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Abstract

\
\

I3

The production of synthetic sgismograms.uSing a
technique Q;iginally developed by Alekseev and Mikhailenko
is presented. An explicit finite*difference solution to the

elastodynamic wave equation for a vertically 1nhomogeneous

‘medium is determlned after reducing the d1men51ona11ty of

the wave eguation th;ough the use ?f finite Hankel
transforms. The finite difference scheme used for Roth SH
and P-SV cases is oytlined in detail as well as the
stabzlzty criterion for each. Selsmlc sources con51dered
include SH point torgque source, horizontal p9int forcé}
vertical point force, and explosive. The numeriéal models

presented illustrate the nature of wave propagation for a

particular model containing. two thin low-velo?ity layers in

- a homogeneous half-space.

i
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A1. iNTﬁODUCfION
| The computation of synthetic séismograms using a
finite-difference method is considered for the case of a
vertically inhomogeneous medium. Finite Hankel traﬁsforms“
are used to reduce theé dimensionality of the wave §QUétion
and allow the use of an exﬁiicit‘finite-aifference scheme.
o _ j

1.11Equations of Motion ‘

For a'vertically inhomogeneous medium“the equation
' descrlblng the motion 1s 'given by Grant and West (1965)
wj-{ pu = (A+p) Ve + eVA + uvzud-(Vu V)u + V(Vu u)

In thﬁ\fqllow1ng we use cylindrical ¢?o;d1nates (r,¢0,2)
with the z-axis pointing downward into the'vertically o
inhomogeneous half-space whose surfaée is at z=0; The
‘density is given by p(z) and Lamé's parameters arefgiVen:by
A(2) and u(z). USin§‘0=V-ﬁ and the vector definition in
cylindrical coordinates V3§ = V(V.0) - Vxﬁxﬁ this reduces to

1.2 > : -> - -> . -r‘
pu = (A+2u)V(Veu) + (Veu)VA - y(VxVxu)

+ (VpeV)d + V(Vu+Q)

-

_where U = (Ur,u¢,uz) and ﬁr = hr(r;z,t)

-u, = u, (r,z,t)-

¢ ¢

u
2

To iliustrate the decoubling of'the SH and P-SV types”’JN\Eg:

we may consider the equation of motion glven by 1.2 1n4

cyl1ndr1cal coordinates: ‘ ’;‘

S

1



o = 3u
> _ 13 [1 3 (rul) z -
V(Veu) = ’a?(?a“f o az_> *
Ju
P 1l 3 (ru)) z
+ é‘z‘(?ﬁ o+ az>'
-+ 1 35 (ru.) auz A A
Veuvi = ;a—r j . r + 32 -——z- z
N g [Pup  auw ) 22u
V= -l T et - —
oz
Ju Ju
1 ] 2 A
T Ff(r<Tz“ 'ﬁ‘)) z
(Vuk-V)'ﬁ = ?T; 522- (ur':? + u¢$ + u,2)
su Ju
= {3u _ria du -
.—(zﬁ>.r+<§? z>¢+
Vu-ﬁ =<% 5) (urf + u¢$ + u,2z)
= 3
9z uz
V(Vueu) a?(’sz “z)r + 5;(5? “z)
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The equations of motion become

Radial Component:

2 : | Ju 3u
9 up - 9 (1 9 (ru). ou, . 3 r _ _z
P 22 = NM3r \F 3¢ T 0z 9z | 0z or
1.3 :
Ju :
du “Try 3 <a_u )
*(32'—3.7.)*’5? 5z Yz /)
Vertical Compohent: '
2 3
"2 e (1 wey L1 ey, 2o
P —3 =N {3z \T 3% 3z r 3r 3z ( 3z
at —
1.4

Azimuthal Componént:

1.5

2

32u Bzu
. ¢.u_g+_a_<%
3t 9z .+

Ju
2 (ru |\ b, 2w 2
(Br ¢ >> + z Jz
’ B
In this or. it is evident that SH. waves, given by 1.5

separate fro- the coupled P-SV waves descrized >y equations

1.3 and 1.4. : " s

1.2 Seismic Sources . A ';

‘ Body force terms representfng seishic sources may also
-be written in term ;Jbtentials to incorporate in the
egdations of motion. For SH w&ves we may consider the éase
of .a torque source at the free surface, z=0. The body force
'1s defined in termg of the potential » as-(Aki and Richards

(1980) vol 1):



1.6 F="vx(0,0,v).

Both Cartesian coordinates (x,y,z) and cylindrical

-coordinates (r,¢,i) can be used where they share the same

depth dependence:

1.7

vix,y,z) <dep(y)d(z)f(t)

\y(r'¢'2) - 27r

/
/

J

where 6 represents the Dirac delta function and f(t)
represents the time dependence of the source. As a /
mathematical model, the point tordue source is thus

expressed in terms of this potential as
- \

1.8 ‘), F(r,z,t) = Vx(0,0,v)
. ° = _ 9V =
= - 153 ¢
= _ f(t)s8(=2) 3—(“”)3
2T or \' r i

For an explosive source, the body force term is defined

as

Vv . )

. 5(r) s (z=-d)
£(t) V{ 27 }

1.9 f(r,z,t)

where the source-is assumed to be at depth z=4d.

-
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In the case of a vertical point force, the force may be

expressed directly, rather than ind:27ms\gf a potential as

/\\ Fir,z,e) = £1t) 6 ().

1.10
2TY

._\.

, ;

7



2. SH CASE

2.1 statement of the Problem

For the case of a SH torque source, only the'u \\
| componént is nonzero due to the decoupling of P-SV from Sﬁg
motion for isotroﬁac media. The equation for u = u¢(r,z,t)\\

becomes

2 2 2 2 .
p(z) 3w _ p'(z) du , 97u , 37u _ 1 3u _
u(z) 3¢2 u(z) 9z :322 2 r or

[+ 5

subject to initial conditions

2.2 ' ' !

“Thé.boundary condition imposed by a torque source at
o

the free surface z=0 imposeé the boundary condition

2.3 .

. __£(t) i(d(r)

bz T 27 ar r

z=0 '

R . /
from which is™obtained ' /
2.4 |
: u __ f(t) 4 (_6_(__1;)_) ,

3z T 2mu_dr\"r /°

z=0 .

The statement of the problem for the case in which only
SH waves appear is given by equation 2.1 subject to 1n1t1al

conditions 2.2 and boundary condition 2.4. The



d1mens1onal1ty of the eguation of motion can be reduced by

the appllcatlon of a first order finite Hankel transform.
The determination of the kernel to be of value in

transforming the equation is obtalned by considering’

solutions of the equation Lu 0 where L denotes the llnear ~

differential operator

2.5

Lu = 5%%7-{5% q(r) %%- + m(r)u.

