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Sismologia. — A model for the occurremce of the acceleration
of the ground caused by earthquakes. Nota ® del Socio MICHELE
Caruro.

RIASSUNTO. — L’analisi statistica di quindici insiemi di misure di rilassamento di sforzo
elastico in quindici differenti insiemi di terremoti (sequenze, sciami, scosse successive o
terremoti scelti a caso in una regione) per un totale di 926 eventi in Italia, Giappone, Isole
Aleutine, Messico e California, conferma che il rilassamento di sforzo p & una funzione decre-
scente di  ed & quasi proporzionale a p*1 (¢ < 0) come previsto da Caputo (1976).

Usando questa distribuzione statistica e quella delle dimensioni lineari delle faglie.si
introduce una nuova formula per il .periodo di ritorno 7 (@) della radice dell’accelerazione
quadratica media maggiore di @ causata dai terremoti di una regione sismica ad una distanza
R; si trova che 7 (@) & quasi proporzionale a (R32 )78 (5 = 3.5).

INTRODUCTION

Earthquakes are described by a number of parameters which are esti-
mated with an accuracy and frequency largely dependent on the complexity
of the method used to measure the parameter.

At times the scale of some of these parameters has been changed, which
is the case for intensity and magnitude (Kanamori and Hanks, 1979).
Although these quantities are measured to a satisfactory accuracy, their use
in modern seismic engineering is not of relevant importance because of the
lack of their correlation with the acceleration of the ground due to earth-
quakes (Ambraseys, 1974).

For some of the parameters the analytic form for the density distri-
bution function is also known, which is the case for the linear size of
faults / (Caputo, 1976; Hanks, 1979) and also the stress drops p (Caputo,
1976, 1977; Caputo and Console, 1980). But direct information on the
statistical distribution of p» and / is still scauty, in spite of the importance
of this information as regards the occurrence of ground accelerations caused
by earthquakes.

In this paper we shall determine the statistical distribution of p and
use it to model the occurrence of the acceleration of the ground.

Statistical analysis of the data.

Two recent papers by Caputo (1980) and Caputo and Console (1980)
reported the statistical analysis of seven sets of stress drops and one set
of fault linear dimension.

(*) Presentata nella seduta dell’8 novembre 1980.
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In this note we shall report in Table I the statistical distribution of p
observed in fifteen different sets of earthquakes. These events were selected
in earthquake sequences, swarms, aftershocks series, or just random events
which occurred in Japan, California, Mexico, Italy and the ‘Aleutian Arc.
We shall present in Fig. 1 a tentative numerical analysis of the sets of
data which are sufficiently numerous.

TABLE 1.

Statistical distribution of the stress drops computed by Basili e# /. (1978) for a series
of 24 aftershocks of the 1976 Friuli (Italy) earthquake (1); of the stress drops computed by
Lee et al. (1979) for a series of 22 aftershocks of the 1979 Coyote Lake (California) earthquake
(2); of the stress drops computed by Fletcher (1980) for a series of 26 aftershocks of the 1978
Oroville (California) earthquake (3); of the stress drops computed by Bakun ¢f /. (1976)
for the 1974 sequence of 26 earthquakes in Central California (4); of the stress drops com-
puted by Munguia ez @l. (1977—78) for a series of 25 aftershorks of the 1978 Oaxaka (Baja
California, Mexico) earthquake (5); of the stress drops computed by Correig and Udias (1980)
for 12 scattered earthquakes in the Oceanic ridges (6); of the stress drops computed by Ar-
chambeau (1980) for 185 scattered earthquakes in the Aleutian and Alaskan regions (7); and

for 123 scattered earthquakes in Japan (8).
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The analysis is made using, in a first approximation, the empirical
laws (Caputo, 1976)

(1) logN(p) =, — (1 —a)logp , logN(1)=c,—vlog/

where N is the number of stress drops (or linear size of faults) in the range
p,p+dp(orl,l+dl). ¢,c,1 —a and v are constants to be determined
empirically. ‘

It has been shown that v can be retrieved from the formulae (Caputo, 1976)

: 36 ‘ﬁ+yM, 23 p?
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where & is the coefficient of the Gutenberg Richter empirical law for earth-
quakes statistics, v is the seismic efficiency, £ is a geometric factor and u
is the rigidity.

