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Abstnlct-BioCs theory is employed to study the refleo;:tion and refraction of plane harmonic waves at
the welded interface between two dissimilar saturated poroclastic media. A pore alignment par
ameter is defined to classify the etT~'Cts of connection between the mterstices of the two media.

EfTects of pore alignment on the amplitude ratios and energy ratios have been calculated
numerically. for a particular model. Amplitude and energy ratios do not change significantly as we
move from partial alignment to full alignment of pores. Howe-er. the effect on amplitudes and
energies is quite significant for the values of the pore alignment parameter approaching lero. For
e~treme values of the pl're alignment parameter. the amplitude and energy ratios have been plotted
against the angle of in,·idem:e.

INTRODUCTION

Propagation orclastic waves in fluid-saturated porous media has been a suoject orcontinued
interest due to its importance in various liclds. such as earthquake engineering. soil dynam
ics. foundation engineering. seismology. geophysics and hydrology. Riot (I 956a. 0) for
mulated the constitutive equations and equations of motion for such solids. He dem
onstrated the existence of two kinds of compressional waves along with one shear wave.
Deresiewicz and Rice (1962) studied the reflection or plane waves at the rree plane ooundary
of saturated poroclastic solids. The boundary conditions appropriate for the boundaries of
such solids have been discussed by Deresiewicz and Skalak (1963). Burridge and Vargas
(1979) justilied the validity or constitutive equations derived by Biot in the study of seismic
waves propagating in the earth. In recent years a number or problems regarding wave pro
pagation at poroclastic solid interface have been studied. e.g. Hajra and Mukhopadhayay
(19H2). Yew and Wang (19H7). Sharma e{ ul. (1990a. b). In all these studies. poroelastic
solids arc assumed to be in contact with a liquid or an impervious clastic solid. Not mueh
work has been done for thc wave progation at a poroclastic/poroelastic interl~lce. At such
an interface, boundary conditions depend upon the connection between the interstices or
the two media in contact.

In the present study. retlection and refraction at the interface between two ditTerent
saturated poroelastic media has been discussed. Etfects orconnection betwecn the intcrstices
of the two media on the amplitude and energy ratios have been exhibited for a particular
model.

fIELD EQUATIONS

Following Biot ( 1962). the differen tia I equa tions governing the displacement Ii of solid
matrix and Uof interstitial fluid in a homogeneous poroelastic solid, in the absence of
dissipation. arc

JtV 1li+ (). + II +:x 1An grad (V' ii)+cxM grad (V' \\~)

=c\pli +Prfi')/C{1 grad {:xM(V' Ii) + Af(V . fi'):- :;:; c 1( Prli + rmi·)/(1{1. (I)

The vector Ii', {:;:; fJ(U-u}}. represents the now or fluid relative to the solid measured per
unit area or the bulk medium. ;" J.l = Lame's constants for the solid. p. Pr = mass densities
of the bulk material and fluid respectively, m = Biot's parameter which depends upon
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porosity fJ and Pr. and 1. and M are elastic constants related to coefficients of jacketed and
unjacketed compressibilities.

The stress components in the solid. Tw and fluid pressure Pr are expressed as

T'J = 2Iie" + ~ (). + ):: .\f)e + :x.\f'; }J'I' (i.j = I. 2. 3)

PI" = -M:u+~} (2)

where e = div u. .; = di\' II' and

Following Sharma and Gogna (1991). the displacements Ii and Ii' can be expressed as

ii = grad (p I+grad 4>; + curl \jJ1 •

Ii, = IL I grad rP I + Ii; grad 4>: +:Xo curl 'PI.

where

ILJ = (Pc'l - P+P, )'( Pr - nt'll. (j = 1.2).

The mass densities P, (j = 1.2. J) an: given by

where

(3 )

(4)

(5)

(6)

Potentials cPl. 4>2 and \jJ, satisfy the wave equations. i.e.

where

n is angular frequency and velocities of propagation. t'J (j = 1,2. 3). are given by

(8)

(9)

( 10)

The wave corresponding to (p I is called fast P (or Pc) wave; the wave corresponding to <P2
is called slow P (or P,) wave and that corresponding to the vector potential qJl is the only
shear wave.

FORMULATIOt" OF THE PROBLEM

We consider two different homogeneous isotropic fluid-saturated porous solids in
welded contact along a plane interface. Rectangular Cartesian coordinate system (x,)', =)

is chosen with plane of interface as; = 0 and ;-axis pointing into the medium M', as shown
in Fig. I. The medium 1\-1 through which incidence takes place occupies the region; < 0
and the region => 0 is occupied by the medium .\f'. Considering the two-dimensional
reflection-refraction problem. we shall restrict the plane wave solutions in the plane per
pendicular to the interface.
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Fig. I. Geometry or the problem.
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BOUNDAR Y CONDITIONS

