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I. INTRODUCTION

Recognizing the necessity of being able to reproduce earthquake ground

motion with accuracy, a number of seismologists have developed mathematical

models, some rather simple and some more complex (see Brune, 1970 and Bouchon,

1977, for example).

Although some engineering needs could be adequately satisfied by such

models, it gradually became evident that a large number of engineering

problems could not.

Because the effect of earthquakes on engineering realizations (struc-

tures) is predominant at short to intermediate distances from a seismic

source (0 to approximately 100km) it became necessary to study the effect

of the following parameters on the motion recorded at a given site:

— distance from the fault, (distance from the epicenter,

hypocenter, shortest distance, etc.)

— Tlocation of the site relative to the fault,

— spatial orientation of the fault,

— dimension and shape of the fault,

— size of the event (amount of energy released),

— dynamic characteristics of the source, such as:

location of focus,

type of rupture (dislocation, slip vs. dip, and
unilateral vs. bilateral)

rupture propagation process,

velocity of propagation,

property of the dislocation (dislocation function)



— other properties, such as the attenuation of the waves with

distance, or the mechanical characteristics of the medium
through which the waves propagate.

In 1978, we presented a model which was devised to hand]é such a

study by introducing a model of the source compatible with our under-

standing of the physical process. This model was based on the fact that an

earthquake is made of a superposition of effects due to the progressive

rupture of small portions of the total rupture area, irregular in shape

and size. This physical phenomenon is evidenced in a study of the rupture

process of the Parkfield, 1966, earthquake (Aki, 1979).

An analytical solution based on the work of Boatwright & Boore (1975)
was developed for the S-H far-field component of the motion. A1tﬁough this
solution was adequate for the type of problems analyzed (seismic risk analy-
sis) it appeared necessary to modify and improve it for the purpose of per-
forming the above mentioned studies.

This paper, therefore, presents in detail a model of generation of the
strong motion part of earthquake ground motions, valid in the close to in-
termediate field and for any body wave component (P and S, horizontal and
vertical). Although its algebraic formulation is slightly more complex
than the previous model, its basic structure remains simple. The cost of
cbmputing acceleration records is still low and permits the creation of
ensembles of records for statistical studies.

In the Tast chapter of this paper, a brief sensitivity analysis and an
enumeration of ongoing research and projected studies using the model are
presented. A detailed presentation of these results will be the object of

a follow-up paper.



IT. FAULT RUPTURE MODEL

2.1 Introduction

For a Tong time it has been known that shallow earthquake energy is
not re]eased by a sudden instantaneous rupture of a part of the earth's
crust. Rather, is is a crack-1ike phenomenon, the tip of which propagates
from an initial localized region, called the focus at a finite velocity in
one and sometimes several directions. Haskell (1966) showed that some of
the complexity in the rupture process could be accounted for by modeling
it with a stochastic process with a spatio-temporal autocorrelation, thus
introducing the idea of coherence in the rupture lenth. Later, Boore and
Joyner (1978) using a simplified Haskell model shdwed the importance of
incoherence, or irregularities, in the rupture process on the frequency
content of the motion and its influence on directivity.

In actuality it is only necessary toc observe fault traces to be con-
vinced of the erratic manner in which a rupture propagates. The big 1857
Fort Tejon earthquake, for instance, is believed to have been the result
of the progressive rupture of many strands of fault where the relative
displacement went from zero to as much as 1Im at some points (Seih, 1978).
Aki (1979) showed how the map of the aftershocks of the Parkfield earthquake
could be interpreted as a map of the main shock‘fupture area putting in
evidence the erratic spatial characteristics of the rupture. Also, using
data from deep mines, McGarr & Al (1979) showed how micro earthquakes pre-
sented the same characteristics of irregularities in the rupture process.

Some authors have tried to account for those irregularities in a purely

statistical manner, such as Haskell, or Boore & Joyner, as mentioned above,



or such as Andrews. (1980),who considers a random field of strength, stresses
and stress build-up across the rupture fault. Others, such as Das & Aki,
had a more physical approach by assuming the rupture surface to be made of
regions of low strengths separated by regions of high strengths called bar-
riers. Depending on the strength of the earthquake, the rupture can prop-
agate through one of the low strength regions and stop or break one or

several barriers.

2.2 Geometry of the Model Source

We assume here that the spatial irregularities can be represented by
considering the fault rupture to be made of an assemblage of smaller areas
which we call patches (see Fig. 2.1). These patches are random in shape
and size, so that it is necessary to define them by their statistical
characteristics. The shape is represented here by rectangles whose
ratio of width toilength is assumed to have a constant average value,
generally close to 1/2 as shown by Geller (1976).

The case of the size is a somewhat more difficult problem since jt is
believed that irregularities exist at all scales, Andrews (1980). It is
therefore necessary to chose a typical length (the coherence length) for
the patches, consistent with actual earthquakes and with the analytical
model, (derived in the next chapter). The scale chosen here is a macro
scale, that is, of the order of length of the fault. It is consistent with
the scale chosen by others such as Aki (1980), Baecher (1980), and others,
and also Papageorgiou {1980) who backfigured the coherence length from
actual recordings for the frequency range of engineering interest (1 to

10 Hz).
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Figure 2.1
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THE TOTAL RUPTURE AREA IS REPRESENTED BY AN ASSEMBLAGE

" OF COHERENT PATCHES. TUZ TRIGGERING TIME OF EACH

COHUIRENT PATCH IS ~ZT"“’ NED BY TROPAGATING THIE RUPTLRE
FASM THE INITIAL gUDY PATCH (FOLUS}. THE BARTHQUAXZ
IS GENERATED AS TiHI DISLOCATICH OF ALL THE COHERZIN
PATCHES 15 COHMFLETED. ‘



2.3 Modeling of the Fault Rupture Using Simulation

In the model described above, the earthquake source is entirely known
when the dimensions and orientation in space of the total rupture area, as
well as its actual discretization in smaller patches, and their times
of rupture initiation are defined.

The orientation of the fault plane is defined by the angle of strike
and angle of dip, and the direction of rupture within this plane is defined
by what is often called the angle of rake. Once the rupture area has been
defined, we use a Monte Carlo simulation technique to generate the assemblage
of patches.

In a first step, the fault is cut in strips of length whose probability
density function'FL-(Q)is set in advance (see Fig. 2.2a). Any probability
distribution consistent with the physics of the process could be chosen here.
Boore & Joyner (1978) in their linear model of fault rupture opted for a
negative exponential distribution of the patches length (L'), so did Savy
(1978) in a two-dimensional extension of the former model. MWe now use a
somewhat different probability density function which converges towards the
negative exponential function for ruptures with large number of patches.

This point which is developed in detail in Chapter V of this report leads

to the following marginal distribution:

where L is the total length of the fault and n s the number of strips.
EFach strip 1 of Tength 21 and width W is then discretized in Ny patches
of length 2, and width Wj also using a Monte Carlo simulation (see Fig. 2.2(b)).

The marginal probability density function for the patches' width is of the



Fault plane includes
Nl strips '

Figure 2.2a:

Generation of the fault's strips.

ith strip includes
N elements

Figure 2.2b: Generation of the coherent patch
elements in the i-th strip.

Figure 2.2. Generation of the coherent patches by simulation.



same form as for the strips, i.e.:

W = (1-HW" gcweu (2.2)

Given the nature of the distributijon function, it is interesting to note
that the segments lengths are obtained by generating (in the case of the
strips for instance) a set of (nL-1) segments Sj uniformly distributed on
[0-L]. Those segments are then ranked in ascending order say 51552553...

<Sn 1° and the strips length is obtained by taking the difference between
L-

two consecutive S's.
| =5
Ly = Si - Si-] for i = 2 to nL—1 (2.3)
2 =L - 8§
n M1

In order to determine the triggering time of each patch, it is assumed
that the rupture front, initiated from the focus, travels at an irregular
speed from patch to patch. A patch is said to be triggered when the rupture
front reaches it. The irreqularity of the rupture velocity is accounted for
by considering it as a random variable, and a Monte-Carlo technique is used
to assign one value of velocity to each patch. A uniform probability
density is arbitrarily chosen here, but the mean of the rupture velocity
is constrained to be .72 times the shear wave velocity B, and the maximum
value is 1.18 (Geller, 1976).

The triggering time, Tg, for any given patch is then computed using a

minimum path technique. That is, of all possible paths for the rupture



front to arrive from the focus to the given patch, the one which takes the
shortest time is the minimum path. This shortest time is then the trig-
gering time, Tg, for this given patch. The Fig. 2.3 shows how the rupture
propagates, and Fig. 2.4 shows an actual simulation where 7isochron curves
are plotted showing the progression of the rupture front in time.

Each patch can be triggered by any one of the surrounding patches,
thus the analytical solution developed in Chapter III has to accomodate
this fact. In Chapter III, the motion created at a site by the rupture
of a single patch is derived assuming a ramp function for the relative dis-

placement of both sides of the fault thus completing the description of the

source mechanism.



Figure 2.3

Simulation of the progressive rupture
of the fault. The rupture initiates
at F and is propagated to neighboring
patches, which in turn propagate it to
their adjacent patches.
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ITI. MOTION GENERATED BY A FINITE DISLOCATION

3.1 General Model

The model presented here is intended to be used in the generation of
future earthquakes; not in the reproduction of any specific already recorded
event. The emphasis is on its ability to generate a large number of records
for the purpose of predicting the Power Spectral Density one may associate
with a given potential rupture plane and observation site. Because it is to
be used in engineering analysis of structures, the most important part of
the motion to be considered is the strong motion. What appears on actual
records as reflections or refractions at depth in the earth in the form of
complex waves of significantly lower amplitude than the strong motion part
is not considered in this analysis. Furthermore, as more and more site of
critical facilities (such as Nuclear Power Plants) are found, or envisioned,
at short distances of potentially active faults, the solution developed
here includes the intermediate to near field effects of the earthquake
motion.

Assume an isotropic homogeneous unbounded medium, and after Haskell
(1964) assume that the elastic body waves are created by a moving finite
dislocation which is a displacement discontinuity across the rupture plane.
Maruyama (1969) has demonstrated that this dynamic disTocation is equiva-
lent to a double couple of dynamic forces perpendicular and with opposite
moments applied at the discontinuity. Later, Mikumo (1969), using Maruyama's
work computed the P-wave form in the far-field for intermediate earthquakes.
Using the same analytical model for S-waves and the stochastic model of
progressive rupture in patches described in Section II, Savy (1978) de-

veloped a model of random earthquake generation. That model, however, was
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limited to the far field approximation (Fraunhofer approximation, Aki &
Richards, 1980) of S waves in the ¢ direction (see Fig. 3.1). The far
field approximation is now considered too restrictive, and the solution
is made here to include the intermediate to near field terms. In this
effort, we start from the results of Maruyama (1969), with a slightly
different notation. From Eq. 34 of Maruyama (1963), the Fourier trans-
form of the displacement u(Q, t) at any point Q in an infinite homoge-
nous elastic medium due to the displacement discontinuity Ag(g, t) over

a plane % can be written in the following form:

Up(@ ©) = [ T (2 ©) T v, @ (3.1)
Z

where: Zﬁk(gf w) is the k-component of the Fourier transform of
Ag(g, t), Tkg(w) is the m-component of the displacement field from
equivalent dynamic double forces acting along the k- and 2 axes. Vo
are the direction cosines of the outward normal to the surface ele-

ment, and repetition of indexes stands for summation.

