Copyright (©) 2001 Tech Science Press

CMES, vol.2, no.4, pp.477-495, 2001

2.5D Green’s Functions for Elastodynamic Problems in Layered Acoustic and
Elastic Formations

Anténio Tadeu and Julieta Anténio!

Abstract:  This paper presents analytical solutions,
together with explicit expressions, for the steady state
response of homogeneous three-dimensional layered
acoustic and elastic formations subjected to a spatially
sinusoidal harmonic line load. These formulas are theo-
retically interesting in themselves and they are also use-
ful as benchmark solutions for numerical applications. In
particular, they are very important in formulating three-
dimensional elastodynamic problems in layered fluid and
solid formations using integral transform methods and/or
boundary elements, avoiding the discretization of the
solid-fluid interfaces. The proposed Green’s functions
will allow the solution to be obtained for high frequen-
cies, for which the conventional boundary elements’ so-
lution would require an inordinate computational effort,
ruling out its use. In order to validate the final expres-
sions, the results were compared with those provided
by the Boundary Element Method (BEM) solution, for
which the interfaces between layers are discretized with
boundary elements.

keyword: Green’s functions, analytical solutions, spa-
tially sinusoidal harmonic line load.

1 Introduction

The derivation and development of Green’s functions has
been object of research over the years because these ex-
pressions can be used as benchmark solutions and they
can be incorporated in the development of numerical
methods such as the Boundary Elements Method (BEM)
[Kogl and Gaul (2000); Katsikadelis and Nerantzaki
(2000); Zheng and Dravinski (2000); Polyzos, Dassios
and Beskos (1994)]. This research has been extended
to many areas of engineering, such as fracture mechan-
ics, fluid dynamics, heat transfer, structural mechanics,
elastodynamics [Guimaraes and Telles (2000); Melnikov
and Melnikov (2001)]. The present study extends the
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work performed by the authors in the derivation of an-
alytical solutions for the steady state response of a ho-
mogeneous three-dimensional half-space subjected to a
spatially sinusoidal, harmonic line load. In the present
case, this work presents the Green’s functions for calcu-
lating the wavefield in a formation formed by an elas-
tic solid medium, bounded by one or two acoustic flat
fluid media, as in Fig. 3 and Fig. 4, when subjected to ei-
ther a spatially sinusoidal harmonic point load placed in
the solid or a spatially sinusoidal harmonic pressure load
submerged in the fluid. These functions, or fundamental
solutions, relate the field variables (stresses or displace-
ments) at some location in the solid or in the fluid do-
mains caused by a dynamic source located at a different
point in the solid-fluid formation.

The technique presented here requires the knowledge of
solid displacement potentials and fluid pressure poten-
tials. The solid displacement potentials employed to de-
fine the present Green’s functions are those defined by
the methodology used by the authors [Tadeu and Kausel
(2000)] to evaluate the Green’s functions for a har-
monic (steady state) line load with a sinusoidally vary-
ing amplitude in the third dimension in an unbounded
medium. For the fluid pressure potential, a similar tech-
nique is used. All these displacement and pressure po-
tentials are written as a superposition of plane waves
following the approach used first by Lamb (1904) for
the two-dimensional case and then by Bouchon (1979)
and Kim and Papgeorgiou (1993) to calculate the three-
dimensional field by means of a discrete wave number
representation. The Green’s functions for the solid-fluid
formation are then derived, assuming the continuity of
normal displacements and stresses, and ascribing null
tangential stresses at the interface between the solid and
the fluid media. The final Green’s functions are then writ-
ten as the sum of the Green’s function for a full-space
with surface terms, using a technique similar to that de-
scribed by Kawase (1988).
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The fundamental solutions presented here, namely the
Green’s functions for a spatially sinusoidal line harmonic
(steady state) load, or pressure load in a layered solid
fluid formation, often referred to in the literature as the
2.5D problem, are of great value in formulating 3D elas-
todynamic problems, such as those involving the solid-
fluid interaction via boundary elements together with in-
tegral transforms.

This paper describes first how the Green’s functions for
a sinusoidal line load applied in an unbounded solid for-
mation along the x, y and z directions, can be written as a
continuous superposition of homogeneous plane waves.
A similar procedure is applied to the Green’s function for
a sinusoidal line pressure load applied in an unbounded
fluid medium. Next, the Green’s functions for an elas-
tic formation, bounded by one or two flat fluid media,
are established, using the required boundary conditions
at the solid-fluid interfaces. Finally, the full set of expres-
sions is compared with those provided by the Boundary
Element Method, for which a full discretization of the
boundary interfaces is required.

