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Abstract

The numerical modeling is used in many fields of science to explain the behavior of
some phenomena understandable. In geophysics, the simulations have application in wave
propagation, where the media can be characterized through their seismic responses. Due to
the computational cost, the models have to be as simple as possible, reducing the numerical
errors that these brings. In this work, we check the approximations (de qu 7) made by
Nakagawa and Schoenberg with the exact formulas, because of they simplify the proposed
models for media with fractures, characterizing its shear compliance, dry normal compliance
and membrane permeability. was the need to

The verification of the proposed models is done by comparing the reflection and trans-
mission coefficients obtained with the answer given by the model of the thin layer (para qu
cosa). In examples comparisons are made by varying the permeability and thickness of the
fracture; in the last example, three cases of interest were compared; in which the fracture
saturated with three different fluids, keeping the background with water.

Contrary to the paper mentioned above, the present paper is devoted to a justified

treatment of anisotropic elastic media with one, two, or three systems ...



30 FIGURAS EN EL PDF ADJUNTO, ESCRIBAN EL ABSTRACT, INTRODUCCION
a2 Y CONCLUSIONES, Y DESPUES VEO

2 SE VERIFICAN LAS APROXIMACIONES DE NAKAGAWA 'Y SCHOENBERG CON
3 LA FORMULA EXACTA. ESTO ES LO QUE SE HACE. HAY QUE DECIR PORQUE.
s PORQUE SE VAN A IMPLEMENTAR EN MODELADO NUMERICO? OTRO MOTIVO?
s HAY QUE SER CONVINCENTE. CUAL ES LA VENTAJA? EN PRINCIPIO SERIA NO

% USAR CELDAS MUY PEQUENAS, ETC.
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I. INTRODUCTION Seismic wave propagation in fractured media is an active area of

research, with applications in many fields such us hydrocarbon geophysics exploration,
seismic monitoring of reservoir production and mining among others.

Modeling of fractures may be considered as a special case of the thin layer problem,
where the fracture is represented by a very thin layer with high permeability and
compliance.

There are relatively many works for a layer described by a single-phase (solid) case, e.
g., (41) and (2) consider the normal incidence case for a thin layer, (25) studied AVO
effects of a thin layer, while the effect of the thickness of a sedimentary layer has been
investigated by (17; 18).

(12) computes the scattering response of a lossy layer having orthorhombic symmetry
and embedded between two isotropic half-spaces, and (27) obtain the P-wave reflection
coefficient in isotropic lossless media as a function of the incidence angle.

Several theories have appeared in the literature to model fractures as boundary
conditions in the context of wave propagation phenomena.

The Linear-Slip Interface model (non-welded) for flat viscoelastic two-dimensional
fractures was proposed by Schoenberg, (40). This model imposes the continuity of the
stresses and discontinuity of the displacements across the fracture.

From laboratory experiences, (20; 21; Pyrak-Nolte et al. 1990) have validated the use
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of this model. The experiments performed in (20; 21; Pyrak-Nolte et al. 1990) considered
the propagation of compressional and shear pulses in dry and wet fractured samples,
allowing to validate the seismic discontinuity displacement theory. Also, (28) have assumed
thin fractures as an elastic medium very soft in comparison with the frame.(agregar que
concluyo)

Concerning wave propagation in fractured fluid-saturated poroelastic media, we
mention the boundary conditions given by (7 ). and later by (? ). In the latter reference,
several boundary conditions are developped and the corresponding reflection and
transmission coefficients are computed and analyzed. These boundary conditions first
consider the most general case in which stresses, velocities and fluid pressure may be
discontinuous across a fracture, and later several simplifying hipothesis allow to get other
forms of the boundary conditions, one of whjich reduces to that of (? ).

In numerical simulations, to model fractures as very thin layers would require the use
of extremely fine computational meshes, and consequently employing boundary conditions
becomes a necessity.

In this paper we determine the frequency range in which the various boundary
conditions given in (7 ) are valid to represent fractures in numerical simulation of waves in
fractured poroelastic media.

For this purpose, we compare the reflection and transmission coefficients of waves
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arriving to a plane fracture within a fluid-saturated porous medium represented either as a
thin layer or as boundary conditions.

The calculation of the Reflection and Transmission coefficients at a very thin
poroelastic separating two poroelastic half-spaces has been perfomed in (? ). The results
were validated againts limiting cases (elastic solid and inviscid fluids and zero layer

thickness) and the results predict all wave conversions, critical angles and polarity changes.

