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The peak of smooth Fourier amplitude spectra, (FS(1)),,.x, of strong
motion acceleration recorded in California is modeled via dimensional analy-
sis. In this model, the spectrum amplitudes are proportional to (1) ¢ — the
root-mean-square (r.m.s.) amplitude of the peak stresses on the fault surface
in the areas of high stress concentration (asperities), and (2) (log;o N)V2,
where N is the number of contributing (sampled) asperities. The results im-
ply simple, one asperity, earthquake events for M < 5, and multiple asperity
events for M 2 5 (N ~ 10 near M = 7 and N ~ 100 for M ~ 8). The r.m.s. value
of the peak stress drop on the fault, 6, appears to increase with magnitude
for M < 6, and then it levels off near 100 bars, for M = 6. For M > 6,
(FS(T))max continues to grow with magnitude, because of the larger number
of asperities from which the sample is taken (N ~ 100 for M = 8), not because
of increasing c.

Keywords: Strong earthquake acceleration, earthquake stress.

Introduction

The Fourier amplitude spectra of strong earthquake ground acceleration,
FS(T), could be viewed and studied in three frequency ranges: (1) long peri-
ods (frequencies [ =1/T <f; ~v/ L, where v — dislocation velocity, L - fault
length, Fig. 1; Trifunac, 1993), (2) high frequencies (f > fg = @B/5A, where @ —
quality factor, p — shear wave velocity and A — hypocentral distance; Tri-
funac, 1994a) and (3) intermediate frequencies (f; <f <f3). For long periods,
in the near-field, FS(T) is determined by the average value of the permanent

* This paper is dedicated to Professor Franz Ziegler, on the occasion of his 60" birthday — for
Festkolloquium »Recent Advances in Mechanics of Solids and Fluids« at Technische Universitat
Wien — in recognition of his exceptional service to the Earthquake Engineering Profession in
Europe, in gratitude for his many contributions to the field of Applied Mechanics, and as an ex-
pression of hope to witness his many future accomplishments.
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fault offset, z, and by the fault geometry (fault width W and length L), and in
the far-field by the seismic moment M,. For intermediate frequencies, F'S(T)
is determined by the stresses on the fault (Brune, 1970). At high frequencies,
FS(T) is still determined by the stresses on the fault, but its final amplitudes
are governed by the attenuation and scattering properties of the geological
environment, around the source, and between the source an the recording
station.

There have been many studies of Fourier amplitude spectra of strong mo-
tion acceleration since 1970’s (reviewed by Anderson, 1991). Most of these
are seismological studies which have focused on far-field body wave spectra.
For earthquake resistant design, however, it is necessary to represent the
complete strong motion signal close to the fault plane, including near-field,
intermediate field and far-field body and surface waves in the representation
of the ground motion (Trifunac, 1974). While much can be learned about the
nature of the problem from seismological (theoretical and observational)
studies of body and surface wave spectra, strong ground motion for engineer-
ing applications is best represented by direct scaling models, obtained by re-
gression analyses of recorded accelerograms, which represent the complete
strong motion signal (Trifunac, 1995a,b). Empirical scaling models can pre-
dict the average trends of FiS(T) of strong motion amplitudes near the source
(hypocentral distance A <100km), for frequencies ~ 0.1 < f < 25 < Hz. The
proximity of the recording stations to the source (implying short and rela-
tively simple propagation path), high frequency characteristics of strong mo-
tion accelerographs and high quality data processing, all contribute to the ac-
curacy and completeness of information contained in strong motion
accelerograms.

This paper employs dimensional analysis to examine the Fourier ampli-
tude spectra of the complete strong motion signal in the intermediate fre-
quency range (f; < f < fm), in relation to selected parameters of the earth-
quake source (e.g., earthquake magnitude, M, seismic moment, M,, average
dislocation amplitude on the fault surface, u, stress drop, o). The functional
forms used in this dimensional analysis will follow from elementary models
of the earthquake source, and are calibrated via empirical scaling models of
recorded strong motion (Trifunac 1989a, b; Trifunac and Lee, 1989). The pur-
pose of the study is to use the wealth of information contained in the Fourier
spectrum of recorded motion (via empirical scaling models) to delineate the
nature of the functional relationships between various quantities describing
the physical processes of the earthquake source, and especially the stress
drop as function of the earthquake magnitude. Finally, an implication of the
earthquake source model, resulting from this study, for frequency of occur-
rence versus magnitude relationships for a region (important for probabilis-
tic earthquake hazard assessment) is discussed.
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Empirical scaling models for FS(T)

Models for empirical scaling the Fourier amplitude spectra of strong mo-
tion acceleration, F'S(T), have the form

logyo FST) =M + Att(A M, T) + by (DM + by(T) I + bg(T)v + by (T +

(1)
+b5(1) + bg(MM? + bV (M)STM + bP(T)S,?,

where M is the earthquake magnitude (Richter, 1958; Trifunac, 1991), b,(T)

through b7(2)(T) are scaling coefficient functions of period 7', and Att(A, M, T)

is the frequency dependent attenuation function (Trifunac and Lee, 1990)

A, (Mlogy, A R<R,
Att(AM,T) = (2)
A,Mlogy A, —(R-R,)/200, R>R,

In eq. (2), R is the epicentral distance, H is the focal depth, A is the »repre-
sentative« source-to-station distance,

1
R2+H?>+8%| 2
(3)

A=Sln| —————
{RQ +H? + S2
and A, is the value of A when R = R, (all of these are in km).

The attenuation A¢t(A, M, T) depends on magnitude implicitly, through
S, which is the linearized estimate of the »source dimension«

S=02+851M-3), forM>3 (4)

S, in eq. (3) is the coherence radius of the source, approximated by S, ~p7"/ 2,
where B is the shear wave velocity in the source region. When S/R — 0 and
S/R, — 0 (i.e. large R or small S and S,), A > (H? + R»)"? = hypocentral dis-
tance.

