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SYNTHETIC SEISMOGRAMS OF P WAVES PROPAGATING IN
SOLID WEDGES WITH FREE BOUNDARIES{

KARL FUCHS*

A numerical method for the synthesis of seismograms for body wave propagation in solid wedges is presented. The
method is based on the superposition of multiple reflections arising from the entrance of a plane primary wave.
Therefore the method is restricted to that part of the time domain where no diffracted waves [rom the wedge axis
occur. In spite of this restriction, dispersion of body waves in wedges can well be studied by this method.

Seismograms have been synthesized which show the dispersion of a primary p-signal propagaling in a solid 10-
degree and a 5-degree wedge with free boundaries. For wedge angles less than 10 degrees the signal front (to be dis-
tinguished from the wavefront) suddenly decreases its velocity from that in the infinite medium (0 about that of the
plate wave as the signal approaches the wedge axis. Simultaneously in this transition zone a decrcase of the dominant
period of the interference signal occurs. These observations are concordant with previous model studies.

Particle motion diagrams disclose elliptical polarization of the interference signal in the neighh:orhood of the wedge

axis; the polarization changes its sense from prograde to retrograde on passing through the transition zone.

1. INTRODUCTION

Wave propagation in elastic layers with plane
parallel boundaries has been investigated thor-
oughly both in experiments and in theory. How-
ever, planc parallel interfaces are not the rule but
rather the exception within the earth’s crust.
Usually the interfaces are not parallel, but form
angles less than 10 degrees. These are the wedge-
shaped media. While the plate with free bounda-
ries is the prototype of the layered medium with
plane parallel interfaces, the wedge with free
boundaries may be regarded as the prototype of
the layered medium with nonparallel interfaces.

Most of the work on wave propagation in a
wedge has been concerned with surface waves of
the Rayleigh and Love type, with their transmis-
sion and reflection at the wedge axis. The propa-
gation of body waves in wedges has received com-
paratively little attention. Hudson (1963) ob-
tained the solution for SH waves from a line
source in a wedge. This corresponds to the case of
acoustic waves propagating in a liquid or gaseous
wedge since no converted waves arise in this
problem. Complete solutions {or the case of P or
SV wave propagation have not reached the
author’s attention.

In a recent paper (Fuchs, 1965) the author
investigated the propagation of body waves in
solid wedges with free boundaries by two-dimen-
stonal model experiments. To compare the experi-

t Manuscript received by the Editor July 26, 1965.

mental results with theory a simplified method of
computing synthetic seismograms for the propa-
gation of body waves in a wedge was proposed.
This method was limited up to the time when the
primary wave, traveling inside the wedge, reached
the axis of the wedge and gave rise to diffracted
waves. Limited computer facilities allowed only
the computation of synthetic svismograms down
to wedge angles of 10 degrees.

In this paper the time scope of the proposed
method will be extended. Synthetic seismograms
for propagation of body waves inside a 10-degree
and a S5-degrec wedge will be presented. These
synthetic scismograms are concordant with the
author’s carlier model observations. Particle mo-
tion diagrams reveal the presence of elliptical
polarization near the wedge axis not so far ob-
served in model experiments.

After outlining the proposcd method in section
2, certain features of propagation of P waves in a
wedge, especially signal velocity and polarization,
will be discussed in section 3 with the help of
synthetic seismograms.

2. METHOD OF SYNTHESIZING SEISMOGRAMS FOR
P-WAVE PROPAGATION INSIDE A WEDGE WITH
FREE BOUNDARIES

Ouitline of the method

Figure 1 explains the terms used in the descrip-
tion of the wedge and the coordinate system. The
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P Waves in Solid Wedges

wedge is bounded by its two faces, which intersect
«t the wedge axis, forming the wedge angle 2a:
The median plane bisects the wedge angle. We
shall only consider two-dimensional wave propa-
gation with planes of equal phases parallel to the
wedge axis. Therefore the process can be de-
scribed in the right handed x—y system as de-
picted in Figure 1.