One may immediately verify from Table I that the density distri-
bution of the stress drops is a decreasing function of p: Fig. 1 verifies
satisfactorily the validity of (1).
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Fig. 1. — Linear regression for the stress drops of the 1971 San Fernando earthquake after-

shocks (Tucker and Brune, 1973), of Japan (Mikumo, 1979; Utsu, 1979), of the Brawley—

Imperial Valley, 1975 swarm (Hartzell and Brune, 1977), of Southern California (Thatcher

and Hanks, 1973), of the Imperial Valley, 1977 swarm (Adair et al., 1977), of scattered

earthquakes in the Geiser (California) region (Peppin and Bufe, 1980) and of the 1978
Victoria (Mexico) swarm (Munguia ez al., 1978).

It is important to note that the stress drops computed by Archam-
beau (1980) for the Alaskan-Aleutian region and the Japanese region have
been obtained by fitting the observed seismograms with the synthetic ones
obtained from source models of the events which have the observed source
parameters.

The stress drops of the set of data of Mikumo (1979) and Utsu (1979)
have been computed by various methods including Brune’s (1972) formula.
They are mostly different from the method of Archambeau (1979).

The value of — 1 -+ « resulting from the analysis of Archambeau’s (1980)
data for Japan is — 1.2, that resulting from the data of Mikumo (1979)

v
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and Utsu (1979) is — 1.5. Considering ‘that the amount of data in both
sets is relatively small the two values of —1 + a are in satisfactory
agreement.

In most cases it is difficult to make a good estimate of the errors of the
statistical analysis of the sets of data on p and / reported here, but we
may say that the errors of log / and log p are of the same order as those
of log M, and M.

Few authors report the precision of their data. Peppin and Bufe (1980)
computed the seismic moment and the stress drop for 41 earthquakes with
magnitudes in the range 0.4 to 2.3 recorded in the Geysérs geothermal
area (California) and the near by active faults of the San Andreas systemn.
They did not find large differences between the stress drops measured from
vertical P wave and horizontal S wave spectral corner frequencies. They
also computed the moment and stress drop using records of two or three
different instruments. The scatter of the data is acceptable for the analysis
made here; 65 9, of their corner frequencies have a precision better than 10 9.

The values of « detérmined for the sets of data which are sufficiently
numerous to allow a tentative estimate are in the range —1 <a <O
(Fig. 1).

The scattering may be due to the fact that the seismic regions examined
are different or may be partly due to the scarcity of data in each set and
to the consequently large and varied intervals used. in the construction of
the histogrames. Varying the size of the interval of the histogrames of each
set may cause a scattering of the value of « of almost 109, in the range — 1
to zero. However it seems that a« << o.

- Since the return perlod T (p) of the stress drops is inversely proportlonal
to N (p), we have
Nl(p> — Io—cl pl—a
from which it results that the time of accumulation of the stress drop p is
not proportional to p.

(2) | T =

This in turn may have several implication. It is possible that creep
takes place in the accumulation of large stresses and/or that there is a
particular distribution of the directions of the faults with respect to that
of the major tectonic force acting in the region (Caputo, 1977%).
~ The different values of v imply different fracturation of the crust and
may be associated with the length of time during which the crust of the
region has been subject to tectonic forces and to the intensity of these
forces. A tentative study of this correlation seems to confirm this hypothes1s
(Schettino, 1980). .

In a numerical study Mikumo and Miyatake (1979) have investigated
the space and time characteristics of earthquake sequences of a frictional
fault model with non uniform strengths and relaxation times which is
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subject to a time dependent shear stress. They found good linear relations
between the log of source area A and the cumulative distribution N

(3) log N = ¢3 +cylog A .

This is identical to relation (1).
Mikumo and Miyatake (1979) obtain C, values ranging from —I.I

to — 1.4, which give values of v in the range from 3.2 to 3.8. The associated
v—1

values of 6 = v (Caputo, 1976) are somewhat larger than those

observed in the world, as noted by Mikumo and Miyatake (1979), but
they depend on the value of y = 1.5 assumed implicity by Mikumo and
Miyatake (1979) but not necessarely valid for the numerical model.

Model of occurrence of the accelerations of the ground.

Let us now apply the results of the preceding sections to the determi-
nation of the cumulative distribution of the 7ms-value of the acceleration
of the ground caused by a seismic region.

Available seismological evidence suggests that @™ (e = 2) represents
the high-frequency spectral decay of the spectrum of the far-field radiation
of crustal earthquakes (Hanks, 1979). This high-frequency radiation in the
presence of anelastic attenuation Q) is integrated as band limited, finite
duration, white noise in acceleration; its 7ms-value «, is (Hanks, 1979)

? V foax
@ = 0.317 =
(4) R VL
where ¢ is the density, R the hypocentral distance, f, the spectral corner
frequency and fua., = QB/x R is determined by Q, R and the velocity of
the waves f.
Substituting (Brune, 1970)

Jo=12.348[¢
in (4) we find
_ - 052 |/ fmx _ 052 1/Q
() a=Kp7 ; K=-% ‘/ 5 = R V?