The equatzon of motion for SH waves can be expressed in

terms of this operator as

2.6 _
2 2 2

: 1/29 d \ 0 u 1 9dp du _ p(z) 37u _ .

| f{rr(rﬁ»“;f“*azz*u(z)ﬁsz WEZ'/O

‘The finite transforms corrisponding to the operator

L2 103 2 N
. arz r ar r2

ere called finite Hankel transforms. If we consider the

solution of the Sturm-Liouville eqguation

\v\(L-E)u =0 . { . N

: N - _ :
_where we take (=-k;? then the equation reduces to Bessel's

. . ) . .
equation: : N,
2.8 ° 82u + ; au k2 _ 2% =0
\ 2 T 3r i 2/ "
o or , r
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Imposing the boundary condition ulha =0 it has the genefaI
solution u(r)=Jv(k,r) where k, are the roots of. Jv(k,a)=0.
(Sﬁeadon (1872)).

The transform to use in the case of SH waves, for Q=},

is a finite first order Hankel transform.of the first kind

2.9 .
S(ki,z,t) = J u(rlz,t)Jl(kirerr.
o .

The inversion formula is given by

2.10 o S(k.,z,t)J,(k.T1)
- 2 i 173
, u(r,z,t) = 5 ] — :
: a i=l (Jz(kia) ‘

The apblication of the transform ES simplifi®ed by

-

writing equation 2.1 in modified form

2.11

Hle.

)+ 22 (v 38)- o T4

For the first term, integration twice by parts yields

the followihg result:

a 3 /3u . u
J u(z) ‘a‘?(’a‘r‘ + ;)Jl(k}r)rdr

o

2

= f“{%kiJo(kia)u - ki S(ki'f'ti}.

Ir=a

It the boundary condition ulba = 0 is imposed, it is

equivalent to the introduction of a totally reflecting
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| —_—

surface at r=a. If. this reflectiﬁi surface is set far enough.
from the source, the se15m1c respo%se in the reg1on of

.interest w111 not be influenced by" ¥ny spurious reflectlons

L4

The equatzon of motlon upon appllcatlon of the transform

becomes

2.12 R
2w 35) - K205 = o(2) 33% 0
F—. 92 1 : ot z20.

-

The goundary and initial conditions given by equations

2.2 and 2.4 are transformed to-yield

2.13 .
‘ = .a_§ o=
S 5t 0 - .
t=0 1t=0 \
2.14 ) .
‘ Y-
3s . _ () J (6(r))J (k) zdr
| 3z 2=0 2nu° |
= g#ﬁ) J B(I) k 3, (kg r)rdr
o a
_ f(t)ki :
-4nuo
In & .41 -0 the reflections from the fictitious'f'
surface at =: _.ce the dept» is finite when the problem
is'solved by 1 21 m~thods, chere is a need to minimize ,
reflections i.or . .. grid Soundgry. Thls may be
accomplished by h: ‘.- the depth - reat enough that
reflecfions’do not”infl;;nce—the seismic record for the time

being considered. Another methc” which minimizes such

o
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reflectlons and . rgsults in® ‘a manageable gr1d depth requires
the introduction of a damping term y(z) au/at in the
equation of motion. In effect reflect1ons remain but,
because they are heavily damped, their amplitufle will be

negligible. The eglation of motion becomes

2.15 | : ,
2

' 3 as\ _ - 3°s y 25

5z (1@ 53) - K u(Z)S} o (2) e ©-

where y(z)=0 in the region of interest and increases

linearly with depth over several wavelengths to the lower

| 'grzd boundary.

BN

2.2 Finite-Difference Equation
The §et of equations to be solved by finite-difference
methods is given by .
2.15 | 5
%(u(zyg—i—) - kiu(Z)S = p(2) :—t§-+ v (2) -3-%

(S5

= 95 =
S = SE 0
t=0 t=0
. ~2
2.14
'ﬁé _ kif(t)
az 4ty

where k; 1s the i-th root of J,(k,a)=0. For a glven root,
this system can be soived eff1c1ently by the use of an

explicit finite-difference method. It is necessary to limit

|
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grid dispersion by the seleétion of a sufficientlyrfine
spatial grid. The ,grid disﬁersion causes a delaying and
. broadeningkbf the signal such that the pulses develop an
.oscillatory taii: In the programs used it. was necessary to
-use a minimum of 40 grid steps per wavelength.

ff%e determinatioh of a finite-difference analogue for
equat?on 2.15 is fécilitated‘through the use of a relation

given 'by Mitchell (1977):

2.16 -
S

i i i
a S -(a, +a, ..,) S +a
k k-1 k “k+¥ "k “k+1 k+14~0(Az)2

- (ﬂz)'as>
9z 3z - ('Az)2
2=z, .

where
2.17 2k 4 -1

a, = Az o Z

k : j u(z) ,

. 3 Zk_l .
o PMker
Hethga

PR

In this relation the i-th time step has been considered and
the finite-difference formula is centered about depth z=z,.
The formal development of this relationship is as

follows: ™

w 3s
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i-1 _ i NP
>t
k-1 ﬁjr =
k ' ' Aﬁ
Az
k+1 4 %
B e T o]
at
Y ‘
Z
~

Figure 2.1 Finite-difference grid.



where

“hence

z

K+l g, . -

NTUR u(z) k+1 k
Zx

—

f

9 3S
H(M(Z) 3_z-> Az
iz WreyTuk-y)

= Byc(Sya17SK) = A (Sksiy)

. :
5 _ 1 k+1 dz -1
k Az H(Z)
zk '
A\
\\
Z
1] [* & |
Ak Az H(Z)
Zk ‘:&\

2 uz) 28)- (s‘ -5, ) s
sz iz 52) = Pe1 (Sya1 -5y " Ay (S=S )

a5x-1 = (ay*ay )8, + a 1S,

(Az) 2

14
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The finite-difference analogue to 2.15 is given by

2.18
, i i i ,
AcSk-1 T (At )8t a8 o 54

- kiu, S
) . iMkSk
(Az)
sitl _ jqi , gi-l [sitl _ i-l
_ k kT Sk |, x = Sk
T P Yk 25E

(at) 2

In this form it is clear that S/°' can be solved for
explicitly at time step (i+1) in terms of known values of S,

at. the previous time steps i and (i-1).

