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AN INTEGRATED PGA ATTENUATION RELATIONSHIP

By LD. Gupta', V. Rambabu?® and B.M. Rame Gowda?®
Central Water & Power Research Station, Khadakwasla, Pune-411024, India

ABSTRACT

Using several well behaved empirical attenuation relations for peak ground
acceleration (PGA), developed by various investigators for different parts of
the world, an integrated relationship has been developed to normalize for
the effects of regional variations in the attenuation characteristics. Simple
source-mechanism considerations have been applied to suitably modify the
integrated PGA attenuation relationship to get realistic estimates of the
peak acceleration values at near-fleld distances. For a case where site spe-
cific relation is not available, the presented relationship would provide more
stable and least biased value of peak acceleration compared to that obtained
from an arbitrarily chosen relationship for another region.

INTRODUCTION

The drawbacks and difficulties associated with the use of standard spectral shapes
(Seed et al., 1976; Mohraz, 1976; Housner, 1959) normalized by peak ground acceler-
ation (PGA) are now well recognized (Trifunac, 1992). To overcome these difficulties,
several improved procedures have been suggested by different investigators to arrive at
more reliable site specific design earthquake ground motion {Anderson and Trifunac,
1978; Gupta, 1991; Gupta and Joshi, 1996ab; Lee, 1989; 1993; Trifunac, 1978; etc.).
However, the use of a standard spectrum and the peak ground acceleration is ikely to
remain popular for quite some time, due to its simplicity and familiarity among prac-
tising engineers. In this approach, in addition to the difficulties in selecting a suitable
shape of the spectrum in an unambiguous way, it is also very difficult to obtain an ac-
curate and reliable estimate of the PGA for specified parameters of a design earthquake
(magnitude and source-to-site distance). '

The peak ground acceleration is a highly unstable parameter (Gupta, 1994) and its
correlation with earthquake magnitude and distance is characterized by large scattering
and uncertainties. The earthquake magnitude is conventionally defined from the peak
amplitude of intermediate or long-period seismic waves (Richter,1958), whereas the
peak acceleration is mostly associated with the high frequency waves. In the near field,
very close to the seismic source, the peak acceleration is mainly governed by the stress
drop (Brune, 1970) and not by the magnitude. Due to the use of different data bases,
various published empirical attenuation relations for peak ground acceleration produce
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Fig.1 A typical plot for M = 6.0 of several attenuation relations developed by various
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widely varying results. Thus it becomes difficuit Lo select a relationship which can
be considered appropriate for a specific application. Further, the use of a particular
relationship for an area with different geological and tectonic features would lead to
the results which may differ significantly from the actual values.

To get consistently stable estimates of the PGA values with minimal deviations
from the real values for a wide range of earthquake parameters, several well behaved
published attenuation relations have been integrated together to develop an average
attenuation relationship in the present study. This relationship has been then modified
for the near-source saturation effects to  get realistic values of PGA at very small
source-to-site distances. For the cases where site specific data are lacking, the use of
the proposed integrated relationship would be better than arbitrarily using a specific
relationship for another region.

ANALYSIS OF AVAILABLE RELATIONSHIPS

A large number of PGA attenuation relations have been developed by various
investigators using different sets of recorded data from several parts of the world. Paul
et al. (1978) and Campbell (1985) have reviewed the attenuation relationships pub-
lished upto around 1984. A set of 35 published relations, which include several recent
and many popularly used past relationships, has been considered for the present study.
These relations are listed in Appendix-A. A typical plot of the attenuation relations
for several different regions, evaluated with magnitude 6.0, is given in Fig. 1. From
this figure it is seen that there may be large regional variations in the attenuation
characteristics, and the use of an attenuation relation from some other region may
not be suitable. To minimize such errors, the regional differences have been averaged
out by developing an integrated attenuation relationship using all the well behaved
relationships from Appendix-A.