The wedge medium will be characterized by
the velocity @ of p waves:

A+ 20
g g/ AT (1)
P

and the velocity b of s-waves:

o

J o
p

where A and u are Lame’s constants and p the

density of the medium. The velocity &’ of the so-
called plate-wave is given by:

4u (N
! = /‘/u . (3)
p(\ + 2p)
The quotient Q of the p- and s-wave velocity is:

Q=" 4)
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I1c. 1. Wedge geometry.

Other terms will be explained where they appear
in this paper.

To obtain a first idea on dispersion of body
waves propagating in a solid wedgze we shall con-
sider the propagation of a planc (lilatational (p)
signal. Such a wave will be considered to propa-
gate from the open end of the wedge towards its
axis in the direction of the median plane with
wavefront parallel to the wedge axis.

The primary p-signal is followed by a tail of
multiple reflections of both p- and s-type as indi-
cated in Figure 2. The number of multiple reflec-
tions will increase considerably as the wedge angle
becomes smaller. At large distances from the
wedge axis these reflections arc well separated
from one another; but, as the primary signal is
approaching the wedge axis, reflections start to
interfere with the primary signal and among
themselves. Therefore a. deformation of the

— P Wave Front
---= S Wave Front

MULTIPLE REFLECTIONS
IN SOLID 15° WEDGE

F16. 2. Construction of multiple reflections in a solid wedge. Case of 2a =153,
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primary signal is 1o be expected. The question is
whether this interference of multiple reflections
can account for some features of body wave
propagation observed in wedges or expected from
wave propagation in plates. For the synthesis, we
shall sum up the effect of all multiple reflections
inside a solid wedge due to the entrance of a plane
primary p signal, so that the boundary conditions
on the side faces are automatically satisfied. This
method determines the total effect at all points
inside the wedge up to the time of arrival of the
diffracted wave gencrated at the wedge axis. The
solutions are valid at a point of distance, #, [rom
the wedge axis up to the time fq after the arrival of
the primary front at the axis where

r -
ly = —- (3
a

If we restrict our synthesis up to this time we
can construct exact solutions. In the next section,
we will give some basic formulas needed for the
computation of multiple reflections. Then the
response of the wedge to an arbitrary shape of the
primary signal will be analytically derived from
the response to an impulse.

Busic formulas for multiple reflections in a wedge

We shall derive the horizontal and vertical dis-
placement components # and v from the displace-
ment potentials ¢(¢, v, v) and (4, x, v) by:

d d

u = fj — f ) (6)
dx Oy
d d

p = 9 Lp . (7)
dy dx

Let a plane P signal be incident on the side face
of a solid wedge at an angle of incidence v,,. Let
the corresponding displacement potential have
the general form:

éul, ¥, ¥)
v y
=Pli+ —sinvy, — ‘cos'yp,,>. (8)
a a

Then a p wave is reflected at the same angle yp,
and with some amplitude ry, with the displace-
ment potential:
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ity %, )

x ¥
= riP (t + —siny,, + -cos 'yp,>. )
a

24

An s wave is reflected at the angle v, and the
amplitude 71z, with the displacement potential:

Yoo, %, )
x Y
= ris, P <z + 7 sin s + >b Cos 'ys,> . (10)

Correspondingly, at the incidence of a plane s-
signal at the angle v, on the side face of the
wedge with the displacement polential:

\[/,y(/, <y )’)
X

x v
=P <l + —siny, — - cos 'VS") (11)
b b

there is generated a reflected s-wave at the same
angle v, and amplitude rw, with displacement
potential:

¥nll, %, )

X

; v
= fug, P <l + —b» sin s + , cos 'ys,,> (12)
}

and a reflected p wave under the angle vy, and
amplitude e, with displacement potential:

oL, %, )
x o v
= 7o, P <t+——sm'y,w+ - cos 7,,,). (13)
a da

In these expressions 7y, and vy, are related by
Snell’s law:
sin vy,
- — H

a b

sin .,

(14)

and ru,, 120, P21, Faoe are the well-known reflection
coefficients for plane waves incident on the free
surface of a half-space. For reference their analyti-
cal expressions are given for arbitrary ratio Q of p-
and s wave velocity (see equation (4)):
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4 cot yp, CcOt v —