3.2 Displacement Field Approximation

For the case of a discontinuity in the y-z plane as shown in Fig. 3.1,
the displacement field T is given explicitly in Appendix 3.1. By making
a transformation from the (x, y, z) system of coordinates the (¢, 6, r)

spherical system and by separating the effect of P and S waves, T can be
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Slip Au

coherent patch

Figure 3.1 System's geometry for calculation of the motion
at the Site Q creatced by the dislocation of a
gsingle coherent patch of length L and width W.
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written as o
I
r
sph _ sph sph
Tyx Te fggpxy'ﬁgapxy (3.2)
T
L 9.

and by neglecting the terms of order greater than 2 in (%J, where r is the

distance from dX to the observer,é%ﬂ%nQé%%%ecome: (See Appendix 3.1)

WY
. -] .
sph _ _iw a (By2 [P o 2ia rpS  ,5P
yX Tror © (a) {R *or [R 2R
_ur (3.3)
sph _ _iw B S _3iB S _ QP
yX Ingr © {R wr [R R"]

where the vectors RP and Rsare: (respectively in the radial direction and in

the (98-¢) plane).

sin26 sin2) 0
P - 0 RS = s1n26251n2¢ (3.4)
0 L sing cos2¢

The second order approximation used here adds some correction terms to the
first order, or far field, approximation. The P-wave component, then, is no
longer only radial (¥) (colinear to RP),and the S-wave component is no longer
only in (8-3) (colinear to RS). It requires that (5%02 be small, (where ¢

is either o or g, the P and S wave velocities) compared to 1 and é%—,

{see Appendix 3.1). The Tlimiting value which defines the domain of validity

of this approximation is derived in Appendix 3.2. It is found that
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Lz (3.5)
meaning that the approximation is good for either high frequencies (w
large) or when the observation point is far from the source (r large),

or both. Since this model is derived for engineering use of accelera-
tion values rather than velocity, or displacement, the high frequency
(10-15Hz) part of the spectrum is the most 1mportant} If we choose a

lower bound of about 10Hz, the spatial domain of validity becomes:

2
w

= ,03c

r>

which actually places the observation point in a region as close as a few
hundred meters from the fault rupture. (i.e.: approximately 150 meters
for the P-wave and probably around 90m for the S-wave, accounting for the
fact that the wave velocity near the surface would be slower than at
depth). In the Tower frequency range, the solution would be approximately
correct for observation points as close as ~1.5km and ~1km at THz and 8km
and 5km at .2Hz for P and S waves respectively.

It is shown in the appendix A3.1 that the correction terms to the
far-field terms may be as high as to multiply the spectral values by 3
for the P wave and 2 for the S-wave for the Timiting case where i%-= %
at 10Hz; thereby showing the need for including them in near to inter-
mediate field engiheering calculations.

It is also interesting to note that the dimension of the correction
terms is equal to the dimension of the far-field terms multiplied by %3
or %&-. Therefore in the time domain they have the dimension of the in-
tegral of the far field terms (i.e.: velocity, if we are considering

acceleration). This means that these terms adds @ smoother component

to the far field terms.
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3.3  Model of Dislocation

Examining the several possibilities of dislocation directions and
sense Teads to the following cases.

1. Direction of the dislocation parallel to the y-axis with prop-
agation either in the y > 0 or y < 0 sense. This case may be
referred as the Strike slip model for our purpose.

2. Direction of the dislocation parallel to the z-axis with prop-
agation either in the z > 0 or z < 0 sense. This case will be
referred here as the Dip s1ip model.

As in the previous section, we concentrate‘on the strike slip model for
propagation in the y > 0 direction. The other cases are presented at the
end with reference to their development in Appendix A3.

After Aki (1967), we assume a dislocation in the form of a ramp func-
tion with parameters T and D0 as the finite rise time and static final
dislocation, respectively. For the dislocation along the y-axis, starting
at the origin of time, the Fourier transform of the dislocation function
b sinw %— -Tw %

0 T
w7

Ay(w) =D (3.6)

Since Tyx(w) is proportional to (iw) and iw Au(w) is the Fourier transform

of the time derivative of Au(t), Eq. 3.1 can be rewritten as:

U, (Qs w) = ad(w) é é e dg dn (3.7)

iwE

where the term e " accounts for the fact that the dislocation is moving

along Oy with velocity v, L and W are the length and width of the finite
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rupture, and it is assumed that the dislocation function is the same at

all points of this finite rupture.

3.4 Second Order Finiteness Condition

In order to linearize the integrand of Eg. (3.7) due to the~% factor
which comes in Tyg one is lead to make an approximation.

When only the far field terms are desired, it is common to make what
is commonly called the Fraunhofer approximation (Aki & Richards, 1980)
which is an approximation to the first order in %u It Teads to a condi-
tion on the maximum size of the finite fault (L or W) associated with a
given frequency. If o is the distance from the origin of rupture 0 to
the observer and f (in Hz) is the desired maximum frequency, the maxi-

max

mum size is given by:

1 "of (3.8)
L = = 3.8
max sing 2 fmax

The necessity of considering a second order approximation, however,
leads to a different condition. This second order finiteness condition
gives the maximum size of the finite rupture as a function of the dis-

tance o and the maximum desired frequency f It is derived in Appen-

max
dix A.3 as:
1/3
2P "o
max _meax . sin2¢ cos¢}

(3.9)

This L given here refers to the case of the S-wave. For the p-wave,

max
: 1/3
8 would be replaced by o and LmaX would be multiplied by (%) . Solving

for r we may find the minimum distance Pmin for which the finiteness con-

dition is satisfied, for a given source length L and azimuthal direction o.
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2¢ 1/2
max

= —————-sin2¢ COSo L

3/2
rrm'n B

(3.10)

A comparison between the first and second order approximation's domain

of validity is presented in the Appendix A.33. Figure A3.3 shows the
general shape of these domains. The numerical values given in Table A3.1
are associated with a maximum frequency of 20Hz and a largest dimension

L = .5km to 15km. The second order approximation appears to be much bet-
ter for ¢ close to 90° and overall it will be better than the first order
approximation, except perhaps at very small angles ¢ for which the domain
of non validity of the solution is smaller for the first than for the
second order, that is for distances of the order of L (See Figure A3.3).
The second order solution takes over for angles increasing with decreasing
L. In the numerical case of Appendix A, this angle ¢S is given by the

solutions of the following equation:

. 2 C
$iN"¢e - 57— C0S¢Pp. = 0
S meaxL S

For L in the range of 0.5 to 3km, f W 20Hz and ¢ = B8 = 3.5km. ¢S varies

ma
from 24 degrees to 10 degrees, with corresponding r values of .5 to 3km,
that is of the order of magnitude of L. This case where the first order
solution is better than the second order does not have to be considered
however, because it corresponds to very short distances from the source
to the receiver and was excluded in the condition expressed by Eq. 3.5.
The two conditions, expressed by Eq. 3.5 and 3.9-3.10 are different

in nature. The first one says that our solution does not apply for re-

ceiver distances r smaller than a certain value. The second one says that
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for a given patch of largest dimension L, the distance r also has to be

greater than a certain value g While the first one is imperative, the

in’
second condition can be overridden by discretizing the patch in smaller
sub-patches in such a way that finally their largest dimension satisfies
Eq. 3.9.

Hence, for all practical purposes the first condition is the only

1imiting one in the capabilities of the model.

3.5 Second Order Approximation of the Acceleration

The distance r from the receiver Q(x, vy, z) to the point of rupture

P(0,&,n)(Fig. 3.1) approximated to the second order is:

€ <3 n
r = r,[1 - = sind cos¢ - —— cos6]
0 o o
(3.11)
and 1, ;L{1 + ji—sine cos¢ + - coss]
roorg o ¢ o
Defining
- (51)2 1gP ) g - 2(§)2 [R° - 2P
Au ol o ’ o - “\o - 1s
(3.12)
_ 1,5 _ =35 P
Ay =g R > Bg =g [RT - R]
then, combining Eq. (3.3), (3.4), (3.5) and (3.7) gives:
Q) : LW - dwr jwr Jwg
U, w) o T 1 al a dnq. BV
T J J L {[A@mr BJe * + [Agl-BTe } e ' dq
00
(3.13)

where U(qg, w) is the 3-component vector displacement.
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The above equation can be re-written into a sum of two integrals, one for

each wave type, P and S, as:

U@ w) gy 3.14
Mw) ¢ (14

and, using (3.11) and (3.12):
T
"o g

expl-

LA +____(]+Es1necos¢ + ncose)B ][1+——(£swnecos¢+——-cose]
o "o "o "o

O =

- Jwg (3.15)

(1-5; s1n6cos¢-—6-cose)] e Vv d&dn

i
LL)Y‘O

Similarly for IB’ all the a's are replaced by B's.

Expanding Ia into a sum of integrals and neglecting the term of order

—l§-and higher gives:

"o .
v _1mr0
- _LW a a; o, 1,,0,0 a, o
To ™ Fnrg © {Aq[d1 T2 g2 s 9]
(3.16)
i G, Q0 , 2 ;40,0 oy O
Fang Bl s (05T 9 )]}
where:
W Jw cose
c_1
0
. 1 i
c _ .l L —]wg(v - ﬂa@fM)
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W iwcosH
Jg = %— [ncosee © dn
0
. (3.17)
W iw(-l-+ s1necosq>)g
JZ = %' é £ sinbcosd e v ¢ de

and ¢ may take the value o or B when associated with P or S waves.

Performing the integrations and simplifying gives Ia:

- Y _ 24wy, o -24uT)
Iy = i%:d e © Agdpda| T * w; a(1-= ) - L51ne§059{]-e )
0 0 dJd 2T J
1 L 2
. . 29T -24uT] y-
+ ‘%"BQJ?JZ 1+ %j OL“_e ) - L51necos¢(1_e ) (3.18)
“Yo “o Jgr 2T 3%
1 L 2
where:
c 1wT; sianﬁ
J] = e
mTc
: W
-iwT, sinwT
Jg - € . wT -
L
(3.19)
¢ _ W cosh
TN "7 ¢
c_L A sinBcose
=g lg-—c)



24

For the case of a dislocation propagating in the z direction and for the
dip slip case with propagation along Oy or 0z the integrals involved in
the solution have the same form as in Eq. 3.17. The development of these
cases appears in Appendix A4.

Finally for the basic case of strike slip with propagation along Oy,

using the following definition of seismic moment MO:

=
|

u DOLW

[

o8” DyLH (3.20)

where p is the medium mass density and p is the earth's rigidity (u =3 1010

Pascals). The displacement then becomes:

. -iw%— . iwro
€ SThwH - . . . 0
U(Q:w) - 2 JOLJO('E & A (]+19.L—Kd') + 1 B (]+210LK )
4ﬂpP0 T 172 ot wr wra O wr
Wz ' 0 0 0
iwro
+ JBJB é- B I (]+;ﬁi_KB) + EE§41+218KB) (3.21)
172 BY wr or or .
0 0 0
where:
2iwTS c
KC = {]_e W _ Lsinecoss |, s
C (o C
[ J] ZCTL J2

(c = a or g) (3.22)
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Recalling Eq. (3.2) for collection of the terms, and using the identity

between displacement and acceleration:
_ 2
I‘( 903) = U(st)

gives the vector acceleration in the spherical system (Pr’ Fe, F¢),

-1w§
M e . T
0 STnws 2
r(Q,w) =- —- 0°9(Q, w) (3.23)
4ﬂpro wy
where: ~ _
6%, i, 0 4, G8 316‘
iy —§{1+——‘(K -4)] + -§{—770
o 0 R 0 -
6% 240y . 65(1. 18 1,8 a\)]
o(0.u) = |y, G5B + S lE -3)]
2 _a3 wry B3 wry ]
Y3 i H 1]
2 .
Y = sin 8 sin2¢
Yo = %—sinZ@ sin2¢
Y3 = sinB cos2¢
and
1mr0
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3.6 Triggering Time Shift, Attenuation and Free Surface Effect

In order to apply Eq. (3.23) to the modei of rupture described in
Chapter II and to account for the attenuation of different freguency waves

with distance, the solution of Eq. (3.23) is muitiplied by:

~iwT
“g

(i) e

W

row _1wr0 1
)

.
(2) expé-iﬁg) exp —7;—-[1 - Loge )] = e 2Qc Clw) (3.24)

where:

(1) 1s an application of the shift theorem, it acocunts for the fact that
the rupture of this patch initiated at time Tg, (the triggering time)
at the origin 0 of the patch.