To scrutinize the behavior of the attenuation relations given. in Appendix—A, the
peak acceleration values computed for M = 4.0, 5.0, 6.0, 7.0 and 8.0 were plotted as a
function of distance for each of the relationships. Some typical examples of the atten-
uation relations depicting abnormal behavior are plotted in Fig. 2. The relationship #
01 is seen to increase linearly to very large values at small distances and it attenuates
at very slow rate for distances beyond 70 km. The refationship # 02 as shown in Fig. 2,
and also # 06 to # 08, # 11 to # 13, # 18 and # 23 are all found to increase linearly .
to very large values with decrease in distance. These relations grossly overestimate the
near-field acceleration values and are thus not suitable. On the other hand, relationship
# 04 underestimates the peak acceleration for small magnitudes at large distances and
vice-versa. Relation # 16 for rock sites shows very slow attenuation with distance and
unrealistically small variation with magnitude, whereas relation # 21 for central US is
seen to have unrealistically slow decay with distance and fast increase with magnitude.
Several relations (for example, # 20 as shown in Fig. 2 and # 03 and # 27 for NE
China) underestimate the PGA for small magnitudes and grossly overestimate that for
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large magnitudes. Thus, after deleting all the above mentioned attenuation relations,
only 22 well behaved remaining relations have been used for further study.

INTEGRATED ATTENUATION RELATIONSHIP

The mean value, 4, and the standard deviation, o, of the PGA values obtained
from the 22 well behaved relationships were computed for nine magnitude values equal
to 4.0, 4.5, 5.0, ....., 8.0, and 196 distances from 5 km {o 200 km at an interval of 1.0
km. By plotting these relationships along with the (u + a)_ band for each of the nine
magnitudes, it was observed that some of the relations lie far outside the (4 + o) band
or deviate significantly from the mean trend of attenuation for certain magnitude and
distance ranges. Dashed curves in Figs. 3(a) and 3(b) show typical examples of such
relations or parts of relations which have been discarded from further analysis. The least
squares regression analysis of the peak acceleration values for the above mentioned nine
magnitudes and 196 distances as obtained from the 22 selected empirical attenuation
relations, only for the magnitude and distance ranges over which each relation shows
consistent behavior with the (it o) band, leads to the following integrated attenuation
relationship

Ina = —5.7864 — 0.7023In R — 0.005577TR + 1.2164M "
~0.037T2M32: o), = 0.3546

In this equation, a is the peak acceleration in units of acceleration due to gravity (g},
M is the earthquake magnitude and R is a measure of the source-to-site distance.
The mathematical form of eqn. (1) is based on the physical principles of seismology
and elastic wave-propagation ( Gupta, 1994). For example, first term is related to the
strength of earthquake source, second term accounts for geometrical spreading of wave
energy, the third term describes the anelastic attenuation and the fourth and fifth terms
give the magnitude scaling, where quadratic dependence has been selected to achieve
the magnitude saturation effects.

The relationship of eqn. (1) is found to describe very well the attenuation of PGA
for intermediate and large distances, but the peak acceleration is seen to blow up for
very small distances. This is because this relationship is not able to consider the effect
of near distance saturation of the peak acceleration (Gupta et al., 1994). Most of the
published attenuation relations used to develop the relationship of eqn. (1) are based
on strong motion data recorded at distances greater than about 20 km. Thus, the
extrapolation of eqn. (1) to very small distances gives unrealistically high values of
peak acceleration, particularly for large magnitudes. To compute the peak acceleration
in the near field, eqn. (1) is required to be modified to consider the saturation effects.

MODIFICATION FOR SATURATION EFFECTS

Almost all the available empirical attenuation relations are based on the point
source approximation, according to which the entire seismic energy is assumed to orig-
inate from a point, and the source-to—site distance, R, refers to that point only. This



Peak Acceleration, g

142

=

[

[T ITT]

Bulletin of the Indian Society of Earthquake Technology, September 1997

TTTTT]