2.19 -
0 Y . a st (a,+a, ) '2p‘ B o
{ kK, ]{} sitl o Tkk-l ) DMk’ 20 x2, Led
(ap)? 28t Tk (az) 2 (4z)% (at)% KTk
a sl oY
+ k4l k+1_{ kK _ k}si-l
(42)2 (at)? 128t Tk
h l<ksm

2.3 Frée Surface Condition - |

At the free surface, k=0, direct application of 2, 19
results in the introduction of a flCtlthUS grld poznt
elgmgnt S!y. To overcome this dszlculty it can be assumed
that the medium is homogeneous for k=0,1,2 and that no
damplng term is required. With these . restrlctlons equatlonv

i

2. 15 can be written in s1mp11f1ed form:

2.20 ’ 2 : 2
3°s 378
u(z) — - k.u(z)s = p(z) —= .
. 9z 1 atz

- H
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As a finite-difference equation this becomes

a2 ; 2,\i ¢ :
3°s 2 i {1(352_ 2 (z)
A—=) - S~ = x | —= where v _ = ET_T
<az o 10 ;2 ot (o} 5 plz
2.21 : 8 » : , 1
| i I R 141 _ ool gi-ly
S7) = 25, + 8] 2 4 s 2s S
(Az) (At)

1 ,
“ ki So =z 2 )
v

To remove the f1ct1t1ous value S!y boundary condition
'2.14 may be used..Itsxf1n1te-d1fference‘equivaleht is

2.22 S -
i i 4
1 7S5y Bk,

28z . 4ﬂu°

S

Substltutzng for s!, in the equation of motion at the free

surface, the explicit solution for S/*' is given by
p : S|

2.23 o, (At) :
e ci+l _ 2 (At) 2.2 2_lqi
SO (2 s —m)s {—_-2—4- kl s(At) 2 SO
_gi-l _ kif(t)(At) Vo
o 21p_(4Az) > / o
P _ © .
2.4 Seisfiic Pulse

In(the computer programs the form of the selsmlc pulse
£(t) was that of an exponentlally damped sine functlon
expressed as’ ' ’

. . !
2.24 : : ‘ o
: T , g / 2w§;.2
f(t) = sin(anot)begp - 5 .-

/

where f, is the predominant frequency and the factor o



controls the dahpiug.

In o;der to determine the seismic fesponse it i;
necessary to evaluate S(k,,z,t).for each root k,; over the
z-t grid. The response at any given depth z, and epicentral

]
distance r, is found from the inverse transform

2.25 | |
: S(ki,z,t)Jllkiro)

: o
2(Fgrzgrt) = 3 iy N (k,a))*
o i
where the relation J,(k,a) = J'(k.a) = Jo(k,;a) has been used
(Abramowitz and Stegun (1968)). In solv1ng for S(k.,z t),
equatlons 2.19 and 2.23 are used in conjunctlon with the
initial condltlons 1mp05ed by 2.13. The error introduced by'
'truneation of the series is of the order 2-3% over 100\
provided a suff1c1ent number of roots k. at% considered. For
the case f°=1 and o=4, a good estimate for the number of
terms in equatlon 2;25 is "4a". For,the P-SV case, extensive
1nvestlgat1on of the technique places the number of terms at

"9a‘ (Personal commun1cat1on B. G ‘Mikhailenko).

v o

2~5 Numerical Considerations

The number of calculatlons requ1red can be reduced by a
con51derat10n of . the rate at which the dlsturbance
_propagates through the medium. The flnlte-dlfference
equations are to be solued for all depths z=k(Az) OSkgm, at
a given tlme step. The p01nts in z to wh1ch the dlsturbance

hés not yet propagated may be omitted from the calculatlon

in the initial pqrtlon of the dgrid since S(k;,z,t)=0 in that

-
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region.

In aédition, for a given receiver depth.zo} it is
unnecessary ts compute S(ki,z,f) at those grid points that
will influence tﬂe disturbance after T, the lénéth of the
| - seismogram. A consideration of the gfid elements used inlthe
fénité¥differ§pce calculation, Figure 2.2, shows that akunit
step staircase can be used from the lower!grid bouﬁaary to
the depth z, in exélhding grid points from the calchlation
in the latter portion of the gfid as‘iilustrated in Figure

2.3. .

2.6 Stability

Because there is a péssibilty éf unlimited
'amplificatibh of, errors by the finite-difference method for
arbitrary choice of Az and At, the stability critefia for
the‘technique must be determined. The von Neumann conqition
"for stabiiity can be applied because of the separability of
variablé; in the problem. In this_method a harmonic
decomposition of the error .E is made at grid p;ints at a
given time level. The form of the error function E can be
written as (ﬁitchell (1977)):
2.26 '
iB. Az
E=] Ae 1

j 3

Z A.e
3 J

where, in general, the freguencies §, are ar%itrary. It is

“



i-1 i i+]

k-1

k+1

Figure 2.2 Grid pdints

used in the finite- dlfference
calculatlon.

3
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z:k(az)

Figure 2.3 Grid points used to calculate the

response.
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. _ ' iBkAz
necessary to consider only the single term e : where

B is any real number. For convenience, suppose that the time
level'being'considered‘correéponds to t=0. To investigate
the error propégafion as t increases, it is nedessary‘té
find a solution of the finite-difference equation which

reduces to elBkAz when t=0, Let such a solution be
t elBkAz

where E=a(ﬁ) is, in general complex. The original error
will not grow with time provided that leaA“<1 is satisfied
for all a. To determine if the error grows with time, let

the error be written in the form

2.27
ER = oORAt elBkAz
k
= 3P elBkAZ
vhere  A=e¥At . The quantity A is referred to as the

"amplification factor of the‘finite?difference equation. To
facilitéte substitution of the error fuhcfion into equation
2.19 the vériable coefficients are frozen to their values at
a spec1f1c grid point and the stablllty condltlon determlned
from the von Neumann criterion by testing the modified
.eqguation with constant coefficients. The test should‘in
thedry be carried out for all points in the region under

consideration.
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.

Writing g; = u/p and a=u equation 2.19 can be written

as

2.28 itl _ 2(8t)2 oI 2(85)2- 2,2 (at) 2bsd
Sk Vs\Bz Sk-1 2vg Az 2+ ks (At) Sk

L2\ i i-1
+ Vs(Z?) Sk+1.” Sk

Substitution of the error funttion into thls equatlon yields

O

2 29 o -

An+le18kAz.= 2(2;)2 AR e;B(kjl)Az

{2 oy (At)z ivg(Ag){}Ane18kAz

+ Vg(A§)2 Ane;B(k-i-l)Az__An-leinAz

2.30
A+ L///':( ) { igaz | efiBA%}

2086\2 _ 2 2, .2
f;d{% ZVS(KE) - ki vZ(at) }

vi(%%)z {ZCOSBAZ - %} + 2 - k (At)

2/8tN\2 [_,_ . 2 BAz _ 2 2
Az) { 4sin® 2221 + 2 - k2v SAt)

-]

2 [ 2/at\2 .2 BAz 2 A
AT - {VS<Z?> {-451n —7—} + 2 - kk (At) } A+ 1= Q.
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Equation 2.31 may be written in the form

3 | =
A = (A FA)A + Ak, =0

/"
o / - Co
where A, and \; are the roots. For stability it is necessary

o

that lk,|$1 and |A:;|<1, hence

IK1A+ Azl\s |X1|‘+112|

< 2
Therefore -~
2/8t\2 [, . 2 BAz _ 2.2 2

/
p

L 2/8t\2 .2 2 2
| ,2 - 4 vs(35> - ki viat)?| <2

PR )

Thé\corresponding-inequalities aqi

he

o x2
v§<§§>2 +1%zv§(At)2 >0
2.33 )
k2

- The stability condition is given by thé last inequality

since the first one is trivially satisfied.