The function A, (T), in the right hand side of eq. (2), is represented by a
parabola of T between 0.04 s and about 1 s. It increases from ~-2 at 7' = 0.04
sto~-0.7 at T =1 s, and remains constant for 7'> 1 s. R, is the transition dis-
tance (about 150 km for 7' < 0.05, and ~ 50 km for 7" > 1 s) beyond which the
attenuation function has slope of 1/200.

In eq. (1), h represents the thickness of the sedimentary layer (in km) at
the site. The parameter v equals 0 for horizontal motion and 1 for the vertical
motion. The term b,(T)hv models progressively steeper incidence of body
waves for soft and deeper sedimentary sites, b5(T)M?2 models the saturation
of strong motion amplitudes versus M, for M < M., = —(1 + b:(T))/(2bg(T)).

The last two terms of eq. (1) contain indicator variables S S) and S £2> de-
fined by
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(5)

21) :{1 if s; =1 (stiff soil) and Sf) :{1 if s;, =2 (deep soil)

0 otherwise 0 otherwise

where s;, is the local soil parameter (s;, = 0, 1 and 2 represents »rocke, stiff
soil and deep soil sites; Trifunac, 1990). Sites with soft to medium clays, with
strata of sands and gravels, are not common in the Western United States
and are not considered in the regression model.

Let FS(T) represent the Fourier amplitude spectrum estimated from eq.
(1) and F'S(T) the spectrum computed from recorded accelerograms. The resi-
dues, (T, defined as

e(T) =log,, FS(T) ~log,, FS(T), (6)

can be described by a normal distribution function, with mean p(7") and stan-
dard deviation o(7). Then the probability thatlog,, FS(T) -log,, FST) <e()is

1 e(T) 1(35—}1(71))2
6T)=— 2 [exp|-1[Z7HDV g 1)
e M

Table 1 gives by(T) through b2(T), Mo, Myax, W(T) and o(T) at 12 periods
T(1) = 0.04 through T(12) = 14 s.

Table 1.

logyg FS(T)=M_ + Att(AM,T)+ b(T)M _ . + by (T)h + by(T)v + b, (T) hv +
+05(T)+ bg(TIM?2, + B (T)SY + b2 (TSP

N = 1 2 3 4 5 6 7 8 9 10 11 12

Period
T (s)= 0.040 0.065 0.11 0.19 0.34 0.50 0.90 1.60 2.80 4.40 750 14.0

Coefficients:

by(T) 0.652 0.667 0.819 0.962 0.977 0.927 0.854 0.876 0.940 0.856 0.382 -0.707
bo(T) 0.067 0.063 0.056 0.047 0.040 0.039 0.049 0.067 0.084 0.087 0.069 0.020
bs(T) 0.127 0.091 -0.012 -0.155 -0.272 -0.292 -0.233 -0.152 -0.122 -0.126 -0.132 -0.131
by(T) 0.006 -0.002 —-0.015 —0.030 -0.041 -0.047 -0.051 -0.048 -0.040 -0.033 -0.030 -0.034
bs(T) -3.921 -3.876 —4.151 -4.532 -4.809 -4.924 -5.151 -5.568 -5.881 -5.529 -3.791 -0.019
bg(T) —0.095 -0.098 -0.114 —0.127 -0.128 -0.123 -0.112 -0.110 -0.113 -0.110 —-0.080 —0.006
b(T) -0.314 -0.282 -0.219 -0.120 -0.008 0.052 0.120 0.161 0.161 0.127 0.065 —0.002
b72)(T) -0.264 -0.260 -0.238 -0.151 -0.012 0.069 0.144 0.169 0.152 0.103 0.004 -0.144
Mpin 3429 3.389 3.604 3.780 3.810 3.773 3.814 3991 4.155 3.897 2.376 0.000
Mmax 8.691 8472 8.006 7.711 7.711 7.845 8.282 8549 8576 8450 8.600 14.500
w(T) -0.002 -0.002 —-0.002 —0.001 -0.001 -0.001 -0.002 -0.001  0.002 0.003 0.001 -0.001
oT) 0.445 0.462 0.388 0.343 0.316 0.317 0.338 0.352 0.343 0.328 0.315 0.305

M_ =min(M,M,.), M_, =max(M; ,M_)

min>’
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The first empirical scaling models of Fourier spectra of strong earth-
quake motion were developed in 1976 (Trifunac, 1976), and use the Richter’s
attenuation function (Richter, 1958). The first models which consider fre-
quency dependent attenuation — Att(A, M, T) given by eq. (2) — were devel-
oped in 1985, but these did not consider explicitly dependence on the soil site
parameter sy, (Trifunac and Lee, 1985). This dependence was included in the
further generations of regression models (Trifunac and Lee, 1987; 1989). The
thickness of sediments, A, is often not known at the recording stations or at
sites where the empirical scaling models for FS(T') will be applied. An alter-
native simple way of defining the site geology has been via the geologic site
condition parameter s (= 0, 1 and 2 for sediments, intermediate sites and rock).
The resulting empirical models are almost identical to the one in eq. (1), ex-
cept that the dependence on h is replaced by an equivalent dependence on s.

This paper uses the following four empirical scaling models:
1. MAG-SITE (Trifunac and Lee, 1989)

2. MAG-DEPTH (Trifunac and Lee, 1989)

3. MAG-SITE-SOIL (Trifunac, 1989b)

4. MAG-DEPTH-SOIL (Trifunac, 1989a)

In what follows, these four models will be used simultaneously and will
be referred to as the »group of four« recent scaling models (G4RM). In the
above MAG« implies scaling in terms of earthquake magnitude, »SITE« indi-
cates use of the geological site parameters s = 0, 1 or 2, and »\DEPTH« implies
use of & as in eq. (1). »SOIL« indicates that the soil site parameter s;, (= 0, 1
and 2) is considered. Models 1 and 2 do not consider dependence on sj.

