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PREFACE

The National Center for Earthquake Engineering Research (NCEER) is devoted to the expansion
and dissemination of knowledge about earthquakes, the improvement of earthquake-resistant
design, and the implementation of seismic hazard mitigation procedures 1o minimize loss of lives
and property. The emphasis is on structures and lifelines that are found in zones of moderate to
high seismicity throughout the United Stases.

INCEER’s tesearch is being carried out in an integraied and coordinated manner following a
structured program. The current research program comprises four main areas:

&

Existing and New Structures

» Secondary and Protective Systems
Lifeline Systems

Disaster Research and Planning

@

*

This technical report pertains to the second program area and, more specifically, to secondary
systerns.

In earthquake engineering research, an area of increasing concern is the performance of secon-
dary systems which are anchored or attached to primary structural systems. Many secondary
systems perform vital functions whose failure during an earthquake could be just as catastrophic
as that of the primary structure itself. The research goals in this area are to:

1. Develop greater understanding of the dynamic behavior of secondary systems in a
seismic environment while realistically accounting for inherent dynamic complexities
that exist in the underlying primary-secondary structural systems. These complexities
include the problem of tuning, complex attachment configuration, nonproportional
damping, parametric uncertainties, large number of degrees of freedom, and non-
linearities in the primary structure.

2. Develop practical criteria and procedures for the analysis and design of secondary
systems.

3. Investigate methods of mitigation of potential seismic damage to secondary systems
through optimization or protection. The most direct route is to consider enhancing
their performance through optimization in their dynamic characteristics, in their
placerment within a primary structure or in innovative design of their supports. From
the point of view of protection, base isolation of the primary structure or the applica-
tion of other passive or active protection devices can also be fruitful.

it



Current research in secondary systems involves activities in all three of these areas. Their

interaction and interrelationships with other NCEER programs are illustrated in the accompany-
ing figure.

Secondary Systems

|[ Program 1
- Structural

Response
- Risk and
Reliability
- Seismicity
and Ground
Motion

Analyses and
Experiments

Performance Optimization
Evaluation and Protection
and Design

Criteria

Program 2
- Protective

Systcms

]

Considered in this report is the dynamic response of a hysteretic column under random excita-
tions in both horizontal and vertical directions. Response probability distributions are obtained
using the approximate method of dissipation energy balancing. It is shown that the shape of the
distribution depends largely on the relative contribution of the hysteretic component.

The response distributions provide deeper insight into stochastic response characteristics of the
column. The effect of vertical excitation on the column response is also carefully examined.
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ABSTRACT

In a seismic event, the horizontal ground motion gives rise to an additive
random excitation to a column, while the vertical ground motion gives rise to
a multiplicative random excitation. The adjectives ‘"additive"* and
"multipticative™ refer to the fact that these excitations appear in the
governing equation as an inhomogeneous term on the right hand side and in a
coefficient on the teff hand side, respectively. In the present paper, the
approximate method of dissipation energy balancing, previously developed for
randomly excited nonlinear systems, is applied to obtain the probability
density for the response amplitude of a hysteretic column under such
excitations. Both types of random excitations are idealized as Gaussian white
noises. Three different hysteresis models are used in the formulation: the
Hata-Shibata model, a general bi-linear model, and the Bouc-Wen model.
Numerical results are obtained for wide ranges of excitation spectral levels
and other physical parameters. To verify the accuracy of these results, the
root-mean-square responses dare alsoc computed and compared with results from
Monte-Carlo simulations and from the methods of equivalent 1inearization and

Gaussian closure.
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SECTION 1
INTRODUCTION

In recent years there has been considerable interest in the hysteresis
behavior of stochastic dynamic systems, which must be taken intc account when
the deformation of a system becomes large. An excellent review of recent

contributions in this area was given by Wen [19].

Various models have been proposed for the analysis of hysteretic systems.
Shown in figure 1-1 is the well-known bi-linear model in which the restoring
force of the system is idealized as consisting of two components: a purely
elastic component, and an elasto-plastic component. Such a restoring force is
itlustrated in figure 1-2(a}, and the part attributable to the elasto-plastic
component alone is shown in figure 1-2(b)}. The Hata-Shibata model shown in
figure 1-3 is a special case of the bi-linear model in which the elasto-

plastic component becomes purely plastic.

While the bi-linear model is conceptually simple, it 1is by no means
analytically simple as well. The idealization that the slope of the restoring
force changes suddenly as the deformation varies 1in either positive or
negative direction is clearly unrealistic, and it may also cause analytical

problems.

To remedy the above deficiency, Iwan [12] has proposed a smooth hysteretic
model, composed of a distribution of Jenkin's elements in parallel, each of
which consists of a linear spring in series with a Coulomb damper. Another
smooth hysteresis model proposed initially by Bouc [4] and extended by Wen
[17] has gained greater acceptance lately among stochastics dynamicists. It

has a deformation and restoring force relationship illustrated in figure 1-4.
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FIGURE 1-1 Schematic Representation of a Bi-Linear Hysteretic System.
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FIGURE 1-2 A Bi-Linear Hysteretic System: (a) Restoring Force-Deformation
Relationship; (b) Elasto-Plastic Component.
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FIGURE 1-3 A Hata-Shibata Hysteretic System: (a) Restoring Force-Deformation
Relationship; (b) Hysteretic Component.
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Further refinements of the Bouc-Wen model have also appeared in the

literature, e.g. [1,2]. For other even more complicated models, see [3,8].

