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ABSTRACT: A parsimonious stochastic seismic ground-motion model is proposed for use in both ground-
motion prediction studies and structural response studies. The model captures with at most nine param-
eters the features of the ground motion which are important for computing dynamic response, including the
amplitude and frequency-content nonstationarities of the earthquake. Furthermore, the m?del can be gfﬁ-
ciently used in both simulated and analytical random vibration response studies. An approximate analytical
random vibration method is developed to provide insight into the effect of the temporal nonstationarity in
both the amplitude and frequency content of ground motion on the response of simple structural models.
It is found that the frequency content nonstationarity may significantly affect the response of both linear

and softening non-linear structural models.

1 INTRODUCTION

In earthquake-resistant design of structures, a ma-
jor problem to be resolved is the description of the
?round motion, which should be complete enough
or reliable prediction of the corresponding dyna-
mic response of a structure. Current design tech-
niques based on response spectra lead to difficul-
ties, for example, in predicting non-linear response
and in-structure equipment response. In addition,
response spectra do not explicitly take into account
the nonstationary features observed in real accelero-
grams, such as the changes of intensity and fre-
quency content with time. Past models dealing with
ground motion modeling, in order to simplify the
random vibration analysis, have often neglected the
temporal change of the frequency content. This is
partly because it was difficult to incorporate this
change in simple continuous ground motion models
and identify it from earthquake records, and also
partly because it was believed that it had no sig-
nificant effect on linear structural response. Re-
cently, Yeh and Wen (1989) and Papadimitriou and
Beck (1990) have developed models which include
the time variation of the frequency content and, at
the same time, are efficient to use in analytical ran-

dom vibration studies. .
In this research, the new ground motion model

is briefly described and then it is used to study the
importance of ground motion nonstationarities on
the response of simple structural models. In order
to gain analytical insight into the response charac-
teristics, an approximate random vibration method-
ology developed by Papadimitriou (1990) is applied
to simple linear and softening non-linear structural
models. Simple expressions for the mean-square
response statistics are obtained which demonstrate
analytically the effect of the temporal nonstationar-
ity in the frequency content of the ground motion.

2 STOCHASTIC GROUND MOTION MODEL

The earthquake ground acceleration a(t) at a site
is treated as a specific realization of a stochastic
process, described by the set of linear differential
equations

¥+ 2¢e(t)wg(t)y + w:(t)y = fo(t)e(®), (1)
d+2wea +wla =g, (2)

where (4(t), wg(t) and fy(t) are deterministic time-
varying coefficients, and e(t) is a zero-mean Gaus-
sian white-noise process. The model (2), which cor-
responds to Brune’s (1970) source model, gives the
correct behavior of the very low-frequency spectral
amplitudes of the accelerograms, without substan-
tially affecting the spectral amplitudes of the model
(1) at frequencies greater than about 2w.. The
corner frequency w, can be computed from source
mechanism studies of the earthquake generating the
ground motion.

For wide-band processes, usually the case in

earthquake engineering, f,(t) = 2wy (t)+/ag(t),(t)

where ag = (y(t)wy(t), and I4(t) is the intensity of

the ground motion process. Based on detailed anal-

yses of earthquake accelerograms (Papadimitriou and
Beck, 1990), the intensity I;(t) is adequately mod-

eled by the envelope function

I, (t) = Inazt’ exp [B (1 — 7)] 3)

where T = (t+19)/(tmaz +t0). The parameters I,,,.
and f,q. are the maximum intensity and the time of
the maximum intensity of the ground acceleration,
respectively. The variable 1, is the time of the first
non-zero acceleration before the triggering time,
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Figure 1. Component of Orion Blvd. accelerogram
(1971 San Fernando earthquake).

introduced to provide flexibility in fitting the data,
and it is not needed when predicting response with
the model. The parameter S is a nondimensional
measure of the duration tgy. of the accelerogram.
The parametric functions w,(t) and a,(t) are ade-

quately modeled by:
— We T
) @

wp ~ Wy

3 (1,8) = ar + (= r) (2

where w;, w,, and w, may be interpreted approx-
imately as the dominant frequencies of the P, S,
and surface waves present in the ground motion,
respectively, and

ag(t,8) = wplp + (wrtr = (5)

where {; and {» measure the frequency range around
wp and w, respectively that strongly contributes to
the earthquake process. Papadimitriou and Beck
(1990) have presented a Bayesian method for esti-
mating the optimal model, i.e., the most probable
parameter set § = (Imazvtmaz s tdur, Wp, Wy, Wr, <p3 Cr)
that provides, in a statistical sense, the best fit to
a “target” accelerogram.

wpp) t/tdur

3 STRUCTURAL MODEL AND MEAN-SQUARE
RESPONSE CHARACTERISTICS

The governing equation of motion of a SDOF non-
linear system subjected to the stochastic base exci-
tation a(t) is given by

(6)

where wg and (p are the initial (small-amplitude)
structural frequency and viscous damping ratio re-
spectively. The restoring force R(t) is modeled by
a non-linear elastic softening restoring force

1!(1) + 2C0wo$( ) + woR(t)/Ko = a(t)

(7)

where the nominal “yield” displacement z, = R. /Ko
is similar to the elastic limit displacement of a yield-

ing system, with R, and Kj, being the ultimate

strength and the initial stiffness of the system, re-

spectively.