Figure 1 shows log,o FS(T) versus frequency f = 1/T for magnitudes M =
4,5, 6,7 and 8, at epicentral distance R = 10 km, for source depth H = 0 km,
and for 50 % probability of exceedance (i.e. p(gT) =05, see eq. (7)). With de-
creasing magnitude and increasing source to station distance, the spectral
amplitudes computed by eq. (1) are valid up to progressively shorter periods
T'WN)=1/fc, ). This is caused by the recording and processing noise, whose
spectral amplitudes are shown in Fig. 1 by the shaded zone (increasing from
about 0.1 cm/s for f~ 10 Hz to about 3 cm/s near f = 0.1 Hz (Lee and Trifunac,
1990; Lee et al. 1982). At the higher frequency end, the spectra are defined
only up to 25 Hz; this limit is chosen more for convenience in data processing
than for poor signal to noise ratio. Also, at high frequencies, the spectral am-
plitudes recorded by the strong motion accelerographs are smaller than indi-
cated in Fig. 1, because most strong motion transducers which contributed to
the strong motion database used for the statistical regression had natural
frequencies between 14 Hz and 25 Hz (Trifunac and Hudson, 1970; Trifunac,
1971, 1972c¢; Lee et al., 1982). While the algorithms for correction of instru-
ment response and for reconstruction of ground motion can be extended to
apply for frequencies higher than 25 Hz, so far it has not been necessary to
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Figure 1. Fourier amplitude spectra, versus frequency (Hz) for probability of exceedance equal
to 0.5, for M =4, 5, 6, 7 and 8, at epicentral distance R = 10 km and for the source at depth H =0
km. Outside the shaded region, between f, =1/T(N,) and f = 25 Hz, where equation (1) is valid,
the spectral amplitudes can be extrapolateci as it is suggested in Trifunac (1993). The corner fre-
quencies fj, f, the cut off frequencies f,; , and fp and fy; are defined in the text. The processing
and digitization noise amplitudes are shown by the rectangular shaded zone.

preserve the digitized data at sampling rate higher than 50 points/s (Lee and
Trifunac, 1990). In Fig. 1, the shaded area shows the region where the empiri-
cal eq. (1) is valid. For uniformity, all G4ARM empirical equations are defined
for 12 periods T(N), N = 1, ..., 12 (Table 1), but can be used only for N <N,.
Table 2 shows the cut-off periods, T(N,), (T(N,) = 1/fCO ), versus magnitude.

In what follows, the spectral amplitudes for intermediate frequencies
near the peak amplitudes of F'S(T) will be studied (at f, in Fig. 1). Also, all
spectra and analyses will be based on the estimates of strong ground motion
at basement rock (s = 2, or 2 = 0) and on »rock« soil site (s, = 0). This will
eliminate complications introduced by the local site conditions (Trifunac,
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1990) and will allow more direct comparison with seismological studies and
observations. Finally, the results of eq. (1) for horizontal motions only (v = 0),
will be presented.

Table 2. Cut-off periods T(N,) versus magnitude

M T(N¢) Ne
3 0.90 7
4 0.90 7
5 1.60 8
6 2.80 9
7 4.40 10
8 7.50 11

Long period extension

In the near-field, FS(T) may be extrapolated for periods longer than
T(N,) (Table 2) by the function (Trifunac, 1993)

g

FSyp (T) = T—m (8)
{(%WT }
i
T

where d is the average permanent ground displacement on the surface, at
the fault, and t is the characteristic source time (t = 1/f;). The latter can be
approximated by

L W
~l =z 9
T[UJFGJ 9

where v is the dislocation velocity (~ 2.2 km/s), and L and W are the rupture
length and width. At 7' = T(N,), the amplitude of the extension function
FSny(T) has to be equal to amplitude of the empirical model FS(T). This con-
dition can be used to evaluate the average permanent ground displacement d
as function of the Fourier amplitude spectrum of recorded acceleration. The
average dislocation amplitude on the ruptured area is & =2d. Consequently,
the condition FSyz(T)=FST) at T =T({N_) results in estimates of & versus
earthquake magnitude, which will be used throughout this paper.

In the far-field, F'S(T) can be extrapolated for periods longer than T(V,)
by the function (Trifunac, 1993)
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21

2

V2
w 2 1+°
1+ —
22T

where C; is a parameter determined from the condition that FSpp(T) = FS(T)
at T = T(N,).
In eqgs. (9) and (10), the fault length, L, and width, W, are defined by

(10)

L=al10™ (11)
and

W=c10™ (12a)
or

W=e+fM (12b)

where the constants a through f for the G4RM are specified in Table 3. These
four models have been chosen to illustrate variations in the definitions of W
and L, but all fit the data and many other constraints on the source parame-
ters (Trifunac, 1994b). In the following, these models will be referred to as
the »four extrapolation models«. Table 4 summarizes selected source parame-
ters which are associated with these four extrapolation models. In this table
M, is the seismic moment, fo = v/W and A = WL.

Stress characteristics of the source

In this analysis, the »stress drop« will be used via dimensional analysis
as a scaling parameter which governs the amplitudes of Fourier amplitude

Table 3. Coefficients a and b in L =a x10"™ and ¢ and d in W = ¢ x10™M

Fault length L (km) Fault width W (km)
Model a b conditions
. [-377+134TM M >31
1 0.0936 0.514 M >4.77 “Vo131M M <3l
c d
2 0.0133 0.500 0.1 0.25 M>35"
W=L for M<35
3 0.00931 0.515 0.132 0.245 M>425"
W=L for M <4.25
4 0.00931 0.515 0.132 0.245 M>55"
0.0145 0.419 M<55

*in the text these magnitudes are designated by M-
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Table 4. Selected source parameters of the »four extrapolation models«