To our knowledge, the explicit calculation of the coefficients for poroelastic media has
not been addressed. Existing methods are restricted to normal incidence and/or are based
on numerical algorithms (15 34; 35; 39). In general, these works are based on a
constitutive equation described by Biot’s theory of poroelasticity (5; 6; 13; 14), which is
sufficiently general to model the desired characteristics of wave propagation, in particular,
the presence of the P waves (type-I and type-II compressional waves) and its effects on

interfaces (337 7 7).

There are also jobs where we consider two interfaces, as in (42), where the
system is formed by a fluid-saturated porous solid plate inmersed in fluid, and
the results are compared with experimental data, and in (22), (? ) and (19),
where ultrasonic measurements are compared with numerical data in

poroelastic slabs.

We solve the scattering problem at all angles of incidence for a single layer embedded
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between two half-spaces with dissimilar media, where the properties of the media are
described by Biot’s theory of poroelasticity. The displacement fields are recast in terms of
potentials and the boundary conditions at the two interfaces impose continuity of the solid
and fluid displacements, normal and shear stresses and fluid pressure. The methodology is
analogous to that presented in (37), (36) and Carcione (12; 13), Section 6.4. The results
are verified for specific limiting cases with already published theoretical equations

(7; 13; 27; 32; 37).

The paper is organized as follows. Biot’s theory is reviewed first. Then, we illustrate
the methodology and finally we present the examples. The final equations are verified with
limiting cases consisting of a single interface in poroelastic media and a layer, where the
media can be solids or fluids. The examples are relevant for applications in reflection
seismology.

Introduction

For examining the effect of pore fluids,

GUITARRA. LA INTRODUCCION CONSISTE EN REVIEW, CLAIM Y LO QUE

SE HACE EN EL PAPER, 3 PARAGRAFOS
II. BIOT’S THEORY

We consider a porous solid saturated by a viscous compressible fluid and assume that

the whole aggregate is isotropic. Let U and Uy be the averaged displacement vectors of the
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solid and fluid parts of the medium, respectively. Then, W is defined as the averaged

relative fluid displacement per unit volume of bulk material,

W =¢U;—U), (1)

where ¢ is the effective porosity.

Let €;; and o;; denote the strain tensors of the solid and the bulk material,
respectively, and let Py denote the fluid pressure. Following (5; 6), the stress-strain

relations can be written as

Oij = 2M513(U) +6ij ()\CVU+DVW), Z,j = 1,2,3,

Py = —DV-U-MV-W (2)

(13). Here, u is the wet-rock shear modulus of the bulk material, considered to be equal to
the shear modulus of the dry-rock. The grains are characterized by density p,, bulk
modulus K and shear modulus p, while the fluid by p;, K¢, and viscosity 7. The grains
are assumed to form an elastic porous matrix characterized by a porosity ¢, permeability

k, bulk modulus K,,, and shear modulus j,,. The Lamé constants of the saturated rock
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are \. and pu. The constants A., D and M in (2) can be written as (13)

Km Oé_d) ¢ -
@ K.’ (Ks +Kf) ’ @M

2
K.=K,+a*M, \=K,— S BK, =D,
1/K,,—1/Ks

B = Ry UK, + oK, = 1K)

where K, is the undrained bulk modulus.

Next, let

po = (1—=0)ps + dpy (4)

be the mass density of the bulk material. Also, let g and b denote the mass and viscous

coupling coefficients between the solid and fluid phases (3; 4):

T N N S
g_Qb’b_H’ 5_2(1+¢)a (5)

where S is known as the structure factor. If g and b are functions of frequency, we have

b(w) = Re (ﬁ) ,
1

o) = 2t (). )

being x(w) the dynamic permeability, a complex function defined in (23), and given by

m(w):@( |4 +ii> , (7)

W Wi
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where K is the absolute permeability, n; is a finite parameter determined by the pore
geometry and w; is the viscous-boundary characteristic frequency given by
wj = nd/(kopyS) (13; 23).

Then, assuming constant coefficients p, Ao, D, and M in (2), Biot’s equations of

motion can be stated as (5; 6; 13)

Vio = HNV(V-U)—puV x (VxU)+DV(V-W)

0*U W
Pb at2 +pf atg )

VP, = DV (V-U)+ MV (V-W)

02U . 0*W n baw (8)
Pi e 95 ot

where H, = A\, + 2pu.