Exact solutions for randomly excited hysteretic systems are not obtainable at
the present time, and a number of approximation techniques have been developed
to compute either the statistical moments or probability distributions of the
response. Perhaps the most well-known procedures are the methods of
equivalent linearizaticn and Gaussian closure. These methods can be applied
easily to most nonlinear systems. It has been applied, for example, to the
Hata-Shibata model [10,13], although the results so obtained may not be very
accurate. For the more general type of bi-linear systems, a combination of
equivalent linearization and the slowly varying parameter method [9,11] led to
gocd results for systems with weak or moderate hysteresis. However, if a
system is nearly elasto-plastic, the accuracy is generally poor. For smooth
hysteretic systems, Wen [18] has devised a special form of equivalent
jinearization and obtained the mean-square values of the system response which
are in very good agreement with the simulation results for wide ranges of
excitation intensities and hysteresis properties. One possible reason for his
success is that the linearized system obtained from this special scheme is

capable of exhibiting socme hysteretic properties of its own.

A common shortcoming of linearization and Gaussian closure techniques is that
the results are restricted only to the statistical properties of the system
response, in particular the first and second order statistical moments. In
order to obtain the more useful information of probability distribution of the
response, another well-known approximate method, called stochastic averaging,
has been applied to both bi-linear and smooth hysteretic systems [20,15].

Under the assumptions that energy dissipation is small and that the random
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excitations are weak, the total energy, namely the sum of the kinetic and
potential energies, in the system is a slowly varying function of time. It is
then possiblie to derive an approximate Ito type stochastic differential
equation for the total energy, from which the probability density of the total
energy may be obtained as the solution to the associated Fokker-Planck

equation.

The assumption of small energy dissipation appears to be teoco restrictive for
most practical hysteretic systems. More recently, a new procedure calied
energy dissipation balancing, was developed by the authors [6] without such a
restriction. This procedure has been applied to hysteretic systems of both
the bi-linear type and the smooth type [7] to obtain the mean-square responsa
and the probability densities of the total energy and the amplitude of the
response. The results were found to be in very good agreement with

simulations.

Nearly all the analyses of stochastic hysteretic systems, including those
cited above, are restricted to additive random excitations, namely, random
excitations which appears as inhomogeneous terms in the governing differential
equations. One exception is a paper by Shih and Lin [16] on a hysteretic
column subjected to beth horizontal and vertical seismic excitations. While
the horizontal seismic excitation is additive, it can be shown that the
vertical excitation is multiplicative which appears on the left hand side of
the governing equation in a coefficient for the unknown. The hysteretic
behavior of the column considered in [16] was described by the Hata-Shibata
model, and statistical moments were computed for the response using a Gaussian
closure procedure. However, since the Hata-Shibata model represents a very

strong hysteresis behavior, results obtained from either Gaussian closure or

1-5



equivalent linearization may not be very accurate. They can at best be used

to infer to some general trends.

In the present paper, the method of dissipation energy balancing is applied to
hysteretic systems under both additive and multiplicative random excitations.
Specifically, we use again one of the simplest exampies of such systems,
namely, a hysteretic ¢olumn. The Hata-Shibata model, the general bi-linear
model, and the Bouc-Wen model are used in the formulations. Both horizontal
and vertical random excitations are replaced by Gaussian white noises, and the
probability densities of the response amplitude at the stationary state are
computed for wide ranges of excitation spectral levels and other physical
parameters. To verify the accuracy of the present method the root-mean-square
responses are also computed and compared with the results obtained from the
Monte-Carlo digital simuiations and from other approximate procedures, such as

equivalent linearization and Gaussian closure.
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SECTION 2
FORMULATION

Consider a massless column, supporting a concentrated mass at the top and
rigidly clamped in the ground at the lower end shown in figure 2-1. If the
column deformation remains within a linear elastic range, the equation of

motion for the concentrated mass is given approximately by [14]

e . z 3} .
§+ 20 wob +w, (1 -0 - L) 5= (2.1)
cr cr
in which Pgpr = the static buckling load of the column; U and V = the

horizontal and vertical ground displacements; each over-dot denotes one
differentiation with respect to time; and w, and £ = the natural frequency and
the modal damping if the effects of gravitation and vertical ground
acceleration are not taken into account. Equation (2.1) may be

nondimensionalized in terms of new variables t=wst and x=8§/8g as foliows:

X"+ 20xP 4+ [1 - ky - kon(T)Ix = E(7) (2.2)
in which 8¢ = the elastic limit of deflection {chosen to be the normalization
length) beyond which (2.1) is no tlonger valid, each prime signifies one

differentiation with respect to t, § = U"/8a, n

V*/8g and k,; and x, are

2
constants given by k, = mg/P¢p and K, = Moo/Pepr = (12/7°)(8e/8).
For hysteretic columns, (2.2) is replaced by
X" 4+ 20x' + (@ - K; - K n{T)]x + (1 - a) z{x,x") = £(1) (2.3)

where z represents the hysteretic component of the restoring force. In the
cases of the bi-linear model, the Hata-Shibata model and the Bouc-Wen model,

the hysteretic components are given, respectively, by

0, lz|=1 (2.4a)
X', |z |<1 (2.4b)
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FIGURE 2-1 Column Excited by Vertical and Horizontal Ground Motions.
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z = sgn X' (2.5)
and

n

z' = -y |x']z]z [ﬂul -Bxt iz o+ Ax (2.6)

These models have been iltustrated in figures 1-2, 1-3 and 1-4, respectively.