M Model 1 Model 2 Model 3 Model 4
logz 3 -0.95 -0.71 -0.92 -0.68 -1.00 0.76 -1.02 -0.78
(cm) 4 0.60 0.75 049  0.64 0.43  0.58 0.39 0.54
5 1.44 1.49 1.46 151 141  1.46 1.40 1.45
6 2.36 2.42 241  2.46 2.36 241 2.37 241
7 3.05 3.18 3.11  3.23 3.06 3.19 3.05 3.19
8 3.52 3.71 357  3.76 354  3.72 3.54 3.72
logipA 3 -0.81 -0.75 -0.95 -1.07
(km?2) 4 0.42 0.12 0.06 -0.13
5 1.01 0.87 0.89 0.80
6 1.69 1.63 1.65 1.65
7 2.32 2.37 2.41 2.41
8 2.93 3.12 3.17 3.17
logio M, 3 20.54 20.66 20.56  20.67 2051 20.62  20.50 20.61
(dyn cm) 4 2242 2254 2223 2235 2220 2232 2210 22.23
5 23.38 23.43 23.33 23.38 23.32 23.37 2329 23.34
6 24.84 24.89 24.84 24.89 24.82 24.88  24.82 24.88
7 26.26  26.39 26.30 26.43 2629 2642 2629 26.42
8 27.61 27.80 27.68 27.87 27.68 27.87  27.68 27.87
fiHz) 3 4.10 3.82 4.93 5.21
4 1.00 1.29 1.51 1.67
5 0.48 0.45 0.51 0.53
6 0.17 0.15 0.17 0.17
7 0.056 0.050 0.055 0.055
8 0.018 0.016 0.017 0.017
f(Hz) 3 5.60 5.22 6.47 8.40
4 1.36 2.20 2.06 3.20
5 0.74 1.24 0.99 1.22
6 0.51 0.70 0.56 0.57
7 0.39 0.39 0.32 0.32
8 0.31 0.22 0.18 0.18

spectra of strong motion at intermediate frequencies (1 to 5 Hz). The stress
=0, —c, will be referred to as effective stress. It represents the difference
between the stress on the fault before the earthquake, o, and the frictional
stress, o, opposing the dislocation. For simplicity, it be will assumed that ¢
equals the stress drop.

Peak Amplitudes of FS(T)

For frequencies 1/T >f, (corner frequency), the peak amplitude of
smooth Fourier spectrum of strong motion acceleration is proportional to

FS(T),0x ~0B/ 1 (13)
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where FS(T),,. is the high frequency spectral asymptote in an ideal medium
with no attenuation (Brune, 1970). For stations near the source, the corner
frequency, f., depends on the wave type and on the source-to-site distance. It
can be approximated by f, ~max[f;,f;], with f; ~[L/v +T0]_1and fo~v/IW,
where T is the dislocation rise time.

As the frequency increases, the attenuation and scattering diminish the
spectral amplitudes approximately like exp[—(nf A)/(@B)]. This attenuation
becomes pronounced near [ =[(@p)/ GA)], and begins to dominate the shape
of the spectral amplitudes for f > fy (Trifunac, 1973; 1994a, b). For small
earthquakes (Fig. 1), f. may be close to or higher than f, so that the constant
plateau of/u in eq. (13) may not be attained. In those instances, the peak
spectral amplitudes will be smaller than of/u, and can serve only as a lower
bound estimates of . The peaks of FS(T) occur near T'= 0.2 s (f, = 5 Hz, Fig.
1) for M = 4 and move towards 7' =1 s (f, =1 Hz) for M = 8.

The empirical scaling eq. (1) for the G4RM can be used to evaluate the
peak amplitudes of FS(T) for A=0. Taking p~35 km/s and p ~13x 10"
dyn/cm? gives o ~[FS(T)],,.x (in bars if FS(T) is measured in in/s). In Fig. 2,
this estimate of ¢ is compared with the results of several studies on stress
drop in the same area and for some of the same earthquakes which contrib-

8 —
¢ Fletcher et al. (1984)
| Trifunac (1972a):
o P-wave data
A S-wave data
6 —
o)
i}
=2
= |
o)
@
=
4 —
Trifunac (1972b):
. { P-wave data
[ S-wave data
2 | | |
0 1 2 3

log,qo - bars

Figure 2. Estimates of stress drop versus magnitude, with examples from near source record-
ings. The three shaded zones represent the range of stresses for the G4RM and for probabilities
of exceedance p = 0.1, 0.5 and 0.9.
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uted to the strong motion database used to develop the G4RM. It is seen that
the source mechanism studies suggest wide scatter of stress drop with re-
spect to magnitude. The three shaded areas in Fig. 2, for p = 0.1, 0.5 and 0.9
have been computed from G4RM, for 3 < M < 8.

Static stress drop

The average static stress drop, o, can be computed from the average dis-
location amplitude, u, the source dimension, r and the rigidity of the sur-
rounding rock, p, as follows

up
= (14)
° Cor

Cy is given in Table 5 for several classical solutions, and r is defined by the
geometry of the source. u is the average dislocation amplitude and can be
computed from the condition that, in the near-field, FSy;T)=FST) at
T =T(N,), as discussed in the previous section. Smaller earthquakes, proba-
bly occur near stress concentrations on the fault associated with or caused by
higher rigidity, u, while the large events (say M >6 and 7) result in large rup-
ture areas, and are associated with average u. It will be assumed here that
for M =3,4,5,6,and 7, one can take n = (4, 3,2, 1, and 1) %10 dyn/cm?. The
fault dimension r can be approximated by W, which in turn can be computed
from the empirical models in Table 3. The scaling constant C,,

C,ﬁ—“ 15
* Wo (15)

Table 5.

