampers with a < 1, the damping ratio reduces with increasing amplitude of motion. 
The opposite is true for dampers with a > 1, whereas for linear dampers (a = 1) the 
damping ratio is independent of amplitude of motion. To illustrate this behavior, 
Figure 13 shows the damping ratio of a single-degree-of-freedom system with weight 
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W = 7000 kN (M = 713557 Kg) and undamped frequency (.)0 = 1r rad/s. Three 
different cases of dampers are considered, each of which produces a peak force equal 
to 704 kN (or 0.1 W) at velocity of 785 mm/s. That is, damping constant Cis equal 
to 25.13 kN s112jmm112 for a = 1/2, 0.8967 kN s/mm for a = 1 and 0.001142 kN 
s2 fmm2 for a = 2. 

Figure 13 depicts the damping ratio of the system with a = 0.5 approaching 
infinity as the amplitude of motion tends to zero. This is not realistic. Actual 
devices exhibit linear behavior at low levels of velocity so that the damping ratio 
levels off to a constant value, as shown in the figure. 

The behavior of the three systems under free vibration and seismic excitation 
is shown in Figures 14 and 15, respectively. Figure 14 compares the time histories 
of displacement of the three systems when they are released from a 250 mm initial 
displacement. The differences in energy dissipation capability among the three 
systems are evident in the reduction of amplitude per cycle of motion. Figure 15 
compares force-displacement loops (force is total force, that is the restoring plus 
damping force) of the three systems when excited by the SOOE component of the 
1940 El Centro earthquake scaled to a peak ground acceleration of 0.68 g. The 
better performance of the nonlinear a = 0.5 damper is apparent. Comparing the a 
= 0.5 damper system to the linear viscous system (a = 1) we observe a nearly 20% 
reduction in displacement and a 10% reduction in total force. This better 
performance of the a = 0.5 system is actually achieved with a peak damper force 
lower than that of the other systems. Specifically, for a = 0.5 the maximum damper 
force is 640 kN, for a = 1 the force is 700.5 kN and for a = 2 the force is 930.5 kN. 

CONSIDERATIONS IN THE DESIGN OF ENERGY ABSORBING SYSTEMS 

The presented review of energy absorbing systems demonstrates that these 
systems are capable of producing significant reduction of interstory drift in the 
moment-resisting frames in which they are installed. Accordingly, they are all 
suitable for seismic retrofit applications in existing buildings. 

Let us consider the implications of the use of energy absorbing systems in an 
existing moment-resting frame building. The gravity-load-carrying elements of the 
structural system have sufficient stiffness and strength to carry the gravity loads and, 
say, seismic forces in a moderate earthquake. The energy absorbing devices are 
installed in new bracing systems and, say, are capable of reducing drifts to half of 
those of the original system in a severe earthquake. An immediate observation is 
that the reduction of drift will result in a proportional reduction in bending moment 
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in the columns,provided that the behavior is elastic, which will now undergo limited 
rather than excessive yielding. 

However, the behavior of the retrofitted structure has changed from that of 
a moment-resisting frame to that of a braced frame. The forces which develop in the 
energy absorbing elements will induce additional axial forces in the columns. 
Depending on the type of energy absorbing device used, this additional axial force 
may be in-phase with the peak drift and, thus, may affect the safety of the loaded 
column. 

Figure 16 shows idealized force-displacement loops of various energy 
absorbing devices. In the friction and steel yielding devices, the peak brace force 
occurs at the time of peak displacement. Accordingly, the additional column force, 
which is equal to Fsin6 (6 is the brace angle with respect to the horizontal), is in­
phase with the bending moment due to column drift. Similarly, in the viscoelastic 
device a major portion of the additional column force is in-phase with the bending 
moment. In contrast, in the viscous device the additional column force is out-of­
phase with the bending moment. 

The implications of this difference in behavior of energy absorbing devises are 
illustrated in Figure 17. We assume that the energy absorbing devices are installed 
in the interior columns of a reinforced concrete frame. The nominal axial force­
bending moment interaction diagram of a column is shown. It is assumed that the 
column was designed to be in the compression controlled range of the diagram. 
During seismic excitation, the moment-resisting frame undergoes large drifts and 
column bending moments but axial load remains practically unchanged. Failure will 
occur when the tip of the P-M loop reaches the nominal curve as illustrated in 
Figure 17a. The available capacity of the column is related to the distance between 
the tip of the P-M loop and the nominal curve (shown as a dashed line in Figure 
17). 

In the frame with added energy dissipating devices, the P-M loops show less 
bending moment. Despite this, the available capacity of the column may not have 
increased since the distance between the tip of the P-M loop and the nominal curve 
may have remained about the same. An exception to this behavior can be found in 
the viscous device. 

The conclusion of the preceding discussion is that drift is not the only concern 
in design. Energy absorbing devices may reduce drift and thus reduce inelastic 
action. However, depending on their force-displacement characteristics, they may 
induce significant axial column forces which may lead to significant column 
compression or even column tension. This concern is particularly important in the 
seismic retrofitting of structures which suffered damage in previous earthquakes. 
Mter all, it may not always be possible to upgrade the seismic resistance of such 



Principles of Friction, Viscoelastic ... 225 

structures by the addition of energy absorbing devices alone. It may also be 
necessary to strengthen the columns. 

Constantinou (1992) utilized the experimental results of Aiken (1993) to 
demonstrate that the addition of friction dampers (Sumitomo type) to a tested 9-story 
structure resulted in significant additional axial load to the interior columns. 
Specifically, this additional axial load was 130% of the axial load due to gravity 
(gravity load = 12.8 kips, total axial load = 29.5 kips). Furthermore, similar 
calculations for a 3-story structure with ADAS elements tested by Whittaker (1989), 
resulted in additional axial load of only 14% of the gravity load. 

CONCLUSIONS 

Supplemental damping devices are capable of producing significant reductions 
of interstory drifts in the moment-resisting frames in which they are installed. They 
are suitable for applications of seismic retrofit of existing structures. 

The behavior of structures retrofitted with supplemental damping devices 
changes from that of a moment-resisting frame to that of a braced frame. The forces 
which develop in the devices induce additional axial forces in the columns. For 
frictional, steel yielding and viscoelastic devices this additional axial force occurs in­
phase with the peak drift and, thus, affects the safety of the loaded columns. This 
represents an important consideration in design and may impose limitations on the 
use of these devices in tall buildings. Exemption to this behavior can be found in a 
certain type of fluid damper which exhibits essentially viscous behavior. 

REFERENCES 

1. Aiken, I.D. Kelly, J.M. (1988). "Experimental study of friction damping for 
steel frame structures." Proc. PVP Conference, ASME, Pittsburgh, PA, Vol. 
133, 95-100. 

2. Aiken, 1.0. and Nims, O.K., Whittaker, A.S., and Kelly, J.M. (1993), "Testing 
of passive energy dissipation systems," Earthquake Spectra, 9(3), 335-370. 

3. Arima, F., Miyazaki, M., Tanaka, H. and Yamazaki, Y. (1988). "A study on 
building with large damping using viscous damping walls." Proc., 9th World 
Conference on Earthquake Engineering, Tokyo-Kyoto, Japan, 5, 821-826. 



226 M.C. Constantinou 

4. Ashour, S.A. and Hanson, R.D. (1987), Elastic Seismic Response of Buildings 
with Supplemental Damping, Report No. UMCE 87-01, The University of 
Michigan, Ann Arbor, MI. 

5. Bergman, D.M. and Hanson, R.D. (1993), "Viscoelastic mechanical damping 
devices tested at real earthquake displacements," Earthquake Spectra, 9(3), 
389-418. 

6. British Standards Institution - BSI (1979). "Commentary on corrosion at 
bimetallic contacts and its alleviation." Standard PD 6484:1979, London, U.K. 

7. Caldwall, D.B. (1968), "Viscoelastic damping devices proving effective in tall 
buildings," AISC Engineering Journal, 23(4), 148-150. 

8. Chang, K.C., Lai, M.L., Soong, T.T., Hao, D.D. and Yeh, Y.C. (1993a), 
Seismic behavior and design guidelines for steel frame structures with added 
viscoelastic dampers, NCEER 93-0009, National Center for Earthquake 
Engineering Research, Buffalo, NY. 

9. Chang, K.C., Shen, K.L., Soong, T.T. and Lai, M.L. (1994), "Seismic retrofit 
of a concrete frame with added viscoelastic dampers," 5th National 
Conference on Earthquake Engineering, Chicago, IL. 

10. Chang, K.C. Soong, T.T., Lai, M.L., Neilsen, E.J. (1993b), "Viscoelastic 
dampers as energy dissipation devices for seismic applications," Earthquake 
Spectra, 9(3), 371-388. 

11. Chang, K.C., Soong, T.T., OH, S-T. and Lai, M.L. (1992), "Effect of ambient 
temperature on a viscoelastically damped structure," ASCE Journal of 
Structural Engineering, 118(7), 1955-1973. 

12. Constantinou, M.C., Reinhorn, A.M., Mokha, A and Watson, R. (1991a). 
"Displacement control device for base-isolated bridges." Earthquake Spectra, 
7(2), 179-200. 

13. Constantinou, M.C., Kartoum, A, Reinhorn, A.M. and Bradford, P. (1991b). 
"Experimental and theoretical study of a sliding isolation system for bridges." 
Report No. NCEER 91-0027, National Center for Earthquake Engineering 
Research, Buffalo, NY. 

14. Constantinou, M.C. and Symans, M.D. (1992). "Experimental and analytical 
investigation of seismic response of structures with supplemental fluid viscous 
dampers. "Report No. NCEER-92-0032, National Center for Earthquake 
Engineering Research, Buffalo, NY. 



Principles of Friction, Viscoelastic ... 227 

15. Constantinou, M.C., Symans, M.D., Tsopelas, P. and Taylor, D.P. (1993). 
"Fluid viscous dampers in applications of seismic energy dissipation and 
seismic isolation." Proc. ATC-17-1 Seminar on Seismic Isolation, Passive 
Energy Dissipation, and Active Control, San Francisco, March. 

16. Ferry, J.D. (1980), Viscoelastic Properties of Polymers, John Wiley, New 
York, NY. 

17. Filiatrault, A. and Cherry, S. (1985). "Performance evaluation of friction 
damped braced steel frames under simulated earthquake loads." Report of 
Earthquake Engineering Research Laboratory, University of British Columbia, 
Vancouver, Canada. 

18. Fitzgerald, T.F., Anagnos, T., Goodson, M. and Zsutty, T., (1989). "Slotted 
bolted connections in aseismic design of concentrically braced connections. " 
Earthquake Spectra, 5(2), 383-391. 

19. Foutch, D.A., Wood, S.L. and Brady, P.A. (1993), "Seismic retrofit of 
nonductilc reinforced concrete frames using viscoelastic dampers," ATC-17-1 
on Seismic Isolation, Passive Energy and Active Control, 2, 605-616. 

20. Fujita, T. (editor) 1991). "Seismic isolation and response control for nuclear 
and non-nuclear structures." Special Issue for the Exhibition of the 11th 
International Conference on Structural Mechanics in Reactor Technology, 
SMiRT 11, Tokyo, Japan. 

21. Fujita, S. Fujita, T. Furuya, 0., Morikawa, S., Suizu, Y., Teramoto, T. and 
Kitamura, T. (1992), "Development of high damping rubber damper for 
vibration attenuation of high-rise buildings," Proc. lOth World Conf. 
Earthquake Engrg., 2097-2101, Balkema, Rotterdam. 

22. Grigorian, C.E. and Popov, E.P. (1993). "Slotted bolted connections for energy 
dissipation." Proc. ATC-17-1 Seminar on Seismic Isolation, Passive Energy 
Dissipation, and Active Control, San Francisco, March. 

23. Hsu, S-Y. and Fafitis, A, (1992). "Seismic analysis and design of frames with 
viscoelastic connections." J. Struct. Engrg., ASCE, 118(9), 2459-2474. 

24. Kasai, K., Munshi, J.A., Lai, M.L. and Maison, B.F. (1993), "Viscoelastic 
damper hysteretic model: Theory, experiment and application," Proc. ATC-
17-1 on Seismic Isolation, Energy Dissipation, and Active Control, 2, 521-532. 



228 M.C. Constantinou 

25. Kelly, J.M., Skinner, M.S. and Beucke, KE., (1980). "Experimental testing of 
an energy-absorbing base isolation system." Report No. UCB/EERC-80/35, 
University of California, Berkeley. 

26. Kelly, J.M. (1988). "Base isolation in Japan, 1988". Report No. UCB/EERC-
88/20, University of California, Berkeley. 

27. Kirekawa, A, Ito, Y. and Asano, K (1992), "A study of structural control 
using viscoelastic material," Proc. lOth World Conf. Earthquake Engrg., 2047-
2054, Balkema, Rotterdam. 

28. Lin, R.C., Liang, Z., Soong, T.T. and Zhang, R.H. (1991), "An experimental 
study of seismic structural response with added viscoelastic dampers," 
Engineering Structures, 13, 75-84. 

29. Lobo, R.F., Bracci, J.M., Shen, KL., Reinhom, AM. and Soong, T.T. (1993), 
"Inelastic response of R/C structures with viscoelastic braces," Earthquake 
Spectra, 9(3 ), 419-446. 

30. Makris, N. and Constantinou, M.C. (1992). "Spring-viscous damper systems for 
combined seismic and vibration isolation." Earthquake Engrg. Struct. Dyn., 21 
(8), 649-664. 

31. Pall, AS. and March, C. (1982). "Response of friction damped braced 
frames." J. Struct. Engrg., ASCE, 108(60, 1213-1323. 

32. Pall, AS. , Verganelakis, V. and March, C. (1987). "Friction dampers for 
seismic control of concordia university library building. "Proc. 5th Canadian 
Conference on Earthquake Engineering, Ottawa, Canada, 191-200. 

33. Pall, AS. and Pall, R. (1993). "Friction dampers used for seismic control of 
new and existing buildings in Canada." Proc. ATC-17-1 Seminar on Seismic 
Isolation, Passive Energy Dissipation, and Active Control, San Francisco, 
March. 

34. Rodriguez, S., Seim, C. and Ingham, T. (1994). "Earthquake protective systems 
for the seismic upgrade of the Golden Gate bridge." Proc. 3rd U.S.-Japan 
Workshop on Protective Systems for Bridges," Berkeley, CA, January. 

35. Roeder, C.W. and Popov, E.P. (1978). "Eccentrically braced steel frames for 
earthquakes." J. Struct. Div., ASCE, 104(3), 391-412. 

36. Shen, KL. and Soong, T.T. (1994), "Modeling of viscoelastic dampers for 
structural applications," ASCE J. Eng. Mech., submitted. 



Principles of Friction, Viscoelastic ... 229 

37. Skinner, R.I., Tyler, R.G., Heine, A.J., and Robinson, W.H. (1980). "Hysteretic 
dampers for the protection of structures from earthquakes." Bulletin of New 
Zealand National Society for Earthquake Engineering, 13(1), 22-36. 

38. Su, Y-F. and Hanson, D. (1990), Seismic Response of Building Structures with 
Mechanical Damping Devices, Report No. UMCE 90-02, University of 
Michigan, Ann Arbor, MI. 

39. Tsai, C.S. and Lee, H.H. (1993), "Application of viscoelastic dampers to high­
rise buildings," ASCE J. Struct. Eng., 119(4), 1222-1233. 

40. Tyler, R.G. (1978). "Tapered steel energy dissipators for earthquake resistant 
Structures." Bulletin of New Zealand National Society for Earthquake 
Engineering, 11(4), 282-294. 

41. Tyler, R.G. (1985). "Further notes on a steel energy-absorbing element for 
braced frameworks." Bulletin of New Zealand National Society for 
Earthquake Engineering, 18(3), 270-279. 

42. Uang, C-M. and Bertero, V.V. (1988). "Use of energy as a design criterion 
in earthquake-resistant design." Report No. UCB/EERC-88/18, University of 
California, Berkeley. 

43. Whittaker, A.S., Bertero, V.V., Alonso, J.L. and Thompson, C.L. (1989). 
"Earthquake simulator testing of steel plate added damping and stiffness 
elements." Report No. UCB/EERC-89 /02, University of California, Berkeley. 

44. Zhang, R.H., Soong, T.T. (1992), "Seismic design of viscoelastic dampers for 
structural applications," ASCE Journal of Structural Engineering, 118(5), 1375-
1392. 



230 

Figure 2 

M.C. Constantinou 

~ FORCE 

- DISPLACEMENT 

Figure 1 Friction Damper of Pall (1982). 

LongitiJdillal Section 

Sumitomo Friction Damper and Installation Detail (from Aiken 
1990). 
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Viscoelastic Damper and Installation Detail (from Aiken 1990). 
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Figure 9 Construction of Fluid Viscous Damper with Accumulator. 
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Force-displacement Loops of (a) Friction Device, (b) Steel Yielding 
Device, (c) Viscoelastic Device, (d) Viscous Device. 
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ABSTRACT 

In this chapter, the principles of TMD (Tuned Mass Damper) are explained. Selection of 
structural parameters of TMD is discussed based on Den Hartog's optimum theory for a 
simplified 2-DOF (degree-of-freedom) system. Design procedure of TMD for implemen­
tation to structures is also introduced. Discussions are extended to TLD (Tuned Liquid 
Damper). Shaking-table tests of TLD for flexible structures at Kyoto University are also 
introduced. 

Principle of TMD (Thned Mass Damper) 

With recent development in computer-based structural design and high-strength ma­

terials, structures are becoming more flexible and lightly damped. When subjected to 
dynamic loads such as traffic load, wind, earthquake, wave, vibration lasting for long 
duration may be easily induced in this type of structures. To increase comfort of work­
ing people, function of installed machineries and equipments, and reliability of structures, 

damping capacity of structures in the elastic region should be increased. 

If we have a fixed reaction wall adjacent to the top of a structure as shown in Fig. 1, 
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viscous or frictional damper can be installed effectively to increase damping capacity of 
the structure. However, this is usually impossible because flexible structures are very tall 
and no fixed point is available. 

TMD is a vibration system with mass mr, spring Kr and viscous er usually installed 
on the top of structures as shown in Fig. 2. When the structure starts to vibrate, TMD 
is excited by the movement of the structure. Hence, kinetic energy of the structure goes 
into TMD system to be absorbed by the viscous damper of TMD. To achieve the most 
efficient energy absorbing capacity of TMD, natural period of TMD by itself is tuned with 
the natural period of the structure by itself, from which the system is called "Tuned Mass 
Damper". The viscous damper of TMD shall also be adjusted to the optimum value to 

maximize the absorbed energy. TMD is a mechanically simple system which does not 
need any external energy supply for operation. Because of easy maintenance and high 
reliability, TMD is u"ed in many flexible and lightly-damped towers, buildings and so on 
in Japan. 

Fig. 1 Viscous damper with fixed reaction wall 

Fig. 2 Tuned mass damper on a structure 
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Determination of the Optimum TMD 

One TMD is effective in reducing dynamic response of only a single vibation mode 
of the structure. Although a structure has many vibration modes in reality, basic properties 
of TMD can be clearly discussed using a simplified 2-DOF model consisting of the main 
structure and the TMD system (Fig. 3). 

Tuned Mass Damper 

Ms Main Structure 

Fig. 3 2-DOF modelling of main structure and tuned mass damper system 

Let us define the following parameters to be used in the following discussion. 

Natural Frequency of TMD 

Damping Ratio of TMD 

Natural Frequency of Main Structure 

Damping Ratio of Main Structure 

Mass Ratio 

Frequency (Tuning) Ratio 

WT = /¥; 
Cy 

~T = ---
2myWy 

Ws = {K; v;;-; 
~ _ _ c_s_ 

8 - 2m8W8 

J1 = mr/ms 

'Y = wyfws 

When ~T = 0, a 2-DOF system shows 2 uncoupled vibration modes and, when ~T = oo, 
the 2-DOF system becomes a 1-DOF vibration system. Steady-state dynamic response sub­
jected to harmonic excitation can be obtained analytically. It is usually called the resonant 
curve or dynamic magnification factor (DMF) curve plotted against angular frequency of 
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the harmonic excitation. It is interesting to notice that DMF curves cross two fixed points 

independent of the damping ratio ~T· 

Den Hartog defined the optimum TMD by letting the two fixed points the same value 
and as high as possible in the DMF curve. The physical meaning of this is to obtain flat 
DMF curve at the resonant frequency, and consequently to suppress the dynamic response 
of the main structure most effectively. From this definition, the optimum frequency ratio 
~(<Ypt and the optimum damping ratio ~Top< of TMD are obtained by Den Hartog as function 
of mass ratio J-L, i.e., 

1 
"'<Ypt = 1 + J.l 

1(3;12 
~ropt = 2V~ 

(1) 

(2) 

The DMF curves of the main structure with TMD of which damping ratio ~T = 0, 
oo, and optimum value are plotted against frequency of harmonic excitation in Fig. 4. It 
is clearly found that the highly resonant vibration is suppressed by the optimum TMD to 
the low two peaks around the two fixed points. 