In what follows, the random excitations n(t) and £(t) will be replaced by

white noises; namely,

ECn(t)n(t + u)] = 2uKyp8(u) (2.7a)
ELE(T)E(T + u)] = 2mKged(u) (2.7b)
Eln{t)g(t + u)] = ZHKngS(u) (2.7¢)

These substitutions are permissible provided that the correlation times of the
excitations are short compared with the relaxaticn time of the dynamic system,
in which case Knns Kgg and KnE may be taken as their spectral densities and

the c¢ross spectral density at the zero frequency.
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SECTION 3
DISSIPATION ENERGY BALANCING

When random excitations are Gaussian white noises, the response state vector
cf a dynamic system is a Markov vector, whose probability density is governed
by the well-known Fokker-Planck equation. In certain cases, exact stationary
solutions to the associated Fokker-Planck eguation are obtainable. To the
knowledge of the authors, all the known exact solutions to date helong to a
general class, called the class of generalized stationary potential [5]. This
spolvable c¢lass of stochastic systems is quite large. Therefore, even if a
given stochastic system does not beltong to this class, it may be substituted
by one within this class which is closest to the original system using a
suitable statistical criterion. The exact solution of the substituting system
may be considered as an approximate solution of the substituted system. The
criterion for substitution is that the ensemble average of the dissipated
energy remains the same for the substituting and the substituted systems; thus

the procedure is called dissipation energy balancing.

Consider a general singte-degree-of-freedom nonlinear system

X"+ h{x,x") = Fi(x,x") Wi(t) (3-1)
where Wj(t) are Gaussian white noises with spectral densities Kjj. Express

the stationary probability density of the system respense in the form of

ps(x,x') = C exp(- ¢) (3-2)

where C is a positive normalization constant. If the system belongs to the
class of generalized stationally potential, then ¢ is a non-negative function

of the total energy

+ G(x) (3-3)
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where G(x) 1s the potential energy if multiplicative random excitations do not
appear in the coefficient of x'; otherwise G(x) is the "effective" potential
energy [5]. For a system not belonging to the class of generalized stationary
potential, an approximate ¢ based on the criterion of dissipation energy

balancing may be computed from [6]:

a: (\) 8f 3 of
I oy [EmisTs gl yarzeny 0+ ™47 gl oyznzar) X
¢I(A) = al(A)a (A)
2

" { - IR gTiT3),0 yammzeng — D Kafifilo oo yaromsmyd O
(3-4)

The integration 1imits, a,(A) and a,(A), in the above expression are the two

roots of the equation G(x) = A.

In many cases equations (3-4) and (3-2) can be reduced to closed forms. Even
when this is not possible they can still be calculated numerically, once the
effective potential energy G(x) is determined, which is not difficult for a
specific system. With the knowledge of the probability density p(x,x') =
p(A), the statistical properties of the response can be computed easily. For

example, the mean square vatue of the displacement is given by

z =, 4 a,(A) 2y
E[x 1 = Jf x” psO6x')dxdx' = [ p(A) [ —==  dx]dA (3-5)
- ¢ a,(A) VZ2A-26(x)

The stationary probability densities for the total energy A and the amplitude

a, respectively, can also be readily determined. Specificatly,

ps(A) = 2p(7) faz(A) A (3-6)
a,(A) ¥2A-2G(x)
az{A)
ps(a) = 2| G6'(a) | p[A(2)] f dx (3-7)

a, (\) VZA26(x)
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The principle of energy dissipation balancing can now be applied to the

hysteretic column governed by equation (2-3). It leads to

a(i) 1
¢ f V2A-2G(x) dx + 5 Ar(R)

-a(A)
¢'(A) = (3-8)
a(d) 2,
n f (Kgg + Kyp k. X7) V2R-2G(x)dx
-a(i)

where Ap(A) is the area of the hysteresis loop corresponding to a given A, and
where use is made of the fact that a,(A) = - a;(A) = a(A) for a symmetric
hysteresis constitutive law such as equations (2-4), (2-5) and (2-6). The
area Ap(A) represents the dissipated energy per cycle due to hysteresis at an
energy level A. Once A-(A) and the potential energy G(x) are determined, the
probability densities, equations (3-2), {(3-6) and (3-7), and the mean square

displacement, equation (3-5), can be computed numerically.

The response amplitude a is wusually of greater 1interest 1in practical
applications. The area of the hysteresis loop A for the Hata-Shibata model

in terms of a can be obtained easily by referring to figure 1-3,

Ar = 4a(l - a) (3-9)
Furthermore, it is obvious that the hysteretic component z of this model is
purely dissipative. Therefore, all the potential energy of the system is

stored in the linear spring alone, and is given by

2

6(x) = 5 (@ - k)X (3-10)

This potential energy represents the ability of the system to return to a

lTocal equilibrium upon removal of the external force.