I

Magnitude = 4.5 N

L il [ Lol Ll sy

10 10

Distance, km

Fig.3(a) Comparison of 22 well behaved attenuation relations (various curves) for M=4.5

with their (u = o) band (grey zone). The curves or parts of curves plotted by
dashed lines have not been considered for developing the integrated relationship
in the present study.
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Fig.3{b) Comparison of 22 well behaved attenuation relations (various curves) for M=8.0
with their {1 + o) band (grey zone). The curves or parts of curves plotted by
dashed lines have not been considered for developing the integrated relationship
in the present study. :
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assumption doesn't make much difference at large distances, but as one approaches
closer to the source, the finite size of the fault starts exhibiting its effect. Close to a
fault, the point of observation is influenced only by the energy radiated from a limited
portion of the fault, and not by the entire fault (Gupta et al., 1994). By idealizing the
fault plane by a circular area of radius R, and assuming the site of observation to lie
at a distance R on the axis of the circle, the effect of the finite size of the fault can be
accounted in an approximate but very simple way by replacing the distance R with an
equivalent distance R,q, defined as (Appendix-B)
24 RINTT 1/3
Reg = Ro [ln (5-7;,—?)] (2)

The various available relationships correlating size of a fault with the earthquake
magnitude refer to the total rupture length and are normally associated with very large
uncertainties (Wells and Coppersmith, 1994). Because the pesk ground acceleration
in the near field is not governed by the total area of the fault, such relations are not
suitable to define the radius R, for computing the equivalent source-to-site distance,
Further, as explained in Gupta et al. (1994); during a large magnitude earthquake
involving a large fault ruptyre area, due to inhomogeneous distribution of tectonic
stresses, non-uniform strength of the rock and randomly distributed asperities along a
fault plane, the fault ruptures in a random way in several small patches with different
stress drops and dislocations. The strong earthquake ground motion in the near-field
is governed only by a limited number of such patches closest to the site. Thus to get
a realistic estimate of the equivalent distance from eqn. (2), it is necessary to use the
effective size of the fault, rather than its actual physical size. Though there is no way to
find the actual effective size of a fault generating an earthquake, the empirical relations
due to Trifunac and Lee (1990) can be used to conveniently obtain it for practical
applications.

By performing regression analysis of the Fourier spectrum amplitudes of a large
number of strong-motion records, Trifunac and Lee (1990) have developed scaling
relations for the effective source size as a function of the wave-period and earthquake
magnitude. Because the peak ground acceleration is normally associated with the high-
frequency waves, in the present study, the eflective radius R, of the fault has been taken
equal to half the source size S for the lowest period range (0.04 - 0.10 sec) defined by
Trifunac and Lee as

§=02+823(M-3); R,=5/2 (3)

The equivalent distance R, evaluated using this K, would be able to account for the
near—distance saturation effects in a very simple way. Fig. 4 shows the comparison of
the peak acceleration values (dashed curves) obtained directly from the attenuation
relationship of eqn. (1) with those (solid curves) obtained by substituting R.q in place
of R in eqn. (1). It is apparent that the use of the equivalent distance based on the
effective source—size is able to introduce the near-source saturation effects in a quite
realistic way. However, to avoid the explicit computation of equivalent distance for use
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Fig.4 Comparison of the peak acceleration values (dashed curves) obtained from the
mean attenuation relationship of eqn. (1) with the correspondin , values (solid:
curves) estimated by considering the near-distarce saturation effects. For large

magnitudes and very smail distances, the solid curves are seen to provide more
realistic peak acceleration values. . :
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in the relationship of eqn. (1), the data corresponding to the solid curves in Fig. 4 have
been used to obtain the following regression relationship

Ina = — 5.3659 + 1.1886M — 0.7842In{ R + 1.0¢°-302M)

— 0.005235R — 0.03357M?; o1y, = 0.3546 )
The relationship of eqn. (4), plotted by dashed curves in Fig. 5, is seen to approximate
very closely the solid curves of Fig. 4, which are also plotted in Fig. § for comparison.
Thus the atienuation relationship of eqn. (4) is able to account, for the near-distance
saturation effects and it also gives the results which are inherently the average of the
PGA values obtained from the 22 selected relationships. This equation can, therefore,
be considered independent of regional influences and biases.

DISCUSSION AND CONCLUSIONS

Various PGA attenuation relationships, developed by regression analysis of
recorded data, are found to be associated with large scattering of the observed data
about the mean trends. Thus, even a site specific attenuation relafionship is able to
provide only the expected value of peak acceleration for engineering applications, and
not the true acceleration which may occur during a future design earthquake. Further,
the attenuation relations based on the data from different parts of the world are seen
to have large regional variations {Fig. 1). Hence, it becomes very difficult to choose a
suitable relationship for a region lacking in recorded strong-motion data. In fact, the
PGA values obtained from a specific relationship may in some cases be highly biased
and in large errors. Therefore, a better approach for engineering applications is to
evaluate the mean acceleration value from several attenuation relationships. To facili-
tate this task, in this paper, an average relationship has been developed by integrating
together 22 well behaved published PGA attenuation relations.