2 Green’s Functions in an Unbounded Medium
2.1 Solid Formation

An infinite homogeneous space is subjected, at the origin
of coordinates, to a spatially varying line load of the form
P (x,,2,1) = 8 (x) 8 (y) €/ ~*2) acting in one of the three
coordinate directions. Here, &(x) and &(y) are Dirac-
delta functions,  is the frequency of the load and k; is
the wavenumber in z (see Fig. 1). The response to this

i

(x0, yo)

v
Figure 1 : Geometry of the problem: Full-space

load can be calculated by applying a spatial Fourier trans-
form in the z direction to the Helmholtz equations for a
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point load (see e.g. Gradshteyn and Ryzhik (1980)). The
z transformed equations are then

(82A +a2A,, LA )_ —iH (—ik,r)
a 2

0y? 4poi2

PA,  PA, _ il (—ikr) 0
oxr  9y? 4pP?
where ko = /k3 — k2 with (Im (k) <0) and k, = w/a,

kg = /k2?—kZ with (Im(kg) <0) and &k, = o/,

= 1/(A+2u)/p and B = |/u/p are the velocities for

P (pressure) waves and S (shear) waves, respectively, A
and u are the Lamé constants, p is the mass density,
Ap (x,y,k;,®) and Aj (x,y,k,,®) are the Fourier trans-
forms of the two potentials A, (x,y,z, ®) and A (x,y,z, ®)
for the irrotational and equivoluminal parts of the dis-
placement vector, H,(,Z) () are Hankel functions of the sec-

ond kind and n'* order, r = \/x2+y2 and i = \/—1. From
equilibrium conditions we find A p and Ax,

A i
P 4pa?

(H (kar) — H (—iker)|

A i

A= ——[HP (k
It is now possible to compute displacements G;; in direc-
tion i due to a load applied in direction j from the relation
0> (A, -A .
L= LA e 2
ax,-ax j

H (=ikr)| )

3)

in which §;; is the Kronecker delta, x; = x, y, z for
J=1,2,3,and 5 a —ik,. We may observe that

A A 1
=24 1
VA= opth H (kgr) (4)

A full set of Green’s functions, expressions for the strains
and stresses, are presented in Tadeu and Kausel (2000),
which are in complete agreement with the solution for
moving loads given earlier by Pedersen, Sdnchez-Sesma
and Campillo (1994) and Papageorgiou and Pei (1998).

These same equations can be expressed as a continu-
ous superposition of homogeneous and inhomogeneous
plane waves when the load acts in the direction x, y and
Z.
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2.1.1 Load acting in the direction of the x-axis

The displacement potentials that result from a spatially
sinusoidal harmonic line load along the z direction, ap-
plied at the point (xo, o) in the x direction, are then given
by the expressions,

oo
x_ 1 k —ivly—yol \ j—ikx—x0)
v= Ap? / (ve ¢ dk
vi=0
4o s
i (—ik;) / e~ y—yol k(o)
.X’: K[ X— X dk
¥ 4mpo? Y ¢

“+ oo
X _ —Ssgn (y - y()) / —i’y|y—y0| —ik(x—xo)
L (el e dk 5
where v = /kZ—kZ2—k* with (Im(v)<0),
Y= kZ—k2—k* with (Im(y) <0), and integra-

tion is performed with respect to the horizontal wave
number (k) along the x direction.

The transformation of these integrals into a summation
can be achieved if an infinite number of such sources are
distributed along the x direction, at equal intervals L
The above compressional and rotational potentials can
then be written as

- E (i)

n=—oo0

=0
e E (5]

Nn=—oo
n=-+oo
yi=—sgn(y—yo)Ea Y, (Ec)Eq

n=—oo

(6)

where E, = mﬁ’ E, = e~ ™l E = e~thly-ol,
Eq=e~al=x0) 'y, = [k2 — k2 — k2 with (Im (v,)) < 0),

Yo = /K2 — k2 — 12 with (Im (y,) < 0), k, = F*n, which
can in turn be approximated by a finite sum of equations
(N).

The Green’s functions can be expressed in terms of the
compressional and rotational potentials, ¢*, yy, Yy and
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7 , from which the following three components of dis-
placement can be calculated,

n=+NT _ 12 112
Gl = Zpy [ lk”Ew(—ivn—&) E] Eq4
Yn
full o AN
ny =E, _ZN[_ngn(y_yO)knEh‘l‘

isgn (y - yO) knEc] Eq

N ik, k ik k
Z ( l l : nEc) Eq
Yn
The corresponding expressions for forces applied along
the y and z directions can be calculated in the same way.

The derivation of these solutions is then presented, but in
condensed form.

Gjull

(N

2.1.2  Load acting in the direction of the y-axis

The displacement potentials resulting from a spatially si-
nusoidal harmonic line load along the z direction, applied
at the point (xp,yo) in the y direction, are then given, in a
discrete form, by the expressions,

n=+N
' =E. ), [sen(v—y0) E] Ea

e

Ek"iN(

n=+N
-5 %, (y5) &
The Green’s functions for a two-and-a-half dimensional
full space are thus,

®)

ull ull
Giy :G{x —

n=+N
E, _ZN[—ngn (y—y0) knEp+ isgn(y —yo) knEc]Eq

jull "N : lv%n
G Z —iv,Ep+ E.| E;
Yn
full - "SIV
Gzy =E, Y [_lsgn (y_yo)szh+
n=—N (9)

isgn (y —yo) k:Ec] Eg



480 Copyright (© 2001 Tech Science Press

2.1.3 Load acting in the direction of the z-axis

Similarly, the discrete form of the displacement poten-
tials resulting from a spatially sinusoidal harmonic line
load along the z direction, applied at the point (xq,yp) in
the z direction, is given by the expressions,