(2) accounts for the material damping of the medium through which the
waves propagate. (¢ is either equal to a or B for P or S wave). This
attenuation effect is taken care of by the first part,

e
o 2Qc

but the use of this filter violates the causality principle so that a

phase correction factor C(w) is applied. This correction factor is taken
from Kjartansson (1979). Q is the quality factor of the medium, it is
related to the material damping £ commonly used in engineering by Q = é%—,

and wg is a.constant value used to center the fiiter. In this model the

value of wg is chosen equal to 10m rad/sec (corresponding to 5Hz).
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The final expression for the vector acceleration is then

‘U)I—
2

oL
2

M w2

r'(Q,w) = -Z%E;B'e < 9

'
— o
€
—
3| A
.+.
~1
S
wn
-
=

9(Qw) (3.25)

where g(Q,w) is modified to include the attenuation by changing the def-

inition of G to the following:

[ wr
~C _ CC 0 cra L
G- = leZ exp{ 2cQ{1 + 21[Q - Loge

W
w

- ]]] (3.26)

The above solution applies to an infinite medium. The effect of the free
surface is approximately accounted for by multiplying the amplitude of the
acceleration by 2. Anderson {1976) showed that is is a good approximation
for a strike slip case. For other caseé however, it could constitute a
rather poor approximation, especially for S waves when the angie of inci-
dence becomes larger than 30° with the normal to the free surface. But
since this approximation is an overestimation of the amplitude of the
motion, it is used for all cases in this analytical model in order to

preserve its simplicity.
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IV. MOTION GENERATED BY AN ASSEMBLAGE OF PATCHES

4,17 Motion Generated by the Entire Fault Rupture

4.1.1 Frequency Domain Superposition

The Fourier transform of the acceleration at a site Q, created by the
rupture of a single patch i, is given by Eq. 3.25. This solution assumed
that the propagating medium is linear elastic. Therefore the motion at the
site Q due to the rupture of the N patches comprising the entire fault is
the sum of the motion created by the rupture of each individual patch.

This is expressed by the following equation:

N
1-‘(Q: (x)) = z P-](Q: W Tg ) (4])
i=1 i
where: Ti(Q’ W, Tg ) is given by Eq. 3.25 and Tg is the triggering time
i i
of patch i (i.e.: T_=T_ 1in Eq. 3.25).
| g g

For each simulation of an earthquake the triggering time Tgi of a
patch i is computed according to the scheme of rupture presented in Chapter
II. The rise time T for the ith patch is computed by an empirical rela-
tionship proposed by Geller (1976). The effect is to make s proportional

to the square root of the area of the patch (i.e., roughly proportional to

its length) which is in agreement with what was proposed by Aki (1980).

4,1.2 Time Domain Superposition

It is clear that the superposition could also be done in the time
domain, but it implies that the time history for each patch be computed
by inverse Fourier transform and superimposed to obtain the final motion.

This technique is much more time consuming than first computing the
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frequency domain function and taking its inverse Fourier transform at the
end, so that the final time history of the acceleration at the site is

given by the inverse Fourier transform of the expression in 4.1.

v(Q, t) = FTTIT(Q, w)] (4.2)

4.2 Simulation of an Ensemble of Synthetic Earthquakes

4.2.1 General

In some cases, such as in the study of the response of structures to
seismic loading, it is necessary to perform a number of analyses with an
enéemb]e of input time histories. The ensemble to be considered may be
representative of a certain type of earthquakes for which some of the param-
eters are known with enough confidence to be considered as deterministic
(i.e.: constant) and others are only known with uncertainty so that they
are considered as random variables.

A Monte Carlo simulation technique may be used to generate the un-
certain parameters of each sample event and an ensemble of events can be
created in that fashion.

In theory, any of the parameters, source, geometry or attenuations can
be considered as random variables. However, in most simple cases one is
interested in a type of earthquake with fixed strength (seismic moment,
fixed geometry, and constant material properties (P and S wave velocity,
earth density, attenuation properties-quality factor). For instance, in
some of the research now performed using this model, the statistical char-
acteristics of the motion created by a well defined type of earthquakes is

examined. In that case only the rupture process is assumed to be random,
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that is the patch pattern is simulated and the focus is given a random
location at each new simulation and the attenuation and directivity effects
are studied. The Fig. 4.1 is an example of calculation of 4 synthetic
earthquakes for a series of earthquakes with constant seismic moment,
material properties and fixed patches pattern (Fig. 4.1(a)), but with
random focus location. The Fig. 4.1(b), (c), (d), (e) show how drastically
different the time histories of the acceleration at a same site can be,

emphasizing possibilities of constructive and destructive interferences.

4.2.2 Frequency Domain Statistics of the Ensemble of Synthetic Earthquakes

The creation of large ensembles of time histories remains expensive, |
due to the amount of calculations required. One alternative, chosen here,
is to define the statistics of the ensemble in terms of the Power Spectral
Density (PSD) of the ensemble of time histories. This is much less time
consuming, because each simulation I'(Q, w) (Eq. 3.25) needs only be
computed for a few fregquency points (say 20 to 30) instead of large numbers
(say 512 or 1024) for time domain analyses.

Changing our previous notations, let Fk(w) be the Fourier transform
of the motion obtained in the kth simulation of an ensemble of N sampies.
An estimate of the PSD for that ensemble can be computed by an averaging

process (Bendat and Piersol, 1971) as follows:

o) = Tl Tl (4.3)

where: P(w) is the estimate of the Power Spectral Density (PSD)
I'(w) is the motion function in the frequency domain

T is the time duration of the motion.
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Figure 4.1(b) Isochromnes of the rupture front and synthetic
accelerogram for focus in a upper corner.
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Figure 4.1(c) Isochrones of the rupture front and synthetic
accelerogram for focus in a lower corner.
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Figure 4.1(d) Isochromes of the rupture front and synthetic
accelerogram for focus placed at random at the
bottom of the fault.
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Isochrones of the rupture front and synthetic accelerogram
for focus placed at random (the values on the acceleration
axis are only indicative of the relative amplitudes between
Figure 4.la, b, ¢, and d).
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More explicitly P(w) is computed as follows:

I, (w) rk’(*w)
1 T

P(w) = % (4.4)

N
P
- K

Since the actual time equivalent function of Fk(w) is a non-stationary
process, it appears that the choice of Tk is a critical one in the compu-
tation of the PSD.

Many quantitative definitions of strong motion duration have been
proposed (Bolt, 1974; Trifunac and Brady, 1975; Trifunac and Westermo, 1977;
Vanmarcke and Lai, 1977; Perez, 1974; McCann and Shah, 1979; Esteva and
Rosenblueth, 1964; Housner, 1965, Aptikayev, 1975; Hays, 1975; Kameda and
Ang, 1977). A1l of these definitions are based on the recorded accelerations
(or derived velocities or displacements) at a site during an earthquake; none
use properties of the source, such as the duration of rupture of the fault.

It is not our purpose here to propose another definition of duration, but it
appears that none of the existing ones is adequate here.

It is assumed here that the equivalent period of time during which the
motion can be considered stationary is the cumulative time duration during
which the energy arriving at the site is above an arbitrary set fraction
(5%) of the peak energy arrival rate. This is illustrated in the sketch
of Fig. 4.2 (see Appendix 4.1). It is, in a sense, similar to looking at
the time derivative of a Husid plot, Husid et al., 1967, setting a threshold
at a fraction of the peak, and adding the time periods during which the func-
tion is above that threshold. Thus T, is an estimate of the actual total
duration of strong motion. If an event is, for instance, made of two separate
strong shocks with very little energy arriving at the site in between, say for
a few seconds, that period of relative quiescence is discarded in the calcuia-

tion of Tk'
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As an example, the Figure 4.3, taken from Papageorgiou, 1981, shows
a Husid plot and its derivative for a record of the Kern County earthquake.
In this case the normalized RMS acceleration time history is the equivalent
of the Power proportional function derived in this study (see Appendix 4.1).
A set of 15 Fourier Amplitude spectra for simulation of a given fault
rupture is plotted in Fig. 4.4. The average Power Spectral Density computed
according to Eq. 4.4 is shown in Fig. 4.5. For each simulation, the total

duration of the strong motion is calculated as described above.
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V. ESTIMATION OF THE AVERAGE PATCH SIZE
IN AN EARTHQUAKE FAULT RUPTURE

5.1 Introduction

Very Tittle is known regarding the actual rupture process of earth-
quakes. As a result it is rarely possible to select confidently any
particular set of parameters to be used in a strong motion simulation
model. The average patch length, %, or coherence length is one such
parameter in the strong motion models which include the effect of the
random rupture propagation. These models are very sensitive to small
variation in the average patch length so that a reliable determination
of it is of paramount importance. Until recently the method used in
selecting 2 was mostly intuitive for generic cases, such as in the
generation of ensembles of earthquakes for risk analysis. The average
RMS acceleration and peak acceleration were compared with an often
arbitrary set of results from actual records, and 2 was modified until
the results of the simulation agreed with actual data. In geophysics
the research in this domain has been mostly concentrated on trying to
reproduce records by trial and error, thereby coming up with an actual
rupture process where the main patches are individually identified, -
such as in the case of San Fernando (Shakal, 1979). Other techniques
involve 1ook1ng'at the area of aftershocks in the fault rupture plane
and identifying the main shock rupture process as the undisturbed
aftershock region (Aki, 1979) and (Eaton et al, 1970). In this case
it is therefore possible to have an estimate of the average size % as
well as the maximum patch's length. This is the case for the Parkfield
earthquake 1966. In some cases, such as in the 1857 Fort Tejon earthquake,

it is possible to estimate the spacing between barriers, (Aki, 1979), from a
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geologists description of the surface trace. Since the distance between
barriers can be regarded as the length of a patch, then it provides some
estimate of the average patch length as well as maximum values and other
statistics, such as the probabiiity distribution of the length.
The same operation can be performed also for other fault traces. It was
found (Wallace, 1373) that the probability distribution function of fault
strands was approximately negative exponential, and we show that it may be
only an approximation of another simple law.

In this chapter, we propose to use statistical considerations together
with basic physical assumptions to come up w{th an estimate of £, then de-
vise a methodology to select ¢ in the strongmotion simuiation models of

large ensembles of artificial earthquakes.

5.2 Statistical Relationships Between Average S1ip, Average and

Maximum Patch Length

5.2.1 Basic assumptions

The technique developed here depends on three major physical assump-
tions; the subsequent ones, less important for the results, can rather be
seen as approximations.

These three major assumptions are:

(1) In a given earthquake, where the actual stress drop may actually be rep-

resented by a spatial stochastic process, (Andrews, 1980) we assume that
it is a constant over the whole rupture surface. Thus implying that,
for a given patch, the ratio of the maximum s1ip over the length of the

patch is a constant:

AUmax

= e a constant (5.1)
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Figure 5.1 Comparison between,(ﬂ, the negative exponential
distribution function and,(w, the distribution of
i.i.d. Segments between two fixed points for
several numbers of segments.
n=30

Figure 5.2

for number of segments n =

2,4,10,20 and 30
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The generation of an earthquake is created by the rupture of the part
of a fault located between two strong barriers which physically limit
the extent of the propagation and form the extremities of the fault
rupture. The region located betweeen the two strong barriers may then
be ruptured in smailer segments separated by weaker barriers thus
forming the patches. The process of rupture between the two strong
barriers is assumed to be homogeneous, so that the distribution of the
weaker barriers can be regarded as uniformly distributed between the
two stronger ones. The intervals between barriers, L', (i.e., the
patches' lengths), are then marginally identically distributed (Kendall
& Moran, 1970). The probability distribution is:

b n-<
fu(ﬁ) = (n[') (1 -89 , density
0sast (5.2)
, _og )
53\2) =1 - (1 - , cumulative

where (n-1) is the number of weaker barriers, so that n is the number
of segments and, L is the totail length of the rupture, that is the
distance between the two stronger barriers.

The mean value and standard deviation of the patch Tength are

therefore given by:

. 1/2
=1
kﬁ;TQ (5.4)

g

2

_ L /n-T,
L=

And the covariance between any two segment lengths L%, Lj is (see

Appendix 5.3):
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2 =2
) = - e = A for 14 (5.5)

J n“(n+1)  (n+1)

COV(L%, L

It is interesting to notice that when the fault rupture becomes
large, that is when n becomes large, the distribution of L' converges
towards the negative exponential distribution, as found by Aki (1979)
for the San Andreas fault.

Keeping 2/% constant, and using (5.3) in (5.2) gives:

-1

1 1 12
L) = ? (1 n—l) (1-5'?)

n-2

£l

And,
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For small n these two distributions could be significantly different
however, as it is shown in Fig. 5.1 in the comparison of the two cumula-
tive distributions for values of n befween 2 to 10.

We thirdly assume that the gross statistical properties of the rupture,
such as an average slip for the whole fault rupture derived from the
above assumptions is equal to the average slip as estimated from tele-
seismic data.