The cumulative distribution function # (4) of a can be determined from
the density distributions (1) of / and p as follows.  If gy, p,,4,4 are
minimum and maximum values of p and / of the seismic region following
the method of Caputo. (1976), by integrating in the domain of the plane /, p
defined by (5) and by the minimum and maximum values of p and /, we
find that the cumulative distribution of a for a> &p, V2%, (or a> kpyV 4

whichever is larger) is

D { ;’75 Z;—v (2 v— 2) Zé—v—(a/2) doc p2v+oc—2 az_zv
I —vV

© @)= o x(2v 4 B—2) &  BFP(2vila—2) .
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In the crust it is reasonable to assume p = 2,8 and Q) = 300 for the seismic
waves of interest, this gives K = 1.02 R~ If we measure @ in units of
kp, Y7y and set a* = alkp, V1, formula (6) is very simple

o ngl;'v( I 2v—2 o a
) ”(‘Z)——V_TI_ —€+a<2v+a_2>“ +2\1—|—oc~—*2

Since o< 0, v>2, it is seen that #(«) is an increasing function of 2,
and decreasing function of 2 and R.

For small values of @ in the range p,£Y/Z to p, kY74 like those
considered here the second term of (7) is small relative to the third. Since
v~ 2.8, n(a) is nearly proportional to (aR?'/z)_8 (3 ~ 3.9).

It is important to note that, considering formula (5) and the density
distributions of p» and / given by (1), a given pair of values of ¢ and R
correspond to an infinite number of values of M and that, of all the values
of M associated with this pair, the minimum value of M is that which has
the highest probability of occurrence. In turn this implies that the return
periods of the acceleration of the ground caused by earthquakes are much
longer than previously estimated through empirical relations between M
and a.

If we want to take into account that the seismicity is not concentrated
in @ point at distance R but covers an area which we assume here for
simplicity to be a sector of @ circular ring defined by the angles 9,9, and
by the radii R; and R,, then # (a) is '

n(a) = Dpsh™ (1 40 —10)(apa V)" (R —REHYH
P * Blza+t+2)a(zy + a—2) (Ri——Rf)

2(ape V)Y RSV —RIT™)
(2v—2+ o) (s —3v) (R} —RD)

{
where R; is egual to R, or (p, VZ)%, whichever is smaller.

In California v = 2.98 , « = — 1 (Caputo and Console, 1980) a reason-
able value of p, is 500 bar as shown from the data of Thatcher and
Hanks (1973); we may tentatively consider a maximum linear dimension
of a fault /, = 5-10% The value of D can be deduced using the formula (13)
of Caputo (1976) with p, = 5-10%, p, = 5-.10° and the data of Epstein and
Lomnitz (1966) on Northern California earthquakes: one obtains D = 10'%%,
For ¢ = sogal, Ry, = 8 R, = 8.10% formula (7) gives n(so) =(17)"* or a
return period of 17 years.

In Fig. 2 we may also see that an earthquake with M = 5 could cause
a rms acceleration of sogal at 10 km distance but it would have to be an
earthquake with a stress drop of 500 bar and linear dimension of fault of
100 m, which is extremely rare, which is why the return period estimated
above is so long.
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Fig. 2. - Isolines of magnitude and »ms acceleration a in the plane of the linear dimension
of faults / and stress drops p.

The estimate of v and « allows also to estimate the spectrum of the
energy density; for intermediate values of E the energy density is pro-
portional to CE'™dE, for large values of E it is proportional to
(K, E** + K, E""" dE, K;, K, and C are parameters depending on the
seismic region. It is important to note that, although most of the elastic
energy of the crust is released in the large Earthquakes, the energy density
release is larger in small Earthquakes.

REFERENCES

AMBRASEYS N.N. (1974) ~ Notes on engineering seismology, in Engineering Seismology and
Earthquake Engineering, J. Solnes E. Noordhoff, Leiden.

ADAIR R., J.N. BRUNE and J. ORCUTT (1978) — Comparison of observed and calculated sei-
smograms for some events of the November 1977, Imperial Valley earthquake swarm,
«Earthquake Notes», 49, 4, 81.