Ek"iN( ') &

n=+N

Vi=E, Y, [sen(y—yo)Ed] Ea
n=—N
n=+N
-e . (S &
yi=0 (10)

Ea )

The Green’s functions for a two-and-a-half dimensional
n=+N ( i k k
G{"Zull _ Ggll _

full space are then,
kok
””&)@
Yn
n=+N

E, _ZN [—isgn(y—yo) k:Ep+ isgn(y—yo)k.EEq

k2 _ 1.2
lz&+(;“—m9a}@ (11)

n=4+N
G =EY. |
2.2 Fluid formation
The fluid dilatational potential for a sinusoidal pressure
line load applied at the point (xp,yo) can be obtained us-

ing a similar process described above, leading to the ex-
pression

q)fluid (0)7 X, Y, kz) =
—i

i 12
7(_m2—if")H((>2) (k“f\/(x_x°)2+(y_y°)2) -

in which

2
ko = 4| = — 2,

’ aj Im k(xf <0

A is the fluid Lamé constant, 0,y = y /A7 /p ¢ is the acous-
tic (dilatational) wave velocity of the medium and py is
the mass density of the fluid.
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The discrete form of the fluid dilatational potential, as
described above, can be written in the form,

i "= +N _az E-

f f

O d—__ —7
flui Z_ 0)27\7 V£

Xn—

13)

where Ey = =M=l v] = /i3 k2 &2 with

(Im (Vﬁ) < 0) and kpf = OJ/OLf.
The Green’s function for a two-and-a-half dimensional
full space can then be written as,

. =tV [ [ —a2 \ i,
full " 7

G, = —— —E¢| E,
I Lx n:Z—N ((’027\7‘) ! ¢

Gf:ull — _in:Z-EN — _a? Sgn(y_y )E . E
jy Lo, 22y [\ @*As Rl
4N [/ _2
full L %\ k;
G, = —— —=E E; 14
fz an:Z—N (0)2;\’]> f (14)

3 Green’s Functions in a Fluid-solid Formation

3.1 Load in the Solid Formation Acting in the Direc-
tion of the x-axis.

The Green’s functions for a fluid-solid formation can be
expressed as the sum of the source terms equal to those
in the full-space and the surface terms needed to satisfy
the fluid-solid interface conditions (continuity of normal
displacements and stresses, and null tangential stresses).
These surface terms can be expressed in a form similar
to that of the source term, i.e.

Solid medium

n=-oo
4%—E§:( &w)

n=—oo0

Wi =0
wo_Ek"iw(Yn )Ed

n=—oo0

n=-+oo

W;O = -k, Z ( COCZ) Eq (15)
Fluid medium
o e ‘O‘f Enpe| E
O fiuia = — 1 Z_ o7y ) 57 Pnl| Ea (16)

(when y < 0)
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where Eyy = e, Ejg = e~ Ego = e~ AY, BY,
C; and Dj, are as yet unknown coefficients to be deter-
mined from the appropriate boundary conditions, so that
the field produced simultaneously by the source and sur-
face terms should produce G = G)x =0, G = G)Z =0,
Oy = G{,y and uy = u{, aty =0.

Imposing the four stated boundary conditions for each
value of n thus leads to a system of four equations in the
four unknown constants. This procedure is quite straight-
forward, but the details are rather complex, and for this
reason are not presented here. The final system of equa-
tions alone is,

[a;

which is described in Appendix B.

i=1,4 j=14] [f i=1,4] =[] i=1,4 (17)

Once the constants have been obtained, the motions and
pressures associated with the surface terms may be cal-
culated using the equations which relate potentials to dis-
placements and pressures. Essentially, this needs to con-
sider Eq. 15 and the application of partial derivatives over
the potentials to obtain displacements and pressures. The
Green’s functions for a solid formation are then obtained
from the sum of the source terms and these surface terms.
When this procedure has been carried out, expressions
for the displacements in the solid formation are obtained
in the following form:

Gxx—Gf“”+
E'Y {Ax 4 Eyo +(—iync:;—
n=—N

1) Eeol Ea

n=+N
Gfull +E, Z (—iknAyEpo + ik,CrE ) E,
n=—N

va

Gl — ngz_I_

n=+N . . 18
£/ (FeaiE+ EeBiE) By 4
n=—

The expressions for the Green’s function for two-and-
a-half dimensional full space G{}f“, Gf “l and Gg? " can
be defined in explicit form, as listed in the Appendix A:
[Tadeu and Kausel (2000)]. The well-known equations
relating strains and displacements can be used to calcu-
late expressions for stress in the solid formation. The
displacements and the pressures in the fluid medium are
only given by the surface fluid terms (Eq. 16). The final

expression for the pressure field in the fluid medium is
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then given by
ot = Z EfoD"k (wheny < 0) (19)
I Lx n=-N n

The corresponding expressions for forces applied along
the y and z directions can be calculated in a similar way.
The derivation of these solutions is then presented, but in
condensed form.