The movement of the optimum TMD normalized by that of the main structure cor­
responding to Fig. 4 is plotted in Fig. 5. At the resonant frequency of the optimum TMD, 
the movement of the TMD is 8 times larger than that of the main structure, from which 

DMF 
30 r------.--.. -.-n-.-.--.------. 

0.9 1.1 

Fig. 4 Resonance curve of the structure with TMD 
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the TMD is absorbing the kinetic energy of the main structure most effectively. However, 
for actual implementation, a large space is needed in order to accommodate the movement 

of the TMD. 

With the optimum TMD, the damping ratio of the main structure will be increased 
by the amount of 

tl -~~ ~eq - 2~~ (3) 

Figs. 6(a), (b), (c) show "(opt. ~Topt' and ll~eq respectively against mass ratio fl.· Curves (a) 
in each figure show the cases for the harmonic excitation. These figures can be used conve-

niently to approximately determine structural parameters of the TMD for implementation. 

The above discussion on the optimum TMD is based on the steady-state response 
subjected to harmonic excitation. As reviewed by Yamaguchi et al (1991), the values of 
"(opt. ~Top<' and ll~eq are slightly different for free vibration, wind-induced self-oscillation, 
and forced random vibration, and these effects are shown by curves (b), (c) and (d). The 
values are also influenced by the damping ratio ~s of the main structure. 
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(a) Optimum Frequency Ratio 

( tr) opl 

0.3,-----,-----...------

(b) Optimum Damping Ratio 

(c) Equivalent Damping Ratio 

Fig. 6 Parameters of optimum TMD and equivalent structural damping 

[Yamaguchi et al, 1991] 

H. Iemura 
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Design Procedure of TMD 

In the design of an actual TMD, there are many design constraints arising from 

structural properties of the main structure. Following is a basic and fundamental design 

procedure of TMD for general flexible and lightly-damped structures. 

1. Identify dynamic structural properties of a main structure. 

Determine natural frequency, vibration mass, damping ratio of the specific vibration 

mode of the structure to be controlled by TMD. 

2. Determine design damping ratio b.~eq to be generated by TMD. 

3. Assume appropriate mass ratio JL (determined mass mr of TMD). 

4. Calculate "!apt and ~Topt from JL (determined stiffness Kr and damping coefficient 

Cr ofTMD) 

5. Calculate maximum displacement of TMD. If it is too large, go back to 3. 

6. Design mechanical system of TMD including the methods on how to adjust wr and 

~T· 

7. Verification tests of TMD with shaking table or with other methods. 

8. Installation of TMD to be main structure 

9. Monitor behavior of TMD and adjust wr and ~T on site 

The following issues shall be examined, if necessary: 

• If the vibration mode of the structure to be controlled by TMD has another vibration 
mode close to it, 3- or higher-DOF modelling of the main structure and the TMD 

has to be used to determine the optimum TMD. 

• Multiple TMD of which wr are distributed around the vibration period of the structure 

has robustness in tuning effect. 

• If the displacement of TMD is too large, use of larger mass or higher damping 

becomes inevitable, which may not always give the optimum TMD. 
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Types ofTMD 

There are many types of TMD for implementation. The following (Fig. 7) are some 
examples. Innovative challenge is highly expected in this field. 

Pendulum with Damper Inverted Pendulum with Spring and Damper 

(a) (b) 

Swinging Mass on Rotational Bearings Pendulum of which hagers are winded to save space 

(c) (d) 

M 

Sliding Mass with Spring and Damper Mass on Rubber Bearings 

(e) (f) 

Fig. 7 Examples of different types of TMD 
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Principles and Properties of TLD (Thned Liquid Damper) 

Tuned liquid dampers which have been widely used in ships are recently implemented 

for vibration control of structures. A TLD uses water or other liquids as the moving mass 

and restoring force is generated by gravity. Energy absorption comes from boundaries 

between liquid and containers and turbulence in the liquid flow. The basic principle 

of TLD to absorb kinetic energy of the main structure is the same as TMD. Favorable 

properties of TLD compared to TMD are as follows: 

• Because of no mechanical friction, smooth movement in small vibration is possible. 

Hence effective to control small movement. 

• No complex mechanisms, thereby reasonable in cost and maintenance. 

• Can be applied easily to two horizontal vibrations with a single TLD. 

• Can be compact and portable, if large numbers are used. 

On the other hand, an unfavorable property of TLD is relatively small mass of water 

compared to the mass of TMD which is usually made of steel. Hence, to have the same 

damping effect as TMD, larger space is required. 

-- ~ 

.... <~--......:>~ Vibration ... <~---">• Vibration 

(a) Tuned Sloshing Damper with Meshes and Rods (b) Tuned Liquid Column Damper with Orifice 

Fig. 8 Types of TLD 
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Types ofTLD 

TLD can be divided into two categories. First is the sloshing damper as shown in 
Fig. 8(a). Vibration period is adjusted by the size of the container or depth of the liquid. 
Damping capacity is increased by placing meshes or rods in the liquid. The second is the 

tuned liquid column damper as shown in Fig, 8(b). Vibration period is adjusted by shapes 
of column or air pressure in the column. Damping capacity is increased by adjusting the 

orifice in the column which generates high turbulence. 

Shaking Table Tests of TLD at Kyoto University 

At the Dept. of Civil Engineering of Kyoto University, effects of a tuned sloshing 

damper to suppress earthquake response of a 3-story lightly-damped steel frame model are 
tested on a shaking table as shown in Fig. 9. Fundamental period and damping ratio of 
the structural model are 0.69 sec and 0.36% respectively. Sloshing of water in cylindrical 
vessel is used as TLD. The model is subjected to the 1940 El Centro NS record of which 

mcvcimum acceleration is scaled to 25 cm/sec2• 

~ • : jj![Jll:~t 
p 

• 

A-n I 

J Convener I 
oe 

U- A rl ---- • I Table .j -
I Controller ' -

Convener 
Shaking Tab le 

__ ,[gl 
<~ PC-9801 PX 

Fig. 9 Shaking-table tests of structural model with TMD 
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Figs. lO(a), (b) show velocity response of the 3rd floor of the model with and 
without TLD, and sloshing wave height time history. Over a few cycles at the beginning 
of oscillation, not much difference is found between the case with and without TLD. In 
these transient cycles, wave height grew larger, where TLD is less effective. 

Fourier spectrum of velocity response shown in Fig. lO(a) is plotted in Fig. 11. Sharp 
peak of the first mode of the flexible structural model is suppressed and divided into two 
peaks due to the effect of the TLD. Relatively deep gap between the two peaks is probably 
due to small damping in the TLD. The second mode response is not affected by the TLD 
at all. 
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(b) wave height response of TLD 

Fig. 10 Earthquake response under El Centro earthquake record 
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Fig. 11 Fourier spectrum of structural response with and without TLD 
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CHAPTER XII 

PASSIVE ENERGY DISSIPATION DEVELOPMENT IN U.S. 

M.C. Constantinou 

State University of New York at Buffalo, Buffalo, NY, USA 

ABSTRACT 

Passive energy dissipation systems were developed in the United Stated either 
specifically for civil engineering applications or they evolved from devices and 
materials used in industrial, automotive, military and aerospace applications. 
Yielding steel and frictional devices were specifically developed for structural 
applications, whereas viscoelastic dampers and fluid viscous devices were developed 
for other applications and adapted for structural applications. 

FRICTION DAMPERS 

The earliest work on the development of friction dampers for reducing seismic 
motions in buildings appears to have been that of Keightley (1977,1979) at Montana 
State University. The friction dampers of Keightley consisted of steel plates clamped 
together with bolts and belleville washers. Various forms of lubricants were used to 
prevent locking of the interfaces. Of these only powdered oil shale was found to be 
satisfactory. Keightley's work was concluded with a number of unanswered questions 
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and suggestions for future research. The questions on the possible relaxation of the 
clamping assembly, the long-term stability of the lubricant and corrosion of the steel 
to steel sliding interface could have prevented the use of this device today. 

In the late 1970's the firm of Severud, Perrone, Sturn and Bendel of New 
York has installed two large friction dampers between the existing structure of the 
Gorgas hospital in the Panama Canal Zone and two exterior massive concrete pylons. 

Experimental studies of slotted bolted connections started at San Jose State 
University and proceeded approximately concurrently with the research of Keightley. 
Fitzgerald (1989) reported on the results of this study. This slotted bolted connection 
consisted of a gusset plate, two back-to-hack channels sections, cover plates and bolts 
with belleville washers as shown in Figure 1. The figure shows also typical force­
displacement loops obtained in tests of the device. Recently, Grigorian (1993) 
conducted tests of a similar slotted bolted connection which consisted of a brass to 
steel sliding interface. Figure 2 shows a schematic of this device together with a 
representative force-displacement loop. 

Constantinou (1991) described another friction device of which the interface 
consisted of graphite impregnated bronze in contact with stainless steel. Figure 3 
shows the device and representative force-displacement loops. One should note the 
exceptional stability of the properties of the device over 200 cycles of testing (total 
travel = 20.3 m at peak velocity of 25 mm/ s ). This was the result of proper selection 
of the materials forming the interface and the use of graphite as solid lubricant. 

Fluor Daniel developed a frictional device called Energy Dissipating 
Restraint (EDR). Shown in Figure 4, this device is characterized by self-centering 
capability as demonstrated in the loops of Figure 4 (Nims 1993). 

The described devices utilize sliding interfaces consisting of steel on steel, 
brass on steel and graphite impregnated bronze on stainless steel. The composition 
of the interface is of paramount importance for ensuring the longevity of the device. 
Carbon and low allow steels (common steel) will corrode and thus the frictional 
properties of steel to steel interfaces will change with time. However, brass and 
bronze when in contact with common steel promote severe additional corrosion of 
steel and such interfaces should be avoided. Only stainless steels with high content 
of chromium do not suffer additional corrosion when in contact with brass or bronze 
(BSI 1979). 

VISCOELASTIC DEVICES 

Viscoelastic materials (acrylic polymers) have been originally developed for 
surface damping treatments (Nashif 1985). Devices made of bonded viscoelastic 
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layers were developed by the 3 M Company and used in wind vibration control 
applications. The devices have been extensively studied for applications of seismic 
energy dissipation (Lin 1991, Aiken, 1993, Chang 1993, Lobo 1993). 

Viscoelastic dampers exhibit viscoelastic solid behavior with strong 
dependencies on temperature, frequency and amplitude of motion. Particularly, the 
temperature dependency of these devices is an important design consideration and 
needs to be explicitly modeled for the dynamic analysis of viscoelastically damped 
structures. Kasai (1993) presented a fractional derivative formulation with 
temperature effects of the constitutive relation of the 3M viscoelastic material. The 
formulation is capable of capturing the viscoelastic and temperature effects with very 
good accuracy. Figure 5 demonstrates the accuracy of the model. 

The 3M viscoelastic devices are for use as energy dissipating braces (see 
lecture notes on "Principles of Friction, Viscoelastic, Yielding Steel and Fluid Viscous 
Dampers: Properties and Design". A different approach to the use of viscoelastic 
materials has been proposed by the Lorant Group in Phoenix, Arizona and studied 
by Hsu (1992). Figure 6 shows a detail of a beam to column connection which 
incorporates viscoelastic materials. It has been used at a 2-story building in Phoenix, 
Arizona. 

METALLIC DEVICES 

A number of yielding steel devices has been tested at U.C. Berkeley in the 
late 1970's for use in seismic isolation systems and as damping supports for piping 
systems (Kelly 1980). While none of these devices was used in seismic isolation 
systems in the U.S., modifications of these devices have been recently studied for 
applications of energy dissipation. The ADAS devices are X-shaped double-clamped 
steel devices which have been tested as energy dissipation devices in buildings 
(Bergman 1987, Whittaker 1989). Figure 7 shows a hysteretic loop of a tested ADAS 
device (Whittaker 1989). The device exhibits stable hysteretic behavior for a large 
number of cycles. Repeated yielding of the device leads to fatigue failure. 

Shape memory alloys have been studied at the University of California and 
the University at Buffalo (Whitting 1992). Materials such as Nitinol (nickel-titanium) 
and Cu-Zn-Al (copper-zinc-aluminum) undergo reversible phase transformation when 
deformed, so that they exhibit hysteretic behavior without yielding. The behavior of 
these materials is very desirable (hysteresis without yielding), however they are 
currently prohibitively expensive. 
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FLUID VISCOUS DAMPERS 

Fluid dampers which operate by fluid flow through orifices were invented by 
Ralph Peo of Buffalo, N.Y. in 1925 and used in automotive applications. Taylor 
Devices of New York have been manufacturing such devices since 1955 with over two 
million units produced since then. These devices have been used in shock and 
vibration isolation systems of military and aerospace hardware, as wind dampers, as 
crane buffers and recently have been studied as energy dissipating devices in 
buildings and bridges (Constantinou 1992, 1993, Tsopelas 1994). 

A variety of designs of fluid dampers has been developed in the United States. 
Figure 8 illustrates the four basic design characteristics. The fluidic device uses 
specially shaped orifices to achieve a force output 

F = Clula sgn(u) (1) 

where F = force, C = damping constant, u = velocity and a = coefficient in the 
range of 0.5 to 2. The value a = 2 is achieved with cylindrical orifices, a 
performance which is typically unacceptable. A value a = 0.5 is particularly effective 
in attenuating high velocity pulses, as those expected in near fault earthquake 
excitations. A value of a = 1 results in linear viscous behavior which is usually 
desirable in applications of seismic energy dissipation. Figure 9 shows recorded 
force-displacement loops of a device with a = 0.5 from tests conducted at the 
University at Buffalo. This device was a scaled prototype of the dampers of the San 
Bernardino County Medical Center, an isolated five-building complex in California 
(see Section on Principles of Friction, Viscoelastic, Yielding Steel and Fluid Viscous 
Dampers: Properties and Design). The test consisted of three cycles of sinusoidal 
displacement at frequency of 1.082 Hz and amplitude of 63 mm (peak velocity = 432 
mm/s). The temperature of testing was 0, 21 and 49°C. It may be seen that the 
behavior of the device is nearly unaffected by temperature. 

The metering tube and metering pin designs can produce force output of the 
type 

F = Cllll2 f(u)sgn(u) (2) 

where f(u) is a function of displacement. The design can be effective when tuned for 
a specific displacement signature. The pressure responsive valve design uses multiple 
spring loaded poppet valves to achieve a force output of the type of Equation (1). 
However, it has limited life due to the several moving parts in its design. 
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APPLICATION OF PASSIVE ENERGY DISSIPATION SYSTEMS 

Passive energy dissipation systems for seismic motion reduction have been 
applied at the Wells Fargo Bank in San Francisco. This two-story structure suffered 
damage during the 1989 Lorna Prieta earthquake and in 1992 it was retrofitted by 
the use of ADAS elements (Fierro 1993). 

A two-story new school building in Phoenix, Arizona has been constructed in 
1992 with is beam to column connections incorporating viscoelastic materials as 
shown in Figure 6. Furthermore, retrofit of the Santa Clara County Building in San 
Jose, California started in 1993. This 14-story steel building with exterior concrete 
core will have viscoelastic dampers as braces in its steel part. The Travelers Hotel, 
a landmark hotel built in the 1920's in Sacramento, California has been designed 
with fluid viscous dampers as part of its seismic retrofit scheme. Construction has 
not yet started. 

While growth and development in this field continues, energy dissipating 
systems are considered for retrofit and new building and bridge applications in 
California and elsewhere. Currently design specifications for structures incorporating 
passive energy dissipating devices exist. Specifically, the Structural Engineers 
Association of Northern California developed "Tentative Seismic Design 
Requirements for Passive Energy Dissipation Systems. These requirements will 
eventually become part of the Uniform Building Code. The Technical Subcommittee 
12 of the Building Seismic Safety Council developed provisions for "Passive Energy 
Dissipation Systems", which have been approved for incorporation into the 1994 
NEHRP (National Earthquake Hazards Reduction Program) Recommended 
Provisions for the Development of Seismic Regulations for New Buildings. 
Furthermore, the New Technologies team of the Applied Technology Council (ATC) 
project No. 33 is currently developing guidelines for the design of energy dissipation 
systems, which will become part of the "NEHRP Recommended Guidelines for the 
Seismic Rehabilitation of Existing Buildings". 
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Figure 3 

BOLT 

M.C. Constantinou 

STEEL PLATE OR SHAFT 
~O MACHINED FLAT WITH lL.-V SLOTTED HOLE 

GRAPHITE IMPREGNATED_/~ 
BRONZE PLATE O 

@_ ,r- BELLEVILLE WASHERS 

BACKING PLATE \Q)(> 

112 

-

0 
BOLT NUT_/ 

VEL.=25 mm/sec 

J 
-112 

-50 50 
DISPLACEMENT (mm) 

Friction Device of Constantinou {1991) and Force-Displacement 
Loop in 200-cycle Test. 



Passive Energy Dissipation Development in U.S. 265 
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INTRODUCTION TO ACTIVE CONTROL 

T.T. Soong 

State University of New York at Buffalo, Buffalo, NY, USA 

ABSTRACT 

In comparison with passive energy dissipation, research and development of active 
structural control technology has a more recent origin. In structural engineering, 
active structural control is an area of research in which the motion of a structure 
is controlled or modified by means of the action of a control system through some 
external energy supply. In comparison with passive systems, a number of advan­
tages associated with active systems can be cited; among them are (a) enhanced 
effectiveness in motion control. The degree of effectiveness is, by and large, only 
limited by the capacity of the control system; (b) relative insensitivity to site con­
ditions and ground motion; (c) applicability to multi-hazard mitigation situations. 
An active system can be used, for example, for motion control against both strong 
wind and earthquakes; and (d) selectivity of control objectives. One may emphasize, 
for example, human comfort over other aspects of structural motion. 

Thus motivated, considerable attention has been paid to active structural con­
trol research in recent years. It is now at the stage where actual systems have been 
designed, fabricated and installed in full-scale structures. A number of review arti­
cles (Miller et al., 1988; Kobori, 1988; Masri, 1988; Soong, 1988; Yang and Soong, 
1988; Reinhorn and Manolis, 1989; Soong et al., 1991) and a book (Soong, 1990) 
have provided the reader with information and assessment on recent advances in 
this emerging area. 
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BASIC PRINCIPLES OF ACTIVE CONTROL 

An active structural control system has the basic configuration as shown schemat­
ically in Fig. 1. It consists of (a) sensors located about the structure to measure 
either external excitations, or structural response variables, or both; (b) devices to 
process the measured information and to compute necessary control forces needed 
based on a given control algorithm; and (c) actuators, usually powered by external 
energy sources, to produce the required forces. When only the structural response 
variables are measured, the control configuration is referred to as closed-loop control 
since the structural response is continually monitored and this information is used 
to make continual corrections to the applied control forces. An open-loop control 
results when the control forces are regulated only by the measured excitations. In 
the case where the information on both the response quantities and excitation are 
utilized for control design, the term open-closed loop control is used. 

To see the effect of applying such control forces to a structure under ideal con­
ditions, consider a building structure modeled by an n-degree-of-freedom lumped 
mass-spring-dashpot system. The matrix equation of motion of the structural sys­
tem can be written as 

Mi(t) + Cx(t) + Kx(t) = Du(t) + Ef(t) (1) 

where M, C and K are then x n mass, damping and stiffness matrices, respectively, 
x(t) is then-dimensional displacement vector, the r-vector f(t) represents the applied 
load or external excitation, and the m-vector u is the applied control force vector. 
The n x m matrix D and the n x r matrix E define the locations of the control force 
vector and the excitation, respectively. 

Suppose that the open-closed loop configuration is used in which the control 
force u(t) is designed to be a linear function of the measured displacement vector 
x(t), the velocity vector x(t) and the excitation f(t). The control force vector takes 
the form 

(2) 

where K1, C1 , and E1 are respective control gains which can be time-dependent. 

