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theory is proposed for the propagation of sgelsmic
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surface-waves from finite moving sources. The method

consistes of obtaining, in the first place, basic solutions

3]

l_

for surface displacements from directional sources. These

5

solutions are integrated to obtain the effect of a moving
fault with arbitrary dip angle Displacements are evaluated
for Rayleigh and Love-waves, at long ranges. IT 1s shown

that the dimensions of the source and the speed of rupture
play an important role in the wave-pattern and cannot be
ignored whenever the dimensions of the sgource are of the
order of the radiations dominant wave~1ength. It is demon-
strated how this theory may lead to a derivation of the
velocity of r&ptmre and the fault-length from selsmic
records of a single station. Evidence is furnished bo

from two-dimensional model experiments and

Farthquake of May 1960.
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RAVYIEIGH-WAVES FROM FINITE MOVING SOURCES

1.1 Introduction

There is no doubt that selsmic records carry informa-

e

.

tion about the Earthquake-source, such as: 1ts dimensions,

the speed of rupture and other parameters of interest. The
point-source model is not sufficient for these purposes

and one has to congider the finiteness of the source if
one wishes to be able to interpret details of amplitude
variation on & seismogram. Early attempts in this direc-
tion were made by Lamb (1) and Sezawe (2). Sezawa studied

b

an extended source in the form of an infinite sheet. Hisg

-~

sz

results are of 1ittle value to our case, since he derive
nis results for infinite plane of sources and no propagating

disturbance.

Knopoff and Gilbert (3) used the powerful "Knopoff-
De Hoop representation theorem” to obtain first motions of

o3 A

iﬂ Lue

o
£

body-waves from a disturbance propagating along an in
line. However, using their method for finite regions in-
corporates unsurmountable integrations, even for the

gimplest cases, which obviously renders the method in-

except for initial motions.

In this chapter we investigate the effect of the finite-
ness of the seismic focus on the Rayleigh-wave pattern. The



o

equations of motion are solved for an internal harmonic
conce ed force which points in an arbitrary direction.
L fault-plane is then realized by moving this source along
a line with finibe speed and integrating the Rayleigh-pole
contribution across a finite rectangle with an arbitrary
strike and dip. Displacements are evaluated for long
ranges and expressions are obtained for strike-slip and
dip-slip fault types. Attention is mainly foeused on a

ipole-type motion of a vertical strike-slip model for

4

which displacement has been actually computed and the re-
sults transformed into the time domain, It is found that
the finiteness of the source plays a dominant role in the

el
L

wave pattern whenever the wave-length 1s of the order of

the fault dimensions or when the time of rupture is of

y

the order of the period. It is also found that azimuthal

distribution of amplitudes in that range depends strongly
on +the dimensiong of the source and that the energy radiated
in the direction of motion may highly exceed the amount

radiated in the opposite direction. Not all possible

faulting models are studied, but the method used is readily

e

'|

applicable to any special case.

1.2 TIntegral representation of the displacements due %o

a horizontal force

Congider an elastic half-space with a coordina

Pal

system as shown in figure 1. AT



we put a harmonic point-source of magnitude L which-is a
simple force pointing in the direction of the x-axis.
Following a method given by Yanovskaya (4) we describe

this gource in the form of a double Fourier-integral (5)

PXZ. ___eéwtf [ei(équ%) C[j O[z
(1“1} Pkaz = O
P}‘t =0

To evaluate the displacement-field over the free surface
of the half-space we have to solve the wave equations:

SR
(1-2) V9w o

—

a
2
vgf—) i__yjé
: 1. 1= 1,2
—>
. . ( &) 3
where ¢ is the dilatation potent1a1,j%’(¥>“)vpy)yV ) is
/ /

the shear potential and the subscripts 1, 2 refer to the

-t
|
fond

region above and below the source, respectively. We shall

s
I

seelk solutions of the form:
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The displacements above the sgource are expregsed in terms

of these potentials (6):
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u,. 20 2%
T ax (
. = ‘Ddx ’D\‘Lb_x}

159 = 20
: { X,
(1-6) U, 2% oY oy

0E  Ox 0y
Likewise, the gtresses are expressed in terms of the poten-

tials via the following relations (6):

U U
(1-7) sz = (32 * ‘75}})
U DU
(1-8) %i = P<mjz*/®zy)
(1-9) Pzz = d /%ug + A C(iV, J

We express both the stresses and the displacements in terms

of the potentials and subjJect them to the boundary conditions:

(1-10) B,0  R,-o F,=0 at z = 0
) (2} ) [#3}
x X sz_ P)(i = Px?
. u @) G
(1-11) Uy = W Be = B, 2t 7 = h
0] @) W )
Uz - UZ Pzz R

(@]

-

r\ o 3 e X \
A (R) p(y) C(A> n(y) *'\’(X> ﬁ(?fr}
*13 ‘“23 1 k] dl 3 2 3 ‘J2 P h 1 b l

solving these in terms of 8, q, ) and y' we substitute
the relevant coefficients into the expregsions for the

surface displacements which were obtained by substitut

the set 1-3 into 1-4, 1-5 and 1-6:



wt , (y) L( *
(1-12) T Ji/klﬁﬁ - y ” ?7}a9<%?
(1-13) u\&_ Q f[(tgﬁ +)) (x))ei@)(ﬁ?y}d/é C/%’
(1-1n) Ue= o= E?iwj_[(v& 3¢, -;?cj"’) @‘M“ﬁ) v C/§Z

T

We now change from the Fourier-transform to the Hankel-

1 by the substitutions (7):

(1-15) iy - ke X+t -re”

and then make use of some integral representationsg of the

Bessel-Tunctions (5).

(1-16) L(Kr) - _4__ fec«rcos(vc 6) c/?é

9
ﬂ

ar
4 ) vi(t-0-3
- 4 kv cos (X-6) +(£-8 ~F
(1-17) J.(kr) = 5{56 Y Az

to arrive at the expressions for the components of the

displacement-vector in cyvlindrical ceoordinates, r, 6,

r

| - : L2 _y'h. 2 -yh
(1-18) u _ Lcos® BLijKV{(-ZK-Kﬁ)B -1K'e }{IO(KT)“‘/"’“‘](K

IR Fl<) <



LsinG _iw 'w(QkikE)e—V,A‘“Zkze—yA / ol
(1-19) U, = T € %) p’ T (kr) ok
R oo 2, 2 - A ) - )4
_ Lcose _iwt((ak-kp)e@ Y ~apye™” .
(1-20) U, ——————»DZE/“ =0 /(J(KV’/c/K

1.3 Evaluation of the Rayleigh displacements

_ 0] @
We replace in equations 18-20 QJMU”7 vy Ha (KD + H, (k7)

and integrate in the complex K plane as shown in figure 2.
!

It 18 well known (8) that the residue at the Rayleigh-pole

kat +Xk} /;<X¥:%vﬁgf:9€?:) yields the surface-wave dis-

placements and is given, e.g. for equation 1-20 in the form

-hyRE PR hvk by (z.)
2 2f ’aF(kn)

"0 Kn
wnere K% == Xﬁ% and J{i arises from taking the principal
value at the pole, The final results for all the
components of the displacement are:

LLC3C0S6 5 ~hxd _hkadly - <L)
(1-22) Uye G, oiut fgrel o i i) = o il
U= LLC;_SMG it —LLK,‘O(,f -hko( H (K Y’)

(1-23) o —hr ~ € c —

(1-28)  U;= ‘LLC;{COSG K gt {e“"‘"‘{‘ ~E, e‘h"" }H (ka7)

’ 2y
where Cl’ Cg, C, are positive real constants, CL = ¥ =1
)
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% Cs ~ The shear wvelocity and C,-the Rayleigh-
v
- . 1
wave veloclity. Neglecting terms in wgﬁ’and using the
known approximation (9) [5/>/m/
[ XA -
(1-25)  Ha(3) ) e T F H {1+ 00317)
we get

_ L cos® ~hk,dy -hk,\ol;_ il -Knr+ 3T
Up= S == \//??(e -£42 }@ 7)

- - L sin® 4 -higel, :““W{z iwt -1~ 3T
() Uen GRS et et e

- “hicod, ko, 7 iwt-kn+ E
(1-28) t K e fh’}{e “ ~E,.€ }e( Tt

2% 2541 t
E}:Erqi~— E= g and C., C;, L~0031t‘ve
oo s E) -

real constants.