3. P-SV CASE

3.1 Equations of Motion
The equation of motion for a vertiéally inhomogeneous
medium is given by

»

3.1 , o . N

\

P = (A+2p) V(V:Q) + (VeU)VA - p(VxVxq)
+ (VueV)d + V(Vu-u).

Assuming that Lamé's parameters are functions of depth only
u=p(z), A=A(z), and (A+2u)=7n(z) the terhs of egquation 3.1
‘have the following forms in cylindrical coordinates where
u = (ur,u¢,uz). The radial and ver:ical components of the
displacement vector G are given by u_ and u, respectively

and may be expressed as

Radial Component:

42 313 (ru)y, [ %\ _ 5 [ 3uz
“E'r'(?’c‘:?o D)) &

! Su 3%y
- o 3u (1.3 (rur)) PRI R 1) R, z
Z\r 9r I 'r ar r atz
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. It should be noted that in the original wave equation a
body force term must also be included. For the case of a

vertical point force at (r,z)=(0,d) having time dependence‘
f(t)

3.4 4

f(t)d(r)s(z-4) >

f(r,z,t) = 0T

o9

and for an explosive source

3.5

v(r,z,t) = f(t)V“{6 (r)$ (z-d)}.

2nr
5
Equations 3.2 and 3.3 determine fhe displacement
componentsusubject to initial conditions
(3.6 |

-
u

3.7

22

3.8 .

z=0

In cylindrical coerdinates the boundary conditions at

the free surface can be written as

—)
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3.9
au - ©au
r r z
02z A<ax' + ??> + (A+2y) 0z
3.10

= &"'a—li—z-‘ 1
Trz - H 9z or

As for the SH case, the dimensionality of the problem
. can be reduced_through.the introduction of finige*ﬁénkel
transforms. Thelchoice of the ofder of Hankel 'ransform to
" be applied is deterﬁined largely by the form g}\the pair of
differenﬁial eguations which degcribe\the motion, and the
boung%ry conditions imposed at f=a.

| The transforms appfopriate to the boundary value
problem expréssed by 3.2 and 3.3'with boundéry.conditions

u = 0 and au,/ar|pa = 0 involves a consideration of the

r lr:é
Sturm-Liouville transforms appropriate to this differential

system. A finite first order Hankel transform is applied for
u 4, and a finite zero order transform of the second kind is

;pplled to u,. | ¢

The transforms are given by

3,11 Cofa ,
S(ki,z,t) = J ur(r,z,t)Jl(kir)rdr

(e]

a

’ 3712 . R(ki,z,t) = J. uz(r,z,t)Jo(kir)rdr
o
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whére k, are the roots of J,(k,;a)=0 (Sneddon (1972)).

Direct application of 'this pair of transforms to
equations 3.2 and 3.3 reduces ;ll operations with the
variable "r" to scalar mﬁl;iﬁlicétion in the transform
domain. Thus in P-SV problems with a ﬁoint source on r=0, a
zero order Hankel transform is-appropriate for'u, and o,,
whereasla first order‘tﬁansform is required for u, and T, -
(Aki and Richards Vol I (1980)).

The inverse transform for the radial component is

3,13

© S(k.,z,t)J, (k.T) R .
: 2 i 1'1
u “~(I,Z,t) T —. z a
r a®isl (3, (kan?
2 i
-and for the vertical component
3. 14 ’ R |
o (r.z.t) = 2 Z R(ki,z,t)Jo(kir)
"z a iZ1 (Jo(kia))z

The inversion for the radial component can be expressed-in a

form similar to that for the vertical component

315 (k.,z,t)J, (k. 1)
o S .,2,t . I
u_(r,z,t) = j% ) =1 12 =
T2t is2 (3 (kja)) -

where the relation

_ 2 ,
-Jz(kia) = Jo(kia) - E;E (Jl(kia)

has béen used (Abramowitz and Stegun.(1968)).

~
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As for the SH case the introduction of boundary
copé;tlo?s at r=a introduces a flCtlthUS reflecting
s;r}ace. The boundatry r=a must be chosen suff1c1ently far
that refle;tlons from it do not influence the seismic
response . in the region of ihterest. |

The transformation of each term in the equation for the

radial component involves integration by parts:

5 [ %Y, 3
2 |n -3- J) (kyr)rdr = -nk; 2 R(k;,z,t)

. . .
3 -2 J (k;r)rdr
-5; ar

0 ~——n
o1}

d

II
!
x‘

0Y~—-
21}

a u du, iﬁ
j THET Jl(kir)rdr = -ki az_R(ki’z't)
O -

a

3 (1 3 , = _2
j ”-EE‘<§ 3% (rur))qﬁkir)rdr nki S(ki,z,t).
o

The eguation for the radial component becomes

3.16

| | | 2
3 38\ _ AR 3 - o, BU o 2. _ 38
(v B)- s B & om oo Raends - o 32

To transform the equation for the vertical component,

consider the terms of equation. 3.3.

[ 3 (

o

s (rur)>Jo(kir\rdf = k, 395 (nS(k;,2,t)

e

.



a u o9 aur » ?
~J FIE Q*TET Jo(kir)rdr uki T o(ki,z,t)
o .

. |
o 1 3 du

j 3z r or (FUp) o (kyT)Tdr = 52 kiS(ky,z,t)

! )

T du, 2 . ,
J £y \f 3% qo(kir)rdr -Hki R(ki,z,t)
o .

‘The equation for the vertical component becomes upon

transfaormation: ‘ \

3.17 .

. N . 5
3 (3R 3 - uk. 38 -2k, 3 s_ k% =, 2R
s (n5) 7Kgk 09 Sk 2o Fosoug Re o 2

N

To determine the radial and vertical displacement

29

I

components it is necessary to solve the coupled system given

by equations 3.16 and 3.17 u51ng £1n1te dlfference methods._

The 1nverse transforms given by 3.14 and 3.15 def}nekthe

components u, and u, respectively.