@ =Cyor/n, @w=2d

Type of faulting and fault geometry Co r represents
Dip-slip displacement along an 3 .
infinitely long narrow strip in a Tg Fault width
uniform shear field (Star, 1928)

Infinitely long vertical surface fault o B

with strike slip displacement 2 to " Fault width

(Knopoff, 1958)

Circular fault plane in an infinite 8 Diameter of circular
medium (Keilis-Borok, 1959) n dislocation (Fault width)
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can be estimated empirically for the four extrapolation models (Fig. 3). It in-
creases from ~0.3 to ~1.6 for magnitudes 3 < M < 7. The average trend of Cy is
approximated by CS =0.4,0.5,0.65,0.85 and 1.6 for M = 3, 4, 5, 6 and 7 (Tri-
funac, 1994b).

By substituting for & in terms of the seismic moment M, = nAwu, and with
A = WL, in eq. (14), it follows

o= Mo (16)
C\LW
Assuming u ~[(cf)/ n]7T, (Brune, 1970) and v ~f implies
o~ H l:fQ 17
Cop

Dip-slip
————— Strike-slip

0.0 '
Magnitude

Figure 3. C, = un/(Wo) versus magnitude for the four extrapolation Models 1 through 4. Shaded
areas show the range of C,, derived from analytical (disk) and numerical analyses of static dis-
placements surrounding a rectangular fault (W = width, L = length) and at depth d (d = 0 for
surface faults, d = « for a fault in elastic full space). C, from theoretical solutions for infinitely
long faults are shown with solid and dashed lines.
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where f, = v/W and T is the dislocation rise time for Haskell (1969) type dis-
location.

Equations (14), (16) and (17) are not independent, but show how different
combinations of source parameters can be used to evaluate c. These parame-
ters are derived from the long (w and M, L via f;) and intermediate (W via f5,
T,) period parts of empirical spectra, from the parameters which are based
on the assumed extrapolated nature of the spectral amplitudes (&, L), and pa-
rameters which can be estimated from strong motion data (M,, W via f5,, T,).
Agreement of various estimates based on eqs (14), (16) and (17) can also
serve as an internal consistency test for properly chosen scaling parameters.

If the average (representative) pu is known, the stress drop can be com-
puted from the quantity o/u, which represents the »strain drop« during an
earthquake. The strain drop is equal to u / (WC;), and represents intermedi-
ate (W) and long period (&) estimate. Figure 4 presentslog;,[u / (WC;)] for the
four extrapolation models, plotted versus log,M,. It shows a well defined lin-
ear growth which can be represented by

-1 —

logio(a/1) = logso(u/WCp)
5 — Model 1
T4 [T ____ Model 2 7
— —_ Model 3 —/
= ____ Model 4 4
-3
-4 =
7
-5 7 | lzutoni (1981)
Papageorgiou and Aki (1985)
- logi(o/u) ==12.78 + 0.382 logyo Mo
-6 | { { { | ] |
20 22 24 26 28

10910 Mo

Figure 4. Strain drop, logjg(o/n) = loglo[u/(WCS)] versus logioM .
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log,o 2 =log,y —— =—-1278+ 0382 log,, M, . (18)
i wC,

For comparison the results of Izutani (1981) and Papageorgiou and Aki
(1985) are shown. The strain increases from ~107° for M = 3 (log;,M, ~20) to
~107 for M = 7 (log oM, ~27).

It is reasonable to speculate that small earthquakes occur around high
stress concentrations which are associated with »more rigid« geological envi-
ronment, since in the inhomogeneous material more rigid components will
tend to »attract« higher forces (stresses). For this reason, u = (4, 3,2, 1 and 1)
x10'! dyn/cm? for analysis involving M = 3, 4, 5, 6 and 7 earthquakes has
been used. This hypothesis can be »tested« by computing o from FS(T),,,, and
dividing the result by o/u from log;,(c/ n), computed from eq. (18), with the
assumed relationship log;,M, = 1.56M + 16. Using average stress drop shown
in Fig. 2 gives u ~ (5, 4, 3, 2 and 1) x10'! dyn/cm?2 for M = 3, 4, 5, 6 and 7.

Dynamic stress drop

Next we assume o ~FS(T),,,., and ignore the possible low-pass filtering
effects (resulting in smaller values of ¢) caused by @, for small magnitude
events, say M <4.Then referring to Fig. 2, we explore observerd trends of c.

200 — //
150
100
Model 1
— — Model 2
S0 — —_ Model 3
____ Model 4
0 I | I | I | I
0 10 20 30
(W)

Figure 5. Stress drop versus characteristic fault dimension (WL)V2.
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Joyner (1984) suggests that high frequency spectral acceleration should
be proportional to AY2 for all earthquakes. To test this hypothesis, c was
plotted versus (WL)Y2 for the four extrapolation models. The results are
shown in Fig. 5. If ¢ can be estimated by FS(1),,,, at A=0, and the four extra-
polation models are representative, then this hypothesis by Joyner does not
hold. As Fig. 5 shows, ¢ increases at a progressively slower rate as (WL)V2 in-
creases. Thus ¢ is not proportional to a linear dimension of the source.

Scholz (1982) believes that z ~ L and that z #+W and presents alternatives
to the common relations between o and the fault width. Our analyses show
that & does not depend linearly either on L or on W (Figs. 6 and 7). Plots of &
versus L on a linear scale (so that small dislocation amplitudes are com-
pressed near the origin) suggest that, for M = 7 and 8, u ~ oL, where o = 37.5.
However, most of the available strong motion data are for earthquakes with
magnitudes M < 7, and, so, this cannot be taken as a reliable support for the
hypothesis that & ~ L. It is of interest to note that Scholz (1982) finds 10 to 15

5000 —
a) b) b
LU - v u - /
u cm / u cm iy /
g /
— Model 1 — Model 1
4000 = T podet 2 4 2000 = T Model 2
___ Model 3 ___ Model 3 /
L ____ Model 4 ____ Model 4 / //
3000 -
2000 100
i / Scholz (1982)
1000 - / N i=1251
7 G=3751L
L 7
/
0 I | | ! | ) 0
0 40 80 120 0 4 8 12 16
L — km L — km

Figure 6. Average dislocation amplitude versus fault length

times smaller o, equal to 1 to 2 for strike slip and thrust earthquakes. For
large intra-plate earthquakes, Matsuda et al. (1980) find o ~ 10. This »dis-
crepancy« in a, of 2 to 20 times, can be eliminated by recognizing that our
rupture length L represents a lower bound (assuming unilateral spreading of
the dislocation). For bi-lateral faulting, this »discrepancy« would be reduced
to 1 to 10. Furthermore, since some data on L comes from inferences based on
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/
/
4000 / //
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3000
2000
1000 —
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Figure 7. Average dislocation amplitude versus fault width.

the distribution of aftershocks, which often tend to overestimate the initial
»dynamic« fault dimensions, it is seen that this discrepancy can further be
reduced or eliminated.