}._...!
L

1.4 A model for a vertical strike-slip fault

Consider now our previous point-source, situated a
depth h Dbelow the free surface, whose Rayleigh displace-
ments are given by equations 1-22 - 1-24, Suppose that we

A

have similiar sources distributed continuocusly from z = h1

ee fig. 3) thus filling the interval h on the

w0

- Z — 1,

%o o (
7z axis. ILet these sources act simultaneously. The in-

tegrated effect at a point P (situated on the free sur rface),

s

for u, say, is from equation 1- 24
Lt h_z

(1-29) U;= Lj‘f’ Kpcosée@t/»{?/(nr)z%_ (eﬂhm@_ ELQ—kKnJL)dk
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~h kol _Lm (Yq&{ﬁm _ -&qg

(1-30) U, = ”jfj cose et (k) (e

-
! [

he reagson for introducing The factor in front of

Ah

hack on the expres-

ot

equation 1-29 is to enable us to fal
slon for the point-source as h, —> h

e
L

EAssume further that this segment of sources Ahnh,

starts at some time to = 0 to move to the right (fig. 3),
in the plane xz, with a finlte speed V , up to the coordi-

nate x = b, radiating as 1t moves. Taking into considera-

tion the vardiation both in r and t, we get for the u,

component -
b

e c 2 t-£
(1-31) U, = ‘ 2S5 %(wb COseH((kr)@ 2 o/}

2 2+ . - X-%
with ro= ;l +(X—§) p Cos8 =

(1-311 ) gz(w) 227;\/:_%_;(;{(9_}','«,41 i -h,,k,.a/ -—T( _h, knG{ _/,Jknag)

~

7 der to evaluate eguation 1- we make use of

—
L

g

tal b} Ex - A 4 s
"multiplication formulae” of the Bessel-functions (9

I8

S
-
“

namely:

m -2 ’ 2] M S
(1-32) B OR) <) Bell [T ] 1> [1-9]



The geomebtry in figure 3 and figure U yields R= Koo
2, 7 2
o § 2 2 2 a ‘
T=-nNI-2pcesq+—x] | Ue choose U =47 5C95&% +3m so that
°

[~

&~
2 ; , S CIN U S 2
::%51c%8°~§4\ £ 1 for ¥ <1 Substituting this
into equation 1-32 and 1-32 into 1-31 and neglecting terms

3

2 o
of the order <;fw) , we obtain for the integral (which we denote

=

¢
J for brevity),
b i)
a3 = pfoeed™ ) ““f"‘”% (6]l

M=0
Lm)@ose C=/y)

(1-34) - cosé, [2- © -1 c@i'mr+3” ,
S ey J€ T ofin]

Hence,

1

where terms hlghor tngn —— have been neglected in accord
0

th egqua

o

w

I
O

tion 1-25, In addition it is assumed that the ex-

tension of tThe

[

ource 1s small as compared with the range Ty

These assumptlons are summed up as:

L

1-35

P

= > (1-36) (2] <1

Simplifying equation 1-34 and repeating the former technique

s
e
5]

for the other components, we obtain the parallel expressions

_ R R
for k] and ‘)@; the results are:
” .

(1-37) A ;%jf g() “XR @L(“%"g)

———
fd
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- r,\ TR . 2cosh, Sin Xe _i(@-3
(1-39 U, W@f 3;@ e e 4)

w0

wnere N, are some real positive constants and

(1-10)  Xo» 563 - cosa) () =l g)- X

) N, -h, ,,c[, J’v"n, | -1, &, ~hy k,
e G 0 et T e )

bjected to any theoretical limita-

1.5 A model for a vertical dip-glip fault

al

We shall now calculate the Rayleigh displacements for

the case of a veriical dip-slip fault-plane (f ig. 5). Ve
shall make use of the results given by Pekeris (8) for a
vertical concentrated point-source. Transforming his re-

. ) ok 2 Lty my
L _wt| 2 YR _ (k- Kkp)@
(1.-43) L =3;F€ vye =0 r) l(kr}K‘Jk
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On using the method of section 1.3 we get for the Rayleigh

o]

acements:

o
'__

(1-16) U = _L';cs “"‘LIL/ %,7) {6 -E @

. o (2) _hkrols —Aknc(z
(1-17) U, = Ll/;f" “p e /tlt/o (/6,7’){9 -E,€ }

The reallzation of the fault-plane in this case 1s done

in the following way: & horizontal line of sources which
extends from x = 0 to x = b starts To radiate at some tinme

t = 0. This line segment then moves downward in the z

v

dia-

direction from z = hW to z = hg, with a velocity Vo, r

ting as 1t moves. The computation of the displacement at
some point P(8,r) on the free surface involves two integra-

tions:

L,
(1-48) U‘r _ -iLCs « fﬂe-/zknab —LMJ)H( ww (t Vjp//lo[}

" b@ah)

. h . B} wip
(1-k9) U - “ﬁf/(e’h Yty ywne” ) ity
k, 0

- ¢ " Rbak
1
3 £\ *
with 7= T4 -2 cost, + ‘r})

Following our previous method \e01at10ﬂs 1-32 t01-35) we get,
to first approximation:

(L Sm% c‘/’ Au}

¢

it -

{75 ‘ L 51/) L(%+ 11)
(1-51)  -L€ bﬁ/ cw)o(g ‘/Mn 71.

: - iw’? A (9.)
(1-50) te g H, (ko7 d%



‘ "
whcoss, __w({:—_i) +
(1-52) Yo - e 1/ %)t Ve W 0
the second integration over h is exact. The final résults are

o~
]
{
jo1i
W
g

T K Y

© L~ SinYe [sm@ iG-hbds s @ O-had) ikt
5h) Q'ﬁﬁ:@ \(R{@G *@—6 e

R C, sinYe (Sin @), iQ-hd, NG, O-hkoke
U»Lq@ rz{Slf)OeQ le }

1

(et
1

Py
\

Note that @7 and ()? are complex. For the sake of numerical

computations it is useful to use the relations: (é = X +Lj)

- TS g Rk B
(1-56) Z2"& - Jemi ) - e Q%ﬁ/;ffzi;& j
5 JZ= T j<g

When dealing with high freguencles, the

jei

revious equations

i

may be simplified due to the fact that d, < 2@1 and the
o

term involving (32 in equations 1-53 and 1-54 becomes in-

significant. We also observe that in case that %} >4f4

¥

i.e., V<L Cps may be taken as real. In the opposite case
vV D CR’ it may be considered pure imaginary. For either
long periods, or b —> 0 &¥, h, — hg we fall back on the

point-source. solution.
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1.6 Dip-slip fault with arbitrary dip angle

Consider a fault-plane striking in the direction of
the v axis, and dipping at an angle J\ with respect to the
free surface (fig. 6). Let a simple force T, pointing
along the fault, be localized at each point of a segment

0 to y = ¢ (which is parallel to the y axis at depth

il

y

Z

i

hl)‘ We may split the force T~ into a vertical compon-

ent and a horizontal component,

(1_57) Lx = /L] COSQP
(1-58) L, - L sind
We shall first compute the three components Ui, Ug and

Uz due to L .- Making use of equations 1-22 - 1-24, we

have:

¢ i (hs¥sind) - kedy(h+35inS) w(t-§)
;‘;_C -”[ §sind) g $ }COSSH(’(’“)Q 0/76[}

(1-59) (Ur) -

Ry iLC, e _Kadl, (b, +£ 5n}) _kncy (h+ Esind) 2) wlt-£)
(1-60) (Up), -t [ ([t _g g0 sne 4 o™

T C

R L -K,.JU"’}S"’S‘} -K,,o(z h+ /r)j cw ~
(1-61) (Uy), -2 j{e gl )}cose;/m)e “ J?;o/;

X poe 2,

<

0

with

(1_62) 'Y‘l,_(%— §Co$5) —{-((3_77):,
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where ¢ is the y-extension of the fault. Using the method

of equations 1-32 to 1-35, we use

Y =719 \9 1- -(ﬁ:cose cosd'+ 75//19) +
+,,7 ., Eco.s./‘

(1-63 .
) s (7—197 ¥ §cosk c055+ '75/090 , n*

The integration yields

Ry _¢,L cosb, n QF 0 kahd, W QF g ahdy | S (T3l
(1-64) (U) =5 7% /’?{ng}’e KA LIV 3}5_%@6(

€ C’I-L S.n 90 /)Qk '('Qk'k'\hl"‘a S/h@f -[Of‘k"hd _37
(1-65) <U9)x = : L {S/Qk e ’ “Ef—@‘ré sz,,e 7

R\ L cosQ, S'Qf Q‘Qﬁk..h,o(, < f -[Qf—k,,bct’,, I (Tt E
(1-66) (U} =57 ﬂ{ g g Sy A sk L)

‘N,

Q4 [(”-Cosjcosg) +LS/;')J\ X;4 }
(1-67)

