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ABSTRACT
Molotkov, L.A. and Bakulin, A.V., 1998. Internal point sources in a poroelastic Biot medium. In:
Hubral, P. (Ed.), Amplitude-Preserving Seismic Reflection Imaging. Geophysical Press Lid.,

London.

For the study of wave propagation in porous media, we develop an approach for defining
seismic sources and construct wave fields from ten different internal point sources in a homogeneous
isotropic ‘Biot model. All sources: are defined by means of special boundary conditions with
discontinuities of stresses and/oer displacements on fictitious interfaces (planes or spheres). The wave

.+ formilae-and by:means of Fourier-Bessel and Laplace transforms. Derived integral identities give:.
" simple transitions from the'orie form to"another more suitable for the concrete problem. Correctness-
of the obtained: formulae is checked by comparing with corresponding known relations for elastic-
- solid and fluid media which are ‘partial cases of the Biot model. Numerically calculated radiation
patterns for the far field ‘demonstrate the peculiarities of wave propagation in porous media mainly
induced by the presence of an additional slow longitudinal wave.

The paper consists of two'parts. The first part is devoted to the derivation of wave fields of
two elementary, sources and four‘sources containing various force couples. In the second part of this
paper, the wave fields of three point sources in a homogeneous isotropic unbounded porous Biot
medium are constructed. These sources are concentrated discontinuities of displacements in both
phases and are given by boundary conditions on fictitious plane interfaces. The mentioned sources
can be considered as the superposition of some equivalent body forces; in addition, the resulting
force and moment are equal to zero for all of them.

The far wave fields are defined by radiation patterns which determine the displacements in
both phases on all three wave fronts. These radiation patterns are computed and analyzed in the case
of four sources for some parameters.

KEYWORDS: poroelastic, Biot, porous media, elementary sources, point sources, force couples,
radiation patterns, discontinuity.

© 1998 Geophysical Press Ltd.

’ ﬁemg;fo; these. ‘sources ‘are represéntéd in two different forms: by relations similar to the Stokes: ..
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PART I: ELEMENTARY SOURCES AND FORCE COUPLES

INTRODUCTION

Biot theory has a growing applications in solving different geophysical
problems. Most promising results are expected from using it in acoustic logging
for determination of various properties of porous formations (Schmitt, 1989).
In order to achieve a better understanding of wave propagation, in many cases
it is necessary to know the wave fields and radiation patterns of the seismic

sources used. As a starting point, sources in a homogeneous isotropic porous
medium should be considered.

Burridge and Vargas (1979) were the first who considered a point force
applied to the skeleton of a porous medium. Norris (1985) defined a point force
in the fluid phase which leads to contradictions, as was shown by Bonnet
(1987). The latter author concluded that in the fluid phase one can define only
the centre of compression. In general, we may say that only irrotational
(potential) forces may be posed in the fluid phase (Bakulin, 1996) in the same
way as is done in a uniform fluid. So the fluid phase has one degree of freedom
and only one scalar potential is needed to define any source acting in the fluid
phase (Dai et al., 1995). A formal thermoelastic analogy was used by Bonnet

(1987) and Boutin et al. (1987) in order to obtain the Green’s function for an
isotropic unbounded Biot model.

In all references, with the exception of that by Bakulin (1996), the sources
were given on the right-hand side of wave equations written for a Biot medium.
In contrast, in this paper we use a more natural approach (Molotkov and
Bakulin, 1995) which has clear relations with conventional elasticity and does
not demand any reformulation of the Biot equations as in Bonnet (1987) and
Boutin et al. (1987). In this approach we define all sources as discontinuities of
stresses and displacements on fictitious interfaces. Useful relations between two

ways of defining sources in a Biot model were given by Bakulin and Molotkov
(1996) and Bakulin (1997). '

By means of our approach we consider the following nine cases of
internal seismic point sources in the poroelastic Biot model:
- The point force acting on the solid phase (the first elementary source);
- The centre of pressure applied to the fluid phase (second elementary source);
. The momentless force couple;
. Three force couples acting along the three coordinate axes;
. Force couple with a moment;
- Two force couples with a moment (centre of rotation);

. The source as the longitudinal discontinuity of displacement in the solid
phase; _
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8. The source as the longitudinal discontinuity of displacement in the fluid
phase; . ) )
9. The source as the transverse discontinuity of displacement in the solid phase.