In the case of a bi~linear column with a hysteretic component z governed by

equation (2-4), the hysteresis loop area may be expressed as

3-3



A= O 3 (3-11)

4(1-a)(a - 1) azl

IA
—

The potential energy of the system is stored in the two spring elements shown
in figure 1-1. Its values for different ranges of x can be computed by

referring to the shaded area in figure 1-2{(b). Specifically,

1A
—

3(1-k,)x* a

A

G(x) = { %(a - Kl)x2 + %(1—a)(x +a - 1)2 axzl,-asxsg-a+2

v

% (a - Kl)x2 + %(l—a) azl,-a+2<x<ga
(3-12)

Following the same principle, the hysteresis loop area and the potentiail

energy for the Bouc-Wen model can be evaluated. The loop area Ap is obtained

from the integral

Ar = 2(1-a) fa z(x)dx (3-13)
-a

The potential energy G(x) consists of two parts: one part is stored in the
linear element, another in the hysteretic element. The later may be computed
by referring to the shaded area shown in figure 1-4(b) for different values of
X. For a specific system with known parameters vy, B, A and n, the functional
relationship between z and x can be derived by integrating equation {2-6), and
the area A and the potential energy G(A) can be obtained in closed forms. 1In
what follows, the case of n = 1, A =1 and Y = § = 0.5 will be considered in

more detail. For this case

Ar = (1 - a)[4%-(a - %)) (3-14)
%—(a—xl)x2 + %(1 - a)(x + xu)z -a <X =X
g - (3-15)
() =1 —%(a—xl)x2 + %(1—a)[1 -« e~ (X+Xo) 7" - Xg $£x<a
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where x,, shown in figure 1-4(b), is uniquely determined for a given amplitude

a by solving z(x x,) = O.
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SECTION 4
NUMERICAL EXAMPLES

Numerical calcuiations were carried out for hysteretic columns with moderate
hysteresis (a = 0.5) and strong hysteresis (a = 0.1) and with k, = 0.04, k, =
0.1, £ = 0.025. The horizontal and vertical excitations were assumed to be
white noises. Two nondimensional quantities Dp=yY2Knn and Dg=V2Kgg are
introduced to represent the strength of the vertical and horizontal ground
excitations. The rootmmean-squaré response weould be proportional to Dg, if

the system were linear and if the vertical excitation were absent.

Some computed results of the stationary probability density of the response
amplitude are shown in figures 4-1 and 4-2 for the Bouc-Wen type hysteretic
columns. The strengths of the horizontal and vertical excitations used in the
computation were Dg = 0.1, 0.5, 1, 5 and Dy = 0, 0.3, 0.34, 0.4, 0.8, 1.0,
1.2. The low Dg = 0.1 represents a very weak horizontal excitation and the
high Dg = b a very strong horizontal excitation. The case of Dﬂ = 0 was
included so that the error incurred by neglecting the vertical

(multiplicative) excitation could be determined.

Several general trends are revealed in figures 4-1 and 4-2. The presence of
the vertical excitation shifts the peak of the amplitude probability density
toward right, decreases the distribution for lower amplitudes, and increases
the distribution for higher amplitudes. However, these effects are
significant only when the horizontal excitation is sufficiently strong (see
figures 4-1d and 4-2d). The general shape of the probability density curve
depends primarily on the relative contribution of the hysteresis components

and to a lesser degree on the horizontal excitation intensity. In the case of
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moderate hysteresis (figure 4-1, a = 0.5) neither the vertical excitation nor
the horizontal excitation has much influence on the shape, implying that the
amplitude is approximately Rayleigh distributed. If the system hysteresis is
strong (a« = 0.1), the response amplitude 1is close to being Rayleigh
distributed only if the horizontal excitation is either very weak (figure
4-2a, Dg = 0.,1) or very strong (figure 4-2d, Dg = 5). If the strength of the
horizontal excitation is in the intermediate range (figue 4-2b, Dg = 0.5 and
figure 4-2c, Dg = 1) the amplitude distribution is far from Rayleigh, and in

some cases it can have two peaks.

The same characteristics are found in the computed probability distributions

for the response of bi-Tinear hysteretic columns.

The root-mean-square displacements ox normalized with respect to Dg and
computed for the Hata-Shibata model, the bilinear model and the smooth
hysteretic model are shown in figures 4-3 through 4-5, respectively, in solid
lines for different values of Dy. The results confirm that the presence of
the vertical ground motion increases the displacement response of the column,
and that the effect of the vertical ground motion is significant only when the

horizontal ground acceleration is sufficiently large.

It is expected that an actual physical system should exhibit a linear behavior
when the excitation levels are very low. Therefore, the ox/Dg Vs Dg curve
should approach a horizontal line in the low D¢ region. This expectation is
borne out with bi-1inear model, figure 4-4, but not so with the Hata-Shibata
model, figure 4-5. This suggests that the Hata-Shibata model is not a

suitable model for systems subjected to weak excitations.
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SECTION 5
COMPARISON WITH RESULTS FROM MONTE-CARLO SIMULATIONS AND OTHER APPROXIMATE
METHODS