Q‘L = :Ca [(v'i —COSSCUSQ) clendVY-T ;4/3 ]
(1-68) T S Te- et &)-Za

In a similar manner we may obtain the suilitable expressions
for the contribution due to Lz‘ Combining them 2ll, we
have for the total Rayleigh-radiation of the dip-slip

fault-plane:

(U )L"oi—d (U) Cos(S\ U)Smj t tf (- ) COSS ( )smf

U eag ~(Us),

(1-69)
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1.7 Strike-slip fault with arbltrary dip angle

-~

The situvation is displayed in {figure 7.
) £ Yo -
Applying the former method we get, with
2 R o
r-7J re (x=p) e (=7 eesd)
1 }' + 77COSJ\
= X(man6,cosd + 3¢ 9) P
C(7 C fos

the approximation:
(-71)  ER0-9) FFeossysine,cesd

Using equations 1-32 and 1-22 - 1-24 and realizing the

fault as described in figure 7, we obtain,

! K, +7Sin 2 (-
(1o72) Ul=iab K; [C" 9{ -Kno((h+'7sns) g D}H” e ( 0/7"?

fre

Tvaluating this double integral along the lines stated

; . 1
above, we get, to terms of the order of —— :

r
O

4 . R I3 I ¢ 3
. Sin Xe s A Ahed, s A i had (Ge+ %)
ors) Ul g i ot g s il

L

U LC smé 5’}%9 S/Af) A’f -5[\?"""~°ll - Slh Ai -JA:‘A'K"“( i(wk_%ﬁ)
© _F— 3}1, ﬁ Xa Aﬁ - t1T @ e
e I

\ L Alhed Ahady e T
(1-75) Uszér?C'! “C/cg—g"@ S’Hfﬂ{ /ZAQ ”k*E Sl:XAQ f }QL( q

cosySIOQ + LS/"’J\ )
c«:sSé!r)Q # SMS__"‘;%

) | W+o




ere ag 4 and This 1s so because the
Senth doca it ey o o ans afPast whnt e e o Ay g ~
cepctht aoes nov ave & piiage errect wWhlie The exitension
along the y-axis, doeg. The former resulls are easlly
g for a ipole: we differentizte each
£ o . e P S PR S e 2 - y 1—
of equations 1-37 to 1-30 with respect to y ”:uu.mj-SmQ3@+
cos 90 ‘B
r O . HNeglecting terms higher than ——— we find
-] [:] .
O
T ey A T P T . Tm o~ R N = £ 1y
that the only terms which contribute to of magni-
cude are those which arisge from differentliating the exponent
(Fe e o A
GZ . 1T means that In order to obtain the dipole solutiocns

we have to mult

In
5 (U,

) (UR) nPer

II:er,

R

) al[ro Qa

Ciply

equations 1-37 to 1-39 by the fa

i 5 2 B ¢ -2 o " -~ l—/a r\‘]»

This 18 given 1in eguations 1-37 to 1-397.
T)T 2 1 P - S o A} —~
- e get back equations 1-37 to 1-30,

S/f) 29 (% sﬂ

g 2o

4
j{%)ﬁ; 5“°X%

Jt

ﬂn@
nh

€°( + ,,O[(K»f:,)—%]
(w)\/{(} Si’)()(pei(%f 7, O[(k"{\q)-%_]

R

S 18

L . o il PSP T A " [ I R ey T -
If one wishes, one nay obtain also golutions for bhldirec
& a
o P PR Py o 4 " - o g ‘ L. S I O
Cional fault by superposing on eguations 1-37 Tto 1-39 Lhe
1T A T 3 [ im 7 a Ay et Sy ament el P
solution -U,{JC -6). (Motlon starts simulitaneously Ifrom
= B
5. EN e [ R R T NP e PR RN I .
the rce in two opposite directions.; The same appllies
o “fv, ool NP B T vl o
co equations 1-53 - 1-54 and 1-73 to 1-75.
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LetT 1ue now Lnvegtigate in aetall age oL The

to see the
part in the mathematical formulation of the resulting di
- N K .
tations on the choice of the para-
merera o o4 ve T .,ml—u N 1 - PR e 17 3.
meters 1s gilven by eguations and 1-30, he condit
W
—shas obviously the reical meaning
R
[ 7oy A __2._
(1-77) o > T
looking bhack on the eguations we note the
Y oand has &
. Let us in-

vegtigate the radial Rayleligh-d
y i, e
0 = 5 with a dipole-type movgng
R W - :

tion 1~37 by = gin 6 _€& we have:

Co o]

ERN

a Qa3 Q
{UR Lgsméﬂm¥ﬂ€ ﬁ‘V@T €77

[ 70 - -
(1-7¢) rl Mk T X f

with
hd, a7heoly.
- a1th, oy arrh, s 27th,dy a -
(1”“{9) a“ = C; aZ,— C: a3 Ce y C

From now on we omit factor, The
solute value of the displacements.




of a point-source, The factor contalining the four expone

for some T which depends on the constants Q, au@'n . (U,
i
nas also such a zero The third factor which is of the
tyoe sin X i the sou
ok mX Looa ne 8
in the directlion of the propagating disturbance. It is
this factor which is resgsponsible for the deviation ITrom
4. e e I 2

O
w0
@]
I

®
AV}
“j
=
I
=
[6)]

rom which the physical significance

Lol

- ' o

condition for destructive interference at the point of

obgervation. This case ig analogous in many ways to Tthe
Freuenhoffer-diffraction through a rectangular slit and

hould not he mistaken for the condition of constructive

The important thing to remember is that as long as

(i

nic<

wb (¢
RS

17-—cose)<

(n+1)JT , no additional zeros are in-

troduced into the normal dipole-pattern, and no more

P ¢ o S

relative reduction in amplitude is expected. Thus, a
» y - A L

hound for b can be set 1f the observed pat

tain freguency doesg not deviate from the point-dipole sche

-
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Furthermore, the excesslive number of zeros in any quadrant

. - . - s D P
will be equal to the greatest integer in |2 ijw@ with an

uncertainty of unity. The number of loops is Ttherefore a

clear nmeasure for the dimensions of the source., Another

P sinX | e a
interesting outcome of The dependence Ol.—fﬁf"‘lS exhibited
T e A g ey A 2 A e T2 3 - g PR, e P S, = .
by the ratio of amplitudes at egual distances in two opposite

P

orfec'*on

Sm "b(—-- Cose)
U (9 : J;B\(; COSS)

(T“e) gm b Ce +Co$9°)

It is important to note that this ratio, at least for the
strike-glip fault, is independent of the source time-func-
tion as well as of the layvering of the elastic half-space.

o

e shall later make use of this fact. It i1is obvious from

<

eguation 1-81 that this ratio may acquire any value between

2

P

o~
bt
®
[0

hat surface~waves amplltud

i

ww a very strong dependence on the szimuth of The station has

H, Benioff and B. Gutenberg (10,11).

- - N ~ i . o g 4
This ratioc approaches unity

jo . B
as R“ﬁ"ﬁ decreases, and is another

measure ror the source extension, and the speed of rupture.

In our computation, the following magnitudes have been

<



b = 60 km

w0
o]
i

o
a, = 10 sec
2
a, = 24 sec
pil

12
- T

3
he function(€7-€ /-

ok

with these numbers, we see that

P

ogo(Q”F -¢ T Jhas a zero for T = 20 sec. It is positive
for T < 20 sec and negative for T > 20 sec. Resul

given in figures 9-20. The first set (fig. 9-14) gives

the dependence of U_ on @O. @o is given at intervals of 5
i
C, C,
- B EE . R S I . 21 I A Iy - I\~ Am
and the parameter -5 runs over the set: - = 44, { Sec ),

)

vV Y;
0.9194, (v = B): 0.5308, (Vv=qa). Periods

as T = 15 sec, 25 sec, 50 sec. For periods higher than 50

the deviation from the dipole-~field ig small, Th

o - 5 +r R I - o ~ o
set of figures (11-19) glvesfumfas e function of T where @0
ES |8
2 2, - o - / a¥ e 3.
s the parameter, and in the third group (fig. 18-20) the

. 5 o N o Py . L -
amplitude ig given as a function of the ratio —— with & as

a parameter.

ot ] S . . 3
To see what happens for dip angles other than § = 5

Ao,

we shall take the other extremity, 5\: C. The amplitude

R . . -
factor oflUrifor this case ig, from equation 1-
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1.05) U=

o~

(1-81) Ug- J/”\S/HQQ TAER) /7/1(k,,/7

: o
(1.083 u;;f Cos & €.