The substitution of equation (2) into equation (1) yields 

Mi(t) + (C- DC1)x(t) + (K- DKI)x(t) = (E + DE1 )f(t) (3) 

Comparing equation (3) with equation (1) in the absence of control, it is seen that 
the effect of open-closed loop control is to modify the structural parameters (stiffness 
and damping) so that it can respond more favorably to the external excitation. The 
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effect of the open-loop component is a modification (reduction or total elimination) 
of the excitation. 

It is seen that the concept of active control is immediately appealing and excit­
ing. On the one hand, it is capable of modifying properties of a structure in such a 
way as to react to external excitations in the most favorable manner. On the other 
hand, direct reduction of the level of excitation transmitted to the structure is also 
possible through active control. 

The choice of the control gain matrices Kh C1 and E 1 in equation (2) depends 
on the control algorithm selected. A number of control strategies for structural 
applications have been developed, some of which are based on the classical optimal 
control theory and some are proposed for meeting specific structural performance 
requirements. The reader is referred to Soong (1990) for discussions of some com­
monly used structural control algorithms. 

ORGANIZATION 

The following chapters are devoted to the topic of active control. The material 
flows from theoretical background to practical considerations to full-scale imple­
mentation. It is designed to provide a working knowledge of this exciting and fast 
expanding field. Moreover, current research and world-wide development in active 
control technology is brought up-to-date. 
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ACTIVE CONTROL: CONCEPTS AND STRATEGIES 

J. Rodellar 
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ABSTRACT 

This chapter describes some concepts and methods related to the design of 
control laws and algorithms for active control of structures. The first point 
will be to identify second order differential equations as models to describe the 
essential components of a control system. Then some issues about the state space 
representation of these models will be reviewed. State space is the mathematical 
framework most frequently used to formulate active control laws. Optimal control will 
be presented as a representative methodology for continuous time control. Predictive 
control will be formulated as representative of discrete time control methods, also 
pointing out the issue of the time delay and some questions about robustness. 

This chapter does not try to be exhaustive. Control (in general) is a very wide 
area of knowledge and active control of structures is adopting more and more of its 
concepts, methods and techniques. The purpose of this chapter is to serve as an 
introduction to the problem of analysis and design of control laws. Many topics are 
left and can be covered going through the bibliography suggested in the last Section. 
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1. INTRODUCTION 

1.1. Basic concepts and elements of an active control system 

Automatic control is a branch of ayatem engineering that is concerned with the 
design of systems able to act on a process to force it to behave acording to some 
prescribed specifications. The behaviour of the process is described by means of a 
dynamic ayatem, whose state is characterized by some magnitudes ( atate variable&) 
whose time evolution depends on the interaction with the environment and on 
the internal interactions. The relationship between the system and the external 
world can be understood in terms of input and output variables. The outputs are 
measurable magnitudes representing the system's response. The inputs represent 
external actions on the system and can be classified in control and perturbation 
variables. While perturbations are not manipulable and usually correspond to 
natural excitations, controls are manipulable actions. We call controller to that 
system designed to manipulate the inputs to make the system's output to reach a 
prescribed value ( aet point) according to some desired performance. 

We can distinguish two controller arrangements as illustrated in Figure 1: open 
loop and cloaed loop. In the first one, the controller manipulates the input with the 
purpose of driving the output to the setpoint, but no use is made of the resulting 
output. This control action can be generated according to a prescribed schedule 
based on previous experience or even a methodology. But there is no possibility to 
compensate for errors due to perturbations or any other effect in real time unless 
accurate information on them is known. Thus open loop is not a general and common 
procedure for control. Closed loop control uses the system response as feedback 
information, with the consequent possibility of compensating effects influencing on 
the response in a negative way. The control action can be manual, when some 
human operator is involved in its implementation, or automatic in the case that only 
artificial devices are involved in the control loop. 

Perturbation 

Set point 
CONTROLLER 

Output 

Perturbation 

Set point 

Fig. 1.-Qpen and closed loop control. 
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Active structural control systems lie in the framework described above. 
Essentially, they emerge when structures are viewed as dynamic systems whose 
behaviour can be modified by an automatic control system using similar principles to 
those used in the control of other more "controllable" systems, as those in industrial, 
aerospace, mechanical and many other areas. 

In order to translate this idea into a practical system, we need to make clear 
how to identify and realize input and output variables and to build the controller. 
Concerning the outputs, we need sensors to measure response characteristics of the 
structure, such as displacements, velocities, accelerations, etc. The perturbation 
inputs are due to external excitations, produced by earthquakes, wind, impacts, or 
any other vibration source. The control inputs have to be applied by appropriate 
actuators in the form of forces, torques, accelerations, etc. In other parts of this 
book different kind of actuators have been described. Here we will concentrate on 
the design of the controller. 

Excitation 

Control J 
ACTUATORS I force .I STRUCTURE I SENSORS I Output 

Control signal 
CONTROLLER 

Fig. 2.-Basic elements of an active control loop. 

The controller can be considered as an information processor closing the loop 
as indicated in Figure 2. Its role is to supply the signal (sent to drive the actuators) 
as a feedback function of the signal coming from the sensors. When we are working 
in the design, the controller can be considered as a mathematical object to be 
formulated within the framework of a control theory. From implementation point 
of view, the controller can be analogous or digital. In the first case, all the devices 
work in a continuous way and, consequently, the controller can be realized by means 
of components which can directly implement a feedback control law formulated in 
continuous time. In the second case, the controller is based on a digital computer 
as the main component. This is the most common situation nowadays in the 
control applications, due to the spectacular advances of the microelectronics and 
the advantages of digital technology in front of the analogous one. Figure 3 shows 
the control loop in this case. 

Now the continuous time signal from the sensors is sampled by an analog-
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Control signal 
r 

I 

L 

Excitation 

DIGITAL CONTROLLER 
I 

_j 

Fig. 3.-Basic elements of an active digital control loop. 
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Output 

digital (A/D) converter, thus supplying a sequence of measured output values at each 
sampling instant. The computer uses the value at each sampling instant to calculate 
a desired value of the control sequence. This control sequence is required to be 
converted into a continuous time signal by a digital-analog converter (D /A) before 
feeding the actuators. The main issue in designing the controller is to formulate the 
control algorithm implemented in the computer to calculate in real time the control, 
at each sampling instant, using the output sequence. 

In this chapter we will be working on the problem of formulating control laws in 
continuous time and control algorithms in the framework of discrete time systems. 
The first step in this direction is the modelling of the control loop. In this respect, 
the main ingredient is the model adopted to describe the structural motion. We will 
distinguish two cases: one in which the structure is viewed as a lumped parameter 
system; the other, in which the structure is modelled as a distributed parameter 
system. In both cases we will try to derive a common model to be the basis of 
further steps in the formulation of the control problem. 

1.2. Modelling of the control loop for a lumped parameter structure 
Trying to be didactic in the presentation, we will consider a particular example. 

Figure 4 shows a block diagram with the basic elements of an experimental control 
loop. The structure is a 1:4 scale, three bays, six stories metal model set up in the 
Department of Civil Engineering, University of New York at Buffalo (USA). The 
structure and the additional masses placed at the different floors weights 19.18 tons. 
Output feedback signals to the control system are the displacements and velocities 
of each floor relative to the ground. These signals are sampled and converted to 
discrete-time values by A/D converters. These values are used by a computer to 
calculate the desired values of the control sequences which are translated into analog 
control signals by D /A converters. These control signals feed the servovalves of two 
tendon controllers, placed between the ground and first floor and between the second 
and third floors respectively, which apply horizontal control forces on the structure 
at floors 1, 2 and 3. 
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Fig. 4.-Experimental control loop. 
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Fig. 5.-Active tendon controller. 
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Figure 5 shows a diagram of a tendon controller. It is composed by four cables 
and an hydraulic actuator. The cables are braced to the upper floor by one of their 
ends while the other ends are attached to a horizontal rigid frame through four 
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pulleys. The frame is connected to the piston rod of an hydraulic actuator whose 
motion is commanded by a servovalve proportionally to the difference between the 
analog signal from the D /A converter and the actual displacement of the piston/rod. 
In this way the tensions of the cables are actively modified, which results in horizontal 
control forces on the structure. In fact, consider the actuator 1 at instant t when the 
first floor relative displacement is d1 ( t). Tensions at cables, as represented in Figure 
6, verify 

(1a) 

(1b) 

where To is a pretension in order to prevent the tension release during control 
application. Kt is the stiffness of the cables and u 1 is the displacement of the 
actuator. The resulting horizontal control force fi at floor 1 is then 

fl(t) = 4Kt COSO:! [d1(t) COSO:!+ u1(t)j (2) 

Fig. 6.-Control force applied on the 
structure by the actuator 1. 

Fig. 7.-Control forces applied on the 
structure by the actuator 2. 

The same analysis for the actuator 2 (see Figure 7) shows the presence of control 
forces at floors 2 and 3 verifying: 

(3a) 

h(t) =-h(t) (3b) 

The structure can be modelled as a 6 degrees of freedom lumped mass model whose 
motion is described by 

M d + C d + K d = - f( t) - M j do( t) (4) 

where M, C and K are the mass, damping and stiffness matrices, d the floor 
displacement vector (relative to the ground), j the unit vector and f the control 
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force vector JT = [fl,f2,J3,0,0,0] which can be written, according to eqs. (2) and 
(3), in the form: 

(5) 

where 

4Kt cos2 0'1 0 0 0 0 0 
0 4Kt cos2 a2 -4 Kt cos2 a2 0 0 0 

Kp= 
0 -4 Kt cos2 0'2 4Kt cos2 0'2 0 0 0 
0 0 0 0 0 0 

(6a) 

0 0 0 0 0 0 
0 0 0 0 0 0 

4 Kt cos2 0'1 0 
0 -4 Kt cos2 0'2 

L= 0 4Kt cos2 a2 
0 0 

(6b) 

0 0 
0 0 

By substituting (5) into (4) one can write 

(7) 

where 
K 1 = K +Kv (8) 

Equation (7) describes the motion of the structure under control by active cables. 
One can see the effect of the cables is double: they supply a passive control action 
K p d and an active control L u. The first one is equivalent to a change in the stiffness 
matrix of the structure which is now K'. The active control action is represented by 
L u and is produced by the displacement u of the actuators as commanded in closed 
loop by the control system. The controller design now consists of formulating the 
control law giving u as a feedback of the structural response. 

1.3. Modelling of the control loop for a distributed parameter structure 

Again we will work with an example. Consider a simple-span bridge model 
with constant flexural rigidity EI, mass per unit length m, damping c and span 
L. Assume there is a distributed force F(x, t) exciting the structure, where x is the 
distance measured from the left support. Assume we can design a distributed control 
force U(x, t). The equation describing the vertical motion y of the structure is 

(9) 
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Load F(x,t) 
y 

Control u(x, t) 

L .. j 
Fig. B.-Distributed excitation and control forces. 

We can assume the solution of this equation in the form 

00 

y(x, t) = L q,j(x)rlj(t) 
j=1 

J. Rodellar 

X 

(10) 

where TJj( t) is the generalized coordinate of mode j and q, j( x) is the characteristic 
function of this mode which satisfies the boundary conditions. In this example, it is 

{2 . i1rx 
q,j(x) = V LsznL 

Substitution of (10) into (9) and applying a known integral transform leads to the 
following set of ordinary second order differential equations 

where 

and 

iii+ 2viwtrli + w[TJi = fi(t) + ui(t) 

i=1,···,oo 

w. = i27r2 !Ei. 
I L2 v --;;;· c 

Vj = - -
2mwi 

{L 
fi(t) = m-1 Jo F(x,t)q,i(x)dx 

ui(t) = m-1 !oL U(x ,t)q,i(x)dx 

(11) 

(12) 

which can be called modal excitation and modal control forces respectively. Using 
this kind of model, we are in the framework of the so-called modal control, in which 
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the control problem can be stated in the following terms: design a control law to 
generate the modal forces Ui using, as feedback signals, the modal coordinates T/j· 
Some problems arise from the fact that: 

o In principle, there exists an infinite number of modes. 

o Modal coordinates do not correspond to physical variables that can be measured 
by sensors. 

o Modal control forces are not real forces directly implementable by actuators. 

The first point motivates the consideration of a reduced finite number of modes. 
The second one suggests the need of some algorithm to estimate modal coordinates 
from the response measured at specific points. The third point requires the design 
of specific actuators. 

Besides this problems, we can see that (11) is a set of second order ordinary 
differential equations similar to the one derived in (7) for a lumped mass structure. 
This structural equation is the base for the controller design. 

2. STATE SPACE REPRESENTATION 

2.1 State equation for the structural motion 

As illustrated before in many structural control problems, the structure is 
described by a spatially di,scretized linear model with n degrees of freedom described 
by the following equation of motion: 

Md(t) + Cd(t) + Kd(t) = Lef(t) + Lcu(t) (13) 

where M C and K are, respectively, the mass, damping and stiffness matrices, d is 
the displ~cement vector, f is them x 1 dynamic excitation vector and u is ~her X 1 
control vector. Le, Lc are matrices indicating the location of the control actwns and 
excitations. 

Equation (13) can be written in a first order form 

x(t) = Fx(t) + Gcu(t) + Gef(t) (14) 

where x is the 2n x 1 state vector, F is the 2n x 2n system matrix 

( d(t)) . 
x(t) = d(t) ' (15) 

and Gc, Ge are 2n x r and 2n x m location matrices 
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(16) 

(14) is the so-called linear time-invariant state equation. It is a particular case 
of a more general description of dynamic systems represented by a first order matrix 
differential equation of the form 

x = g[x(t), u(t), t) (17) 

Many of the modern control laws and algorithms are formulated based on equation 
(14). Therefore, we will concentrate here on presenting some of the most relevant 
issues about this equation, which are frequently used in control problems. 

2.2. Solution of the state equation 

Let us call 
v = Gcu + Gef 

With the initial condition x(to) = xo, the analytical solution of (2) is 

x(t) = exp[(t- to)F]xo + ft exp[(t- T)F]v(T)dT 
ito (18) 

where, for a square matrix 0, exp denotes the exponential matrix defined as the 
convergent series 

oo oi 0 02 
exp(O) ="-=I+-+-+ .. · ~ i! 1! 2! 

i=O 

The first term in (18) depends only on the initial state, so representing the free 
response. The second one is a convolution term and represents the forced response 
due to the input. 

2.3. Discretization of the state equation 

Consider now the time discretized with a sampling period T. We may obtain a 
discrete time model from the continuous time equation (14) by applying the solution 
(18) between two consecutive time instants. To do this, we can substitute to = kT 
and t = kT + T into (18) and write 

1(k+l)T 
x(kT + T) = exp(TF)x(kT) + exp{[(k + 1)T- T]F}v(T)dT 

kT 
(19) 

To solve the integral involved in (19), the continuous-time evolution of v( T) in 
the discretization interval is required. If it is considered that the excitation 
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vector is known only at discrete instants, v( r) can be defined by interpolating the 
discrete values. A common simple criterion may consist of assuming a zero order 
interpolation, by which the sampled value at instant k is kept constant over the 
discretization interval; i.e. 

v( r) = v(kT) kT 5: T < (k + 1)T (20) 

By substituting (20) into (19), the following discrete- time equation is obtained: 

x(kT + T) = Ax(kT) + Bu(kT) + P f(kT) (21) 

where A, B and P are matrices given by 

A= exp(TF); B = F-1(A- I)Gc; P = F- 1(A- I)Ge (22) 

The system matrix F is always non-singular, its inverse being 

The recursive application of (21 ), starting from the initial conditions, allows 
the computation of the state vector x at each time instant. Also eq. (21) gives a 
description of the closed loop in a digital implementation, since the signals converters 
(A/D-D /A) perform the operations of sampling and zero-order interpolation in a 
synchronized manner. Therefore, the discrete-time state model formulated above 
can be used in two ways: (i) for the simulation of the structural response under 
excitations and control actions; (ii) as base model for the formulation of discrete­
time control laws (algorithms). 

The numerical evaluation of the exponential matrix A = exp(T F) is the key 
point of this discretization procedure. There are different methods to perform this 
computation and a number of software packages are available. 

2.4. Stability 

Stability is probably the most important property that a control system has to 
preserve, since it is concerned with the capability of the system to exhibit a solution 
bounded and close to the setpoint. There are different ways to study the stability of 
a system. Here we will consider two ways: one is concerned with the maintenance of 
an equilibrium position with no input (equilibrium stability); the other is concerned 
with the boundedness of the response for bounded inputs (external stability). Now 
we give the definitions for both continuous time and discrete time systems. 
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Equilibrium stability. Definitions 

Be a system without inputs described by 

x(t) = g[x, 0, t] x(to) = xo (23) 

or (in discrete time) x(k + 1) = g[x(k),O,k] x(ko) = xo (24) 

Xe is an equilibrium state of the system if the system's state at to is Xe and x( t) = Xe 

for all t ~ to. 

Be the origin an equilibrium state 

* The origin (for system (23)) is stable (in the sense of Lyapunov) if, for any to 
and any c > 0, there exists a real number 6(c, to) such that llx(to)ll < 6 
implies that iix(t)ii < c for all t ~ to. 

* The origin (for system (23)) is asymptotically stable if it is stable and, moreover, 
iffor any to, there exists 6 > 0 (possibly dependent on to) such that llx(to)ll < 8 
implies that limt-+oo llx(t)ll = 0. If, moreover, 6(to) can be arbitrarily large, the 
origin is called globally asymptotically stable. 

When, in any of the two cases above, the scalar 6 does not depend on the initial 
time to, the word uniform is added to the stability definitions. 

For the discrete-time system (24) equivalent definitions hold considering instant 
k instead of timet. 

External stability. Definition 

Be a forced system of the form 

x(t) = f[x, u, t] x(to) = xo (25) 

or 
x(k + 1) = f[x(k), u(k), k] x(ko) = x0 (26) 

* The system (25) is externally stable if for any to, x(to) and u(t) such that 
llu(t)ll :S 6 for all t ~ to, there exists a scalar c (possibly dependent on to, 
x(to) and 6) such that llx(t)ll :S c for all t ~ to. Analogously for the discrete 
time system (26). 

The above condition can be stated in the following equivalent words: if any 
bounded input produces a bounded state vector. 

Now we specialize in time invariant linear systems to derive practical criteria to 
check the stability. 
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Stability criteria for continuous time systems 

Be the unforced system described by the state equation 

with solution 

x(t) = F x(t) 

x(to) = zo 

x(t) = exp[F(t- to)]zo 

Be Aj = ll!i + j J.Li ( i = 1, · · ·, n) the eigenvalues ofF. 
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(27) 

(28) 

There exists a set of n independent vectors defining a transformation matrix T that 
allows to write eq. (27) in the form 

q(t) = Jq(t) 

q(to) = qo 

with x = Tq and J = T-1 FT. The solution of (29) has the form 

q(t) = exp[J(t- to)]qo 

There is one case in which J becomes diagonal: 

J= 

(29) 

(30) 

(31) 

In such a case, eq.(29) is equivalent to a set of n independent scalar equations with 
solution 

(32) 

Now is clear how stability depends on the real part ll!j of the eigenvalue Aj. In fact 

ai > 0 =*' lim qi( t) = oo =*' instability 
t--+oo 

ai = 0 =*' qi(t) = exp[iJ.Li(t- to)]qi(to) i= 0 bounded=*' 

=*' Lyapunov stability 

ai < 0 =*' lim qi(t) = 0 =*'asymptotic stability 
t--+oo 
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If matrix J is not diagonal, it can be decomposed into a numbers < not Jordan 
blocks J i in the form 

J= (33) 

which verifies 

exp[Jt(t-to)] 

exp[J(t-to)]= 
exp[Ji(t-to)] 

(34) 

exp[Js(t-to)] 

In this case, eq. (29) can be split into s independent vector equations with 
solution 

(35) 

The exponential matrices exp[Ji(t- to)] have a closed form 

exp[Ji(t- to)]= exp(.\i(t- to)] 6i(t) (36) 

where ei(t) is a matrix with entries increasing with time in the form of powers. 

As an example, we can consider the case of a Jordan block of the form 

It is an exercise to verify that 

0 
1 
t exp[J;(t- to)] = exp[-Xi(t- to)] ( t~ 

2T 
t3 t2 
"31' 2T 

0 0) 0 0 
1 0 

t 1 

(37) 

(38) 

Concerning the stability, it is readily seen now in eq. (35) how it depends on 01i· In 
fact, 

Oli ;::: 0 :::::} instability 

Oli < 0 :::::} asymptotic stability 
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In summary, the equilibrium stability conditions for the linear system (27) can 
be stated in Table 1. 