A plane-wave analysis shows that in this type of media two compressional waves

(type-I and type-II waves) and one shear of S-wave can propagate (5).

IIT. REFLECTION AND TRANSMISSION COEFFICIENTS OF A SINGLE

LAYER

The fluid-saturated system consists of three media, €2,,, n = 1,2, 3 with different
properties as shown in Figure 1. Let z = 0 be the boundary between ; and €25, and z = h
the boundary between (2, and €23, and consider a type-I compressional plane wave in 2,

incident at z = 0 with an angle 6;; with respect to the vertical z-axis. Following (38), we



10

us  represent the incident, reflected and transmitted waves using potentials.

I Q, AR

. ¢1 pfl psl
\\9_

Figure 1: Geometry of the two half-spaces and the embedded layer.

146 For €2y the potentials of the solid and relative fluid displacement are given by

pin = Apetrmaax)

i = Bpel®ma), (9)
w7 where

;1 = i (sin(6;1), cos(6;1)) ,

us is the complex wave vector determining the polarization direction.

149 Let gpm , gprs , 7,/) and 7,[17%) be the compressional and shear potentials of the solid and
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10 relative fluid displacement, for the reflected waves in 2;. They are given by
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e

Y
P

P

1)

A7(~11) ei(m_q£1 J

-X) +A£12)ei(wt—q£2

~x)7

AW gilwt—ard %)

]

B(l) i(wt— qu -X) —|—B(1) i(wt—q' % x)

B piwi— aty x) (10)

rs Y

where the subscript r indicates the reflected wave, ¢ indicates compressional wave and s

shear wave, the super-index (1) refers to medium 1. Subscripts 1 and 2 indicate type-I and

type-II waves, respectively.

In €5, the potentials are

2
el

2
eir

(2)

tc
R

o

o
PP

@

: (2) : (2)
Ag)el(wt—qtf -X) + Ag)el(wt—qé

.x)7

A(Q) i(wt— q() )7

BPciwt-ai 0 | @) itwt-aif

.x),

Bt(s) it q( )' )7

Aﬁ%)ei(wtfqg)-x) + 145_22)ei(wt7q£22)-x)7

)x)

A®@) pilwt—ars

TS

B(Q) i(wt— qu -X) —|—B(2) i(wt— qT2 x)

B@eiwt=ait'x) (11)
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and the subscript t indicates the transmitted wave.

Finally, potentials in {23 are expressed by

D A 4 gD

A = Aot

PP = Bt(f)ei(wtfqﬁ’)'X)_,_Bt(g)ei(wtfqg)*)’

) = B, (12)

In general, we determine q;; = (x5, Bi5) = q;(sin(0y;), cos(0y;)), | = i,r,t and j =1,2,s

for each kind of wave.

The solid and relative fluid vectors U™ = ( ) Uz(”)) and W) = (Wén), Z(")) in

Q,, n=1,2,3, are given by (37),

U@

0z = Oz
= vV +ul +Uu® + U, (13)

oty gl
v = wﬁw,ﬁ%(— o T,

oty vy
W = wﬂ+w,€?+<—¢— ),

0z = Ox
= wP+w+wh +wd, (14)
890(2) 890(2) 8905,25) 8@5?
v (2) + = ts : ts + \V/ (2) + = ’
Pte 0z = Ox Pre 0z = Ox

UP +U +U2 +UD +UD +UD. (15)



163

164

165

166

167

168

170

171

13

0z = Ox 0z = Ox
= W+ Wg + W W s w4 Wi, (16)

(2) (2) 2) (2)
W(Q) — th(f) + (_a¢ts a¢ts ) _‘_vwg) + (_aﬂ)rs 7a¢rs ) ’

ago(3) ago(3)
U(g) — v (3) V%% ts
(ptc + 82 ’ ax )

= U9 +u® +Ud. (17)

® 5y
we — gy 4 s 9
e dz > ox |’

= wP+wd +w, (18)

Here Ul(f) and W,

s L=1,1t, j =125, denote the type-I P wave, type-II P wave

and shear wave components of U™ and W respectively. The super-index (n) denotes

any variable associated with the medium ¢2,,.