[0% cot? vy + (02 = 2))°
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02 cot? v, + (@ — D)2

(15)

(16)

7, = -— — - - -
"4 cot Yow COT Y + [Q2 cOt? v, + (02 — 2)]2
1 cot 7, (0% cot? v, + (02 — 2)]
Yo, = — ———-m v T oo o - - -
' 4 cot vy, cOt vs +
1 cot v [Q? cot? v, + (02 — 2)]
ron, = — - -
Y 1 ot v COUym + [0 Oy, + (2 — 2))
and
Taz = T (18)

It can be remarked from equations (8) through
(13) that the primary p wave and all the reflected
p waves have, except for a multiplying factor, the
displacement potential:

X )
P <t + —siny,, + 2 cos 'yp,>. (19)
a

a

Correspondingly all the s waves generated by the
primary p wave and its reflections have, except
for a factor, the displacement potential:

X y
P <t + —b“ sin vy, + -7(7 cos 7,,). (20)

)

Therefore if a p wave has a front:

Y

x o y
I+ —siny, £ —cos vy, =0,
a a
then the fronts of the corresponding s waves are:
x o y
:+ n sin y,, + N cosye =0, (22)

and vice versa. From equations (21) and (22), one
realizes that all the p [ronts are tangents to the
circle with radius af about the wedge axis, and
that all the s-fronts form tangents to the circle
with radius ¢ about the same axis. Here ¢ is the
time the primary front (and all secondary wave
fronts) need to arrive at the axis. This has been
indicated in Figure 2. The connection of the wave-
fronts at the side faces together with their being
tangents to the two circles provides an easy
method of constructing the multiple reflections in
the wedge.

1 (17)

The response of the wedge lo an arbilrary signal
derived from the response to an impulse

We shall now set up the formulas for the dis-
placements caused by the primary or the multi-
ple reflections on the side face 7(y=0) of the
wedge. The restriction to displacements on the
side face does not that the described
method is not applicable to points inside the
wedge. The side face I has only been chosen to
compare the resulting synthetic seismograms di-
rectly with the model observations carried out on
the side face of the wedge (Fuchs, 1963). For
later generalization to arbitrary shape of the
primary signal we shall start with a unit step
form for the displacement potential ¢

¢[1([, ¥, y)

mean

, S y
=Ulli+—siny,; —
a a

cos 'y,,]> (23)

where U is the Heaviside unit step function with

Al (z

Py (24)

and 6(z) is the well-known Dirac delta function
with

8(z) =0 forzs#0, (25)
and §(0) goes to infinity such that:
+30
f o(z)dz = 1. (26)

—%

Therefore the displacement due to the primary
wave has the form of a é-function. The sum of all
reflections derived from the primary d-signal will
be termed the §-response of the wedge. From this
d-response we can easily calculate the response to
an arbitrary signal by convolution. According to
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equations (8) and (9), the primary p signal from
(23) gives rise to a reflected wave with displace-
ment potential:

RY Ry
¢ 1=rinl’ <1+“‘ sin 'Yp1+—
a

a

cos 71,1> 27

and a reflected s wave with displacement poten-
tial (equation (10)):

x
¢,.1:rml'<l+ sin 7,,1—}—?} cos %1)- (28)
a h

From the total displacement potentials:

¢1 = da + ¢n (29)

and
1#1 = 111/1'1

the x-component u(¢, x, ¥) and the y-component
(4, x, ) of the displacement are derived according
to equations (6) and (7) on the side face I(y=0)
the wedge:

(30)

=,

(6]

1
U = ’[(1 + )’111) Sil] Yt

d

a
— ; 7121<‘()57\\.1:|5(31) (31)
7 = — [—(1 — 7111) COS Yp1
a

=+ 7191 8in ’Ypl]5<21)

x .
zy = {4+ —sinyp ).
a

More generally, if a p-signal, resulting from the
primary signal by multiple reflections, is incident
on the side face 7{y=0) with angle v, one finds
that it gives rise to a resultant horizontal displace-
ment #,(¢, x, 0) and a resultant vertical displace-
ment v,(¢, x, 0):