By plotting o versus (L/W)Y2 log;o(L/W) and L/W, it was found that
only the plot versus logq(L/W) could be interpreted to lead to a »linear«
trend, but with too large scatter to make a convincing case.

To explain the observed high frequency spectral accelerations, the follow-
ing model (Fig. 8) may be considered. Let x represent length at some repre-
sentative depth along the seismogenic zone, which is, say, less than 20 km
deep (e.g. in California). Then the stress in the crust might be distributed as
in Fig. 8b. For some strain rate, averaged over the thickness of the seismo-
genic layer, the stress fluctuations can be a result of large fluctuations in the
rigidity, i, can be caused by some parts of the fault plane being locked while
other parts are slipping, can result from stress concentrations near those
parts of the fault which remained locked during previous earthquakes, or can
be caused by a combination of all of the above. When a »small« earthquake
occurs, it will release high stresses over some area (the shaded peak in Fig.
8b and the corresponding small areas in Fig. 8a). If this area of stress concen-
tration is »small« and is surrounded by relatively low stresses, the outcome
will be a »single patch« earthquake of magnitude M < 5. As this stress drop
increases, and as it is released over a progressively larger area, a larger mag-
nitude (i.e. moment release) earthquake will occur. As the area of the patch
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becomes larger, it may trigger release of stress concentrations on nearby
stress peaks.

On the average, it may be expected that an oval fault slip area will be as-
sociated with an event as long as its fault dimensions are smaller than W,
the width of the zone with high stress (Fig. 8a). For the purpose of this dis-
cussion, it will be assumed that W, ~ 3-5 km (for unilateral faulting). As

a)
Seismogenic
layer
» ——-0=100 bars
w0
o
&
X

3-5 km

Figure 8. a) Vertical cross-section through shallow crust showing a seismogenic layer and a
fault with the »subevents«. b) Distribution of stresses along the fault length L.

larger inertial forces are developed with progressively larger stress drop, ac-
celerating the surrounding medium with progressively larger volume, the
first initiating event will grow to the largest possible patch size A, (here as-
sumed to be ~16 km?) and the excess inertial energy will trigger release of
stresses in the area of another, nearby patch, triggering the second event
there. Since the growth of the single rupture area (patch) is limited by W,
and by the width of the seismogenic zone, large earthquakes will have to oc-
cur on a sequence of patches, more or less extended and propagating along x
in one or in two directions. The final fault area A ~ WL will then consist of a
number of patches, some smaller and some larger, reflecting the nature of
stress oscillations along x, but in no case will a patch size be wider than the
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width of the seismogenic zone or much wider than W,. Obviously, the size of
W, and the width of the seismogenic zone will vary from one tectonic region
to another, and will depend on the specific geometrical and physical proper-
ties of the area surrounding the fault.

In the above model, the peak spectral acceleration will be associated with
the largest of the nearby peaks in the stress pattern, when M > 5. In such
cases the peaks of stresses plotted in Fig. 8b should be thought of as being
low pass filtered below a suitable frequency (say ~10 Hz) to simulate the at-
tenuation effects between the recording station and more distant stress
peaks. Since, for simplicity, we used p = 0.5 in selecting the FS(T),,,x ampli-
tudes, the high frequency spectral acceleration should be proportional to the
expected value of the largest peaks of the stress patches contributing to the
motions recorded. Assuming that the stress indeed fluctuates along x, as sug-
gested by Fig. 8b, then

Elc] ~5(In N)V? (19)

where E[c]~FS{),,.x for p = 0.5, G is the root mean square of the stress
peaks in Fig. 8b, and N is the number of peaks in the stress function after
low-pass filtering the stress diagram to maintain only the »long period«
stress fluctuations. Since N ~
WL/A,, N can be determined
o — bars 7 if A, is known or assumed. In
this paper it is assumed that,
 Model 1 // for a single patch, A, ~ WL,
____ Model 2 W but that both W, L <4 km. Us-
|- ng:: i 4 ing definitions of L and W for
T the four models in Table 3, for
/4 M =4,5,6,7 and 8, the esti-

/) mates of A, become ~ 1, 6, 16,

16 and 16 km? respectively.

7 For M > 5, this gives E[c]~

R, ~ 1OO(lnA/AO)1/2, as shown in
ey Fig. 9. The remarkably linear
growth of E[oc] versus
(InA /Ao)l/ 2 and small scatter
of the results predicted for the
four extrapolation models sug-
0 0 : 1' : ; gest that this may be a useful
[In(WL/AQ)] /2 model for further testing and
verification. The value of G =

Figure 9. Stress drop, o, versus [In(WL /Ao)]l/2 for 100 bar's is also in good ?gree'
extrapolation Models 1 through 4 and for M > 5. ment with numerous seismol-

200

100 =

o =100 [In(WL/Ay)]'?
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ogical and strong motion studies (Anderson, 1991) of stress drop inferred
from the high frequency spectral amplitudes of recorded body waves.