2 Computation of the average slip for the entire fault rupture

Assuming that all the patches have same width W = alL
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the seismic moment associated with the rupture of the ith patch is:

where EU} is the average slip on patch i. The total seismic moment
associated with the entire rupture is:

. U (5.6)

On the other hand, the total seismic moment can be expressed in terms of

n
the total rupture area ( ) aLQi) and the average slip aU, as:
i=1

L o
M=uAaU= ual j§

The theoretical shape of the slip function for a given patch can be taken
as an ellipse (ref. Das & Aki) so that:

W, - | (5.8")
1
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where (AUmax)i

Then, using Eq. (5.1) together with above gives:

n
2 Z] Qf 2
W= 22— = £ g(g)
L4

where % is the vector (21, Loseres L ).

is the maximum slip, reached at the middle of patch i.

(5.9a)

The value of AU can be viewed as one realization of the random variable--

average slip on the fault--for a given value & of the réndom vector L'. This

is expressed by

— _ 27
rev AU = 7;-g(

[

")

(5.9b)

The expected value of the random variable AU can be approximated by a Taylor

series expansion limited to the second moment, as follows:

n 2
€[] = gL)| vy 1 S5 var()
RRIRE S R T
Li=2
1
1 n n 82
T N A ¢ Cov(L!, L})
A T it N
i=1 j=1 "71 77 Ll=]'=
iti

where L' is the random vector (Li, Lé,..., L') whose mean is

n
because the L%'s are i.i.d with mean 2.

(5.10)
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Using the Egs. (5.3), (5.4) and (5.5) gives the expected value of the mean

sTip

E[—AH] - _Z_El-sz 2n _ dal

T 7 ndl T w(n+l) (5.11)

When the coefficient a is known we can assume that the expected mean
slip E[AU] is estimated by the observed value (calculated from teleseismic
data). If a is not known we need another observation such as the largest
slip observed on the fault, and we can use Eq. (5.11) together with Eq. (5.13')
and solve for a and n. If the largest patch length is known, then we can use
the method presented in the next section. In any case, the uncertainty is
such that we Wi]] try to make use of all available data and choose the values
of n and possibly "a" which are the most compatible with Eq. (5.11), (5.13)
and (5.13').

5.2.3 Estimation of n and 2 from the largest patch length

Assuming that the number of patches, n, is large, the correlation
between any two patches' lengths becomes small (see Eq. 5.5). Then the
patches' lengths can be treated approximately as independent random vari-
ables.

Given the total fault length L, and the number of patches n, and
approximating the patch's lengths by independent and identically distrib-
uted random variables, the cumulative probability function of the largest

patch's length, Qma is given by the following:

X

n -1
P[s&maX <] = Brzx] FL,(SL) = {1 - (1 —%)n } (5.12)
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where FL,(Q) is given by Eq. (5.2). (See Fig. 5.2 for P[2 < 4] for

max <
several n values].

Given that we observed one value of Linax ON the fault, the problem

X
is to determine what is the most 1ike1y'va1ue of n which could have

generated that value. Three methods are considered.
(i) The observed value is considered to be the most probable

realization of Qma Then the observed value can be

X

equated to the mode of the distribution of Qma . This

X
d?Pla . < 2]
is expressed in Eq. (5.13) by setting > to
dg
zero and solving for Qmax’
1
n-T
9 ¥ = observed & =L {1 - |-n=2 (5.13)
max max nz_n_] ‘

and Eq. (5.13) is solved for n. The corresponding most

probable maximum s1ip is obtained by using Eq. (5.1).

AU

max = & *max (5.13")
(ii) The observed value is equated to the mean of the distribution

of Qmax'
(iii) The parameter n is estimated by a method of maximum 1ikelihood.

The three methods are compared in Appendix A5.1. It is found that the
first method (Eq. 5.13) is the most desirable. Furthermore it is possible

to get a confidence interval, as is shown in Section 3.2.
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5.3 Estimation of the Average Patch Length

5.3.1 Method

The method used to estimate the number of patches (i.e., the average

patch length %) depends on the type of data available. For all cases the

total length L must be known however.

(1)

If the largest patch length along the fault is known, it is assumed
that the observed value is a characterization of the most probable
value of the largest patch length one could obtain with n patches.
Eq. 5.13 (or 5.14) is then solved for n and we obtain an estimate
of the most probable average patch length & = %u

If the largest value of the patch length is not very well known but

the maximum slip AUma is known, then we use Equation 5.13'. In

X
that case we need to assume a value for the coefficient a. Con-
currently the same value of a is used in Eq. 5.11 together with
AU, obtained from teleseismic data. The values obtained from Egs.

5.13' and 5.11 are compared and if they don't match, a is changed.

By iteration the system Eq. 5.13'-5.11 is solved for ¢.

This method also gives us a means of estimating the stress drop
Ao by using a relationship between stress drop and maximum strain as
in Aki, 1970, for the case of the San Andreas Fort Tejon Earthquake.

In our notation:

7W2
AO=WU6 (5]4)

and by taking AU in meters, & in kilometers, u = 3.1010 Pascals,

and Ao in bars, the above equation becomes: -
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Ac = 550 a
AUi (5.15)
a = Qmax , (Eq. 5.1)

It has been recently found that for certain classes of earth-
quakes, the value of Ao is fairly constant (Papageorgiou, 1981).
For the California earthquakes, this value is approximately 300
bars. In those cases when Ac can be estimated, we can compute
an estimate of a and knowing AU, we can solve Eq. (5.11) for n.
This is exactly what we do when using models of simulation of

earthquakes, as explained in Section 5.5 of this paper.
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5.3.2 Uncertainty

When using the method 1 described above, it is possible to get a
confidence interval for . The problem that we want to solve here could
be stated as follows.

The distribution function of the largest value one could observe on a
fault rupturing into n segments can be computed. As an example we plotted
several of those functions for n=2, 4, 10, 20 and 30 on Fig. 5.2. It can be
seen on that figure that the knowledge of one value of the largest patch

length, i.e., the observed zma » is not sufficient to give a reliable esti-

X
mate of n. (However as n increases we can show that, see Appendix 5.1, the
standard deviation decreases very fast so that the most probable value be-
comes a better estimate). The question that we can ask then is, given the
observed value Qmax what is the value of n for which there is a certain
probability, say P, that Lnax be smaller (i.e., P = .8, .9, .95, etc.).

In other words, given a value of the largest g, Lmax? to which cor-
responds to the most probable n, say Ny there is a finite 1ikelihood that
2 may have been generated by a distribution with Tower n or higher n.

max

Let ny be such that ny<n ahd such that there is a probability P

0
that the random variable "largest ¢" produced by the distribution with

parameter ny be smaller than Lmax® that is

]

i

PIN < ny[g P n,

max _ I
- Fyjp, (1) - {1 Qo) ) (5.17)

Similarly define N, > ng such that:

]

)

PIN > n,[2 P

max n2

= F nz-] .
= Llnz(zmaXIHZ) =1- [1 - (1-zmax) J (5.17")
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Then we obtain a P probability of the number of patches to be smaller than

n, and bigger than ny.

npSngsn, > L/, < 2 < L/n, (5.18)

-~

5.4 Application

The above methods are applied to a set of seven earthquakes, the
results of which are presented in Table 5.1. Some comparisons are made

with current available estimates.

(1) San Andreas 1857

On the one hand this earthquake has been very well documented and a
recent study by Sieh, 1978, gives us a very detailed knowledge of the slip
history associated with it. On the other hand we don't have any instru-
mental measurement of the characteristics of the earthquake as we would
nowadays. Nevertheless it is possible to estimate the maximum slip from
historical records, (Aki, 1979) at about 11m and the largest patch's length
possibly at 23km (Wallace, 1968, 1973). The total Tength of the fault rup-
ture may also be estimated from Sieh, 1978, at between 360 to 400km. For
our purpose we choose an average value of 380km. The 85% confidence in-

terval on the number of patches and the average patch length then come out

to be:

55 < n < 104 and 3.6 < 2 < 6.9 km

-~

the most probable value of n being 69 with the corresponding average patch

length % = 5.5km.
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TABLE 5.1
Earthquake AU L Lmax AU 2 % Ao
observed
(observed) | (observed) Jor others
(m) | (km) (km) (m) (km) (km) (bars)
San Andreas, 1857 380 23 " (3.6)-5.5-(6.9) 5.5
San Fernando
Lower 2.11 13 2.4 /3.5-5 105
Upper 2.4 5 5 2.5 550
Parkfield 36 4.5 (.8)-1.4-(2) 1.7
Dasht-e-bayaz, 1968 39 8 (1.7)-3.1-(5.2) 3.5/7
Nobi, 1891 80 8 (6.4)-12.7-(26.8) /14
Tango, 1927 35 3.5 3 2.1 /3 470
Saitama, 1968 .92 10 1.4 .9-3.5 /3.5 340
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A recent study by Aki, et al, 1980, gives an average barrier interval
of 8km. Sieh, 1978, gives a detailed slip history of the fault. The sca’e
of his Fig. 5 for the slip unfortunately does not show that the sﬂp may have
been very small in between the points of measurements. If one assumes that
the slip drops to zero, between each cluster of measurements, one can iden-
tify the number of patches, and compute the average patch length for the
1857 earthquake. This assumption is equivalent to saying that the measure-
ments were made where the slip was noticeable, that is, close to the middle
of each patch. Based on a subjective count of the clusters we find 47 of
thém for a Tength of approximately 260km, the average patch length is there-
fore 260/47 = 5.5km. This may be a coincidence but it is at least consistent

with our result!

(2) San Fernando

This earthquake has been the subject of very detailed studies by many
authors. A1l of them agree on the biplanar shape of the rupture fault. 1In
our study we use the data from Heaton, 1978.

The Tower part of the earthquake has different characteristics from the
upper part. The former is assumed to have propagated within the lower plane,
then started in the upper plane but stopped soon, as shown in Fig. 5.3. The
latter part consisted mainly of the rest of the upper plane. The parameters

associated with each part are chosen as:

Lower part Upper part
""__—'B“TQ “"‘W@fl“"

M, = .8 10" m.N .6 107 m.N

0 2 2
Area = 190 km 84 km
AUmax =2.4m b5m
Length = 13 km 5 km
AN =2.1m 2.4 m
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' Figure 5.3 Contour map of the assumed fault

displacements for the model Norma 163.
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where the areas and lengths have been estimated from Fig. 3 of Heaton's
paper and AU was calculated by AU = MO/(U-Area), (where y = 31010Pa).

For the lower part of the fault our method breaks down, indicating
that n has to be less than 2. From this analysis, we have to conclude that
the rupture was a massive continuous one. This also means that 2 was fairly
large. To be consistent witzngpp]ication of the method we would find here

—7?§-= .19. The stress drop computed with Eq.

g =1L, sincen=1, and a =
5.15 would then be 105 bars.

For the upper part of the rupture, using Eg. 5.11 for the value of n
which gives AUmax = 5m (see Fig. 5.4) leads to n = 2 and £ = 2.5km. Our
evaluation of the stress drop is then Ac =~ 550 bars.

After a process of trial and error, Shakal, 1979, derived his best
model of source, as shown by his Fig. 5.5, which implied also a high stress
drop of 600 bars.

(3) Parkfield

Eaton et al, 1970, gave a mapping of the aftershocks of the Parkfield
earthquake, Fig.5.6. Aki, 1979, interpreted the region with no aftershocks
as the regions of the major shock ruptures. It appears to us then that the
largest single convex shape which can be isolated is of approximately 4 to
5km and we will choose %nax = 5.4km. The total length of fhis rupture is
36km (Fig. 6), so that from Eq. 5.13 the most probable number of patches
is n = 26 and the corresponding average patch length is & = 1.4km. The 85%
confidence interval on the number of patches, and the corresponding average

patch length then are:
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Figure 5.4

6_
4—|
_ Alewine
)
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5 2
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£ 6
w
- -1
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.u -
2 -
T T T T T T T T
A 4 8 i2 6 A
km
Comparison of the fault slip as a function of distance

along the line AA' of Figure 4.30. Alewine's (1974)
model is from an inversion of static vertical uplift
data. Notice that both the static offsets and this
study seem to indicate massive faulting very near the
free surface (from Heaton, 1978).
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18 < n <43 and 8 <2 <2 km

Again, as when we tried to estimate the average patch length from data in
the San Andreas case, we are here confronted with a scaling problem. Never-
theless if we try to fit circles of .5km to 5km in the blank parts in Fig.
5.6, we roughly obtain 45 patches for a cumulative length of roughly 80km.
The average patch length is therefore approximately 80/45 = 1.7km, which

is consistent with our values.