The equivalent linearization method (Roberts
and Spanos, 1990) is used to obtain the second-
moment response statistics. The non-linear equa-
tion (6) is replaced by the equivalent linear one

R(t) = 2/m(Kozy)arctan[rz/(2z,)]
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Figure 2. The normalized EPSD function computed
by the (TV) (dashed curves) and the (TI) (solid
curve) models for the accelerogram in Figure 1.

£(1) + 20(Du(1)é () + w?(Da(t) = alt)  (8)

where w(t) and ((t) are the equivalent linear fre-
quency and damping ratio, respectively, given by

(5:) [Vryexp () erfe(m)] *,  ¢(t) = 0;;;
(9)
with-v = V2z,/[7\/q11(t)] and ¢1.1(t) = E[z?(t)].

The mean-square statistics of the response are ob-
tained by solving the non-linear moment equations
corresponding to the system of equations (8), (1)
and (2).

Papadimitriou (1990) has shown that for slowly-
varying coefficients Ig(t), wq(t) and ay(t), the mean-
square displacement g;;(t) of the response of the
equivalent linear system (8) can be obtained ap-
proximately by the simple first-order differential equa-
tion

. Iz( ) g

q11(t) + 20owoqui(t) = %7(t) Ry (w(t), Cowo; 8,(2))
(10)

where 0, (t) = (wg(t), @g(t)), and the form of Ry(t)

depends on the structure of the normalized evolu-

tionary power spectral density (EPSD) of the ground-
acceleration defined by

Sw (widg(1)) = S (wib,() /15()  (11)
where § (w;8,(t)) is the EPSD of the ground motion
model. For lightly damped oscillators ({(t) — 0),

Rg( (1), Cowo; 8, (t)) — SN (w t); _g(t)) (12)

4 APPLICATIONS; MOVING RESONANCE
EFFECT
The previous formulation provides valuable analyt-

ical insight into the mean-square response charac-
teristics and their dependence on the nonstation-
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Figure 3. Nonstationary linear response characteristics for the (TV) (solid) and the (TI) (dashed-dotted)
excitation for various structural frequencies wq ({o = 0.05).

ary intensity (via I4(t)) and the frequency content
(via Rg(t)). For illustration purposes, consider the
response of the system to two types of excitation
which differ only in the way they model the fre-
quency content of the ground motion. The first
excitation, denoted by (TV), has time-varying fre-
quency content, while the second excitation, de-
noted by (TI), has time-invariant frequency con-
tent throughout the duration of the excitation. The
parameters of the (TV) and (TI) models are esti-
mated by applying our Bayesian method to the ac-
celerogram shown in Figure 1. The frequency con-
tent of the (TI) model is chosen to fit the segment
of the accelerogram with the stronger intensity, that
is, from 2 to 12 seconds. The time variation of the
intensity is the same for both models (Imqez = 71,
B = 1.34, t;mar = 7.4 and to = 0.66). The normal-
ized EPSD are compared in Figure 2 for both ex-
citations. It is clear that the predominant frequen-
cies of the recorded ground motion shift to lower
frequencies with increasing time, as reflected by the
EPSD for the (TV) model. This is often observed
in earthquake ground motions.

For linear oscillators (z;, — o) and for the
(TT) ground motion, Sy is constant and the shape
of the forcing term in (10) is controlled only by
the amplitude nonstationarity Iy(t) of the ground
motion. However, for the time-varying frequency
content, the spectral component S(wo;8,(t)) of the
ground motion varies with time, altering the shape
of the forcing term in (10). Therefore, the char-
acteristics of the response in the time-varying case
are expected to be different from those in the time-
invariant one. For non-linear oscillators, it may
happen that the decrease of the structural frequency
of the softening structure tracks the decrease of the
predominant frequency of the ground motion, re-
sulting in significant amplification of the response.
This “locking” of the structural frequency with the
predominant frequency of the ground motion will
be referred to as the “moving resonance” effect.
This effect is less likely to occur for the (TI) ex-
citation since the softening at resonance will cause
a decrease in the structural frequency which will
move the structure out of resonance with the ground
motion.