3.2 Load in the Solid Formation Acting in the Direc-
tion of the y-axis.

The potential surface terms generated by the solid for-
mation can be expressed in a form similar to that of the
source term (Eq. 8),

n=+N

=Fa Y.

(Epo A))

T —EkniN( —Eeo C’)
x0 — *~a Iy

n=—N
\|I§:0:0
n=+N
v = Eq Z ( COB)Ed

while the fluid pressure potential is given by the same
expression defined above,

. n=+N —2 E )
0
O fruia = — 1 n:ZN |:((D2;Lj;> —V2 Diz] Ey

(20)

(wheny < 0)

2y

The imposition of the four stated boundary conditions
(6}, =6l =0, 6, = 0: = 0, 6}, = o)y and u} = uf
at y = 0) for each value of n leads to a system of four
equations,

ay i=1,4 j=1,4] [ i=

g 1,4] = [b) i=1,4] (22)

which is listed in Appendix C.

Once the amplitude of each potential has been calculated,
the Green’s functions for the solid formation are then
given by the sum of the source terms and these surface
terms. This gives the expressions:

. X n=+N
GE =G +E, Y [~iAkuEpo+iBikaEco] Eq
n:
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Gly = Ghy'"+
n=tN . ) —ik?
E, ¥ [~ivaAiEo+ (2B)

n=—N

)]

n=+N

GZ; = Gg”*‘Ea Z (—iAlk,Epo+iCok,Ec0) E4  (23)

Sfull Sfull

The expressions Gy, , Gy, and Gg}"”, can be used in
explicit form as shown in the Appendix A. Once again,
it is possible to use the well-known equations relating
strains and displacements to derive expressions for the
stresses from G;;.

The final expression for the pressure field in the fluid
medium is then given by

. n=+N E
o= Li y ( f°D>)E (24)
X n=—N Vn

3.3 Loadin the solid formation acting in the direction
of the z-axis

The potential surface terms generated by the solid forma-
tion can now be written as (Eq. 10),

e E ()

n=+N
Vio=E, Y, (EoB)Ey
n=—N
n=+N —k
Vio=E. Y. ( "Ecoc;) E
n=—N Yn
V=0 (25)

while the fluid pressure potential is given by the expres-
sion,

. n=+N —_o2 E
N ) 20
q)fluld — _le n:Z—N |:((D27\-f) Vﬁ Dfl:| Ed (26)
(wheny < 0)
The imposition of the boundary conditions
(63 = O} = 0,6}, = 0}, = 0, 6}, = o}y and u} = u] at

y = 0) for each value of n leads to the followmg system
of four equations,

as. i=1,4;,j=1,4 [CZ' 12174]:[bz

; l Si=1,4 @7

as listed in Appendix D. Once the amplitude of each
potential has been obtained, the Green’s functions for
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a solid formation are given by the sum of the source
terms and these surface terms, giving the following ex-
pressions,

ik ky,

n

n=+N
Gl =Gl +E, Z ( — AL Ep 0+ c;Eco) Eq

A A n=+N
Gl =Gl +E, Y (—ikAiEp+iBik.Eco) E
n=—N

Gé‘zv _ Gfull_|_
n=FNT_ip2 . P —

E, ZN{ “AiE + (G5 — B3 ) Beo| Ea
n—=-—

(28)

1 1 .
The expressions Gl , Gf v and can be used in ex-

plicit form as shown in the Appendix A. Once again, the
well-known equations relating strains and displacements
can be used to derive expressions for the stresses in the
solid formation from G;;.

full
Gzy

The final expression for the pressure field in the fluid
medium is given, as before, by

"fz 7 Z (Efo )

3.4 Pressure Load Acting in the Fluid

(wheny < 0) (29)

The potential surface terms generated by the solid for-
mation can be expressed in a form similar to that of one
of the source terms used before. The source terms gen-
erated when the load is acting along the y direction are
used (Eq. 8),

n=+N
=E, Z (Ewo A]) E
n=+N E A
vtk ¥, (- “’cz:) Eq
n=-—N Yn

lIfizo =0

n=+N
vl = Eq Z ( CoBf) E

while the fluid pressure potential is given by the expres-
sion already defined above,

q). . :_Ln:fN EfODf E
fluid L. (1)27\.f vl

n=—N

(wheny < 0)

(30)

€1y
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The imposition of the four stated boundary conditions
(0}, =0y =0, oy, = GJ—OG G{;andu—u{
at y = 0) for each value of n leads to a system of four
equations,

aly i=1,4 j=14 [ i=
(32)

as listed in Appendix E.

Once the amplitude of each potential has been calculated,
the Green’s functions for the solid formation are then
given by these surface terms,

n=+N _ .
Gl = E, Z (—iA} knEpo + iBlknEco) E
fs _
Gyf_
n=+N ) 7 —zk
E, ¥ {_anAnEhO‘}' ( ‘|‘ )ECO:| Ey
n=—N
; n=+N A .
s . .
Gl;=E, Y (—iAjk:Ep+iClk.Ec)E, (33)
n=—N

Again, it is possible to use the well-known equations re-
lating strains and displacements to derive expressions for
the stresses from G;y.