The boundary conditions at the interfaces located at z = 0 and z = h impose
continuity of the solid and fluid displacements, continuity of the normal and shear stress

and continuity of the fluid pressure (38). Therefore, at z = 0 and z = h we impose the
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conditions

um = et (19)
um = gt (20)
ol = ol (21)
o) = ot (22)
PY = P, (23)
wr = whth o op =12 (24)

The amplitude of the reflection and transmission coefficients R;l) and Tj(B), 1=1,2,s,
for the different waves are defined as the ratio of the solid-displacement amplitude of the

corresponding wave and that of the incident wave (38), i.e,

AL M
®
and
(3) _ E;O-’)qt(f) (26)
TooAl ey

Using equations (9)-(12) to obtain expressions for each of the pairs mentioned above

and substituting them in (8) leads us to the following relationships between the amplitudes
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e of the solid and the relative amplitudes to the fluid (38):

Bl(;}) — %(;z)Al(;l), j=1,2,s, l=rt, n=1,23,
By = vida, (27)
10 with
[ 2
pl(,")wQ _ <q,(f;)> Hc(n):|

Vﬁgl) frd — 2 ]:172 n:1727
() =o'

i 2
pwﬁ—<ﬁvfﬁﬂ
L L

Yii T T 2 ,
() 00—
r 2
Py w? — <q§)) IIE’]

,.)/t(]n) = = 2 j:172 n:2737
(@) D]
(2

(n) Mm@“) Py W
P)/rs - (n) 2 n = 1, 2 5
Py w
- u () = o
P)/ts - (n) 2 n = 2, 3
Py W
181 The boundary conditions (19)-(24) require that the phase factors at the interfaces

12 2z = 0 and z = h are the same:

1 1 2 2 2 2 2
xi = x5 =x8 =0 =x =x@ =@ =x =x8 =x®

3 3 3
= X =B ¥ =y, (28)
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which represents Snell’s law and allows us to obtain the reflected and transmitted angles 0;;

for each type of wave as a function of the incidence angle 6;;.

Application of the boundary conditions (19)-(24) and Snell’s law (28) at z = 0 and
z = h give two systems of linear equations in the unknowns A,; ,A,s, A, A, Aw and Ay

(see Appendix A). These two systems have coefficients depending on the wave numbers

g n=1,231=irtj=12s

Set

O(n) - Al(;l)/Alla l= T,t, j = 172a8a n = 172a3' (29)

lj

Using the matrix notation of Carcione (13), Section 6.4 to relate the fields at z =0

and z = h we obtain
(Al — B x A3) r = —ip, (30)

where r = (C},P, Crg ,Ors 7Ct1 7Ct2 70 ) )

I = [—Xa _ﬁz‘(ll)> Cz(l , I)Xﬁzl afﬂ , @1 %1 ] and B = T(0) * (T(h)) " that acts as a

boundary condition. The matrices of the system (30) are given in Appendix B.

The amplitude of the reflection and transmission coefficients for the different types of
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106 waves are defined as

(1) (1) q( )
_ rj
Rj - OTJ (1)’
il
(3)
T-(3) _ 0(3 qt]

j=1,2s. (31)
zl

197 An incident S wave has the same scattering matrix as the P incident wave, but the

e array i, in (30) is replaced by

9 T
— |80, —¢ {x2 - (ﬂfsl)) } 0, —%(i)x} :

IV. SEISMIC BOUNDARY CONDITIONS ACROSS A FRACTURE

199

200 The model developed by (31) assumes that medium 1 and medium 3 have the same

201

properties and the thickness of medium 2 tends to zero (h — 0). They obtain

o g G 4+ G0
3) (1)

O-ZZ - O-ZZ O-(Z) + 0.(1)

(P —(=P") | wn| 0 Qxv || (=PP)+ (=P

- = ! N>
ot — ol Qx 0 ot + ol
- g

o + oY
W _ i

z

/O 4 1
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22 where the dots over the displacement vector components indicate the time derivate. The

203 matrices Qyy and Qy y are given by

Qxy =

24 and matrix QY y 1s gives explicitly as

1/G

X/w

0

(33)



QYX(L 1)

Qyx(1,2)
Qyx(1,3)
Qyx(2,1)
Qyx(2,2)
Qyx(2,3)
Qyx(3,1)
Qyx(3,2)

QYX(?’v 3)

19

4M@)<X>2( A )
(s p ) (2)
w HC(Q)) - N(2)pb ~
2u(2)§5<x>2 oy p
oy 20,2
= T ’