3.2 Finite-Difference Equations
It remains to develop finite-difference analogues for

équations 3.16 and 3.17. In the equatkon for the radial

component the terms in R(k,,z,t) can be written in the form

(equation 3.16):

3.1 - 3R _ 3 ; “du
.8 ki{n 3z = 3z (R + 25 R p

(¢34

= - - 3R au \ i)
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‘1

i —u. ) (R .-
bz {(nk+l+nk—l-“k+l Hg-1) Ry Ry p)

ML S Y (Rk+l-Rk—l)}

N

/ ' v. -. N . . .
\'» T3z ’:‘”k’z“.k)+“k+1 L [(“k“?“k)‘+“kf1)] Ry 1p-

)Arlthmetlc averages have been used in order to prov1de

smooth1ng of the medium parameters and response. In a
imilar manner,

the terms in eguation 3.17 for the vertical

K:mponent whlch 1nvolve S(k,,z,t) can be written:
3\ 19

3 8S _ L du o
55 (nS) - w5z -2 57 ?}

' 5S 5
ks {.(n-u) =z -5; (nﬂu)s}

kg

iz {"‘kﬂ*”k-l'“kﬂ'“k-l) (Sp41-5k-1) \ T

+ (nk+l-2“k+1-nk-l+2yk+l)(Sk+1+sk-l{}
A( . .
|

kg

= 7iz {[(nku’z“kﬂ)*“}c]skﬂ - [‘”k-l‘z"_k-l)*“k:, sk-l}

In the same manner as for the SH case, the follow1ng

analogues are used:

3.20

‘l .
o . K
Sp-1 = (agta, )S + a5

r(ﬂ(z) 5—) K

.
<3

(Az)z

30
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.
: 2u, W,
where a, = E~§E£~i
k" Hk-1
3.21 ) _
£ (n )« Dl ) * Pt
3z 02 -(Az)z
: 2ny Ny
where bk = —~§~£fl
’ Lk Tk-1
3,22 “ itl i, i-l
. 32 _ (sk 25, +5, >
D et K ‘(At)z;
' eltl i-1
3.23 3s _ Sk Sk
Y3~ Y% 2 (At)

 The analpéues for the time derivatiVeJ;n 3 are
indentical_to 3.22 and 3.23. Making use of thése‘relations
"the_finite—différence eqyivalent'of equation 3,16 for the
radial component is: , |
328 asi - (ak+ak+l)si + 8,55, ) w('si+1_2si+si-l>
(2z) 2 pk Sk

1

. . k. 7 . ' .
2 741 i Syt - - i
“ki%Sk " 35z (‘”k‘z“k+“k+1)Rk+1‘ '(n%'zgk+”k~l)Rk-l))

&/

-~

e
BN
LI

!
<
W
‘,——"“-.\~
0
& e
+
-
wn
5
[
~—
L]
o
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This equation is to be solved for S;*' explicitly and
. o

can be written as

3.25
P Y a Si a, +a 2p .
SRS R S5 B o W B S SO RN T S R
ey 28 )Tk (82)% \ (az) Pk 2]k
! ; ; o i .
: a s k. ' . R
xSk-1 X3 i
T Tan?  Zhz Mt R

k. .
1 1
* 78z (My=2mtH IR

P Y ; o

Xk k i-1 . :

- - S . . lsksm
<(At)2 2At> k. :

The finite-difference analogue of the equation for the

vertical component is

73,26 ' oo
b RE_. - (b b )R)ich“bb R; ri*1_opiipi-l
KBk-1 7 Pythyyg k1Rl )
(rz) : "( (at) 2
2, i, X | i el
TRiMkRk TRz (Meadm2Mn ) Sy (g =2uy gt s
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or equivalent., as

3.27
b, .. R b, +b 2 : .
Pk, Yk Ri+l _ DkH+1Tk+l < K kel , g2 Pk ) Ri -
(at)2 28t (az) % (az) 2 % (a2
kRk -1 ki B
* 7z (Mkar” 2“k+1+“k’ a1 -
(AZ)
k.

i i
= Zhz Mgo1=2Wpe 1t ) Sp

Py Y : '
k k i-1
- - . 1sksm
| <(At)2 _2At) Ry
Equations 3.25 and 3.27 are used 'to evrluate successive
values of R(k,,z,t) and S(k,,z t). The dlsp?¥cements u, and
u. are found from the inverse transforms given by equations’ .
3.14 and 3.15. It should be noted that the body force terms

must also be incorporated into the finite-difference

equations. ' ' ‘ :

3.3 Source Terms

For the case of a’vertical point force, fhe transform
of the body fo;ce term is 1ncluded on.the left s1de of.
equation 3,17 for the vertical component. The transform is

given by



K

lerac delta functlon in

3.28

a oo )
J F(r,z,t)Jo(kir)rdr )
o

c

£(t)§(z=a) [® .
= v J G(r)Jo(}ir)dr

{ 0.

_ f(t)s(z-4d)
- 4T .

This term is to be added to R(k;,z,t) at depth z=d.

)

1/4Az since §(z-d)-Az=1. The function f(t) 'is' an

exponentially damped siné’function as for the SH case.

For an explosive source

3.29
F(r,z,t) = £(t) V {6(1.;:1(.2_(1)}
3 6(1')6(2—(3) A 3
= £(t) %7 T+ f(t) 5~

2nr

The transform of the radial component is

3.30

1

a )
~ 3 /6(r)6(z-d)
J £(t) B?( 2 )Jl\(kirv)rdr

o

kif(t)é(z-d)
4TAZ

<

This term is to be added to S(k,,z,t) at depth z=d. The

S(r)é(z-d)

34

The

this case has been approximated by

)a.
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transform of the vertical component for this case is

3.31

- a ! ' ‘
o 9 6 (xr) 68 (z-4d) :
- J £t) 55 27T )Jo(kir)rdr

(@]

‘1f 6(z-d)ﬁgs approximated by 1/Az at depth z=kAz then
an approx1mat1on to 3/9z 6(2 d) is given by 1/(Az)2 at
z=(k- Tipz and -1/(4z)? at z= (k+1)Az The terms to be added

‘to R(k;,z,t) are

3.32
——515112 at z =’(k-l)A2
‘Zn(AZ) ' . -
- _Jiﬁﬂ_i at z = (k+1) Az
4m (Az) '

for the duration of the seismic pulse.