The final expression for the pressure field in the fluid
medium is then given by the sum of the source terms and
the fluid surface terms, giving the following expressions,

. . n=+N E
Gj‘Y:Gj“ll_LL ZN( fODf)Ed

n——

(34)
(wheny < 0)

The expression 6/*/ is listed in the Appendix A.

Notice that, if k£, = 0 is used, the above system of equa-
tions is reduced to three unknowns, leading to the two-
dimensional Green’s function for plane strain line-loads.

4 Green’s Functions in a Solid Layer Formation
Bounded by Two Fluid Media

4.1 Load in the solid formation acting in the direction
of the x-axis.

The Green’s functions for a solid layer formation, with
thickness /, bounded by two fluid media, can be ex-
pressed as the sum of the source terms equal to those
in the full-space and the surface terms needed to satisfy
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the boundary conditions at the two fluid-solid interfaces
(continuity of normal displacements and stresses, and
null tangential stresses). With this specific problem, the
two interfaces (top and bottom) generate surface terms
which can be expressed in a form similar to that of the
source term,

Solid medium (top interface)

=E, iw( L EpoAl )

n=—oo0

x_to D

Vi =0

e T

n—=—oo0

n=+oo

_top__E Z

n=—oo0

(35)

Fluid medium (top interface)
n=+N 2
top ] —% ) Epo
q)jluld o lf_x n:Z—N |: ((1)27\,]») WDZ] E,;
(wheny < 0)

(36)
Solid medium (bottom interface)

n=-oo
=E, Y, ( EhOEx) E,

Nn—=—oo

b
q))%) ottom

_bottom -0

x0
_bottom "= cO X
Wi = Eak; Y - E
Nn——oo

n=-oo

~E, Y (EfoGi;) Eq

n=—oo

\lj;(_)hntmm — (37 )

Fluid medium (bottom interface)

CN=FN [/ o2\ Eb
bottom __ i f Y Z/0 ryx
q)fluid - T L ZN[(mnf) v H] Eq

(38)

(wheny > h)

where, Ely = =M=l g — e=imly=h, E?‘o — o~ Vil-hl.
Ay, By, C,, D;, E;, F', G, and H, are as yet un-
known coefficients to be determined from the appropriate
boundary conditions, so that the field produced simulta-
neously by the source and surface terms should produce
Oy = Gf 0, oy, = Gf =0, oy, G{) and u; _u{ at
y=0andaty=h.
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Imposing the eight stated boundary conditions for each
value of n thus leads to a system of eight equations in
the eight unknown constants. This procedure is quite
straightforward, but the details are rather complex, and
for this reason are not presented here. The final system
of equations is of the form

[a;

which is fully described in Appendix B.

i=1,8;j=18] [cf i=1,8]=[b] i=1,8 (39)

Once the unknown coefficients have been calculated, the
motions and pressures associated with the surface terms
can be obtained using the equations relating the poten-
tials to displacements and pressures. The Green’s func-
tions for a solid formation are then obtained from the sum
of the source terms and the surface terms originated at the
two interfaces. This procedure produces the following
expressions for the displacements in the solid formation:

Gl = ali's

n=AN [ o e

ESY [+ (~inC - E8) B Eat
n=-—
n=+N a2 . ik

£ L [EREEy + (-moi- £ £
n=-—
fsf jull _ X ; o3

Gl = +E, Z (—iknALEpo + iknCrE0) Eq+
n=+N "—_

E, Y. (ikEyEp —ikeGYEL) Ed
n=—N

GL =L+

£ n:+N(—ikzknAxE
a Z vV, n b0 +
n=—N

ik ke
By Feo) Ea + @)

n=+N . .
—ikzka kekn
B L (Smsgs HerEy)
The final expression for the pressure field in the two fluid
media are then given by

oforor — LN (B b o (e <
fx L_xn:Z—N VZ n d (W eny < )

G;};f-hﬂl‘l‘()m _ —LL n:ZN (/{ Ef()HX) Ed

n=

(41)
(wheny > h)

The expressions for forces applied along the y and z di-
rections can be derived in the same way. Thus, only the
final system of equations is presented.
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4.2 Load in the Solid Formation Acting in the Direc-
tion of the y-axis.

The surface terms generated at the two interfaces can be
expressed through the following potentials,
Solid medium (top interface)

’ n=+N
%' =E, Z (Ep0A}) E.
P n=+N
Vo' = Eak; Z ( ) d
vy =0
n=4+N
)_tOP =F, Z ( COB)) E; (42)
Fluid medium (top interface)
top ; AN _(szf Efo 1~y
q)jluzd Z_Xn:Z—N |:((1)27\.f WD% Eq (43)
(wheny < 0)
Solid medium (bottom interface)
)_bott g
q% 0 nm:Ea Z (E}}))OEr)z> E;
n=—N
y_bott s 0
_bottom cl
vy =E.k, Z ( G’)
)_bott
;O orftom — 0
n=+N
_hntmm_E Z ( )Ed (44)
Fluid medium (bottom interface)
poom __ i "SIV =G\ Efo ppy
q)j?lil;;)’m - _lf_xn:Z—N oA WHn Ed (45)

The imposition of the eight stated boundary conditions
for each value of n leads to a system of eight equations
in the eight unknown constants,

1 1

ayi=1,8 j=18 [ i=1,8 =[5 i=1,8] @6)

which is fully described in Appendix C.

