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SYNOPSIS

Earthquake response spectra corresponding to given levels of risk and
their relevance in structural design are discussed. Development of such
spectra based on seismic risk analysis with line-source model is introduced.
It is shown that spectra developed with this technique include the signifi-
cance of site conditions and risk level. For two actual sites, with
different conditions, response spectra corresponding to various risk
levels are developed and compared. Finally, uncertainties associated with
the method are analyzed and their effects are estimated.

INTRODUCTION

The time of occurrence, as well as location, size, and other charact-
eristics of future earthquakes in a seismic region are not amenable to
precise prediction. Therefore, in designing a structure in such a region,
or in developing guidelines for this purpose, probabilistic assessments
of the severity or destructive potentials of future earthquakes, and of
the resulting structural responses would be necessary. Design for zero risk
isneither practically possible nor economically desirable; realistically,
earthquake-resistant design may be developed with a small, but finite,
probability of failure within its useful life. Toward this end, and for
this purpose, response spectra corresponding to specified levels of risk(III}
(or return-periods) would be required. The development of such risk-
consistent spectra is the subject of this paper.

CHARACTERISTICS OF EARTHQUAKE RESPONSE SPECTRA

An earthquake response spectrum, representing the maximum response of
a simple oscillator to a specified base motion, is correlated with the
maximum ground motions [5]. Based on this correlation, it is a common
practice in earthquake-resistant design to derive and specify constant
response acceleration, velocity, and displacement for certain ranges
of the system frequency by amplifying the respective maximum ground
motion components. Such a response spectrum has a trapezoidal shape (on
a tripartite logarithmic plot) as illustrated in Fig. 1. 1If a, v, and d
are the maximum ground acceleration, velocity, and displacement,
respectively, it can be shown that the transition frequencies f. and f2
--a measure of the frequency content of the spectrum (Fig. 1)--are
related to the ratios X.and.é% as fallows:
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d
Therefore, the ratios Y and 27 characterize the spectrum. A large %g-(i.e,
large fg) will mean a wide rghge of frequencies having constant spectral vel-

1 £2
ocity—-i.e. a wide spectrum—-whereas 3 small %% (or small —— will imply a
narrow spectrum. Also, for a given %Z (i.e, constant f2) 1 4 larger.%

would shift the spectrum toward lower frequencies, wheréas the spectrum will
tend toward higher frequencies for smaller-%.

For several earthquakes recorded on allyvium, the ratio %' ranges between
35.7 and 242.2 cm/sec/g, whereas the ratio 37 ranges between 1.84 and 30.58 [4].
High frequency components of the ground motYon attenuate more rapidly than
the low-frequency components; therefore, the maximum ground accelerationm,
which is due largely to high~frequency motions, will attenuate more rapidly
than the corresponding maximum ground velocity or displacement, which are

. . ad

more the result of low-frequency motions. As a result, the ratios m and 2
will depend on the distance of the site from the earthquake source. Regres-
sion analyses of recorded ground motions [3] indicate that a, v, and 4 ge—
pend also on the earthquake magnitude; consequently, the ratios g-and'éz
would also depend on the earthquake magnitude. Sepcific relations of %, v,
aad d with distance and earthquake magnitude [33 suggest that both ¥ and
%z-increase with increasing distance, and that 7 increases whereas 3%
decreases with increasing magnitude. Besides the earthquake locationvand
size, other factors such as the transmission characteristics gg the soil

and rock strata around the site also affect the ratios g-and 32

Current design spectra, however, are developed with constant average
values of the above ratios. For example, for horizontal ground motions on
alluvium, Newmark [4] has proposed-g = 122 cm/sec/g and-éz = 6; these ratios
were obtained from the average values of several earthquike records. On
this basis, therefore, the transition frequencies, f; and f,, of convention-
al design spectra would be independent of the magnitude and the distance to
potential sources.

DEVELOPMENT OF RISK-CONSISTENT SPECTRA

Let Y represent the annual maximum ground acceleration, velocity, or
displacement. The corresponding annual maximum spectral response, denoted
by Sy, can be obtained as

Sy = AYY (3)

where Ay is the amplification factor for the appropriate response component.

If the amplification factor is assumed to be deterministic, the response
value associated with a given risk level can be obtained by amplifying the
ground motion value corresponding to the same level of risk; i.e. if a, v,
and d are the maximum ground acceleration, velocity, and displacement
corresponding to T years return-period, then s, =4 a, s_=Av, and sdj=Add
are the coordinates for the risk-consistent spectrum with T ygars return
period.

The evaluation of probability distributions for the maximum ground
acceleration, velocity, and displacement requires a seismic risk analysis.
Such an analysis includes stochastic modeling of earthquakes in various
sources and evaluation of resulting ground motions at a site. A line-
‘source model for seismic risk analysis is developed by the authors [2],
*fﬁ'eﬁrth4uakes are assumed to originate as slips along active geologic
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faults.  Risk estimates with this model include the significance of the
distance of each source from the site, and the distribution and frequency
of earthquake magnitudes at each sourge. As a result, the estimated values
of a, v, and d, and therefore‘g and~§2, include the significance of the
distance and the magnitude of potential future earthquakes.

