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ABSTRACT

This report contains an analysis of four major California earthquake
records using a class of discrete linear time-domain processes commonly
referred to as ARMA (Autoregressive/Moving-Average) models. It has
been possible to analyze these different earthquakes, identify the
order of the appropriate ARMA model(s), estimate parameters and test
the residuals generated by these models. It has also been possible

to show the connections, similarities and differences between the
traditional continuous models (with parameter estimates based on spec-
tral analyses) and the discrete models with parameters estimated by
various maximum likelihood techniques applied to digitized acceleration
data in the time domain. The methodology proposed in this report is
suitable for simulating earthquake ground motions in the time domain
and appears to be easily adapted to serve as inputs for nonlinear dis-
crete time models of structural motions.
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CHAPTER 1

INTRODUCTION AND SUMMARY OF FINDINGS

1.1 Introduction

This report contains an analysils of four major California earthquake
records using a class of discrete linear time-domain processes commonly
referred to as ARMA* models. These models enjoy an extensive literature
and have been used in a large number of applications in diverse fields of
engineering and statistics. Since there is only a small number of reported
studies of these models in conmection with earthquake ground motion, it
seened appropriate to analyze several different earthquakes, identify the
order of the appropriate ARMA model(s), estimate parameters and test the
residuals generated by these models.

The stated purpose of the research project was threefold:

1. To study and report on mathematical models currently being used
to analyze earthquake ground motions. In particular, we were
asked to make an effort to classify the major similarities and
differences of the more popular and useful models.

2. To attempt formal identifications of appropriate ARIMA models
which could be used to analyze and simulate earthquake ground
notions. The major questions to be addressed were identification
of the model and estimation of the parameters of the model with
particular emphasis on analysis of the residuals generated by

the models.

*
Autoregressive/Moving-Average. These are a special case of the more

general ARIMA (Autoregressive/Integrated-Moving-Average) class of discrete
models in which differencing of the data is used to achieve stationarity.



3. To show the connections, similarities and differences between
the traditional continuous models (with parameter estimates based
on spectral analyses) and the discrete models with parameters
estimated by various maximum likelihood techniques applied to

digitized acceleration data in the time domain.

One of the most critical decisions that has to be made in the design
of structures to sustain seismic loading or in the anmalysis of existing
structures to ascertain their probability of survival, is that of specify-
ing the ground motion to which the structure may be exposed. Uncertainties
in earthquake initiation and transmission, coupled with uncertainties that
are site-specific, demand that the problem be examined nondeterministically.
The sparseness of measured records applicable to a particular site normally
precludes direct determination of acceptable design models from field data.
An alternative approach is to develop a representative class of ground
motions for ''design' earthquakes by simulation and by classification of
various key parameters in analytical models of ground motion. The basic
idea is to select a suitable class of mathematical models of ground motion
whose characteristics can be related to the physics of earthquakes, the
transmission of ground waves and which can be improved and modified as
more data and knowledge about earthquakes is acquired.

By examining field data, model parameters can be estimated and tested
against actual data. The models can then be used to simulate ground motion
and these, in turn, used as inputs for determining the resulting random
response of structures exposed to such earthquakes. The methodology,

if 1t is to be used in the design process, must have the properties that it:



1. 1Is capable of refinement as new data and experience is
obtained.

2. 1Is capable of characterizing ground motion with a small
number of parameters.

3. 1Is compatible with algorithms for simulating structural

response of complex linear and nonlinear stochastic systems.

At the present time the majority of procedures proposed to simulate
ground motion utilize spectral methods. When coupled with linear struc-
tural response models, such procedures are satisfactory for prediction of
structural response. However, for nonlinear responses, as might occur
with strong motion earthquakes, spectral methods can not be easily used,
at least at present. The methodology and models proposed in this report
are suitable for simulating earthquake ground motions in the time domain
and not only appear to satisfy the criteria stated above but also appear
to be easily adapted to serve as inputs for nonlinear discrete time
structural models. It should be reemphasized that no amount of refine-
ment and sophistication in the structural design process can reduce the
need for models and simulations to reproduce various levels of ground

motion.



1.2 Highlights and Summary of Findings

Four earthquake records were studied during the course of the
research. These included the El Centro 1940 and 1956 earthquakes
recorded at the same station, and the 1971 San Fernando earthquake,

recorded at two different stations.

1. It was found that digitized records for all four earthquakes
could be well-fitted by ARMA models of relatively low order
during the entire history of each earthquake. That is to say,
model identification remained constant during the buildup and
decay periods of each earthquake even though parameter estimates
changed somewhat from beginning to end.

2. One earthquake record (El Centro 1940) was satisfactorily fitted
to a second-order autoregressive/first-order-moving-average
model similar to many second-order damped linear oscillator
models in the literature in which the forcing function is
white noise. However all of the other earthquake records required
a fourth-order-autoregressive/first-order-moving-average model
(ARMA (4,1)) to pass conventional goodness-of-fit tests.

This result suggests that a fourth-order differential equation
is required to describe the underlying continuous process.

In some portions of each record we find that the fourth-order
model can be interpreted as a pair of linear oscillators

in series where the correlated noise output of the first
filter is used as input for the second. We find that the
natural frequency of the first filter is in the range

2 to 7 hertz and the natural frequency of the second



filter is in the range 10 to 17 hertz with a strongly (low-pass)
filtered white noise input. We have utilized the fact that a
4th~order ARMA process with at least one complex conjugate

pair of characteristic roots can be uniquely factored into

two second order processes, and a second-order process with
complex or positive real roots can in turn be expressed in

terms of the damping coefficient and natural frequency of a 2nd
order linear oscillator. Thus it is possible to estimate the
parameters of the ARMA models using maximum likelihood tech-
niques in combination with earthquake records and then from
these directly calculate estimates of the natural frequency and
damping coefficient of a possible underlying physical process.
In such cases there is no need to estimate the spectral power
density function or the power spectrum.

The principal source of nonstationarity for these earthquakes
appears to be in the time-dependent variance (envelope) of the
white noise process. There is some evidence that the coefficlents
of the ARMA process also change with time but from the results
obtained in (2) above we find that the resonant frequencies

and damping terms appear to remain relatively constant over time.
The ARMA models and parameter estimates obtained directly from
the data can be translated into efficient simulation models.
Moreover, a simple augmentation of these models involving the
use of differenced white noise input in conjunction with an
additional first-order filter term, can be used to ensure that the

simulated accelerograms when integrated will yield mean-square



velocities tending to zero, resulting in a simulation model
which is representative of real earthquakes over an extremely
wide frequency range but which includes a desirable base-line

correction.

1.3 Contents of the Report

In addition to this introductory section there are three chapters and
two appendices. Chapter 2 is a brief summary of the ARMA (2,1) and
ARMA (4,1) models which have been identified in Chapter 3 of the report.
We point out that these models have only been used to identify successfully
a limited number of earthquakes; one shoulkd not therefore assume that
they will be equally successful in other applications. However, as we
point out 1in Chapter 2 there are some direct relationships between the
natural frequency and damping terms of the second-order differential
equation model and the autoregressive parameters of the ARMA (2,1) and
ARMA (4,1) models. In the second chapter we also show how the statistical
properties of the correlated outputs of these models are determined by
their parameters.

In Chapter 3 there is a detailed summary of our findings for the
El Centro (1940 and 1956) and San Fernando (1971) earthquakes. We also
show the results of estimating the time-varying coefficients of the time
series data for accelerograms.

In Appendix A we have a comparison and survey of the more popular
models used to describe earthquake ground motions. As we mentioned earlier
most of these models are developed in continuous time with emphasis on
spectral characteristics. We find that the majority of models can be
classified in three or four major categories with slight variations in

assumptions about the nature of the random forcing functioms.



Appendix B contains a detailed bibliography in which the topics are
classified according to whether they are works of theoretical interest (T),

response of structures (R), data (D) or analyses of ground motion (G).



CHAPTER 2

ARMA MODELS FOR EARTHQUAKE GROUND MOTIONS

2.1 Introduction

Most existing models for the analysis and simulation of earthquake
ground motion records (see Appendix A) are formulated in continuous time,
using linear differential equations with inhomogeneous forcing functions
given by white noise which, in certain cases, has been assumed to be
filtered. Typically, the order of the linear differential equations
and the degree of correlation in the noisy forcing function is specified
for theoretical or practical reasons. The coefficients of these differ-
ential equations are expressed in terms of the natural frequencies and
damping constants of second-order harmonic oscillators where appropriate
values for these parameters are usually obtained by matching certain
predominant spectral characteristics of real earthquake records with those
obtained from the differential equation models. Simulated accelerograms
are then generated digitally by numerical integration of the differential
equation or impulse response function (with white noise input), or else
by using the theoretical Fourier amplitude spectrum (based on the transfer
function) to weight a superposition of a large number of sinusoids at
equispaced frequencies with randomly generated phase angles. The white
noise input or filtered noise output is generally multiplied by an
appropriate envelope function to incorporate non-stationary characteristics
(i.e., buildup and decay).

In view of the current availability of large quantities of uniformly
digitized earthquake acceleration data for analysis, and the widespread

interest in generating artificial digitized accelerograms for structural



response studies, it appeared worthwhile to consider the use of models
formulated explicitly in discrete time. An important class of discrete
rodels are the autoregressive/moving-average (ARMA) models, which can

be represented as stochastic linear difference equations of finite order.
The ARMA models are of equal generality with linear continuous-time
codels, (differential equations), but they have a number of significant
advantages for purposes of digital analysis and simulation. A large body
of literature, exemplified by the work of Box and Jenkins (T[2]), gives
systematic procedures for identifying the order of the ARMA model which
best describes a particular time series (such as a digitized accelerogram)
based on time-domain analysis of the actual data (i.e., without a priort
assumptions). Moreover, maximum-likelihood techniques are available for
estimating optimal parameter values directly from the data, with specifi-~
able confidence intervals for the estimates. The sequence of residuals--
i.e., deviations from the fitted model, or "one-step-ahead forecast
errors''--provides a basis for quantitative statistical tests of goodness
of fit, and represents a direct estimate of the underlying noise sequence
driving the observed process. These time-domain analytic techniques are
somewnat less sensitive than frequency~domain techniques (e.g., spectral
analysis) to certain violations of stationarity assumptions and to the
eZfects of digitizing a continuous record. ARMA models can be used
directly for discrete simulation by simple iteration of the difference
equations, with appropriate discrete noise input, thus simplifying the
procedure of obtaining artificial accelerograms with characteristics

similar to specified real accelerograms.
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In this study the ARMA model-identification and parameter-estimation
techniques of Box and Jenkins were applied to a number of California
earthquake records, and the results (presented in the next chapter)
suggest that two particular ARMA models are worth discussing in some
detail. These are the second-order-autoregressive/first-order-moving-
average (ARMA (2,1)) model and the fourth-order-autoregressive/first-
order-moving-average (ARMA (4,1)) model, which may be considered to
correspond to continuous-time models described, respectively, by second-

and fourth-order differential equationms.
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2.2 The ARMA (2,1) Model

The ARMA (2,1) model for a stationary correlated process a, is
defined by the 2nd-order-autoregressive/lst-order moving-average difference

egquation:

(2.1) a e

e " %201 T %% T e - 88y

in which it is assumed that e, ~ N(O,GZ) is independently and identically

distributed. That 1s to say, the input is stationary discrete white noise.
In terms of the backward shift operator B (defined by kat = xt-k)

(2.1) can be rewritten:
(2.2) 1-6.B-¢.82)a = (1 - 6,B)
. $;B - 9B Ja, = 1°/%

or equivalently in the factored form:

(2.3) (1 - rlB)(l - rZB)at = (1 - elB)et .

where r and r, are the solutions of the characteristic equation,

2 -
(2.4) r- - ¢1r - ¢2 =0 .

A requirement for stationarity (stability) of the process a,_Z is that

t
the autoregressive roots r, and T, lie within the unit circle,
or equivalently, that |¢2| <1, ¢l + ¢2 <1 and ¢2 - ¢1 <1.

The autocorrelation function of the process a, is symmetric in

lag k so that



12

]

Py = corr [at’at+k

(2.5a)

~2
= g, cov [at,a ] k=1,2,

t+k

where the variance of the output process a is given by

1 - ¢2 (1 + Si)oz
) 2

2
(2.5b) ¢, = var [a,] = 5
(1 - ¢2) - ¢1

is proportional to the variance cz of the random forcing function e,
It is well known that for k > 2 the autocorrelation function Py

must satisfy the homogeneous difference equation of (2.1) or,

(2.6) P T %P1 T %P1 70 k22

with initial values given by

"o"l

(2.7) ( 2 )_ ( ) 2)
C nlireloee) -0l - o

1 2
(1 - ¢2)(1 + el - el¢1) - el¢l(l + ¢2)

We note that Py depends on the moving average parameter 91 but that
for k > 2 the difference equation in (2.6) does not explicitly
include 91 . In the ARMA (2,1) model of (2.6) we are dealing with

a system of 2nd-order linear difference equations whose solutions can
be written as

k k
(2.8a) pk = clrl + c, Ty T, T, distinct

where c1 » C, are derived from the initial values in (2.7).



When ¢i < —4¢2 the characteristic roots of (2.4), r and r, , are

complex conjugates. The autocorrelation function can then be written

in the form

%/2 cos (kxd - ud)
(2.8b) pk = (‘¢2) cos (_ud) k>0
where
_ ¢
(2.8¢) Ad = cos 1 1
2V—¢2

kas the interpretation of a frequency and”

(2.84d)

u = 1 ————————
d
, 2

has the interpretation of a phase angle. Since the autocorrelation of
lag 1 depends on both autoregressive and moving average parameters in
(2.7), it follows that only the phase M4
paraneter. One of the useful results of this report derives from the

expressions in (2.8b), (2.8c), (2.8d) and the close analogies that the

depends on the moving average

discrete model frequency and phase have with their continuous differential

equétion counterparts. Up to this point the discrete model does not
include an explicit time dimension for the lags k = +1,+2, ... , etc.
If we let 1 = kAt , i.e., each lag is separated by a time interval of

length £4t, then (2.8b) can be rewritten in the form
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log (~ X (_Aﬂ )
(1) = e °8(-97) Z5¢ O3\ & T~ V4
cos (-u,)
(2.9
—Ewot cos ((“’041 - 52)1' - ud)
= e cos (_ud) for 1t = At,2At, ...

where Wy has the interpretation of a natural frequency, and & that

A

of a damping ratio. ~— = w

At 0 41 - 52 may be thought of as the resonant

frequency with wg given by

(2.10a) 0y = A yE (log (4,007 +22
and § by

"108 (—¢2)
(2.10b) g

243 (log (4,7 + 22

We again note that only My o the phase, depends on the moving average

parameter, 8 the natural frequency w, and the damping constant §

1 0

depend only on the autoregressive coefficients. It is clear from Equations
(2.8¢c), (2.8d), (2.10a), (2.10b) that one can obtain the frequency Wy
danping constant £ , and phase ¥4 directly from estimates of the
autoregressive and moving average parameters ¢1 R ¢2 , 61 of the dis-
crete models in (2.1) and (2.6) without any need to estimate the spectrum
of the underlying process. These ideas will be further clarified in the
next section where we derive the exact mathematical relationships
between the autocorrelation function of a discrete sampled process a,

and the continuous autocorrelation function of an underlying continuous process.
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To gilve the reader some idea of the magnitudes that are involved we refer
to the E1l Centro (1940) earthquake which is identified as an ARMA (2,1)
model in Chapter 3. Table 3.1 in that chapter shows that in the

first five seconds of the (ITAO0l S90W) accelerogram records the estimates
31 R @2 and 61 are 1.55, -.66, 0.33 respectively. Equations (2.8c),

(2.8d) and (2.10a), (2.10b) yield w. = 17.88 (radians/sec.), £ = 0.59

0
0 dl.- 52 = 14.44 (radians/sec.). 1In the

interval between 20 and 25 seconds the parameter estimates are

and a damped frequency w

31 = 1.61 , $2 = -.78 and ©

Jl - 52 = 20.79 .

1= -.01 with Wy = 22.42 , £ = .27 and

“o0
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2.3 Relations Between Discrete and Continuous 2nd-Order Models

If a time series a representing a segment of a discretized
acceleration record is identified as an ARMA (2,1) process with complex
or positive real autoregressive roots, then the underlying continuous

acceleration process a(t) may be considered to be described by a system

of 2nd-order differential equations of the form:

(2.11a) a(t) = z(t)

2

(2.11b) E(t) + 20 E(t) + mgz(t) = cqugx(t) + 2¢ Eu k(t)

(2.11c) x(t) = I(t)

where I(t) 1is a function with constant spectral density--i.e., continuous

white noise. Equation (2.11b) describes the following physical system:

z(t) —4—/

(8 AN ——

clx(t) o :}f ////

ONe)

LN

FIGURE 2.1

A GENERAL GROUND MOTION MODEL

in which z(t) is the displacement of an object from its frame of
reference. This model describes a one-degree-of-freedom linear oscillator

with natural frequency w, and damping factor £ , with input displacement

0

x(t) applied separately to the spring and the dashpot in proportions o

and ¢

1 respectively.
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Many earthquake acceleration models in the literature have been
based on 2nd-order linear filters corresponding to the system of
Equations (2.1la), (2.11b), (2.11lc). The following three special cases

have received particular attention:

(1) ¢y = 1, ¢ = 0 (spring forced, dashpot fixed)

(i1) ¢ 0 c, = 1 (spring fixed, dashpot forced),

0 .