Once the amplitude of each potential has been calculated,
the Green’s functions for the displacements in the solid
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formation are then given by the sum of the source terms
and the surface terms originated at the two solid-fluid in-
terfaces,
Sf ull ANy Y
G/ =Gl +E, L (=ifikaEpo+iBiknEco) Eart
n=—

n=+N ) )

E, ¥ (—iEnksE}y+iFk,E%) Eq
n=—N

Gl = G+

n=tN ) —ik2 oy
E, Y [-ivaAiEro+ (S2B) +
n=—N

—zk
Yn

—ik? oy
T ”)Efo} Eq

) et

n=+N 2

. ) —ik; )

E, ¥ [~iEiE}+ (SR
n=—N "

sf ‘ull
Gl =ch"+

n=+N ) L
E, n:z_ N (—iAnk.Epo +iCrk.Eco) Eq + @7

n=+N ) )
E, ¥ (—iEskEb)+iGhk.EL) Ey
n=—N

The final expressions for the pressure field in the two
fluid media are then given by

o S (B,
fy L_ Z V—f " Ed (Wheny < 0)
n

X n=—N

'sfb E
G‘;-;j ntmm:_LL _Z_ ( OH}) Ed

(wheny > h)

(48)

4.3 Load in the solid formation acting in the direction
of the z-axis

The surface terms generated at the two interfaces can
be expressed using the following potentials, which have
been derived using the technique described above,

Solid medium (top interface)

= Ezk niN (Eho )

n=+N

_top_E Z
EnZ+N(

¥ =0

z_mp

COB Z

_mp

) :

(49)
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Fluid medium (top interface)

1op "V =99 By
Opuia = ~1; L | [(Mf o i B (50)
(wheny < 0)
Solid medium (bottom interface)
q)z_hntmm E k niN( hOEz)
0
n=+N
v, (e85
n=—N
n=+N
W§0h0tt0m E Z ( OGZ)
\Ié _bottom =0 (51)
Fluid medium (bottom interface)
bottom __ _Ln:+N —ch EfO Z
q)fluid L n:Z_N oAy | v rH, | Eq (52)

(wheny > h)

The imposition of the eight stated boundary conditions
for each value of n leads to a system of eight equations
in the eight unknown constants,

a; i=1,8 j=1,8 [¢}

; < i=1,8]=[bt i=1,8] (53)

1

which is fully described in Appendix D.

Once the unknown amplitude of each potential has been
calculated, the Green’s functions for the solid formation
are given by the sum of the source terms and the surface
terms originated at the two fluid-solid interfaces, leading
to the following expressions,

G =Gl +E,"Y (a0 + BCiE) Eat

n=—N

ikkn b ikzky b
E, z ( CrEEN+ 5 szEco)
fsf jull ; Z i B¢
Gli¥ =GiM" 1 E, z (—lsznEho—l-anszcO) Eq+

n=+N
E, ¥ (—ikZE;E;;O+iF,§kZEfO) E
n=—N

Gé‘;f _ Gé"zull_}_
n=4Nr_j2 —ik2 .

Eo L [SEAEw-+ (55C - miB;) Ea Ea +
n—=-—
n=tN T —ik} ~z Z b

E, ZN[ KB+ (S2Gy— iaFs ) ELy| Ea
n—=-—
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(54)

The final expression for the pressure field in the two fluid
media is given by

[ E
Gﬁfﬂ’p LL Z ( jODZ) E; (wheny<0)
Vn

X n=—N

- =4+N [ |
G\fixj_hntmm _ i ( foHZ) Ed
Iz L n—Z—N

(wheny > h)

(55)

4.4 Pressure Load acting in the top layer of fluid

The surface terms produced at the two interfaces (top and
bottom) can be expressed using the following potentials,
Solid medium (top interface)

’ n=+N
%" = Eq Z (EpoA]) E.
n=4+N
Wi = Edke L ( ) Eq
vy =0
P n=+N
vy = Eq Z ( EqB] ) Eq (56)
Fluid medium (top interface)
wop i "SIV =9G \ Enopyf
q)fluid — _i n:Z—N |:((927\-f WDn Ed (57)
(wheny < 0)
Solid medium (bottom interface)
)_bott e "
q% ottom =E, Z (E}};OEg) E;
n=—N
Vb n=+N
\Ifx(_) ottom —E, k Z ( COGj)
)_bott
;O otftom — 0
Vb n=+N
_ ntmm_E Z ( on> Ed (58)
Fluid medium (bottom interface)
n=+N
b i —05 \ Ejo i f
oy =% |(50) |2 )
(wheny > h)
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After the eight stated boundary conditions, for each value
of n, have been imposed, a system of eight equations in
the eight unknown constants is built up,

al, i=1,8 j= 1,8} {c{' i= 1,8} - {b{' i:l,s}
(60)

which is fully listed in Appendix E.