A sensitivity analysis with the line-source model [2] revealed that low
intensity ground motions, which are associated with high levels of risk, are
mainly due to small magnitude earthquakes at close distances; and that high
intensity ground motions, which correspond to low risk levels, are mainly
due to large magnitudevearthggakes including those at distant sources. This
means that the ratios 3 and ;2-will also be influenced by the level of risk
under consideration.

Since the ratios~§ and %%-characterize a response spectrum, it follows
that risk-comnsistent spectra, developed by the method cutlined above, would
include the significance of (i) positions of sources relative to the site,
(ii) the distribution and frequency of magnitudes at each source, and (iii)
the level of risk unger consideration. More specifically (recalling
relations of-g and %2 with distance and magnitude) we may conclude the
following:

1-For any given risk level the ratios g-and é%-are larger when seismic
risk 1is mainly due to distant sources. For such 4 case, therefore, the
risk—-consistent spectrum will be wider and will shift toward lower frequen
cies. ,

2~For any given risk level the ratios giand'ig are respectiveiywlargéﬁl5
and smaller when seismic risk is mainly due to large magnitude earthguakes.
For such a case, therefore, the risk-consistent spectrum will be narrower
and will shift toward lower frequencies.

3—Forvlow intensity ground motions associated with high levels of risk
a smaller 7 would result, indicated a risk-consistent spectrum which is
shifted toward higher frequencies.

4~For high intensity §round motions associated with low levels of risk
a larger & and a smaller %g-would result, indicating a risk-consistent

spectrum which is narrower and is shifted toward lower frequenices.
SPECIFIC CASE STUDIES

Two actual sites, one in San Francisco, California, and the other in
San Juan, Puerto Rico, were analyzed with the line-source model [2]. These
sites are in greatly different geological settings. Whereas major shallow
sources are located near San Francisco {about 25 km distance), the
earthquake hazards for San Juan are primarily from distant sources (about
80 km). The results of risk analysis for the ground and response accelera-
tion, velocity, and displacement for the two sites are presented in Figs.
2 and 3. The response curves were developed using mean amplification
factors of Ref. 4. Specific ground motion intensities associated with
various return-periods are also presented in Table 1.

The significance of the positions of sources relative to the two sites
can be observed by comparing the %»and é%-ratios for the two sites.
v
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Both ratios are consistently larger for San Juan than those for San Francisco,
indicating that the risk-consistent spectra for San Juan will be wider and
shifted toward lower frequengies than those of San Francisco. For both

sites, the 7 increases and-éz decreases with increasing return-period (i.e.
decreasing risk), implying that the corresponding risk-consistent spectra
will be narrower and will tend toward lower frequencies for longer return-
periods. Such spectra are presented in Figs. 4 and 5 for 5% damping. For
each case, the conventional response spectra are also shown, which were
constructed using the constant values of ¥ and %Z shown in the bottom of

Table 1.

A comparison of the respective sets of spectra indicates that the design
spectra developed with the method of Ref. 4 are generally not risk-consistent.

ANALYSIS OF UNCERTAINTY IN AMPLIFICATION FACTORS

In Ref. 2 it is shown that the maximum ground motion component, Y, can
be written as: Y = X%Y (%)

where Y; is the maximum ground motion component based on assumed attenuation
and slip-length relationships, and X; and X) are random factors introducing
the uncertainties associated with the above relationships, respectively.

For a random amplification factor, Ay, Eq. 3 can be written as:

sy = AyX]_XZYl (5)

if we let Z = 1n(A X X)), the risk associated with the response level
y. 1.2
s_ can be obtained’as:

_ -Z, _ ™ -z
P(Sy>sy) -P(Yi?sye, ) = LmP(Y1>sye )fz(z)dz )

where the first term of the integral is the risk associated with the ground
motion level s_e “, and the second term is the density function of Z. It
is reasonable to assume a normal distribution for Z [2]; therefore,

1 ®, -z 1 ,z-p 2
> = ———— [ P(Y.> - = (==
P(Sy Sy) o T2y 8 e ) exp [ 7 g laz N
wherell and 0 are the mean and standard deviation of Z and are obtaiuad
using first order approximations [1] as:

Sl ) 2 2 2
W= m@EXX) (@), ad o= f(sAy) + (52 + (8y) (9

where Ay, Xl and X2 are the means, and § y’ 61, and 62 are the coefficients
of variation of Ay’ X; and X,, respectively.

In Ref. 2, the values of 51 for several attenuation equations are
given ranging from 0.51 to 0.84; in the same reference, §, is estimated
to be at most 0.30. Values of §, for 5% damping and for horizontal accel-
eration, velocity, and displacement on alluvium range between 0.26 and
0.45[4]. The above values suggest that the largest uncertainty involved
is that associated with the attentuation relationship.

For the sites in San Francisco and San Juan, risks associated with
various levels of response, including the uncertainty in the amplification
factors, were evaluated by numerical integration of Eq. 7, and are plotted
4n Figs. 2 and 3. '
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SUMMARY AND CONCLUSIONS

The development of risk-consistent spectra is described, based on a

line-source model of seismic risk analysis [2]. In contrast to conventional
design spectra, a risk-consistent spectrum includes the significance of

site conditions and the level of risk associated with the ground motion
intensity. The procedure is illustrated for two actual sites; namely, San
Francisco, California, and San Juan, Puerto Rico.
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