3.4 Free Surface Condition

The. finite-difference equations givenvby 3.25 and 3.27,
with the incorporation of the appropriate body force terms,
are to be solved forrall grid steps k where 1sksm. At thé
free surface, k40, the assumption of‘a homogeneous medium
-allows the eguations of_motion to be,;ritéen in a simplified
form. Homogeneify for k=0,1,2 enables equations 3.16 and

3.17 to be written as B o , T
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L
3.33

2 2
2 s 2_2) 3R _ 2.2, _ 3°sS
V8 — - kl (Vp VS) r klvp F

2z

3.34 5 2

2 3R 2_.2, 35 _ .22 _ 3°R

where v’ = u/p and %: = (A+2u)/p. If_finite-diffegence
analogues are written for these equations, they will contain
the fictitious values R!y and S!,. In order to eliminate
thesé‘valués from-the eguations, the bouﬁdary conditions at
the free‘surface given'by equations 3.7 and 3.10 may be

used. From equations 3.7 and 3.9 we may write, for o,,

au
z

1l 3 - ' —
A (f'FE (rur{)+ N3z = 0-

Application of a zero order finite Hankel transform yields

for z=0: , _ . )

: |
— (rur)>Jo(kir) rdr

g.ﬁ .
V]
>
N
|~

a Buz
+ J n =5z Jo(kir)rdr =0
o

[+ %4
NI
,?;

-
N
+

i
o

akiS(ki,z,t) + N

2 3R _ _, 2.2,
3.35 VP E = kl (Vp ZVS)S.

2
&

~



6
. L
The finite-difference analogue to this last equation

yields . ‘ .
3.36 ‘ '

In a similar manner, the equation for the shear'st;éss at
the free surface given by 3.8 and 3.10 can be used to
determine a substitution for the fictitious value S!;.

" Application of the transform yieldé

a Buz a aur
u J TE?'Jl(kir)rdr + J 5 Jl(kir)rdr =0

(o} o
3.37 -‘kR(k z,t) + 35 (k..z,t) = 0
. iRikjr2,8) + 55 (kj,2z,t) = 0.

-

The finite-difference analogue to this free surface stress
condition is

3.38

i _ 1 : i
S_1 = Sl - 2kiAzRo.- .

From 3.33 the finite-difference relation for z=0 may be

obtained és

201 ‘ i . i
2/3°sY _ 2_2(3_3__221=<as>
Vs<;;7 A ki(vp v az'o kivpso ==

37
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(si: —2s5issiy ' 2v2 sitl_jgigi-l
v2 =1 o "1 +'k? (v2-v2) 1 - S)_yv gi-_0 o) -
s S (Az)z i P s .Vﬁ P o (At)z

The explicit solution for Si*' bécomes

' 2 2 2,,..2 §
. . At) . 2v (At)
i+ ;A i Vs( > i S 2,2 2 2
S % = g ( + S (2 = —————— + (At) “k€ (v -vD)
o | 1 (Az)z o (Az)z i P s
' ‘2 7.2 2
1 - s 2\, 1 [Vsier) i-1
. T 77V Sal——— =5 -
RV , - (4z)
P
/ -
Substitution of equation 3.38 to eliminate S!;, we have
3.39

2 2 o2 2
. . [2v_ (At) . 2v_ (At)
i+l _ i S ‘ T el), s 2,2 2_ 2
[ =8 <"’_—"—’>'f S, 2 = ————— + (At) k] ((Vp vs)

°© 1 (Az)2 (Az)2
N N 22 |
2v 2)4, i 2k (At) Ve _ inl
1=—=)- VoI T Te Az o °
V5 ¢

The explicit solution for R(*' is obtained from

equation 3.34 in the same way:

2.1 i . 2. .1
2 3 R) 2 2./7938 2. 2.1 3 R
(v + k. (vi-v )(-) - k%viR? = (-—7
P az§ o 1' P 8°\d9z /g 1's 0 3t )o
(R*_-2r*+RD) R L gpi g gi-l
2 -1 o 1 2 2 2, i _ "o (o} [e]
v > + ki {v -ZVS)RO = Vi
P (Az) P (at)

The explicit solution for R{*' is
L J
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7
i+l i_i-1 2 _;‘Rfl'ZRé+Ri’ 2,2 .2 i
RO = 2RO-RO + (At) (22) ) + k‘i (Vp—ZVs)RO

-~

Substitution of eguation 3.36 for R!, yields

3.40

, 2 2.2 2 2
. . ' 2v (At) “v . [ 2v_ (At)
i+l _ i / _ 5" : p i
R = 8 2Azki‘.l v2 > 5 + Rl <—L2-— )

° © \ 5/ (az) (8z) )
2 2
. 2v_(At) .
i . 2, 2 2 a2 _ pi=1
+ RO 2 " —h— + (At) kl (Vp - 2Vs) RO

Making use of the relations given by 3.39 and 3. 40, the
truucatlon error at the free surfait as well as throughout
the interior of the grid is of the order 0((Az)?,(At)2). The
truncation error at the f;ee surface was‘thought to be
responsible for tue genergtioh of the S* non-geometric
arrival 1dent1f1ed by Hron and Mlkhallenko (1981) A Taylor
series expansion at the free surface for R(k,,z,t) angd,
S(ki,z,t) was then used to‘reduce the truncation error to
the order of approximation 0/((Az)?®, (At){). The
incorporation of this improved.;oundary condition did nut
alter the results substantiallyuand the nature of the
arrivals was unchanged. The baéic features of the S* arrival
vere first inferrgd by Hron and Mikhailenko (1981) from

synthetic seismograms based on the Alekseev-Mikhailenko = -

.method.
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3.5 Stability

fInlorder to determine the stability condition for the
P-SV case, the coupled finite-difference equations to be
analyzed by the von Neumann method are gi&en_by-equations
3.25 and 3.27.

In the same manner as for the SH case, if we assume ~
that y.=0 and set‘the variable coefficients to their'values
at a specific grid point, the modified equations in terms of

3
P}

shear and compressional velocities are

v—AtA2 . | /V At\2 . 7.
Y Y bR . - s - 2 2 2 C’
z Sis1 2\ > > 2 + kjvI(ae) T

P

o (rY —Ri ) .
v at\2 i 2,22 ‘Fes17Rey) i
< s > -y (o) 2 (w2ov2) Oy

ivl  [Vpht\2 b /v _at\2 ‘5 g 2l
R = (_EL_Q R, —{2 P\ 954 kive (At) R

v_At\2 . (si _si .
i 2,2 2 k+1"5k-1 i-1
*'( v ) R * &y (8) " (v=v) 25z " R

where'%; = u/p and %; = 1n/p.

For a system of coupled eguations, Rithtmyer and Morton
(1967) dicuss in detail the basis for using a harmonic
decompbsition in terms of a Fourier series. In our

particular case it will be necessary to determine the

amplification ma*~ix from which the characteristic equation
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n

yields the eigenvalues. To ensure stability the spectral
\
radius, or maximum of |\, | i=1,2,3,4 must be uniformly

bounded: |X\;|<1.