N ﬂ’ —fﬁ;?sﬁ@ %i'&%zy

n=0 /Dkq m= 0,42 -..
lere m/y (K") stand for ©
o e Ty B e Ve T e ] LY e Y Py o 1
for the lavered hall-gpace and

cofactors

The integrated Rayleigh-pattern for a vertical strike-

0

1ip fault with a dipole-type source is given in equations

- 2 ] LY 3 m
3-3 and 3-4., To obtain the exact analytical formsof 3
and.@,@»(defined there) in case tha

ward through my layers, one has o

£ o R T i 1 . ¢

ior .’ﬂ,o grrierent cases,. SaCH case

L kN 7 o e L Al B

source being located at a different

2 functions F_ghw) Fj(h"d ! e 1,2, n £ are
(__.“.O Litdils LAOULID ml g 7 o omiy / I R ;;LO B Tl



regpect to I chie
(n=1)
/ ) } :
; e
[ RS
e Do Fy (k) ,
T—— g, //’ R
Kn ’ . ?
Z [ WEok)dh
m m/a, e
/ ey - H g
(1-87) B[ = W, : 31
2 Om Fo (Kn)
3 Kn
Mo 0,1,2, -
JL_‘;‘
the J77 H o o=0. w, and w. are
O ; o
congtants. 10 hag been zesumed here thad

the fault extends from the free surface

F (k) ‘

SR () and R (Ka)

I )

(4}. 1t can be shown that the surface displacements are spec-

ified already by 6m + 3 indeterminate coefficients. That is
so because the corresponding differences between the 6 coef-
ficients above the source and the 6 coefficients below the
source lead to terms of zero residue In the integral represen-
tation of the surface displacements. |t has also been proved
by Keylis-Borok (references given in (4)> that zzm, the

(6m + 3) by (6m + 3) determinant of the total system, is
factorable into a Rayleigh—determinantmfi of order 3m + 3 and

a Love~-determinant A_. of order 3m:

(1-88) §:m ={~KQMH(Kde£7?Tk$m}”ET‘ZSL

spate [=!

where Kﬁm Is the shear wave-number of the mth layer.
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LOVE

WAVES FROM FINITE MOVING SOURCE

~oom

2.1 Introduction

he finiteness of The seismic focus on

=
ct

The effect of

o~y L

the Love~wave radiatlion pattern is investigated. Ve start

-

from the exact solution for the surface displacements due

gt

=

to a harmonic horizontal point-source, situated in a homo-
geneous layer overlaying a homogeneous half-space. A fault
plane is then realized by moving this source along a line
with finite speed and integrating the ILove-poles contribu-
tion across a flnlte rectangle in the layer. Displacements
are evaluated for long ranges and expressions are obtained
for strike-slip and dip-slip fault types. Lttention is
mainly focused on a dipole-type motion of a vertical

P

strike-~slip model. The theory 1s then applied To

wave pattern for which the resulfs are also transformed
into the time domain, It 1s also demonstrated how this

theory may lead to an egtimate of source parameters sucn

as fault-length and rupture-veloclty from phases and ampli-

tudes ratio of ¢ or R waves recorded at a gingle station.
A1l present computations and results will be limited
to the first mode only, as higher modes are not observed
under common circumstances., Consequently, C:UU} will stand
for the first branch of the dispersion curve. It will soon

‘sult-plane disgplacements will



Rayleigh-displacements,

mainly due to the fact that Love-wave amplitudes in the

it

T T ey e e 17+ A
2.2 The horizontal-source golution

The surface displacements for a simple horizontal

force, acting at depth h below the free surface in a layer
of depth H was given by Yanovskaya (4). Using the method

outlined in Chapter I for a horizontal force in The sense

of gection 1.2, located at z = h<H

-t C wit ;) ¥ -DL("/(/ H/ /lj
(2-1) u‘«:—l%_‘;f_@.e Hé

. | DAL (K H
o

= Sﬂ@@ wi KD(K HA)
o 245 H
“DaK

2-2)  Ue=3 H W)— ! H k)

o
N

1
LA
N
ﬁ-’

"

@

=3

it
>

The suitable expressions

are accordingly
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~l
{

wt n /h%'} 3
[0 1y u 5“’196 K7 K De (nK -4
(2-4) x = /{ H k) YRS O 6km) |
K
P VI e snze@ /—/(/<r KDk Hh) 3
VD) 3 r( / ) DAL(,,K /-ﬂ + O[(nkr‘) ]
D0 K
(2-6) U,2=O , n=4
The notation incorporated in equations 2-1 to 2-0, is
. i
(2-7) D, = [33rsh0h4) + chi#)]ch ()
(2-9) A, =3 chpry) +)45/1(V,fﬂ
§ L2 )2 :<"KL K )E = LWl
[ |
he H-g V(K- k)" = wety
~ LW - _a ‘7:
RO o (85 )
w - ~Ly 2
K;g, F‘L D(:L= (CL »E.
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- ! a R 2 —— 7 o 1o 2 .
and CT = (. (W) is given dmplicitly by the "period-equ ration'
Ad A
(2-10) A, =0

Performing the operations indicated in equations 2-1 -

- » N P et A £ ( -5 T 74 > e fuley
2-2 we get, with the aid of equations 2-7 to 2-10, for the

leading term of'u@: {we shall give henceforth the results

for W, only, as W_ varies like v _-3/2):
fej £

) Ug® TESM@H (nkf)e‘.wt/\[o(w) cos(hwe,) + O[(ak)"/'%]

Pt
o
i
[
-

with

o _ o W
(2-12) }\C( ) = GWH +3 (%0, )*
4+3‘(e<%(’)1

2.3 A model for a dip-gliy

Fault S

rine o rauviv-paane

of

and dipping at an angl

J

s ’ N en eoim v = SN 3L S, ) J -
ig. 22). Assume further tha se

i
surface {

N rn e SR e SR L L . .
at some depth h., in the layer, along ¥
N L
PR e 3 T R PN PR S e o T e
directed downwards, at the angle 5~. the
o > B . -
,

force I into a vertical component and a horizontal com-



oy
-

o)

ponent, thus: L = IL' cosg\ L, = ‘Ll siﬁ5\ . The only
A Ly ‘

contrivution to ILove-waves arises from the L_ component

Using the same method as given in section 1.6 we get for

N

the integrated radiation:

(2“13) U‘— L sing, COSPN,(‘”) sin %, {Sin Q: i(w",nf,w‘Q,L) +SI>) Q:éi(‘“ QJ}Q Z,T’)

% AR /KT, 2ol q e @
7lth
(2-14) Z, =i’"—%’§° _ T mwit-g)- 7
(2-15) Q:-:‘;_)g—: {(C—VR —cosSCosao) +a1cL.‘§mJ\}<
(2-16) Q; .’LCT{ o - cosd (059,)—0(.,54. 5'”y}
under the conditioms_ )
(2-17) (’ZT >1 (—C;i)<< 1 (%) <1

2.4 A model for a strike-slip fault in the layer

The geometrical configuration of the fault in this

._3

“J

case is clear from figure 23. The integrated effect of

the fault is given by the double integral

o

LX)

‘ b o N _‘wi
(2-18) U;‘:';L'L sineoe,‘wt/\g(w) fcos[w«,(h,+'7$fm}\)]Ho)(,.KT‘)@ ‘ "o/’7o{$

which yilelds

L : ' ,wh°(+A ,. - ~iwh,°(,-A‘ ¥+
(2-19 Ur-_¢t sin 6, No()slnXL{Sl;\A e( ) +5;f:.€( ,)}e(le,

.r:L,



with
\D=w(t— )__X 4 -_‘:’,éf_:-cos@)
L c XL T ac (Vv S
L . .
=_°’;‘:( 06, cosd + o, C.si J\)
(2-20) A,, e\ 6, 4 CeSin
L.
N, -
- o . s 7
For a vertical strike-slip fault we substitute ij =
| b wot, (hehy) -
in (2-19) N sy

. . &
smXx. S A
AL

L sMB,

Fo 2T TR

1 U - e

In order to generalize for & radiating dipole we -

Ferentiate equation 2-21 with respect to Tthe coordinate y,

D) P cos 6 )
I B, Ea ) . P - ' O oy bl - .
using the operator -— = ;s,-m@e and neglect-
0y ; or v 08,

i Ty 2. Ve Tind that the relevent contr
from dilferentla
order to obtain

2-21 we have to multiply
w _Tl
. . x .
it by »— sin6 € .  Thus we have
C. 0
S

L sm@

(U)x,rofe‘/t kN

CL(-w) = CL ((4))

The layering-dependence of U@ 1

6]