For the case of external stability, it can be shown that if the system (27) is 
asymptotically stable, it is also externally stable when forced with inputs entering 
in the form Gu(t). 

TABLE 1: Stability criteria for 
continuous time invariant linear systems 

If o:; > 0 for any eigenvalue 
with Jordan block of size 1 

Instability 
If o:; ~ 0 for any eigenvalue 

with Jordan block of size > 1 

Stability If o:; $ 0 for any eigenvalue 
with Jordan block of size 1 

in the sense of 
If o:; < 0 for any eigenvalue 

Lyapunov with Jordan block of size > 1 

Asymptotic 
If o:; < 0 for any eigenvalue 

stability 

Stability criteria for discrete time systems 

Be the unforced discrete time system 

x(k + 1) = Ax(k) 

x(O) = xo 

It has a closed solution of the form 

x(k) = Akxo 

(39) 

(40) 

Be Ai = IAilexp(jwi) (i = 1, · · ·, n) the eigenvalues of matrix A and T the 
associated transformation matrix that allows to write (39) in the form 

q(k + 1) = Jq(k) (41) 
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q(O) = qo 

where q = Tx and J = T-1FT. The solution of (41) is 

q(k) = Jkqo 

J. Rodellar 

(42) 

If matrix J is diagonal like (31), eq. (39) is decomposed into n independent scalar 
equations with solution 

qi(k) = .X~qiO = I.Xilexp(jwik)qiO 

whose stability depends on the modulus of the eigenvalue Ai· In fact, 

I.Xil > 1::::} lim qi(k) = oo::::} instability 
k-+oo 

I.Xil = 1::::} qi(k) = exp(jwik)qio # 0 bounded::::} 

::::} Lyapunov stability 

I.Xil < 1::::} lim qi(k) = 0::::} asymptotic stability 
k-+oo 

(43) 

If J is not diagonal, it decomposes into a numbers < n of Jordan blocks Ji like 
in (33), verifying 

J~ 
I (44) 

In this case, eq. (39) decomposes into s independent vectorial equations with 
solution 

(45) 

Matrices Jf have a closed expression 

(46) 

where Ai is the eigenvalue associated to the block J; and 9; is a constant matrix 
with entries either 0 or 1. By the way of example, if we consider a block of size 
nix ni 

.Xi 0 0 0 0 
1 .Xi 0 0 0 

Ji= 0 1 .Xi 0 0 (47) 

0 0 0 1 .X· l 
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we can readily verify that expression ( 46) holds with 

0 0 0 0 0 
1 0 0 0 0 

8i= 0 1 0 0 0 

0 0 0 1 0 

Using ( 46), it is easy to observe the influence of the eigenvalue Ai in the stability 
of the solution (45). In fact, 

I.Xil ~ 1 => instability 

I.Xil < 1 => asymptotic stability 

Table 2 summarizes the stability condition for system (39). 

It can be shown that, if the system (39) is asymptotically stable, it 1s also 
externally stable when forced with inputs entering in the form Bu( k ). 

TABLE 2: Stability rriteria for 
discrete time invariant linear systems 

If l~il > 1 for any eigenvalue 
with Jordan block of size 1 

Instability 
If IAi I ~ 1 for any eigenvalue 
with Jordan block of size > 1 

Stability If IAi I ~ 1 for any eigenvalue 
with Jordan block of size 1 

in the sense of 
If l~il < 1 for any eigenvalue 

Lyapunov with Jordan block of size > 1 

Asymptotic 
If I~; I< 1 for any eigenvalue 

stability 
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3. OPTIMAL CONTROL 

3.1. Generic problem and solution framework 

Be a dynamic system described by a state equation of the form 

x = f[x(t), u(t), t] 

x(to) = xo 

J. Rodellar 

(48) 

where x is then X 1 state vector and u is the r X 1 control vector. Both x(t), u(t) are 
continuous functions and f is assumed to have continuous partial derivatives with 
respect to both x, u. Then, given the initial condition xo and the control vector u(t) 
over an interval [to, t j], there exist a unique continuous trajectory x(t) solution of 
(48). 

Define the scalar performance index 

lt, 
J = 8[x(tj),tj] + <I>[x(t),u(t),t]dt 

to 
(49) 

where 8, <I> have continuous partial derivatives with respect to both x, u, and to, t f 
are fixed instants. 

We consider the following optimal control problem: find the control u(t) such 
that the performance index ( 49) is minimized with the restriction given by eq. ( 48). 

Other constraints can be also considered in a general case, for example, limits 
on the state and the control. However we will not consider this case for the sake of 
simplicity. 

We will follow the main steps to solve the above problem in the framework of 
variational calculus, or the so-called hamiltonian formulation. First, eqs. ( 48)-( 49) 
are adjoined introducing an x 1 Lagrange multiplier vector function ..X( t) in the form 

lt, 
J = 8[x(tf ), t j] + { <l>[x(t), u(t), t] + _.XT(t)[f(x(t), u(t), t)- x(t)]}dt 

to 
(50) 

The Hamiltonian H is introduced as 

H[x(t), u(t), ..X(t), t] = <I>[x(t), u(t), t] + ..XT(t)f[x(t), u(t), t] (51) 

Introducing H in (50) and integrating by parts the term 
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we may write 

(52) 

Now we can consider arbitrary variations c5z(t), c5u(t) with respect to the optimal 
state and control trajectories, respectively. These variations produce a variation on 
the optimal value of the performance index J. A necessary condition for a minimum 
is that the first variation in J is zero. Taking the first variation of (52) (using the 
fact that z(to) = zo is fixed), it results 

Imposing c5J = 0, we have 
a6 

>.(t I) = az ( t I) 

. an 
>. =- az 

an =O 
au 

(53) 

(54) 

(55) 

(56) 

Eqs. (54)-(56), together with the system equation and the initial condition in 
( 48), define a two-point boundary value problem. This problem gives a framework 
including a wide family of problems. For each case, these equations have to be solved 
to obtain the control that can produce the minimum value of index J. Sufficient 
conditions involve second variations and are difficult to state in the general case, but 
they can be drawn for specific examples, depending on the system equation and the 
performance index considered in every case. 

In active control of structures, system ( 48) is usually linear and time invariant 
and the performance index is quadratic in the state and the control. In the next 
section we particularize the previous framework for this case. 

3.2. Linear quadratic optimal control 

Consider the system 

:i: =Fz+Gu; z(to) = zo (57) 

and the performance index 

1 ll.t' J = -x(t 1 l Sz(t 1) +- {z(tf Q(t)z(t) + u(tf R(t)u(t)}dt 
2 2 to 

(58) 
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S, Q, Rare weighting matrices and their values are selected depending on the relative 
importance given to the different terms in their contribution to the performance index 
J. S penalizes the state at the final time t 1. Big values of Q represent the desire of 
keeping the state vector close to the origin during the minimization interval [to, t 1], 
while big values of R require the control not to be excessive. Therefore, playing with 
the relative values of Q and R, it is possible to design controllers with a compromise 
between both requirements. 

The Hamiltonian now is 

H[x(t), u(t), l(t), t] = ~xT Qx + ~uT Ru + lT Fx + lT Gu (59) 

Eqs. (54)-(56) take the form l(t I)= ;~ (t I)= Sx(t I) (60) 

aH · T 
ax =-.X= Q(t)x(t) + F l(t) (61) 

aH 
au = 0 = R(t)u(t) + GT l(t) (62) 

Assume the following relation 

.X(t) = P(t)x(t) (63) 

where P is an unknown matrix. 

Substitution of (63) into (62) yields 

u(t) = -R-1(t)GT P(t)x(t) (64) 

Substitution of (63) and (64) into (57) results in 

P(t) = -P(t)F + P(t)GR-1(t)GT P(t)- FT P(t)- Q(t) (65) 

while the terminal condition (54) is 

(66) 

Eq. (65) is the so called matrix Riccati equation, very well known in control 
theory. Using the condition (66), it can be solved backwards in time from the 
terminal time t 1 until the initial time to. Then, if the time variant gain matrix 
D(t) = R-1(t)GT P(t) is stored at each timet, the closed loop control law is 

u(t) = -D(t)x(t) (67) 
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It is known in control theory that weighting matrices S, Q have to be at least positive 
semidefinite and R positive definite for J to reach a minimum with the control law 
(67). Also they are usually selected symmetric. 

From an implementation point of view, the requirement of solving the matrix 
Riccati equation and storing the time varying solution for its further use in real time 
can be unpractical. Fortunately, it has been proved that, in the case that S = 0 and 
Q, Rare time invariant, there exists limt-+oo P(t) = P, P being the solution of the 
algebraic matrix Riccati equation 

(68) 

This can be interpreted considering that, when we solve eq. (55) backwards from t 1 
to to, the elements of matrix P(t) have a profile like the one illustrated in Figure 
9. There is a "transient" stage followed by a "steady" stage in which matrix P(t) 
tends toP. If the interval [to, t f] is long enough, we can approximate P(t) by P for 
all time. In this case, the control law is 

u(t) = -Dx(t) 

where now the gain matrix is constant 

p .. (t) 
IJ 

t 
0 

"steady" 

P .. 
IJ 

backwards 

"transient" 

I 

I 

Fig. 9.-Typical element of the Riccati matrix. 

(69) 

(70) 

t 

This control law is the one used in most of the practical applications of optimal 
control. Now the gain matrix is calculated once prior to the implementation after 
selecting the weighting matrices, which are the parameters to be selected by the 
designer. 
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3.3. Gain matrix and eigenvalues 
As we have seen previoulsy, eigenvalues of the system matrix F determine the 

stability properties of a linear system like the one described by eq. (57). Moreover 
these eigenvalues determine the system dynamics, in particular the modal frequency 
and damping characteristics. If model (57) is a description of a structural system 
like the one in (13), the eigenvalues are arranged in complex conjugate pairs of the 
form 

(71) 

Wj, (i being the modal frequency and damping respectively. We recall that negative 
real parts assures the stability. 

Consider that a linear feedback control law like the one in (69) is applied to the 
system. Substitution of the control law into the system equation (57) leads to 

x = (F + GD)x (72) 

This equation represents the closed loop control with a system matrix F + G D and 
its eigenvalues determine the stability and the dynamics of the controlled system. 
From these eigenvalues we can interpret the effect of the control in terms of changes 
in the modal frequencies and dampings. 

We can use this fact not only for the analysis of the effect of the control for a 
given feedback strategy, but also as a base for the design of a specific gain matrix. 
The so-called pole placement methods essentially consist of choosing a gain matrix 
D in such a way that the eigenvalues of the closed loop system matrix take values 
prescribed a priori by the designer. 

3.4. Application example 

To illustrate the use of the optimal control law described above, we consider 
here its application to one of the SUNY -Buffalo experimental structural systems 
with active tendons, whose diagram is shown in Figure 10. 

With the rigid braces on upper floors, the structure can be modeled as a SDOF 
whose horizontal motion is described by 

·· · 2 4kc cos a d(t) + 2vw0 d(t) + w0 d(t) = -a(t)- u0 (t) 
m 

(73) 

where d is the horizontal relative displacement of the first floor, a the base 
acceleration and u 0 the actuator's piston/rod displacement. m, v and w0 are, 
respectively, the mass, damping and undamped natural frequency. kc is the stiffness 
of the cables and a the angle they have with the horizontal. These parameters are: 

m = 2922.7 Kg v = 1.24% w0 = 21.79 radj s 
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Fig.lO.-SUNY-Buffalo experimental control system. 

kc = 371950.8N/m 

By defining the state vector xT = ( d, d), eq. (73) can be written in the state form 

X= Fx+ Gu0 +w (74) 

where 

(75) 

Eq.74 represents the controlled movement of the structure. 

The control problem now consists in generating the actuator displacement u0 (t) 
such that the performance index defined in (58) is minimized. Consider 

S=O; R = f3kc 

where k (structural stiffness)= mw~=1387710 Njm. 

(3 is a weighting parameter balancing the relative importance of the response 
reduction (control effecth .:>ness) and the control action requirement (economy). 
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f3 < 1 means that the response reduction is more important, while f3 > 1 imposes 
the desire in keeping a small control action. f3 = 1 gives the same importance to 
both requirements. f3 = oo represents the case without control. 

Figure 11 shows the magnitude of the tr~sfer function between the base 
acceleration a(t) and the response acceleration d(t). It is clear the reduction of 
the response and, as expected, the stronger reduction for smaller /3. This reduction 
can be understood in terms of damping added by the control action. For f3 = 5 
damping is increased from 1.24% (uncontrolled case) to 17.8%, while is 34% for the 
case with f3 = 1. 

411 

30 
v ., 
;:! ..... 20 ·a - -p = oe 
bO 
<1S 

~ Ill 
5 

0 6 R 

Frequency (Hz) 

Fig.ll.-Transfer function magnitude (from the book "Active Structural Control" 
by T .T . Soong). 

4. PREDICTIVE CONTROL 

4.1. Strategy 

Predictive control is presented here as representative of digital control 
methodologies. It is developed within the framework of Figure 3, where the problem 
of structural control is formulated in discrete-time with the aim of deriving a control 
algorithm. 

From an intuitive point of view, the idea of this method is to use a discrete- time 
model of the process to predict, at each sampling instant, the response over some 
interval based on the information available at this instant and as a function of a future 
control sequence to be determined. Figure 12 illustrates that, from information on 
the known inputs and states of the process at instant k, we can consider a future 



Active Control Concepts and Strategies 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

i(k + i lk) 

u(k).,_~ 

I I I 

:V 
I I 1 I 
I I 1 I 
I • I 1 I 
I ~ I 1 I 
I 1 I 
I 1 I 
I • 1 I 

I I 

I 
o....Jv- I 

I 
' I 

I 

I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I 
I 
I 
I 
I 

I .....J\r-' ...... i(l: +ill:) I 
I 
.-~--r-----r---~~--~----~-----T-----+----~ 

k-2 k-1 k k4 1\v k+2\k k+f--1\k k+'-1" 

I Prediction horizon ~j - Real time __,_ ~ ~ 
Fictitious scenario 

CD State trajectory 

CV Predicted state trajectory 

0) Applied control action 

8; Control sequence on the prediction scenario 

Fig. 12.-Prediction horizon for predictive control. 
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time interval [k, k+A], defined by a number of control periods A, where a sequence of 
states x(k +ilk) can be predicted as a function of a control sequence u(k + i -1lk), 
where i = 1, ···,A. From all the possible predicted trajectories, we will chose the 
one that, together with the control sequence that produces it, satisfies a performance 
criterion. 

As we are going to see, this control sequence is not actually applied completely. 
In fact, only the first control vector is applied at sampling instant k and the procedure 
is re-defined at consecutive time instants. As illustrated in Fig. 12, the prediction 
horizon [k, k+A] does not represent a real time but a fictitious scenario used with the 
purpose of generating a desired predicted trajectory and the corresponding control 
sequence during A sampling periods. 

In the following two sections the problems of prediction and generation of the 
control sequence through the minimization of a performance index at each instant k 
are considered respectively. 

4.2. Prediction 
We assume that, within the framework of Fig. 3, the control loop can be 

described by a linear state space discrete-time model as considered previously in 
this chapter. Be the model 

z(k + 1) = Az(k) + Bu(k- r) + w(k) (76) 

where z is then x 1 state vector, which describes the time evolution of the system 
as a response to the p x 1 control vector u and the n x 1 disturbance vector w at 
each sampling instant k. Here we consider the presence of time delay in the control 
loop. Delay occurs when the control action has not an instantaneous effect on the 
response. This is practically always the case in a control loop, specially due to that 
actuators have inertias. The problem of time delay is quite critical in the stability 
and the performance of a control system. Predictive control takes into account the 
time delay in the prediction procedure in a simple manner, assuming that it can be 
represented by a number r of sampling periods in which, as seen in eq. (76), the 
control is not influencing the present response. 

We can take eq. (76) as source to define a state predictive model in the form 

x(k +ilk)= Ax(k + i -1lk) + ilu(k + i- 1- flk) 
(j = 1, 2, ... '1 +f) 

(77) 

where %( k + i I k) denotes the state vector predicted at instant k for instant k + i and 
u(·lk) denotes the sequence of control vectors on the prediction interval. 

This model is redefined at each sampling instant k from the actual state vector and 
the controls previously applied, i.e., 

x(klk) = x(k); u(k-ilk)=u(k-j) (j=1,···,f) (78) 
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Comparing (78) with (77), we do not include the disturbance since it is assumed 
to be unknown. It would be straightforward to include measurable disturbances 
in the formulation that we will develop in the following, but, with the purpose of 
simplifying the pr~sentation, we will not do it. In the predictive model we denote 
parameters as A, B, r to distinguish to those of the system model (76), assuming 
that we may use estimates of them. 

4.3. Performance criterion and control action 

We can consider a linear quadratic performance index of the form 

f+l 

Jk = ~ L[x(k + jJk)- Xr(k + jJk)]TQj[x(k + jJk)- xr(k + jJk)]+ 
2 . 1 

J= 

/-1 

+~ L u(k + JlklRi''-'(k + Jlk) 
j=O 

(79) 

where xr(k+jJk) is a reference trajectory for the state vector, which may be redefined 
at each sampling instant k from the current state vector and evolve towards the 
setpoint according to a chosen dynamics. In structural control problems, the setpoint 
is usually the equilibrium state. Q j, Rj are symmetric weighting matrices. 

By applying (77) recursively from initial conditions (78), we may write 

x(k + 1Jk) = A.x(k) + ilu(k- f) 

x(k + 2Jk) = A.2x(k) + A.ilu(k- f)+ ilu(k- r + 1) 

·f ·f-1 • • 
x(k + fJk) =A x(k) +A Bu(k- r) + .. · + Bu(k -1) 

·f+1 ·f. . • 
x(k + r + 1Jk) =A x(k) +A Bu(k- r) + .. · + ABu(k -1)+ 

+ ilu(kik) (80) 
·f+2 ·f+1 • ·2. 

x(k+r+2Jk)=A x(k)+A Bu(k-r)+ .. ·+A Bu(k-1)+ 

+ A.ilu(kik) + ilu(k + 1Jk) 

·f+l ·f+/-1 • • ·I· 
x(k+f+lik)=A x(k)+A Bu(k-r)+ .. ·+ABu(k-1)+ 

+ i-1 ilu(kik) + i-2 ilu(k + 1Jk) + · · · ilu(k + z- 1Jk) 

Defining the ( r + l)n X 1 vectors 
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x = [x(k + 1lkl, · · · ,x(k + rikl, · · · ,x(k + r + llkllr 

Xr = [zr(k + 1ik)T, · · · ,zr(k + rikl, · · · ,zr(k + r + llk)Tf 

and the rp X 1 and [p X 1 vectors 

u k = [u(k- 1), u(k- 2), ... u(k- r)f 
if= [u(klk), u(k + 1lk), · · ·, u(k + l- Ilk)f 

the index (79) can be written in the packed form 

where the extended weighting matrices Q, Rare 

Q = diag [Ql, · · · , Q,., · · ·, Qr+ll 
R = diag [Ro, · · ·, R1-tl 

The set of r + 1 equations ( 80) can be packed in the form 

X= Zz(k) + TU 1c +Nil 
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(81) 

(82) 

where Z, T, N are matrices (with dimensions (r + l)n x n, (r + l)n x rp, (r + l)n x lp 
respectively) defined as 

0 
0 

.A 

..4.2 
Z= T= iJ 

.AiJ 
~HI 

A 

~I ~ 
AB 

0 
0 

.AiJ 
~2 ~ 
AB 

~1-1 ~ 
A B 

0 
iJ 

iJ 
.AiJ 
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N= 

0 

0 
iJ 

AiJ 

0 

0 
0 
iJ 

0 

0 
0 
0 

0 

0 
0 
0 

0 

0 
0 
0 

Ail iJ 
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If we substitute (82) into (81 ), the performance index h will be a scalar function 
of the unknown vector fl. A necessary condition for Jk to be minimum requires its 
gradient to be zero. Then, substituting (82) into (81) and applying 

we obtain 

where 

8h --0 au -

if= -LZx(k)- LTU k + LXr 

The control vector u( k) applied to the process at time k is the first vector 
component of fJ, i.e., 

(83) 

D1 is a p x n feedback state gain matrix made up with the first p rows of matrix 
LZ. D2 is a p X p matrix including the first p rows of matrix LT and D3 is a p X n 
matrix having the first p rows of L. 