(iii) €= ¢ = 1 (spring and dashpot forced equally).

For example, cases (1) and (ii) correspond to filters used by Shinozuka
and Sato (G[16]) and Levi, Kozin and Moorman (G{7]). Case (iii) corresponds
to the filter suggested by Tajima (R[16]) and used by Housner and Jennings
(G{17]) and Ruiz and Penzien (R[12]), among others. In some studies a
basic model representing one of the above cases has been refined by addi-
tional filtering, to improve the correspondence between the spectra of
simulated and real accelerograms. For example, Levi, Kozin and Moorman
use an additional lst-order filter to attenuate higher frequencies in the
input to the case (i1) model. Housner, Jennings and Tsai (G[15]) and
Murakami and Penzien (R[5]) use an additional 2nd-order filter (of a
different form) to attenuate very low frequencies in the output of the
case (iii) model.

There is a well-known correspondence between the statistical charac-
teristics of the discrete (sampled) process a, and the underlying con-

tinuous process a(t) . In particular, the discrete autocorrelation

function (acf) of a defined as P =corr[at,a ] , and the

t+k
continuous acf of a(t) , defined as p(1)=corr [a(t),a(t + 1)] , are
equal at all points where both are defined, i.e., at integral multiplies

of the sampling interval. That is,
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(2.13) = p(kat) , k = 0,1,2, ...

"
where At 1is the sampling interval, and o = p(0) =21 . If a(t) 1is
low-pass-filtered prior to sampling to eliminate power at frequencies
greater than half the sampling frequency (i.e., at all w > i%) --or 1if
a(t) initially contains neglible power at these frequencies--then the
power spectral density functions (psdf's) of a, and a(t) , which are
the Fourier transforms of the corresponding acf’'s, will approximately
coincide for frequencies in the range 0 §_|w| < i% .

Table 2.1 gives the expressions for the acf's, psdf's, and transfer
functions for the 2nd-order discrete and continuous random processes
a, and a(t) . Note that the acf's are damped cosine waves, i.e., each
is completely defined by three parameters: a resonant frequency, a phase,
and a damping coefficient.* These three parameters are uniquely determined
by the three independent parameters of the corresponding equations of

/

motion: ¢1 s ¢2 , and 61 in the discrete case, and Wy » £ , and co ¢y
in the continuous case. As indicated in (2.10a), (2.10b), the frequency
and damping coefficient of the discrete model are completely determined by
the two autoregressive parameters, ¢1 and ¢2 ; the frequency and damping
coefficient of the continuous autocorrelation function are the same as

the resonant (damped) frequency and damping coefiicient of the continuous
process. The phases of the acf's are affected by the moving-average

parameter, 61 , in the discrete case, and by the spring-dashpot input

ratio, co/c1 , in the continuous case.

*
In the overdamped case, i.e., £ > 1 , the resonant frequency is imaginary
and the acf degenerates to a mixture of exponentizls.
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In general, a continuous random process described by an nth oxrder
differential equation, when sampled at regular intervals At , gives
rise to a discrete time series which is exactly described as an ARMA (n,n -1)
process. Various formulas can be used to obtain approximate conversion
relationships between the parameters of the differential equation and the
parameters of the corresponding ARMA model--e.g., the differential
operator, d/dt , can be approximated by a rational function of the back-
shift operator B , such as the backward difference, (1 - B)/At , or the
trapezoidal formula, 2(1 - B)/(1 + B)At . However, in the second-order
case the exact conversion relationships can be readily obtained by enforcing
Equation (2.13), using the expressions for Ad and M4 given in Table 2.1.
In particular, if the sampling frequency is at least twice the resonant
frequency (i.e., i% > Real {mO‘JI_:—EE}), then the frequencies and damping
factors of the discrete and continuous acf's can be equated separately in
(2.13) to yield the following one-to-one conversion relationships between
the autoregressive parameters (¢1,¢2) of the discrete process and the

frequency and damping parameters (mo,g) of the continuous process:

(2.14) ¢2 = —exp (—ZmOEAt)

Vi- EzAt) if £<1

(2.15a) ¢1 = 2 exp (-wOEAt) cos (wo

(2.15b) ¢l = 2 exp (-mOEAt) cosh (wo JEZ - lAt) if £ 2>1

and conversely:

(2.16) wOE = -log (—¢2)/2At
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(2.17a) wo‘Jl - gz = cos'1(¢1/2/—¢2)/At if ¢f 5_-4¢2
(2.17b) wodiz - 1= 1log ((4)1 + Jd)i + 4¢2)/2 -¢2)/At if ¢i > —4¢.2 .

In conjunction with the above relations, it is also possible to uniquely

relate 91 in the discrete process to cO/cl in the continuous process

by equating the phase angles of the respective acf's, subject to the

conditions -1 < 8, <1 and c /cl >0 . In the continuous-to-discrete

1 0

conversion, after determining ¢1 and ¢2 from W and £ (see above),

el can be determined from ¢1 . ¢2 and 3 (where Py = p(At)) by

solving:

2 2
2 |26 9 ey -1
(2.18) 02 + ATy 6, +1=0,

le.] < 1.

1

Equation (2.18) is equivalent to Equation (2.7) expressing the auto-
correlation of lag 1 in terms of model parameters.

In the discrete-to-continuous conversion, after determining @

and ¢ from ¢, and ¢, , by solving (2.16) and (2.17), the ratio cO/cl

can be determined from £ and tan M4 (where the latter depends on

?l » 75 » and 61) according to:

o:

c £ + 01 - 52 tan u
(2.19) - 2E
1 £ - ql - Ez tan u

d

d

Thus, if a time series representing a sampled continuous process is

fitted by ARMA (2,1) models and values of the parameters ¢1 , ¢2 .
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and 61 have been estimated, then estimates of the parameters of the

underlying differential equation can be derived using (2.16), (2.17) and
(2.19). Conversely, a model which has been forrmulated in terms of a 2nd-
order differential equation with given parameters can be transformed
directly into a discrete model (e.g., for simulation purposes) using
(2.14), (2.15) and (2.18). Table 2.2 gives examples of the ARMA (2,1)

parameters corresponding to the continuous process in which w_, = 67 radians/

0

sec., £ = .5, and At = .02 sec., for several different values of colc1 .

Note that the continuous acf phase is minimized when / 0

Cl=
=0) , and is

o

(c0 =0, ¢, = 1), maximized when ¢ /cl =w (¢c. =1, ¢

0 0 1

/c1 = 2 . The discrete acf phase is minimized when 61 =1,

is such that pl = %—¢1 .

1
zero when co

maximized when 6, = -1 ;| and is zero when ©

1 1

The range of discrete acf phase angles for -1 5_91 <1 1is slightly
larger than the range of continuous acf phase angles for 0 g_colc1 < w
however the acf phase angles are relatively insensitive to the values of

these parameters near the endpoints of their respective ranges.
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TABLE 2.1

COMPARISON OF DISCRETE AND CONTINUOUS 2ND-ORDER RANDOM PROCESSES

a(t) = z(t)
. . 2
z(c) + 28wyz(t) + wpz(c) =
Process ': - °1't—1 - ¢2at_2 - et— olet_1 . i
couox(t) + chﬁuox(t)
x(t) = 1(t)
2 .
Transfer Fuaction Hd(B) . 1 - 6B _ K (s) = So¥o + chtuos
of Filter 1 - ¢13 - .25 ¢ 32 + Zﬁuon + “(2)
£(w) = AlHg(e71985) |2 & 8(o) = DlH_(10)|? =
Pover Spectral
2 l)'(c2 + locz—'zuzl 2)
Density Function A'(1+68°-26 cos (wAt)) 0 1~ “o
(1+0§+0§)-201(1—02) cos (wAt) -202 cos (2wAt) (1 - u2/u5)2+4ﬁzu2/ug
k cos (A,k - u,) Ew.T fcos (A v - p))
2 - " Y4 “~o c " ¥
Py = p(kat) = (-¢,) con iy p(1) = e ( cos (v )
_ ¢
xd = cos 11
2¢-¢2
Autocorrelation ) A o= o N1 - E2
Function -1 %~ 01 ¢ o
iy = tan ~—=————1 with
" 2
0 - 4y
2 2) 2 22
°1(1 + 8 - °1°1) '81(1 “ 4 _ af% " 4e ¢
oy 7 R 72 .
a - oz)(l + 0] - °1°1) - 8,0,(1 + ) co * 4eer ] | o2
. It .
Stability “1,2' < 1 where 1’1'2 satisfy: R.rl'2)<0 where r1,2 satisfy:
Coadition rz -or -6y - 0 r2 + 26wyt + “'g =0 =~ (>0
E a
Sotes: (1) A, A' , D and D' are normalizing constants to make ! f(.)d. and I g(w)dy =~ 1 .
[ -0
Y3

{2) a and a(t) are the discrete and continuous output accelerations; et and I(t) are the

discrete and continuous white noise input.



TABLE 2.2

EXAMPLE OF CONVERSION BETWEEN CONTINUOUS
2ND-ORDER MODEL AND DISCRETE ARMA (2,1) MODEL
(At = .02 SEC.)

CONTINUOUS MODEL COMMON ACF DISCRETE MODEL
Frequency Phase -
& Damping cOlcl (degrees) p1 p(at) el AR Parameters
- - -31 .628 +1
wo = 67 0 -30 .631 .96 ¢1 = 1,57
rads/sec. 1 0 .784 .68
E=.5 6.5 29 .931 0 ¢2 = -.69
<o 30 .938 -.27
- - 31 .942 -1
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2.4 The ARMA (4,1) Process and Its Interpretation

The ARMA (4,1) process is defined by the 4th-order-autoregressive/

lst-order-moving-average linear difference equation:

(2.20) 3 7 01%-1 T 2%z T %323 T %44 T 8 T %1%

in which e, ~ N(0,0Z) as before. In terms of the backward shift operator

this can be rewritten:

2 3 4
(2.21) (1 - ¢1B - ¢ZB - ¢3B - ¢45 )at = (1 - GlB)et .

The completely factored form is:

(2.22) (1 - rlB)(l - rzB)(l - r3B)(1 - r4B)at = (1 - BlB)et

where rl » Ty 5 Ty, and r, are the roots of the characteristic

polynomial

(2.23) rA - ¢1r3 - ¢2r2 - ¢3r - ¢4 =0 .

If at least one pair of roots is complex, say r1 = ?2 , then the 4th-order
autoregressive polynomial in (2.21) can be uniquely expressed as the
product of two 2nd-order factors with real coefficients, yielding a further

equivalent representation:
(2.24) 1-6,.8-¢8)(1-¢.8B-¢ 8B%)a = (1- 9 Be
T 11 12 21 22 t 1 t

where ¢11 = (rl + r2) , ¢12 = (—rlrz) . ¢21 = (r3 + rb) , and ¢22 = (—r3r4)
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Physically, the ARMA (4,1) process as represented in (2.24) can be
considered to arise from the action of an ARMA (2,1) filter and an AR (2)
filter in series, as follows: white noise e, first passes through an
ARMA (2,1) filter to produce the intermediary process b, :

2
(2.25) (1 - ¢llB - ¢lzB )bt = (1 - elB)et :

then bt serves as the input to an AR (2) filter whose output is a,

(2.26) (1 - 4,8 - ¢2232)at = b, .

It should be noted that, from a formal standpoint, the order in which

the ARMA (2,1) filter and the AR (2) filter operate is irrelevant, i.e.,
the AR (2) filter could just as well come first. Moreover, it does not
natter which 2nd-order autoregressive factor is associated with the lst-order
moving-average factor in forming the ARMA (2,1) filter. These considera-
tions may be important, however, if the exact nature of the intermediary
process bt is of interest. It should also be noted that the ARMA (4,1)
nodel could be considered as an approximate representation of the action
of two ARMA (2,1) filters in series, whose moving average parameters are
both small (i.e., the product of which is negligible). 1In such cases

it would not be valid to associate the moving-average factor with only
one of the 2nd-order autoregressive factors.

If a time series is identified as an ARMA (4,1) process and the
estimates of the autoregressive parameters are such that the characteristic
polynomial has at least one complex pair of roots, then a unique factoriza-
tion of the 4th-order autoregressive factor into two 2nd-order factors can

be performed as described above. This establishes a basis for interpreting
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the underlying continuous process in terms of two 2nd-order filters
(linear oscillators) acting in series. Natural frequencies and damping
factors for the oscillators corresponding to the two second-order auto-
regressive factors can be computed as described earlier. However, it

may not be possible to estimate the parameters of the forcing functions
of the oscillators (e.g., o and ¢, » as used above) without external
information or physical reasoning, owing to the ambiguous status of the
moving-average parameters. In fact, the discrete process resulting from
sampling a 4th-order continuous random process (that is, a process formed
by passing continuous white noise through a filter described by a 4th-order
linear differential equation) is in general exactly described by an

ARMA (4,3) model.



27

CHAPTER 3

ANALYSIS OF EL CENTRO AND SAN FERNANDO EARTHQUAKE RECORDS

3.1 Data

The data consisted of California Institute of Technology corrected
accelerograms (D[1]), digitized at .02 second. TFour earthquake records
were studied, comprising two different earthquakes recorded at the same
station (El Centro), and two recordings of the same earthquake
(San Fernando, 1971) made at different stations. One horizontal component
from each of three of the records was studied, and all three components

of the fourth, for a total of six components. These were:

Record No. Earthquake Station Date Component (s)
IIA001 Imperial Valley El Centro 5-18-40  S90W
ITAO1l El Alamo, B. C. El Centro 2-09-56 S90W
11C041 San Fernando Pacoima Dam 2-09-71 S16E
IID056 San Fernando Castaic Rt. 2-09-71 N21E, N69W, Down

The first 40 seconds of each component was analyzed. Plots of these
components appear in Figure 3.1.

The corrected accelerograms were based on uncorrected accelerograms
obtained by hand-digitization of mechanical-optical records at unequal
intervals. The correction procedures included equal spacing by linear
interpolation, band-pass filtering between 0.07 and 25 hz, and other
instrument and baseline corrections. Details of these procedures are

given in D{1], D[4], D[5] and D[6].



28

3.2 Identification and Estimation Techniques

Identification of ARMA models and estimation of parameters was
performed according to the systematic procedures of Box and Jenkins (T([2])
using the TIMES program documented in Reference D[3]. In the Box-Jenkins
procedures a tentative model-identification is initially made on the basis
of the qualitative characteristics of the sample autocorrelation function
(acf), partial autocorrelation function (pacf), and spectrum of the data.
Parameters are then estimated using the Marquardt algorithm (nonlinear
regression) for minimizing the sum of squared residuals. The resulting
estimates together with the sample acf, pacf, and spectrum of the residuals
are then studied to identify which, if any, revisions to the model are
needed. This estimation/identification cycle is repeated until a satis-—
factory fit is achieved using a parsimonious model--i.e., a minimum number
of parameters. Goodness of fit is evaluated on the basis of how closely
the statistics of the residuals (acf, pacf, spectrum, distribution)
resemble those of discrete white noise. A rough quantitative measure of

the goodness of fit is provided by the "Q" statistic:

T2
(3.1) Q=N } T
k=1

where L is the sample autocorrelation at lag k of the residuals, N

is the number of data points, and n :‘% . Under the hypothesis that the
residuals are completely uncorrelated (white noise), Q should be dis-
tributed approximately as a chi-square statistic with the number of degrees
of freedom equal to n minus the number of parameters estimated. As

a general rule, a value of Q@ not much larger than the number of d.f.

is considered to indicate a good fit.
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The Box-Jenkins procedures are strictly applicable only to stationary
time series. For applications to nonstationary series such as earthquake
accelerograms, in which the underlying noise variance and possibly also
the nature of the filtering may be time-dependent, it is necessary to adopt
a moving-window approach--i.e., to separately analyze segments of the
record which are short enough to be considered approximately stationary
but still long enough to contain sufficient data points for stable estima~
tion. In this study the identification and estimation procedures were
initially tested on segments of various lengths from different parts of
the records. 1t was found that five-second segments (250 data points)
provided a satisfactory window, and therefore in the later analysis the
40-second components were each divided into eight segments approximately

five seconds long.

*Adaptive estimation techniques are also available for continuously
"tracking" a nonstationary process in real time. An application of the
Kalman filter to the adaptive estimation of time-varying autoregressive
parameters is discussed by Nau and Oliver (T[l]). Extensions of this
technique to include time-varying moving-average parameters and noise
variance, and its application to earthquake accelerograms, will be the
subject of a later report.
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3.3 General Results

In the course of the identification and estimation procedures,

various ARMA models of up to fifth-order-autoregressive and fourth-order-

moving-average were tested, and it was found:

(1)

(1i)

that each component was well fitted over its entire length
(i.e., in all eight 5-second segments) by ARMA models of the
same order; and

that five of the six components (including all those of the
San Fernando earthquake) were best fitted overall by ARMA (4,1)
médels; the remaining component, ITAQ01 S90W (E1 Centro, 1940),

was best fitted overall by ARMA (2,1) models.