The source—to-site distance, R, in all the available attenuation relations refer to
a fixed point on the fault, which has been selected by different investigators in several
different ways. Some commonly used measurements of R are the epicentral distance,
hypocentral distance, closest distance to rupture-area of the fault or its projection on
the earth’s surface, closest distance to the zone of energy release and the distance to the
center of energy release, etc.. But assuming the entire seismic energy to be concentrated
at a point is not realistic. The PGA values obtained from the attenuation relations
based on the point source approximation are seen to blow-up for distances less than
about 20 km, where the finite size of the fault starts exhibiting its effect. Therefore,
to get accurate estimates of PGA at very close distances to the fault, in the present
study, an approximate empirical procedure has been proposed to modify the integrated
relationship (developed from 22 selected attenuation relations) for the near-distance
saturation effects. For a regian lacking in the recorded data, the present relationship
would provide a basis to obtain quite reliable estimates of the peak ground acceleration.
Being the average of several well behaved relationships, the results from the proposed
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relation can be considered more stable than those estimated from a particular relation
for another region.

Though the past studies have used several different definitions of the source-to~
site distance, a particular measurement of the distance can’t be ensured for a future
design earthquake. However, due to the finite size of the fault having been taken into
account, the way of selecting the source-to-site distance doesn’t matter much for the
. proposed integrated relationship of eqn. (4). Thus, it is recommended to take the
distance R in eqn. (4) as the hypocentral distance, which is the most widely used and
easily available measurement of the source-to-site distance. :

The present integrated relationship corresponds to a single horizontal component
- of the ground motion. Abrahamson and Litehisher (1989) have made detailed stud-
ies on the ratioa of vertical to horizontal ground acceleration, which indicates that
at close distances this ratio increases from around 0.65 for magnitude 5.0 to about
L.0 for magnitude 8.0. Gupta et al (1991) have found this ratio to be around 0.76
for the strong-motion data recorded in Koyna dam area’ Anderson and Lei {1994)
have suggested a value of 0.70 for the ratio of vertical to horizontal peak acceleration.
Based on these observations it is suggested that the peak vertical acceleration can be
taken around 0.70 to 0.75 of the horizontal acceleration obtained from the attenuation
relationship of eqn. (4), proposed in the present study.
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APPENDIX-A
LIST OF THE PGA ATTENUATION RELATIONS USED IN PRESNT STUDY

1. Gutenberg, B. and C.F. Richter (1950)-.
loga{g) = log Fy — 2.1+ 0.81M — 0.027TM?

log F. = { ~1029—1725log B ;R < T5km
8% =1 ~3.115 - 0.634log R ;R > T5km

California region, Rocky ground, focal depth = 15 km
3. Esteva, L. and E. Rogenblueth (1963).
a{cm/e?) = 2000¢%*M R=2; Firm ground, Not applicable for R < 15km
3. Kanai, K. (1968).
loga(ecm/s?) = 0.61M — (1.66 + %) log R+ (0.167 — L2) + 0.6980 - 0.5log T;5
T is predominant period of ground.
4. Milne, W.G. and A.G. Davenport (1969).
a{em/fe?) = ﬁf%.%; Applicable to Western region of Canada
5. Esteva, L. (1970}, '
a{cm/s3) = 1230¢%*M (R + 25)~% Firm ground condition
8. Mickey, W.V.(1571). '
loga(cm/s?) = 1.325 + 0.466M — 1.4log R; Not applicable for R < 16 km
7. Denham, D.G. and G.R. Small (1971}. ' ‘
loga{ern/s3) = 2.80 + 0.20M — 1.10log R; Australia, Unconsolidated soil.
8. Davenport, A.G. (1973).
afem/s?) = 2T4e03M B-184, Noi applicable for R<15km
9. Donovan, N.C. (1978}.
a(em/s?) = 1080e%5M (R + 25)~ 132, Rocky ground,
10. Esteva, L. and R. Villaverde (19783).
a[em/s®) = 5600¢>*M (R + 40)~%; 01,, =064, R > 15km
11. Mers, H.A. and C.A. Coraell (1978).
alcm/s?) = 1200698 R-7; g, , = 0.2
132. Orphal, D.L. and J.A. Lahoud (1974).
alem/s?) = 64.75 x 10°*M R~1-%, 5, =069 "
California region, Rock and Alluvium, Not applicable for B < 1% km
18. Bath, M. (1975).