ARCHAMBEAU C. (1980) — Estimation of Non—Hydrostatic Stress in the Earth by Seismic Me-
thods. Lithospheric Stress Levels Along Pacific and Plate Subduction Zones, Unpublished.



MICHELE CAPUTO, A model for the occurrence of the acceleration, ecc. 239

BAKUN W.H., BUFE G.C. and STEWART R.M. (1976) — Body-wave spectra of central Cali-
fornia Earthgquakes, « Bull. Seism. Soc. Am.», 66, 2, 363-384.

BASILI M., CAGNETTI V., POLINARI S., TINELLI G., CAPUTO M., CONSOLE R. and ROVELLI A,
Estimate of Seismic Moment and Other Seismic Parameters of the 1976 Friuli Earthquake
CNEN, Roma. .

BRUNE J.N (1970) — Zectonic Stress and the Spectra of Seismic shear waves, « J. Geophys.
Res.», 75, 4997—-5009.

CAPUTO M. (1976) — Model and observed seismicity represented in a two dimensional space,
«Annali di Geofisica», 4, 277-288.

CAPUTO M. (1977) — A mechanical model for the statistics of earthquakes magnitude, moment
and fault distribution. « Bull. Seis. Soc. Am.», 67, 3, 849-861.

CAPUTO M. (1980) ~ Analysis of the statistical distribution of stress drops occuring during Earth-
guakes, « Tectonophysics» in press.

CaPUTO M., and CONSOLE R. (1980) —~ Statistical distribution of stress drops and faults of seismic
regions, « Tectonophysics», 67, 13—20.

CORREIG A.M., and UDIAS A. (1980) — Sowurce parameters for Earthquakes in oceanic vidges,
unpublished. )

EpPSTEIN B. and LoMNITZ C. (1966) — A model for the occurrence of large Earthquakes, «Na-
ture», 211, 1197-1198. E

FLETCHER J. B. (1980) — Spectra from High-Dynamic Range Digital Recordings of Oroville
California Aftershocks and their Source Parameters, « B.S.S.A.», 70, 3, 735-756.

Hanks T.C. (1979) — & values and w—3 seismic source model: implications for Tectonic Stress
Variations Along active Crustal Fault Zones and the Estimation of High Frequency Strong
Ground Motion, « J. Geophys. Res.», 84, 2235-2242.

HarTzELL S. H. and BRUNE ]J.N. (1977) — Sowurce parameters for the Jan. 1975 Brawley —
Imperial Valley Earthquake Swarm, «Pageoph.», II15, 333-355.

Lee W.H. K., HErRD D. G., CAGNETTI V., BAKUN W. H. and RAPPORT A. (1979) — A4 pre-
liminary study of the Coyote Lake Earthquake of August 6th, 1979 and ils major after-
shocks, U.S. Geological Survey, Menlo Park, Calif. Open File Report 79-1621.

MIKUMO T. and MIYATAKE T. (1979) — Earthquake sequences on a frictional foult model with
non uniform strength and relaxation times, « Geophys. J. R. Astr. Soc.», 59, 497—-522.

MikuMO T. (1979) — Personal Communication.

MUNGUIA L., BRUNE J.N., REVES A., GONZALES ]., SIMONS R. and VERNON F. (1977-78) —
Digital seismic event recorder vecords and spectra for aftershocks of the November 29, 1978
Oaxaca earthquake, « Geofisica Internacional», 17, 3, 3590—366.

MUNGUIA L., BRUNE J.N., ADAIR R., GONZALES J., SIMONS R. and VERNON F. (1978) -
Digital seismograph and strong motion recordings of earthquakes in the Victoria, B. C.,
Mexico swarm of March, 1978, « EOS», 59, 12, 1131.

PEpPIN W. A. and BUFE C. (1980) — Induced versus natural Earthquakes: search for a seismic
discviminant, « B.S.S. A.», 70, 269—283.

Utsu T. (1979) — Personal Communication.

SCHETTINO E.C. (1979) — Analisi dello stato di fratturazione della crosta in Europa, (disser-
tation thesis), « Inst. Physics, Univ. of Rome», Italy.

TATCHER A. and HANKS T.C. (1973) — Sowurce parameters of Southern California carthquakes,
« Geophys. Res.», 78, 8547-8576.

TuckeR B. E. and BRUNE J.N. (1973) — Sowrce mechanism and my — m, analysis of after-
shocks of the San Fernando Earthquake of February 9, 1971. « Geolog. and Geophys.
Studies, U.S. Dept. of Commerce», 3, 65~122.

18 — RENDICONTI 1980, vol. LXIX, fasc. 5.