The parameter estimates of these models for all eight segments of each

component are given in Tables 3.1-3.6. These tables also show, for each

segment:

(a)

(b)

(c)

the standard deviations of the data and of the residuals (the
latter is an estimator of the envelope of the underlying noise
process);

the "Q" statistic and its associated number of degrees of
freedom for the chi-square test (an indicator of goodness of
fit, described above);

the representation of each fourth-order-autoregressive (AR (4))
factor with at least one complex pair of characteristic roots

as the product of two second-order (AR (2)) factors, as discussed

in Chapter 2; 1i.e.,
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- A2 - ~ 4 - - 2 - - 2
(1'4’1’3““’2B ‘¢3B3'¢43 ) = (1"’113':’12B )(1""21]3"’22B ) ;
Nms— - - N, s’ g, e’

‘AR (4) factor AR (2) factor 1 AR (2) factor 2

(estimated) (derived) (derived)

(d) the natural frequency (in radians/sec) and damping coefficient
corresponding to each AR (2) factor (whether estimated, as in
an ARMA (2,1) model, or derived, as in an ARMA (4,1) model)
which has complex or positive real characteristic roots, computed

according to the formulas given in Chapter 2.
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3.4 Discussion of ARMA (2,1) Models

All eight segments of the component IIAO001 S90W are fitted by
ARMA (2,1) models. The estimated moving-average parameter is positive
for the 0-5 sec. segment and is nearly zero for the remaining segments,
indicating that a simple AR (2) model is probably sufficient for the
latter segments. The two estimated autoregressive parameters are relative-
ly constant from segment to segment.

The sample acf and spectrum of the 5-10 sec. segment of ITA00l S90W
are shown in Figures 3.2a and 3.2b, respectively. The sample spectrum
can be compared to the theoretical spectrum of the ARMA (2,1) model fitted
to this segment, which is plotted in Figure 3.2c. Although the sample
and theoretical spectra appear very similar, it should be recalled that the
direct comparison of the sample spectrum with the theoretical spectra of
hypothetical models is not a part of the Box-Jenkins method, which instead
relies principally on the sample acf and pacf in making an initial identi-
fication, and which emphasizes analysis of the residuals in evaluating
goodness of fit. The sample spectrum of the residuals for this segment
and model is shown in Figure 3.2d, and is seen to be nearly constant,
resembling the spectrum of white noise.

The natural frequencies corresponding to the estimated AR (2) factors
of the ARMA (2,1) models fitted to all eight segzments of IIAQOl S90W
are seen, in Table 3.1, to be in the range 17-26 radians/sec. (2.4-4.2 hz),
and the corresponding damping coefficients are in the range .27-.60.
These values are very similar to those used in many linear-oscillator

earthquake acceleration models in the literature. (See Reference R[5]).
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The "input ratio'" parameter, co/cl (as defined in Chapter 2), was also
computed for each of these ARMA (2,1) models. The resulting values were
in the range 3.0-8.2, suggesting that the appropriate form of the linear-

oscillator model for this earthquake is intermediate between cases (i)

and (iii) mentioned in Chapter 2.
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3.5 Discussionof the ARMA (4,1) Models

All segments of the five components other than ITIA001 S90YW are fitted
by ARMA (4,1) models.* In general, the estimated autoregressive parameters
decrease in absolute value and alternate in sign from $1 to 54 , and
the estimated moving-average parameter is significantly negative. The
paraneter estimates for each segment are highly correlated; a typical
correlation matrix for one of these models is shown in Table 3.7. The
estimated parameters of the models for the two horizontal components of
1ID056 are very similar (Tables 3.4 and 3.5); each of the remaining three
coaponents fitted by ARMA (4,1) models has a distinctive range of parameter
values among its segments, although the models are all structurally similar.
The variation in parameter values from segment to segment within a component
does not appear highly significant, and is discussed in nore detail in the
next section.

The sample acf and spectrum of a typical segment fitted by an ARMA (4,1)
nodel, IICO41 S16E 5-10 sec., are shown in Figures 3.3a aand 3.3b, respectively.
The sample spectrum is again seen to be very similar to the theoretical
spectrun of the model, which is plotted in Figure 3.3c. The spectrun of the
residuals for the model applied to this segment is shown in Tigure 3.3d,
and is again seen to be nearly constant, indicating a good fit.

The fact that a fourth-order discrete linear filter may have a unique
representation as a pair of second-order filters in series does not

necessarily mean the latter representation has physical significance;

*The 0-5 sec. segment of IIAO0ll S90W is somewhat exceptional in that an
ARMA (3,1) model is fitted to the first difference of the data in order
to obtain more stable parameter estimates, since the data appear very
nearly nonstationary. This model is equivalent to an ARMA (4,1) model
with one characteristic autoregressive root fixed at unity.



35

however, this representation has been emphasized in this study to facilitate
comparison with other continuous and discrete models. The characteristic
autoregressive roots of the ARMA (4,1) models, which form the basis of
the representations of the AR (4) factors as products of pairs of AR (2)
factors in Tables 3.2-3.6, were obtained using a polynomial factoring program.
It must be emphasized that this procedure is extremely sensitive to errors
or variations in the original autoregressive parameter estimates. In
particular, small variations in the estimates of ¢3 and/or ¢4 , well
within reasonable confidence limits, can in many cases give rise to sig-
nificant changes in the nature of the characteristic roots, e.g.,
determining whether two pairs of complex roots are found or only one.
Computation of natural frequencies and damping coefficients corresponding
to the AR (2) factors derived by taking roots further magnifies the
estimation errors, therefore confidence intervals for these natural
frequencies and damping coefficients are unknown and probably large.
Nonetheless, the overall pattern of results obtained by representing the
AR (4) factors as products of AR (2) factors, and computing the frequencies
and damping coefficients corresponding to the latter, is of interest in
making qualitative comparisons between the ARMA (4,1) models and other
empirical and theoretical models in the literature.

0f the 40 segments fitted by ARMA (4,1) models, all but one segment
(IIC041 S16E 0-5 sec.) yield a model with at least one complex pair of
characteristic autoregressive roots, enabling a unique decomposition of
the AR (4) factor into a product of two AR (2) factors to be performed.
Of these 39 models with at least one complex pair of characteristic

autoregressive roots, 26 also have a second pair of complex roots,



36

suggesting that the underlying continuous process might be interpreted

as a pair of (underdamped) linear oscillators acting in series. These
models with two complex pairs of characteristic autoregressive roots
include the models for the 5-10 sec. and 10-15 sec. segments of all five
components, which are probably the most important segments since they
generally exhibit the strongest shaking and are the most nearly stationary
in variance. The second pair of roots in the rermaining 13 models is real.
A real pair of roots within the unit interval can be considered to
correspond to an overdamped oscillator (i.e., with a damping coefficient
greater than unity); however, in several of the cases one of the real
roots is negative, which does not correspond to any stationary continuous
process and is probably therefore attributable to the propagation of
estimation errors, as noted above.

In all of the models with two complex pairs of characteristic auto-
regressive roots, one derived AR (2) factor corresponds to an oscillator
with a natural frequency in the range 10-36 radians/sec. (1.6-5.7 hz),
and the other derived AR (2) factor corresponds to an oscillator with a
natural frequency in the range 63-110 radians/sec. (10.0-17.5 hz).

The range of corresponding damping coefficients for both factors covers
almost the entire unit interval; however, most values are in the range
.2-.7. The lower-frequency derived AR (2) factor in these models is thus
seen to be very similar to the single, directly estimated AR (2) factor
of the ARMA (2,1) models fitted to the segments of ITIA00l S90W. Recall
that the estimated moving-average parameter is significantly negative

~

(6, & -.5) in the ARMA (4,1) models, whereas it is nearly zero (i.e.,

1l
effectively absent) in the ARMA (2,1) models. It thus appears that the
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essential difference between these two classes of models for the com-
ponents studied here lies in the presence, in the former, of an additional
AR (2) factor corresponding to a higher-frequency oscillator, together with

an MA (1) factor in which is significantly negative. (This MA (1)

1
factor, considered separately, would represent a first-order low-pass
filter.) In other words, it may be useful to consider the ARMA (4,1)
model to represent the series action of an AR (2) filter, corresponding
to a low-frequency oscillator, and an ARMA (2,1) filter, corresponding
to a higher frequency oscillator together with a first-order low-pass
filter. (It was shown in Chapter 2 that, in an ARMA (2,1) model corre-~
sponding to a linear oscillator, the moving-average factor may reflect
the nature of the coupling between the oscillator and its input, rather
than an independent first-order filter.) The effect of the "additional"
filtering in the ARMA (4,1) model is to slightly amplify intermediate
frequencies (say, 10-15 hz) and to more sharply attenuate the higher
frequencies.

It should be noted that the seismographs on which the data were recorded
contain mechanical transducers consisting of linear oscillators with natural
frequencies in the range 10-20 hz and damping factors of about 0.6. In
particular, the transducer natural frequencies were about 20 hz for the
four San Fernando earthquake components, 16 hz for the El Centro 1956
conponent and 10 hz for the El Centro 1940 component. The instrument
correction applied to the data supposedly compensated for the filtering
effects of the transducers, however it may be significant that the higher-
frequency AR (2) factors of the ARMA (4,1) models represent oscillators
with parameters similar to the corresponding transducers, and that the one
component fitted by ARMA (2,1) models was the one with the lowest transducer

frequency.
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3.6 Time-Variation of Parameter Estimates Within Components

As noted in Appendix A, various earthquake models in the recent
literature have attempted to account for observed time-varying spectral
characteristics of real accelerograms. It is therefore of interest in
this study to determine whether the filtering properties of the fitted
models--i.e., the ARMA parameter estimates--are significantly time-varying.
A priori it might be supposed that apparent spectral changes could be due
either to variable filtering or else simply due to the transient response
of a time-invariant filter to a noise input with a ﬁighly nonstationary
variance. The ARMA model-identification and parameter-estimation techniques
are potentially able to distinguish between these two kinds of effects,
since they do not require the accelerogram to be reshaped to a constant
variance prior to analysis.

The nonoverlapping moving window approach employed in this study
(i.e., the subdivision of each component into eight segments) largely
isolates the effect of nonstationary noise variance. In fact, the
variance (or, equivalently, standard deviation) of the residuals is found
to be by far the most significantly time-varying of the parameters within
each component. In Tables 3.1-3.6 it is seen that for each component
the standard deviation of the residuals generally decreases by about a
factor of ten from the first segment to the last.

The fact that relatively good fits by ARMA models are obtained for
all the segments indicates that the amount of nonstationarity of variance
remaining within segments is not problematic. However, it might be
supposed a priori that, if nonstationarity of the variance within segments

were to bias or distort the ARMA parameter estimates in any way, then this
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effect would be most pronounced in the initial (0-5 sec.) segment of each
component, in which the variance always builds up fromessentially zero to
some finite (perhaps even maximal) value. In this regard, it has already
been noted that the models for the initial segments of three of the
components are in some way exceptional. (IIA00l S90W 0-5 sec. is the
only segment whose ARMA (2,1) model features a significantly positive
estimated moving-average parameter; IIAOll S90W 0-5 sec. is the only seg-
nent whose ARMA (4,1) model requires one characteristic autoregressive
root fixed at unity to obtain stable parameter estimates; and IIC041

S16E 0-5 sec. is the segment whose ARMA (4,1) parameter estimates yield
four real characteristic autoregressive roots.) Excepting these 0-5

sec. segments, however, there does not appear to be significant variation
of the ARMA parameter estimates from segment to segment within any
component.* In fact, for each component it appears that a set of "average"
ARMA parameter values could be determined which would fall well within
the 95Z confidence intervals for the parameter estimates of nearly

*k
every segment.

*One further exception appears to be the 30-35 sec. segment of IICO41 S16E,
in which a significant shift in estimated ARMA parameters occurs, reflecting
a decrease in the equivalent damping coefficients to nearly zero. Inspec-
tion of the data reveals very-nearly-sinusoidal oscillations occurring
during a portion of this segment.

x*
The covariance matrix of the ARMA parameter estimates for each segment,

from which the correlation matrices and individual confidence intervals

are derived, is computed based on the estimated variance of the residuals
and the regression matrix used at the final iteration of the Marquardt
algorithm. (See Box and Jenkins, T[2], p. 502.) Confidence intervals are
based on the assumption of an approximately multivariate-normal distribution.
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More precisely, it should be recalled that the ARMA parameter estimates,
especially in the ARMA (4,1) models, are highly correlated. That is,
these models contain a certain amount of redundancy--a small variation in
one parameter can be largely compensated by simuitaneous changes in the
renaining parameters, as determined by the correlation matrix, with little
effect on the overall filtering properties of the model. 1In particular,
it has been noted that the estimated AR parameters generally alternate in
sign (31 and 53 positive, $2 and $4 negative) and the estimated MA
parameter (51) is always negative. Table 3.7 shows that typically 51
is strongly positively correlated with $1 and 63 , and strongly negatively
correlated with 62 and 64 . This indicates that a small increase in
the absolute value of 51 could be largely compensated by simultaneous
decreases in the absolute values of all four AR parameter estimates, and
vice varsa. In fact, the observed variations in parameter estimates from
segoent to segment within each component are generally consistent with
this pattern (e.g., if 51 increases in absolute value, then the AR
paraneter estimates all decrease in absolute value), and therefore they do

not suggest fundamental variations in the filtering properties of the

underlving process.
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3.7 Conclusions

The application of the time~domain analytic techniques of Box and
Jenkins to segments of digitized earthquake accelerograms appears to be
a potentially useful method of characterizing recorded earthquakes by
linear models with a small number of parameters. 1t should be emphasized
that the detailed discussions of the ARMA (2,1) and ARMA (4,1) models
in this report were entirely motivated by the experimental results--no
a priori assumptions were made concerning the order of appropriate ARMA
models for earthquake analysis. The fact that the Box-Jenkins method
includes systematic model-identification techniques which do not require
such assumptions is one of its principal advantages relative to other model-
fitting procedures commonly applied to earthquake data. Therefore the
application of Box-Jenkins techniques to other earthquake records should
not be expected to yield only ARMA (2,1) and ARMA (4,1) models. However,
the fact that five of the six components studied here were best fitted
in all their segments by ARMA (4,1) models suggests that this model may
be of great generality for California earthquakes. Moreover, these models
have appealing connections with simple hypothetical physical models dis-
cussed elsewhere in the literature. The ARMA (2,1) model may be con-
. sidered to include the various basic forms of the linear~oscillator model;
and the ARMA (4,1) model, in its representation as two linear oscillators
with different natural frequencies acting in series, is somewhat more
complex. It appears that the principal source of nonstationarity of
the earthquake acceleration data lies iﬂ the time-dependence of variance

of the driving noise process, rather than the filtering parameters.
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TABLE 3.1

ARMA (2,1) MODELS FOR IIAQOO1 S90W COMPONENT
(IMPERIAL VALLEY 1940 EARTHQUAKE, EL CENTRO STATION)

ARMA Parameter Parameters of Corresponding
Standard Estimates With Linear-Oscillator Model
Deviation Goodness Approx. 95% (Natural Frequency, Damping
(cm/secz) of Fit Confidence Limits Coefficient and Input Ratio)
Segment I — | P — e, AA p—— /——A’\
(Sec.) # Points Data Residuals Q/# d.f. s ¢ ) w £ c,/c
1 2 1 0 01
1.55 .66 .33
0-5 248 73.1 27.9 65/45 +.23 +.18 +.25 18 .59 3.4
1.35 -.54 .01
5-10 248 52.1 21.6 48/45 +.20 +.18 +.24 26 .59 5.3
1.43 -.58 .06
10-15 256 61.9 23.0 69/47 +.19 +.17 +.23 22 .60 5.5
1.56 -.71 09
15-20 248 34.7 10.9 51/45 +.14 +.13 +.19 21 .41 3.7
1.61 -.78 -.01
20-25 248 43.3 11.7 38/45 +.10 +.10 +.16 22 .27 3.0
1.63 -.77 .01
25-30 256 38.2 9.24 57/417 +.10 +.10 +.16 21 .31 3.7
' 1.65 76 .00
30-35 248 13.1 2.95 60/45 +.10 +.10 +.16 19 .35 4.4
1.66 ~.76 -.10
35-40 248 7.30 1.45 61/45 +.10 +.10 +.16 17 .40 8.2

Zs



TABLE 3.2

ARMA (4,1) MODELS FOR IIAOl1l S90W COMPONENT
(EL ALAMO B.C. 1956 EARTHQUAKE, EL CENTRO STATION)

Standard
Deviations Goodness ARMA Parameter Estimates With
(cm/sec*) of Fit Approx. 95% Confidence Limits AR (2) Factor 1 AR (2) Factor 2
AL g —— ~\_——\
Segment # —— T A oo . °11 12 21 22
(Sec.) Points Data Residuals Q/#d.f. $; ¢, ¢3 % 91 | 0 3 0 £
.94 .40 | -.02 - -.81 .99 44 .96 .04
0-5 248 13.3 1.42 49/45 +.16 +.23 +.16 +.10 a1 %9 re *
2.03 -1.67 .80 -.23 -.67 1.65 .73 .38 .32
=101 248 | 17.6 | 1.96 | 42/43 | 195 | 133 | 432 | 414 | +.12 15 | .51 68 | .43
. 2.06 -1.70 .79 -.23 -.73 1.67 .75 .38 .30
10-15 | 256 | 16.0 | 1.66 | 70/45 } yyg | 4136 | +.36 | +.15 | +.12 Is | .47 68 | .44
2.15 ~-1.64 .51 =205 ~.66 1.57 .64 .58 .08
15-20 1 248 | 12.8 | 947 | SB/A3 )\ Tvg | 144 | +.42 | +.16 | +.14 15 | .74 62 | 1.00
. 2.06 |-1.33 .20 .06 | -.81 | 1.31 .47 .75 2
20-25 | 248 | 12.3 637 61/3 kL7 | Thas | a2 | e1e | 412, n 50 : .
1.85 -.90 -.17 .19 -.71 1.31 .54 .79 .12
25-30 256 5.66 L403 | 42/45 +.28 +.68 +.63 +.23 +.24 28 .54 * *
1.95 -1.06 .01 .07 -.64 1.73 .76 .23 .10
30-35 248 6.13 .335 | 35/43 +.29 +.71 +.64 +.22 +.26 10 67 " -
2.36 -2.08 .95 -.26 -.13 1.91 .94 .45 .28
35-40 1 248 ) 4.69 (236 | 43743 0 {138 | 491 | +.74 | +.21 | +.39 10 | .15 65 | .49
*
One real root is negative; no corresponding frequency and damping.

