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SUMMARY

The design of earthquake resistant structures is often complicated by an inadequate number of
suitably recorded ground motions, and by our limited understanding of the basic cause and effect rela-
tionships coupling the structural response to the details of a ground motion excitation. The use of
ARMA models in design has recently been proposed as a means of mitigating these difficulties. This
paper describes preliminary results of an investigation aimed at identifying the key factors affecting the
response and behavior of a linear viscously damped SDOF structural model excited by a low order
ARMA(2,1) ground motion model.

INTRODUCTION

Although it is possible to design a structure to resist severe lateral earthquake loads elastically,
economic factors usually dictate that it is more feasible to design a system having the largest energy dis-
sipation capacity consistent with tolerable deformations. For such a structure to survive these motions
without collapse, its members should reach full plastic yielding before maximum lateral displacements
are attained. Unfortunately, the problem of enforcing these design requirements is often complicated
by the scarcity of suitable recorded ground motions, and the large uncertainty in predicting the spatial
and temporal nature of future seismic events. Further uncertainties are introduced due to the limited
ability of analytical models to describe nonlinear behavior, and by the high sensitivity of inelastic struc-
tural response to the overall intensity, duration and frequency content of earthquake excitations.

Most current design codes (Refs. 1,2) circumvent these difficulties by approaching the conven-
tional design problem indirectly via load and resistance factors, simplified equivalent loads, and elastic
analyses. Such approaches to design are inadequate for the design of complex or irregular systems,
those composed of a new materials, or ones requiring an enhanced level of post-earthquake functional-
ity. What they require instead, is the formulation and use of design methodologies that explicitly
evaluate design performance in a manner consistent with expected design behavior.

Past Work At the University of California, Berkeley, the thrust of the early research in this area
focussed on the development of DELIGHT.STRUCT (Refs. 3,4) and a design methodology that
includes linear and nonlinear time history analyses, and reliability-based ideas within the design pro-
cess itself (Refs. 5,6). The essential steps of this statistically-based design method are:

[a] Choose the design parameters, ie: structural system, geometrical configuration, stiffness, strength
and mass distribution, etc.

[b] Generate a family of real or artificial ground motion records for each limit state considered, and
perform dynamic analyses for each input motion, to explicitly account for the scatter in structural
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response outputs due to earthquake loads. A realistic nonlinear mathematical model ( e.g., finite
element model ) of the structure is used for those limit states where extensive inelastic deforma-
tions are expected.

[c] Evaluate the design based on criteria expressed in terms of the statistics of key response parame-
ters of the model. Typical quantities are maximum ductility, cumulative plastic deformation, hys-
teretic energy dissipation, and story drift. The design criteria ensure that the structure behaves
according to the accepted design philosophy.

Research Objectives  Our preliminary results (Ref. 7) indicate that the reliable reproduction of mean
extreme frame response levels and their variations is essential to the effective implementation of the
proposed statistical design method. Currently, this goal is difficult to achieve because the basic cause
and effect mechanisms existing between the features of a ground motion, the properties of a structure,
and the resulting structural damage are poorly understood. Additional complications occur when the
number of available ground motions is insufficient. One way of mitigating the latter difficulty is to use
Auto-Regressive Moving Average (ARMA) models to generate supplementary families of ground
motions that are statistically similar to a real target earthquake. In an effort to work towards a solution
of these problems, we have initiated a study to identify the key factors affecting the response and
behavior of a linear viscously damped SDOF structural model excited by a low order ARMA(2,1)
ground motion model. This paper reports on our preliminary findings.

DESCRIPTION OF THE ARMA MODEL

Discrete ARMA models lend themselves to digital simulation in the time domain and can easily
be adapted to include changes in frequency content of earthquake ground motions ( EGM’s ). The
ARMA(2,1) model is particularly attractive because of its simplicity, and demonstrated ability to pro-
vide a best-fit to many California earthquakes (Refs. 8,9,10). The second order autoregressive - first
order moving average difference equation is:

G —b1aq —dra o =w, — 8 Wy 6]
where {w,} represents an input discrete white-noise process and {g,} the output process simulating the

digitized ground acceleration process at time ¢. Considerations of stability and finite energy require
that the autoregressive coefficients ¢ and ¢, lie inside the triangular region defined by:

b1 +da<l , dr—db1<1l , |by] <1 2)

In addition, the moving average coefficient 6, has to satisfy |8, < 1 for the process to be invertible.
While the nonstationary intensity of EGM’s may be accounted for by multiplying the white noise by a
non-negative function ¥(z), the ARMA parameters may be varied as a function of time to account for
the transient frequency content of real ground motions.