(4) Dasht-e-Bayaz, 1968

Tchalenko & Berberian, 1975, gave the slip distribution along the
fault, Fig. 5.7, from which we can infer the maximum patches length
zmax = 8km, for a total length of 39%km. The most probable number of
patches is then 12 and the corresponding average patch length is 3.Tkm.
The 85% confidence 1ntervai is 7.5 < n < 23 and the corresponding one
on the average length is 1.7 < @ < 5.2km. By comparison we find 10-11
patches, therefore the average patch length is ¢ = 39/11 = 3.5km, which is

in good agreement with our value. Aki, 1980, however, found a aquite dif-

ferent value of 7km for his barrier interval.
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(5) Nobi, (Mino-Owari), Japan, 1891

The surface faulting was about 80km long (Fig. 5.8) and the maximum
displacement was 8m of left slip, (Bonilla, 1979). The surface ruptures
consist of several segments that are locally en echelon to the general
trend. We assume here that the patches are limited in size by sudden
changes in direction of the fault trace, therefore the largest patch length
one can identify here is approximately 25km.

Using Eq. 5.13, we obtain the most probable number of patches n = 6.3
and corresponding average patch's length 2 = 12.7km. Then the minimum and
maximum n values determined with 85% confidence are 3 and 12.5 giving the

corresponding bounds for 2.

6.4 < 2 < 26.8

most probable 2 = 12.7km

The most probable value is comparable with the 14km average barrier inter-

val found by Aki (1980).

(6) Tango, Japan 1927

The Tango, Japan faulting of 1927 comprised two surface faultings, the
Gomura fault trending north-northwest and the Yamada fault trending northeast
(Fig. 5.9). We are restricting our attention to the Gomura fault where
the maximum observed slip is 3m and the largest observed patch is 3.5km,
(Bonilla, 1979).

These values cannot, however, be used in Eq. 5.13 since there could
be higher values for the portion of the fault under the sea. The parameter

a = 3/3.5 can, however, be used together with the total length L = 35km
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Figure 5.8 Map of Nobi, Japan, fault area. Strike slip
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by heavy line; other faults with Quaternary
displacements shown by light lines (from
Matsuda, 1974). -
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and the average slip AU = 3m determined by Geller, 1976. This value of 35km
should be allocated to the entire earthquake, including both portions Gomura
& Yamada, but if we assume that the congregate fault (Yamada) contributed
much less to the seismic moment, we can neglect it and consider that the
length and average slip apply to the principal fault. Then assuming that

the value of a = 3/3.5 is representative of the whole fault, including the
submerged part, and applying Eq. 5.11 we find n = 12 segments, and an average
patch length of 2 ¥ 3km (exactly n = 11.7, 2 = 3km). The corresponding prob-
able largest length is 7.4km and most probable largest slip is 6.4m. These
values are much higher than the observed values, but one could argue that
under our assumptions a large part of the fault would be under water and the
observed values may not be the absolute maximum for the fault. It is inter-
esting to note that Aki, 1980, found a barrier interval of 3km for this event.

The stress drop computed from the above values is Ac = 470 bars.

(7) Saitama 1968

Geller, 1976, provides us with the average slip AU = .92m and the total
Tength L = 10km. The maximum observed slip is 1.4m (Aki, 1980). The param-
eters compatible with Eq. 5.11 then are obtained as % = 3km and a = .31,
thus implying a stress drop in the range of 170 bars.

By comparison, Aki, 1980, assumed a 3.5km barrier interval, which is

in agreement with our result.
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5.5 Choice of 2 in the Simulation Model

The choice of the average size of the patches, %, is directly re-
lated to the choice of a stress drop. For some isolated cases of par-
ticular earthquakes it is possible to obtain directly % from data. However
the type of model considered here is not designed for simulation of spe-
‘cific earthquakes; rather it is used for generation of large samples of
hypoﬁhetica1 events which may have only their statistical characteristics
in common with actual earthquakes. This model which_is intended to be
used in risk analysis studies may in some cases be used to predict
the risk inherent in a region where few or no earthquake history is known.
From geological considerations it may be possible however to assume some
value for the stress drop. For instance, one can set the stress drop to
some value for all earthquakes occurring intra plate, and another vajue for
inter plate earthquakes when no better information is available.

If we assume a value for the stress drop, the parameter a can then be
computed from Eq. 5.15. The seismic moment and dimensions of the rupture

is known in the simulation so that the average s]ip”{g easily computed by,

o
AU = L (5.19)

0
uLW
and the average patch length, or coherent length, to be used in the model
is computed by solving Eq. 5.11.
For example, let us choose three hypothetical events with the following

parameters:
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event 1: M0 =2 10 mN
= 6 km , AU =.37m

2: My = 63 10" mN
= 19 km , AU=1.17m

30 My =2 1020 N
L = 60 km , I =3.7m

If we further assume the stress drop to be in the range 150 to 250
bars, (Papageorgiou, 1981) the corresponding ranges of average coherence

length are:

event 1: 2= .7 to 1.3 km
2: 2 =2.2 to 4.1 km
3: 2=7.0to 13 km
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VI. CHARACTERISTICS OF THE MODEL AND APPLICATIONS

6.1 General

The general characteristics of this model of strong ground motion may
be identified as belonging to two classes. Firstly, the ones which are
the results of physical and mathematical assumptions and simplifications,
and secondly, the ones which depend more strongly on the range of values
of the parameters to be used in the simulations. In Chapters II and III
the physica1‘and mathematical assumptions were described and their theo-
retical effect on the results analyzed in detail. In this chapter we
describe the second class of characteristics by the means of a parametric
study. The different uses of the model in engineering and research appli-
cations are only mentioned as an introduction to a forthcoming report on

the matter.

€.2 Parametric Study

6.2.1 Shear Wave, Quality Factor, Velocity of Rupture Propagation

The results summarized in this section are taken from a previous
study (Savy, 1978). A sensitivity analysis was performed to study the
effect of the shear wave velocity (8), the quality factor (Q) and the
velocity of propagation (Vr) on the time histories and the frequency
content of the acceleration record. In that study the model was a far
field model of SH waves only. The motion computed in the new improved
model has the same functional dependence, however, regarding the above
parameters. As a consequence the above mentioned sensitivity study applies

equally to the new model for those parameters (B, Q, VR). A summary of
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the results of that study is presented in Table 6.1, where the various

parameters are as follows:

COLUMN (5)

COLUMN (6)

COLUMN (7)

COLUMN (8)

COLUMN (9)

f* is a statistical characteristic of the motion., It is

computed as follows:

fmaX i
A = f £1 psp(f)df
0

and PSD(f) is the power spectral density for an ensemble of
* .
events. (See Section V.3.2, p.94-95, Savy 1978). f can be

interpreted as the most characteristic frequency.

Y is the peak on the 0% damping response spectrum.

max
Ypeak is the peak value read on a single sample of an
acceleration time history.

% ce is the Togarithmic decay of the Fourier Amplitude spectrum

of the acceleration (see Boore, 1978, for a description) and,

adisp is the logarithmic decay of the Fourier Amplitude

spectrum of the displacement (see Boore, 1978).

An increasing shear wave velocity (Cases 2, 3, 4) shifts the energy towards

higher frequencies (Col. 5, 8 & 9), but at the same time the total energy

transmitted decreases, thus the peak acceleration actually decreases. This

somewhat curious result will be studied in more detail with the new model

in a further study.
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1 2 3 4 5 6 7 8 9
CASE o Q Vo /Y, f* Y max Y peak * acc®disp
# v (spectral)| (T/H)
(km/s) (km/s/km/s) | (H,) | (m/s/s) |(m/s/s)
NOMINAL
1 3.2 {200 3.2/1.8 7.89 14.8 1.53 |2.10} 3.05
2 1.8 * * 5.47 32.8 2.11 11.942.97
3 2.6 * * 7.38 19.1 2.73 {1.57]12.78
4 4.5 * * 8.54 7.4 .80 :1.272.63
5 * 400 * 8.65 16.4 2.53 .92 2.46
6 * 100 * 4.86 11.8 .81 1{1.9042.95
7 * 50 * 2.83 6.8 .35 |2.6513.32
3 * * 4.473.0 8.10 20.2 2.06 (2.2513.12
9 * * 2.2/1.6 7.95 9.5 .80 1,51»2.75
10 * * 2.0/0.5 7.74 6.1 72 1.8912,94
TABLE 6.1

KEY: * The value used in this case is the nominal value of Case #1.
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The cases 5, 6 and 7 indicate clearly, as expected, that decreasing
Q values eliminates high frequency content. Finally, in columns 8 to 10
it is seen that a velocity of rupture propagation higher than B8 can create
very high accelerations with an overall high frequency content, but decéying
also Very fast (Col. 8). Increasingly lower propagation velocity creates

increasingly lower peak accelerations.

6.2.2 Behavior of the Solutions for a Single Patch.

Before looking at the effect of the parameters on the solution for
an assemblage of patches, a study for a single patch was performed to
visualize the effect of size and rise time on the elementary solution.

This is important to understand the effect of a single large rupture within
an assemblage of smaller patches. For instance one can envision a large
rupture area with small patches overall, but with a few much larger patches
at some distance from one another. This is actually what happens in the
example of rupture propagation given in Chapter 2 (see Fig. 2.4). The

Fig. 6.1 is a time history calculated with the rupture scheme of Fig. 2.4.
The large isolated peaks correspond to the rupture of the larger patches
superimposed on the overall smaller contribution of the other patches. For
the single patch analysis we chose a nominal case where the rupture area is
(6><3)km2 and the site is 8km at the surface (the fault breaking the surface
on its 6km length) on a normal to the middle point of the trace.

First the size of the element was changed with density of seismic
moment per unit area kept constant and the rise time kept constant at .25sec
(see Table 6.2). The peak acceleration decreased in a non-linear fashion,
as seen in Fig. 6.2. The non-linear effect is believed to be due to geo-
metric changes related to location of the extremities of the patch relative
and T

to the site. This appears in the variables T W of Eq. 3.25. Conversely,

L
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if we normalize these results for a constant seismic moment we find that
the peak acceleration is roughly inversely proportional to the area of the
patch. This can be physically interpreted by saying that areas with higher
stress drops will generate higher frequencies and, therefore, higher peak
accelerations. In a second set of analyses, the density of seismic moment
was kept constant and the rise time was computed by means of an empirical

formula (Geller, 1976).

_ .4105
B

1/2

T (L +W) (6.2)

where L and W are the Tength and width of the patch and B is the shear

wave velocity. From Eq. 3.25 it is expected to see a high sensitivity on

"1(}.) T/Z) S‘inw T/Z)
w /2 "’

especially in the higher range of frequencies, which set the value of the

T since it directly alters the phasing (e and the modulus (

peak acceleration. This is clearly seen in Table 6.3, especially in the

case of constant seismic moment (MO).

6.2.3 (Coherence Length.

This is a governing parameter since it determines the average size
of the patches and three of the parameters of Eq. 3.25 which give the
phasing and overall modulus of the Fourier Transform (i.e.: TL’ Tw and t).

The same geometry as previously was selected, that is a total rupture
dimensions of 6km by 3km, and the site was at 8km on the normal to the
trace. A set of five ensembles of time histories Qas generated with in-
creasing coherence length ranging from .5km to 5km. Five sample time
histories were computed to create each ensemble. For each individual
sample a new rupture area discretization and rupture propagation as well

as focus Tocation were simulated by Monte Carlo simulation. The place of
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TABLE 6.2

AREA
KM

PEAK ACCELERATION

(m/s/s)

6x3
3x1.5
1.5x.75

6x3

.23
.16
10
.03

TABLE 6.3

AREA

RISE TIME
t(seq

PEAK ACCELERATION

Amysys)

CONSTANT
Mo

CONSTANT
Mg DENSITY

3x1.5
1.5x%x.75

.51
.26
.13
.05

12
.60
2.56
19.00

12
.15
.16
.19

TABLE 6.4

CONERENCE
LENGTH 2
(kM)

(m/s/s)

PEAK ACCELERATIONS A

MEAN a
(m/s/s)

.5 11.35
1.0 5.59
2.0 3.69
3.0 4.89
5.0 .47

11.38
5.70
4.13
1.10

.59

6.
13.
2.
1.
.65

05
68
14
51

9.85
5.76
5.67
3.44

.87

6.64
3.47
2.34
.90
.44

9.05
6.84
3.59
2.10

.61

o)
(m/sa/S)

2.56
3.94
1.44
1.69

A7




78

focus was set to occur anywhere within the rupture area with equal
probability. The mean peak value and its standard deviation were com-
puted. These results are shown in Table 6.4.