To assess the accuracy of results obtained from the energy dissipation
balancing approach, Monte-Carlo simulations were carried out for the above
hysteretic columns. The root-mean-square displacements were obtained by
numerically integrating equations (2.3) and (2.4), or (2.3) and (2.5), or
(2.3) and (2.6) using a fourth order Runge-Kutta algorithm. Each sample
function of a Gaussian white-noise excitation, either n(t) or E&(t), is
digitally simuiated as a sequence of pulses with random heights but with

jdentical durations At; namely,

N
ws(t) = ¥ Yg {Ult - (k - 1)At] - U(t - kAT)} (5-1)

where Yi are independent identically distributed Gaussian random variables
with a zero mean and a variance equal to 2mK/At, and where U(t) denotes a unit

step function; i.e.

i t>0
u(t) = { 0 <0 (5-2)

Such a sample function is illustrated in figure 5-1. It can be shown that the
spectral density of the simulated random process tends to constant K over the
entire frequency range as At approaches zero. In practice, however, At is
chosen to be sufficiently short so that the spectral density of the simulated
process is essentially flat over the frequency range in which the response of
the system is expected to be significant. By numerical experimentation, we

found that At should be less than 0.05 for the purpose of present comparison.

The results obtained from digital simulations are shown also in figures 4-3

through 4-5. These results are represented by either circles, triangles or
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FIGURE 5-1 Typical Sample Function of a Excitation Process for Simulation
Study.
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squares, and they appear to agree very well with the analytical results
obtained from the dissipation energy balancing procedure in all cases
investigated, inciuding (i) the Hata-Shibata modei, the bi-linear model and
the smooth model; (ii) a moderate hysteresis (a = 0.5) and a strong hysteresis
(a = 0.1); (iii) a wide range of horizontal ground acceleration spectra and
(iv) when the vertical ground excitation is either strong, or weak, or

entirely absent.

The dashed 1lines in figures 4-3 through 4-5 show the analytical results
obtained from other approximate procedures. In figure 4-3 they depict the
Gaussian closure results for the Hata-Shibata hysteretic columns, and in
figure 4-5 they represent the results obtained by Wen [18] for smooth
hysteretic columns using a special form of equivalent tinearization. In each
of these two cases, they are in very good agreement with the results from

dissipation energy balancing and from simulations.

The dashed 1ines in figure 4-4 are results obtained from employing the
linearization technique proposed originally by Caughey [9] and applied by Iwan
and Lutes [11] to bi-linear columns. In the case of moderate hysteresis
(«=0.5) the 1linearization results appear to be in good agreement with those
from simuilation and from dissipation energy balancing, but in the case of
nearly elasto-plastic systems (a=0.1) they deviate far from the simulation
results in the range of intermediate horizontal ground excitations. However,
it is in this range that the hysteretic component in the restoring force plays
a dominant role. The large discrepancy is attributable to the assumptions
made in the linearization methed that the response is of a narrow frequency

band, and that the response amplitude is approximately Rayleigh distributed.







SECTION 6
CONCLUSION

The approximation procedure of dissipaticn energy balancing has been applied
to obtain the probability distribution for the response amplitude of a
hysteretic column under horizontal and vertical random excitations at the
ground support. Similar characteristics are found in the calculated resuits
for both the bi-linear and Bouc-Wen hysteresis models. The presence of the
vertical excitation increases the distribution for higher amplitudes
especially when the horizontal excitation is sufficiently strong. The shape
of the distribution, however, depends largely on the relative contribution of
the hysteresis component. If the system is strongly hysteretic, and if the
spectral level of the horizontal excitation is neither very high nor very low,

the amplitude distribution may show two peaks, very much different from a

Rayieigh type distribution.

Comparison of the calculated mean-sguare response and digital simulation
results show that the proposed approximation procedure is accurate for wide

ranges of excitation levels and system parameters.



6.1 References

1.

5.

10.

11.

12.

13.

Baber, T. T. and Wen, Y. K., "Random Vibration of Hysteretic, Degrading
Systems," Journal of the Engineering Mechanics Division, ASCE, Vol. 107,
No. EM&, 1981, pp. 1069-1087.

Baber, T. T. and Noori, M. N., "Random Vibration of Pinching Systems,"
Journal of the Engineering Mechanics Division, ASCE, Vol. 110, No. EM7,
1984, pp. 1036-1049.

Baber, T. T. and Noori, M. N., "Random Vibration of Degrading Pinching
Systems," Journal of the Engineering Mechanics Division, ASCE, Vol. 111,
No. EM8, 1985, pp. 1010-1026.

Bou¢c, B., "Forced Vibration of Mechanical System with Hysteresis,"
Abstract, Proceedings of 4th Conference on Nonlinear Osciliation, Prague,
Czechoslovakia, 1967.

Cai, G. Q. and Lin, Y. K., "On Exact Staticnary Solutions of Equivalent
Nonlinear Stochastic Systems," Int. J. Non-Linear Mechanics, Vol. 23, No.
4, 1988, pp. 315-325.

Cai, G. Q. and Lin, Y. K., "A New Approximate Solution Technique for
Randomly Excited Nonlinear Oscillators," accepted by Int. J. Non-Linear
Mechanics, 1988.

Cai, G. Q. and Lin, Y. K., "A New Solution Technigue for Randomiy Excited
Hysteretic Structures," Technical Report NCEER-88-0012, National Center
for Earthquake Engineering Research, State University of New York at
Buffalo, May 16, 1988.