Wave fields are derived for every source. The sources 1 and 2 are
elementary. The wave fields of all others could be derived on the basis pf fields
of the first and second spurces. The fields of the sources 3-6 are established by
means of the first source, although the fields of sources 4 and 6 may als9 be
obtained in other ways. The fields of sources 7, 8 and 9 are derived
independently. ) '

The wave fields Iare represented in two forms: by relations similar to
Stokes formulae and by means of Fourier-Bessel and Laplace transforms. The
first representation is of interest for the generalization of tl.le ray method on the
Biot medium and permits construction of the radiation patterns of the
displacements in the far zone. The second representation allows the process of
reflection and refraction on the interfaces of layered porous media to t_)e
considered. By means,of simple operations the Fourier-Bessel anfi Mellin
integrals used can be written in the inverse order or replaced by other m.tegrals.
To establish the connection between both representations, a set of integral
identities is derived in this paper which provides immediate transformation from
one form to another.

In certain conditions, the waves in the solid and fluid phases may
propagate independently and Biot equations are decomposed in two sets: one for
fluid and another for solid: In this case, all expressions for wave fields are
coincident with corresponding known expressions for fluid and solid media.

THE MAIN EQUATIONS OF A HOMOGENEOQUS ISOTROPIC BIOT MODEL ]

Let us consider an unbounded homogeneous isotropic two-phase Biot
medium, in which the superscripts 1 and 2 are used for fluid and elastic Phases,
respectively. Displacements u{’, u® and stresses ¢, of? satisfy equations of
Hooke'’s law

P@u®/dx) + A@uP/dy)+ AGuP/dz) + M8,

2
o

o = A(Bui?/ax) + P(0u{?/dy)+ A(8ul?/9z) + M@,

il

0@ = A@uP/ax) + A@uP/dy)+ P(BuP/dz) + M ,

I

gt M(au,(f’/axj‘) + M(3u{P/ay)+ M(0uP/dz) + R@ , 1)

ofy = L{[(3u®/dz) + (0uP/ay)l, o2 = L{(3uP/dz) + (BuP/ax)] ,
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0@ = L[(0u®/ay) + ©@uP/x)1, 6 = (BuV/dx) + (@u{/3y)+ (Bu/dz) ,
with P = A + 2L and equations of a continuous medium
@o2/0%) + (B0P/I3y) + (B0P/6z) = D + pli®
(9013%) + (B0Q1dy) + (90{2/0z) = p},ii®» + Pl
@02/0%) + @o2/3y) + (90D/3z) = p) 4@ + pLAY, @
@0V/3x) = PP + ppu( |
(95/0y) = pizl? + ppu?,
@®/dz) = pYHD + pLad .
Parameters p,,, p;, and Py are determined by the formulae
Pu = pfl — €) + eode = 1), p = —pe(a — 1) and p,, = pea , 3

where p, and p, are the densities of the solid and fluid phases, € is the porosity
and o the tortuosity of the pore space. :

In the given medium there is a connection between waves in both phases
and only in the case

pu=0, M=0 (4)

do the waves in the elastic and fluid phases propagate independently and they

are separately described by the equations of the theories of elasticity and
hydroacoustics, respectively,