In spite of the very small sample size, the mean values seem to
vary uniformly. The uncertainty which is attached to them, on the other
hand, is very high as shown in Table 6.4. As a first approximation the
mean peak acceleration varies in the inverse proportion of % raised to
the power %3 although a negative exponential gives a better fit, as shown
on Fig. 6.3. Fig. 6.4 is representative of the changes in the frequency
content of the time histories as a function of 2, and Fig. 6.5 and 6.6

give the 5 samples for £ = .5 and % = lkm.

6.2.4 O0ther Parameters

In addition to the parameters which appear in the Eq. 3.25 some are
hidden such as the geometry of the overall system, the orientation of the
rupture plane, the direction of the rupture propagation and the location
of the rupture initiation (focus). At this point this study has not
addressed itself to these parameters, but the influence of the focus
1oc§tion was emphasized in a set of four samples generated from the same
discretized fault as in Fig. 2.4, but where only the location of the focus,
hence the propagation scheme) vary. As these examples show, in Fig. 6.7,
the shape of the envelope of the time history, as well as the peak accel-
eration values, can be drastically different depending on the Jocation of
the focus. In the cases where the focus is in the corner of the rupture
surface (Fig. 4.1(d) and (e) ) the energy is focused forward in the direc-
tion of the site by constructive interferences of the waves. The result
is a much higher peak acceleration and a more spiked envelope of accelera-

tion time history than in the other two cases, Fig. 4.1(b) and Fig. 4.1(c).
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6.3 Applications

6.3.1 General

The applications considered at this point evolved from a variety of
engineering problems for which classical techniques did not exist or were
not satisfactory. Since any physical model of earthquake ground motion
used as a generator of records for a particular earthquake would have to
be calibrated, most problems considered here deal with qualitative (relative)

analyses rather than gquantitative.

6.3.2 Functional Form of Attenuation Laws

The very Tlarge dispersion in the recorded peak acceleration data has
not to date permitted the identification of a complete functional form of
the attenuation of peak or RMS accelerations. Using linear and non-Tinear
least square optimization techniques, Askins & Cornell (1979) concluded
that there was not statistical evidence, from the data, to adopt one form
rather than any other among the "reasonable" contenders. As a result they
recommended the simplest form. Since we cannot identify the best functional
form yet, from empirical data we turn our attention towards getting artifi-
cial data from physical modeling.

The model developed here offers the possibility of studying in detail
some of the physical aspects of earthquake record generation and will lead
to a better understanding of the phenomenon of attenuation. The most im-
portant aspects to be analyzed are:

« Distance effects, with a distinction between the near, intermediate

and far fields. Very little data exists in the near field, for

instance, but there is ample data in the far field.
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+ Orientation of the fault. Orientation of the trace, as well
as angle of dip of the fault plane.

+  Location of the hypocenter.

* Rupture propagation in the rupture plane, including

* Average coherence length of the rupture process.

« Energy level (seismic moment, or magnitude) and,

« Fault dimension (length and width).

Some of the results of this analysis appear in the parametric study of
the model presented in Section 6.2. The more complete results will be
presented in the forthcoming report.

Because of the cost of numerical computation this analysis is per-
formed in the frequency domain with calculation of the PSD and RMS accel-
eration values for an ensemble of earthquakes. By assuming that the strong
motion part of a time history is a stationary process, the statistical
characteristics of the peak acceleration can also be estimated. The study
of the effect of variations in the above mentioned parameters is based on

the RMS in most cases and on peak values estimated from RMS when necessary.

6.3.3 Analysis of Recording Networks Biases.

The nature and quality of the seismic records available depend pri-
marily on the spatial distribution of the recording stations. To this add
biases introduced by the technology of the recording devices, such as the
operating range of frequencies or the dynamic range or the threshold trig-

gering value of acceleration.
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Our knowledge of the physical phenomenon, therefore, has been based
on a filtered version (the filter data) of the ensemble of data actually
produced (the true data). In an ongoing project the correlation between
the distribution of earthquake magnitude on a given fault, spatial distri-
bution of recording stations and the distribution of peak value of accel-
erations is studied. The effect of recorder-triggering threshold is also
analyzed. The ultimate goal is to devise a methodology to determine a
network-independent attenuation law.

This is important for engineering computations because it permits
us to perform site dependent seismic hazard analysis with data borrowed
from other locations rather than from the seismic zone associated with
the site under consideration. (Especia]]y'when we realize that potential
sites for critical facilities are not always located in the middle of an

existing recording network with a Tot of data!l)

6.3.4 Spatial Statistics of Acceleration Records

In most dynamic analyses of structures submitted to seismic excitation
a single input location js chosen. Generally all the points located at the
foundation level are subject to that excitation. It has been recognized,
however, that the changing characteristics of the input in space may be an
important factor in stress concentration or other behavior such as rocking
or torsional motion that is unpredictable with a single input. Although
these "secondary" effects are believed to be negligible for most structures,
it becomes increasingly important with the horizontal dimensions. Such is
the case of bridges or very long buildings and other special facilities,

such as a linear accelerators or lifelines.
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The first step in dealing with this engineering problem is to evalu-
ate the spafial correlation of the seismic records. This analysis will
be performed in the frequency domain by computing the cross-spectral den-
sity function of each couple of ensemble of records at stations located
on a grid centered on the site of interest. It will be performed for the
horizontal components as well as for the vertical components of the motion.
In addition, the correlation between horizontal and vertical components will
be studied. Hence a better knowledge will be gained which will help select-

ing vertical components when needed in engineering analyses.

6.3.5 Quantitative Analyses

The most deterministic use of the model is envisioned in the reproduc-
tion of actual historic earthquakes for which acceleration records are
available and all source parameters are reasonably known. The number of
such cases is very limited, and if we consider the restrictions due to the
model itself, it is even more limited. The Parkfield is a very good can-
didate for this type of calculation. Its rupture surface is known (Aki,
1979, Eaton & Al, 1970). The predicted motion may be compared with actual
records, and the model may be calibrated by trial and error.

In other cases where time histories are requested at a given site for a
set of hypothetical earthquakes, it may be possible to use the model developed
here provided one can define the various parameters within reasonable bounds.

An extension of the above is the integrated methodology for computing
pseudo-time-histories, as described in Savy (1978). In that particular case
an ensemble of time histories is generated by simulation, the common charac-
teristic of which is to possess a constant probability (Iso-return Period)
Power Spectral Density. That is, where the value of each point of the P.S.D.
has a given probability of being exceeded during a set period of time (life

time).
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Appendix 3.1

For a dislocation in the y-z plane (see Fig. 3.1) with slip in the
y direction, the forces forming the double couple are in the y-x plane
only, as shown in Fig. 3 of Maruyama (1963). The explicit form for the
m-component of the displacement field in Q due to such dynamic forces

with time dependence exp(iwt) at their origin is:

m iwt
Tyx(w)e
and TyT(w) is given by Eq. 35:

2

m oy _ i }.2/(2) -(5)H

Tyx(w) T 4n a7y (a]r) A+2u (Smny meyy)
2
2.(2) ~(5)u 21
* o°1h3 (a]r) y+2u (6mny * 6xmyy) A+2u YnyYm

(A3.1.1)

2,(2) Z -
* B]h3 (B]P) S(Smyyx * 6mey) ZYnyYm

where:

W

w
o =3 B T

o and B are the P and S wave velocities,

u and A are the Lame” constants,
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dij is the Kronecker delta:

O
it

i3 1 if i=]

0 if i#j,

Y4 is the direction cosine of direction i,
and the function hgz)(p) are the spherical Hankel

functions of the second kind, given by:

0 e) = (14 Dy 70
p
P
h§2><p> - (- 6 - 15L3+ 15-7) e 1P
P p P

If we 1imit the estimation of the h functions by neglecting the terms 1in

J§ and-jE and replace p by %?—where ¢ can be alternatively equal to a or
r r

B, it becomes:

2) -ior
2, (2 _w ic c
1M (c]r) T cr (-1 + wr) €
(2) -jwr
2.2 oW ic o :
c]h3 (c]r) = EF—(T - 65;) e (A3.1.2)

where ¢, = £,
1 C

Separating Tyg(w) into the sum of the P and S contributions,

Tolw) =0PRw) W)

m

VX Yy + mey , and using Eq. A3.1.2 in A3.1.1,

and defining, A as A=A y

= Smy



gives the following:

opm . Jw
@;/gx(“) 4oy

m _dw
%x(‘*’) " ZmBr

90

fwr
o [ 20 da, , 2w 6o
€ {)\+2u JY—‘-A * A+2u ]_w\" )YXYme}
2 lwor
B . .
3 iB 2 6iB 618
e {.ga(-nm) + 801818y - 2028y v v

Recalling the relationships between velocities and Lame" constants,

qz = 2\.:*-_21‘1_ N 82 = Ll- s
P ' p
leads to
m _ -iwr )
- dw oo (By2 riad (6l
_ yx(m) o © (a) [ * (1 (Dr)YnyYm]
mn -jwr
- _dw 8 _3iBy 6iB
égyix(w) Ingr © [a0-50) - 2050w,y ]

For the three different m components, A takes the values shown in the

following table:

T_ m 8
(direction) | (values of Kronecker g) A
X Sex™1> 81y ~0 Y,
6 =0, =
Y xy 0> Syt Tx |
2 8%X= zy=0 0

}
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Then in this x, y, z coordinate system, the vectors and are given by:

AN
(A3.1.3)
3iBy., . o¢7. 618y, 2
(1-M)Yy 2(1 wr‘)Yny

_ iw B 318, g 618y, .2
é%;ix(w) = Zmpr © (-7, - 200 (UP)YXYY

- 2(1- 28y y

wr YZ

Y

In order to facilitate the rest of the analysis, the above relationships
are expressed in the spherical coordinate system (r,6,6) as shown in Fig-
ure 3.1.
The transformation matrif?z;zs given by:
singsing sindcose  cosd |
é%;j = | cosfsing cosBcosd =-sind (A3.1.4)

cosd -sing 0
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so that the direction cosines of the direction x, y, and z in this (r,0,¢)

system, become:

Yx = 51nfsing
{ Yy = sindcoso
Y, = cosH

o
After rearranging the trigonometric terms,égag;dé? as expressed in the

spherical system are:

sin0sin2¢ sin28sin2¢
-jwr
gj(m) _we ¥ (ﬁz 2ia |Sin26sin2¢| 4 (]_§_1'_OL) 0
x> T Amar o 1or 2 wr
sinbcos2¢ 0
4
sin°8sin2¢ $1n29s1n2s
-iwr
.o B : . , )
_ lwe _3iB sin2bsin2¢| _ ,,_6iB
yx(w> T Ampr {(] wr) 2 (1 wr) 0
sinécos2o 0

S

Let us define two vectors RP and R in the following way:



83

$in0sin2 0
P - 0 and RS = sinZ%fin2¢
0 sindcos2e

RP is therefore in the radial direction ?, while RS is parallel to the

plane (§,$), perpendicular to r. and©@/may be expressed as a linear
combination of RP and RS, in the following manner:
N i .
@9;2(@) = By e © {RP ¥ %‘?O‘_(Rs-zRP)}
iwr (A 3.1.5)
&y’;(w) - pa e 8 {RS ; %@(RS-RP)}

Since Tyx(w) is the sum of the above two expressions, it is clear that as
the distance from the observer to the source increases, the correction
terms to the first order approximation can be neglected and we are back
to the first order solution presented by Mikumo (1969).

This correction will affect mostly the low frequency end of the
spectrum, for medium distances (r), thus not affecting the peak accelera-
~tion that much, but for short distances this correction could become large.
More specifically, if we consider r of the order of one wavelength, at
10Hz, and using the Timiting value of i%—= %—derived in Appendix A3.2, a

simple calculation could show that the value of the correction is at



c4

least three times the far field term for the P wave. For the S wave this

ratio would be approximately two.
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Appendix 3.2

Limits of validity of the second order approximation.

In a manner similar to the determination.of the 1imits of validity
of the Fraunhofer approximation, lets study the effect of the error in
the source spectrum introduced by making the approximation.