1,(1, ,0) = GRpb(2,)
o, %, 0) = GuR,6(2)

(32)

where

(33)

(34)
(33)
where

1
GW:T-[(1+-nh)ﬁnvm

a
a
b 712, COS ’va:l <50)

and
1

G = - | = (1 — r11) cos Yopr
a

(37)
Accordingly an s-signal, resulting from the pri-
mary signal by multiple reflections and incident
on the side face I with angle v,, gives rise to u
resultant horizontal displacement (¢, v, 0) and a
resultant vertical displacement z,(¢, x, 0) on side
face I:

~+ 712, 8in v,).

(1, 2,0) = G.R.,6(z,)
(4, v, 0) = G R,6(2,)

(38)
(39)
where

1
Gup = —| rausiny,,
a

a
+ n (1 — 749,) cos -ywj, (40)

and

1

Gy = — [721,1 COS ¥y
a

+ (1 + 7 sin 'Ypu]- (1)

Rpi and Ry, in equations (34), (35) and (38), (39)
are the reduction factors of the incident waves
which result from amplitude reduction due to
multiple reflections of the respective waves (c.g.
psp, pspps, etc.). These reduction factors are the
products of the corresponding reflection coefii-
cients. The symbols z, and z, stand for:
X
si=1+4+ -siny,,
a

l=wv,u (42)
Until the arrival of the diffracted wave at dis-
tance x a total of m, p-reflections and of m, s-re-
flections might contribute to the displacements on
the side face I. Thus the resultant signal for the
horizontal displacement 14(¢,x,0) due to a primary
d-signal is:

uﬁ(’: x, 0) = Zul‘(l: X, 0) + Z 1"#(/7 X, 0)
=1 s -1
(43)

and the resultant vertical displacement v5(7, v, )
Is:
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mp mMg

w5ty 0, 0) = Do 0, %, 0) 4+ O 0., x, 0).
v--1 -1
(44)
For wedge angles less than 20° the computation of

the reflection coefficients and the reflection angles,
as well as Guy, Gyy, Gup, Gou in equations (36), (37),
(40), and (41) should be done by digital compu-
ters.

The horizontal and vertical §-responses of the
wedge on its side face are us(Z, x, 0) and 5 (¢, x, 0).
The responses to an arbitrary signal shape f(¢) are
obtained by convolution:

420
u(t, v, 0) = f ws(f, %, 0)/(t — D) di  (45)

—w0

+%
e, x, 0) = f (i, x, 0)/(¢ — ) dI. (46)

With equations (43), (44) this can be written as:

mp +o

u(t, x,0) = > w,(L, 2, 0)f(1 — 1) di

—%

my -0

+ 2
n=1

w, (1, 0, O/t — ) dI (47)

My

+=
T(t) X, U) = Z TVU_y X, ()>f([ - Z) dz
y==1 —®

Mmg +

+ 2. vt 2, 0)/(t — ) di. (48)

Since with I=pu:

+% _ X
f ) <t + - sin 'ypl>f([ - Iydi
- d

x
= f([ + —-sin 'ypz> (49)
a

we find finally for the horizontal and vertical
response to an arbitrary shaped primary signal
(see equations (34), (35), (38), (39) )

u(t, x, 0)

mp x
= > G.uR,f <l + —sin 'y,,,>
v=1 a

ma

X
+ Z("wkwf (l + - - sin 'Ypu> (50)
-l [72
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and

v(f, x, 0)

mp x
= 3 GuR, <t + ¥ sin vm>
p=1 a

me x
+ ZG,.MRWfQ + -~ sin m)- (51)
p=1 d

The number m, of p- and m;, of s-reflections in the
wedge of angle 2« is dependent on the wedge
angle 2a, on the angle of incidence v, of the pri-
mary signal and on the ratio Q of p-wave to s-wave
velocity. In the case of the solid wedge it is not
possible to give explicit formulas for m, and #s;
but neither is it necessary to have advance
knowledge of mi, or m,. The scheme of constructing
multiple reflections as indicated in Figure 2 will
also be followed in the computer program. For the
iteration procedure the following points should
be noted:

a) We will use amplitude 1 and angle of inci-
dence v, =90°—a for the primary p wave.
This means symmetrical propagation with
respect to the median plane of the wedge. By
this the computer work will be reduced
drastically.