afcm/s?) = 1.03h%-%100-54M p—1.5, Tangania region, R > 15 km
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14. Trifunac, M.D. (1976).
loga(cm/s?) = M + log Ao(R) + 0.898p + 1.T8OM — 8.217 — 0.06s — 0.186M7;

Applicable for M=4.8-7.5, log Ag{R) is Richter’s attenuation function, p is confidence
level, s=0 for alluvium, 2 for rock and 1 for intermediate type of geology.

15. McGuire R.K. (1977).
alcm/e?) = 472.0 x 100318M (R 4 25)-1301, o4, =0.62
Rock and Alluviam, Not applicable for B < 15 km
16. Ohashi et al (1977)}.
alem/s?) = 46 x 1003%M (R 4 10)-09%%; Rock sites
a(em/a?) = 24.5 x 10°-333M (R 4 10)-0974;  Siff soil
Based on Japanese data.

17. Donovan, N.C. and A.E. Bornstein (1978).
d(g) = 2108{0-046+0.103In R}M R—Z.I(R + 25)—2.6]5+0.2ulnﬂ

California region, Rock and stiff soil sites.
18. McGuire, R.K. (1978).
afg) = 0.0306¢780M R=1-17-0.200; o, =0.62
s = O for rock and 1 for scil sites in Western U.S.
19. Cornell, C.A., H. Banon and A. F. Shakal (1979).
a(g) = 0.8630%¢M (R 4 25)" 18 . 5, , =057, Western U.S.
30. Espinosa, A.F. (1980).
a{g) = 1.119 x 1075.33M R-0.11-033In &, Weprarn U.8,
21. Battls, J. (1981).
a{g) = 0.3480e 2IM (R + 26)-2%; 4. =0.71, California region.
a{g) = 0.0230¢}**M(R + 25)- 1M, 4, =071, Central U.S.
23. Campbell K. W, {1981)
a(g) = 0.0159:7598M (7 4 0.0606¢07M)
Worldwide data, Rock sites, R < 50 km.
23. Hasegawa, H.S., P.W. Basham and M.J. Berry (1981).
a(g) = 1.02 x 10™2¢13M R=1.5,  Western Canada
o(g) = 347 x 107 %! *M L1 Eastern Canada
24. Joyner, W.B. and D.M. Boore (1981).
afg) = 0.0955¢%573M (B2 4 7.3%) "5 -000anRN 47Nt 5 0,60,

Western North America.

~1.00
L% e = 0.37,




A“WPGAMMMM&&W ...... 155

APPENDIX-A Continued ...

7.

28.

30.

Nuttli, 0.W. and R.B. Herrmann (1984).
alg) = 3.79 x 107 %1 15M (R2 4 0,000346¢7 1M) O 415,~0.00180R, 4 _ g xx
Mississippi Valley
Sabetta , F. and A. Pugliese (1987).
loga(g) = —1.662 + 0.306M — log (R + 5.8%)} 4+ 0.169»;
8=0 for rock sites and 1 for soft sites, Italian data.
Peng, K.Z., F.T. Wu and L. Song (10885).
loga(em/s?) = —0.474 + 0.613M — 0.87310g R - 0.00208R; NE China
loga{cm/s?) = 0.437 + 0.454M — 0.739]og R ~ 0.00279R; NW China
Abrahamson, N.A. and J.J, Litehiger (1989).
loga(g) = ~0.62 + 0.177M — 0.982log(R + 0-344M ) +0.132F ~ 0.0008E,; ¢,,, = 0.277
Worldwide data, F' = 1 for reverse or reverse oblique events, 0 otherwise.
E, = 1 for interplate events and 0 for intraplate events.
Pukushima, Y and T. Tanara (1990).
loga(em/s?) = 6.41M — log{ R + 0.032 x 10041M ) ~ 0.0034R + 1.30; Japan
Gupta L.D., V. Rambabu and R.G. Joshi (1991).
loga({em/s?) = 2.64 - 0.01197R - 0.09952 log R — 0.6476M + 0. 10634 M3

‘ Koyna region, India.