4.1 Linear oscillators

Define the STD response as /¢, (¢). Its maximum,
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the corresponding time that the maximum occurs
and the duration of the STD response are compared
in Figure 3 for the two types of excitation and for a
linear oscillator with fundamental frequencies rang-

from 1 to 8Hz. The duration is defined as the

in
dig'erence between the two times that the STD of
the response upcrosses and downcrosses 50% of its

maximum value. All numerical results correspond
to 5% initial damping ratio. For the (TI) excita-
tion, the time of the maximum STD and the STD
duration, which control the shape of the nonstation-
ary STD response, do not vary significantly over the
linear oscillator frequencies examined. This is be-
cause the time variation of the forcing term in (10)
depends only on I4(t) in this case. The values of
the oscillator parameters wy and {p control only the
overall amplitude of the forcing term. Therefore,
the resulting shape for the STD response is con-
trolled mainly by the product {owo. However, as
{owo increases the shape becomes independent of
this product (see equation (10)). For the (TV) ex-
citation, however, the shape of the forcing term in
(10) is sensitive to the individual values of the os-
cillator parameters wg and (¢, and so, therefore, is
the resulting shape of the STD response. The time
of the maximum STD responses as well as the dura-
tion of the responses corresponding to the (TI) and
(TV) excitations can differ by a factor of 2 or more.

4.2 Non-linear oscillators

The full time history of the STD displacement re-
sponse are compared in Figures 4(a) and 4(c) corre-
sponding to different parameters of the non-linear
system. The STD displacement response of the non-
linear oscillator to the (TI) and (TV) excitations are
denoted by NTI and NTV, respectively. The time
variation of the corresponding equivalent structural
frequencies w(q11(?)) computed by (9) are plotted
in Figures 4(b) and 4(d). For comparison purposes,
each figure also includes the time variation of the
dominant damped frequency w,(t) of each ground
motion model. Considerable amplification of the
response is expected to occur in the resonance situ-
ation, that is, when the dominant frequency of the
ground motion approximately coincides with the os-
cillator frequency.

In Figure 4(a), the maximum STD response
corresponding to the (TV) excitation differs from
the maximum response corresponding to the (TI)
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Figure 4. Nonstationary nonlinear response characteristics (z, = 1/3, (o = 0.05) for the (TV) and (TI)
excitations for initial frequencies wy = 6 Hz (a,b) and we = 3 Hz (c,d).

excitation by a factor as high as three. For com-
parison, the response to the (TI) and (TV) excita-
tions of a linear oscillator with the small-amplitude
parameters of the non-linear oscillator is plotted in
Figure 4(a,b), labeled by LTI and LTV respectively.
The linear STD responses which correspond to the
(TI) and (TV) excitation differ only by a factor of
two. For the (TI) excitation, the non-linear sys-
tem is behaving almost linearly since the equiva-
lent frequency (Figure 4(b)) does not vary signifi-
cantly. The much larger STD response for the non-
linear oscillator compared with the linear oscillator
is attributed to the moving resonance effect occur-
ing for the (TV) excitation. This is apparent from
Figure 4(b) from approximately the first to the sev-
enth second of the excitation, where the structural
frequency tracks the changing predominant ground
motion frequency over this time period.

In Figure 4(c,d), the initial structural frequency
was chosen to be close to the dominant frequen-
cies of the strong S-waves of the ground motion.
For the (TI) excitation, the equivalent linear system
(8) is never in resonance with the ground motion.
Similarly, for the (TV) excitation, over the first 10
to 15 seconds of the highest ground intensity, the
equivalent linear system is not in resonance with
the ground motion. However, at later times when
the weaker surface waves of the ground motion are
arriving, the equivalent linear system resonates with
the ground motion from approximately 15 to 22
seconds, causing an amplification of the response.
Therefore, in this case, the maximum STD response
is controlled primarily by surface waves rather than
the S-waves. Modeling the ground motion by the
(TI) excitation where the S-waves control the respon
results in an underestimation of the importance of
the weaker intensity surface waves.

5 CONCLUSIONS

A “realistic” ground motion model was proposed
which appears to be promising for seismic risk

se
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studies involving ground motion time histories rather
than simplified representations such as peak ground
quantities or response spectra. An approximate
random vibration formulation was used to analyze
the effect of the temporal nonstationarity in the fre-
quency content of the ground motion on the response
of simple linear and non-linear systems. The char-
acteristics of both linear and non-linear response
strongly depend on the time variation of the fre-
quency content of the excitation, so time-invariant
frequency content models are inappropriate to model
ground motions with time-varying frequency con-
tent. In particular, the temporal nonstationarity
in the frequency content of the ground motion can
have a substantial effect on the response of non-
linear structures of softening type, especially when
the lengthening of the structural periods due to the
softening of the structure tracks the shift of the
dominant frequencies of the ground motion.
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