%k

(1- 6113)et .

This is equivalent to ARMA (4,1) model with one AR root fixed at unity.

0-5 sec. segment estimated as ARMA (3,1) on first difference of data; i.e., (1—¢IB—¢232 —¢3B3)(1-B)at =

129



TABLE 3.3

ARMA (4,1) MODELS FOR IICO41 S16E COMPONENT
(SAN FERNANDO 1971 EARTHQUAKE, PACOTMA DAM STATION)

Standard
Deviations Coodness ARMA Parameter Estimates With
(cm/sec?) of Fit Approx. 95% Confidence Limits AR (2) Factor 1 AR (2) Factor 2
Segment  # R R . . R 11 12 21 22
(Sec.) Points Data Residuals Q/#d.f. % ¢, ¢5 %, 91 Wy £ W 11
.89 | -.04 | -.06 | .00 | -.82 | * * *
0-s | 28 | 185 | 615 | a3 |0 | 00 00| 0 | Ty - u - -
.89 | -.37 24 | -.22 | -.69 | 1.36 | -.59 | -.45 | -.38
>-10 | 248 1 261 115 | 56743 0 4119 | .27 | +.24 | .15 | +.16 29 | .45 | 100 | .24
.93 | -.26 13 | -.23 | -.74 [ 1.45 | -.68 | -.52 | -.33
10-15} 256 | 54.7 | 19.0 | SB/4S N L L0y | 426 | 4.24 | +.14 | +.14 27 36 | 106 | .26
.88 | -.25 | .016 | -.18 | -.78 | 1.38 | -.69 | -.51 | -.26
15-20 | 248 | 15.5 6.14 1 43/43 4 17 | 425 | 423 | +.14 | +.12 31 | .30 | 100 | .30
95 | -.26 | .06 |-.25 | -.62 |1.50 | -.78 | -.56 | -.32
20-25 | 248 | 13.4 6.92 1 73/83 0 01 | 433 | 428 | +.14 | +.18 28 .23 | 108 .26
66 | -.25 | .10 | -.25 | -.79 | 1.27 64 | -.61 | -.39
- V{
25-30 | 236 | 5.67 | 2.82) 69/45 ] 4 Tys | 4120 | #0190 | 414 | 411 3% 32 | 107 T22
82 | -.69 | .53 | -.60 | -.33 |1.43 | -.84 | -.61 | -.72
30-35 1 248 | 26.9 | 13.6 | 73/43 ) Ly | 418 | +.16 | +.10 | +.19 3% | .13 97 | .08
82 | -.28 | .12 | -.25 | -.64 }1.38 | -.68 | -.56 | -.36
35-40 | 268 1 5.87 | 2.68 | 49/43 | Toy | 432 | 4.26 | +.14 | +.22 31 31 | 106 | .24

*
All 4 characteristic roots are real; factorization into 2nd-order terms cannot be performed uniquely.
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TABLE 3.4

ARMA (4,1) MODELS FOR IID0O56 N69W COMPONENT
(SAN FERNANDO 1971 EARTHQUAKE, CASTAIC STATION)

Standard
Deviations Goodness ARMA Parameter Estimates With
(cm/sec?) of Fit Approx. 95% Confidence Limits AR (2) Factor 1 AR (2) Factor 2
v m— | —~p—
Segment f S SN ST T bn %12 %1 %
(Sec.) Points Data Residuals Q/#d.f. ¢ 2 2 ¢, 91 Wy £ “o ¢
o-s | 268 | 82.7 | 21.3 | 38/43 | 130 ';:gg i:g; ;ié ;{2 B R B
5-10 | 248 | 45.7 8.06 | 45/43 ;:gg -;2:1’ ijg? ;;’2 ;23 l'ig _:;; %ﬁ ':’2‘2
10-15 | 256 | 46.9 5.83 | 50/45 ;i; 'ijzi ;;g ;Q‘; ;38 1{2 '123 23 ‘:3?
15-20 | 248 | 20.3 | 38 | esiu3 | o0 | Lie s |0l [0 PENER Rk
20-25 | 28 | 121 | oL Ler/es |00 | TS L (Tl (D e e T
25-30 | 256 | 9.45 | 1.07 | 41745 i;g ';:22 t:gg EH ;23 D R B
20-35 | 268 | 7.8 | 106 | s0/43 | D0 1TSS LS | Thg | ns oo ke e T g
35-40 | 248 | 8.72 | 1.28 | 71/43 ;:g; 'izzg 1;22 ;}3 ;?8 ST

199




TABLE 3.5

ARﬁA (4,1) MODELS FOR IID056 N21E COMPONENT
(SAN FERNANDO 1971 EARTHQUAKE, CASTAIC STATION)

Standard

Deviations Goodness ARMA Parameter Estimates With

(cm/secz) of Fit Approx. 95% Confidence Limits AR (2) Factor 1 AR (2) Factor 2
Segment # ———T . /-.‘-/.\-_—:-.\ N ¢11 %12 ¢21 22
(Sec.) Points Data Residuals Q/#4d.f. ¢1 ¢2 ¢3 ¢4 61 wy £ W £
o5 [ e [ [ro [son[rsr [ 2] o [ [oe s [om oo Lo
I P P P R I R ) e rm e
YT R O I v e B P B ) o ST T e
I I ) ) N e e ey
S N e I e O I ) T e e
25-30 | 256 | 70| o9 f s |y L DL | ls | s |
N I e N A R R I e e e e
a0 | ue | son| v | |13 [ e e | e Lo

*
One real root is negative;

no corresponding frequency and damping coefficient.
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TABLE 3.6

ARMA (4,1) MODELS FOR IID056 DOWN COMPONENT
(SAN FERNANDO 1971 EARTHQUAKE, CASTAIC STATION)

Standard

Deviations Goodness ARMA Parameter Estimates With
(cm/secz) of Fit Approx. 95% Confidence Limits AR (2) Factor 1 AR (2) Factor 2
M~\—-\ ~\’_\ -~ e e o \
Segment  # . ] . ) . *11 412 %21 22
(Sec.) Points Data Residuals Q/#d.f. ¢l ¢2 ¢3 ¢4 el Wy £ Wy 3
1.17 -.82 41 -.36 -.56 1.46 -.81 -.29 =.44
0-5 | 248 | 50.4 | 17.7 | 61743 } 1599 | 4232 | +.28 | +.14 | +.19 32 17 92 22
1.24 -.93 .34 -.20 -.72 1.28 -.69 -.04 -.29
5-10 | 248 | 20.1 | 6.83 | 65/43 % 16 | 4l28 | 4.27 | +.15 | +.13 36 | .26 86 | .36
: 1.36 -.90 .34 -.18 -.68 1.40 -.69 -.03 -.26
10-15 1 256 | 14.5 ) 4.32) S0/65 4 (96 | 4.29 | 4.27 | .14 | +.13 30 | .30 87 .39
1.57 |-1.10 .34 -.03 -.75 .94 -.46 .63 -.06
15-20 | 248 9.96 | 2.45 | 46/43 +.18 | +.35 | +.34 | +.16 | +.13 44 ) 68 1.04
1.58 |-1.10 .33 -.04 -.64 1.01 -.44 .57 -.08
20-25 ) 248 4 5.23 | 1.33 ) 52/43 1 50 | +.39 | +.38 | +.17 | +.16 a1 | .51 63 | 1.00
1.66 |-1.21 .39 .06 -.51 .89 -.62 .77 .10
25-30 | 256 3.62 858 85/45 | '35 | 270 | 4ies | 428 | +.32 ) > - .
1.11 -.53 .18 .02 -.76 A4 -.31 .67 .08
30-35 248 3.16 1.06 | 47/45 +.19 +.32 +.30 +.17 +.14 65 b4 * *
_ 1.39 -.92 .27 .00 -.64 .79 | -.45 .59 .001
3540 | 248 3.18 | 1.02 | 46/45 426 | 147 | 443 | 420 | +.22 o7 23 > ~

L9

*
One real root is negative; no corresponding frequency and damping coefficient.
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TABLE 3.7
CORRELATION MATRIX OF THE ARMA (4,1)

PARAMETER ESTIMATES FOR IIDO56-N21E (0-5 SECONDS)

~ ~ a ~

5! P! 43 7 5
'y 1
‘52 -.94 1
é5 .81 -.94 1
4‘»4 -.62 .77 -.91 ' 1
C .75 -.79 .76 -.65 1
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CHAPTER 4

DIRECTIONS FOR FUTURE RESEARCH

Figure 4.1 gives a flow chart of the several stages in which data
analyses and models of earthquake ground motion can be compared and
described. As we discuss in Appendix A most of the models in the published
literature concern themselves with stages 1, 2, 5 and 6. There has been
much less emphasis on stages 3, 4 and 7 which include parameter estima-
tion, statistical tests for goodness of fit, time-varying and non-
stationary effects and correlations of site-specific characteristics
with earthquake data. We also find that because the ARMA models are
identified and their parameters are estimated directly from data in the
time domain, they provide an extremely direct method of proceeding from
the analysis of actual accelerograms to the generation of artificial
accelerograms with the same characteristics. The number of steps from
analysis to simulation is reduced since it is not necessary to convert
back and forth between discrete and continuous models, or between time-
domain and frequency-domain characterizations.

In the models that we discussed in Chapters 2 and 3 the em-
phasis has been on identifying both the order of the linear model and
estimates of model parameters which satisfactorily describe actual earth-
quake records. Possibly the most important use of these models is in
simulating typical or atypical earthquakes possibly in conjunction with
structural response models. The idea behind such simulations would be
to first correlate white noise through the use of one or more ARMA (2,1)

or ARMA (4,1) filters of the type discussed in earlier chapters and
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eventually use the output of these filters as inputs for the forcing
functions of the structural response equations.

Discrete models with constant parameters above can be used to model
short segments of earthquake ground acceleration record; over which the
statistical characteristics are approximately constant. However, to
nodel longer records it is necessary to incorporate nonstationary features,
especially the build-up and decay in amplitude characteristic of real
earthquakes. In filtered-noise models in the literature this is usually
accomplished by applying an envelope (or "time-multiplier") function
either to the white noise input or to the filtered noise output. The
forzmer approach has the advantage that it allows the transient response
froo nonstationary inputs to be reflected in the output of the filter.

In an ARMA model this can be achieved by letting the noise input variance
be an exélicit function of time, i.e., e~ N(O,oz(t)) . Some models

in the literature (e.g., Amin and Ang, G[12]) have also attempted to
explicitly account for nonstationary spectral characteristics by using
filters with time-varying parameters. In an ARMA model this effect

can a2lso be achieved by letting the autoregressive and/or moving-average
paraneters be time-varying. Techniques such as the Kalman filter
(described in Reference T[ 1]) can be used to estimate the time-histories
of ARM\ parameters in real accelerograms if they are thought to be
tize-varying.

In our opinion there appears to be several potentially productive

areas for continuing research:
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The identification, analysis and parameter estimation of a
number of low and high intensity earthquakes at distinct sites
including three directional acceleration data.

The design and development of discrete-time simulation models
for earthquake ground motions yielding acceleration data outputs
suitable for use as input data to linear and nonlinear models

of structures.

The design and analysis of baseline correction filters to be
used in conjunction with the simulation models described above.
There are several promising first and second order ARMA filters
which can be used to achieve baseline corrections.

The design and analysis of discrete time models that include
nonstationary features in the variance of the white noise forcing
functions and in the structure of the autoregressive and moving
average parameters of these models,

Statistical comparison and validation of measures of goodness-of-
fit between simulated and actual ground motions. These include
comparison of the distributions of acceleration data, extreme
value analysis, chi-square tests of forecast residuals, auto-
correlations and partial autocorrelations as well as the more
familiar spectral characteristics.

The design and analysis of scaling laws and indices which can

be useful to the engineer in his or her analysis of "worst
possible" ground motions based on extrapolation of existing

historical observations and predicted earthquake magnitudes.
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APPENDIX A

EXISTING MODELS FOR EARTHQUAKE GROUND MOTIONS

A.1l Introduction

This appendix describes some of the published methods that have
been used to describe the accelerations of earthquake ground motions.
In Figure 4.1 we gave a diagrammatic representation of the complete
process. Most papers on models of earthquake ground motions are only
concerned with particular aspects of the overall problem; however,
in Iyengar and Iyengar (G[11]) most of the steps are included.
Section 2 summarizes some common methods of characterizing earthquakes;
Section 3 describes several models that have been proposed; and Section &
lists different models for simulating structural responses to earth-
quakes. Simulated earthquakes may be used etther for testing given
models, ¢r, when models are adequate, as inputs to structural response
simulations. Although this report is not primarily concerned with
structural response, we have included a short section on the subject
because many papers on structural response refer to the use of simulated

ground motions.

A.2 Analysis and Characterization of Earthquakes

Since, for the purposes of structural design, the dynamic response
of many buildings may be approximated as that of a linear oscillator,
it is common to characterize earthquakes in terms of their frequency
contents. Two such characterizations of earthquakes with finite duration,

T , are the Response Spectrwn and the Fourier Amplitude Spectrum.
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The Response Spectrum, for a given damping coefficient £ , is de-
fined as the maximum absolute "response" of a linear oscillator to the
given earthquake, as a function of the oscillator natural frequency W, -
The "response" may be defined as the output displacement x(t) , the
pseudo velocity x(t) - mr, the pseudo acceleration x(t) - wz , or the

quantity r(t) given by rz(t) = (w x(t))2 + (x(t) +E - w - x(t))2 .
T ,

The Fourier Amplitude Spectrum is the quantity F(w) = |f e*“fa(t)dt| as
0

a function of frequency w , where a(t) is the ground acceleration.

Both these quantities are properties of the particular earthquake
being analyzed. Response and Fourier Amplitude Spectra for several re-
corded earthquakes, together with the digitized accelerations, velocities,
and displacements of ground motions have been compiled at the Califormia
Institute of Technology (Reference D[1]).

None of the above functions incorporates the time-varying nature of
an earthquake. Among the functions which do take this into account are
the Response Envelope Spectrum and the Moving Wirdow Fourier Amplitude
Spectrum.

The Response Envelope Spectrum (R.E.S.) (G[9]) is obtained, like the
Response Spectrum, by using the earthquake record as input to a succession
of linear oscillators (sometimes known as the "multifilter" technique),
but plotting the "envelope" of the output as a function of both time and
oscillator frequency. For the Moving Window Fourier Amplitude Spectrum
(M.W.F.A.S.) (G[1]), one calculates the Fourier Amplitude Spectrum of the
earthquake over relatively small time intervals, and plots this as a

function of both time and frequency.
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Besides frequency domain characteristics, there are time domain

properties of an earthquake which are useful. One such property is the

T
Sample Autocorrelation Function p(s) = —lE-j'a(t)a(r - s)dt where
To_ s
a
2 1T >
o, = T’j'a (t)dT . Another characterization, for nonstationary processes,
0

is given in T[6] and T[7], using the concept of a time-dzverdent auto-
correlation function.

The quantities mentioned above are not only useful in characterizing
certain features of given earthquake records, they may also be used in
estimation of the statistical properties of earthquakes in general.

The distinction between the actual samples (empirical values) and the
underlying statistical properties (e.g., expected values) is not always
made clear in the literature.