31.

a3,

34.

Crouse, C.B. (1991).
Ina(em/a?) = 6.36 + 1.76M — 2.731In(R + 1.58.0-908M ) + 0.00818h; o, = .773
Cascadia subduction sone.
Ambraseys, N.M. and J.J. Bommer (1991).
loga(g) = —0.87 + 0.217M — log R — 0.00117R; 01044 = 0.26,
Europe
Theodulidin, N.P. and B.C. Papasachos (1992).
Inafem/s?) = 3.88 + 1.12M — 1.65In(R + 15) + 0.41s; oy, , =0.71
s = 1 for rock and 0 for ll]uviq.l sites, Greece.
Niazi, M. and Y. Bo:org'uia {1991).
Ina(g) = —-5.503 + 0.936M — 0.816 In(Ry + 0.4070-455M). 5 = 0.4861,
NE Taiwan.

35 Tento, A., L. l‘ﬁ-nncelchina and A. Marcellini (1992),

Inaf{em/s?) = 4.73 + 0.52M —In R - 0.002R; o), = 0.67, Italian sites.
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Fig.B.1 A circular fault-plane of radius R, with the site of observation, §, located on
its axis at distance R from the centre. The total source area, 4, of the fault
is assumed to consist of a large number of elemientary subsources, with the ith
element of area, dA;, located at a distance R, from the site S.
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APPENDIX-B
EQUIVALENT SOURCE-TO-SITE DISTANCE

If the entire seismic energy due to an earthquake is assumed to originate from a
single point, the total power of the radiated seismic energy received at a site at distance
R from the source can be written at frequency w as (Gupta et al., 1994)

e~wR/BQ
E(w) = Cw ‘M’(u)—— (B.1)

In this expression, C is a constant defined in terms of the radiation pattern of seis-
mic waves and density, p, and shear-wave velocity, 3, of the medium. The function
M, (w) is known as seismic moment density. The exponential term defines the anelastic
attenuation of the waves with @ as the quality constant. For high—frequency ground
motion at close distances, the anelastic attenuation effects would be negligible, and
hence eqn. (B.1) can be approximated by

_ M2 (w)
E(w) = C’W‘T (B.2)

The point—source approximation is not valid for an earthquake, which, in fact,
is characterized by rupturing of a large fault area. To consider the effect of the finite
size of the seismic source for sites at close distances, let the fault be idealized by a
circular area of radius R, and the site of observation, S, be located at a distance R
on the axis of the circle as shown in Fig. B.1. Now consider the total area A of the
fault to be consisted of a large number of small elements, each one of which acts as
an independent seismic subsource. Assuming that the total source density, M3(w),
is distributed uniformly over the entire source area, A, the energy radiated from an
element of area dA; at distance R; can be written as

Cl 4M (w) dA;
R"’ A '

172

Ei(w) = A=7R? and R;=(z?+ RY (B.3)
Further, assuming that the rupture of various elementary areas occur randomly with
uniform probability, the energy spectrum of the total ground motion at site S can also

be expressed as (Lee, 1964)
1 dA‘
E(w) = E:E(w) CHAME W) — TR T (B.4)

Comparing this expression with that of eqn. (B.2) indicates that the effect of the fault
size on the high-frequency ground motion in the near—field can be reproduced by a
virtual point source at an equivalent distance R,,, such that

1 dA;
-2 _
= mlTe (B5)
i )
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Assuming that the number of source elements are so large that the summation in
eqn. (B.5) can be replaced by integration, eqn. (B.5) gives

_ Re (27 sdzdd
Ry = wR’ z3 + R?

1 R? + R? (B.6)
= F In ( R2 )
From this, the equivalent distance, R,q, is given as
R® 4+ R? -1/2
qu = Ro [ln (—R_ﬂo)] (B-?)