:I‘o construct the wave fields, the scalar potentials ©1, ¥, and the vector
potential { are used. Displacement vectors are expressed by the relations

u® = grade; ~ (olopiroty ,  u® = gradg, + roty - ... (§)

in terms of potentials #1, ¢, and ¥, which satisfy the equations

PAp, + Mag, = pu(az%/atz) + Plz(az‘l’x/atz) s

MAg; + RAp; = p(@¢y/dt) + pp(@e,/0) |

A = (lpyLY0%IaY) ©)

where & = p,,0,, — p%. For axially symmetrical sources, the vector potential

I;OROELASYTC BIOT MEDIUM n

¥ is expressed by the relations
V=y0, . )

in the cylindrical system of coordinates r,z,0. Taking into account formula (7),
the displacements and stresses are represented by the formulae

ul’ = (3¢)/02) — (p1a/p1)[(BY/31) +(Y4/1)] ,
ul = (3p,/3r) + (p12/p1)(3V/02) ,
u® = (3p,/0z) + (Beldr) +Wlr)

u® = (3p,/8r) — (BY,/02)

®)
0P = p(8%0,/0) + (e, /0
02 = (300D + pyx(e, /1)

+ L[y + (1/)@py/3r) — (3%,/8132) — (1/D)(@V/d2)] |,

o? = L[2(&2¢g/araz) — (3322 + (3%,/r%) + (1/1)(Bye/dr) — Y4/t7].
i

1. THE POINT _FORCE. ACTING ON THE SOLID PHASE (THE FIRST ELEMENTARY
SOURCE) )

The first of the elementary sources is defined by the relations
[02] = BOOV2ar , [0 = (621 = 0, [f] = ] = EP] =0, )
where &(r) is fhe Dirac function. The symbol [] denotes the jump of a function

in the square brackets at z = 0. The right-hand side of the first formula of (9)
expresses the point force applied to the solid phase. Function f(t) that defines

the dependence of intensity from time for all the sources satisfies a condition

i) =0 as t<0. . (10

The solutions of egs. (6) are represented by the formulae

- o o+icor,
L signz/ JO(_—kr?dk / ! Xpe M 4 ( ! ) Xze—H"a’] e dn,
2 4 271 Ay Az

- o—ico whioe (11)
_ [ Ji(kr)dk / ~klz18 ktn g
g = / “omi Ye e 1.

0

a—ico
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This representation of the wave fields is widely used in elastic and fluid
media and it’s foundation may be found in Petrashen (1959) or Molotkov
(1984). On the basis of boundary conditions (9), functions X;, X,, and Y are
expressed by the relations

Xi= —722F(kn)/41r1726A21 , Xp = 721F(k71)/47”125A21 s

Y = o Fkn)ldnn®8s , Flen) = | fpendt (12)
0 .

where
Ava = (pvia — MY/(P = ppvi) = (onvis — RyM - P1Vi)
8 = pupu = Py Yu = PuAi + Pn s Y2 = PrhAg + o, |
Ay = A, — A, o =L+ @D, o = I + PV
B =11+ &N, (13)

and vy, v, and v, are the velocities of two longitudinal waves and one transverse
wave

Viz = [Poy + 1ipn = 2Mp,, \/{(szz+ﬁpll-2MP12)2_45(PR_M2)}]/26 ’
v; = /{Lpn/8} .
The‘expressions (11) - (13) were obtained by Molotkov and Bakulin (1995).

For deriving the Stokes formulae, the known identity

e"R = S Ig(kn){e~1=W0B+ D k2 42 )dk as)

with spherical radius R = /(r> + z?), is used. On the basis of relation (15), we
find the new formula

o+ioe

f(t - RWR = § Koykndk/2mi. | [Fneo-iso/aldy

a—ijo

(16)

If we differentiate Egs. (16) over 1, z, x, y and t, we obtain additional
formulae which allow us to establish connections between the Stokes formulae:

and the integral relations in the case of every source. As a result, we get the
formulae

(14)

POROELASTIC BIOT MEDIUM ’ -’

1 1'(6 l) 1) = [ 1 .
\ e 41“5 An \8z B A 2291 A 1921 5

t
a1 R
=2 (ar )= [ =) G=1239

Riv

an

for the potentials ¢,, ¢, and ¥.