For stationary and ergodic stochastic processes, the Response Spectrum

may be used as an estimate of the Expected Respor.se Spectrwm, and the

quantity F($)2 may be used as an estimate of th= P.S.D.F. Similarly
the Sample Autocorrelation Function may be used as an estimate of the true
Autocorrelation Function of the random process of which the earthquake is
a sample realization.

As mentioned in Chapters 1 and 2, descriptions of time series in
terms of their spectral properties have equivalent formulations in terms
of filtered white noise. For example, if a(t) consists of white noise

with variance 03 , filtered through an impulse response h(t) with

transfer function H(w) , the Power Spectral Demsiy Function (P.S.D.F.)
2
Uw 2
of a(t) 1s given by G(w) = E;'lﬂ(“)1 . These frequency domain



66

properties also have equivalent formulations in the time domain. For
example, the P.S.D.F. is the Fourier Transform of the autocorrelation
function.

For nonstationary processes, the R.E.S. may be used to estimate the
Expected Response Envelope Spectrum, and the M.W.F.A.S. for estimating
the Zvolutionary Power Spectral Density Function (E.P.S.D.F.) as defined
in T[11] and T[12]. Other estimates of the E.P.S.D.F. are given in G[3]

(using the multifilter technique), and, for special cases, in G[10].

A.3 Existing Statistical Models for Earthquake Ground Motions

The models listed here include some which were invented without
reference to earthquakes, but which were subsequently used in this
connection. The types of models considered are those which are suitable
for motions usually associated with strong earthquakes on firm ground,
for which there are no dominating frequency components (T[5], Chapter 7.4).

For modelling ground motions, given that an earthquake has occurred,
it is necessary to regard some quantities as parameters of the earthquake,
and to model the ground motions as a random process conditional on the
paramaters. Duration of the earthquake and Intensity are examples of
what may be used as parameters.

Most probabilistic models for earthquake ground motions are based
either on "shot noise" (G[5], G[22], R[1], R[3], T[3]), which is a stochastic
process consisting of randomly arriving impulses with random amplitudes,
or on "white noise" (differentiated Brownian motion), a limiting form of
shot noise (T[S5]), Chapter 9.3). Ground motions are described by these

models as being generated by a shot- or white-noise sequence.
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For example, earthquakes are sometimes regarded as "bursts” of

white noise, of finite duration. This model is used in R[4], R[7], and

R[8]. A refinement to this model gives ground accelerations as finite
sezments of white noise passed through a linear time-invariant filter
{G[290}, G[21}).

However, since earthquakes are clearly nonstationary, in order to
model ground motions more accurately, some time-variation must be
introduced. The simplest method is to model the acceleration of an

earthquake of given duration as a segment of a stationary random process

(e.g., filtered noise) multiplied by a predetermined "time-multiplier"

or "eavelope function" y(t) :

Stationary Nonstationary
Ground Ground
Ground Motions Motions
—_——eeiieed Mot iON P (L) e
Filter
FIGURE A.1l

USE OF A TIME MULTIPLIER

One commonly used shape for ¢(t) 1is (G[14], G[15]):

v(t)

FIGURE A.2

EXAMPLE OF A TIME MULTIPLIER



68

e

v(t)

Lomadl o

FIGURE A.3

TIME MULTIPLIER FOR BURST-OF-WHITE-NOISE MODEL

For a summary of other suggested shapes, see G[1] and G[5]. This type
of model has been used for calculating theoretical response in R[6],
R[11] and R[14].

Another approach is to suppose that the noise process which generates
the motion is multiplied by a time-multiplier bejore passing through
the ground motion filter (G{11], G{12]). A summary of the different
time-multipliers that have been used is given in G[5].

Most of the ground motion filters used are simple l-degree of

freedom oscillators, of which the following is an example:

FIGURE A.4

A SIMPLE OSCILLATOR

z 1is the ground displacement, x 1is an "input" displacement, and

.- . 2 2
(a.1) z + ZEchz + mcz w.x .



Letting a = z , the ground acceleration, Equation (A.l) may

as
(a.2) i+ 26w a+ wia = wlb
‘ cec c c
where b is the input acceleration, or as
(a.3) P+ 26 wa+wla = wie
) cc c c

where ¢ 1s the input velocity.
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be written

One kind of model (G[12]) assumes b is white noise, so that, in

terms of white noise input, the frequency response function is

(A.4) H(iw) = > 1
N iw
- _2-)+ 28 W
W
Cc

with impulse response function

-£ w t
(A.5) h(t) = Ce € € sgin (Jl - E:wct)

Another model (G[17]) assumes that ¢ 1is white noise.

response in terms of white noise input is now

(A.6) H(iw) = 5 =
W iw
(l - _2)+ 2w
mc [

with impulse response function

The frequency
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-£ wt
(A.7) h(t) = De CC cos (41 - Echt - B)

where

1-zg§

2ac\11 -5

(A.8) B = tan

As noted in Chapter 2, this model is equivalent to applying white noise
input acceleration to the end of the dashpot, while holding the spring
fixed.

The autocorrelation functions and power spectra for these processes
may be found in Chapter 2. The latter model has the advantage that,
for time-multipliers that tend to 0 as t + « , the mean square velocity
also tends to 0.

I1f, instead of Figure A.4, the oscillator is one found in many structural

response studies:

y
x e .
-------- —WW!
e
) Louas
--------------------- - cnlli-
z

FIGURE A.5

ANOTHER SIMPLE OSCILLATOR

then Equation (A.2) and (A.4) become

. . 2 ) 2
(A.9) a + 2Ecmca + wa = ZEcmcb + wcb .
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1426 @
cC w
(A.10) H(iw) = =

mz iw -

( '—z)”iezr
w Cc
Cc

In G[7] a model is given in which a white noise process is filtered

before and after passing through a time-multiplier:

Time
White Correlated Multiplier Nonstationary Ground
Noise Noise Noise Acceleration
—=——1h, (t) - b(e) —— by (t) -—
w(t) n(t) m(t) a(t)
FIGURE A.6

GROUND MOTIONS AS FILTERED WHITE NOISE

Another method is to pass white noise through a time-varying filter.
An example is given in G[20], based on the concept of the evolutionary

spectrum (T{11] and T[12]), in which

mz 1

mi(t) wc(t)

w2 2 2 w2
- + 4E
( wi(t)) ¢ w0

where mc(t) is a deterministic function of time:

1+ 4g2

(A.ll) G(W)t) « {

(A.12) w (t) = —L— |
¢ 8t + 1

In G[1] the resulting process is multiplied by a function of the type

V(E) = (a; + a,r)e™
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Time-Varying Time
Wnite Filter Nonstationary Multiplier Ground
Noise Noise Acceleration
o £(t,1) T v(t) —S—
w(t) a(t)
FIGURE A.7

GROUND MOTIONS AS FILTERED WHITE NOISE

A similar model, given in R[15], is

n —ajt
(A.13) a(t) = )} ta,e cos (w,t + ¢,)
where aj , aj , and mj are given quantities and ¢j are random

variables.

A.4 Structural Response

Theoretical work on structural response to earthquakes may broadly
be divided into two categories: analytical results (R[1], R[3], R[4},
R[6]), R[{7], R[11l]}) and results from simulation (R[2], R[8], R[12}]).
Many of the works referred to are not written with direct reference to
structural response to earthquakes, but are phrased in more abstract terms.

Soze works are concerned with maximum responses for linear and
nonlinear oscillators (R[2], R[16}), others with first passage probabilities
(R{3], R[9])). A variety of input models of the type discussed in Section 3
are used for representing ground motion. In G[2] and R[4] it 1is shown,
based on work by Caughey and Stumpf [T[14]) and Hammond (T[9]), how the
spectral properties of the response vary with time for certain types of
transient input. An interesting approach, given in R{13) and R[10}, finds
the input, out of all possible inputs in a certain class, which gives the

worst response to certain structures.



73

APPENDIX B

BIBLIOGRAPHY

The works listed here have been classified according to
their main interests. The categories are Ground Motion (G), Data
(D), Response of Structures (R), and Theoretical Background (T).
Within categories, works are listed in reverse chronological
order. These categories are very broad, and overlap in many

cases.

Ground Motion (G)

G[1) Kubo, T. and J. Penzien (1976), "Time and Frequency
Domain Analyses of Three-Dimensional Ground Motions,
San Fernando Earthquake,” EERC 76-6, University of
California, Berkeley.

G[2] Gasparini, D. and E. H. Vanmarcke (1976), "Simulated
Ground Motions Compatible with Prescribed Response
Spectra," R76-4, Department of Civil Engineering,
Massachusetts Institute of Technology.

GI[3] Kameda, H. (1975), "Evolutionary Spectra of Seismogram by
Multifilter," A.S.C.E., Vol. 101, No. EMS6,

G[4)] Udwadia, F. E. and M. D. Trifunac (1974), "Characteriza-
tion of Response Spectra Through the Statistics of
Oscillator Response,” B.S.S.A., Vol. 64, No. 1.

GI[5) Shinozuka, M. (1973), "Digital Simulation of Ground
Accelerations," Paper 360, Fifth World Conference on
Earthquake Engineering, Rome, Italy.

G[6) Shinozuka, M. and C.-M. Jan (1972), "Digital Simulation of
Random Processes and Its Applications,” Journal of
Sound and Vibration, Vol. 25, No. 1.

G[7]) Levy, R., F. Kozin and R. B. B. Moorman (1971), "Random
Processes for Earthquake Simulation," A.S.C.E.,
Vvol. 97, No. EM2.

G[8) Trifunac, M. D. (1971), “Introduction to Volume II in
'Strong Motion Earthquake Accelerograms,'" EERL 73-03,
California Institute of Technology.



74

G([9]

G[10]

G[11]

G[12]

G[13]

G[14)

G[15]

G[16]

G[17]

G[18]

G[19]

G(20]}

G(21]

Trifunac, M. D. (1970), "Response Envelope Spectrum of
Strong Earthquake Ground Motions," EERL 70-06,
California Institute of Technology.

Liu, S. C. (1970), "Evolutionary Power Spectral Density
of Strong-Motion Earthquakes,"” B.S.S.A., Vol. 60,
No. 3.

Iyengar, R. N. and K.T.S.R. Iyengar (1969), "A Non-
Stationary Random Process Model for Earthquake
Accelerograms," B.S.S.A., Vol. 59, No. 3.

Amin, M. and H. S. Ang (1968), "A Nonstationary Model for
Strong Motion Earthquakes," Structural Research Series
No. 306, Civil Engineering Studies, University of
Illinois.

Toki, K. (1968), "Simulation of Earthquake Motion and Its
Application,” Bulletin of the Disaster Prevention
Research Institute, Vol. II-A, March 1968, Kyoto
University, (in Japanese).

Liu, S. C. (1968), "Statistical Analysis and Stochastic
Simulation of Ground Motion Data," Bell Systems
Technical Journal, December 1968.

Jennings, P. C., G. W, Housner and N. C. Tsai (1968),
"Simulated Earthquake Motions," Earthquake Engineering
Research Laboratory, California Institute of
Technology.

Shinozuka, M. and Y. Sato (1967), "Simulation of Non-
stationary Random Processes," A.S.C.E., Vol. 93,
No. EMI1.

Housner, G. W. and P. C. Jennings (1964), "Generation of
Artificial Earthquakes," A.S.C.E., Vol. 90, No. EMl.

Hudson, D. E. (1962), "Some Problems in the Application of
Spectrum Techniques to Strong-Motion Earthgquake
Analysis," B.S.S.A., Vol. 52.

Berg, G. V. and G. W. Housner (1961), "Integrated Velocity
and Displacement of Strong Earthquake Ground Motion,"
Bulletin of the Seismological Society of America,
Vol. 51, No. 2.

Kanai, K. (1957), "Some Empirical Formulas for the Seismic
Characteristics of the Ground," Bulletin of the
Earthquake Research Institute, Vol. 35.

Thomson, W. T. (1959), "Spectral Aspects of Earthquakes,"
B.5.S.A., Vol. 49, No. 1.



G[22)

Housner, G. W. (1947),

75

"Characteristics of Strong Motion

Earthquakes," B.S.S.A., Vol. 37, No. 1.



76

Data (D)

D[1]

D[2}

D[3]

D({4]

D([5]

D(6]

Hudson, D. E., A. G. Brady and M. D. Trifunac (1971, 1972,
1973), "Strong Motion Accelerograms, Digitized and
Plotted Data, Volume I1: Corrected Accelerograms
and Integrated Velocity and Displacement Curves.”
Part A, EERL 71-50; Part C, EERL 72-51; Part D, EERL
72-52. Earthquake Engineering Research Laboratory,
California Institute of Technology, Pasadena.

California Institute of Technology, Earthquake Engineering
Research Laboratory, "Index to Strong Motion Earth-
guake Accelerograms," EERL 76-02.

willie, R. R. (1977), "Everyman's Guide to TIMES," ORC 77-2,
Operations Research Center, University of California,
Berkeley.

Trifunac, M. D., F. E. Udwadia and A. G. Brady (1971),
"High Frequency Errors and Instrument Corrections of
Strong Motion Accelerograms," EERL 71-05, Earthquake
Engineering Research Laboratory, California Institute
of Technology, Pasadena.

Trifunac, M. D. (1970), "Low Frequency Digitization Errors
and a New Method for Zero Baseline Correction of
Strong Motion Accelerograms," EERL 70-07, Earthgquake
Engineering Research Laboratory, California Institute
of Technology, Pasadena.

Trifunac, M. D. and D. E. Hudson (1970), "Laboratory
Evaluations and Instrument Corrections of Strong Motion
Accelerographs,” EERL 70-04, Earthquake Engineering
Research Laboratory, California Institute of
Technology, Pasadena.



77

Response of Structures (R)

R[1]

R[2]

R{3]

R[4]

R[5]

R(6]

R{7]

R[8]

R{9]

R[10]

Wen, J.-K. (1976), "Methods for Random Vibration of Hyster-
etic Systems," A.S.C.E., Vol. 102, No. EM2.

Chokxshi, N. C. and L. D. Lutes (1976), "Maximum Response
Statistics for Yielding Oscillator,” A.S.C.E., Vol. 102,
No. EMS6.

Yan, J.-N. (1975), "Approximations to First Passage Prob-
ability,"” A.S.C.E., Vol. 101, No. EM4,.

Corotis, R. B. and A. M. Vanmarcke (1975), "Time-Dependent
Content of System Response,” A.S.C.E., Vol, 101, No. 5.

Murakami, M. and J. Penzien (1975), "Nonlinear Response
Spectra for Probabilistic Seismic Design and Damage
Assessment of Reinforced Concrete Structures,"

EERC 75-38, University of California, Berkeley.

Folman, R. E. and G. G. Hart (1974), "Nonstationary Response
of Structural Systems," A.S.C.E., Vol. 100, No. EM2.

Lutes, L. D. and H. Takemiya (1974), "Random Vibration of
Yielding Oscillators,” A.S.C.E., Vol. 100, No. EM2.

Lutes, L. D. and V. S. Shah (1973), "Transient Random Re-
sponse of Bilinear Oscillators," A.S.C.E., Vol. 99,
No. EM4.

Corotis, R. B., A. M. Vanmarcke and C. A. Cornell (1972),
"First Passage of Nonstationary Random Processes,”
A.S.C.E., Vol. 98, No. EM2.

Iyerngar, R. N. (1972), "Worst Inputs and a Bound on the
Eighest Peak Statistics of a Class of Non-Linear
Systems," Journal of Sound and Vibration, Vol. 25,
No. 1.

Easselman, T. K. (1972), "Linear Response to Nonstationary
Random Excitation," A.S.C.E., Vol. 98, No. EM3.

Puiz, P. and J. Penzien (1971), "Stochastic Seismic Re-
sponse of Structures," A.S.C.E., Vol. 97, No. EM2.

Sainozuka, M. (1970), "Maximum Structural Response to
Seismic Excitations," A.S.C.E., Vol. 96, No. EMS5.

Eart, G. G. (1970), "Stochastic Frame Response Using Modal
Truncation,"”" A.S.C.E., Vol, 96, No. EMS5.



R[15]

R[16]

Bogdanoff, J. L., J. E. Goldberg and M. C. Bernard (1961),
"Response of a Simple Structure to a Random Earth-
quake-Type Disturbance,”" B.S.S.A., Vol. 51.

Tajima, H. (1960), "A Statistical Model of Determining the
Maximum Response of a Building Structure During an
Earthquake," Proceedings of the Second World Confer-
ence on Earthquake Engineering, Tokyo and Kyoto.




79

Theoretical Background (T)

T[1] NMau, R. F. and R. M. Oliver (1978), "Adaptive Filtering
Revisited," ORC 78-11l, Operations Research Center,
University of California, Berkeley.

™[2) Box, G. E. P. and G. M. Jenkins (1976), TIMES SERIES
ANALYSIS: FORECASTING AND CONTROL, Revised Edition,
Holden-Day, San Francisco.

T[3] Shinozuka, M., P. Wai and R. Vaicaitis (1976), "Simulation
of a Filtered Poisson Process," Technical Report No.
6, Department of Civil Engineering and Engineering
Mechanics, Columbia University.

T[4] Brillinger, D. R. (1975), TIME SERIES DATA ANALYSIS AND
THEORY, Holt, Rhinehart and Winston.