\ Given a prdperly posed initial value problem and a h

finite-difference approximation to ity Lax's Equivalence
Theorem states that stability is the necessary and
sufficient condition for convergence. The consistency

I

condition requires that the‘trunqation error -0 as (AtZ*O
for 0<t<T. The amplification factors or eigenvalues can'bé
obtained by substituting .the érror function directly into
the difference equations. This vields a system of linear
eqﬁations for Ry*' and S/°' and the vanishing of their

determinant determines A. In our case, the coupled equations

‘given by 3.41 and 3.42 can be expressed as

3.43 | - _ | |

S}i(ﬂ =<.—VZ¥)2 ,Sli<+l - 2-<V‘th)2 -2+ .k‘i?'v;(At)z .s}i{ *
(g

-3.44

O <V_§?>Z ;Rli<+1 12 <Z%§1>2 “ 2 kZve (st) 2 R,
+'<V§:t>2 Ri—l + ki(At)z(vé-vf\ (Si+;::i-l)._ Qi.

- . -

where P.*' = S{ and Q"' = R! have been used to reduce the-
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.system to a two-level scheme. If we write

sJi<+1 - ot Si

si_l e~1842Z si

R}ic+1 - eiBAz'Ri ,
Riy = Ti8a ki‘

—

3.45
i-1 _ .1
P, T =5,
i+l i
O = Ry

rRitl _ —Q; + <_E__> (2cos (BAz) = 2) + 2 - k?vi(At) R;

k Az i
T Az (lsm(BAz))sk
2,2 2
' . k()T (vi-vD) _
l§;+l =--P; - = Az P_S (iSin(BAz))Ri
v_At)\2 » |
<‘zz. > (2cos (BAz)=-2) + 2 - kfvg(At)z S;.

In terms of an amplification matrix, W=(P,Q,R,S) can be

expressed as:

-
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3.46 ' ro 0 0 17

i+l
"k

3N
4]

where
v_At\2 2 5
a = "%E“ (= 4sin? (8Az/2)) + 2 = kv 2 at)
b = ——KE————(VP-VS)Sln(BAZ)
3.47 c=-b

v_At\2 2‘
d ='< Zz > (-4sin (8Az/2)) + 2 - ki (At) .

. The elgenvalues of the amplification matrlx in equation
3.46 are given by |A- AI|=0. The ampllflcatlon.factors are
found from the roots of
3.48 . 3 5 .

AT = (a+d)A” + (2+ad-bc) A€ - (a+d)A+1 = 0.
If we denote the elgenvalues as {R,,kz,ka,k } then the

. eguation of degree 4 having these roots can be written

3.49 34 (A +X,+2

2 3+A4)A

o,
(A1A2+A3A + (A1+A2)(A3+A4))A

(AlAZ(A3+A4) + A3A4(Al+}2))l E

f A1A2A3A4 = 0.



Comparison . of 3.48 and 3.49 yields the relation

3.50

v_At\2
4 - 4sin2(8Az/2) <‘%§‘) +-<

The requirement for stability is’ |n; <1, Imposing this

conditiop on the eigenvalues we have

3.51
4 4
izlxi * igl 2]
7 |
< 4.

vsAt
Az

2
2 2, 2
.) 3 - kl(At) (vs+v

Y

)

From equation 3.50 the reguirement for stability is

Az Az

Az Az

The two equivalent inegualities are

Az

)

v_At\2 WV _At\2
4-4 ( P ) + < S > - kf(At)2

v_At\2 v_At\2 L
4-4sin’ (BAz/2) <-E__> + ( 5 ) - ki(At)z(v§+v

2

(vo+v
S

)| < 4

2
P

g 2 ) .

v_At\2 v_At 21 kY (At). :
<_2__> + < S ) + 2 wevd) >0
Az{ P S )

N

>

P

o I )
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v_At\2 v.,At\2 | kT (At) '
<_L> +< S ) + _.l___.‘. (v; + v:) < 2

~Az iz )

The first ineguality is trivially satisfied since all terms
are positive definite. The necessary and sufficient
condition for stabilty of the finite-difference scheme -is

- given by the last inequality.



4. NUMERICAL MODELS

In order to provide a comparison of results with phese
presented in the literature, a particular model has been
duplicated for the case of SH waveS'and'then'extended for
other source types. The model used fof the calcu;atioh of
synthetic seismograms for a vertically inhomegenebﬁs medium
is dne presenped by M. Korn and G. Miller (1983) in which
two thin low—velocity'layers representing coal seams are
embedded in a homogeneous half-Space. In their paper SH

l

waves are generated by a horizontal single force at the.

'surface and the results confirmed by comparlson with the ray

reflectivity method

The statement of the problem is given in cyllndrlcal
coordlnates (r,¢,z) with the z*ax1s pointing downward 1nto
the vert:cally inhomogeneous half -space whose surface is at
z=0. As before the material parameters are the density p(z),
rlgldlty u(z) and s veloc1ty B(z). At the surface a
horizontal single force f(t) acts in the direction ¢=0. The

boundary values of the tangential stresses are

4.1

| T,y = —COSO G(I) £(t) :

4.2, : '
1, = sino %}El £(t). 4

The dlfferentlal equatlon descrlblng ué, the azimuthal

dlsplacement ‘is

i.3 82ﬁ¢' a%u¢ 1 8uy) 3 'au¢v' e a7
SR Aoe 2 o S e T A T R P =
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_.ﬁigure'4.1 Velocity vs depth for the coal seam model.
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The stress relation 726 =u(8u¢/az) together with 4.2 yields

4.4
du .
) _ Sin¢ 6&(r)
0z ‘ - 2mr p (o) £().

4
3

Since the azimuth ¢ does not appear in 4.3, eguation 4.4
implies ug ~ sin ¢ for constant r and z. Hence

4.5

u¢(r,¢,z,t) = u(r,z,t)sing.

As before,. the initial-boundary-value prdblem to be

solved is given by

4.6 , i
\ R
3%u 3%y 1 au> 3 du
P = p| — + = + B
jat_ <3r2 r 9r 2z 9z
4.7
3u S (r) ;
3z TL W (0) £(t) :
z=0 ‘ . _ B2
4.8
- du -
u = -3? = 0, .
z=0 =0

The finite Hankel transform pair used in reducing the
- dimensionality of the problem is given by

4.9 a
'S(ki,z,t) =’j u(r,z,t)Jo(kir)rdr,

o



S(ky,z,£)T_ (k1)

. 2
1l (Jl(kia)
\

where k, are the roots of J,(k,a)=0. The differential
“equation for the Hankel transform S’ki,,z,t) and the boundary

and initial conditions are given by

4.11
- 3% g ' aé | 2 '
e 25 =& (vw )2 ys
] ' s
4.12 o
S 35S - f(8)
"9z 2T u (o)
z=0 h :
4.13 S =§% = 0. B
z=0 z=0

Upon solution of this transformed
initial-boundary—value problem, the displacement is given by
‘the inverse transform 4.10,

For the numerical calculations, the coél seam-model
involves layers each 2m thick haQing de;sity 1.6 g/ém3 ané
vaeloci;y'866 m/s-embédded in a half-space of density 2.6

g/cm?® and S-velocity 1732‘m/s; The coal seams.are placed at

4
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depths of 200m and 250m. bn a profile at the surface, along
$=90°, one expects.direct waves, primary seam reflectidns,
interseam multiples, and multiples between the surface and
the seams.