b) Every p-wave with amplitude R, incident
on one side face at angle y,, will cause a re-
flected pp-wave with angle v, and ampli-
tude:

(52)

va4-1 = rllvav

and a reflected ps-wave with angle

b
Yeu = ATC SIN - - 81N Yy
a

(33)

and amplitude:

Rsv+1 = 7’12pr. (54)
¢) On the opposite face of the wedge the pp-
reflection will be incident with:

Ypv+l = Ypr — 2a (55)

and the ps-reflection with:

Ysvil = Yo» — 2(!- (56)

d) Correspondingly the amplitudes and angles
of incidence for the sp- and ss-type of reflec-
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e)

h)
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tions arising from an incident s-wave can be

calculated.

Once the angle of incidence for a p- or s-

reflection is known, the arrival time of the

wave at a certain point P(x,0) on the face I

can be computed from equation (21) or (22)
a X

— —siny, = — — sin Y.
a b

1= (37)
The program for the computation of the
amplitudes and angles of incidence for all
multiple reflections consists essentially of a
subprogram which generates for any given
incident p- or s-wave either the two reflec-
tions of the pp- or ps-type, or of the sp- and
ss-type. The output of the subprogram
contains information on the angle of inci-
dence of the new wave, its amplitude and its
type. The output is fed through a memory
device back into the input so that the sub-
program might give birth to a new genecra-
tion of reflections, again of either pp, ps or
sp, ss-type.

As soon as the angle v, or v, becomes nega-
tive in the operation described under (¢) and
(), we are dealing with a reflection return-
ing out of the wedge. Now the operations
(55) and (56) increase the absolute angles of
incidence.

All returning reflections for which an angle
Hva | > 000 (58)
or
l Ys | > arcsin — (39)
a

has been calculated, are not continued to the
opposite side face of the wedge as plane
waves, but are linked to diffracted waves
arising at the wedge axis. The subprogram
will not produce new returning reflections
for which (58) or (59) is fulfilled. Thus we
limit our solution to all waves arriving at a
given point before the set of diffracted
waves from the wedge axis.

The number of reflections for a finite wedge
angle is finite. Yet this number increases
considerably as the wedge angle decreases.
For instance, for the 15-degree wedge and
(a.'0)*=3 about 250 reflections have to be

summed up. The number increases for the 10-
degree wedge to about 2,600 reflections. In
case of the 5-degree wedge, over 60,000 re-
flections Thus for small
angles this method can only be handled by
computers with large memory capacity. In
the case of the S-degree wedge the synthetic

are estimated.

seismograms were computed only up to time
{=0, the arrival of the primary wavefront at
the wedge axis. Even then, 2,200 reflections
had to be summed.

The program for the calculation of angles of
incidence and of amplitudes {or the multiple re-
flections has been written in Fortran II for an
IBM 7072. The output of this program represents
the 8-response of the wedge on its face both for
vertical and horizontal components.

A second program in Fortran 1I for an IBM
7072 convolves this §-response with any desired
function f(£). This /(¢) can be thought of as either:

a) the original shape of the primary signal,

h) the 8-response of a receiver system, or

c¢) the response of the receiver system to the
primary signal as input.

3. FEATURES OF BODY WAVE PROPAGATION IN A
WEDGE DISCUSSED FROM SYNTHETIC SEISMOGRAMS

The method outlined in the previous section
has been used to compute synthetic seismograms
for the cases of solid 10-degree and 5-degree
wedges with free boundaries and Q=3 (i.c.
Poisson’s constant ¢=0.25). As the primary sig-
nal, a Gaussian pulse has been used:

1 t\?2
f(f) = —=ex — 7 — j‘ 60
@ VT P I: < r) (60)
which has a Fourier transform:
+x
cv) = f() exp [~27rul[] dt
= exp [—wr¥?). (61)

Following Brillouin (1962) we define the effective
duration of our signal /(f) as:

i 1 e

and the effective band width, of its spectrum as:

(62)



P Waves in Solid Wedges 531

1 +o0
21/1 = ;(6)— f—w { C(V) l dll. (63)

The signal /(¢) has been chosen in such a way that
according to (62) the effective duration is:

0= (64)
and the effective band width:
1
2 = — - (65)
T

It is advantageous to use a nondimensional time
T:

(66)

This is equivalent to the use of a primary signal
of wunit duration (r=1) and unit bandwidth
(21’] = 1) .