T[5] Newmark, N. M, and E. Rosenblueth (1971), FUNDAMENTALS OF
EARTHQUAKE ENGINEERING, Prentice-Hall, New Jersey.

T[6] Bendat, J. S. and A. G. Piersol (1971), RANDOM DATA:
ANALYSIS AND MEASUREMENT ANALYSIS, Wiley, New York.

T[7] Mark, W. D. (1970), "Spectral Analysis of the Convolution
and Filtering of Non-Stationary Stochastic Processes,"”
Journal of Sound and Vibration, Vol. 2.

T[8] Jenkins, G. M. and D. G, Watts (1968), SPECTRAL ANALYSIS
AND ITS APPLICATIONS, Holden-Day, San Francisco.

T[9]) Harmond, J. K. (1968), "On the Response of Single and
Multidegree of Freedom Structures to Nonstationary
Random Vibrations," Journal of Sound and Vibration,
vol. 7.

T[10] Cramer, H. and M. R. Leadbetter (1967), STATIONARY AND
RELATED STOCEASTIC PROCESSES, Wiley, New York.

T[11l) Priestly, M. B. (1967), "Power Spectral Analysis of Non-
stationary Processes," Journal of Sound and Vibra-
tion, Vol. 6.

T[12] Priestly, M. B. (1965), "Evolutionary Spectra and Non-
stationary Processes," Journal of the Royal
Statistical Society, Series B, Vol. 27.

T{13] Yaglom, A. M. (1962), AN INTRODUCTION TO THE THEORY OF
STATIONARY RANDOM FUNCTIONS, Prentice-Hall, New
Jersey.



80

T[14)

T(15]

T[16)

Caughey, T. K. and H. J. Stumpf (196l1), "Transient Re-
sponse of a Dynamic System Under Random Excitations,"
Journal of Applied Mechanics, Vol. 28.

Bartlett, M. S. (1946), "On the Theoretical Specification
and Sampling Properties of Autocorrelated Time Series,"”
Journal of the Royal Statistical Society, Series B,
Vol. 27.

Rice, S. 0. (1944), "Mathematical Analysis of Random Noise,"
Bell Systems Technical Journal.




NOTE:

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

81

EARTHQUAKE ENGINEERING RESEARCH CENTER REPORTS

Numbers in parenthesis are Accession Numbers assigned by the National Technical Information Service; these are
followed by a price code. Copies of the reports may be ordered from the National Technical Information Service, 5285
port Royal Road, Springfield, Virginia, 22161. Accession Numbers should be quoted on orders for reports (PB------ )
and remittance must accompany each order. Reports without this information were not available at time of printing.
Upon request, EERC will mail inquirers this information when it becomes available.

67-1

68-1

68-2

68-1

68-4

68-5

69-2

69-3

69-4

69-5

69-6

69-7

69-8

69-9

63-10

69-11

69-12

69-13

69-14

69-15

69-16

70-1

70-2

70-3

T0-4

"Feasibility Study Large-Scale Earthquake Simulator Facility,” by J. Penzien, J.G. Bouwkamp, R.W. Clough
and D. Rea - 1967 (PB 187 905)A07

Unassigned

“Inelastic Behavior of Beam-to-Column Subassemblages Under Repeated Loading," by V.V. Bertero - 1968
(PB 184 888) A0S

"A Graphical Method for Solving the Wave Reflection-Refraction Problem," by H.D. McNiven and Y. Mengi - 1968
(PB 187 943)A03

"Dynamic Properties of McKinley School Buildings,* by D. Rea, J.G. Bouwkamp and R.W. Clough - 1968
(PB 187 902)A0?

"Characteristics of Rock Motions During Earthquakes," by H.B. Seed, I.M. Idriss and F.W. Kiefer - 1968
(PB 188 3318)A03

"Earthquake Engineering Research at Berkeley," - 1969 (PB 187 906)All

“Nonlinear Seismic Response of Earth Structures,” by M. Dibaj and J. Penzien - 1963 (PB 187 304)A08

“Probabilistic Study of the Behavior of Structures During Earthquakes,” by R. Ruiz and J. Penzien - 1969
(PB 187 886)A06

“Numerical Solution of Boundary Value Problems in Structural Mechanics by Reduction to an Initial Value
Formulation,” by N. Distefano and J. Schujman - 1969 (PB 187 942)}R02

"Dynamic Programming and the Solution of the Biharmonic Equation,” by N. Distefano - 1969 (PB 187 941)A03
"Stochastic Analysis of Offshore Tower Structures,” by A.K. Malhotra and J. Penzien - 1969 (PB 187 903)A09
“Rock Motion Accelerograms for High Magnitude Earthquakes,” by H.B. Seed and I.M. Idriss - 1969 (PB 187 940}A02

"Structural Dynamics Testing Facilities at the University of California, Berkeley,” by R.M. Stephen,
J.G. Bouwkamp, R.W. Clough and J. Penzien -1969 (PB 189 111)A04

“Seismic Response of Soil Deposits Underlain by Sloping Rock Boundaries,” by H. Dezfulian and H.B. Seed
1969 (PB 189 114)a03

"pynamic Stress Analysis of Axisymmetric Structures Under Arbitrary Loading,” by S. Ghosh and E.L. Wilson
1969 (PB 189 026)Al10

"Seismic Behavior of Multistory Frames Designed by Different Philosophies,” by J.C. Anderson and
V. V. Bertero -~ 1969 (PB 190 662)Al0

"Stiffness Degradation of Reinforcing Concrete Members Subjected to Cyclic Flexural Moments," by
V.V. Bertero, B. Bresler and H. Ming Liao - 1969 (PP 202 942)A07

"Response of Non-Uniform Soil Deposits to Travelling Seismic Waves,” by H. Dezfulian and H.B. Seed - 1969
(PB 191 023)AD)

“Damping Capacity of a Model Steel Structure,” by D. Rea, R.W. Clough and J.G. Bouwkamp - 1969 (PB 190 663)A06

"Influence of Local Soil Conditions on Building Damage Potential during Earthquakes,” by H.B. Seed and
I.M. Idriss - 1969 (PB 191 036)A03

“The Behavior of Sands Under Seismic Loading Conditions,” by M.L. Silver and H.B. Seed - 1969 (AD 714 982)A07

“Earthquake Response of Gravity Dams,” by A.K. Chopra -1970 (AD 709 640)A03

"Relationships between Soil Conditions and Building Damage in the Caracas Earthquake of July 29, 1967," by
H.B. Seed, I.M. ldriss and H. Dezfulian - 1970 (PB 195 762)A05

"Cyclic Loading of Full Size Steel Connections,” by E.P. Popov and R.M. Stephen - 1970 (PB 213 545)A04
“Seismic Analysis of the Charaima Building, Caraballeda, Venezuela," by Subcommittee of the SEAONC Research

Committee: V.V. Bertero, P.F. Fratessa, S.A. Mahin, J.H. Sexton, A.C. Scordelis, E.L. Wilson, L.A. Wyllie,
H.B. Seed and J. Penzien, Chairman - 1970 (PP 201 455)A06



82

EERC

EERC

EERC

EERC

EERC

EERC

EC!'C

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC
EERC

EERC

EERC

EERC

EERC

EERC

70-5

70-6

70-7

70-8

71-7

71-8

72-3

72-4

72-10

72-11

72-12

731

732

"A Computer Program for Earthquake Analysis of Dams," by A.K. Chopra and P. Chakrabarti -1970 (AD 723 994) A0S

“The Propagation of Love Waves Across Non-Horizontally Layered Structures," by J. Lysmer and L.A. Drake
1970 (PB 197 B96)A03 .

“Influence of Base Rock Characteristics on Ground Response," by J. Lysmer, H.B. Seed and P.B. Schnabel
1970 (PB 197 897)A03

"Applicability of Laboratory Test Procedures for Measuring Soil Liquefaction Characteristics under Cyclic
Loading,” by H.B. Seed and W.H. Peacock - 1970 (PB 198 016)A03

"A Simplified Procedure for Evaluating Soil Liquefaction Potential,” by H.B. Seed and I.M. 1driss - 1970
(PB 198 009)}A03

"Soil Moduli and Damping Factors for Dynamic Response Analysis,” by H.B. Seed and 1.M. Idriss -1970
(PB 197 869)A03

"Xoyna Earthquake of December 11, 1967 and the Performance of Koyna Dam,” by A.K. Chopra and P. Chakrabarti
1971 (AD 731 49G)A0G

“Preliminary In-Situ Measurements of Anelastic Absorption in Soils Using a Prototype Earthquake Simulator,”
by R.D. Borcherdt and P.W. Rodgers - 1971 (PB 201 454)}A03

"Static and Dvnamic Analysis of Inelastic Frame Structures," by F.L. Porter and G.H. Powell - 1971
(PB 210 135)}A06

“Research Needs in Limit Design of Reinforced Concrete Structures,” by V.V. Bertero - 1971 (PB 202 943)A04

“Dynamic Behavior of a High-Rise Diagonally Braced Steel Building," by D. Rea, A.A. Shah and 5.G. Bouwlawp
1971 (PB 203 S84} A06

“Dynamic Stress Analysis of Porous Elastic Solids Saturated with Compressible Fluids," by J. Ghaboussi and
E. L. Wilson - 1971 (PB 211 396)A06

"Inelastic Behavior of Steel Beam-to-Column Subassemblages,"” by H. Krawinkler, V.V. Bertero and E.P. Popov
1971 (PB 211 335}Al4

"Modification of Seismograph Records for Effects of Local Soil Conditions," by P. Schnabel, H.B. Seed and
J. Lysmer - 1971 (PB 214 4S50)A03
"Static and Earthquake Analysis of Three Dimensjonal Frame and Shear Wall Buildings," by E.L. Wilson and

H.H. Dovey - 1972 (PB 212 904)A05

"Accelerations in Rock for Earthquakes in the Western United States," by P.B. Schnabel and H.B. Seed - 1972
(PB 213 100}A02

"Elastic-Plastic Earthquake Response of Soil-Building Systems," by T. Minami - 1972 (PB 214 868)A08

"Stochastic Inelastic Response of Offshcre Towers to Strong Motion Earthquakes,” by M.K. Kaul -1972
(PB 215 713)A0S

“Cyclic Behavior of Three Reinforced Concrete Flexural Members with High Shear,” by E.P. Popov, V.V. Bertero
and H. Krawinkler - 1972 (PB 214 555)A05

"Earthquake Response of Gravity Dams Including Reservoir Interaction Effects,” by P. Chakrabarti and
A.X. Chopra -~ 1972 (AD 762 330)A08

“Dynamic Properties of Pine Flat Dam,” by D. Rea, C.Y. Liaw and A.K. Chopra -1972 (AD 763 928)A05
"Three Dimensional Analysis of Building Systems,” by E.L. Wilson and H.H. Dovey - 1972 (PB 222 438)A06

"Rate of Loading Effects on Uncracked and Repaired Reinforced Concrete Members,” by S. Mahin, V.V. Bertero,
D. Rea and M. Atalay - 1972 (PB 224 520)A08

"Computer Program for Static and Dynamic Analysis of Linear Structural Systems,” by E.L. Wilson, K.-J. Bathe,
J.E. Peterson and H,H.Dovey - 1972 (PB 220 437)A04

"Literature Survey - Seismic Effects on Highway Bridges,“ by T. Iwasaki, J. Penzien and R.W. Clough - 1972
(PB 215 613)A19

“SHAKE-A Computer Program for Earthquake Response Analysis of Horizontally Layered Sites,” by P.B. Schnabel
and J. Lysmer - 1972 (PB 220 207)A06
"Optimal Seismic Design of Multistory Frames,” by V.V. Bertero and H, Kamil - 1973

"Analysis of the Slides in the San Fernando Dams During the Earthquake of February 9, 1971," by H.B. Seed,
K.L. Leea, I.M. Idriss and F, Makdisi - 1973 (PB 223 402)Al4



EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

73-4

73-%

73-6

73-7

73-8

73-9

73-10

73-11

73-12

73-13

73-14

73-15

73-16

73-17

73-18

73-19

73-20

73-21

73-22

73-23

73-24

73-25

73-26

73-27

74-1

74-2

74-3

74-4

83

"Computer Aided Ultimate Load Design of Unbraced Multistory Steel Frames," by M.B. El-Hafez and G.H. Powell
1973 (PB 248 315)A09

"Experimental Investigation into the Seismic Behavior of Critical Recions of Reinforced Concrete Components
as Influenced by Moment and Shear,” by M. Celebi and J. Penzien - 1973 (PB 215 884)A09

"Hysteretic Behavior of Epoxy~Repaired Reinforced Concrete Beams," by M. Celebi and J. Penzien - 1973
(PB 239 568)A03

"General Purpose Computer Program for Inelastic Dynamic Response of Plane Structures,” by A. Kanaan and
G.H. Powell - 1973 (PB 221 260)A08

"A Computer Program for Earthquake Analysis of Gravity Dams Including Reservoir Interaction," by
P. Chakrabarti and A.K. Chopra - 1973 (AD 766 271)A04

"Behavior of Reinforced Concrete Deep Beam-Column Subassemblages Under Cyclic Loads,” by O. Kustu and
J.G. Bouwkamp - 1973 (PB 246 117)Al2

"Earthquake Analysis of Structure-Foundation Systems," by A.K. Vaish and A.K. Chopra - 1973 (AD 766 272)A07
"Deconvolution of Seismic Response for Linear Systems," by R.B. Reimer - 1973 (PB 227 179)A08

“SAP IV: A Structural Analysis Program for Static and Dynamic Response of Linear Systems,” by K.-J. Bathe,
E.L. Wilson and F.E. Peterson - 1973 (PB 221 967)A09

"Analytical Investigations of the Seismic Response of Long, Multiple Span Highway Bridges,” by W.S. Tseng
and J. Penzien - 1973 (PB 227 B816)Al0

“Earthquake Analysis of Multi-Story Buildings Including Foundation Interaction,” by A.K. Chopra and
J.A. Gutierrez -1973 (PB 222 970)A03

"ADAP: A Computer Program for Static and Dynamic Analysis of Arch Dams,"” by R.W. Clough, J.M. Raphael and
S. Mojtahedi - 1973 (PB 223 763)A09

"Cyclic Plastic Analysis of Structural Steel Joints," by R.B. Pinkney and R.W. Clough - 1973 (PB 226 B43)A08

"QUAD-4: A Computer Program for Evaluating the Seismic Response of Soil Structures by Variable Damping
Finite Element Procedures," by I.M. Idriss, J. Lysmer, R. Hwang and H.B. Seed - 1973 (PB 229 424)A05

"Dyramic wchavior of a Multi-Story Pyramid Shaped Building," by R.M. Stephen, J.P. Hollings and
J.G. Bouwkamp - 1973 (PB 240 718)A06

"Effect of Different Types of Reinforcing on Seismic Behavior of Short Concrete Columms,"” by V.V. Bertero,
J. Hollings, O. Kustu, R.M. Stephen and J.G. Bouwkamp - 1973

“Olive View Medical Center Materials Studies, Phase I," by B. Bresler and V.V. Bertero - 1973 (PB 235 986)A06

"Linear and Nonlinear Seismic Analysis Computer Programs for Long Multiple-Span Highway Bridges," by
W.S. Tseng and J. Penzien - 1973

"Constitutive Models for Cyclic Plastic Deformation of Engineering Materials,” by J.M. Kelly and P.P. Gillis
1973 (PB 226 024)A03

“DRAIN - 2D User's Guide," by G.H. Powell -~ 1973 (PB 227 016)A05
"Earthquake Engineering at Berkeley - 1973, (PB 226 033)All
Unassigned

"Earthquake Response of Axisymmetric Tower Structures Surrounded by Water," by C.Y. Liaw and A.K. Chopra
1973 (AD 773 052)A09

"Investigation of the Failures of the Olive View Stairtowers During the San Pernando Earthquake and Their
Implications on Seismic Design," by V.V. Bertero and R.G. Collins - 1973 (PB 235 106)Al1]

“Further Studies on Seismic Behavior of Steel Beam-Column Subassemblages,” by V.V. Bertero, H. Xrawinkler
and E.P. Popov - 1973 (PB 234 172)A06
"Seismic Risk Analysis,”™ by C.S. Oliveira - 1974 (PB 235 920)A06

"Settlement and Liquefaction of Sands Under Multi-Directional Shaking," by R. Pyke, C.K. Chan and H.B. Seed
1974

“Optimum Design of Earthquake Resistant Shear Buildings,” by D. Ray, K.S. Pister and A.K. Chopra -1974
(PB 231 172)A06

“LUSH - A Computer Program for Complex Response Analysis of Soil-Structure Systems,” by J. Lysmer, T. Udaka,
H.B. Seed and R, Hwang - 1974 (PB 236 796)A05



84

EERC

EERC

EERC
EERC

EERC

EZRC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC
EERC
EERC

EERC

EERC

EERC

EERC

EERC

EERC

74-5

74-6

74-7

74-8

74-9

74-10

74-11

74-12

74-13

74-14

74-15

75-1

75-2

75-6

75~-7

75-8

75-9

75~10

75-11

75-12

75-13

75-14

75-15

75-16

75-17

75-18

"Sensitivity Analysis for Hysteretic Dynamic Systems: Applications to Earthquake Engineering,” by D. Ray
1974 (PB 233 213)A06