)SIHX @

l((P'f‘ IL



(2-23) No(w) - sm/l /\f(w) o (o, k|

i

. . noox .2
Where the "dipole factor™ is Sln‘@o whereas we had

the factor sin2e for the leading components of the Rayleigh

it Sivl :.'__W °
dipole pattern. The "finiteness-factor” ~ﬁ§g£~e is the

same Tor bhoth waves.

o
1

Transformation into the time domain

We shall now proceed to obtain a theoretical seismogram

4

from eguation 2-22. The same method willl apply, mutatis

mutandig, to any of the expressions in equations 2-13, 2-19

and 2-21.,

iz we note that the amplitude of (U.).. - 1in
Mrst we note that the amplitud e 9)u—ro¢e

eguation 2-22 is even in W, Taking the source time-depen-

dence to be that of 5kt} we get

o
L L <in',
(2-24) (Ue)a(lf)ofp (f) :J_f_/‘? *7—.';,:: G coswT OZCU
with T =1- _VC_Q_ - -’22%,.(‘% — (oS 90)

5566 R MO ) -6

L

and equation 2-24 can be integrated numerically for any
obgerved dispersion curve C, = CTUQ. This 418 only an
A dd

approximation since our solution to the wave-eguation

gy
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is exact only for a homogeneous mantle but is not ar
solution for the real Earth. There is an apparent diffi-
1,

tv at the lower limit of the integral because we derived

. . . W
our previous theory on the assumption that 7§;~;>1, thus

Ly

restricting W to non-vanishing values. However, the con-

tribution %o the integral from values of the integrand at

b

q

he neighborhood of W =0 can be made small enough as compared
with the rest of the inbtegral without violating the above
restriction,

Kelvin's stationary-phase method may be used to ap-

vroximate eguation 2-24, Using the results given by Pekeris
Ka = K(wo) CL= C[_ (400)

J(or *:f_“%>0 and w, - root o{;_fu(wf—KY;)=o

—~
Y
i
no
O
pa—g

Loy L al simG G(w.) _bwerc, %
Up ) == oﬁ(lcos wit- k% - 32 (S - cos0)-E
: m/
Awy

for 5%5-<(3

e
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for ‘ Um - gtationary value of group-veloclity
J'K \L AL ‘
- = wi o . e . R de T
[, 0 h W, - engular frequency corresponding to U,

= "D, G (W bty rc.
2-29) U(f) /‘n/’f S*Irnfi [" 0(3/<) A (W cos|unt- nkm-iﬁ) (—Ewcose")]

P
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N . 1 K o 3
roup~velocity of 4.3C-




channel in the upper Mantle provides a possib

to the low group-veloclity of thig phase,

the above mentloned peFAOOWISHPG we integrate the bagic
: -
N
[&49) - - ) - - O o s s
relation J = G ) Uo to yield C = = Cﬁ-{lo} with the
T L
da 6
. . - o P i ~0 h )k’ Kiﬂ. - - 7~ —1,\“‘}‘% ”‘“‘j
observed values of U = #4,30-4.44 — and o= 0x10 sec
0 - sec °
(16,20).  The wave number thus becomes a linear function in
\ 1
the angular frequency: K (W) = ﬁ%-\u)m 21, Peing unable
o

P

to use the stationary-phase approximation, we take
ative: (19,20). We put the value of K(W) gi-
rectly into equation 2-24 and integrate between the limi

of the spectral window from Lol to Ug. It is observed

[ex]

L 4w —
(2-29)  U,lt) = #W;@GUSM{ @}COS(‘Z)@I*%)

wilth — 4 Yo
- U Au):wl—u)1 w=z( \ L) @=t‘—"’b“

" b (0
t"t‘q(w) lct(.:,)(

the follow-



Tnspecting equation 2-29 in more detail

[
©
-
;_J
o

in the "finitenesgss-Tactor’ ~—=— whic

Ay
7
j8)]
l‘._’

le

T

i

=y

.

™)
I8l
T,

3

. 2
sin @O
ayleigh-waves, —
- Jr
0
1t

tor," both factors being fixed on 2

been encountered in

is the pure "dipole-Tfac

certain seismogram. The btime factor has the form of a cosine
o s 24 N - o i) -
wave propagating with a phase velocity corresponding to & |
s 0 . . "gin(at-5)'
Its amplitude is modulated by the n B) pattern which
PR
(at-B)
-

- progresses with the group-veloclty UO, In the former
generalization into the time domain we did not take into
account the Q@l@@bﬂve absorption which plays a dominant

role in sghaping the waveform of the G-waves ag they circle
and recircle the Globe (16). Ve saw earliler that the G-wave
surface-displacement can be generalized into a pulse by
integrating the steady- te solution over a finite spectral
window from W =uw, , to W= LUE, in which the group-velocity
is rather constant. If we introduce into the integrand an

£

eﬂoopuncia decay factor which governs the absorpbtion in

“a

(2-31) UQ“)}“ - g, e G@)|w"e Cof(“)";'m"*fo)“/“’

I/F SI”AQ

E_1s some real cons T, fﬂo is the radius of the Earth
1 1 o 1 n ) R s EA.)
and the Tactor arises from the asymptoltlc ex-

\/ romn An



propaga-

includes the constant initial phase (21) and the polar

I - ISh I P SR T E I - -
phase shift (22).)=——— where JO ig *the constant value of
>0 U
b v
O
e - o T A L N 3 P - S A U
“he group-veloclity and & ig the average value of § {(16) over

the spectral the surface-wave and

‘Aﬂﬂis the a great circle travelled by a
L
surface-wave of order n. p ls a characteristic of the source
time-dependence. Since we are dealing with a horizontal
= -

dipole we shall have p =

T3 2. S oy - - - 4
2

ble in terms of Incomplete

J ; 4

T
Gamma-functions. Under the conditions n>2, T>-—— , and

’-ﬂ"w'] __..Q.wl
e > e equation 2-31 is approximated

. : ’1Z§+
(2-32) {Ue‘—({')}n= constantx s s G(‘*—-’) COS((‘UKQ’FJ a2 J:)

[sina,

V,72}+ n*x
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If this term is added, then eguation 2-32 will reduce TO

-1 z
o y n, ) S P
equation 2-29 as {L approachesg zero. The ezﬂ1?§ . in
equation 2-32 1s responsible for the broadening of

q

pulse du
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A s
DERIVATION OF THE SOURCE PARAMETE
THE SPECTRUM OF SURFACE-WAVE
3.1 Introduction

Up to the pregent Time, Mantle Rayleig
Love-waves have been examined mainly by two

the first method dispersion-curves are util

o

]

RS

S

h-waves and
methods.

ized to obtain

information on the veloclty distribution in the Crust and
the upper Mantle of the Earth (6). The second method seeks
information on the Farthguake~source by the method of phase-
equalization (19). This method is based on the notion of

seismic point-source and thusa priori canno

with any further knowledge which concerns i
partures from this oversimplified model.
The theoretical results obtained in th
can be used to obtain valuable data on real
sources. This is done by introducing two n

entities which are measurable on seismic re

there exists a considerable departure Ifrom

model. These are the Directivity function
tial-phasge function.

+
v

3.2 Derivation of source parameters from

t provide us

tgelf with de-

e former chapters

ew theoretical

cords, whenever
he point-source
and the differen-

he amplitudes

Tt was shown in section 1-8 that in th

I

horizontally-moving fault, the amplitude-ra

e case of a

tio of two
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)

-

opposite-going components does depend neilther on the sou:
spectrum nor on the layering, since these are cancelled
while 1t does depend on the horizontal extension of the

source, the velocity of rupture, an

fault

d
i
et
=
o
)
-
0]
(0]

e
0]
o
o
oF
(@]

the line Joining tThe

d the strike of the

P~

o]
ot

the initial epicenter., This function is called hencefor

Directivity and 18 generally glven
[ <> o

+cose,  Sin (%7 ~ (056,

——
(&8}
i
l —t
-

D:

<Jo|<lO

where C stands for either Rayleigh

whichever igs the case. In case tha
components did not travel the same

be equalized in order to normallze

- oSG, S/"i (% + Cogéy

or TLove

[85]

.’-L

®

Lt
L

t the opposite-going
distance., they should
the Directivity which

he Directivity is

nt situatons: one case in which

the waves are studied at two different stations on op-~

o

poglte sideg oif

surface-waves of di

-

the fault. The second case is that of

station. Such are for example Mantle Rayleigh-waves or

G-waves which sbtart from the fault

pa

of faulting and in the opposite direc

the recording stat on from TWo oppos

Directivity dees not depend practically on the direction

of reception of the Instrument (e.g., orientation of the

strain seismograph). This happens

because in Tthe case of



s - : 1 -
Love~waves U_ 18 of the order ————=—=,and for long ranges
r 7 }:);L
(Er )
: . * , L Ok
is negligible in comparison with J@. The same is true of
the imutal component J@ of the Rayleigh-waves which for
long ranges is negligible in comparison with the radial

component U; (see equations 1-37 to 1-39 and 2-1 to 2-3).