Within the frequency resolution of the shortest wave length in strong mo-
tion data available today (say about 0.5 km for f < 2 Hz, associated with the
distances at which the records are obtained, with @, and with the size of geo-
logical inhomogeneities along the wave path, rather than with the recording
instrumentation), the above suggests that we can think of an earthquake as
becoming a multiple event for M 25 (in California). Certainly, there is no
physical basis to eliminate the possibility of multiple events for M < 5 also,
but those cannot be identified with the frequency resolution characteristics
in the current strong motion data.

For M < 5, the situation is different. Then A < A,, and the dynamic stress
is associated with stress release on one or two extreme stress peaks. The dis-
location stops because the surrounding stress amplitudes are small, because
of material barriers, or because of other constraints. Some of these events
may have very large dynamic stress drop (Trifunac 1972a, b), but this may
occur at very high frequencies, whose amplitudes are »low-pass filtered« by
scattering and by attenuation. As the fault dimensions increase, the stress
drops further until for a sin-
gle patch, near say M =5 to 6, 200
it reaches the »troughs« in the
stress diagram (Fig. 8b). The
average stress drop implied
by o~FS{),.. Fig. 2) is
then almost same as G. Be- 150 =
yond M ~ 6, in this represen-
tation, the stress drop, o, con- -
tinues to grow. However, in
this model, this is not because 100
the large earthquakes are as-
sociated with larger o, but be-
cause A/A, becomes large and,
so, the probability of finding a
larger peak increases. Figure 50 —
10 summarizes this for E[oc]
and &, showing graphically -
the transition in the nature of

this problem near M = 6. 0
Since o/ p = / WCy), it is 2 .
seen that o/p = (100 x 108 Magnitude

dyn/cm?2) / (1 x 10!t dyn/cm?2) =

10-3. The trend of strain esti- Figure 10. E[c] and stress drop ¢ versus magnitude.

The number of subevents (N = A/A)) in the equation
(19) is also shown at magnitudes 3, 4, 5, 6, 7 and 8.
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mates (@ / WC;), based on the intermediate and long period estimates gives
about 10-3 near M = 6 (¢ = 100 bars), and about 3 x 10-3 near M = 8 (5 ~ 200
bars).

Apparent Stress

The quantity

5, =120 ; o1 (20)

where o, is the stress on the fault before and o, is the stress on the fault sur-
face A, after the earthquake, and n is the seismic efficiency, is called appar-
ent stress (Wyss and Brune, 1968). The seismic energy, E,, can be repre-
sented by

E,=c,Au ="M (21)
where o, is the apparent stress. The Gutenberg and Richter (1956) energy
relationlog, £, =15M, + 118 (M, — surface wave magnitude) and eq. (21) give

loggo, =15M + 118 —log,,Au (22a)
or
log,y0, =15M, + 118 +log;ou —log oM, . (22b)

Equation (20) implies

2
n< c;a =Nmax - (23)

Figure 11 shows N« versus magnitude. The continuous line represents Npax,
and was computed for the four extrapolation models which suggest o, slowly
increasing from 10 bars for M = 3 to about 20 bars for M = 8 (Trifunac, 1993;
1994b), and using the data from tables in Trifunac (1972a, b).

Frequency of occurrence versus magnitude

In the following, we explore the consequences of our hypothetical model,
summarized in eq. (19), on the magnitude-frequency of occurrence relation-
ships in a region. Associating an earthquake event with a patch (an asperity)
on the fault surface can be adopted as a causative mechanism to analyze the
size (area) and the number of events which can occur on an existing fault. Let
Wpg; and Ly ; represent the widths and the lengths of Ny faults in the region.
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Figure 11. n,, versus magnitude

Let Wy, and Ly, represent the typical length and width of one earthquake
event (consisting of one patch for M < 5 to 6 or of a group of patches for M >
6), determined by the four extrapolation models, for a narrow magnitude in-
terval centered at M (M + AM/2). Then, if the probability of initiating an event
is independent of magnitude, the number of earthquakes, N, , of magnitude
within the interval M + AM/2 which may occur in the region will be propor-

tional to (ZZ;WF,LL F’i) / (L3 Wy,). Using the expressions for L and W for our

four extrapolation models in Table 3, it follows

N
" Wg. Ly,
NM - lel Fi*™~F,i 10—(b+d)M. (24)
ac

Since the typical magnitude frequency relationship is of the form
log,y N =a —BM, where N is the number of earthquakes in the magnitude in-
terval M+AM/2 and o and [ are constants, it is seen thato ~

logm[(zg Wg L F,i) / ac} and B = b + d. Equation (24) can be thought of as a

»geometrical« constraint due to the fact that the total active fault area in a
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region is finite, and only certain number of earthquakes can »fit« within this
area.

Empirical estimates of seismicity usually give 0.8 < < 1. Using the val-
ues from Table 3, for M < M-, eq. (24) gives p ~ 1.1, and for M > M+, it gives B
~ 0.8, i.e. there is a change in the slope of log N versus M relationship. This
would imply B ~ 1.1 for frequency magnitude relationships in subduction
zones, for example, or where the thickness of the seismogenic zone does not
provide a constraint on one of the fault dimensions, and B ~ 0.5 to 0.6 for a
very shallow seismogenic zone.

For example, for the period between 1900 and present, the Benioff zone
only, south of Prince William Sound, and bellow Kenai Peninsula and Kodiak
island in Alaska, gives B ~ 0.9 (for 5 < M < 8). On the other hand, for shallow
faults in the deformed zone behind the trench, and the Castle Mountain
Fault north of Cook Inlet, B ~ 0.5 (for 4 < M < 7). In Southern California, in
the Imperial Valley region, for the period from 1932 to 1971 (Hileman et al.,
1973), B~1for3 <M <5, and B ~ 0.75 for M > 5.