J(T) = exp (=717, (67)

and
c(v) = (68)

In the numerical computation we shall approxi-
mate the actual Gaussian pulse by:

‘T—[O for[T|>1
J1) = 1exp(—7rT2) for ‘Ti <1,

exp (—mv?).

(69)

and shall introduce a time shift To=1 into the
signal, so that the beginning of j(T) is now at
T=0:

0 for |T—1] >1
HT) = jexp [—m(T — 1)?]
for |7 —1] <1.

(70)

The signal actually used for the convolution is
J(T). The signal starts with a small discontinuity
of about 3 percent of its maximal amplitude. The
same jump occurs at the end of the signal at 7=2.

The distance from the wedge axis will also be
measured in nondimensional units:

()

where

(72)
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INTERFERENCE SIGNAL NEAR AXIS 10°-WEDGE

T'16. 3. Interference signal near the axis of 10 degree
wedge with free boundaries (Poisson’s constant o =0.25),
Tangential displacement on the side face / of the wedge.
T =time before arrival of wavefront at wedge axis;
A =distance from wedge axis (dimensionless units).

is the length of the primary signal in space corre-
sponding to its duration 7 in time.

Synthetic seismograms for body waves near the
axis of 10-degree and 5-degree wedges with free
boundaries.

Figures 3 to 3 arc examples for synthetic scis-
mograms near the axis of the 10-degree and 5-
degree wedges.

Figure 3 displays synthetic seismograms for the
tangential (horizontal) displacement on the face
near the axis of a 10-degree wedge (0= +/3; i.e.
a=0.25) with free boundaries. The primary signal
is moving into the wedge from left to right
towards the wedge axis. The nondimensional dis-
tance A is measured from the wedge axis. This
should not be confused with the distance from the
shotpoint. The nondimensional time T is plotted
on the vertical scale. T=0 is the time where the
theoretical front of the primary wave arrives at
the wedge axis A=0. For comparison the primary
signal has been included in the figure with the
same amplitude scale. As indicated in the figure,
the interference signal does not end at the upper
ends of the seismograms. From there on, inter-
ference with the diffracted waves generated at the
wedge axis starts. This part cannol be synthe-
sized by the present method. Attention should be
drawn to the following features:
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0 ) 7 _;’ ¢) Itis clearly to be noted that the higher fre-
; A -2 quencies suddenly vanish at about A=3.
~ ! T -3 From here on, a very low frequency becomes
5] \ NORMAL : apparent. The dominant period rather
DISPLACEMENT - abruptly doubles.
-7 d) Note also the flattening of the signal onset
0 < B close to the wedge axis.
J < : ; Synthetic seismograms for the displacements
- T'1-3 on the side face of a 5-degree wedge are presented
5] . '; in Figure 4. The same distance range from the
TANGENTIAL -6 wedge axis is considered. For comparison both
D’SPL‘CEMENT [‘7 normal (vertical) and tangential (horizontal) dis-
4 7 & ‘ Dim":“"’";”"’" ' % placements have been depicted. The primary
\\\\\\\\W\“““" signal moves again {rom left to right towards the

INTERFERENCE SIGNAL NEAR AXIS 5°-WEDGE

F1G. 4. Interference signal near the axis of a 5-degree
wedge with free boundaries (Poisson’s constant o =0.25).
Normal and tangential displacement on the side face of
the wedge (see Figure 3).

a) At the distance A=
times the length of the primary signal) all
reflections One can no longer
separate one reflection from the other. The
primary, pulse-shaped signal has been con-
verted into a more or less sinusoidal wave
train.

b) Comparison with the primary signal shows
that the amplitude does not increase in the
synthesized part close to the wedge axis.