After the system of equations has been solved, the
Green’s functions for the solid formation are given by the
sum of the source terms and the surface terms originated
at the two fluid-solid interfaces, generating the following
expressions,

ssf _ g "NV (_iad B!
ij —Ea Z —iAnkyEpo +1BnknEco | Eq+

E, _ZN ( Ef KnEfy -+ i KiEly) Ea
n=—

fsf

Gyf -

E, Y |—iviAnEp+ Bn w ) Eco| Eq +
n=-—-N
n=+N .

E, ¥ _|-iviElE}, +( ik pf )EfO]E
n=—N

ssf _ g "NV (_iad o
Gl =k ¥ (—zAnszho—}—zanzECo) Est

n=+N

E, ¥
n=—N

(61)
( BTk Efy+iGhCED) Ea

The final expressions for the pressure field in the two
fluid media are then given by

ijj_mp Gjull

] E
i Z ( fODf) E; (wheny<0)
-N Vn

G fsf_-bottom

. n=+N Eh .
=-Lr (V§°H,{)Ed

(wheny > h)

(62)

Note that, if k; = 0 is used, the system of equations de-
rived above is reduced to six unknowns, leading to the
two-dimensional Green’s function for plane strain line-
loads.

5 Summary of Green’s Functions

The Tables 1 - 3 summarizes the Green’s functions pre-
sented along the paper.
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Table 1 : Green’s Functions in an Unbounded Medium Table 3 : Green’s Functions in a Solid Layer Formation

Location Location Direction | Equations
of output of source of load
Solid Xp,Yo insolid X axis 7
Solid Xp,Yo insolid y axis )
Solid Xp,Yo insolid Z axis an
Fluid Xp,yo in fluid - (14)

Bounded by Two Fluid Media

Table 2 : Green’s Functions in a Fluid-solid Formation

Location Location Direction | Equations

of output of source of load
Solid Xo,Yo insolid X axis (18)
Fluid Xo,Yo insolid X axis 19)
Solid Xp,Yo insolid y axis (23)
Fluid Xp,Yo insolid y axis 24)
Solid Xp,Yo insolid Z axis (28)
Fluid Xp,Yo insolid Z axis (29)
Solid X9,yo in fluid - (33)
Fluid Xp,yo in fluid - (34)

6 Validation of the Solution

The expressions described in the previous sections were
applied to two cases: a solid formation bounded by one
flat fluid medium (see Fig. 3) and a solid layer bounded
by two parallel fluid media (see Fig. 4). The calcula-
tions are performed for the three displacement fields in
the solid medium and the pressure field within the fluid.
The spatially harmonic varying line load is assumed to
be buried either in the solid formation, or in the fluid
medium. The results provided were then validated with
those arrived at by applying the BEM model, which re-
quires the discretization of the solid-fluid interfaces using
the Green’s functions for a full space. The BEM code
has been previously validated for the case of a circular
inclusion, for which analytical solutions exist. It should
be pointed out that the author’s solutions do not require
discretization of the material interfaces. This affords an
enormous computational advantage and allows the com-
putation of problems which cannot be tackled by other
numerical methods, particularly for high frequencies.

The examples presented do not require an infinite number
of boundary elements along the material interfaces be-

Location Location Direction | Equations

of output of source of load
Solid Xp,Yo insolid X axis (40)
Fluid Xo,Yo insolid X axis 41)
Solid Xp,Yo insolid y axis @7
Fluid Xo,Yo insolid y axis 48)
Solid Xp,Yo insolid Z axis 54)
Fluid Xp,Yo insolid Z axis (55)
Solid x0,yo in fluid - 61)
Fluid X0,yo in fluid - (62)

cause complex frequencies are used, with a small imag-
inary part of the form ®w, = ® —im (with n = 0.72T—“)
[Bouchon and Aki (1977); Phinney (1965)]. Boundary
elements make a significant contribution to the response
for a certain value of damping, but are otherwise unnec-
essary. These elements are distributed along the surface
up to a spatial distance (Ly;y) from the center, given by
Lgiss = aT. This gives a discretized surface with a length
2L4i¢. Many simulations were conducted in order to
study the effect of varying the size of boundary elements
on the accuracy of the response. Improved performance
was obtained by placing smaller elements close to where
the response is required. Boundary elements of varying
sizes were therefore used, with the shorter elements be-
ing placed nearer to the center of the discretized surface.

The scheme adopted here for determining the placement
and size of the boundary elements uses the following ge-
ometrical construction: an auxiliary circular arc is di-
vided into equal segments according to a previously de-
fined ratio between the wavelength of the dilatational
waves and the length of boundary elements. The bound-
ary elements are then defined on the topographic surface
by the vertical projection of these segments. The radius
of the required circular arc (R) is greater than (2L ;) / 2
and is placed at a tangent to the topographic interfaces
at its boundary discretization end, thus avoiding unduly
small boundary elements. In this work R is assumed to
be [(2Ldm)/2] /cole" (see Fig. 2).