Casciati, F., "Nonlinear Stochastic Dynamics of Large Structural Systems
by Equivalent Linearization," Proceedings, the 5th International
Conference on Applications of Statistics and Probabiltity in Soil and
Structural Engineering, Vancouver, 1987, pp. 1105-1172.

Caughey, T. K., "Random Excitation of a System with Bilinear Hysteresis,"
Journal of Applied Mechanics, Vol. 27, 1960, pp. 649-652.

Hata, S. and Shibata, H., "“On the Statistical Linearization Technique for
Memory Type Nonlinear Characteristics,” Control Engineering, Vol. 11, No.
g, 1956 (in Japanese).

Iwan, W. D. and Lutes, L. D., "Response of the Bilinear Hysteretic System
to Stationary Random Excitation", Journal of the Acoustic Society of
America, Vol. 43, 1968, pp. 542-552.

Iwan, W. D., "A Distributed-Element Model for Hysteresis and its
Steady-State Dynamic Response," Journal of Applied Mechanics, Veol. 33,
1966, ppo 893‘900:

Kobori, P., Minai, R. and Asano, K., "Random ReSponse of the Nonlinear

System with Hysteretic Characteristics," Theoretical and Applied
Mechanics, Vol. 24, 1974, pp. 239-248.

6-2



14.

15,

16.

17.

18.

19.

20,

Lin, Y. K. and Shih, T. Y., *“Column Response to Horizontal-Vertical
Earthquakes," Journal of Engineering Mechanics Division, ASCE, Vol. 106,
No. EM6, 1980, pp. 1099-1109.

Roberts, J. B., "Application of Averaging Methods to Randomly Excited
Hysteretic Systems," IUTAM Symposium on Nonlinear Stochastic Dynamics
Engineering Systems, Springer-Verlag, Berlin, 1987, pp. 361-374.

Shih, T. Y. and Lin, Y. K., "Vertical Seismic Load Effect on Hysteretic
Columns," Journal of Engineering Mechanics Division, ASCE, Vol. 108, No.
EM2, 1982, pp. 242-254,

Wen, Y. K., "Method for Random Vibration of Hysteretic Systems," Journal
of Engineering Mechanics Division, Vol. 102, No. EM2, 1576, pp. 249-263.

Wen, Y. K., "Equivalent Linearization for Hysteretic System under Random
Excitations," Journal of Applied Mechanics, Vol. 47, No. 1, 1950, pp.
150-154.

Wen, Y. K., "Methods of Random Vibration for Inelastic Structures," to
appear in Applied Mechanics Review, 1988.

Zhu, W. Q. and Lei, Y., "Stochastic Averaging of Energy Envelope of
Bilinear Hysteretic Systems,” IUTAM Symposium on Nonlinear Stochastic
Dynamics Engineering Systems, Springer-Verlag, Berlin, 1987, pp. 381-391.






NATIONAL CENTER FOR EARTHQUAKE ENGINEERING RESEARCH

LIST OF PUBLISHED TECHNICAL REPORTS

The National Center for Earthquake Engineering Research (NCEER) publishes technical reports on a variety of subjects related
to earthquake engineering written by authors funded through NCEER. These reports are available from both NCEER's
Publications Department and the National Technical Information Service (NTIS). Requests for reports should be directed to the
Publications Department, National Center for Earthquake Engineering Research, State University of New York at Buffalo, Red
Jacket Quadrangle, Buffalo, New York 14261. Reports can also be requested through NTIS, 5285 Port Royal Road, Springfield,
Virginia 22161. NTIS accession numbers are shown in parenthesis, if available.

NCEER-87-0001

NCEER-87-0002

NCEER-87-0003

NCEER-87-0004

NCEER-87-0005

NCEER-87-0006

NCEER-87-0007

NCEER-87-0008

NCEER-87-0009

NCEER-87-0010

NCEER-87-0011

NCEER-87-0012

NCEER-87-0013

NCEER-87-0014

NCEER-87-0015

NCEER-87-0016

"First-Year Program in Research, Education and Technology Transfer,” 3/5/87, (PB88-134275/AS).

"Experimental Evaluation of Instantanecus Optimal Algorithms for Structural Control," by R.C. Lin,
T.T. Soong and A.M. Reinhorn, 4/20/87, (PB88-134341/A8).

"Experimentation Using the Earthquake Simulation Facilities at University at Buffalo," by A.M.
Reinhorn and R.L. Ketter, to be published.

"The System Characteristics and Performance of a Shaking Table,” by J.S. Hwang, K.C. Chang and
G.LC. Lee, 6/1/87, (PB88-134259/A8).

"A Finite Element Formulation for Nonlinear Viscoplastic Material Using a Q Model,” by O. Gyebi and
G. Dasgupta, 11/2/87, (PB88-213764/AS).

"Symbolic Manipulation Program (SMP) - Algebraic Codes for Two and Three Dimensional Finite
Element Formulations,” by X. Lee and G. Dasgupta, 11/9/87, (PB88-219522/AS).

"Instantaneous Optimal Control Laws for Tall Buildings Under Seismic Excitations," by J.N. Yang, A.
Akbarpour and P. Ghacmmmaghami, 6/10/87, (PB88-134333/A8).

"IDARC: Inelastic Damage Analysis of Reinforced Concrete Frame - Shear-Wall Structures,” by Y.J,
Park, A.M. Reinhorn and S.K. Kunnath, 7/20/87, (PB88-134325/AS).