2., THE CENTRE OF PRESSURE APPLIED TO THE FLUID PHASE (THE SECOND
ELEMENTARY SOURCE)

This source is given on a sphere R = R, by the relation
[60) = SROMTRG, Toff] = 0, ') = (4P) =0 (18)
where the symbol [ ]Sdenotes the jump of functions in the square brackets. For

such a source; we define the wave field in which the transition R, —» 0 is
fulfilled. The wave ﬁeld after this transition is represented by the formulae:

' ahico
: kJo(kT‘)dk 1 —kjz|ory 1 —kslaa | JKtn g, 19)
. ( ) g [( Ay )X;e + A Xae K (19)
where
X, = 712F(kn);/41rvf6a,A21 » X, = —yFkn)dnvidoaA,,
Yi = A+ 012y Y2 = pudy + 012, 20
or : . .
P} _ 1 L\ma, (1 m _
(2)-aerl(2)2- (1)) wr

If conditions (4) are fulfilled, then ¢, = 0, ¥, = 0 and ¢, correspond to the
expressions of potentials in fluid from the centre of pressure (Molotkov, 1986).

3. THE MOMENTLESS, FORCE COUPLE

The Biot medium is excited by two opposite-directed forces, applied at

" pointst = 0, z = Ryand r = 0, z = —R,. The two sources are defined by the

condmons
[0?] = iﬁ(r)f(t)/47rrRo [02] = [6™] = 0, [u"] = u®] = W?] =0 (22)

forz = +R,: Symbol [ 1 expresses the discontinuities of the functions in the
square bracket on the planes z = +R,. In the wave that satisfies conditions (22)
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and (10), it is necessary to carry out the transition Ry — 0. The investigation of
this source done by Molotkov and Bakulin (1995) shows that for the transition
from the wave field of the source (9) into the wave field of source 22), it is

sufficient to differentiate expressions (11), (17) over z and to change a sign in
them.

4. THREE FORCE COUPLES ACTING ALONG THE THREE COORDINATE AXES

The Biot medium is excited by three force couples acting along the three
coordinate axes

021 = 8XBMI®/2R, , [0@] = [0@] = [¢®] = O ,

(] = P = [P] = [uP] = 0 for z = 4R, ;

[02] = +8MS@IO/R, , [0§] = [0@] = [V = 0 ,
@3)
[40) = ] = [P) = pP] = 0 for x = £R, ;

o] = £XB@EW/2R, , [02] = [6@] = [6] = 0

(4] = (0] = [u®] = (U] = 0 for y = R, .

In the wave field that satisfies conditions (23), it is necessary to fulfill the
transition Ry = 0. The wave field can be expressed for each force couple. After
addition of these wave fields, we obtain the following formulae for potentials

2 R S 1\ 1 1)+~ - o
(W)‘ 4«6A,ln[(Al)7fl—(A2)%;fz} s ¥ =0. (24)

By means of integral transforms, these potentials are given by (19) with
the following X, and X,

X, = ’Y22F(k"1)/47f(A2_A1)5V12<11 , Xy = YuF&kn)/dm(A,— A )ovie, . (25)

The same wave field arises from the centre of pressure, acting on the
solid phase -

loaR] = 3f(t)/4aR3, [0 =0, [0§"] = [0f®] = O , (26)

where symbol [ ] in Egs. (26) denotes the jump at R = R, and in the wave field
satisfying conditions (26) it is necessary to fulfill the transition Ry - 0. Thus the
three force couples mentioned are equivalent to the centre of pressure acting on

the solid phase. Such a relation between these sources exists also in the case of
- elastic media.

s~

'
i
i
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5. FORCE COUPLE WITH A MOMENT

The Biot medium is excited by couple of forces applied at points x = Ry,
y=12z=0and x = —R,, y = z = 0 (Fig. 1). These forces are given by the
conditions