Next, the results are obtained for the two scenarios stud-
ied here. First, the solid formation is assumed to be
bounded by one flat fluid medium (see Fig. 3). Then,
a solid layer, 10.0m thick, is bounded by two paral-
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o

Figure 2 : Definition of the boundary elements

lel fluid media (see Fig. 4). For the two scenarios
the solid medium takes oo = 4208 m/s, B = 2656m/s
with p = 2140Kg/m?, while the fluid medium allows
o = 1500m/s with p = 1000Kg/m>. The solid-fluid
structures are illuminated either by a harmonic point
source applied to the solid medium at the source point
(x=1.0m, y=2.0m), acting along the directions x, y and
Z, or by a harmonic point pressure source applied to the
fluid medium at (x = 1.0m, y = —2.0m). Calculations
are performed in the frequency range [2.50, 320.0Hz]
with a frequency increment of 2.5Hz. The imaginary
part of the frequency has been set to N = 0.7277t with
T = 0.0466 s. To validate the results, the response is
computed at a single value of k, (k, = 0.4rad/m). The
real and imaginary parts of the responses are shown in
Fig. 5 - Fig. 6. The analytical responses are represented
by the solid lines, while the marked points correspond
to the BEM solution. The square and the round marks
indicate the real and imaginary part of the responses, re-
spectively. The BEM solution was computed for a very
large number of boundary elements defined by the ratio
between the wavelength of the incident waves and the
length of the boundary elements, which was kept to a
minimum of 40 elements at each interface.

6.1 Case 1: Solid formation bounded by a single flat

fluid medium

To demonstrate the correctness of the equations de-
scribed during the course of this work, the results are
only illustrated when the load is applied at the solid for-
mation along the y direction. The surface terms of the
displacement fields, Gl ‘;’;rf “and G;’;rf are calculated
at receivers placed at x = 3.0m and y = 5.0m, within
the solid, while the pressure response G;; is computed at

CMES, vol.2, no.4, pp.477-495, 2001

4
Fluid
Solid X
y
Figure 3 : Solid formation bounded by a flat fluid
medium
z
Fluid
h| Solid X
!
Fluid

Figure 4 : Solid formation bounded by two flat fluid par-
allel media

receivers x = 3.0m and y = —1.0m (see Fig. 5).

6.2 Case 2: Solid layer bounded by two flat fluid me-
dia

The results presented refer to the case where a harmonic
point pressure source is applied to the top fluid medium.

The surface terms of the displacement fields, ngf’ G{; f

and Gg;-f are calculated at receivers placed at x = 3.0m
and y = 5.0m, within the solid, while the pressure re-
sponse Gfxf_top_xurf(Gfsf_mp _ Gfull) and Gfsf_hntmm are
computed at receivers x = 3.0m and y = —1.0m, and
x=3.0m and y = 15.0m, respectively (see Fig. 6).

These calculations are restricted to low frequencies be-
cause, for higher frequencies, the conventional BEM so-
lution would require the use of a very large number
of boundary elements, which would make its solution
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impossible, owing to computational cost. It may fur-
ther be mentioned that the BEM solutions provided in
the present examples were obtained by limiting the dis-
cretization of the solid-fluid interfaces, through the use
of complex frequencies, in such a way as to diminish the
contribution of the waves generated at sources placed at
the end of the discretization.

As can be seen, these two solutions are in very close
agreement, and equally good results were obtained from
tests in which loads and receivers were situated at differ-
ent points.

The proposed Green’s functions are most useful in the
context of boundary elements, such as in the solution of
an inclusion buried within a flat solid layer. The use of
these functions will avoid the discretization of the solid-
fluid interfaces, and the discretization would be restricted
to the boundary of the inclusion.

7  Conclusions

Having successfully obtained a completely analytical so-
lution for the steady state response of a spatially sinu-
soidal, harmonic line load in a homogeneous solid for-
mation, bounded by one or two flat fluid media, we com-
pared the final expressions with numerical results calcu-
lated by using the Boundary Element Method in order to
validate them. The solutions were found to be in very
close agreement when the solid-fluid interface was dis-
cretized with a large number of boundary elements.

The analytical solutions presented in this paper are in-
teresting in themselves. They provide the displacement,
strain or stress in a formation formed by an elastic solid
medium, bounded by one or two acoustic flat fluid me-
dia illuminated by a spatially sinusoidal harmonic load
buried in solid formation or in the fluid medium. The so-
lutions applied in conjunction with numerical methods,
such as the BEM, make the discretization of the solid-
fluid interfaces unnecessary, and may prove to be very
useful in many engineering applications, such as calcu-
lating the acoustic insulation provided by solid walls, and
in the context of interpreting seismic responses.
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Appendix A: The Green’s function for a two-and-a-
half dimensional full-space

Gl = i [RHog — 1B + (252)7 ) (A1)
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GL" = i (K2Hog — 12 Bo) (A3)
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Gfull ngz _ 4;(132 (y (A.6)
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