L3 fa

Thus the orientation of

e

the instrument may affect the re-

corded amplitudes but will not affect the Directivity.

=

This argument does not hold for low or moderate values o

Fal

which is the case

et
k

or very low freguencies.

The Directivity is equal to unity for the case of a

QA
‘__!,

vertical dip-slip fault. It does not depend on the
angle in case of a strike-glip fault with arbitrary dip
angle and’is not defined in the éase of a dip-slip fault
with arbitrary dip angle.

The source parameters v-and b are derived from the
selsmic records in the followlng way:

After digitizing the proper phases on the records

>

~and taking thelr numerical Fourier-transforms, the ampli-

tude-ratios for a set of gelected frequencles are computed

and then compared with the theoretical ratio given by equa

|
w

tion 3-1, which hag been corrected for absorption on di
'ferent paths. The corrected amplitude-ratios are then
drawn vs. the period and compared to theoretical trial-
curves. These curvesg may easily be drawn by computing

theoretical zeros and infinities of equation 3-1. A wide

enough spectrum (100-400 sec.) is needed to obtain good
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regults for The tThree unknown parameters. A knowledg

fe}

e of

=

@
i
<
0]
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._Io
cr

the dependence of The phage ty and the attenuation

coefficient (or Q) on period are needed. © can be obtained

ndependently using G or Mantle-waves of tThe same}onﬁﬁﬁ

This method will be explained Iin more detall in Ci

3.3 Derivation of fault-length from the differential phase

from depth h1 to depth h, in a multi-
. Fat

layered halfl-space., The Ttotal suriface-wave radiation for
ESL P - sl o 5 - 3 2 - PP . S o~ 2 -
the sgpectral frequency W is given, according to equations
&

o oo v a
~22 and 1-37%, 1-38% and 1-397:
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Tguation 3-2 gives the Love-wave pattern while eguations 3-3
and 3-4 represent the Rayleigh pattern. The subscript J in

) "

. T - s 1 [yt [ PN P ‘ ol 8 e
co Love or fpayielgin-waves walcin-
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ever 1s the case. The function N hag been derived for the

=ty
1

simple case of a layer over a hali-space in case o

-

ove-

@

o

waves, and g, and g_ hasg been given for & homogeneous halfl-

pace. The source is & horizontal dipole with anﬁqunﬂwﬂb

rx

iintewdependence. For an arbitrary time-dependence the

- [ - U B N m ]
layering-functions Np g and g will

suiltable factor. The situation for a single-la

=

igure 21, We shall now apply these

-

results to the propagation of Mantle Rayleigh-waves and
G-waves around the Globe. Since, at the moment we are
concerned only with the phaseg of thege waves, we need only

add o equations 3-5 and 3-6 the polar shift P (22) and

replace T, by 4 _. Thus

(3-7) LPI’I - w({—ov %ﬂ) B %(%H—)nc“@o) t'?ﬁ—mn"'a no= l,2,00

N
D
i
Y
g

with m= 0,1,2,°
= il (-1 - -

An A1+ L/_o'( ) n = .L,_%g'}_a'
/’7_.,8\; ~ L4

Vo7 = Tnly -4,y n o= 2,4,0,-
P = ﬂ"(ﬂ"’lj oy

"2 n o= 1,2,3,"

A is the shortest distance from the source

T “~ £ o~ o iy € ¥ ey ey ~ 77T
Equation 3-6 is the phase of a spectral component of a sur-
face-wave of order n (time taken with respect to the origin-

time To of the Earthquake). C is the phase-velocity of

either G or R-waves, and v is the veloclity of rupture. The
s o] F 1 /5 F=I PR, S I SR I e
differential-phase 4(P of two opposite-going surface waves

is therefore given by



, %
(3?} 31(# - +:2Tiﬂo f(qoooo 24 +bco$6) (M+ 7)

T,

The slope of 314) VS, ;éwill vield the faulting length b
provided that @O and c(f) are known. An alternative

formula may be obtained ’
of the second order 9 Sp manipulating with three phases

of three waveg of consecutive orders, one finds:

D (P ((ﬂh+/ (700) ('/'%)[wfz (P/ =f§_6059° -~ constant

7

ase oL

O

A special
for practical purposes of deriving the fault-length
P

having recourse to the phase-velocity function. It is &

well-established fact that the G-waves propaga
2T portion of their group-~velocity curve, at leas
period range 150 <€ T< 250 gec, Thus, solving the di

ferential equation U_ = const. = UO we obtaln f/CI = f/UO%%
. )

where o, is some constant. Therefore, edquation 3-10 reduces to

. b
(3-11) %Y -f y, €& L cort

ongtant
Furthermore, 1if each G-event is taken wilth respect to its

own arrival-time, we algo have
B = Cos6,
(3-12) (F f + congtant

which is more convenient to use when only Ttwo G-events are

s

available, although legs accurate since the time of origin

Lo i

L fal

o a higher degree of accuracy than the arrival-

ventcs.
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FXPERTMENTAL VERIFICATION OF THE THEORY

L .1 Introduction

In the preceding chapters we presented a theory for

the propagation of sgeigmic surface-waves from finite moving

o

sources., 1t was demonstrated how the fault-length and the
pli

velocity of rupture may be derived from The am tude and

the phase-sgpectra of seismic surface-waves, recorded at a
single station. This theory has been examined experimentally

with ultrasonic scale models and also applied to the great

Chilean Rarthquake of May 22, 1960. The model-experiment

indicated good agreement with the theory and the results
for the Chilean REarthquake agree with field measurements

-

(2L4) and independent measurements made with other methods

(25).

4,2 Txperiments with a two-dimensional ultrasonic model

The model-experiments were designed by M. Nafi Toksoz
and Frank Press. The model was a circular aluminum plate
(6061 T-6) with radius of 12 inches and thickness of 1/16".
The equipment and the set up was essentially the same as
that described in an earlier paper (26).

The source was a 1/8" solid barium-titanate cylinder,
and the receiver was a barium-~-titanate Dbimorph transducer,

For the sake of convenience the receiver was moved instead



P

of the sgource and the records taken at two degree intervals.

Thege records were time-ghifted and superposed to obtain

=ty

the condition for a moving source. This interchange of

12
source and receiver is allowed by th
reciprocity. The effective rupture-velocity is obtained
dividing the distance oz o0 by the shifting-time. The
choice of the shifting“time is arbitrary and hence a con-
venient way to vary the rupture-velocity. A transient
pulse input was used, fle output waveforms from the oscil-
loscope WGre photographed with a polaroid camera. To get

the effect of a source moving toward the receiver the in-

dividual records were time-shifted To the right by multiples
, o .
o . 2 = Je ) el s )
of (4%t), = §~ , while to get the effect of a source
receding from the recelver they were time.-shifted to the

left by the same amount. CR is the average Rayleigh
veloclty in the plate and Ve is the desired faulting
velocity. TFigure 24 shows the superposed waveform result-
ing from a source moving toward the receiver with a veloclity
close to the average Rayleigh-velocity in the plate. The
resulting total wave-pattern was almost a replica of the
static-source output except for a considerable increase in

2.

amplitude. The explanation is simple: successive wavelets
are in phase and the signal builds up by constructive inter-

omparison the

[

ference. On the same figure we displayed for

2 o PR

ChHe

integrated radiation from the source when receding from

receiver. Since the individual wavelets are no longer in



ity of the individual pulseg resulted in

a waveform which was spread over & longer time interval

forms may be achieved. The experiment wasg carried out for
t . - - 2 Py £z e e ey oen ~ v oy ey e ~AO
wo caseg: In the first case the recelver,placed at 120

from the source, wa§ moved over & total distance of 127 (an

s - - . A e 4n -
effective fault of 2.5 inches) with an ef

- - R 5 incl - . , .
velocity of 1.4x10° gg5i~. In the second case the recelver
KX .
5 o : . )
was moved only 6° with the same rupture-velocity. In both

. o 2 A0 . -
cases the recording wag made at 27 intervals. The super-

posed waveforms were digitized and Fourier-analysed. Then
the amplitude-ratio of the ftwo waveforms was taken for