(081 = [8(x—Ro)d(y)f(t)/4mRo] — [8(x+Re)dyf(t)/4aR,] | @n

and in the obtained wave field it is necessary to fulfill the passage to the limit
as Ry — 0. In order to write the limited wave field, it is necessary to use the
expressions (17) of the wave field of one force. In these expressions we
differentiate over x and change a sign. Then we obtain the following formulae

for the potentials

O P L W |- 1\ mez [?21+ fy ] 28)
( ¥z ) o ( 4 ) AréAn [Rs * V}Ra] * ( Ag | 4mb6An | R®  GRP

) 2

Fig. 1. Force couple with a moment in the solid phase (source N 6).

6. TWO FORCE CdUPLES WITH A MOMENT (CENTRE OF ROTATION) .

The Biot medium is excited by two force couples (Fig. 2), given by the
conditions

(021 = [BGz+RISYF/ATR,] — [E—RISWIW/ATR,] , for z = 0 0
. )
[62) = [8(x—RS(Y)F(t)/47R,] — [S(X+R)SW)/47R,] , forx = 0.

By methods used in consideration of the last sources we obtain, after the
transition Ry — 0, the following expressions
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Vi = —(on/Amd)[(3xy/RO)g, + (xyIVIRY)E]

Yy = a2y 4 RS, + {(R+2MRE] | (30)

¥, = “(Pzz/47r5)[(3YZ/R5)g3 + (yzViRYf] . Pr=e=0.

-~ Formulae (30) can be sim lified whe,
_Potential: if one adds the gradi'enp rary function o g s e SCI0r

L= o) y/R® | ot — 1y
Rhv,
_ Then the expressions (30) are replaced by the relations
PTe=di=dh=0, ¢ = IMRIG - Riy,) | (32)

dg;wribing the wave field caused by the centre of rotation around the y-axis

L Fxg. 2. Two force couples with a moment (center of rotation - source N 7.

:YIPART II. THE SOURCES AS DISCONTINUF

PRI TIES OF DISPLACEMENTS
. INTRODUCTION |

" In the second part of this pa

o . per, we continue to define
- excited by internal point sources the wave fields

in a homogeneous, isotropic porous Biot

g:St part, are given by boundary conditions on fictitious i
€ numbering of formulae and figures from the first pal

B P S e e

POROELASTIC BIOT MEDIUM 83

7. THE SOURCE AS THE LONGITUDINAL DISCONTINUITY OF DISPLACEMENTS IN THE
SOLID PHASE

The Biot medium is excited by the longitudinal discontinuity of
displacement in the solid phase. This source is given by the conditions

) = fO8)/2mr , [02) = [62] = [of7] = [V = 0,
G33)
] = [wP] = (o] = 0 ,

where 8(r) is the Dirac function, the symbol [] denotes the discontinuity of the
function in the square t{rackets atz = 0,

In accordance with Bakulin (1997), the wave field can be represented as
a superposition of wave fields of three sources:

1. The momentless |force couple acting along the z-axis (source N 3, (22)
with additional multiplier —2L), .

2, The centre of pressure acting on the elastic phase (source N 4, (23) with
additional multiplier —~A), and

3. The centre of prfssure acting on the fluid phase (source N 2, (18) with
additional multiplier —M).

8. THE SOURCE AS THE LONGITUDINAL DISCONTINUITY OF DISPLACEMENTS IN THE
FLUID PHASE \ .

The Biot medium is excited by a longitudinal discontinuity of
displacement in the fluid phase. This source is given by the conditions
] = smf®2ar, WPl =[P =0,
(34
[ =[Pl =[" =0, forz=0.
In accordance with Bakulin (1997), the wave field can be represented as
a superposition of wave fields of two sourdes:

1) The centre of pressure acting on the elastic phase (source N 4, (23) with
additional multiplier M),

2) The centre of pressure acting on the fluid phase (source N 2, (18) with
additional multiplier R.