Defining the source spectrum as:

2Qu) = [ iwB(w)[-¢n2) () + ¢ nd?) (w)1dz (A3.2.1)
z
where: h%z) and h§2) are defined in A.3.1, C] and C2 are geometry dependent
constants, and Ay(w) is the Fourier transform of the dislocation function.
The error introduced in 2(Q,w) will be significant if the error in-

troduced in the polar angle of the complex number:

2) (w)

2ch$8 ) + czhg

11
is greater than w/2, and the error in its modulus is large. Since the co-
efficients C] and CZ are of the same order, we can ignore them and only
consider the complex number h%z)(w) + hgz)(w). This in turn will oniy
provide one order of magnitude of the range of validity of the approxima-
tion.

Let

-iwr
i{e+as) ~C
)e1(e A8) o
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then, using the definition of h(w), and ignoring the constants gives:

7ic -/ C ic

- {29 - 1505 (10}

241508 7 - 0708y ] (A3.2.2)

wy wr wr e
22 o5 902 1/ c
A+ AA = [(2-15¢°) +e(7+15¢°) ] * ¢ = o
741562
tﬁeme)=-e-——7

2-15¢

Assuming that A8 is small, a series development Timited to the first order

for the tangent is:

1

1+t928

tg(e+ad) = tg(e) + A8

tgs is given by the value after neglecting the 3rd and 4th order terms in

1 .
(;0 that is:

tgo = - Zfl , 7 = : 5
T+tg%e  4+49¢

so that A6 is given by the following:

2 O
AG = - {8(7+]5€2) /8} (4"‘498 ) - 135¢ (.+49€ )

8 2-15€2




The assumption of a small A8 implies that € is also small and therefore

135 3 3
—5— €

las] = = ~ 36e”. The condition on the error in the angle 6 then be-

3.1 << .1
36e” < 7 Or &= -0 <~ (A3.2.3)
The relative error on the modulus A is: ‘ |A+AA - 1} A simple
calculation of i l for vaiues of € < §-shows that it is always smaller

than 40% and drops very fast to 10% approximately when e=.4. This order
of magnitude is consistent with the projected use of the model so that
the Timits of validity will be for:

£
wr

N —

<
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Appendix 3.3

Derivation of the second order finiteness condition.

Consider a dislocation surface with largest dimension L,

unit vector along Ox

<y

unit vector along 0Q

Fig. A3.3.1

Assuming that the largest dimension is in the plane QOx, is shown in

Fig. A3.3.7, the distance v between the observation point Q and the rupture

point can be computed as follows.
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. -> > . .
And since y+U = cos¢, the distance r becomes:

1/2
= r 5 & £ 12
r = Y‘O (1 - ZFE cos¢ + (r—o‘) ]

Assuming that §1-<< 1 we can approximate r by a series expansion which we
0
Timit here to the third order for the purpose of estimating the first two

terms of order higher than two which are neglected.
Let A = 5;3 the series expansion of r gives
0
2
1

r=r {1 + l{-2)xcos¢+>\2) - l-(-2>\cos¢+A2) + ~—(-2Acos¢)3 + 0(k4)
011 * 2 8 16

Collecting the terms in ascending order up to order 3:

r = rb {1 - ACOSO + %Azsin2¢ + %Agcos¢sin2¢ + 0(x4)}
The approximated r used here is then:
- - £ Y& cingy?
r :,r0(1 - oS¢ + Z(r sing) } (A3.3.1)
0 0
the first term neglected is therefore:
‘r 3
Ar = 7?—(%%) cos¢51n2¢

The wave form will be negligibly altered if the error Ar on v is smailer
than a quarter wavelength of the wave considered. (Aki & Richards, 1980).
Therefore if L is the largest dimension of the finjte rupture this condi-

tion becomes:
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r 3
—9-(J=0 cos¢sin2¢ < Mw) (wavelength at frequency w) (A3.3.2)
2 —

Yo

Since A{w) = %, and considering that the worst case occurs for the S

~— -hlﬁ

waves (i.e., ¢ = 8) and for the maximum frequency fma the maximum length

X’
L « then becomes:

ma
r2 1/3
1{2) - | 0 (A3.3.3)
meax cospsin ¢

The corresponding 1st order approximation on the other hand would be valid

(1)

fof values of L less than L

nax given by:
1/2
D e
max

where fmax is the maximum frequency desired, in Hz'
. . L . (2)
As a comparison between Lax and Lmax’ the Fig. A3.3.2 shows that L
is always substantially larger than L(]), and blows up to infinity at =0
and ®:=g~. By opposition, L(1) is minimum when ®==gu For instance, for
r0=8km, R=3.5km/s and fmax=20Hz, {values used for Fig. A3.2) the minimum

values of L(1) and L(z)

are:
max max

i (]) = = E
m1n(LmaX) = .84 km at o 5
min(L{2)) = 2.44 km at o = 54

max



(km)

Maximum L for < given Jdistdance g
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Figure A3.3.2

45 90
Angie @ (degrees)

Comparison of 1st approximation (dashed line) vs. 2nd
approximation, for rn=8km, B=3.5km/s and a maximum
frequency of 20Hz.

The vertical axis gives the maximum allowable patch's
length (in km) as a function of the angle ¢.
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The figure A3.3.3 shows the typical shape of the domain around a
fault of length L where the approximation is not valid. Both first and
second order approximation domains are shown. The minimum distance L.
(plotted on Fig. A3.3.3) at which the observation point Q must be for the

approximation to be valid is easily found as:

(1) _ meax

_ _ 2.2
1st order: rmin 3 sin ¢ L

2f 1/2 3/2
2nd order: r(z) = (——g§5-51n2¢cos¢) L

min

The values of roin 2re tabulated in Tabie A3.1. A glance at Table A3.3.1
shows that for all practical purposes the 2nd order approximation is valid,
but the 1st order approximation becomes fast invalid. The maximum value

for r is obtained along the normal to the fault ($=902) with the first

min
order approximation; and at ¢=54.732 with the second order approximation.
As soon as L>3 km the observation point has to be in the range of 100 km
far, for the approximation to br valid at all angles. For most cases the

second order approximation will allow computing the motion without further

subdivision of the rupture area.
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(1L =2

(L=3

Figure A3.3.3

Domains of validity of the 1St order approximation
(curves (1)) and 2nd order approximation (curves (2)).
For a given length of the single element fault (patch)
the approximation is valid if the site is outside the
appropriate curve (the distance scale on 0x and Oz in km).

Ny



104

TABLE A3.3.

1

Values of the minimum distance at which the finiteness condition is valid

for 20 Hi maximum frequency.

Tabulation for 7 rupture area largest dimensions L and 2

computed values

r(]) and r(z) for 1st and 2nd order approximation versus the angle ¢.
L(km) 5 1. 2. 3. 5 10. 15.
Gl @ ) J@ | m @0 @0 @ [0]@m e
0 0|0 0 0 0 0 0 0 0 0 0 0 0] 0
11.25 | ,111.231 .44} .65) 1.74)1.85] 3.91) 3.39)10.9] 7.30]44.0120.7) 98]38.0
22.5 .421.44) 1.67)1.24) 6.70/3.52}15.1 | 6.46/42.0{13.9 |167 [39.3|376|72.0
33.75 | .881.61| 3.53{1.71{14.1 |4.84(31.7 | 8.90!88.0{19.1 {353 {54.0{ — {99.0
39.23 — .67 — |1.88] — |5.22| — 9.78| — [21.0 | — [59.5| — i09
45 1.431.71] 5.71{2.01{22.9 |5.69|51.4 [10.4 |143 [22.5 |571 |64 | — |117
54.73 | — |.74| 7.62{2.10{30.5 {5.93{68.6 [10.9 |191 |23.5 {762 |66 | — 1122
56.25 |1.98(.74| 7.90/2.10{31.6 {5.93}71.0 {10.9 |198 }23.4 | — |66 | — |122
63.43 | — [|.71] - |2.02| — |5.72} — |10.5 | — [22.6 | — |64 | —|118
67.5 |2.44|.68| 9.75/1.93/39.0 |5.48/8E.0 |10.0 |244 |21.6 | — |61 — 112
78.75 12.75{.52111.0 |1.46{44.0 {4.14{99.0 | 7.61}275 |16.4 | — |46 | — |85.0
[_90 J2.86 0 (11.4 | O |45.7 | O {103 0 1286 | 0 — {0 {—120
(1) for 1st order Toin values
(2) —— 2nd

all values of r in k.m.
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Appendix 3.4

1. Dislocation along Oy and propagation along Oz.

The roles of & and n as expressed in Eq. 3.17 are exchanged so that
performing the integrations and simplifying, the solution remains the same

if the following alternate definitions are made:

c_. W 1 cos8
Ty=-z &)
TC = - 5 21N0C0se (A3.4.1)
21wy -24uT;
kC = . W cos8 |, e + 1.8
2c +C € €
W 1 2

2. Dip slip case.

The same steps as performed in A3.1 are performed here by replacing

m . m
Tyx by sz. Then

m
= +
bax = Smz¥z * OxmYz

so that Eq. A3.1.3 becomes

é§?§ ~iwr Yz Yx- )
_iw o By Flia 6ic
(W) = ger e (& e 10+ 20-50v,y, Yy ]
Y&A YzJ
— - » (A3.4.2)
-iwr Yz (Yx
- _w 8 _3ig . 6iB
ZX(UJ) 47TBY‘ e [(] U)Y‘) O -2(1 wr )YXYZ y ]
Vx RE3
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Transforming to spherical coordinates by using (A3.1.4) gives

) o ziwr .
P - a5t

) -iwr ] (
é;%i(w) = z%%;—e B {RS - 3%;{RS - RP]} J

that is, the same equation as for the strike slip case (Eq. A3.1.5), but

where RP and RS are here:

sin20sing 0
RP = 0 RS = |cos20sing
0 cosfcoso

By going through the same process as for the strike slip presented in
Chapter III the final solution is the same as in Eq. 3.25, where the fol-

Towing terms are now defined by:

= sin20sing

=2
——
!

c0s29sing

=<
ro
]

Y3 = cosbcosd
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. C . C
c 1wTw smwTW
J'I—e =
wTC
W

. +C . c
-iwT,y sinwT
Jc - e L L

N

c
wTL

(a) Propagation along 0z,

c _ -W/1_coso -W cosb
W7 R -

-
O
I}

=0

-L sindcos¢ pC _ 5
L 2 c L

—
O
1]

(b) Propagation along Oy,

1€ = g_cose Fﬁ = 1

¢ - %(%_ sinecos¢) , F¢ = LsinBcos¢

C L c
2cTL



108

Appendix 4.1

DETERMINATION OF AN EQUIVALENT ARTIFICIAL
EARTHQUAKE STRONG MOTION DURATION

A4.1.1 Introduction

The problem of determination of the duration of an earthquake record
is a delicate one. There has been a variety of definitions depending on
the intended use of the records. Engineers are more particularly inter-
ested in the strong motion part of earthquake records, and even so they
propose several definitions. For instance, R. McGuire (1979) summarized
four different techniques which can be used for the computation of the
duration for engineering uses. These four techniques give different re-
sults, but it can be emphasized that they are not intended to be used in
the same contexts.

The generation of Power Spectral Density functions (PSD) by our method.
requires a knowledge of the strong motion duration without knowing the time
Qistory beforehand. In this case we want to simulate a large sample of
records in order to compute the statistical characteristics of a type of
earthquake at a given site. In order to avoid prohibitive computer costs
we then 1imit ourselves to computation of F.A.S. for a Timited number of
frequency points (an order of magnitude smaller than the number of points
required for time domain calculations). The P.S.D. is then computed by
dividing the square of the FAS by the duration of the motion at the site.
Such a technique implies that we are dealing with a stationary process--a
wild departure from reality! (we mean here reality of our synthetic records).

In the technique used up until now in calculations (Savy, 1978),. the
time of a record was determined by the difference in time between the last

arrival of an impulse at the site minus the first arrival. This obviously
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did not account for the fact that a large earthquake record, for instance,
may be made up of several strong motion parts with relative quietness in
between this, impairing the PSD estimates (which imply a stationary pro-
cess). In some of our previous calculations the estimate of duration was
twice, and in some even more, the actual total strong motion duration
which could be derermined visually from a plot of the time histories.
The method that we propose here must fulfill several conditions:
(i) not increase substantially the computation time,
and (ii) give an estimate of the total duration of the strong motion part
of the record, that is the time duration during which part of
the record can be considered as part of a same stationary strong
motion process.