,'OL Normal Displacement
' ' I

Jangential Displacement

L

& (corresponding to 8

interfere.

f 7y
D200

wedge axis. Essentially the same phenomena are
to be observed as in Figure 3 for the 10-degree
wedge. Especially noteworthy is the stronger
flattening of the signal onset close to the axis.
This effect is much more pronounced than for the
10-degree wedge.

In Figure S, a closer look is taken at the hegin-
ning of the interference signal for the S-degree
wedge. The figure presents an enlarged portion of
the beginnings of the scismograms in Figure .
The time scale has been reduced with the velocity
a of the p-wave in such a manner that in the
reduced time scale the theoretical front of the sig-
nal arrives at Treq=0 for all distances A from the
axis.

The wavefront is a mathematical abstraction.
In practical situations, we are never actually able

———

r/ed

Dimensioniess Units

SIGNAL VELOCITY NEAR WEDGE AXIS

Fic, 5.

Velocity of signal front near the axis of a 5-degree wedge. Reduced time scale: Tyeq=T42/a.
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PARTICLE MOTION NEAR AXIS OF 10°-WEDGE

I'16. 6. Particle motion on the side face near the axis of a 10-degree wedge.

to measure the arrival time of the wavefront. Our
signal can only be observed embedded in noisc
(microseisms, recorder noise, interference with
other phases, thickness of the trace). Therefore
we can only decide that a signal has arrived if a
reliable deflection from the zero position and
above the noise level is discernible on the record-
ing instrument. We could define this moment as
the arrival time of the signal front in contrast to
the arrival of the theoretical but not detectable
wavefront. As long as the signal is not dispersed
the signal front follows the wavefront at a con-
stant time lag. Thus the measured signal front
velocity will not differ from the wavefront
velocity. But in case of a dispersed signal, wave
front and signal [ront velocity, in general, do not
have the same value and need to be distinguished
(see Sommerfeld and Brillouin, 1914; Brillouin,
1960).

The strong flattening of the signal onset in Fig-
ure 5 indicates the difference between these two
velocities. As stated before, the signal front can-
not be defined as sharply as the wavefront, since
the signal front depends on the setting of the level
at which a rcliable reading of a signal arrival can
be made. For experimental sake we have arbi-
trarily chosen this level of reliable reading to be
at 1/20 of the maximum amplitude of the primary
signal. We have indicated the beginning of the
signal, i.e. the signal front, by the circles on the
traces of Figure 3. From 10 to about 6 units dis-

tance, the signal front follows the wavefront
with a constant time lag. From about 5 to 1 unit
distances, the signal {ront is propugating at a
speed w5 of about 96 percent of the velocity a of
the p-wave:

teig =~ 0.96a. (73)

This value comes very close to the velocity a’ of
the so-called plate wave (equation (3)) for which
one derives from equation (1) for ¢=0.25, ie.
A=pu:

a = 0.943q. (74)

It should be mentioned that decrecasing the level
of reliability to 1/40 of the maximum amplitude
of the primary signal only very slightly increases
the velocity v, near the wedge axis, leaving it
still significantly below that of the p-wave.

Considering a plane parallel plate as a wedge in
the limiting case of vanishing wedge angle 2«, we
might conclude that the velocity «” of the plate
wave is not a wavefront velocity but the velocity
of a signal front.

These observations about signal velocity are
concordant with the author’s previous measure-
ment of signal velocities in two dimensional
wedge shaped models (Fuchs, 1965).

Particle motion diagrams

Particle motion diagrams on the face of the
wedge close to the axis were invesligated. Dia-
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F1e. 7. Particle motion on the side face near the axis of a 5-degree wedge.

grams for the 10-degree and 5-degree wedges are
presented in Figures 6 and 7. As before the pri-
mary signal is propagating towards the wedge
axis (in these figures from right to left). In case of
the 10-degree wedge, the particle motion is
plotted at different distances A from the wedge
axis from the time of arrival of the wavefront
until the time when the first diffracted wave is
expected to arrive.