|

!
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The dléplacements in this general case are expressed by the formulae

ug) . 1 4 o . 4 4
(¢s=>)=m{(,al)[ff'+7f']‘ o) [Forsal}

uf . 1 A, A, 1 A, A,

(uy))ﬂ—mum{(A.)E‘R‘fﬁrfl]‘ 4 [Ef”Tf’] -

9. THE SOURCE AS THE TRANSVERSE DISCONTINUITY OF DISPLACEMENTS IN THE
SOLID PHASE

3%

~ The Biot medium is excited by a discontinuity of u® in the solid phase.
This source is given by the conditions '

[wP) = sfO2rT, WP =0, [o@] =[] =0 ,
(36)
[P = [ =0, [o®] = [o2] = 0

forz =0.In deriving the wave field, it is helpful to use the property that
potentials, displacements and stresses are even or odd functions of z. Since uf",
u?, o2 and 0P are even and continuous, then the four last conditions in 36)

- are carried out automatically and the problem is reduced to fulfilling only the
first four conditions in (36). Therefore, we use the relations

u® = (3¢,/0r) + (Ur)ay,/30) — cosf(3y,/dz) ,

U = (U/r)dp,/6) — (3y,130) + sinf(3y,/dz) |,
oV = p,, (@, /01 + P(@e /o) , . (37)
02 = ou(@@,/00) + piy(@e)/a) — 2L[(@%,/01) + (1/r)(@¢y/0r) +

(1/r2)(62¢2/<‘)_02) = cosf(d%y,/drdz) + (sind/r)(0%y,/360z)] ,

pérmitting us to express the displacements and stresses involved in the four first
conditions (36) in terms of the potentials.

CONCLUSION

The obtained wave fields of the ten seismic point sources provide a
possibility to carry out the detailed study of wave propagation in a homogeneous
isotropic porous Biot medium. In particular, these expressions permit the
derivation of the wave fields in the case of more complicated point sources (for
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example, quadruple), to transfer to distributed sources, and to compare the wave
fields excited by the different point sources. On the basis of the obtained wave
fields of the considered sources and the coefficients of reflection and refraction
on interfaces, the wave processes in stratified media containing porous layers
can be studied. The obtained wave fields from the point sources are. a basis for
the use of the ray method in the Biot medium,

The application of boundary conditions for defining sources can be used
also for determination of the wave field in the Biot medium with losses caused
by relative motion of fluid and solid. In these cases, the expressions for wave
fields proved to be much more complicated. Therefore, taking into account a
dissipation is another problem which will be considered in future publications.
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APPENDIX

RADIATION PATTERNS (DIAGRAMS) OF SOURCES 1, 7, 8, AND 9

In this section the displacements are investigated at the far field where the
spherical radius R is taken large and the only terms decreasing as 1/R with
increasing R remain. In this region the wave field is composed of individual
waves P1, P2 and S. In addition, the first two waves are strictly longitudinal
and the third wave is strictly transverse. Indeed, the directions of displacement
vectors on the wave fronts of waves P1 and P2 coincide with the direction of
the ray or are opposite to this direction. The displacement vector on the front
of wave S is perpendicular to the ray. We also assume that the time function of
source f(t) equals zero at t < O and satisfies condition f(0) = 0 for source )
and condition f'(0) # 0, when sources (33), (34) or (36) are applied. As the
actions of sources in different directions showed to be distinct, it is useful to
construct radiation patterns for every source. These patterns define graphs of
dependencies of displacements on the wave fronts from the angle in a polar

system of coordinates on the plane xz. In addition, the origin coincides with the
position of the source.

Fig. 4. Radiation patterns of source N 8
(longitudinal discontinuity of displacement in the
solid phase).