"Liquefaction Potential for New York State: A Preliminary Report on Sites in Manhattan and Buffaio,”
by M. Budhu, V. Vijayakumar, R.F. Giese and L. Baumgras, 8/31/87, (PB88-163704/AS). This report
is available only through NTIS (see address given above).

"Vertical and Torsional Vibration of Foundations in Inhomogeneous Media," by A.S. Veletsos and
K.W. Dotson, 6/1/87, (PB88-134291/AS).

"Seismic Probabilistic Risk Assessment and Seismic Margins Studies for Nuclear Power Plants," by
Howard HM. Hwang, 6/15/87, (PB88-134267/AS). This report is available only through NTIS (see
address given above).

"Parametric Studies of Frequency Response of Secondary Systems Under Ground-Acceleration
Excitaticns," by Y. Yong and Y K. Lin, 6/10/87, (PB8B-134309/AS).

"Frequency Response of Secondary Systems Under Seismic Excitation,” by I.A. HoLung, J. Cai and
Y K. Lin, 7/31/87, (PB88-134317/AS).

"Modelling Earthquake Ground Motions in Seismically Active Regions Using Parametric Time Series
Methods," by G.W. Ellis and A.S. Cakmak, 8/25/87, (PB88-134283/A8).

"Detection and Assessment of Seismic Structural Damage," by E. DiPasquale and A.S. Cakmak,
8/25/87, (PB88-163712/A8).

“Pipcline Experiment at Parkfield, California,” by J. Isenberg and E. Richardson, 9/15/87,
(PB88-163720/AS).

A-1



NCEER-87-0017

NCEER-87-0018

NCEER-87-0019

NCEER-87-0020

NCEER-87-0021

NCEER-87-0022

NCEER-87-0023

NCEER-87-0024

NCEER-87-0025

NCEER-87-0026

NCEER-87-0027

NCEER-87-0028

NCEER-88-0001

NCEER-88-0002

NCEER-88-0003

NCEER-88-0004

NCEER-88-0005

NCEER-88-0006

NCEER-88-0007

"Digital Simulation of Seismic Ground Motion," by M. Shinozuka, G. Deodatis and T. Harada, 8/31/87,
(PB88-155197/AS). This report is available only through NTIS (sec address given above).

"Practical Considerations for Structural Control: System Uncertainty, System Time Delay and Trunca-
tion of Small Control Forces," L.N. Yang and A. Akbarpour, 8/10/87, (PB88-163738/AS).

"Modal Analysis of Nonclassically Damped Structural Systems Using Canonical Transformation,” by
IN. Yang, S. Sarkani and F.X. Long, 9/27/87, (PB88-187851/AS).

"A Nonstationary Solution in Random Vibration Theory,” by J.R. Red-Horse and P.D. Spanos, 11/3/87,
(PB88-163746/A8S).

"Horizontal Impedances for Radially Inhomogencous Viscoelastic Soil Layers," by A.S. Veletsos and
K.W. Dotson, 10/15/87, (PB88-150859/AS).

"Seismic Damage Assessment of Reinforced Concrete Members,” by Y.S. Chung, C. Meyer and M.
Shinozuka, 10/9/87, (PB88-150867/AS). This report is available only through NTIS (see address given
ahove).

"Active Structural Control in Civil Engineering,” by T.T. Soong, 11/11/87, (PB88-187778/AS).

Yertical and Torsional Impedances for Radially Inhomogeneous Viscoelastic Soil Layers,” by K.W.
Dotson and A.S. Veletsos, 12/87, (PB88-187786/AS).

"Proceedings from the Symposium on Seismic Hazards, Ground Motions, Soil-Liquefaction and
Engineering Practice in Eastern North America,” October 20-22, 1987, edited by K.H. Jacob, 12/87,
(PBB8-188115/A8).

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

"Design of a Modular Program for Transient Nonlinear Analysis of Large 3-D Building Structures,” by
S. Srivastav and L.F. Abel, 12/30/87, (PB88-187950/AS).

"Second-Year Program in Research, Education and Technology Transfer," 3/8/88, (PB88-219480/A8).
"Workshop on Seismic Compuiter Analysis and Design of Buildings With Interactive Graphics,” by W.
McGuire, J.F. Abcl and C.H. Conley, 1/18/88, (PB88-187760/AS).

"Optimal Centrol of Nenlinear Flexible Structures,” by J.N. Yang, F.X. Long and D. Wong, 1/22/88,
(PB88-213772/AS).

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

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

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

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

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

A-2



NCEER-88-0008

NCEER-88-0009

NCEER-88-0010

NCEER-88-0011

NCEER-88-0012

NCEER-88-0013

NCEER-88-0014

NCEER-88-0015

NCEER-88-0016

NCEER-88-0017

NCEER-88-0018

NCEER-88-0019

NCEER-88-0020

NCEER-88-0021

NCEER-§8-0022

NCEER-88-0023

NCEER-88-0024

NCEER-88-0025

NCEER-88-0026

NCEER-88-0027

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

"Seismic Fragility Analysis of Shear Wall Structures,” by J-W Jaw and HH-M. Hwang, 4/30/83,
(PB89-102867/AS8).