“Soil Structure Interaction Analyses for Evaluating Seismic Response," by H.B. Seed, J. Lysmer and R. Hwang
1974 (PB 236 519)A04

Unassigned
“Shaking Table Tests of a Steel Frame - A Progress Report,” by R.W. Clough and D. Tang - 1974 (PB 240 BG3)A02

"Hysteretic Behavior of Reinforced Concrete Flexural Members with Special Web Reinforcement,” by
V.V. Bertero, E.P. Popov and T.Y. Wang - 1974 (PB 236 797)A07

"Applications of Reliability-Based, Global Cost Optimization to Design of Earthquake Resistant Structures,"
by E. Vitiello and K.S. Pister - 1974 (PB 237 231)A06

"Liquefaction of Gravelly Soils Under Cyclic Loading Conditions," by R.T. Wong, H.B. Seed and C.K. Chan
1974 (PB 242 042)A03

"Site-Dependent Spectra for Earthquake-Resistant Design,"” by H.B. Seed, C. Ugas and J. Lysmer - 1974
(PB 240 953)A03

"Carthquake Simulator Study of a Reinforced Concrete Frame,” by P. Hidalgo and R.W. Clough - 1974
(PB 241 9¢4)A13

"Nonlinear Earthquake Response of Concrete Gravity Dams,” by N. Pal -1974 (AD/A 006 5B83)A06

"Modeling and Identification in Nonlinear Structural Dynamics - I. One Degree of Freedom Models," by

N. Distefano and A. Rath - 1974 (PB 241 548)A06

"Determination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure,Vol.I: Description,
Theory and Analytical Modeling of Bridge and Parameters,” by F. Baron and S.-H. Pang - 1975 (PP 259 407)Al5
"Determination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure,Vol.II: Numerical
Studies and Establishment of Seismic Design Criteria,"™ by F. Baron and S.-H. Pang - 1975 (PB 259 408}All
(For set of EERC 75-1 and 75-2 (PB 259 406))

"Seismic Risk Analysis for a Site and a Metropolitan Area,” by C.S. Oliveira - 1975 (PB 248 134)A09

“Analytical Investigations of Seismic Response of Short, Single or Multiple-Span Highway Bridges,” by
M.-C. Chen and J. Penzien - 1975 (PB 241 454)A09

“An Evaluation of Some Methods for Predicting Seismic Behavior of Reinforced Concrete Buildings,” by S.A.
Mahin and V.V. Bertero - 1975 (PB 246 306)Al6

"Earthquake Simulator Study of a Steel Frame Structure, Vol. I: Experimental Results," by R.W. Clough and
D.T. Tang - 1975 (PB 243 981)Al3

"Dynamic Properties of San Bernardino Intake Tower," by D. Rea, C.-Y. Liaw and A.K. Chopra - 1975 (AD/AOOS 406)
A0S

"Seismic Studies of the Articulation for the Dumbarton Bridge Replacement Structure, Vol. I: Description,
Theory and Analytical Modeling of Bridge Components," by F. Baron and R.E. Hamati - 1975 (PB 251 539)A07

"Seismic Studies of the Articulation for the Dumbarton Bridge Replacement Structure, Vol. 2: Numerical
Studies of Steel and Concrete Girder Alternates,” by F. Baron and R.E. Hamati - 1975 (PB 251 540)Al0

"Static and Dynamic Analysis of Nonlinear Structures,” by D.P. Mondkar and G.H. Powell - 1975 (PB 242 434)A08
"Hysteretic Behavior of Steel Columns," by E.P. Popov, V.V. Bertero and S. Chandramouli - 1975 (PB 252 365)All
"Earthquake Engineering Research Center Library Printed Catalog,"” - 1975 (PB 243 711)A26

"Three Dimensional Analysis of Building Systems (Extended Version),” by E.L. Wilson, J.P. Hollings and
H.H. Dovey - 1975 (PB 243 989)A07

"Determination of Soil Liquefaction Characteristics by Large-Scale Laboratory Tests," by P. De Alba,
C.K. Chan and H.B. Seed - 1975 (NUREG 0027)A08

“A Literature Survey - Compressive, Tensile, Bond and Shear Strength of Masonry,"” by R.L. Mayes and R.W.
Clough - 1975 (PB 246 292)Al0

"Hysteretic Behavior of Ductile Moment Resisting Reinforced Concrete Frame Camponents,” by V.V. Bertero and
E.P. Popov - 1975 (PB 246 388)A05

"Relationships Between Maximum Acceleration, Maximum Velocity, Distance from Source, Local Site Conditions
for Moderately Strong Earthquakes,” by H.B. Seed, R. Murarka, J. Lysmer and I.M. Idriss -1975 (PP 248 172)A03

"The Effects of Method of Sample Preparation on the Cyclic Stress-Strain Behavior of Sands,” by J. Mulilis,
C.K. Chan and H.B. Seed - 1975 (Summarized in EERC 75-28)



EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

75-19

75-20

75-21

75-22

75-23

75-24

75-25

75-26

75-27

75-28

75-29

75-30

75-31

75-32

75-33

75-34

75-135

75-36

75-37

75-138

75-139

75-40

75-41

76-1

76-2

76~3

76-4

85

“The Seismic Behavior of Critical Regions of Reinforced Concrete Components as Influenced by Moment, Shear
and Axial Force,” by M.B. Atalay and J. Penzien - 1975 (PB 258 842)All

"Dynamic Properties of an Eleven Story Masonry Building,” by R.M. Stephen, J.P. Hollings, J.G. Bouwkamp and
D. Jurukovski - 1975 (PB 246 945)A04

"State-of-the-Art in Seismic Strength of Masonry - An Evaluation and Review," by R.L. Mayes and R.W. Clough
1975 (PB 249 040)A07

"Frequency Dependent Stiffness Matrices for Viscoelastic Half-Plane Foundations,” by A.K. Chopra,
P. Chakrabarti and G. Dasgupta - 1975 (PB 248 121)A07

"Hysteretic Behavior of Reinforced Concrete Framed Walls," by T.Y. Wong, V.V. Bertero and E.P. Popov - 1975

"Testing Facility for Subassemblages of Frame-Wall Structural Systems,” by V.V. Bertero, E.P. Popov and
T. Endo - 1975

"Influence of Seismic History on the Liquefaction Characteristics of Sands,” by H.B. Seed, K. Mori and
C.¥X. Chan - 1975 (Summarized in EERC 75-28)

“The Generation and Dissipation of Pore Water Pressures during Soil Liquefaction,” by H.B. Seed, P.P. Martin
and J. Lysmer - 1975 (PB 252 648)A03

"Identification of Research Needs for Improving Aseismic Design of Building Structures,” by V.V. Bertero
1975 (PB 248 136)A0S

"Evaluation of Soil Liquefaction Potential during Earthquakes,” by H.B. Seed, I. Arango and C.K. Chan - 1975
(NUREG 0026)Al13

"Representation of Irregular Stress Time Histories by Equivalent Uniform Stress Series in Liquefaction
Analyses,” by H.B. Seed, I.M. 1driss, F. Makdisi and N. Banerjee - 1975 (PB 252 635)R03

"FLUSH - A Computer Program for Approximate 3-D Analysis of Soil-Structure Interaction Problems,” by
J. Lysmer, T. Udaka, C.~F. Tsai and H.B. Seed - 1975 (PB 259 332)A07

"ALUSH - A Computer Program for Seismic Response Analysis of Axisymmetric Soil-Structure Systems," by
E. Berger, J. Lysmer and H.B. Seed - 1975

"TRIP and TRAVEL - Computer Programs for Soil-Structure Interaction Analysis with Horizontally Travelling
Waves,” by T. Udaka, J. Lvsmer and H.B. Seed -1975

"Predicting the Performance of Structures in Regions of High Seismicity,” by J. Penzien -1975 (PB 248 130)A03

"Efficient Finite Element Analysis of Seismic Structure - Soil - Direction,” by J. Lysmer, H.B. Seed, T. Udaka,
R.N. Hwang and C.-F. Tsai - 1975 (PB 253 570)A03

"The Dynamic Behavior of a First Story Girder of a Three-Story Steel Frame Subjected to Earthquake Loading,”
by R.W. Clough and L.-Y. Li - 1975 (PB 248 B41)A0S

"Earthquake Simulator Study of a Steel Frame Structure, Volume II - Analytical Results,” by D.T. Tang -1975
(PB 252 926)Al10

"ANSR-I General Purpose Computer Program for Analysis of Non-Linear Structural Response,” by D.P. Mondkar
and G.H. Powell - 1975 (PB 252 386)A08

"Nonlinear Response Spectra for Probabilistic Seismic Design and Damage Assessment of Reinforced Concrete
Structures,” by M, Murakami and J. Penzien - 1975 (PB 259 530)A05

"Study of a Method of Feasible Directions for Optimal Elastic Design of Frame Structures Subjected to Earth-
quake loading,” by N.D. Walker and K.S. Pister - 1975 (PB 257 781)A06

"An Alternative Representation of the Elastic-Viscoelastic Analogy,” by G. Dasgupta and J.L. Sackman - 1975
{PB 252 173)A03

"Effect of Multi-Directional Shaking on Liquefaction of Sands," by H.B. Seed, R. Pyke and G.R. Martin -1975
(PB 258 781)}A03
"Strength and Ductility Evaluation of Existing Low-Rise Reinforced Concrete Buildings - Screening Method,” by

T. Okada and B. Bresler - 1976 (PB 257 906)All

"Experimental and Analytical Studies on the Hysteretic Behavior of Reinforced Concrete Rectangular and
T-Beams," by S.~-Y.M. Ma, E.P. Popov and V.V. Bertero - 1976 (PB 260 843)Al2

"Dynamic Behavior of a Multistory Triangular-Shaped Building,® by J. Petrovski, R.M. Stephen, E. Gartenbaum
and J.G. Bouwkamp - 1976 (PB 273 279)A07

"Earthquake Induced Deformations of Earth Dams,” by N. Serff, H.B. Seed, F.I. Makdisi & C.-Y. Chang - 1976
(PB 292 065)A08



86

EERC 76-S "Analysis and Design of Tube-Type Tall Building Structures," by H. de Clercq and G.H. Powell - 1976 (PB 252 220)
aAlo

EERC 76-6 "Time and Frequency Domain Analysis of Three-Dimensional Ground Motions, San Fernando Earthquake," by T. Kubo
and J. Penzien (PB 260 556)All

EERC 76-7 "Expected Performance of Uniform Building Code Design Masonry Structures,” by R.L. Mayes, Y. Omote, S.W. Chen
and R.W. Clough - 1976 (PB 270 09B)}A0S

EERC 76-8 "Cyclic Shear Tests of Masonry Piers, Volume 1 - Test Results,” by R.L. Mayes, Y. Omote, R.W.
Clough - 1976 (PB 264 424)A06

EERC 76-9 "A Substructure Method for Earthquake Analysis of Structure - Soil Interaction,"” by J.A. Gutierrez and
A.K. Chopra - 1976 (PB 257 783)A08

EERC 76-10 "Stabilization of Potentially Liquefiable Sand Deposits using Gravel Drain Systems,” by H.B. Seed and
J.R. Booker - 1976 (PB 258 820)A04

EERC 76-11 "Influence of Design and Analysis Assumptions on Computed Inelastic Response of Moderately Tall Frames." by
G.H, Powell and D.G. Row - 1976 (PB 271 409)A06

EERC 76-12 “Sensitivity Analysis for Hysteretic Dynamic Systems: Theory and Applications,” by D. Ray, K.S. Pister and
E. Polak - 1976 (PB 262 B859)A04

EERC 76-13 "Coupled Lateral Torsional Response of Buildings to Ground Shaking,” by C.L. Kan and A.K. Chopra -
1976 (PB 257 907)A09

EERC 76-14 "Seismic Analyses of the Banco de America,” by V.V. Bertero, 5.A. Mahin and J.A. Hollings - 1976

EERC 76-15 "Reinforced Concrete Frame 2: Seismic Testing and Analytical Correlation,” by R.W. Clough and
J. Gidwani - 1976 (PB 261 323)A08B

EERC 76-16 "Cyclic Shear Tests of Masonry Piers, Volume 2.- Analysis of Test Results,” by R.L. Mayes, Y. Omote
and R.W. Clough - 1976

EERC 76-17 "“Structural Steel Bracing Systems: Behavior Under Cyclic Loading,” by E.P. Popov, K. Takanashi and
C.W. Roeder - 1976 (PB 260 715)A05

EERC 76-18 "Experimental Model Studies on Seismic Response of High Curved Overcrossings,” by D. Williams and
W.G. Godden - 1976 (PR 269 548)A08

EERC 76-19 “Effects of Non-Uniform Seismic Disturbances on the Dumbarton Bridge Replacement Structure," by
F. Baron and R.E. Hamati - 1976 (PB 282 981)Alé

EERC 76-20 "Investigation of the Inelastic Characteristics of a Single Story Steel Structure Using System
Identification and Shaking Table Experiments," by V.C. Matzen and H.D. McNiven - 1976 (PB 258 453)A07

EERC 76-21 "Capacity of Colums with Splice Imperfections,” by E.P. Popov, R.M. Stephen and R. Philbrick - 1976
(PB 260 378)A04

EERC 76-22 "Response of the Olive View Hospital Main Building during the San Fernando Earthquake,” by S. A. Mahin,
V.V. Bertero, A.K. Chopra and R. Collins - 1976 (PB 271 425}Al4

EERC 76-23 "A Study on the Major Factors Influencing the Strength of Masonry Prisms,” by N.M. Mostaghel,
R.L. Mayes, R. W. Clough and S.W. Chen - 1976 (Not published)

EERC 76-24 "GADFLEA - A Computer Program for the Analysis of Pore Pressure Generation and Dissipation during
Cyclic or Earthquake Loading," by J.R. Booker, M.S. Rahman and H.B. Seed - 1976 (PB 263 947)A04

EERC 76-25 "Seismic Safety Evaluation of a R/C School Building," by B. Bresler and J. Axley - 1976

EERC 76-26 "Correlative Investigations on Theoretical and Experimental Dynamic Behavior of a Model Bridge
Structure,” by K. Kawashima and J. Penzien - 1976 (PB 263 388)All

EERC 76-27 "Earthquake Response of Coupled Shear Wall Buildings,” by T. Srichatrapimuk - 1976 (PB 265 157)A07
EERC 76-28 “"Tensile Capacity of Partial Penetration Welds,” by E.P. Popov and R.M. Stephen - 1976 (PB 262 899)A03

EERC 76-29 "Analysis and Design of Numerical Integration Methods in Structural Dynamics,” by H.M. Hilber - 1976
(PB 264 410)A06

EERC 76-30 "Contributjon of a Floor System to the Dynamic Characteristics of Reinforced Concrete Buildings," by
L.E. Malik and V.V. Bertero - 1976 (PB 272 247)Al)

EERC 76-31 "The Effects of Seismic Disturbances on the Golden Gate Bridge," by F. Baron, M. Arikan and R.E. Hamati -
1976 (PB 272 279)A09

EERC 76-32 "Infilled Frames in Earthquake Resistant Construction,” by R.E. Klingner and V.V. Bertero - 1976
(PB 265 892)Al3



UCB/EERC-77/01

UCB/EERC-77/02

UCB/EERC-77/03

UCB/EERC-77/04

UCB/EERC-77/05

UCB/EERC-77/06

UCB/EERC-77/07

UCB/EERC-77/08

UCB/EERC-77/09

UCB/EERC-77/10

UCB/EERC-77/11

UCB/EERC~-77/12

UCB/EERC-77/13

UCB/EERC-77/14

UCB/EERC-77/15

UCB/EERC-77/16

UCB/EERC-77/17

UCB/EERC-77/18

UCB/EERC-77/19

UCB/EERC-77/20

UCB/EERC-77/21

UCB/EERC-77/22

UCB/EERC-77/23

UCB/EERC-77/24

UCB/EERC-77/25

UCB/EERC-77/26

UCB/EERC-77/27

UCB/EERC-77/28

UCB/EERC-77/29

UCB/EERC-77/30

87

"PLUSH -~ A Computer Program for Probabilistic Finite Element Analysis of Seismic Soil-Structure Inter-
action," by M.P. Romo Organista, J. Lysmer and H.B, Seed - 1977

"Soil-Structure Interaction Effects at the Humboldt Bay Power Plant in the Ferndale Earthquake of June
7, 1975, by J.E. Valera, H.B. Seed, C.F. Tsai and J. Lysmer - 1977 (PB 265 795)A04

"Influence of Sample Disturbance on Sand Response to Cyclic Loading,” by K. Mori, H.B. Seed and C.K.
Chan - 1977 (PB 267 352)A04

"Seismological Studies of Strong Motion Records," by J. Shoja-Taheri - 1977 (PB 269 655)Al0

"Testing Facility for Coupled-Shear Walls,"” by L, Li-Hyung, V.V. Bertero and E.P. Popov - 1977