5 5
frequencies between [, = 0.08x107 cps to fg = 3x10” cpsg at

intervals of 0.08x10° cps. This experimental Directivity

iy

is plotted against frequency in figures 25 and 27. On
the same figures we see the theoretical Directivity. The

&
¥

Directivity i1s the amplitude-ratio of a spectral component
of the approaching-source waveform to a spectral component
(of the same frequency) of the receding-source waveform.
Tn our case cos 6 = 1 for the approaching source and

2

cog @ = -1 for the receding source, therefore the theoret-

lcal Directivity is glven by:

flo_1y C : ; - ==

4- S8 Sin lzf_b(4+ QE)




where b is th

Y

A4
the owrder of The interference and ,A is The corresponding

ength. Likewise, the infinities of D are given b

A
o

C
. R : - - . S
pl=— 4+ cos8 ) =mA_ m= 1,2,°°° By using two or more

Vo n ) -
L
By am A D a8 S - “ EAT o o Ty A e S L ot
adjacent infinities, the value of m may be obtained. Thus
by locating the positions of the zeros and Tthe infinities

e experimental curves, a Tirst estimate of the rupture

I

velocilty v, and fault-length b was made. Then the theoret-
,

ical Directivity, as given in equation 4-1, was programmed

rr{h

absorption~

the present frequency-range. . The average

- Il ST
ey e i A ~r
ST \/1—3 —— Ao P G

-
4
-l

T2
o ERVEN )

source 1is

7 C
X £ F A - .
given by (P4 S s 2¥f~—~i 230 n (where A is
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the distance from the source to the receiver (4 = 25 inch in

the experiment). The phase of the receding source is found
C

! 7 [ R L age A -

to be QF_“ b ~ 4 1 + 2% L == + 24 m. Subtracting

) I

It i
A= "o ames Tvam eoan ~ ot 't~“ AT P Parman S ol ~Tv ey e
chiege pnases 1rom eacin oTner, we get the dlirierential phnase

O
of ’Dﬂ%o aga the frequency will vield
: )
L. T L N g el T et A T Y E 7o . Al T e
ciae raudlv-Jengon o, providaded v, 18 KNowWii. method was

E3N 2 ~ Fr¥ie 5 S P . .
LN e gecona case. Le SLUUaTLIoNn 18

2

represented in

talnable we cbnsider thesge resu

values of

actual value of

RN

and the experimental resull o

the following experimen theoretical errors:
{10 fant I R Ay Fa o e Ay e sr e
(1) The simulation of a continuous rupture by ¢

—
e
St

chis amounte to 40% for b = 127,



o
“R
(3) An error of the order in the asymptotic
(0mzr4)

expansgion of the Hankel-function (see theory

=
28}

in part I). Substituting our values of 4 = 25 inc

‘ inc , R, o
Cq = 1.26x105 = we get an error of the order of
£ 1o

jo]

00 - o 5
(~%~J where f ranges from 0.08x10° cps to 3x107 cps.
(L) The rinite spectral window.

(5) Uncertainties in reading the infinities and

zeros from the experimental amplitude-ratio curves.

-

(6) Errors introduced in dig jﬁjzing the records, espe-
ally where amplitudes were extreme or low.
(7) ©Neglecting the dispersion due to the curvature
of the model.

It should bhe mentioned that the particular waveform
of the sourcestrangient has no bearing on the results,
gince the Specﬁrum of the source does not enter the Direc-
tivity function nor the expression for the differential
phase,

Computations were executed on the Bendix G-15D elec-

tronic computer at our laboratory.
1.3 The great Chilean Earthguake of May 22, 1960

ol

may be applied to Mantle Rayleigh-waves and G-waves Irom
major HEarthguakes. Thesge waves circle the Earth many times,

5

hoth in the direction of the moving fault and in the opposite
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direction, and thus provide us with the necessary data
our theory. Extensive field measurements were carried out

X

by P. St Amand. He describes the situation there (24

S

j&Y)

t the time and after the occurrence of the shocks: "The
fault runs parallel to the coast about 20 To 50 kilometers
off-ghore for a distance of 1000-1200 Km. The rupture be-
gan to slip at the south end of the Arauco Peninsula and

J

the rupture propagated southward to a point just north of
the Taitao Peninsula. The movement was probably right-
lateral, but the vertical compon wasg such that the

A

seaward side went up maybe 5 meters with respect to the
landward side.”

Thege observations have been confirmed by other in-
vestigators: ,From measurements of the phase-angle beltween
the horizontal and the vertical components of the free
vibration of the Earth, Benioff, E§.§§;<25> were able
recover a fault-length of about 1000 Km and a rupture-

. . Km S X .
velocity of 3-4 ﬁ%E-. The fault lengths are in agreement
fwl

- 101

with Beniolf's measurements from the ter-shock seguences
and the Eaton measurement from the T-phase duration. All
nese findings together suggest that we have here an ob-
vious case of a‘horizontally moving source with a predom-
inating strike-slip character for which we have previously

built a complete theory.



L.3.1 Data processing

In table I we have summarized the data used for our

™,

computations. This includes

stations, the chosen phases and the character of the in-~
struments. The geometry of the station-net with respect
to the fault is given in figure 29. First p-arriva

£

A0t aOnnts
1S ] s after-

13730
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W and Beniof:
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shock theory together with field measurements indicated a

ps

Pt Lo . o . o ¥ _ . .
fault striking at 97+ 27 wWest of South. Identification

23

of the various phaseg on the selsmogram were made in the

following manner: Rayleigh-waves were identified by their

CD

o

dispersion curve. G-waveg were identified by travel-times

1,

and character. Dublous phases were rejected. To it the

ses on the

<t
oy
®
O_:
)
@]
w
D
=
S,
o0

data for the Fourier analysis,

selsmograms were digitized manually. All Rayleigh phases

s . . - Km
were windowed between {ixed group-velocities of 1 = 3,00 =
g 77 gec
and U — 2 7 Km W . P teaprivalas Pitted o -
anda Vo= 3.5( —Z7 . lost ol the G-arrivals Iitted a group-
£y L
. . Km . . 4 - -
velocity of L .38-4 L ;gc . The broadening of the G-pulse
Se

per revolution around the Globhe was Tound
sec, measured from the first to
pulse (see equation 2-32),

In tanhle I, G, stands for a G-wave which travelled from

no

the source to the station along the major arc, 64 is the

same wave circling the Earth once more. R, Tor example, is
>

Fa

a Mantle Rayleigh-wave travelling along the shortest arc

from the source to the station plus one revolutlon around
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the Globe. Since in the Chilean Barthquake the fault-
rupture with respect to our three stations wasg in the
direction of surface-waves With even orders, we should
have expected %o see on the seismogram the same effect ag
mentioned before 1n connection with our model experiments

£ 2 -
L

Cfect, which in fact demonstrates beyond

'__:
P

s IR o
(fig. 24), This

doubt the motion of the seismlic source, 1s shown in figure

L6 where Pl is compared with R,. In spite of the fact
that the Earth (unlike our two-dimensional model) ig a
atrong dispersive and absorptive medium, The resemblance

P

vetween the situation in figure 24 to that in figure 46 is

striking. Figure 47 shows the events recorded at Isabella
on Benioff's strain seismograph. Figure 48 displays the

G-~waves recorded at Nana

Table IT summarizeg the data used for the Fourier-

analysis. The analysis was performed between the [re-

-3 1 -1 . - 1 oo =3
quency f. = 10 - cps to £y = mAlO cps with AT = =x107°
o 1 £ 2 3 o
It was not useful to digitize longer portions of The selsmic

events because of the risk of overlapping G and R pheases.