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

"Seismic Floor Response Spectra for a Combined System by Green's Functions,” by F.M. Lavelle, L.A.
Bergman and P.D. Spanos, 5/1/88, (PB89-102875/A5).

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

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

"Parameter Identification and Implementation of a Kinematic Plasticity Model for Frictional Soils,” by
J.H. Prevost and D.V. Griffiths, to be published.

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

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

"Dynamic Compliance of Vertically Loaded Strip Foundations in Multilayered Viscoelastic Soils," by
S. Ahmad and A.S.M. Israil, 6/17/88, (PB89-102891/A8).

"An Experimental Study of Seismic Structural Response With Added Viscoelastic Dampers," by R.C.
Lin, Z. Liang, T.T. Soong and R.H. Zhang, 6/30/88, (PB89-122212/AS).

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

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

"Seismic Interaction of Structures and Soils: Stochastic Approach,” by A.S. Veletsos and A.M. Prasad,
7/21/88, (PB89-122196/A8).

"Identification of the Serviceability Limit State and Detection of Seismic Structural Damage,” by E.
DiPasquale and A.S. Cakmak, 6/15/88, (PB89-122188/AS).

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

"Automated Seismic Design of Reinforced Concrete Buildings,” by Y.S. Chung, C. Meyer and M.
Shinozuka, 7/5/88, (PB89-122170/AS).

"Experimental Study of Active Control of MDOF Structures Under Seismic Excitations,” by L.L.
Chung, R.C. Lin, T.T. Soong and A.M. Reinhorn, 7/10/38, (PB89-122600/AS}.

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

"Systems Study of Urban Response and Reconstruction Due to Catastrophic Earthquakes,” by F. Kozin
and H.K. Zhou, 9/22/88, to be published.

A-3



NCEER-88-0028

NCEER-88-0029

NCEER-88-0030

NCEER-88-0031

NCEER-88-0032

NCEER-88-0033

NCEER-88-0034

NCEER-88-0035

NCEER-88-0036

NCEER-88-0037

NCEER-88-0038

NCEER-88-0039

NCEER-88-0040

NCEER-88-0041

NCEER-88-0042

NCEER-88-0043

NCEER-88-0044

NCEER-88-0045

NCEER-88-0046

NCEER-88-0047

"Seismic Fragility Analysis of Plane Frame Structures,” by H.H-M. Hwang and Y.K. Low, 7/31/88,
(PB89-131445/A8).

"Response Analysis of Stochastic Structures,” by A. Kardary, C. Bucher and M. Shinozuka, 9/22/88.

"Nonnormal Accelerations Due to Yielding in a Primary Structure,”" by D.C.K. Chen and L.D. Lutes,
9/19/88.

"Design Approaches for Soil-Structure Interaction,” by A.S. Veletsos, A.M. Prasad and Y. Tang,
12/30/88.

"A Re-evaluation of Design Spectra for Seismic Damage Control," by C.J. Turkstra and A .G. Tallin,
11/7/88, (PB89-145221/A8).

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

"Seismic Response of Pile Foundations,” by S.M. Mamoon, P.K. Banerjee and 5. Ahmad, 11/1/88,
(PB89-145239/A8).

"Modeling of R/C Building Structures With Flexible Floor Diaphragms (IDARC2)," by A M. Reinhorn,
$.K. Kunnath and 4. Panahshahi, 9/7/88.

"Solution of the Dam-Reserveir Interaction Problem Using a Combination of FEM, BEM with
Particular Integrals, Modal Analysis, and Substructuring,” by C-S. Tsai, G.C. Lee and R.L. Ketter,
12/31/88, to be published.

“Optimal‘ Placement of Actuators for Structural Control,” by F.Y. Cheng and C.P. Pantelides, 8/15/88.

"Teflon Bearings in Aseismic Base Isolation: Experimental Studies and Mathematical Modeling," by A.
Mokha, M.C. Constantinou and A.M. Reinhorn, 12/5/88.

"Seismic Behavior of Flat Slab High-Rise Buildings in the New York City Area," by P. Weidlinger and
M. Ettouney, 10/15/88, to be published.

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

"Small-Scale Modeling Techniques for Reinforced Concrete Structures Subjected to Seismic Loads,” by
W. Kim, A. El-Attar and R.N. White, 11/22/88, to be published.

"Medeling Strong Ground Motion from Multiple Event Earthquakes,” by G.W. Ellis and A.S. Cakmak,
10/15/88.

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

“SARCF User’s Guide: Seismic Analysis of Reinforced Concrete Frames," by Y.S. Chung, C. Meyer
and M. Shinozuka, 11/9/88.

"First Expert Panel Meeting on Disaster Research and Planning,” edited by J. Pantelic and I. Stoyle,
9/15/88.

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

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

A-4



NCEER-89-0001

NCEER-89-0002

NCEER-89-0003

"Effects of Protective Cushion and Soil Compliancy on the Response of Equipment Within a Seismi-
cally Excited Building,” by I.A. HoLung, 2/16/89, 1o be published.

"Statistical Bvahiation of Response Modification Factors for Reinforced Concrete Structures," by
H.H-M. Hwang snd I-W. Jaw, 2/17/89, io be published.

"Hysieretic Columns Under Rendom Excitation,” by G-Q. Cai and Y.K. Lin, 1/9/89.