“Developing Methodologies for Evaluating the Earthquake Safety of Existing Buildings,” by No. 1 -
B. Bresler; No. 2 - B. Bresler, T. Okada and D. Zisling; No. 3 ~ T. Okada and B. Bresler; No. 4 - V.V.
Bertero and B. Bresler - 1977 (PB 267 354)A08

"A Literature Survey - Transverse Strength of Masonry Walls," by Y. Omote, R.L, Mayes, S.W. Chen and
R.W. Clough - 1977 (PB 277 933)A07

“DRAIN-TABS: A Computer Program for Inelastic Earthquake Response of Three Dimensional Buildings," by
R. Guendelman-Israel and G.H. Powell - 1977 (PB 270 693)AR07

"SUBWALL: A Special Purpose Finite Element Computer Program for Practical Elastic Analysis and Design
of Structural Walls with Substructure Option," by D.Q. Le, H. Peterson and E.P. Popov - 1977
(PB 270 S67)A0S

"Experimental Evaluation of Seismic Design Methods for Broad Cylindrical Tanks,”™ by D.P. Clough
(PB 272 280)Al3

“Earthquake Engineering Research at Berkeley - 1976," - 1977 (PB 273 507)A09

"Automated Design of Earthquake Resistant Multistory Steel Building Frames," by N.D. Walker, Jr. - 1977
(PB 276 526)A09

"Concrete Confined by Rectangular Hoops Subjected to Axial loads," by J. Vallenas, V.V, Bertero and
E.P. Popov - 1977 (PB 275 165)A06

"Seismic Strain Induced in the Ground During Earthquakes,” by Y. Sugimura - 1977 (PB 284 201)A04

"Bond Deterioration under Generalized Loading," by V.V. Bertero, E.P. Popov and S. Viwathanatepa - 1977

“Computer Aided Optimum Design of Ductile Reinforced Concrete Moment Resisting Frames," by S.W.
2agajeski and V.V. Bertero - 1977 (PB 280 137)A07

“Earthquake Simulation Testing of a Stepping Frame with Energy-Absorbing Devices,” by J.M. Kelly and
D.F. Tsztoo - 1977 (PR 273 506)A04

"Inelastic Behavior of Eccentrically Braced Steel Frames under Cyclic Loadings," by C.W. Roeder and
E.P. Popov - 1977 (PB 275 526)Al5

"A Simplified Procedure for Estimating Earthquake-Induced Deformations in Dams and Embankments,”™ by F.I.
Makdisi and H.B. Seed - 1977 (PB 276 820)A04

"The Performance of Earth Dams during Earthquakes," by H.B. Seed, F.I1. Makdisi and P. de Alba - 1977
(PB 276 B21)A04

"Dynamic Plastic Analysis Using Stress Resultant Finite Element Formulation,” by P. Lukkunapvasit and
J.M. Kelly - 1977 (PB 275 453)A04

"Preliminary Experimental Study of Seismic Uplift of a Steel Frame," by R.W. Clough and A.A. Huckelbridge
1977 (PB 278 769)A08

"Earthquake Simulator Tests of a Nine-Story Steel Frame with Columns Allowed to Uplift,” by A.A.
Huckelbridge -~ 1977 (PB 277 944)A09

"Nonlinear Soil-Structure Interaction of Skew Highway Bridges,"” by M.-C. Chen and J. Penzien - 1977
{(PB 276 176)A07

“Seismic Analysis of an Offshore Structure Supported on Pile Foundations,” by D.D.-N. Liou and J. Penzien
1977 (PP 283 180)A06

"Dynamic Stiffness Matrices for Homogeneous Viscoelastic Half-Planes,™ by G. Dasgupta and A.K. Chopra -
1977 (PR 279 654)A06

"A Practical Soft Story Barthquake Isolation System,” by J.M. Kelly, J.M. Eidinger and C.J. Derham -
1977 (PB 276 814)A07

"Seismic Safety of Existing Buildings and Incentives for Hazard Mitigation in San Francisco: An
Exploratory Study,” by A.J. Meltsner - 1977 (PB 281 970)A05

“Dynamic Analysis of Electrohydraulic Shaking Tables," by D. Rea, S. Abedi-Hayati and Y. Takahashi
1977 (FB 282 569)A04

"An Approach for Improving Seismic - Resistant Behavior of Reinforced Concrete Interior Joints,” by
B. Galunic, V.V. Bertero and E.P. Popov - 1977 (PB 290 870)A06



88

UCB/EERC-78/01

UCB/EERC-78/02

UCB/EERC-78/03

UCB/EERC-78/04

UCB/EERC-78/05

UCB/EERC-78/06

UCB/EERC-78/07

UCB/EERC-78/08

UCB/EERC-78/09

UCB/EERC-78/10

UCB/EERC-78/11

UCB/EERC-78/12

UCB/EERC-78/13

UCB/EERC-78/14

UCB/EERC-78/15

UCB/EERC-78/16

UCB/EERC-78/17

UCB/EERC-78/18

UCB/EERC-78/19

UCB/EERC-78/20

UCB/EERC-78/21

UCB/EERC-78/22

UCB/EERC-78/23

UCB/EERC-78/24

UCB/EERC-78/25

UCB/EERC-78/26

UCB/EERC-78/27

UCB/EERC-78/28

UCB/EERC-78/29

"The Development of Energy-Absorbing Devices for Aseismic Base Isclation Systems,” by J.M., Kelly and
D.F. Tsztoo - 1978 (PB 284 978)A04

"Effect of Tensile Prestrain on the Cyclic Response of Structural Steel Connections, by J.G. Bouwkamp
and A. Mukhopadhyay - 1978

"Experimental Results of an Earthquake Isolation System using Natural Rubber Bearings," by J.M.
Eidinger and J.M. Kelly - 1978 (PB 281 686)A04

“"Seismic Behavior of Tall Liquid Storage Tanks,™ by A. Niwa - 1978 (PB 284 017)Al4

"Hysteretic Behavior of Reinforced Concrete Columns Subjected to High Axial and Cyclic Shear Forces,”
by S.W. Zagajeski, V.V. Bertero and J.G. Bouwkamp - 1978 (PB 283 B58)Al3

"Inelastic Beam-Column Elements for the ANSR-I Program,” by A. Riahi, D.G. Row and G.H. Powell - 1978
“Studies of Structural Response to Earthquake Ground Motion,” by O.A. Lopez and A.K. Chopra - 1978
(PB 282 790)A05

"A Laboratory Study of the Fluid-Structure Interaction of Submerged Tanks and Caissons in Earthquakes,"
by R.C. Byrd - 1978 (PB 284 957)A08

"Model for Evaluating Damageability of Structures," by I. Sakamoto and B. Bresler - 1978

"Seismic Performance of Nonstructural and Secondary Structural Elements," by 1. Sakamoto - 1978
"Mathematical Modelling of Hysteresis Loops for Reinforced Concrete Columns,”™ by S. Nakata, T. Sproul
and J. Penzien - 1978

“Damageability in Existing Buildings," by T. Blejwas and B. Bresler - 1978

“Dynamic Behavior of a Pedestal Base Multistory Building,” by R.M. Stephen, E.L. Wilson, J.G. Bouwkamp
and M. Button - 1978 (PB 286 650)A08

"Seismic Response of Bridges - Case Studies,” by R.A.
(PB 286 503)Al0

Imbsen, V. Nutt and J. Penzien - 1978

"A Substructure Technique for Nonlinear Static and Dynamic Analysis,” by D.G. Row and G.H. Powell -
1978 (PB 288 077)Al0

"Seismic Risk Studies for San Francisco and for the Greater San Francisco Bay Area,"” by C.S. Oliveira -
1978

"Strength of Timber Roof Connections Subjected to Cyclic Loads," by P. Gilkan, R.L. Mayes and R.W.
Clough - 1978

"Response of K-Braced Steel Frame Models to Lateral Loads," by J.G. Bouwkamp, R.M. Stephen and
E.P. Popov - 1978

"Rational Design Methods for Light Equipment in Structures Subjected to Ground Motion," by
J.L. Sackman and J.M. Kelly - 1978 (PB 292 357)A04

"Testing of a Wind Restraint for Aseismic Base Isolation,” by J.M. Kelly and D.E. Chitty - 1978
(PB 292 833)A03

"APOLLO -~ A Computer Program for the Analysis of Pore Pressure Generation and Dissipation in Horizontal
Sand Layers During Cyclic or Earthquake Loading,"” by P.P. Martin and H.B. Seed ~ 1978 (PB 292 835)A04

“Optimal Design of an Earthquake Isolation System," by M.A. Bhatti, X.S. Pister and E. Polak - 1978
{PB 294 735)A06

"MASH - A Computer Program for the Non-Linear Analysis of Vertically Propagating Shear Waves in
Horizontally Layered Deposits,” by P.P. Martin and H.B., Seed - 1978 (PB 293 101}A05

"Investigation of the Elastic Characteristics of a Three Story Steel Frame Using System Identification,
by I. Kaya and H.D. McNiven - 1978

"Investigation of the Nonlinear Characteristics ©Of a Three-Story Steel Frame Using System
Identification,” by I. Kaya and H.D. McNiven - 1978

"Studies of Strong Ground Motion in Taiwan,"” by Y.M. Hsiung, B.A. Bolt and J. Penzien - 1978
"Cyclic Loading Tests of Masonry Single Piers: Volume 1 - Height to Width Ratio of 2," by P.A. Hidalgo,
R.L. Mayes, H.D. McNiven and R.W. Clough - 1978

"Cyclic Loading Tests of Masonry Single Piers: Volume 2 - Height to Width Ratio of 1," by S.-W.J. Chen,
P.A. Hidalgo, R.L. Mayes, R.W. Clough and H.D. McNiven - 1978

"Analytical Procedures in Soil Dynamics,” by J. Lysmer -~ 1978



UCB/EERC-79/01

UCB/EERC-79/02

UCB/EERC-79/03

UCB/EERC-79/04

UCB/EERC-79/05

UCB/EERC-79/06

UCB/EERC-79/07

UCB/EERC-79/08

UCB/EERC-79/09

UCB/EERC-79/10

UCB/EERC-79/11

89

"Hysteretic Behavior of Lightweight Reinforced Concrete
Bean-Column Subassemblages,” by B. Forzani, E.P. Popov,
and V.V. Bertero - 1979

"The Development of a Mathematical Model to Predict the
Flexural Response of Reinforced Concrete Beams to Cyclic
loads, Using System Identification,"™ by J.F. Stanton and
H.D. McNiven - 1979

"Linear and Nonlinear Earthquake Response of Simple
Torsionally Coupled Systems,” by C.L. Kan and
A.K. Chopra - 1979

"A Mathematical Model of Masonry for Predicting Its
Linear Seismic Response Characteristics," by Y. Mengi
and K.D. McNiven - 1979

"Mechanical Behavior of Light Weight Concrete Confined
with Different Types of Lateral Reinforcement," by
M.A. Manrique and V.V. Bertero -~ 1979

"Static Tilt Tests of a Tall Cylindrical Liquid Storage
Tank," by R.W. Clough and A. Niwa - 1979

"The Design of Steel Enerqgy Absorbing Restrainers and
Their Incorporation Into Nuclear Power Plants for
Enhanced Safety: Volume 1 -~ Summary Report," by

P.N. Spencer, V.F. Zackay, and E.R. Parker - 1979

"The Design of Steel Energy Absorbing Restrainers and
Their Incorporation Into Nuclear Power Plants for
Enhanced Safety: Volume 2 - The Development of Analyses
for Reactor System Piping," "Simple Systems" by

M.C. Lee, J. Penzien, A.K. Chopra, and K. Suzuki

"Complex Systems" by G.H. Powell, E.L. Wilson,R.W. Clough
and D.G. Row - 1979 :

"The Design of Steel Energy Absorbing Restrainers and
Their Incorporation Into Nuclear Power Plants for
Enhanced Safety: Volume 3 - Evaluation of Commerical
Steels,” by W.S. Owen, R.M.N. Pelloux, R.O. Ritchie,
M. Faral, T. Ohhashi, J. Toplosky, S.J. Hartman, V.F.
2ackay, and E.R. Parker - 1979

"The Design of Steel Energy Absorbing Restrainers and
Their Incorporation Into Nuclear Power Plants for
Enhanced Safety: Volume 4 - A Review of Energy-ARbsorbing
Devices," by J.M. Kelly and M.S. Skinner - 1979

"Conservatism In Summation Rules for Closely Spaced
Modes," by J.M. Kelly and J.L. Sackman - 1979



90

UCB/EERC-79/12

UCB/EERC-79/13

UCB/EERC-79/14

UCB/EERC-79/15

UCB/EERC-79/16

UCB/EERC-79/17

UCB/EERC-79/18

UCB/EERC-79/19

"Cyclic Loading Tests of Masonry Single Piers
Volume 3 - Height to Width Ratio of 0.5," by P.A.
Hidalgo, R.L. Mayes, H.D. McNiven and R.W. Clough - 1979

"Cyclic Behavior of Dense Coarse-Grain Materials in
Relation to the Seismic Stability of Dams," by N.G.
Banerjee, H.B. Seed and C.K. Chan - 1979

"Seismic Behavior of R/C Interior Beam~Column Subassemblages,”
by S. Viwathanatepa, E. Popov and V.V. Bertero - 1979

"Optimal Design of Localized Nonlinear Systems with Dual
Performance Criteria Under Earthquake Excitations," by
M.A. Bhatti - 1979

"OPTDYN - A General Purpose Optimization Program for
Problems with or without Dynamic Constraints,” by
M.A. Bhatti, E. Polak and K.S. Pister - 1979

"ANSR-II, Analysis of Nonlinear Structural Response,
Users Manual," by D.P. Mondkar and G.H. Powell - 1979

"Soil Structure Interaction in Different Seismic
Environments," A. Gomez-Masso, J. Lysmer, J.-C. Chen
and H.B. Seed - 1979

"ARMA Models for Earthquake Ground Motions," by M.K. Chang,
J.W. Kwiatkowski, R.F. Nau, R.M. Oliver and K.S. Pister - 1979



MRC Ffoam 335
(7-77)

U.S. NUCLEAR REGULATORY COMMISSION
BIBLIOGRAPHIC DATA SHEET

1. BEPORT NUMBER [Assign2d by GOC)

NUREG/CR-1751
UCRL-15084

4. TITLE AND SUBTITLE (Add Volume No., if appropriate)

ARMA Models for Earthquake Ground Motions

2. [Leave blank)

3. RECIPIENT’'S ACCESSION NO.

7. autHoR(s) M, K. Chang, J. W. Kwiatkowski, R. F. Nau,

5. DATE REPORT COMPLETED

R. M. Oliver, K. S. Pister MONTH [ vean
? July 1979
9. PERFORMING ORGANIZATION NAME AND MAILING ADDRESS (Include Zip Code) DATE REPORT I1SSUcD
MONTH [YEAn

Lawrence Livermore National Laboratory
7000 East Avenue
Livermore, California

February 1981

6. {Leave blank)

8. (Leave blank)

U.S. Nuclear Regulatory Commission
Office of Nuclear Regulatory Research
Washington, DC 20555

12. SPONSORING ORGANIZATION NAME AND MAILING ADDRESS (/nclude Zip Codz)

10. PROJECT/TASK/WOARK UNIT NO.

11. CONTRACT NO.

FIN AO139

13. TYPE OF REPORT
Technical

PERIOD COVERED (Inclusive dates)

15. SUPPLEMENTARY NOTES

t14. (Leava blank)

16. ABSTRACT (200 words or less)

models.

acceleration data in the time domain.

discrete time models of structural motions.

This report contains an analysis of four major California earthquake records
using a class of discrete linear time-domain processes commonly referred to
as ARMA (Autoregressive/Moving-Average) models.
analyze these different earthquakes, identify the order of the appropriate
ARMA model(s), estimate parameters and test the residuals generated by these
It has also been possible to show the connections, similarities
and differences between the traditional continuous models (with parameters
estimated by various maximum likelihood techniques applied.to digitized

The methodology proposed in this
report is suitable for simulating earthquake ground motions in the time
domain and appears to be easily adapted to serve as inputs for nonlinear

It has been possible to

17. KEY WORDS AND DOCUMENT ANALYSIS

17a. DESCRIPTOSS

17b. IDENTIFIERS/OPEN-ENDED TERMS

18. AVAILABILITY STATEMENT

Unlimited

19. SECURITY CLASS (This report] 12t NO. OF PAGES

UNCLASSIFIED
2 CCURITY CLASS (This page) 22.PRICE
URCLRE FEp. T e .

NRC FOAM 335 (7-77)




UNITED STATES
NUCLEAR REGULATORY COMMISSION
WASHINGTON, D. C. 20868

OFFICIAL BUSINESS
PENALTY FOR PRIVATE USE, $300

POSTAGE AND FEES PAID
U.8. NUCLEARN REGULATYOAY
COMMISSION

ISLI-4D/9A4NN

AVEO0dd HOYVASTY SNIDYVIW ALIAVS JITASEIS
SNOILLOW dNNOY¥D ANVNOHLAVI 404 STIAON YWY

1861 AUVIUER