Conseguently, our spectra for periods which surpass the
mean record-length (about 500 sec) are not reliable. The

Lting amplitude-spectra of our phages are shown in
figures 32 to 38. The shift of the dominant period to
periods with the increase of order of the surface-wave is
clearly seen. Computations were executed on the IBM 709

computer at the Western Data Processing Center, UCLA,
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TARLE IT. DATA FOR FOURIER-ANALYSIS

Digitizing

time-interval Record-~length
Station Phase in sec (in sec)
Nana G2 12 312
Nana ' Gy, 15 465
Nana G 15 L35
Nana G, 15 525
Tsabella Gy 12 350
Tsabella GS 12 288
Isabella Gy, 12 495
Pasadena G, 16 320
Pasadena Gy, 16 435
Pasadena Ry 16 165
Pasadena ) R 16 608
Pasadena R, ' 16 572
Pasadena Ry, 16 1200

L,3.2 Recovering the absorption-coefficient from

the amplitude-gpectrum

We shall see later that for the derivation ol the
fault parameters, one has to correct the spectral ampli-

L

tudes of the G and R phases for absorption on different

@
y
4
e
[
Ita
0}
i
<t

paths. Hence a knowledge of the absorption-co
as & function of frequency is needed. The amplitude o

a spectral component of a seismic phase may be described



——A4 N " P
by A, e ¥ where A 1g The amplitude as read from

1 o) 1

he Fourier-analysis and Ay is the actual amplitude at the

source., By comparing this amplitude with another amplitude

of the same gspectral component Ay :'AO s belonging
to the same wave-train which has reached the distance 142,

A

we get, by eliminating AO:

I
L3

—
R

from The amplitude-spectra of Gg, Gy s Gg of the Nans
Station, G., G, of the Isabella Station and G G, of

3 Mos M)y SRR
Pagadena. All the regults are in falr agreement as seen

in figure 30. In the same way we have evaluated J’ for
R
Mantle Raylelgh-waves using (Rl’Rg> and (R,,R, ) recorded

2’
asadena. Results are given in figure 31. The resul

at P cs
for the G-wave ave slightly lower, at the high-Trequency
end of our spectrum than those obtained by Sato (16) for
the Kamchatka Earthguake. This might be partly explained

the fact that in the Kamchatka Earthguake the wave-path
AP

the Chilean Farthguake it was

h of continents: and oceans, .

L.3,3 Recovering the Rayleigh and love phase-velocities

-y

from the phage-spectrum

Phase-velocities, we well as absorptlion-coelficients

are essential for deriving the fault parameters from the



gpectra of our seilsmic events. The phases of our surface-

waves are: ) Aper) _ 7[6(5 (_?159)
2T nﬂf:)((fo— C+) Tely T 9 M +Fy 0

(4-)
L B flte ) Er ) H R
1

o= d,e,5,°
Here (Qn is the phase of a surface-wave of order n, M,is an
integer, P_ is the polar phase shift (22). Av‘is the dis-

denn %

tance ftraversed by the particular phase in duestlion and tn

ig the time of arrival of the phase to Aﬂ_with respect to

Subtracting thesge phases from each other and denoting

I SN - )

/7¢>= - ( %{}Am ql\fand t* ﬂ—tq =0t we have, upon

L/O, oco , Km
t - TOP+H-3) sec

he Mantle Rayleigh-waves we

N

In case of © have usged th

phases R), and R, recorded at Pasadena. We had 9t = 10804
s [
sec, With this value, eguation L4-5 has been programmed for

various integral values of M. The results are shown in
table ITT. We have finally chosen the value M = 10 as 1t
gave results for the low frequencies which agreed with the
high modes of the gpheroidal free vibrations of The Earth
(25). Our results also agree with those obtained by

J. Brune (21). The dependence of the phase-velocity upon
igure 40. The same procedure was
phase-velocities of Iove-waves with 9t = o000

A

or some values of M are given in Ttable IV.
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o 1

ate the

P Sy 1y o0 T -
for a Tault-length of

1 [y oy - gy _~ »,, B g t;"ﬂl e ey A [

b = H0o and a rupture-~veloc } CL V = &,0 — anda in

] e o a1
43) for b = 750 Km and

v = 2 =—— ., The resulting curves do not match the experi-

amplitude-gpectra measurenents indicate an average laulitb-
o e 21 P& I " P oo s S S S TR hl’ﬂ.
length of 00 Km and a velocity of rupture of 4.5 —— ,
. sec
Tt - e PP I S o S . o A NN R S e NN N I e
4.3.5 Deriving favult-length from differential-phase
The theory of the differential ; ig given In

!

section 3.3 and was reviewed in connection with the model

xperiments in section 4,2, Since the spectral reglon

250> T > 100 is a region of consgtant group-velocity for
w 1o S Ny 2 _1? o) 1 I 3 I Ay o -

love-waves, eguation sH~-Ll« can oe useda To ecovey vne 1aulv
length b with no further computations. In figure M we
have plotted the phase {(exsctly as it came out from the

: . PR o DT e P T 17 e
Fourier-analysisg) of G, and G, of Isabella against freduency

v )

The foult-length b is directly obtainab

4

%o R Pl 2 Ep s o he BN 1 o, .
the line which is Th lines shown iz

[
[._h
(’D
=
)
a1
(@
D
O
5
o
<
5

Tigure U4, Tigure L5 sghows the same situation for the
G6 and GR recorded at Nana, Peru. The regults

are assembled in table VI.



TARLE VI.

Type of

Station wave
Nana G

Isabella G

=

Pasadens

-6

S

FINAL RESULTS FOR THE SOURCE PARAMETERS
gth SO Rupture
Fault length (Km) velocity

From From Km
Directivity differential-phase gec
800 850 4.5

750 - 1300 k.5

(50 - I, 5

4.4 Discussion

T the results

Comparing th

table VI we see that except

indica

e results of our computations as given in

for one value they are rather

consistent, ting a fault of about 800 Km and a rup-

I . }J. [ Krﬂ ‘ - - ey A 4

ture velocity of 4.5 Sec Our results are susceptible to
three types of errors:

(1)
wnich took place

ic

velocity,

Deviations of

a2l model such as:

bidirectional fa

the actual Farthguake-mechanism,

in the Chilean Barthquake from our theoret-

zig-zag faulting with variable rupture
] 22 i

ragn

aulting and other possib

iong from the pure strike-slip model.

(2) Errors

Fourier- analysis

dividual events,

lapping of G and

smplitude regions or regionsg of extreme amplitude

record,

introduced in preparing the data

such as imperfect separation of

the use of a finite spectral window, over-

ram, digitizing low-

R events on the seismogram,

W

ju

s on the



he Tault azimuth. This angle was

given by Benloff, et al. (25) and derived by them from
the location of aft shocks uence of the main Rarth-
the location of alter-shocks sequence of the main Zarth

- 1.
quage,

This study was hampered by the large variations in

the amplitudes of tThe recorded waves, and the wave inter-

{

ferences which ook vlace in

»

greater dynamlic ranges were available together with hig

recording speeds, then more accurate regults could have

heen obtained.

4,5 Conclusion

Cur woueT experiments and enalyvsis of records of the

>, 1960 have shown that the theor

no

Chile Earthqueke of May 22

proposed Iin chapters I-II1 is applicable to seismic wave-

cropagation from finite moving sources. Our theory was

a

)

o

able to explain p}e asymmetrical radil

A

tation pattern from
Farthouake~faults and derive from 1t some important and
previously elusive parameters of the source., The main
features of our method are its simplicity, straight

s o~ e T ol
. R

t may serve To asgociate

many Earthguakes with at least two important parameter

the mechanism at
the focus and the nature of the Earth's interior. More-
the dependence of the surface-wave ampliftudes on the

1 extent of the source were alread

o)

vertic



nost of the results of chapter I and chapter II. In
future work we intend to generalize our theory to fit the
real Earth and thus be able to derive the vertical extent
of the faulting as well ag its Jength. Bécause of the
possible errors indicated earlier, one sghould treat the
derived quantities as rough values since thelr physical

meaning 1s probably not sharply defined. VWe hope that
future comparisonsg between measurements and the theory
may point up ways to improve the theory, so as to cope
with more realistic Earthouake-mechanisus
Our present work has, however, another aspect which

xtends beyond its immediate applicablility to the deriva-~
tion of fault-lengths and rupture-velocities, and that is
the notion that the clagsical point-source plicture 18 no
10ﬂgef adeguate as a model for most Earthguakes. Th
finiteness and the motion of the source have thelr bearing
on meny measuremente from Harthquake records and lgnoring
them can lead %to serious errors (e.g., calculations of
phasge and group-velocitles from readings of a single
station, the concept of an "epicenter,"” etc.). Tarth-
quake seismologistes must from now on let this new dimension
enter tThelr way ol Thinking.
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LIST OF SYMBOLS
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defined in equation 1-7C
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NV
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¢ - A longitudinal potential function
Aoy [
v -4y
R c . C-
X . Wb (B o5 e) X . Wb (~= - co
VAT =TT = Fg/ an 2c,
2 Q
ué defined in equation 1-52
—
.\lf : vector-potential function
LL defined In section 2.0
w (W, W,)  engular frequency
w average value of over a spectral-window
e
th“ L — = 0.8038
Y / 3
KL |
s U
fYW R = = 0.8003
¥ 3
b/,, Love-wave absorption-coefficient
b/k Rayleigh-wave absorption-coefficient
R R . . . -
Q’l’ Q5 Defined in equation 1-67
L L . . \
Qs QG Defined in equation 2-15, 2-16
T (4 Defined in equation 1-68, 2-14
a- Dimension of fault in the dip direction

(rigs. 6, 22)
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