The implementation of the control law (83) can be computationally expensive, 
particularly if we are dealing with high dimensional systems. Then, in an attempt 
to reduce the calculations involved in the minimization of the index (79), we can 
introduce an additional condition consisting of imposing a specified shape to the 
control sequence. Particular choices of this shape may be that of a step or a pulse. 
In the case of a step-shaped control sequence, we have a control constant over the 
prediction interval. That is 

u(kJk) = u(k + l\k) = ... = u(k + z- 1\k) (84) 
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Also we can use a simplified version of index (79) in the form 

Jk = ~[x(k + f + llk)- xr(k + f + llk)]TQ' 

[x(k + f + llk)- xr(k + f + Zlk)] + ~u(kiklR'u(kik) 

Using (84) in the last prediction of (80), we may write 

x(k + f +Ilk)= Z*x(k) + T*U k + N*u(kik) 

where 
z* = Ar+l 

T* = [A1B ;._Z-1.8 ... Af+l-1.8 Af+1B] 

N* = ;._Z-1 .B + ;._Z-2 .B + ... +.Ail+ .B 

Substituting (86) into (85) and applying 

we obtain the control law 

8h 
au(kik) =O 

J. Rodellar 

(85) 

(86) 

(87) 

u(k) = u(kik) = -Dix(k)- D2U k + D3xr(k + f + lik) (88) 

where 
Di = D3Z* 

D2 = D3T* 

D3 = (N*T Q1 N* + R')- 1 N*T Q1 

(89) 

This control law is the most frequently used in the applications of predictive 
control in the context of active vibration control of structures. For the 
implementation, the designer has to choose the parameters .\, f related to the 
prediction horizon and weighting matrices Q', R', which have to be positive 
semidefinite and R' non singular. Also matrices A, B of the predictive model are 
required. They can be obtained starting from the model of the structure in state 
space and going through the discretization procedure for the state equation. With 
all these parameters, matrices Di, D2, D3 are computed prior to the implementation 
using (87) and (89). Note that Di is a gain matrix, while D2 contains "memory" 
matrices multiplying previous controls to compensate for the time delays. 
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4.4. Application example 

To illustrate the use of the predictive control law (83), we go back to the 
experimental scheme described in Figure 11. Now the digital nature of the closed 
loop is taken into account to formulate a discrete-time state equation like the one 
considered in (76). Also we include in our description the existence of a time delay 
due to the inertia of the active tendon system. This time delay can be modelled 
considering that the real actuator displacement u0 is related to the control signal 
given by the controller in the form 

u0 (t) = u(t- r) 

T being this time delay. Applying the discretization procedure (previously outlined 
in this chapter) to the continuous time eq. (74), we can simulate the operation of 
the closed loop with a sampling period T, obtaining 

x(k + 1) = Ax(k) + Bu(k- d)+ Pw(k) (90) 

where 
A= exp(TF); B=PG (91) 

d is an integer defined as d = T /T what implies to assume that the time delay r can 
be measured as an integer multiple of the sampling period. This is the most common 
assumption about time delay in digital control implementations, but eq. (90) can be 
easily modified for no integer time delays. 

4.5. Experimental results and discussion 

The model in eq.(90) describes the closed loop basic operations of Figure 11 
at each sampling instant and it is used as base model for the formulation of the 
predictive control law (83) with the following parameters being chosen for the 
calculation of matrices in (87)-(89): sampling period T=0.01 s, number of delays 
d=2, reference trajectory xr=O, matrices A, iJ as given in (91 ). The weighting 
matrix Q has been chosen as 

while R is now an scalar defined as R = rkc, r being the weighting factor on the 
control action. 

Results of two series of experiments using the SUNY -Buffalo shaking table are 
described now in which the base of the structure has been subjected to a band­
limited white noise and to an earthquake acceleration respectively. Different tests 
have been distinguished by the values of the prediction horizon parameter .>. and the 
weighting factor r assigned to the control algorithm. 
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White noise excitation experiments 

The shaking table has been programmed to supply a 0-8 Hz banded white noise 
acceleration to the base of the structure along about three minutes. The amplitude 
of the transfer function between the first floor acceleration and the base acceleration 
has been obtained by means of a spectrum analyzer and used to illustrate the results 
of the different control tests. Table 1 gives the peak value of the transfer function and 
its corresponding frequency for the uncontrolled structure as well as the structure 
under predictive control with different parameters .A and r. 

TABLE 3: White noise excitation experiments 

A r Transfer function peak Frequency (Hz) 

No control No control 154.00 3.52 
7 6 9.99 3.60 
7 4 8.35 3.60 
7 2 4.63 3.68 
7 0 2.65 3.76 
8 0 3.18 3.68 
9 0 4.21 3.68 

Figure 13 shows the plots of the magnitude of the transfer function between the 
response and base accelerations for the controlled cases. 

The influence of >. and r on the control can be taken out from these tests. By 
comparing the transfer functions for >.=7,8 and 9 (with r=O), more reduction in 
the response is observed for smaller values of>.. By comparing the cases for >. fixed 
equal to 7 and different values of r=0,2,4 and 6, more reduction is observed as smaller 
values rare used. These observations are in concordance with the meaning of>. and 
r. In fact, predictive control law has been derived from the minimization of the 
performance index in eq. (85). This minimization requires the response predicted 
for instant k + >. + d to be near to the equilibrium state. Thus, the smaller the 
value of>. is, a more drastic control is imposed with more reduction in the response. 
Weighting in the control action in the performance index in eq. (85) is imposed by 
R = rkc. Consequently, for a fixed prediction horizon, a smaller control action is 
generated increasing the value of r. In all cases a slight increasing in the effective 
frequency of the controlled system is observed with respect to the frequency of the 
structure model as shown in Table 1. The damping effect of the control is noticeable 
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in all the cases. In fact, the peak amplitude of the transfer function is reduced from 
154 for the uncontrolled case to 9.99 for the control case with A= 7 and r = 6. 

Earthquake excitation experiments 

The shaking table has been shaked using the El Centro 1940 N-S accelerogram 
(scaled to 25% of its maximum intensity) to excite the structure. Figure 14 shows 
the first 20 s of the measured time histories of the first floor relative displacement 
and absolute acceleration for the structure without control. 

Figure 15 shows the same histories, as well as the control force supplied by the 
cables, for one of the tests performed under predictive control. For this test, values of 
A= 9 and r = 0 have been assigned. By comparing Figures 14 and 15, a significant 
reduction in the controlled response is observed with a control effort compatible 
with the actuator limits. This reduction is characterized by the decreasing in the 
maximum response as well as a damping effect introduced by the controller. 

5. SOME PRACTICAL CONSIDERATIONS ON ROBUSTNESS 

5.1. Introduction 

As we have been doing previously, the design of a state feedback control law 
essentially relies on the availability of a model of the control loop. Modelling always 
involves some degree of idealization and mismatches between the real world and the 
final mathematical model should be expected. These mismatches can be associated 
to different sources: lack of linearity, errors in estimating the parameters, unknown 
time variance of some characteristics due to aging or other reasons, unmodelled 
interactions between the structure and the actuators, no compensation for time 
delays, etc. 

Within this situation the question of robu8tne88 arises in the sense of the 
preservation of the performance, and primarily the stability of the dosed loop, in the 
presence of discrepancies (uncertainties) between the actual process to be controlled 
and the model used to derive the control law. 

The problem of control of systems in the presence of uncertainties has been a 
topic of strong research effort in the last few years. It is out of our scope here to 
review this field. We will try to point out some aspects within the particular method 
of predictive control described previously. We will concentrate on the efficiency of 
this method when it is applied having errors in the structural parameters and in the 
time delay. The efficiency is evaluated in terms of stability and performance using 
simple and easy to use tools. 
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5.2. Stability 

Consider a process described by a discrete-time state model of the form 

x(k + 1) = Ax(k) + Bu(k- d)+ w(k) (92) 

where xis then state vector, u the r control vector and w then disturbance vector. 
A and B are the matrices of the "true" nominal system and d is the "true" time 
delay. 

Consider the interval [k, k + ,\ + d], defined at sampling instant k, where the 
following predictive model is used 

x(k + j 1 k) = Ax(k + j -11 k) + .iJu(k + j -1- di k) (93) 

(j = 1 ' ... ' ,\ + d)) 

This predictive model has a structure similar to the process model 1 but matrices 
A and .iJ as well as the time delay d may differ from A, B and d due to modelling 
errors. 

Following the procedure described in Section 4.3, we can derive a control law 
like the one in (80), which now is written in the form 

(94) 

In the case of d:::; d # 0, by substituting the predictive control law (94) into the 
process model (92), the following augmented matrix equation describing the closed 
loop can be written: ( x( k) ) 

u(k- 1) 
x(k + 1) = Ax(k) + w(k); x(k) = . 

u(k- d) 

0 

0 
k~ 

d 
0 

0 

0 B) 0 0 
0 0 . 

··· I 0 ' 

(
w(k)) 

W(k) ~ ! 

(95) 

(96) 

For other cases different from d :::; d # 0, a similar formulation can be considered. 

As we know, the closed loop defined by (95) is stable if the eigenvalues of matrix 
A are inside the unit circle. In this case the closed loop is asymptotically and globally 
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stable if the disturbance is w( k) = 0. If w( k) f=. 0 is bounded, the augmented 
state vector is also bounded. The following theorem (given without proof) states the 
influence of the parameter ,\ in the stability of the control loop. 

Theorem: If the process model (92) and the predictive model (93) are open-loop 
stable, a value of the prediction horizon -\o exists such as for all ,\ ~ -\o the closed 
loop described by (95) is stable. 

5.3. Performance 

As a measure of performance, we propose here a set of dimensionless indices 
that can be evaluated for each mode of vibration. Before defining those indices, 
we formulate the structural motion in modal coordinates. To do this, consider the 
following eigenvalue problem associated to the equation of motion (13): 

(K -w2 M)~ = 0 (97) 

Eq. (97) is verified for n independent modal vectors ~1, ... , ~n and for n natural 
frequencies WI, ... , Wn. Uncontrolled mode shapes ~1, ... , ~n are arranged as the 
columns of 9, referred as uncontrolled modal matrix. 

Eq. (13) can be formulated in modal coordinates by premultiplying it by 9T, 
what results in 

M* ij(t) + C* q(t) + K* 'l(t) = /*(t) + u*(t) (98) 

where M*, C* and K* are the mass, damping and stiffness matrices in modal 
coordinates given by 

(99) 

In (98), modal coordinates 'I verify 

d(t) = 9ry(t) = ~1 rn(t) + ... + ~n TJn(t) (100) 

The modal excitation and control forces f* and u* are 

/*(t) = 9T f(t); u*(t) = 9T u(t) (101) 

M* and K* are diagonal and, if the system is classically damped, C* is diagonal as 
well and thus (98) can be decomposed into the set of n scalar equations: 

.. . 2 J{(t) ui(t) 
rJi(t)+2ciWiTJi(t)+wiTJi(t)=-*-+-*- (i=1, ... ,n) (102) 

mi mi 
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where mt is the i-th diagonal element of matrix M* and Wi and e; are, respectively, 
the natural frequency and damping factor of mode i. 

These equations can serve as a base for the control problem within the framework 
of modal control. In this case, the problem consists of computing the values of 
control forces ui. In particular, within the so-called independent modal space control 
(IMSC), each ui is calculated independently as a feedback of displacement T/i and 
velocity Tfi and, consequently, the n equations in {102) are uncoupled. Also these 
modal equations can be used to analyze the effectivenes of a given control law in terms 
of the effect on each particular mode. It is clear from eq. {100) that the structural 
displacements di are reduced if "li are reduced. Consequently, the efficiency of the 
control action can be assessed checking the performance of each individual modal 
control law. 

Consider the operation of a control system over some period of time. We can 
define the following four dimensionless performance indices .::lit, ... , Lli4 to evaluate 
the efficiency of the control of mode i: 

Ll· _ max l"lilcontrolled 
'1- I I max "li uncontrolled 

Ll· - _m_ax--iJ;--u.::....;.i J 
'3- max JJfJ 

Ll· _ max lijilcontrolled 

' 2 - max lijiluncontrolled 
{103) 

(104) 

Indices Lli1 and Lli2 quantify the reduction of maximum modal displacements 
and accelerations, respectively. Indices Lli3 and Lli4 deal with the maximum required 
control force and instantaneous power, respectively. Small values of performance 
indices mean proper control actions but usually it is not possible to reduce all of 
them: small values of Lli1 and Lli2 indicate strong control actions and, consequently, 
need big values of Ll;3 and Lli4 • Inversely, smaller Lli3 and Lli4 correspond to weaker 
control actions which generate ~igger Lli1 and Lli2 • Hence the measure of the quality 
of the control can be a compromise between such incompatible goals. The relative 
importance among the four performance indices depends on the design requirements. 

One way to use the performance indices described above to assess the efficiency 
of the control law is to run simulations in which the structure is subject to harmonic 
excitations. Then the indices are plotted against the period of the excitation, thus 
providing a sort of controlled response spectra. 

As an example, we present some of these spectra obtained applying the predictive 
control law (94) for a single mode structure. This can be characterized by the natural 
period T; = 27r/Wi and damping factor ei· Since the efficiency of the control action 
appears not to be very sensitive to damping factor, we take ei = 0 in most of the 
cases. The natural period Ti and the period To of the harmonic excitation are divided 
by the sampling period T of the digital control implementation for normalization 
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purposes. Figures 16 and 17 give controlled response spectra for indices ~il and 
~i3 respectively for a mode with TifT = 100. They have been computed for fixed 
weighting factors and for different values of the horizon prediction length .X, which is 
the main design parameters. The control law has been derived under ideal conditions, 
with no errors in the parameters and time delay d = d = 0 . 

~ / 
.A = l 

>. = 7 

>. = 4 

0. 100. 200. 300. 

Fig.l6.- Controlled response spectrum for index ~il· 

>. = 10 

0. 100. ~00 300. 400. 500. 
To/T 

Fig.l7.- Controlled response spectrum for index ~i3· 
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The minimum values for TofT= 100 in Figure 16 correspond to the resonant 
period of the uncontrolled structure and the maxima correspond to the different 
resonant periods of the controlled cases. Figure 16 shows that smaller values of A 
provide smaller values of ~i1· It confirms a feature that we have seen previously: 
smaller A implies more reduction of the response. Figure 17 shows that smaller A 
produces bigger maximum action and smaller resonant periods, what implies bigger 
increase of the resonant frequency and, consequently, stronger control actions. 

5.4. Stability and performance robustness 

This section focusses on stability and performance when there exist mismatches 
between the predictive model and the actual one. Now the matrices involved in the 
control law (94) are obtained with errors in modal parameters Ti and ei and in time 
delay din the actuators. This ~eans, th,at, Cf!mparing the actual and the predictive 
models (92) and (93), we have A f= A, B f= B, d f= d. 

The purpose of this section is to show some examples assessing the sensitivity of 
the control action to those mismatches. The main tools in the analysis are the 
eigenvalues of matrix A defined in (96) and the controlled response spectra as 
outlined before. Through the eigenvalues, the stability of the system is assessed. 
The controlled response spectra provide information on the efficiency of the control 
action_. Some results are shown as an example. 

Tables 4 and 5 give, for different values of the prediction horizon A, the maximum 
value of the modulus of the eigenvalues of matrix A for discrepancies between d and 
J (Table 4) and for additive identification errors liTi and liei (Table 5). 

TABLE 4: Maximum modulus of the eigenvalues of A 
T;/T = 100; {i = 0; 5 < T0 /T < 500 

J d Ai = 1 Ai = 2 Ai = 4 Ai = 7 Ai = 10 

0 0 0.8945 0.6328 0.7553 0.8811 0.9070 
0 1 1.1487 1.1321 0.8385 0.8651 0.8945 
0 2 1.2544 1.2847 1.0553 0.8911 0.8766 
0 3 1.2768 1.3066 1.1269 0.9715 0.9161 
1 1 0.8945 0.6328 0.7553 0.8811 0.9070 
1 2 1.1444 1.3727 0.9299 0.8697 0.8919 
1 3 1.2106 1.1861 1.0497 0.9349 0.8954 
2 1 1.2909 1.5224 0.9827 0.8968 0.9180 
2 2 0.8945 0.6328 0.7553 0.8811 0.9070 
2 3 1.1597 1.3515 0.9874 0.8900 0.8914 
3 1 1.6317 1.7523 1.2158 0.9103 0.9274 
3 2 1.3354 1.4489 1.0343 0.8989 0.9193 
3 3 0.8945 0.6328 0.7553 0.8811 0.9070 
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TABLE 5: Maximum Modulus of the Eigenvalues of A 
T;/T = 20; ~; = 0.05; d = d = 1; 5 < T0 /T < 500 

fJT; [%] {J~i [%] A;= 1 A;= 2 A;= 4 A;= 7 A;= 10 

50 0 0.897 0.660 0.767 0.980 0.979 
20 0 0.891 0.646 0.765 0.981 0.982 
10 0 0.888 0.637 0.764 0.982 0.983 
5 0 0.886 0.632 0.764 0.982 0.984 
0 0 0.883 0.626 0.763 0.983 0.984 

-5 0 0.880 0.618 0.763 0.983 0.984 
-10 0 0.877 0.609 0.763 0.983 0.985 
-20 0 0.868 0.586 0.764 0.984 0.985 
-50 0 0.801 0.927 1.200 0.985 0.984 

0 20 0.886 0.632 0.766 0.983 0.984 
0 10 0.884 0.629 0.765 0.983 0.984 
0 5 0.884 0.627 0.764 0.983 0.984 
0 2 0.884 0.626 0.764 0.983 0.984 
0 -2 0.883 0.625 0.763 0.983 0.984 
0 -5 0.883 0.624 0.763 0.983 0.984 

Results in Table 4 illustrate that, even in the presence of severe disagreements 
between d and d, a value Ao can be found such as the eigenvalues of A are inside the 
unit circle for ,\ > Ao, thus preserving the stability of the controlled system. It is 
worth noting that, provided d = d, values in Table 4 do not depend on d. Also it is 
interesting to note that a value of,\ = 1 is enough in order to have stable control when 
there are no discrepancies between d and d; ,\ > 1 is required when d i= d. Results 
from Table 5 show that errors less than 20% do not significantly modify stability 
conditions. However, error 8Ti = -50% can generate unstable control actions. 

In Figure 18 spectra of L\i1 are presented for some cases included in Table 4 with 
,\ = 7. From Figure 18, it is apparent that the effect of the error in the estimation 
of the delays is solely important for high frequency excitations. 

In Figure 19 spectra of L\i2 are presented for some cases included in Table 5, 

with d = d = 1, ~i = 0.05 and Ai = 2. Plots from Figure 19 show that positive errors 
generate bigger values of L\i2 while negative errors produce smaller values of such 
index. 

As Tables 4 and 5 show that control action is stable, Figures 17-19 show that 

it is also efficient. 
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ABSTRACT 

CHAPTER XV 

ACTIVE CONTROL EXPERIMENTS 
AND STRUCTURAL TESTING 

T.T. Soong 

State University of New York at Buffalo, Buffalo, NY, USA 

As in all other new technological innovations, experimental verification constitutes a 
crucial element in the maturing process as active structural control progresses from 
conceptualization to actual implementation. Experimental studies are particularly 
important in this area since hardware requirements for the fabrication of a feasible 
active control system for structural applications are in many ways unique. As an 
example, control of civil engineering structures requires the ability on the part of 
the control device to generate large control forces with high velocities and fast 
reaction times. Experimentation on various designs of possible control devices is 
thus necessary to assess the implementability of theoretical results in the laboratory 
and in the field. 

In order to perform feasibility studies and to carry out control experiments, 
investigations on active control have focused on several control mechanisms as de­
scribed below. 

ACTIVE BRACING SYSTEM {ABS) 

Active control using structural braces and tendons has been one of the most 
studied mechanisms. Systems of this type generally consist of a set of prestressed 
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tendons or braces connected to a structure whose tensions are controlled by electro­
hydraulic servomechanisms. One of the reasons for favoring such a control mecha­
nism has to do with the fact that tendons and braces are already existing members 
of many structures. Thus, active bracing control can make use of existing struc­
tural members and thus minimize extensive additions or modifications of an as-built 
structure. This is attractive, for example, in the case of retrofitting or strengthening 
an existing structure. 