1 c
—a® C
@ @ B .
H g
NG

no
X p(2)
w _~L+a(2)2'u(2) B3 —

) 2 a

e 200 (@) 2o+ 4o
@ L HO MO i
oV — + 2)\2 1 C 5 ~ |
c ® e o
- () ) 3
w p(2) .(1_1—1)

(@) i (5)
?» M@ (%) %) A
p )
(34)



205 where
o= i
wk(w)
(2) (2)
1 o H- <X)2L
B a@ M @) w Oé(2)ﬁ(2) ’
- JHOpe)
b =1-25 g{%z)’
2091 p
q oo tanhe B h
e 2
206 The properties of medium 2 can be characterized by:
h :
mo=E 5 (shear compliance),
I
h . .
NN, = W (dry or drained normal compliance),
C
(2)
kw) = " h(w) (membrane permeability).
207 Simplifying equation (30), equation (52) of (31) is obtained:

\

208 Where 5 ~ 1 and

09— 00 = )y, | (1- 0B (1 - )

D)= a3

B _ (1)

Oxz = Ozxz

ot = olY

!

ol —a®

U — U = (iw) nrot?

2

oy

2

L)

_p(3) . <_p(1)) _ ﬁ W D I

20

(35)
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10 [ a®
€= ! wQ annND

2 Q*B/I%O

s /Ii\() = Iio/h. (40)

200 When the permeability tends to infinity, equation (53) of (31) is obtained.

(

19— 09 — () prof)
78— = (iw) v, [ag) —a® (—P}l))}

WZ(3) B -2(1) _ (iw) 04(2)77ND [_Ug) _‘_% <_Pj§1))]

(41)
o = o8
o = o0
(3) _ (1)
\ —P = =P
a0 V. EXAMPLES
211 We model the fracture as a thin layer whose reflection coefficient is given by equation

22 (30) assuming h much smaller than the signal wavelength (thin-layer model or TL model).
23 Let us define the fracture-thickness/wavelength ratio, R, where the wavelength is that of
2 the background medium. We consider several cases of interest in reservoir geophysics.

a5 Media properties and fracture properties are shown in Table 1 and fluid properties are

216 shown in Table 2. The following cases are taken into account:
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Case 1: Comparison between the TL model and equation (30) of (31).

Case 2: Comparison between the TL model and equation (52) of (31).

Case 3: Comparison between the TL model and equation (53) of (31).

Case 4: Calculation of reflection and transmission coefficients for three types of fluid
in the fracture, with water in the background medium, using the equation (52) of

(31).

A. Case l

We compute the reflection and transmission coefficients for compressional plane waves
propagating through a fracture, where the fluid is water everywhere. Considering the
notation in Figure 1, medium 2 is the fracture.

Figure 2 shows the magnitude of the reflection and transmission coefficients for the
TL model and equation (30) of (31), where R = 3.1 x 107%. When the permeability is very
small, there are differences between the two models. In Figure 3, R = 3.1 x 107% and here

the coefficients obtained with the two models are the same except at very high frequencies.
B. Case 2

In this case, the TL model is compared with equation (52) of (31). The permeability

is kg =107* D, the incident wave is a type I P-wave and the thickness of the fracture varies



234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

23

from h = 0.001 m to A = 0.00001 m. When R = 3.1 x 1075, at approximately 100 Hz,
there are differences between the two models, see Figure 4. But these differences disappear

when R = 3.1 x 1077,
C. Case 3

In this case, the permeability is infinite (kg — 00). When h =0.001 m and the
frequency is 1000 Hz, there are differences in the absolute value of the transmission
coefficient obtained with the TL model and equation (53) of (31) when R = 3.1 x 10~*. If
h = 0.00001 m there are no differences between the two models. In this case, it is R = 3.1

x 107% for a frequency of 1000 Hz.
D. Case 4

After comparing the present model with that of (31), we proceed to analyze three
different cases of interest in reservoir geophysics. The medium is saturated with water and
the fracture contains three different fluids, water, oil and gas. The fluid properties are
shown in Table 2. The coefficients were calculated for a frequency of 50 Hz and fracture
thickness A = 0.001 m, which gives R = 1.6 x 107°