In order to match the arrivals éiven in their paper,
the dominant frequency of the ‘force f(t) was taken to be 60
| Hz rather than 30 Hz as stated by Korn and Miller. In the
seismograms presented here, epicentral distances and depths
are given ig terms of S-wavelengths for the half;space..In
all figures, times are given in periods rather than seconds.
With these changes the coal seams are at depths of 6,90 WL
and 8.625 WL. One set of 10 receivers is located on the
surface of the half-space at epicentral increments of 0,862
WL. For the vertical seismic profiles another set of 24
receivers at equal depth increments of ©.375 WL haa been
- placed at an epicentral distance of 4.31 WL. For tﬂe P-SV

_ \
case the source is located at a depth of 0.75 WL. S urces

av
!

for the SH case are invariably located on the surfacei;

\

4.1 Horizontal Point Force - Surface Traces

In Figure 4.3, the direct arrival A as well as the
primary reflections B and C are evident. In order to
identify each of the remaining arrivals, the direct arrival
has been windowed out and the later arrivals amplified as
shown in Figure 4.4. The primary reflections B and C,
interseam multiples D and E and the secondary reflections F

¢

and G have been identified and confirmed by matching travel:
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Figure 4.2 Traces from Korn and Miller.



Figure 4.3 Horizontal

Point Force - Surface Traces
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Figure 4.4 Horizontal Point Force
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times using elementary ray methods.

There is a noficeable distortion of the qriginal pulse
.shape in the.primary reffections and later arrivals. This is
~due to~the complex interfefence phenomena present in the
wavelets whlch are reflected from or transm1tt€d through the

1}

ich represent the coal seams.

very thzh

e

DY

ml“Oni§’Ehe‘wipdowed selsmograms are presented in Figure
$4.5 for this_case. The significant difference between these
arrgvals and those for the horizontal point force is the
amplitude dependence of the arrival on the_anglé e where o
is the angle made by the ray with the z-axis. Ben~Menahem
(1981) confirms that the amplitude of the disturbance varies
dlrectly with‘sin\e for a point torque source.
4.3\SH_P§int'Séurces -‘Vertical_Progiles
- From the vertical profiles giveﬂjin Figures 4.6 and
4,7, the natufe of the wave'propagatién is evident. Energy
may arrive at a particular depth either from above or below.
The direct arrival A represents the down901ng wavefield;
arrivals B and C are reflections from each of the seams and
represent upward travelling dlsturbances.'The interseam
multiples are a reéult of the reflection labeled D. The
primary reflection B from the uppermost coal seam is
reflected once agéin}gﬁ the free surfaéé and propagates

downward into the half-space as arrival E.



Figure 4.5 SH Torque Point Source
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Figgfé 4.6 Horizontal Point Force - Vertical Profile
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4.4 Explosive Source - Surface Traces

The set of seismograms at the free surface are given in
Figures,4.8 and 4.9. The direct arrival A as well as the
reflections from‘the seams given by C and D are prominent in
Figure 4.8. The weak arrlval B 1s a low amplitude Raylelgh §

0
: ﬁ
wave as confirmed by its apparent veloc1ty ‘ "

4.5 Explosive Source - Vertical Profiles

The vertical profiles as given in FlgureSg' 10 and 4.
1llustrate clearly the propagat1c1 of the dlsturbance in the
half- space. The direct P ar;1val identified as’A undergoes ¢
51gn1f1cant conversion to SV upon reflection at the free
surface. The resulting S wave is 1dent:{;ed by B. Arrivals C

and D are reflections from the fnrst cogéﬁfeam their

arrival times at ‘the free surface matching those given in

'-F1gure'4;8 which were again conflrmed by ray methods.

-
4.6 Vert1cal Po1nt Force - 5urface Traces . C X

The dlrect P arrlval as well as @ very strong Rayleigh

wave are the most dlscernable features ianigures-4:12 and
- 4 € : _ PO

4.13. For the vertical component in'particular as given in

Figure 4.132 the Rayleigh wave is. the outstanding feature.

4

The nature of the radlatzon pattern from the vert1cal point

~

force is responsible~in this case for its strength The
force acts as a source of both P and s waves and the strong
vertical component enhances the magnitude of the surface %uﬁ

wave, N T

tre . ’ N -

. 8 - ot <

i ) = L)
*’_ﬁ»* ") . [



Figure 4.8 Explosive Source - Horizontal Component of
Surface Traces
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F:gure 4, 12 Vertlcal Point Force - Horizontal Component of
, 3 Surface Traces
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4. 7 Vertxcal  Point Force - Vertlcal Prolees

I

f ‘Two features are 1mmed1ately evident in Flgures 4;14

and 4 15 The flrst 1s that” there is both P a%f S rad1at1on

-

~from the: sourCe.JThls 1s conflrmed by the separatlon of the

dlrect P and Sﬁhrrévals ‘on the: surface trace. The second
P st
feature . zs the more compltx nature of the wavefleld produced

by thlS source than by the explo31ve source: ‘as a result of k

. N %, w2y g
&y both P and S waves’ ema&§§' ,*rdﬂ’the source and part1a1
‘ . ) ‘kv P . / ‘1;".
converslons at the free surface upon reflect1
. A ’ O'“ ’ B 3 . DL
s ail‘\"é o ’ “1%’ )\93 . S, . .a'"/‘.v‘ e
4, 8 Con lusio ', oo i ot
w% c n‘r _; . 'é:::i‘ L ‘ @0
‘a'“' For the generatzon of synthetlc selsmograms the ¥
. . &'{ L . - : (J‘!' s s
. Alekseev~M1éha11enko method ‘has the advantage of prov1d1ng;
W"'"j."""" 450 o
seemlngly true representatlon of - the wave&1eld prodg@?d by

D

varlous p01nt sources. Includ&@ 1n the traces are found .*

Ve

5 dlregt arrlvals, reflect1~ -and their.multlples, and

©

. accuracy prov1ded through the use of Hankel transforms in
reduc1ng—the dlmen51ona11ty of the wave equatlon thereby
11m1t1ng grld dlsper51on. The use of thlS nUmerical’ method
in vertlcal selsmlc proflle sahdles is, ev1dent however rayL

methods must Stlll be used to - identify partlcular arrivals.
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