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

More recently, a comprehensive experimental study was designed and carried out 
in order to study the feasibility of active bracing control using a series of carefully 
calibrated structural models. As Fig. 1 shows, the model structures increased in 
weight and complexity as the experiments progressed from Stage 1 to Stage 3 so that 
more control features could be incorporated into the experiments. Figure 2 shows a 
schematic diagram of the model structure studied during the first two stages. It is a 
three-story steel frame modeling a shear building by the method of mass simulation. 
At Stage 1, the top two fl.oors were rigidly braced to simulate a single-degree-of­
freedom system. The model was mounted on a shaking "table which supplied the 
external load. The control force was transmitted to the structure through two sets 
of diagonal prestressed tendons mounted on the side frames as indicated in Fig. 2. 

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

Experimental results show significant reduction of structural motion under the 
action of the simple tendon system. In the single-degree-of-freedom system case, for 
example, a reduction of over 50% of the first-fl.oor maximum relative displacement 
could be achieved. This is due to the fact that the control system was able to induce 
damping in the system from a damping ratio of 1.24% in the uncontrolled case to 
34.0% in the controlled case (Chung et al., 1988). 
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Stage 1: 

Stage 2: 

Stage 3: 

Fig. 1 Laboratory Tests of Active Bracing Systems 

Fig. 2 Schematic Diagram of Model Structure at Stages 1 and 2 
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As a further step in this direction, a substantially larger and heavier six-story 
model structure was fabricated for Stage 3 of this experimental undertaking. It is 
also a welded space frame utilizing artificial mass simulation. It weighs 42,000 lbs 
and stands 18 ft in height. 

Multiple tendon control was possible in this case and the following arrangements 
were included in this phase of the experiments: 

(a) A single actuator is placed at the base with diagonal tendons connected to a 
single floor. 

(b) A single actuator is placed at the base with tendons connected simultaneously 
to two floors, thus applying proportional control to the structure. 

(c) Two actuators are placed at different locations of the structure with two sets of 
tendons acting independently. 

Several typical actuator-tendon arrangements are shown in Fig. 3. Attachment 
details of the tendon system are similar to those shown in Fig. 2. 

Another added feature at this stage was the testing of a second control system, 
an active mass damper, on the same model structure, thus allowing a performance 
comparison of these two systems. The active mass damper will be discussed in more 
detail in the next section. 

= = = = = = 
= = = = = = 

.¥ = = = = = = = = = = = = = = = 
'C::7 = = = = = = = = = = = 
~ ~ 

Fig. 3 Examples of Actuator-Tendon Arrangements 

For the active tendon systems, experimental as well as simulation results have 
been obtained based upon the tendon configurations stipulated above. Using the 
N-S component of the El-Centro acceleration record as input, but scaled to 25% 
of its actual intensity, control effectiveness was demonstrated. For example, in 
terms of reduction of maximum relative displacements, results under all actuator­
tendon arrangements tended to cluster within a narrow range. At the top floor, a 
reduction of 45% could be achieved. Control force and power requirements were also 
found to be well within practical limits when extrapolated to the full-scale situation 
(Reinhorn et al. , 1989). 
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It is instructive to give more details of the experimental set-up, results obtained 
and their implications with regard to all the experiments described above. To 
conserve space, however, this will be done only for the experiments performed at 
Stage 2. 

Stage 2 Experiments 

As described above, the basic experimental set-up used in this study consisted 
of a three-story 1:4 scale frame with one tendon control device implemented to the 
first floor (Fig. 2) . The control was supplied by a servocontrolled hydraulic actuator 
through a system of tendons. 

The state variable measurements were made by means of strain gage bridges 
installed on the columns just below each floor slab. For each set of the strain gage 
bridges, the signal from one strain gage bridge was used as the signal of measured 
storydrift displacement between adjoining stories, while the signal from the second 
set was further passed through an analog differentiator to yield measured storydrift 
velocity. The base acceleration and absolute acceleration of each floor were directly 
measured by the use of accelerometers installed at the base of the structure and 
on the floor slabs. The transducers and instrumentation system are shown in Fig. 
2. A block diagram showing the measurement system and the control procedure is 
given in Fig. 4. 

Active 
tendons--:::--~"-. 

IBM-PC with 
AID & 0/A board~----' 

Fig. 4 Block Diagram of Control System 
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The model was shaken by means of a shaking table with banded white noise and 
an earthquake accelerogram. Under white noise excitation, modal properties were 
identified from the frequency response functions for system identification. Moreover, 
it provided a preliminary examination of the system performance including struc­
tural, sensor and controller dynamics for more realistic inputs that were to follow. 
The N-S component of El-Centro acceleration record was used in the experiment, 
however, it was scaled to 25% of its actual intensity to prevent inelastic deforma­
tions in the model structure during uncontrolled vibrations. The reproduced time 
history and the frequency distribution of the scaled down El Centro excitation are 
shown in Fig. 5. 

0.10 

0.05 

-0.05 

4 

20 

Fig. 5 Scaled-Down El Centro Excitation 

The classical closed-loop optimal control with time delay compensation was 
first studied with all three modes under control. After carrying out the variational 
procedure, it was found that there was only a slight increase in frequencies (stiffness) 
but damping factors were increased from 1.62%, 0.3% and 0.36% to 12.77% 12.27% 
and 5.45% (Tables 1 and 2). 
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Table 1 Parameters of the Modal Structure 

Mass matrill M (lb-sec 2 /in) 

Stiffness matrill K (lb/in) 

Damping matrix C (lb-secjin) 

Modal frequency w (Hz) 

Modal damping factor C (%) 

Tendon stiffness k, (lb/in) 

Tendon inclination ~ (0 ) 

Modal matrix II> 

. [ 15649 -9370 

-9 370 17 250 

2107 -9274 

[ 2185 -0.327 

-0.327 2.608 

0.352 -0.015 

[ 224] 6.83 
11.53 

[ '"] 0.39 
0.36 

2124 

36 

[0262 0.743 

0.568 0.373 

0.780 -0.555 

Table 2 Parameters of Control System 

Parameters 

Response weighting matrix Q11 1 

Control weighting matrix Rl'l 

Modal frequency w (Hz) 

Modal damping factor C (%) 

Time delay rx, r, (msec) 

Feedback gain matrix GT 

[ I ] K is structural stiffness matrill 
[ 2] k, is tendon stiffness 

Three 
controlled 
modes 

[ 
2.28] 
6.94 

11.56 

[
12.77] 
12.27 
5.45 

35 

[ 

0.1857] -0.1571 
0.0641 
0.0171 
0.0021 
0.0055 

2107] 
-9274 

7612 

035~] 
-0.015 

2.497 

0583] 
-0.728 

0.360 

One 
controlled 
mode 

[ 
2.28] 
6.83 

11.53 

[ l.b2] 
0.39 
0.36 

88 

[

0.00561 0.0123 
0.0157 
0.0027 
0.0059 
0.0076 
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The spillover was investigated by selecting the first fundamental mode as the 
controlled critical mode. The critical modal quantities were reconstructed from 
the measurements at all floors. The effect of spillover to the residual modes was 
studied. When fewer output measurements were available, the estimated critical 
modal quantities were actually affected by the observation spillover to the residual 
modes. Even worse, time delay was compensated as if the outputs were contributed 
by the critical modes alone. The combined effect of observation spillover and time 
delay made the system unstable. 

When the first fundamental mode was the only controlled critical mode, the 
modal quantities were recovered from measurements at all three floors. In the 
presence of modeling errors (mode shapes were not exactly orthogonal) and mea­
surement noise, the first modal quantities could not be reconstructed perfectly and 
small contribution of the residual modes to the feedback signal was unavoidable. 
Because of small stability margins (small damping factors) for the second and third 
modes, the model structure was very sensitive to these errors. To circumvent this 
problem, the command control signal was passed through a low-pass filter before 
driving the actuator in order to eliminate effect of the residual modes. However, 
no perfect filter exisls; the higher the order of the filter, the sharper is the cutoff 
frequency, but the longer is the time delay. As a compromise, a third-order But­
terworth filter with a cutoff frequency of 5 Hz was selected, but time delay was 
increased from 35 msec. to 88 msec. 

Acceleration frequency response functions as shown in Figs 6-8 were constructed 
by using banded white noise excitation. For the three controlled modes, significant 
damping effect (large active damping) was reflected from a decrease in peak magni­
tudes, but peak frequencies shifted to the right due to small active stiffness. It was 
shown that all three modes were under control with one controller in the presence 
of time delay. For the case of one controlled mode, the peak of the first mode was 
decreased but the peaks of the second and third modes were increased. Due to the 
effect of control spillover, the performance of the controlled system was not better 
than that of the uncontrolled one. 

Under El Centro excitation, significant reduction in acceleration was achieved 
with three controlled modes. In addition to the reduction in peak magnitudes, 
the effect of active damping was clearly evident due to control execution but the 
excitation frequency was distributed over all three modes. Due to control spillover, 
the control effect was greatly degraded (Figs. 9-11). 

The instantaneous optimal control algorithms were also studied with all three 
modes under control using the seismic excitation. With carefully chosen weighting 
matrices, similar control effects could also be achieved. 

Good agreement was achieved between analytical and experimental results. The 
discrepancies were larger in the uncontrolled test due to the servocontrolled system. 
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Fig. 6 First-Floor Acceleration Frequency Response Functions 
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Fig. 7 Second-Floor Acceleration Frequency Response Functions 
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Fig. 8 Third-Floor Acceleration Frequency Response Functions 
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Fig. 9 First-FloorAccelerations Under El Centro Excitation 
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Fig. 10 Second-Floor Accelerations Under El Centro Excitation 
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Fig. 11 Third-Floor Accelerations Under El Centro Excitation 
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The actuator was kept stationary by this system during uncontrolled tests. However, 
slight actuator movement was induced by the structural motion and the actuator 
movement was continuously corrected to reduce the error to zero. This interaction 
between the controller and the structure made the damping force a complicated 
function of the structural response. For the case .of El Centro excitation, some dis­
crepancies resulted from the fact that the equivalent viscous damping was different 
from the calibrated one measured in the banded white noise tests. However, for 
the controlled cases, most of the damping was contributed by the feedback force. 
Therefore, the influence of actuator-structure interaction was negligible and excel­
lent agreement was observed. With one controlled mode, the control force was of 
a lower magnitude and of a lower frequency, leading to a better performance of 
the actuator and hence excellent agreement between experimental and analytical 
results. 

The results presented above are encouraging in that they show simple control 
systems can be effective for response control of complex structures. In addition, 
extrapolations show that tendon control can be feasible for full-scale structural 
applications in terms of force and power requirements. 

ACTIVE MASS DAMPER AND ACTIVE MASS DRIVER (AMD) 

The study of this control mechanism was in part motivated by the fact that 
passive tuned mass dampers for motion control of tall buildings are already in exis­
tence. Tuned mass dampers are in general tuned to the first fundamental frequency 
of the structure, thus only effective for building control when the first mode is the 
dominant vibrational mode. This may not be the case; however, when the structure 
is subjected to seismic forces when vibrational energy is spread over a wider fre­
quency band. It is thus natural to ask what additional benefits can be derived when 
they function according to active control principles. Indeed, a series of feasibility 
studies of active and semi-active mass dampers have been made along these lines 
and they show, as expected, enhanced effectiveness for tall buildings under either 
strong earthquakes or severe wind loads. 

Recently, experimental studies of active mass damper systems have been carried 
out in the laboratory using scaled-down building models. In the work of Kuroiwa 
and Aizawa (1987), an AMD was placed on top of a four-story model frame. The 
moving mass was a variable, ranging from approximately 1% to 2% of the struc­
tural weight. The model structure, 1 m (width) x 1 m (depth) x 2 m (height) 
and weighing 970 kg, was placed on a shaking table which provided simulated 
earthquake-type base motion. Following a closed-loop control algorithm and using 
three representative earthquake inputs, experimental results show that the max­
imum relative displacement reduction at the top floor could be as high as 50%; 
however, only 5-7% reduction was possible for the maximum absolute acceleration 
of the top floor. 
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In another experimental study, a moving mass termed an "active mass driver" 
was placed on a 0.5 m (width) x 3m (height) three-story steel frame. The structure 
was mounted on a shaking table while an electro-magnetic force generator was 
adopted as the active controller. Experimental results indicate that a two-thirds 
reduction of the maximum acceleration and displacement could be achieved. 

At a much larger scale, an active mass damper system was tested in conjunction 
with an active tendon system as described above. Using the same six-story 42,000-
lb structure, the AMD system was placed on top of the structure, which could be 
operated under different conditions by changing its added mass, it stiffness and the 
state of the regulator. A total of 12 cases were performed in the experiment. 

Extensive experimental results were obtained under various simulated earth­
quake excitations. A summary of results obtained under the 25% intensity El Centro 
excitation is given below: 

Percent Reduction of Maximum Top-floor Relative Displacement: 
Percent Reduction of Maximum Top-floor Acceleration: 
Percent Reduction of Maximum Base Shear: 
Maximum Control Force Required (kips): 

· Maximum Mass Peak-to-Peak Stroke (in): 
Maximum Control Power Required (Kw): 

43.3-57.2 
5.5-30.7 

31.4-44.4 
0.68-2.56 
3.23-10.1 
0.82-5.73 

One of the advantages of testing two different active systems using the same 
model structure is that their performance characteristics can be realistically com­
pared. Extensive simulation and experimental results obtained based on the six­
story, 42,000-lb model structure show that both AMD and ABS display similar 
control effectiveness in terms of reduction in maximum top-floor relative displace­
ment, in maximum top-floor absolute acceleration, and its maximum base shear. 
They also have similar control requirements such as maximum control force and 
maximum power. Other information which may shed more light on their relative 
merits but is not considered here includes cost, space utilization, maintenance and 
other practical observations. 

PULSE GENERATOR 

Pulse control has also been a subject of experimental study in the laboratory. 
This control algorithm was tested using a six-story frame weighing approximately 
159 kg and measuring six feet in height (Miller et al., 1987; Traina et al., 1988). 
Figure 12 shows the model structure together with the test apparatus which includes 
vibration exciter, instrumentation, pneumatic power supply, and the minicomputer 
used for digital control. As shown in the figure, electrodynamic exciter, sensor, 
and pneumatic actuators were located at the top of the structure. The actuators 
consisted of two solenoids which metered the flow of compressed air at 125 psi 
through eight nozzles, thus generating the required control pulses. 



Active Control Experiments and Structural Testing 

(a) (b) 

Fig. 12 Pulse Control System 
(a) Control Configuration; (b) Pneumatic Control 

(Traina et al., 1988) 
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When the structure was subjected to a harmonic excitation at a frequency close 
to the fundamental frequency, it was shown that, within ten periods of onset of 
control, the response was reduced to approximately 15% of its uncontrolled value. 

Discussions on some of the recently developed cold-gas generators having po­
tential structural control applications can be found in (Agababian Assoc., 1984a 

and 1984b ). In addition, pulse control experiments involving hydraulic and elec­
tromagnetic actuators have also been conducted in the laboratory (Traina et al., 

1988) . 

AERODYNAMIC APPENDAGE 

The use of aerodynamic appendages as active control devices to reduce wind­
induced motion of tall buildings has several advantages, its main attractive feature 
being that the control designer is able to exploit the energy in the wind to control 
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the structure, which is being excited by the same wind. Thus, it eliminates the 
need for an external energy supply to produce the necessary control force; the only 
power required is that needed to operate the appendage positioning mechanism. 
This type of control is clearly not suitable for seismic applications; however, it is 
included here for completeness. 

For this control scheme, a wind-tunnel experiment was conducted using an 
elastic model at a geometric scale ofroughly 1:400 (Soong and Skinner, 1981). This 
is schematically presented in Fig. 13. Its stiffness was provided by a steel plate 
fixed at the structure core as shown, and its length was adjusted so that under 
planned wind conditions in the wind tunnel used in the experiment, the first mode 
was dominant and was observed to be approximately 5 Hz. 

The aerodynamic appendage consisted of a metal plate. It was controlled by 
means of a 24 VDC solenoid, activated by the sign of structural velocity as sensed 
by a linear differential transformer, followed by appropriate carrier and signal am­
plifications and a differentiator. The appendage area normal to the wind direction 
was roughly 2% of the structural frontal area when fully extended. A boundary 
layer wind tunnel was used to generate the necessary wind forces. 

Side view Rear view 

Fig. 13 Schematic Diagram of Aerodynamic Appendage 
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HYBRID SYSTEMS 

Discussed in the above are some of the most studied control mechanisms for 

structural applications. Many others have been proposed. Furthermore, the com­

bined use of passive devices, such as base isolation, and active devices, such as active 

tendons or braces, referred to as hybrid systems have been suggested for some spe­

cific structural applications (Reinhorn et al., 1987; Kelly et al., 1987; Pu and Kelly, 

1991; Inaudi et al., 1992). Hybrid control can alleviate some of the limitations 

which exist for either the passive system or the active system operating singly, thus 

leading to a more effective protective system. For example, in combination with 

a passive system, the force requirement of an active control system can be signifi­

cantly reduced, which allows the active control device to operate at a much higher 

efficiency and effectiveness. At the same time, a purely passive system such as a 

simple elastomeric bearing is limited to low-rise structures because of the possibility 

of uplift of the isolator due to large horizontal accelerations. The addition of an 

active system is capable of minimizing this uplift effect. 

Recent research on hybrid' systems has been focused on combining a base iso­

lation system with an active device. Since base isolation systems exhibit nonlinear 

behavior, nonlinear and other robust control laws have been developed (Yang et al., 

1992a,1992b,1993; Subramaniam et al., 1992; Nagarajaiah et al., 1993; Inaudi et 

al., 1993) and several small-scale hybrid control experiments have been carried out. 

In one study (Reinhorn et al., 1987; Wang and Reinhorn, 1989), a sliding isolation 

system (Fig. 14) was combined with displacement control devices. More recently, a 

structural model was built and tested with a hybrid control system as shown in Fig. 

15 (Riley et al., 1992,1993; Nagarajaiah et al., 1992). The hybrid system consisted 

of a seri~s of low friction sliding bearings using highly pressurized teflon interface 

sliding against stainless steel. The system was developed to reduce the absolute 

acceleration of the foundation using a variety of control algorithms, from variable 

friction to acceleration feedback. 

Other experiments include a hybrid isolation system using friction controllable 

sliding bearings (Feng et al., 1991). The structural model with the hybrid sliding 

isolation device is shown in Fig. 16 and the details of the bearing is shown in 

Fig. 17. During earthquakes, this isolation system controls the friction force on 

the sliding interface between the support structure and the ground by adjusting 

the bearing chamber.pressure in order to confine the sliding displacement within an 

acceptable range. 

These experiments were successful in demonstrating the advantages of a hybrid 

control system over a passive base isolation system in motion reduction of the 

superstructure. Verification of its practical feasibility, however, still awaits results 

using more realistic structural models or full-scale structures. The cost associated 

with hybrid systems is another important consideration. 
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Fig. 14 Structure with Sliding Interface and Displacement Control Devices 
(Wang and Reinhorn, 1989) 
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Fig. 15 Sliding Hybrid Control System (Riley et al., 1992) 
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FULL-SCALE IMPLEMENTATION AND TESTING 

As alluded to earlier, full-scale implementation of active control devices has 
taken place (Table 3). The performance of some of these systems will be discussed 
in Lectures 33 and 34. 

Table 3 Examples of Existing Full-scale Active Control System* 

Building Year Use No. of System 
Completed Stories 

Kyobashi Seiwa 1989 Office II Active mass driver 

Takenaka Experimental 1989 Experimental 6 Active mass damper 
Building 

Kajima Research 1990 Research 3 Active variable stiffness 
Facility system 

Takenaka Experimental 1990 Experimental 6 Active bracing system 
Building 

Sendagaya INTES 1991 Office II Hybrid mass damper 

Hankyu Chayamachi 1992 Hotel and 34 Hybrid mass damper 
Office 

MM21 1993 Hotel and 70 Hybrid mass damper 
Office 

Long Term Credit Bank 1993 Office 21 Hybrid mass damper 

KS Project 1993 Multiple Use 29 Hybrid mass damper 

Ando Nishikicho 1993 Office and 14 Hybrid mass damper 
Residence 

*All steel frame construction; all located in Japan 

CONCLUDING REMARKS 

With extensive experimental work and full-scale testing underway, active struc­
tural control research for seismic applications has entered an exciting phase. Faced 
with increasing demands on reliability and safety, active structural control can be 
an eminently logical alternative in insuring structural integrity and safety to more 
traditional approaches. 