Another property of the above model is related to the number of stress
concentrations (patches) associated with an earthquake event of magnitude
M. Assuming that (1) the earthquakes are independent events, and (2) the
number of patches, N ﬂ relaxed by an earthquake of magnitude M can be
computed from eq. (19), the total occurrence rate of earthquakes of magni-
tude M for the region, N It&t, will be

2N
Ny

Nt~ (25)

where the summation is over all the seismogenic zones in an area, each with
N, stress concentrations ready to be triggered. From eq. (19), the number of
patches (stress concentrations) broken during an earthquake with magni-
tude M is

Nlﬁ Nmax{e(E[G(M)]/E)z,l} (252)

or
N ~max{A(M)/A,, 1} (25b)

where A, is the largest possible patch size, and A(M) is the size of the rup-
tured area for magnitude M.

For A(M) < A,, or for E[c(M)] <5, N =1 Thus 1/N%; will act as a »low
pass filter«, allowing complete throughput for M < M,, and with reduced rate
of occurrence for M > M,,, where M,, is the magnitude such that A(M,)) = A,, or
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for which E[c(M)] ~G. The factor, f;, reducing the occurrence rate for M > M,
is

f, =1/Ni. (26)

Figure 12 shows N AE,)I and Fig. 13 shows f,. It is seen that for A,~16 km?, and for
M>M,~5.5, Nﬂ increases from ~1, at M = M), to ~100, at M = 8.

80

Nu=A/A___

60 L l0g1, (1/Ny)

Ny=exp (E[c] /& )?

40

1/NE=AJ/A

20

1/Ny=exp {-(E[o] /5 )2}

L J -2 L L { |
5 6 7 8 5 6 . 7 8
Magnitude - M Magnitude - M

. p
Figure 12. NI, (number of patches, Figure 13. f, = 1/Nj, versus M.

subevents) versus magnitude, M.

Fig. 14 illustrates that three different characteristic shapes of log(N ver-
sus M are possible, assuming that N ~N,,/N f}, and depending on whether
W2>A,, W2 ~A, or W? <A, . Detailed analysis of these models is beyond the
scope of this paper. Here, we only note that eq. (19) not only fits the trends of
the observed Fourier amplitude spectra of strong motion, but may also help
in interpretation and understanding of the nature of the variations in the fre-
quency of earthquake occurrence. Further studies of the distributions of W,
(width of the zone with high stress concentrations), of the width of the seis-
mogenic zone (e.g. in California), and of A, (area of average patch, asperity)
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Wide seismogenic zone

Wg > A,

Bz"“z

B,=b+d~-1

Narrow stress concentration zone
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Figure 14. Three hypothetical shapes of logig N versus M. W, represents the width of the zone
with high stress concentration within the seismogenic zone, and A represents the area of an av-
erage patch (asperity). (a) Wide zone of high stresses (VVO2 > A)); (b) WO2 ~ A,; (c) Narrow zone of
high stresses (W2 < A,).

will show what can be learned from the trends of strong motion amplitudes
in the intermediate frequency range and from known geometrical character-
istics of seismogenic zones.

Discussion and conclusions

The observed trends of the peak of Fourier amplitude spectrum of strong
motion acceleration, (FS({)),,.. ~o (c — stress drop), and of the correspond-
ing estimates of the source dimensions (fault width W and fault length L),
along with the average dislocation, &, the seismic moment, M,, and the dislo-
cation rise time, T',, can be interpreted by a population of earthquake events,
which, for M < 5, have essentially »circular« faults (W ~ L) and are associated
with one »patch« (single event, see Figs. 3 and 8). Near M ~5, the diameter of
the patch approaches 3 to 5 km, and is constrained (e.g. in California) to grow
further by the width of the stress concentration zone, W,, and by the width of
the seismogenic zone. For larger events, the larger fault area is realized by
slip on few (M ~ 6) or many such patches (about 100 for M ~ 8). The small and
intermediate events can be visualized as »circular« dislocations (see Figs. 3
and 8), but for M > 7, our analysis and the strong motion data in California
favor long surface faults (strike slip or dip slip, Fig. 3).
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The available strong motion data suggests strain drop ~10-5 for M ~ 3
and strain drop ~10~2for M ~ 7. For large events, only & appears to be propor-
tional to the fault length (L), but for smaller events it is proportional neither
to L nor to W.

For M > 5, the expected amplitude of the stress drop, E[c]~EFST))0x»
grows linearly with [In(WL / AO)]l/Z, where A, ~ 16 km2, and the slope of this
linear growth is constant equal to 6 = 100 bars, the root mean square of the
peaks of stress drop on the fault surface. Our model suggests that c grows to
~100 bars for M ~ 6 and then remains almost constant for M 26. Thus, in this
interpretation, E[c] continues to grow for M > 6, because [In(A /AO)]I/2 grows
for large events, while 6 remains close to 100 bars.
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SAZETAK

Napetosti i sredisnji interval frekvencija pri
akceleraciji tla za jakih potresa

M. D. Trifunac

Ekstremi izgladenih Fourierovih spektara, (FS(T))na.x, akcelerograma jakih
potresa u Kaliforniji modelirani su dimenzionalnom analizom. U tom modelu spektri
amplitude proporcionalni su sa: (1) 6 — r.m.s. iznosu amplitude vr§nih napetosti u po-
drudjima visoke napetosti na rasjednoj plohi i (2) (log N)¥2 — gdje je N broj takvih po-
drudja. Jednostavni modeli rasjeda s jednim podruéjem visoke koncentracije napetosti
prikladni su za opis potresa s magnitudom M < 5, dok za veée magnitude u obzir
treba uzeti vise takvih podrudja (N ~ 10 oko M = 71 N ~ 100 za M ~ 8). r.m.s. iznos
parametra G ¢ini se da raste s magnitudom za M < 6, dok je za veée magnitude pri-
blizno konstantan i iznosi oko 100 bara. Za M > 6, (F'S(T)),,.x raste s magnitudom zbog
velikog broja podrudja visoke napetosti koja doprinose spektru (N ~ 100 za M = 8), a ne
zbog poveéanja G.
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