The reflection and transmission coefficients are calculated with equation (52) of (31)
and the results are shown in Figure 6. It can be seen that when the bulk modulus of the

fluid in the fracture differs from that of the background, the coefficients vary more. When
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the fluid density in the fracture is much less than that of the background, the two peaks
appearing in the reflection coefficient of the type I wave (Rp;) are closer to each other. Also
displayed is a peak at 50 degrees in the coefficients of the wave type II (Rpy; and Tpyy)

when there is gas in the fracture.
VI. CONCLUSIONS

In all cases shown, when the thickness is too small the fracture ratio / wavelength, the
results obtained with (31) approximations are similar to the results obtained with the fine
layer model, especially for low frequencies . A variable that affects the results very
significantly, is the permeability of the fracture; to cases with low permeability fractures,
the thickness must be very small, otherwise the approximations and the fine layer model
differ, especially at high frequencies. This shows that in certain cases the approximations
do not fit the exact model.

In the latter case it is observed that when there is gas in the fracture, the coefficient
of reflection of PI-wave, is very different from the other two cases (water or oil in the
fracture) and has two lobes between 40 and 60 degrees. Something similar happens with
the coefficients of reflection and transmission of shear wave, which appears lobe near 50
degrees only for the case of gas in the fracture. This could be used as an indicator of gas in

fractures.

Acknowledgements



271

272

273

274

275

276

277

278

279

25

This work was partially supported by the Agencia Nacional de Promocion Cientifica y
Tecnoldgica, Argentina through FONARSEC FSTIC 06/10 and by CONICET from PIP

0952. JMC was partially funded by the CO2Monitor project.
APPENDIX A: LINEAR SYSTEMS

Here, we report the linear equations for the unknown amplitude of the reflected and
transmitted waves. First, application of the boundary conditions (19)-(24) at z = 0 yields

the linear system

AR = XA = x AR+ BVAL =AY — XA + 57 AR — XA

—xAY) + P42 (A-1)

1) 4(1 1) 4(1 1) 4(1 2) £(2 2) £(2 2
—@(1)*’41('1) - 6(1)A£1) - 6(2)14,(0) - XAg) = —@(1)1451) - ﬁt(Q)A£2) - XAgs)

—BPAD — DAL —AD. (A-2)

rs
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Table 1: Baseline material properties used for the numerical examples are shown.

Properties Matrix Fracture
Porosity 0.15 0.5

Solid density (g/m?) 2.7 2.7
Solid bulk modulus (GPa) 36 36
Frame bulk modulus (GPa) 9 0.0556
Frame shear modulus (GPa) 7 0.0333
Permeability (D) 0.1 100 (case 1, 4)

0.0001 (case 1)
0.001 (case 2)
oo (case 3)

Tortuosity 3 1
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413



Table 2: Saturant fluids.

Properties Gas Water Oil
Density (g/m?) 0.1398 1 0.7
Fluid viscosity (Pa s) 0.000022 0.001 0.004
Fluid bulk modulus (GPa) 0.05543 2.25 0.57

40
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Figure 2: Absolute values of the reflection and transmission coefficients of type I (PI) and

type II (PII) P-waves, for two values of permeability. The incident wave is a type I P-wave.

The thickness of the fracture is h = 0.001 m. NSO7 correspond to (31), and TL model to

thin layer model. a) Normal incidence and permeability £y = 100 D b) Normal incidence

and permeability ko =0.0001 D. ¢) Frequency: 1000 Hz and permeability ko = 100 D. d)

Frequency: 1000 Hz and permeability xy =0.0001 D.
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type (PII) P-waves. The incident wave is a type I P-wave. The thickness of fracture is h =
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and permeability ko = 0.0001 D. b) The frequency is 1000 Hz and the permeability is kg =

0.0001 D.
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Figure 4: Reflection and transmission coefficients of type I and type II P-waves. The incident
wave is a type I P-wave, permeability ko =0.001 D and h varies from 0.001 m to 0.00001
m. NSO7 correspond to (31), and TL model to thin layer model. a) Absolute value of the
reflection coefficient (type I wave); b) absolute value of the reflection coefficient (type II
wave); c¢) absolute value of the transmission coefficient (type I wave) ; d) absolute value of

the transmission coefficient (type I wave).
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Reflection and transmission coefficients of type I (PI), type II (PII) and shear

waves as a function of the incidence angle. The coefficients were calculated using Equation

52 of (31). The incident wave is a type I P-wave of frequency 50 Hz, permeability ko = 100

D and A =0.001 m. a) Water in the fracture; b) oil in the fracture; ¢) gas in the fracture.