At the same time, however, a large number of serious challenges remain and 
they must be addressed before active structural control can gain general acceptance 
by the civil engineering and construction professions at large. Some of these issues 
are discussed below. 
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Capital Cost and Maintenance 

Maintenance is certainly necessary for active systems and this is an important 
issue particularly due to the fact that, when active control is only used to counter 
large seismic and other environmental forces, it is likely that the control system will 
be infrequently activated. The reliability of a system operating largely in a standby 
mode and the related problems of maintenance and performance qualification be­
come an important issue. 

Cost, however, is not likely to be an obstacle. Recent phenomenal advances in 
allied technology such as computers, electronics and instrumentation all reflect fa­
vorably on the cost factor. Based on recent experiences in the fabrication of full-scale 
systems, active systems can in fact be more economical when used in strengthening 
existing structures than, for example, the use of base isolation systems. This is 
largely due to the fact that active systems can be designed such that they are not 
structurally invasive. More studies, however, are needed to address the cost issue 
in more concrete terms. 

Reliance on External Power and Reliability 

Active systems rely on power sources and, when these sources in turn rely on 
all the support utility systems, this power dependence on the part of an active 
system presents serious challenges since the utility systems, unfortunately, are most 
vulnerable at the precise moment when they are most needed. The scope of the 
reliability problem is thus considerably enlarged if all possible ramifications are 
considered. 

It should be noted that this problem has been addressed in the design of the 
full-scale active bracing system discussed in the preceding section. Since the control 
interval for earthquake-excited motions is of the order of one minute or less for each 
episode, the power requirement of this system is such that it can be supplied by cur­
rently available accumulators. This design strategy would eliminate its dependence 
on external power at the time of control execution. 

On reliability, not to be minimized is the psychological side of this issue. There 
may exist a significant psychological barrier on the part of the occupants of a struc­
ture in accepting the idea of an actively controlled structure, perhaps leading to 
perceived reliability-related concerns. 

Nontraditional Technology 

Since the concept of an active-controlled structure is a significant departure 
from traditional structural concepts, obstacles exist with respect to its acceptance 
by the civil engineering and construction profession at large. This is particularly 
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true when structural safety is to rely upon an active control system. More full-scale 
demonstration projects are thus needed for purposes of concept verification and 
education. 

System Robustness 

As demanded by reliability, cost and hardware development, applicable active 
control systems must be simple. Simple control concepts using minimum number of 
actuators and sensors may well deserve more attention in the near future. Simple 
control, of course, does not mean simple problems. Since civil engineering struc­
tures are complex systems, this inherent incompatibility gives rise to a number of 
challenging problems from the standpoint of system robustness, controllability and 
effectiveness. 

Active vs. Passive Control 

While some progress has been made in this direction, more comprehensive stud­
ies are certainly needetl in order io realistically evaluate the relative merits of al­
ternative structural protection techniques on the basis of practical criteria such as 
performance, structural type, site characteristics and cost-effectiveness. However, 
to find answers to these questions are more long-term tasks since they will depend 
on specific structural applications, hardware details and a variety of other issues, 
many of which need to be better understood and further developed. 
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ABSTRACT 

CHAPTER XVI 

ACTIVE CONTROL DEVELOPMENT 
IN THE U.S. AND CASE STUDIES 

T.T. Soong 

State University of New York at Buffalo, Buffalo, NY, USA 

As we have seen, full-scale implementation of active control devices in buildings has 
taken place, but all installations in either full-scale test structures or new buildings 
can only be found in Japan. However, some of the operational full-scale active 
systems are the result of US-Japan research collaborations and U.S. researchers 
were responsible for the design, fabrication and installation of an active bracing 
system in a full-scale dedicated test structure for structural response control under 
seismic loads (Soong et al., 1991; Reinhorn et al., 1992; Reinhorn et al., 1993). In 
addition, at least two designs have been completed for the purpose of retrofitting 
existing deficient structures in the U.S. The active bracing system and one of the 
design projects are briefly described below. 

FULL-SCALE ACTIVE BRACING SYSTEM 

In 1990, a full-scale active bracing system (ABS) was designed and fabricated 
by U.S. researchers and installed in a dedicated test structure in Tokyo for perfor­
mance verification of the system under actual seismic ground motions. As shown 
in Fig. 1, the structure is a symmetric two-bay six-story building constructed of 
rigidly connected steel frames of rectangular tube columns and W-shaped beams 
with reinforced concrete slabs at each of the floors. Weighing 600 metric tons, the 
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structure was designed as a relatively flexible structure with a fundamental period 
of 1.1 sec in the strong direction and 1.5 sec in the weak direction, in order to sim­
ulate a typical high-rise building. The structure has low damping in the dominant 
modes (between 0.5% and 1% of critical). 

The ABS consists of solid diagonal tube braces attached to the first story of the 
building as shown in Fig. 1. The control system enables longitudinal expansion and 
contraction of the braces by means of hydraulic servocontrolled actuators attached 
along the braces. The control system includes also a hydraulic power supply, an 
analog and digital controller, and analog sensors as shown schematically in Fig. 2. 

2.5 mm[ 
2.5 ~ 
2.5 ml 
2.5 ml 
2.5 ml 

2.:35 m[ 

(a) Top View 

~====~==::r; 

10.0 m 

(b) Front View 

Fig. 1 Full-Scale Structure with ABS 
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Fig. 2 Block Diagram of ABS 

Since velocity sensors are available at the first, third, and sixth floors, a sim­
plified control law was formulated using direct three-velocity feedback. Elaborate 
fail-safe measures were incorporated into the control software and hardware. Be­
sides the normal operating routines , the control program contains several routines 
for testing and verifying integrity of the system. When a problem is detected any­
where in the system hardware or software, the control program will determine if 
the error is critical or not . If the error can be identified as non-critical, an attempt 
is made to correct the problem. If the program is unable to correct the error, or if 
an excessive number of correctable errors occur, the system is immediately halted 
through an emergency shutdown. 

The structure has been subjected to several recent earthquake motions and its 

response was recored while the control system was automatically activated during 

each of these episodes. The ground motion was simultaneously recorded and was 

used with an analytical model to estimate the probable response of the structure 
in the uncontrolled mode. The peak and RMS responses at several locations of 
the structure and the control force requirements during two recent earthquakes are 
summarized in Table 1. Some typical response time histories of the sixth floor are 
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shown in Fig. 3 for the controlled (observed) and the uncontrolled (estimated) 
cases. 

Table 1 Peak and RMS Responses during Earthquakes 
X Direction Y Direction 

April10,92 Apnl14,92 April10,92 April14,92 
Response Floor Control Control Control Control 

ON OFF ON OFF ON OFF ON OFF 
(1) (2) (3) (4) (5) (6) m (8) (9) (10) 

(a) Peak response 

Acceleration 6 11.36 15.30 15.25 19.50 15.66 15.46 11.50 15.03 

(em/sec/sec) Base 7.36 7.36 8.93 8.93 11.n 11.n 9.24 9.24 

Velocity 6 0.74 1.16 1.06 1.66 1.27 1.55 1.53 1.58 
(em/sec) Base 0.23 0.23 0.37 0.37 0.74 0.74 0.49 0.49 

Displacement 6 1.00 1.51 1.45 1.97 1.70 1.70 1.96 2.44 

(mm) Base 0.30 0.30 0.40 0.40 0.78 0.78 0.55 0.55 
Control Force (kN) 64.0 82.7 143.2 88.6 
Control Force/Weight 1.06% 1.38% 2.38% 1.48% 

(b) RMS response 
Acceleration 

IB!e 

1.89 3.39 2.28 3.51 1.97 4.67 1.91 4.14 

(em/sec/sec) 1.04 1.04 1.30 1.30 1.02 1.02 1.11 1.11 

Velocity 6 0.19 n/a 0.26 n/a 0.20 n/a 0.25 n/a 
(em/sec) Base 0.04 n/a 0.06 n/a 0.05 n/a 0.06 n/a 

Displacement 6 0.29 o.n 0.42 0.69 0.33 1.08 0.46 0.86 
(mm) Base 0.11 0.11 0.12 0.12 0.06 0.06 0.08 0.08 

Control Force (kN) 17.2 21.7 16.3 16.9 
Control Force/Weight 0.29% 0.36% 0.27% 0.28% 

The active bracing system produces a somewhat uniform reduction of modal re­
sponses as indicated in the transfer functions in Figure 4. The controlled response 
has lower peaks and wider distributions around the peak, indicating damping in­
crease. 

In order to validate the analytical procedures used for predicting actual system 
performance, the observed response was compared with that estimated using the 
time step an~ysis and the identified properties of the system. The control forces 
were estimated using the uncompensated gains. The time histories of the analytical 
and observed responses are compared in Fig. 5 for the April 14th earthquake. The 
differences in the maximum peaks are less than 10%, while the RMS differences 
are less than 2%. Considering inherent imperfections in the structural system, the 
analytical predictions seem to be adequate for interpreting the structural response 
and for designing new systems. 

It is of interest to compare the ABS performance with that of the AMD installed 
in the same structure. As seen from Fig. 6, the modal response of the actively 
controlled structure, with AMD operating at the top, is reduced substantially in 
the first and second modes in the y-direction and only in the first mode in the 
z-direction (Aizawa et al., 1990). On the other hand, the modal response under 
the action of ABS, as shown in Figure 4, is reduced in all modes. This behavior 
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Fig. 3 Control vs Uncontrolled Response (April14, 1992) 
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was analytically predicted by Yang (1982) and observed in scaled model studies 
(Reinhorn, et al., 1989). 

While several active mass dampers have been implemented in full-scale struc­
tures over the last few years, the active bracing system reported here represents the 
first full-scale active system of this type developed and tested under actual ground 
motions. The results obtained to date demonstrate that: 

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

- The success of the full-scale ABS performance is the culmination of numerous 
analytical studies and carefully planned laboratory experiments involving model 
structures. 

- The ABS can be implemented with existing technology under practical con­
straints such as power requirements and under stringent demand of reliability. 

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

- The full-scale ABS performs, by and large, as expected, and its performance 
can be adequately predicted through simplified analytical and simulation proce­
dures. 

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

DESIGN STUDY OF AN ACTIVE MASS DAMPER 

This case study represents an interesting application of the active control con­
cept to the strengthening of an existing building. An active mass damper was 
recommended in this case not because it outperforms passive devices but because 
of its implementability in face of practical constraints. While the design has been 
completed, the decision of it being implemented awaits owners' approval. The crit­
ical load in this case was wind. 

The design study of a strengthening strategy for a flexible 47-story building in 
the U.S. began in 1990 in an attempt to determine whether the building performance 
under specified external loads could be significantly improved by the installation of 
a passive tuned mass damper system. The building considered in this study has the 
first natural period in excess of 10 sec, indicating an extremely flexible structure 
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when compared to the average period in the range of 5 to 7 seconds for buildings 
of the same height. 

The tuned mass damper (TMD) was designed and optimized. As the fourth 
column of Table 2 shows, significant reduction of the maximum structural response 
could be achieved and these reductions would meet the design objectives. However, 
the dynamic characteristics of the TMD itself presented great difficulties in imple­
mentation. Moreover, the required TMD stroke exceeded the space available for the 
system. Several iterations followed and a viable alternative for meeting both struc­
tural and control system requirements was an active mass damper ( AMD) system. 
As column 5 of Table 2 shows, the control parameters of the AMD make it possible 
to be implemented. While structural response reductions are not as good as those 
achievable by the TMD, they fall within acceptable performance limits. 

Table 2 Control Parameters of AMD and Structural Response 

W/0 

Equiv. Struct. ((%) 1.0% 
Properties T(sec) 10.04 

Amp!. Factor d/d. 5.1 

%Reduction d -
of v -

Maximum a -
Structural M -
Response v -

MD A(G +A(. -
Properties T(sec) -

Max d(m) -
MD v(m/sec) -

Response a( g) -
T, ( - penod and dampmg rauo. resp. 
d,v,a -displacement, velocity, and acceleration response. resp. 
M. V - overturning moment and base shear. resp. 
d. - static derlection under max pressure 

TMD A.\ID 
OPTIMAL OPTIMAL 

11.4% 6.5% 
10.22 10.22 

1.9 2.6 

62.4 50.2 
64.0 53.9 
65.2 59.4 
57.9 53.7 
58.7 53.7 

8% 42% + 1.3% 
10.22 9.20 

± 5.28 ± 2.54 
3.24 1.58 

0.220 0.098 

The important components of the recommended biaxial AMD are similar to 
those required of a TMD. They include the following: 

-Mass block and mass support system with pressure balanced support bearings 
and support bearing control system. 

- Mass block restraint system, including anti-yaw torque box or equivalent hard­
ware, anti-yaw booms, control actuator drive booms and attachments, and over­
travel snubber system with reaction guides and faces. 
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- Biaxial motion control system fixtures, including nitrogen spring assists with a 
nitrogen/oil precharge control system, miscellaneous mounting structures, necessary 
servohydraulic control actuators with servovalves, motion and force feedback, and 
monitoring transducers. 

- Control electronics including an oscilloscope, function generator, data acquisi­
tion and logging system, and all necessary building feedback accelerometers, error 
checking and interlock circuits appropriate for this type of application. 

- System control center for the hydraulic power supply control, system interlocks, 
and a local control center with diagnostic self-test. 

- Hydraulic power supply with necessary precharge pump, accumulator bank, 
hard lines and installation manifolds. 

CONCLUDING REMARKS 

As the preceding sections show, much progress has been made in research and 
implementation of structural control technology in the U.S. However, a number 
of impediments still exist. More notable is the lack of research and development 
expenditures by the U.S. construction industry. This is in sharp contrast to the 
Japanese construction industry. It is particularly evident in the development of 
active and hybrid control technology. Indeed, without the cooperation and financial 
support of the Japanese construction industry, the full-scale testing of the active 
bracing system would have been impossible. 

It is gratifying to note that the U.S. National Science Foundation, from which 
much of U.S. support for structural control research has come, has recognized the 
importance of this research area for improvements to existing and future civil in­
frastructure systems. Beginning in 1989, a focused effort to foster coordinated 
multidisciplinary research and development in the U.S. was made. Funding was 
provided for creating a U.S. Panel on Structural Control Research. In 1991, the 
National Science Foundation established a research initiative for structural control 
for safety, performance and hazard mitigation. A five-year program was launched 
with a budget of one million dollars per year. The goal of the program was to 
fund research for developing control systems, robots, actuators, sensors, and en­
ergy absorbers for structures, and to investigate practical designs, fabrication, and 
installation techniques for field applications. 
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ACTIVE AND HYBRID CONTROL DEVELOPMENT IN JAPAN 

- EXPERIMENTS AND IMPLEMENTATION -

H. lemura 

Kyoto University, Kyoto, Japan 

ABSTRACT 

In this chapter, recent developments in active and hybrid control techniques is reviewed by 
introducing experimental projects and some implementations being conducted in Japan. 
Active and hybrid control techniques are categorized into AMD (active mass damper), 
ATMD (active tuned Mass Damper), AB (active brace), AVS (active variable stiffness), 
A VD (active variable damper) and ABI (active base isolation). Shaking-table tests of flexible 
frame models with TMD, AMD, and ATMD at Kyoto University are also introduced. 

INTRODUCTION 

With vast improvement in recent construction techniques and materials, light-weight 
and flexible structures such as high-rise buildings and long-span bridges have been designed 
and constructed in Japan. It is becoming critically important to suppress dynamic response 
of structures due to wind and earthquake excitations, not only for their safety but also their 
serviceability. [Kobori eta!, 1990] 

To reduce dynamic response of flexible structures, passive type control techniques 
such as tuned mass dampers have been used. Merit of passive control method is that no 
external supply of energy is needed, making the structure dynamically stable and 
maintenance-free. Demerit is that passive control is effective only for narrow-banded 
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frequency range and not so much effective for transient vibration due to nonstationary 
excitation. 

Due to recent development of sensoring and digital control techniques, active and 
hybrid control methods of dynamic response of structures are developed and some are 
implemented to buildings and bridges. Merit of active control method is that they are 
effective for a wide-frequency range and also for transient vibration. However, active 
control method needs a large amount of external energy supply and also a high level of 
maintenance. Hybrid control method which consists of both passive and active devices has 
been proposed utilizing the merits of both passive and active methods and avoiding the 
demerits of these methods. [Iemura et al, 1992] 

In the first part of this paper, recent development in active and hybrid control 
techniques is reviewed by introducing experimental projects and some implementations 
being conducted in Japan. In the latter part, efficiency of TMD, AMD and A TMD rs 
examined by shaking table tests of flexible structural models. 

Active Mass Damper (AMD) 

Control of structural response using an active-mass damper-type system provides a 
control force to the structure in order to reduce the response of the structure to earthquakes 
and strong winds by operating an auxiliary mass installed in the structure by means of 
actuators. There are various systems proposed, and some of them have already been 
implemented in actual buildings. 

Kyobashi Seiwa Buildings was built in 1989 and is the first buildings in the world to 
have an active control system [Kobori et al, 1990]. An active mass driver system was 
installed to suppress dynamic response caused by earthquakes and strong winds (Fig.1). It 
was reported that the building had experienced several moderate earthquakes and strong 
winds in which ground accelerations, wind velocities and structural responses had been 
measured [Koshika et al 1992]. The measured responses during the earthquakes are 
compared with the simulated responses by numerical analyses for an uncontrolled structure. 
Wind response observations were performed every 30 minutes with and without control. 
From these comparisons, remarkable reductions in response amplitude due to the active 
mass driver system have been confirmed (Fig.2). 

An active mass damper system which could operate in two horizontal directions had 
been installed in a 6-story experimental building [Aizawa et al 1990]. Two actuators set in 
two horizonal directions operate a 6-ton mass (Fig.3). Extensive experiments had been 
carried out to confirm efficiency of the control system. In addition, an active bracing system 
was installed at first story of this building and observation of earthquakes is being 
conducted. 
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Actuator 

Fig.3 Active mass damper system [Aizawa et al, 1990] 

Fig.4 Active dynamic damper system [Suzuki et al, 1990] 

Fig.4 shows a general view of an experimental version of an active vibration control 
system using dynamic dampers [Suzuki et al, 1990]. An auxiliary mass installed on the top 
floor of a building model is driven by an actuator. An active dynamic damper has a 
ball-screw driving system equipped with an AC servo-motor. 
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Active Tuned Mass Damper (ATMD) 

In order to increase energy efficiency of actively generated control force, combined use 
of tuned mass damper and active control force is recently becoming popular. In addition to 
vibration reduction with passive-type TMD, active control force helps to reduce transient and 
higher-mode vibration of structures. Because of combined use of passive and active control 
forces, this A TMD is also called a Hybrid Control System or Hybrid Damper. 

A pendulum-type tuned active mass damper has been developed (Fig.5) [Matsumoto et 
al, 1990]. The system has a multi-stage suspended damper mass which can be housed in a 
single story of a high-rise building. The hanger of the mass is winded to increase natural 
period of the pendulum and also to save space as shown in the figure. When sensors detect 
sway vibration, the computer controls servo-motors driving ball-screws to position the 
damper mass. It has been installed on the top floor of a 70-story building (296 meter high) 
and also on the top of the tower of the Akashi Kaikyo Bridge (300 meter high). 

Fig.5 Pendulum-type tuned active mass damper [Matsumoto et al, 1990) 
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A hybrid mass damper using tuned mass damper supported on multi-stage high 
damping rubber bearings and an actuator has been developed (Fig.6) [Tamura et al 1992]. 
The significant merit of using high-damping rubber bearings is that they can take up the roles 
of spring, viscous damper, and also supporting guide for movement. The actuator is 
composed of AC servo-motors and screws. The system has been mounted on a tower-type 
7 story steel frame building and verification tests are being carried out. This system is 
applied to a 40-story building in Osaka to reduce wind vibration. 

IQl . e · · · seismometer 

- -
gj 1!13. 