Fig. 3. Radiation patterns of source N 1
(the concentrated force acting on the solid
phase).
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Diagrams of relative displacements on fronts from the sources being a
vertical force (9), the discontinuity of normal displacements in the skeleton (33),
the discontinuity of normal displacement in fluid (34), and the jump of
tangential displacements in the solid phase (36) are as shown in Figs. 3-6. In
every figure two diagrams marked by the letters a and b and relating to fluid
and solid phases are represented. The arrows on the diagrams show the
displacement directions. The thin line represents the diagram of the longitudinal
wave P1, the semi-bold line shows the diagram of the longitudinal wave P2, and
the bold line represents the diagram of the transverse wave S. For definiteness
we note that all the radiation patterns were constructed for an isotropic Biot
medium with the parameters A = 4.43 GPa, L = 2,77, Q = 0.74, R = 0.6
GPa, a = 1.75, ¢ = 0.26, p, = 2650 kg/m’, p, = 1000 kg/m®. The propagation
velocities and coefficients A,, A, and —p,,/py,, determining the ratios of
amplitudes of waves P1, P2 and S in the skeleton and the fluid phase have the
values v, = 2330 m/sec, v, = 1030 m/sec, v; = 1160 m/sec, A, = 1.04, A,
= —0.12, —pyulp;, = +2.33 in formulae (14), (3) and (13). The distinctive
peculiarity of all diagrams is an opposite direction of displacement in both
phases for the second longitudinal wave P2. In addition, the skeleton
displacements in this wave are larger by approximately one order than in the
fluid. This means that the biggest relative displacement always occurs for the
propagation of the second longitudinal wave. As it is known that the relative
displacement is a reason for the seismo-electric effect, we may conclude that it
is primarily caused by the second longitudinal wave P2. We also note rather
great displacements in;the wave S in the fluid phase. These displacements are
only 2.3 times smaller than in the skeleton. The diagram in Fig. 3b for waves
P1 and S is close to the diagrams for waves P and S from a vertical force in an
elastic medium (Aki and Richards, 1980), but the directions of displacements
in these cases prove to be opposite. This difference is connected with fact that
in this paper the applied force is given by a jump of stress 0, whereas in Aki
and Richards (1980) the source is defined by a body force. The mentioned
difference is in agreement with Bakulin (1997), whére body forces equivalent
to the jumps of displacements and stresses were established.

The jump of u@® is characterized by the diagram given by Fig. 4. For
wave P1 the diagram is a superposition of diagrams of the pressure centre and
the momentless couple of vertical forces (Bakulin, 1997). The diagram of P1 is
close to the diagram of a P-wave caused by a jump of u, in the elastic one-phase
medium. For wave P2, the displacements from the force couple have larger
absolute values than the displacements from the pressure centres, but these
displacements have the opposite direction. These facts stipulate a four-petal
diagram with four directions, along which the displacements vanish. The
diagrams of wave S are typical diagrams from the momentiess couple of vertical

forces (White, 1983). Tn Fig. 4b the displacements in wave P2 were increased
by factor 2 for clearness. .
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The jump of u" excites a spherically symmetrical longitudinal field (Fig.
5) in both phases. If we assume that the displacement in the P1-wave in the fluid
phase equals one, then the displacement in the wave P2 in the same phase is
equal to 19 units. Respectively, the displacements of the skeleton in waves P1
and P2 are equal to 1.8 and 2.75 units. Thus, source (34) is the best generator
of wave P2. All displacements are directed from the centre of the source with
the exception of the skeleton displacement in the wave P2.

The jump u®, which is equivalent to the double momentless force couple
in the plane xz, is characterized by the four-petal diagrams of P1, P2 and §
waves (Fig. 6). Diagrams of. P-waves are obtained by rotating the S-wave
diagram by 45°. These diagrams are qualitatively close to diagrams from a
double force couple without a moment in an elastic isotropic medium (White,
1983).

b
P2
/ \ P
Fig. 5. Radiation patterns of source N 9 Fig. 6. Radiation patterns of source N 10
(longitudinal discontinuity of displacement (transverse discontinuity of displacement

in the fluid phase). in the solid phase).