A4.1.2 Estimate of the Energy Time History

A.4.1.2.1 General Method

We first define a function proportional to the total energy radiated
toward the observation point. A time history of this function is calculated
in an approximate manner, independently of the calculations of FAS, and for
a limited number of time points. The function is then scanned for its maxi-
mum, and the strong motion duration is defined as that portion of the time
axis for which the energy function is above some fraction (to be determined
by testing) of its maximum.

A.4.1.2.2 The Energy Proportional Time History

In this section we limit the derivations to the case of the energy of
the S-wave generated by a patch small enough to use the far-field solution.
The kinetic energy of a unit mass of ground at the observation point is
proportional to the square of its velocity.

Let v(t) be the velocity at the site, the total energy received will

be proportional to:



E = r v2(t)dt (A4.1.1)
0

and using Parseval's theorem it is also:

O

Eae=j0 1V (w) |2 do (A4.1.2)

where: V(w) is the Fourier transform of v(t).
If we make the simplifying assumption that this energy is released by
dislocation of the patch, in a stationary manner, the power input at the

site from this given patch is therefore proportional to E ; where t is the

t
total rupture time of the patch. It is equal to the Tength of the patch

divided by the rupture velocity (vr).

E

P e T (A4.1.3)
_ R

t = v, (A4.1.4)

P is proportional to the average power dissipated by the patch, at
the site, and we can construct a curve proportional to the average power
dissipated by superimposing the contribution of each patch as it is sketched

in Figure A4.1.

The total strong motion duration may be determined as the sum of the
time durations during which P is greater than a portion o of its maximum
Pmax‘ In such a method the discrete time definition does not have to be as
fine as one needed for actual time history calculations. In practice we
can decide to have AT as a fraction of the total anticipated maximum dura-

tion, and we can therefore choose the number of time points, say 40 for
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instance. 40 seems adequate since it would give a AT = .lsec for a 4sec
record, and AT = 1sec for a 40sec record. That is an accuracy of 2.5%.

What we now need is a simple way of evaluating Eq. Ad.1.2.

Power
“Prax B - J;7
1 Cumulated power
Ve
s
Ve
e
Contribution of a single
patch to the total power
r—~—_ Y
aPmax - a //ff) -
(a%) S SR,
| e e e
T3 14

Total strong motion duration = T] + T2 + T3 + T4

Figure A4.1.2 Average power spectral proportional function
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Ad.1.2.3 Total Energy Radiated Towards the Site by One Patch

The far field expression for the Fourier Transform of the velocity

may be expressed by:

wr
RM sinugs sineT, sineT, Q8
03} w—=2 L M, (A4.1.5)

Viw) =
4dpR Y‘J w7 L W

(See Savy (1979) for definition of parameters).

If we only consider the part in the brackets, we notice that we have a
product of 3 sinc functions. When we square a sinc function we know that
most of the area under it is under the first lobe, so in order to calcu-
late Eq. A4.1.2 we need only to integrate the part under the first lobe.
vFurthermore, in our case the product of the 3 sinc functions can be
approximated by the one with the Tlarger coefficient of w, since we in-

tegrate only in the first lobe (see Figure A4.1.3).

2

[sinc(a,w)]

1

First lobe

3y <2y <2

Tr/a3 1T/a2 ﬂ/$1 w

Figure A4.1.3  Representation of (sinzaw) where:
T T T

a; = % TW’ TL for TL > TH > .

The product can be approximated

by sincz[w max(ai)] .
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We can rewrite V(w) as:

<7
—
e
—
n

where:

sin a -bw
==21Naw o

et}
]

Q8
Then Eq. A4.1.2 becomes:

G = l%—J sinzaw e 4w
0

o)}

_ l%_[ (1—c%;2aw) o2t
a 0
—me
= —A§-{e2b -J cos2aw e"wa dm}
2a
A{] I -2bw }
- N coslaw € dw
2—a72b
where:
M )2
A= 0
4wp63r
Let: ty = cos2aw e~ 2bw
t, = sinZaw e~2bw
- .. 2aiw-2bw _ 2(ai-b)w
T = t1+1t2 = e = e

(A4.1.6)

(A4.1.7)

(A4.1.8)
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then:

-2bw
5 ) [1-e (cosZaw2+isin2aw2)]

@%tj(:zwl

1 —2bu)2 -waz
~—~§——7—-[b- bcosZaw2+ae sin2aw2]
2(a"+b%)

-medLU

w
J 2 coslawe
0

-2bw, -
b+e (asinZawz-bCOSZawZ)

2(a’+h?)

where: Wy is the maximum frequency for which the FT of V(w) is calculated.
Then it becomes finally:

-Zb(l)z
UL b+(asin2aw2-bc052aw2)e

G = = - (A4.1.9)
Z;?. b a2+b2

if the quality factor Q is large or if we are dealing with large values

of b (r small). G simplifies to:
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Appehdix 5.1

The choice of n as being that value of the parameter for which the

most probable value of the largest patch length is equal to the observed

value is compared with the value obtained from a maximum Tikelihood tech-

nique and also by assuming that the observed value is closest to the mean.

(1)

Mean of the largest value and standard deviation

Let Y be the random variable "largest value of 2 on the fault
with n patches,” and normalize the total length of the fault to

1. The mean value of Y is a function of n, say uY(n)
1
ELYIND = uy(n) = jo y Fypy(yIn)dy (A5.1.1)

integrating by parts:

it

e
1 - I FYIN(yIn)dy

n
where: FY[N(y[n) = {1 - (1-y)n'1} is the CDF of Y.

Similarly we can compute E[YZ]N]. The variance is then given by
2 2
VARLY|N] = ECYZ|NT - {E[YiN]} (A5.1.2)

It comes:

(A5.1.3)

Q
—
-
po }
~—
it
o
N
~~
~
—
—~~
=
S
§
~N
N
——
3
S
f—
[
N
—
nNo
—
=
g
R
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where:

1
Z,(n) = Jo(l-zn'1)n dz

1 n-1 n
2,(n) = Jom-z)u-z ) dz

Expanding the terms to the power n and integrating term by term

finally gives:

(=1)]
20 i (n=-3) [ T+i(n-1)]

H~1>

Z](n) =n!

(A5.1.4)

, n _1)k
Hn - ot L TR TT2FKk (-

N
[AS)
—
=
—
n

(ii) Maximum likelihood estimator of n

We have only one data point, so that the Tikelihood function is
proportional to the probability density function. Maximizing
that function for the parameter n is achieved by maximizing its

logarithm.
fyalyin) = a1 (1) {1 - (1-y)”“}"'1 (45.1.5)
L(n) = Logn+ Logn-1+ (n-2)Log(1-y) + (n-T)Log[1 - (1-y)™ ']  (A5.1.6)
The value of n which makes L{n) maximum is solution of:

=0 (A5.1.7)
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that is:

) + Log[1-(1-y)""17 - ("'”“'y)n-k_"ﬁ“'yl (A .1.8)
1-(1-y)"

S R I -
0=+t Log(1-y

Table A5.1.1 gives the most probable value 2(:), the mean value uY(n)
and the maximum likelihood largest length QL(n) as obtained from Eq. 5.13,
A5.1.3, and A5.1.6, respectively. The two last columns give also the stan-
dard deviation (Eq. A4.1.3) and the coefficient of variation.

Conversely in Table A2 an observed value of the largest value is as-
sumed as .04, .06, .08, .1, .2,..., .9 and the corresponding n and average
patch length ¥ are computed assuming as above that: first the observed
value is the most probable one, second, it is the average, and last n
maximizes the Tikelihood.

Except for small values of n, that is except for the cases when the
targest patch length is within .6 to 1 the three methods give similar re-
sults. But the coefficient of variation (COV) (see Table A5.1.1), being
of the order of 25 to 35%, the uncertainty on the estimate of n will be
large enough so that any of the three techniques makes as much sense as the
other 2. Therefore in the computations we chose the first method, since it
is numerically the simplest, where n is estimated as that value where the

mode of the distribution of Qmax is equal to the observed largest value.
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TABLE 5.1.7
Vn | zfn) uY(n) ELL(n) Gy(”) cov
%
2 1.000 | .667 .813 .256 38.4
3 .553 | .543 .632 .200 36.8
4 433 | .462 .523 161 34,8
5 .370 | .412 .448 .154 37.4
6 .327 .371 .395 135 36.4
7 .296 | .338 .355 122 36.1
8 271 .319 .323 110 34.5
10 235 | 271 .276 .093 34.3
12 209 | .247 .242 .080 33.2
15 .180 | .208 .208 .068 32.7
20 148 | AN 167 .058 33.9
30 12 127 .123 .037 29.1
40 .091 .103 .099 .028 27.7
50 .077 | .087 .083 .023 26.6
60 .067 | .076 .072 .020 25.8
70 .060 | .068 .064 .017 25.1
80 .054 .061 .058 .015 24.5
920 .049 .055 .053 .013 24.0
100 | .046 .051 .048 .012 23.5
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TABLE A5.1.2

Observed Largest | Most Probable Average Max. Likelihood
) n 2 n % n T
.02 280 | .0036 |[~300 | .0033| 293 | .0034
.04 118 .oogs | 135 0074 126 .0079
.06 69.9 | .014 | 81 0121 76 | .013
.08 47.5 | .021 56 .018 | 83 | .019
.1 35.0 | .029 | 42 .024 | 39 | .025
.2 12.8 | .078 | 15.9 | .063 | 15.6 | .064
.3 6.90 | .146 | 8.5 | 117 | 8.9 | .112
A 4.50 | .224 | 5.3 | .190 | 5.9 | 169
.5 3.40 | .299 | 3.5 | .285 | 4.3 | .234

2.80 | .361 | 2.54 | .394 | 3.3 | .308
7 2.44 | .409 2.6 | .390
.8 2.24 | .446 2.06 | .486
.9 2.10 | .475 1.66 | .603
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Appendix 5.2

Covariance of the Patches' Lengths

-

jth realization

I — ‘l
i ]
of a set of 3 y ' .
. 1 1 | :
(n=1) segments ! : T
i ! i H [
i.4.d UL0,1] : T A
! Do b
1
| P P
! 1 ‘ A
L | | 1 } I! . '
3 T
0

PSS—F L &k ‘—J—[ {r\m

Consider a segment of unit 1ength divided in n segments obta1ned
by ranking n-1 independent segments of uniform distribution on [0, 1].

Consider two random variables, X. and Y, such that

i

n-1
X = [ X;,where X, is the ith segment
i=1
Y = nth segment
thus: X+Y = 1

If we fix Y=y, the distribution of the Zi‘s becomes the distribution

of n-1 segments on a (1-y) length segment:

_
fxilY(le) = 11-
and (A5.2.7)

fy(Y)

1]
—
=
1
—
~—
—
—
]
<
~—
3
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The joint distribution of X1.. and Y becomes:

fxi,v(x’ y) = fX]-]Y(XIY) - fy(y)

- (A5.2.2)
= (n=1)(n-2) (1-y-x)""3
< 1
for <{x £ 1-y
¢ T-y-x £ 1

The expected value of X,Y s computed as:

T 1=y
E[X_lY] = J JO X.Y.FX,Y(Xs .V)dXdy

0

1 -y 3
- jo JO (n=1) (n-2)xy(1-y-x)""3 dxdy

1 1-
(n-1)(n-2) Jo ydy Jo d x[(1-y)-x1""3 dx = (n-1)(n-2) J ydy I(y)

0
where:
1-y 1-y 1-y
I(y) = { [(1—y)-u]un'3 du = (1-y) J un"3 du - J un"2 du
0 0 0
_ (=)™
(n-1){n=-2)
then:

1
= n-1 _ 1
HMH-[OﬂLw dy = =
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The covariance between Xi and Y is given by:
COV[XiY] = E[XiY] - E[Xi] - E[Y]

Since the Xi's and Y have the same density function and their mean is

E[X.] = E[Y] =

F'; the covarijance of XiY is obtained as:

1.1
VY] = ST -

nz(n+1)

By reason of symmetry this is also true for any two segments Xi and Xj,

where i = 1 to n, including Y.

=
2

COVIX.X.] =
[ ! J] n“(n+1)

for i#] (A5.2.3)

The correlation between any two segments is then:

S

p(XX5) 2 =
Y

For a segment of total length L we have:

e
n2(n+1)

COV(Xin) = i#] (A5.2.4)
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