An interesting duality exists between the ARMA parameters and the physical parameters of an
underlying continuous dynamic system whose stochastic process corresponds to the output from a
discrete linear dynamic system driven by white-noise. Indeed, in Ref. 7. it is shown that the autocorre-
lation functions of the ARMA(2,1) model and SDOF linear oscillator shown in Fig. 1. are discretely
coincident when the roots of the characteristic equation:

rP—bir —¢,=0 (3)

are either complex conjugates or both real positive. Whereas the underlying system is underdamped
(¢ <1) in the former case, it is overdamped (£, > 1) when both of the roots are real positive. If at
least one root of the characteristic equation is negative, then the corresponding ARMA(2,1) model is
not physically realizable, i.e., not discretely coincident with an unique underlying physical system at all
discrete time lags (kAt ,k=0,1,2, ---).

Moreover, the discrete/continuous model relationships are defined by a (3 x 3) nonlinear one-to-
one mapping between the ARMA parameters ($;,¢2,8) and the physical parameters
(T, , & , (Co/Cy)). Figs. 2., 3. and 4. show these relationships in the form of contour maps of the phy-
sical parameters Ty, & , ( C¢/Cy ) in the autoregressive plane (¢, ¢2). T and §; are independent of
8;, but Cy/C, depends on 8, and Fig. 4. corresponds to 6; = 0. In ground motion modeling, 7, is the
site predominant period, and £ a damping coefficient that governs the spectral bandwidth of the
ground motion process. It is interesting to note that the Kanai-Tajimi filter (Ref. 11) widely used for
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earthquake simulation corresponds to the particular case Cy/Cy =1.

NUMERICAL SIMULATION

Ensembles of artificial EGM’s were systematically generated for ARMA parameters & and ¢,
lying on the triangular grid of constant mesh size shown in Fig. 5. For all the simulations the moving-
average parameter 0; was set to zero, and a time-dependent envelope, ¥(t), of the form:

3
‘I/(f)'—‘Aqa{:_—] exp "‘Al[':.—] (4)

where Ay = [ -8783-]
3V3
4, =2V3
t = time ( seconds )
a = max dmplitude of W(t)
T = duration of strong shaking ( seconds )

assumed. At each grid point, families of twenty non cross-correlated EGM’s were generated by work-
ing through the following sequence of operations: (a) generation of discrete Gaussian white-noise, (b)
time modulation and amplitude scaling (c) ARMA filtering, and (d) baseline correction. Although T
was held constant at 5 seconds for all the simulations, parameter values for o« were automatically
adjusted so that the maximum value of the ground motion variance envelope would be constant for all
the grid points. '

Both ground motion and structural response parameters were evaluated for each simulated input
motion. Among the traditional ground motion parameters computed were: peak ground acceleration
(PGA), velocity (PGV) and displacement (PGD), Arias intensity, Housner spectral intensity (S.I.).
Similarly, the spectra of various response quantities ( relative and absolute, real and pseudo,
displacement,velocity and acceleration) of the linear SDOF structure were computed using the piece-
wise exact method of integration of the differential equation of motion.

The results of interest are the second order statistics (mean and standard deviation) of the ground
motions and structural response parameters associated with each family of ARMA generated earth-
quakes. A sample of these results is presented in Figs. 6-9 for the ground motion parameters, and in
Figs. 10-13 for the structural response parameters. These figures indicate (i) evidence of the resonance
condition effect for elastic stuctures and (ii) that the coefficient of variation (C.0.V.) of the structural
response parameters are almost insensitive to the ARMA parameters and hence to the spectral proper-
ties of the input motion.

CONCLUSIONS AND FUTURE WORK

The long term objectives of this research project are to formulate design methodologies and
develop computer software that links the components: (a) seismology, (b) earthquake ground motion
modeling, and (c) structural response and structural reliability, into a single design process. Ideally,
these methodologies should take into account the statistical information available on previous earth-
quake ground motions at the design site, together with information on the multi-source character of the
seismic environment, and the relative probability of occurrence of earthquakes being generated at the
various known sources.

However, these goals will not be reached without an improved understanding of the basic interac-
tion mechanisms existing between an earthquake ground motion, the properties of a structure, and the
resulting structural response. Although discussion in this paper has been restricted to the statistical
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response of linear structures to a small class of ARMA generated ground motions, our problem solving
approach is in fact quite general. In the immediate future, the thrust of our work will be directed
towards the identification of cause and effect relations existing between low order ARMA model
ground motions, and their effect on nonlinear hysteretic SDOF structures. Careful attention will be
given to the characterization of damage in a statistical setting. Because real earthquakes exhibit con-
siderable variations in both the shape and magnitude of the variance envelope, as well as the frequency
content of ground shaking itself, further work is also needed to extend the basic ARMA models used
in this study, so that the expected ground shaking at a site is more realistically modeled.
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Fig. 1 Underlying Physical System
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X(t) :input displacement
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Fig. 5 Grid for Generation of Earthquake Families
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