I 6.000 I 
A· A section 

I 
I 

Tim·i~·a;;l;- -~.....r-<11!1!~ 

800 1.200 
2. 00 

Description or H 1D system 

Fig.6 Hybrid mass damper supported on multi-stage HDR bearing [Tamura et al , 1992] 

Fujita et al [1992] have developed a new ATMD supported on multi-stage rubber 
bearings with hydraulic actuators. It can be operated in both active and passive modes by 
controlling the bypass valve of an actuator. In active control mode, control gain is adjusted 
depending on the structural response level to obtain the maximum efficiency of the actuator. 
When the displacement of A TMD becomes larger than the stroke of the actuator due to very 
strong wind or earthquakes, the system will be operated in pure TMD mode. In 
implementation of this system to actual high-rise building, heat storage tanks are used as the 
mass of TMD as shown in Fig.7. 
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Storage Tank 

Actuator 
Laminated Rubber Bearing 

Multi-stage Laminated Rubber Bearing 

Fig.7 ATMD supported on multi-stage rubber bearing [Fujita et al, 1992] 

A two-axis hybrid mass damper has been developed to reduce the vibration of tall 
bridge towers and high-rise building structures (Fig.8) [Tanida eta!, 1990]. A sliding mass 
shaped in an arc segment is combined with active control by an AC servo-motor. The 
movement of the arc segment on roller bearings is similar to that of a pendulum taking the 
role of a TMD. After some experiments were made with the tower structural model, it has 
been applied to actual bridge towers and in high-rise buildings. 

Fig.8 A two-axis hybrid-type mass damper [Tanida eta!, 1990) 
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Active Tendon System 

The most direct way to control vibration of structures is through active tendon or active 
brace installed in the structures. The first active tendon system in Japan to control structural 
vibration is developed by the Metropolitan Expressway in Tokyo [Y ahagi and Yoshida, 19 
85]. As shown in Fig.9, the active tendon is installed between the first and second stories of 
a steel framed viaduct to reduce traffic induced vibration. The main objective of this active 
tendon control is to reduce the vibration of the adjacent houses for the comfort of residents 
nearby. 

Highway 

Fig.9 Active tendon system for highway viaduct [Yahagi and Yoshida, 1985] 

2.5 m 

2.5 m 

2.5 m 

2.5 m 

2.5 m 

2.35 m 

(a) Top View (b) Front View 

Fig.10 Active brace control system for buildings [Reinhorn and Soong, 1990] 
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Takenaka Construction company in Japan and the State University of New York at 
Buffalo had a joint research project on active brace system for buildings. The system was 
experimentally tested on a full-scale structure as shown in Fig.10 [Reinhorn and Soong,199 
0]. A biaxial bracing system was assembled in the middle frames in two orthogonal 
directions. The bracing system consisted of two diagonal circular tubular braces attached 
within the first floor in each bay of the frame. A hydraulic actuator 312 kN capacity is 
assembled in each brace at the connection to the center column of the structure. 

Active Variable Stiffness (AVS) and Active Variable Damper (AVO) Control 
Systems 

One of the significant demerits of active control of structures is the high amount of 
energy required to reduce vibration of large structural systems. A VS and A VD control 
systems are developed to overcome this demerit. In A VS and A VD, stiffness and damping 
capacity are changed by merely adjusting the valves in oil circuits. Hence, almost no energy 
is required; but, on the other hand, sophistication in control algorithm becomes necessary. 

(!)Variable Sliffness 
Devide 1,: 

@Emergency Eleclrical Power Source 

~~/ V\JD 

Beam 

Fig. 11 Active variable stiffness system for buildings [Kobori eta!, 1990] 

Brace'\ 
"\ 

In nonresonant-type controlled structure, the system actively controls the vibration 
characteristics of a structure so that resonance with input motion can be avoided and the 
response can be suppressed. To achieve this objective, the active variable stiffness system 
has been developed and applied to a 3-story steel building [Kobori eta!, 1990]. Braces have 
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been placed in the transverse direction of the building, and the variable stiffness device has 
been installed between the top of brace and the upper beam. The earthquake motion analysis 
type of feedforward control scheme has been adopted. Depending on the predominant 
frequency of the excitation in previous cycle of structural response, 3 types of structural 
stiffness (rigid, medium, soft) are selected to reduce the dynamically amplified response. 

A variable damper is being developed at the Public Works Research Institute (Fig.12) 
[Kawashima et al, 1991]. The viscous damping force of this damper is varied depending on 
the response of highway bridges. Damping coefficient of the damper takes large values for a 
small amplitude as a damper stopper for traffic and wind loads. As amplitude becomes 
larger due to earthquake excitations, the damping coefficient is decreased so that energy 
dissipation is made optimum and inertial force adjusted appropriately. For excessive 
amplitude, the damping coefficient is increased again to suppress the response. 

DECK RESPONSE RELATIVE TO PIER CREST 

CONTROLLER 

SENSOR 

SUBSTRUCTURE 

Fig.l2 Active damper system for highway bridges [Kawashima et al,1991] 

Active Base Isolation 

"Super earthquake free control system" for building is investigated by a research group 
at the Technical Research Institute of Obayashi Corporation [Kageyama eta!, 1992]. This 
system ~nsists of passive-type base isolation bearings of laminated rubber and active-type 
hydraulic actuators attached between the foundation and the ground as shown in Fig. B. The 



Control Development in Japan 365 

target of this research is to develop the system which gives the perfect isolation of the 
structure from the ground. 

Shinozuka, Fujii, Feng et a! [1992] have developed the friction-controlled sliding 
bearings. The friction force is controlled by adjusting the normal axial force by the oil 
pressure as shown in Fig.l4. By controlling the friction force, the sliding displacement can 
be confined within an acceptable range, while keeping the overall isolation performance 
optimal under the circumstances. A model hybrid system has been tested on a shaking table. 

1,500 

4 
0 
0 
C!. 

Laminated rubber 

Fig.l3 Super earthquake-free control system [Kageyama et at, 1992] 
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=====~ Com~"'" I r-- - -

: !Control Signal 
1 Displacement 
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Control 
Device 

Restoring Force Device 

Fig.l4 Friction-controllable sliding bearing system [Shinozuka eta!, 1992] 
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Shaking Table Tests of a Flexible Structural Model with TMD, AMD and ATMD at 
Kyoto University 

For practical implementation of TMD, AMD and ATMD for structures, it is important 
to find efficiency of each control system for random excitations. The author made analytical 
and numerical studies on the efficiency of different control methods.[Iemura et al, 1992] 
To verify the results, a 3-DOF structural frame model shown in Fig. IS with and without 
control devices is tested on a shaking table at Kyoto University. Natural frequency and 
participation factors of each mode of the model is shown in Table 1. Mass, stiffness and 
damping ratio of the TMD shown in Table 2 are used for the experiment. The mass of the 
TMD consists of the AC servo-motor, moving mass, driving guides, and velocity meter. At 
the time of the experiment of the TMD, moving mass is fixed and the TMD is hanged from 
the third floor. In order to work as the hybrid type A TMD, moving mass is driven by the 
motor. For the pure active control experiment, the motor and the moving mass are set 
directly on the third floor. 

Table 1 Natural frequency of the model 

Velocity Meter 
/ Mode II T (sec) I Participation Factor I 

1 0.6578 1.2204 

2 0.2580 0.3493 

3 0.1568 -0 .1341 

Velocity Meter Table 2 Properties of TMD 

Parameter II Value J 
Velocity Meter 

Mass (kg) 
j Moving Mass 3.5 

I 
-

Others 5.5 

Spring Constant (kgf/cm) 0.581 

Damping Ratio(%) 25.06 

Velocity Meter 

Shaking Table 

Fig. IS 3-DOF model with TMD/ATMD 
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Fig.l6 Velocity response of3rd story of the model subjected to El Centro NS Component 
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Fig.l6 shows dynamic response of the model with and without control devices, 
subjected to the N-S component of El Centro acceleration records obtained during the 
Imperial Valley Earthquake in 1940. Velocity response of third floor of the models is 
compared with and without dampers. Dotted line shows the response without any damper. 
Active control force is adjusted to give similar level of response of the model with TMD. 

Fig.17 shows fourier spectrum of the response shown in Fig.16. It is clearly found 
that the second mode response is not reduced by the TMD but effectively reduced by AMD 
and ATMD. TMD is effective only in the first mode frequency range, while active control 
force can cover wide frequency range. 
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Fig.18(a) and (b) show time history and fourier spectrum of the control force of AMD 
and ATMD. It is found that control force of A TMD is much lower that of AMD, especially 
in the first mode frequency range. There is not much difference in the second mode 
frequency range. From the results shown in Figs.16, 17, 18, it is found that the function of 
the ATMD comes both from TMD and AMD. The first mode response is reduced mainly by 
TMD and the second mode response is reduced by AMD. This result verifies the energy 
efficiency of A TMD. This is the reason that the concept of ATMD is now popularly used for 
practical application. 
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CHAPTER XVIII 

SUMMARY AND CONCLUDING REMARKS 

T.T. Soong 

State University of New York at Buffalo, Buffalo, NY, USA 

ABSTRACT 

As we have seen, remarkable progress has been made in the area of base isolation, 
passive energy dissipation, and active control. Recent advances in seismic isolation 
hardware and the benefit offered by this technology have been responsible for a 
rapid increase in the number of base-isolated buildings in the world, both new 
construction and retrofit. 

The basic role of passive energy dissipation devices when incorporated into a 
structure is to consume a portion of the input energy, thereby reducing energy dissi­
pation demand on primary structural members and minimizing possible structural 
damage. Over the last twenty years, serious efforts have been undertaken to develop 
the concept of supplemental damping into a workable technology and it has now 
reached the stage where a number of these devices have been installed in structures 
throughout the world. 

In comparison with base isolation and passive energy dissipation, active control 
is a relatively new area of research and technology development. However, we again 
see a rapid development in this area, to the point that active systems have been 
installed in several structures in Japan. 
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While considerable progress has been made, it is also clear that a large number 
of challenges remain. Base isolation, passive energy dissipation, and active control 
have recently been reviewed by, respectively, Kelly (1993), Hanson et al. (1993), 
and Soong and Reinhorn (1993). It appears appropriate to conclude this lecture 
series by quoting remarks made by these authors regarding areas of research needs 
and possible future directions. 

BASE ISOLATION (KELLY, 1993) 

It seems clear that the increasing acceptance of base isolation throughout the 
world will lead to many more applications of this technology. It is also clear that 
while elastomeric systems will continue to be used, there is a willingness to try other 
systems. The initial skepticism that was so prevalent when elastomeric systems 
were initially proposed is no longer evident, and the newer approaches which are 
currently being developed will benefit from this more receptive climate and lead to 
the development of systems based on different mechanisms and materials. 

For all systems, the most important area for future research is that of the 
long-term stability of the mechanical characteristics of the isolator and its con­
stituent materials. The long-term performance of isolators can best be developed 
from inspection and retesting of samples that have been in service for many years. 
Elastomeric systems in the form of non-seismic bridge bearings have been used for 
upwards of thirty years and a record of satisfactory performance has been estab­
lished (Stevenson 1985; Taylor et al. 1992). 

Many of the completed base-isolated buildings have experienced earthquakes 
and so far their performance has been as predicted. The earthquakes, if close, have 
been small or have been moderate and distant so that the accelerations experienced 
have not been large. As more isolated buildings are build in earthquake-prone re­
gions of the world, we can anticipate learning more about the behavior of such 
structures and it will be possible to reduce the degree of conservatism that is cur­
rently present in the design of these structures. It should be possible to bring about 
an alignment of the codes for fixed-base and isolated structures and have a common 
code based on the specified level of seismic hazard and structural performance and 
in this way allow the economic use of this new technology for those building types 
for which it is appropriate. 

It is clear that the use of seismic isolation has finally achieved a level of accep­
tance that will ensure its continued use and its further development and that this 
new and radical approach to seismic design will be able to provide safer buildings at 
little additional cost as compared to conventional design. Additionally, base isola­
tion may play a major role in the future in projects as diverse as advanced nuclear 
reactors and public housing in developing countries. 
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PASSIVE ENERGY DISSIPATION (HANSON, ET AL., 1993) 

Significant advances in the field of passive energy dissipation for improved struc­
tural seismic resistance have been made in recent years. Developments in the re­
search and analysis arena have been paralleled by significant improvements and 
refinement of available device hardware. Most, if not all, of these systems are now 
sufficiently well understood for their use in new or retrofit design of buildings. 

A wide range of behavioral characteristics are possible. Of particular importance 
for all energy dissipation devices is that they have repeatable and stable force­
deformation behavior under repeated cyclic loading, and reliable behavior in the 
long term. Seismic damping devices typically possess nonlinear force-displacement 
behavior, and thus nonlinear time-history analysis methods are usually necessary to 
verify design performance, at least until the confidence level of designers increases. 

As the number of viable energy dissipation systems increases, it is becoming 
increasingly necessary to find a common basis for evaluation and comparison of 
these systems and their use in established reasonable design standards. There have 
been few test programs which have included more than two or three systems, and 
those have not attempted comparisons beyond evaluation of general performance 
characteristics. The following conclusions are presented on the basis of the foregoing 
information. 

1. The effects of supplemental viscous damping on the earthquake response of 
buildings can be considered separately from other effects, including structural 
ductilities, and are complementary to the current code procedures when using 
R or Rw factors. 

2. The design coefficient for added damping building systems can be selected using 
the reduction factor. This requires that both the fraction of critical damping 
assumed for the design spectra and the equivalent viscous damping provided by 
the energy dissipation system be known. 

3. The relative effectiveness of the damping decreases as the amount provided 
increases. The cost effective limit for an energy dissipation approach will depend 
upon the structural system and the type of damping device selected. 

4. There is a need to consolidate the basis for subsequent developments and appli­
cations of seismic energy dissipation systems. Some of the current general and 
specific issues related to these future applications are: 

a. Stable and repeatable performance characteristics under dynamic loading. 
b. Variable performance characteristics as a function of loading, e.g., temper­

ature, amplitude and frequency dependence. 
c. Practical design methodologies and criteria. 
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d. Long term reliability, e.g., deterioration, corrosion, design life. 
e. Maintenance requirements and in situ performance evaluation. 
f. Standards for device assessment and comparison. 

We are on the verge of significant growth and development in this field. The 
potential for improved seismic safety and cost effectiveness is enormous. 

ACTIVE CONTROL (SOONG AND REINHORN, 1993) 

Research needs in active and hybrid control can be grouped into the following 
three broad areas: basic research, system integration, and standardization. 

A more pertinent issue with direct impact to structural applications is system 
integration. There is a lack of system integration effort which is needed in order 
to allow the development of rational design and performance evaluation guidelines. 
Research needs in this area are outlined below. 

While much progress has been made in the study of components of passive 
and active damping systems, much more attention needs to be paid to the overall 
performance of integrated systems when applied to realistic structures. A structural 
control system, active and hybrid systems in particular, consists of a number of 
important components. In addition, some systems operate only intermittently with 
long dormant periods. Thus, a number of implementation-related issues must be 
addressed before these systems can be widely accepted. 

A more systematic representation of an integrated system is shown in Fig. 1, 
representing an active bracing system. Components such as sensors, controllers, 
hydraulic systems, and force generators are integrated into the active system and 
their integrated performance produces a feedback or a feedforward operation in a 
direct active or a hybrid mode. Numerous publications and research efforts have 
been concerned with component studies; however, little attention has been paid to 
issues related to system integration. Table 1 indicates some of these issues related 
to system integration based on the schematic diagram in Fig. 1 that have not been 
properly addressed. 

Some of the important issues needing immediate attention include: 

Control Algorithm and System Optimization 

Control algorithms for active systems need to be improved to include, besides 
the usual structural performance parameters, considerations such as parametric un­
certainties, realistic control force constraints, control system/structure interactions, 
actuator/ sensor dynamics, power source as well as other practical constraints such 
as spillover and time delay. Indeed, control algorithms are only one component 
of the system optimization issue which also includes actuator/sensor placements, 
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Table 1 System Integration Systems 

1 • Overall System Integration ·2 • Partial Integration: Structure & Sensors 

Components involved: Components involved: 
• (A) Excitation -(B) Plant 

-(B) Plant - (C) Response 

• (C) Response - (D) Sensors 

• (D) Sensors 
- (E) System controller Issues: 
- (F) Force generator - Efficiency of integration 

- Integrated construction 
Issues: - Self-diagnostics 

- System optimization - Remote vs. integral devices 
- Integrated fail-safe operations 
- Cost-benefrt analysis 
• System uncertainties 
- Integrated reliability & safety 
- Long term maintenance 
- Operational issues 
- Time delay effects 

3 • Partial Integration: System Controller 4 • Overall System Development 

Components involved: Phases: 
- (D) Sensors -Formulation 
- (E) Controller - Experimentation 
• (F) Force generator - Design issues 

- Implementation 
Issues: 

- Sensor/controller/actuator integration Issues: 
- Integrated control algorithm - Individual vs. overall testing 
- Modular design - Generalized guidelines & codes 
• Operational reliability - Prediction software 
• Integrated power sources - Simulation guidelines 

- Software/hardware integration 
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response bounds, and power requirement. This issue also requires experimental 
verification under realistic conditions. 
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Fig. 1 Details of Active Bracing System 

Integrated Fail-safe Operation 

The control/structure system is expected to encounter conditions that are detri­
mental to their safe operation. Thus, system monitoring is necessary and, when 
unsafe conditions exist, the control operation can be either modified or shut down 
in a controlled manner in order to prevent other adverse effects. Realistic systems 
have components that may respond to emergency actions differently. Therefore, 
it is desirable to develop fail-safe operation procedures that will not endanger the 
control system but still provide required safety margins for the structure. 

Integrated Safety, Reliability and Maintenance 

The integrated control/structure system gives rise to several new concerns such 
as (i) improving the structural system sufficiently in terms of increasing its safety 
margin against damage or collapse, (ii) reliability of operation of the control sys­
tem and its influence on structural components and response objectives, and (iii) 
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maintaining reliability of controllers and controller operations by means of sched­

uled maintenance, self diagnostics, and automated correction. These issues can be 

addressed through studying realistic integrated systems comprising of all compo­

nents for which safety and reliability issues are well defined. Such development must 

include case studies and long-term experimental verification. 

Operational Issues - Software/Hardware Integration 

Although the control algorithm is the centerpiece of control operation, its im­

plementation is directly related to operational problems. The interface between 

operational and nonoperational stages, data transfer and storage during operation, 

quality of transferred data, and algorithm robustness are some of the operational 

issues. Integration of maintenance procedures into control operations along with 

self identification and diagnostics is among the most important issues for long­

term operation. The solution for ensuring reliable control operation requires soft­

ware/hardware integration based on a clear understanding of their interactions and 

ramifications. 

Self Identification and Diagnostics 

Sensors are not only an integral part of an active control system but also essential 

in structural identification and diagnostics. Integration of sensors and the structure 

thus becomes an important issue. In both passive and active control, this issue 

needs to be addressed to insure that long-term operation is not adversely affected 

by changes in structural behavior, either involuntary or man-made. Integration 

of sensors along with transmission components and logical interpretation modules 

(chips or computers) necessitates development of integrated procedures. These 

procedures can then provide self identification and adaptability of controllers as 

well as proper diagnostics of structural performance. 

Integration of Sensors/Controllers/Force Generators with Power Source 

Structural control systems packaged appropriately in the form of commonly used 

structural elements or simple attachments are desirable since they do not require 

complex on-site preparations and assemblies. As such, development of "smart" 

structural components seems to be an obvious solution. An active tuned mass 

damper in which hydraulic power supply, controllers and sensors are embedded can 

be such an example. A telescopic bar which houses hydraulic actuators with ac­

cumulators, logical controller and necessary sensors can be another. This type of 

"self-contained" systems requires a certain degree of design flexibility that allows 

adaptation to various structural systems under different conditions. This integra­

tion effort will involve engineering development and experimentation along with 

development of analytical tools that enable physical integration of devices with 

structural systems. 
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Cost Benefit Analysis- Case Studies 

It is clear that one of the guiding factors in choosing a particular control strategy 
and hardware is the cost-benefit issue. In traditional construction, the investment 
cost is usually a sufficient indicator of life cycle expenses required for a structure. 
This is due to the fact that maintenance and replacement costs either do not differ 
very much from one alternative to another or are proportional to the initial invest­
ment. Moreover, serviceability and safety margins are not included in a cost-benefit 
analysis since they are already embedded in the initial design criteria. 

However, for control/structure systems, the cost analysis needs to itemize both 
investment costs and maintenance requirements along with safety and service cost­
benefits. Such costs need to be evaluated for both- "controlled" and "uncontrolled" 
structures if a prudent decision is to be made. Prototype cost analyses need to be 
developed from case studies. 
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