In case of the 5-degree wedge the motion was
only followed until =0, the arrival of the pri-
mary signal at the wedge axis.

These particle motion diagrams reveal a rather
unexpected featurc of p-wave propagation in a
wedge. Normal and tangential components most
of the time have a phase difference of nearly
90 degrees resulting in elliptical polarization. At
larger distances the motion is prograde, at smaller
distances it changes to retrograde, resembling the
motion of a Rayleigh-type surface wave,

It is remarkable that the change in the sense of
the polarization occurs at just the same distance
from the wedge axis at which the change in signal
velocity and the decrcase in dominant frequency
occurs. We can therefore speak of a transition
zone in the neighborhood of the wedge axis where
characteristic features of wave propagation suffer
changes:

1) The signal velocity changes from the
velocity a of the p-wave to a value close to
the velocity a’ of the plate wave.

2) The sense of the polarization switches from
prograde to retrograde.

3) The dominant frequency of the interference
signal decreases significantly.

From the particle motion diagrams, one can
estimate the length of that zone to about one unit
distance, that is about one wavelength. The
transition zone occurs

a) for the 10-degree wedge between about

A=3to 4,
b) for the 5-degree wedge between about
A=4.5105.5.

If we compare the width,

2H = 2Asin g, (73)
of the wedge at distance A in the transition zone
to the length L=aT =1 of the primary signal, w¢
find that the transition occurs in case of

a) the 10-degree wedge for 2H/L between 0.3
and 0.7,

b) the 5-degree wedge for 2H/L between 0.4
and 0.5.

It must be pointed out that the distance of the
transition zone from the wedge axis, as derived
from the synthetic seismograms, is about two to
three times larger than might be estimated by the
formula

2H A =~ 0.064,

which was derived from the author’s model experi-
ments; A refers to the dominant wavelength of the
signal. This dominant wavelength has been esti-
mated by equating the time difference between
the first arrival and the first extremum of the
measured interference signal to one-fourth of the
dominant period of the signal. Using this defini-
tion, we derive from the synthetic seismograms
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for the ratio 2H/\ in the transition zone:

a) for the 10° wedge 2H /A =0.2,
b) for the 5° wedge 2H/A =~0.1.

Since the conditions in the model experiments
and the numerical experiments of this paper
(source distance, primary signal, two-dimensional
model, level of reliability) are not the same, it is
hard to determine what might be the cause of this
discrepancy.

4, DISCUSSION AND CONCLUSIONS

A rclatively simple method of synthesizing
scismograms for the propagation of body waves
in a solid wedge with free boundaries has been
presented. It has been shown that, even in the
case of a wedge, important conclusions about the
dispersion of body waves can be drawn on the
basis of ray theory as long as the solution is
restricted to the domain outside the occurrence
of diffracted waves.

The synthetic seismograms revealed features of
propagation of body waves inside a wedge which
are concordant with the author’s model experi-
ments in the following points:

1) For wedge angles less than 10 degrees, a
decrease of the signal front velocity is to be
observed in the neighborhood of the wedge
axis.

2) The velocity changes from the velocity of
the p-wave to about that of the plate wave.

3) The change occurs rather suddenly in a
zone, the dimension of which is of the order
of the wavelength.

4) While passing through the transition zone
the dominant frequency of the signal is
abruptly decreased.

The synthetic seismograms allowed the con-
struction of particle motion diagrams which
showed elliptical polarization close to the wedge
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axis. As an additional characteristic of the transi-
tion zone a change from prograde to retrograde
polarization takes place on the passage of the
wave through that zone towards (he wedge axis.

In future model and field expceriments special
care should be taken to verify this polarization by
recording wvertical and horizontal components.
The change of polarization in addition to the de-
crease in signal velocity and dominant frequency
could turn out to be a very valuable means of
identifying and exploring wedge-shaped structures
of small wedge angles. Finally, it should be
pointed out that the same simple method of
superposing multiple reflections can and will be
used for the investigation of wave propagation in
more complicated wedge-shaped structures.
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