Following Deresiewicz and Skalak (1963). nonalignment of a portion of the pores can
produce an interfacial now area which is smaller than that in either medium adjacent to
the interface. If we define Il u = min' (fI.ll') and /:IJ u (0 ::::; E: ::::; I) as the interfacial now area
in the interface element of unit area then I: is assumed as pore alignment parameter. I: = I
implies that pores of two media arc completely connected at the interface and I: = 0
corresponds to the case when there is no connection between the interstices of two media.
The effect of nonalignment of the portion of pores might be accomplished physically by
inserting a porous membrane between the two poroelastic media with fully aligned pores.
Flow through such an interface would result in a pressure drop across the interface. As the
pores in each of the individual poroelastic media are assumed to be interconnected. we
assume that even the alignment of a small portion of the pores would result in the large
reduction in the pressure drop. at the interface. Therefore. with the assumed consistency
between the pressure drop and normal component of filtration velocity. we choose to write
the continuity requirement. regarding the pressure drop. as

Hence the boundary conditions appropriate for the interface between two different saturated
poroelastic media are

(iv)u: = u" (v)u; = u:. (vi)w; = w:.

(quantities with prime correspond to the medium M').

REFLECTION AND REFRACTION

(II)

We consider only two-dimensional problems in the x-: plane. The incident wave is
assumed to originate in medium M and become incident at the interface: = O. making an
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angk II vdth th~ :-axis. It results in three retl~cted waves (P" PI and SV) in medium AI
and three waves (P,. P, and S~-I transmitted to m~dium Jr. dS shown in Fig. I.

From eqns (S). displacement potentials for reflect~d waves dre writt~n as:

( (2)

where (,~, = ( '-PI I, and arbitrary constants A I. A:. A, denote the amplitudes of refkcted
P,. P, and S~'wavcs respectively.

Similarly the corresponding potentials for waves transmitted to medium 1\1' are written
as

(13 )

with the corresponding quantities defined for the medium AI'.
Displacement potentials for the incident wave are as follows:

(i) for incident P, wave

(ii) for incident 1', wave

(14b)

(iii) f(1f incident S~· wave

Corresponding to the potentials given by (12)·( 14), the boundary conditions (II) arc
satislied for all values of.\ if and only if

(i) ( (5)

where J" = i), (j = 1,2,3), as the incident wave is 1\. P, and SV respectively.

(ii) L a"ZJ = h" (i = 1,2, ... ,6),
, I

(16)

where ZI = HilA". Z: = 8~/A". 2, = 8,/A", 2 4 = AliA". 2\ = A~/A" and 2" = A,/A n
represent the amplitude ratios for refracted Pr, PI' SV and reflected Pro P, and SV waves
n:spectively.

The coetlicients a" in eqns ( (6) are as follows:

(/11=1';. (/1:=1';. il l .J=p'l);:sin20',. ilI4=-1'1. ([15=-1':, (J16=/u)isin20"

(/:1 = II'l);:sin2Ii',. (/:: = P'lj;~ sin21i':. (/:, = Il'l);: cos 20".

lI>l = 1(,);sin2li l , il:< = luqsin20> il:" = Ill)~cos2Ii,.

(/l! = JI'(.1+110ij'-:I:, (/,: = M'(X'+II':),S;:I;,

il" = O. il \4 ( I - 1:)fM I Jl cos Ii l - AI(x +II 1)lS k,
ill< = (l-dfM:/lcosOc-M(x+IIJ,i~I;. illl, (I-r.)Ql),x"sinO,.
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a54=6 I cosOj, a55=i5~cOS(}~. a5n=<5,sin(},.

ani =tt;J;cosO;. an~ = Jl;6;cosO;. ao, = -:x;)b;sinO;.

an4 = ttlbl cosO I • ao5 = Jl~J: cosO~. ao/> = :lob, sin 0,

where
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{I 7)

T,' = {2tt'sin~O/-(H'+1:'ArJl;)}<5/~. (j= 1.2).
(l8)

The constant terms h, on the right side ofeqns (16) are given by

(i) for incident Pr wave

( 19a)

(ii) for incident P, wave

(19b)

(iii) for incident SV wave

We now consider the distribution ofenergy between different reflected and transmitted
waves at the surface element of unit area. Following Achenbach (1973). the scalar product
of surface traction and particle velocity per unit area. denoted p., represents the rate at
which the energy is communicated per unit area of the surface. If the outer normal on the
surface clement is ri, we ha ve

(20)

where T,,,, is stress tensor, n", are direction cosines of unit normal r, and Ii, are components
of particle velocity.

The time average of p. over a period, denoted by (p.). represents the average energy
transmission per unit surface area per unit time. For fluid-saturated porous medium. taking
into account the energy communicated to the fluid portion, we have the rate of energy
transmission at ==O. given by

(21 )

With the help of the expression (R(f)' R(g» = ~R(f'g). for any two complex functions
f and g. we obtain the energy ratios giving the rate of average energy transmission of all
the transmitted and reflected waves to that of incident wave. These energy ratios, £,
(i::: 1,2, ... ,6). for refracted Pro P" SV; reflected Pro P, and SV waves respectively. are
expressed as

£/ == (N)/(Pi:). (i = 1,2•...• 6), (22)
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where

and
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<Pr> :::: {i.' + 2Jl' + .\.I'(:c' + Jl',);} IZ II; Real (cos e; )/t';'

<P!>:::: ():+2Jl'+M'(:C'+Jl~);}lZ21;Real(cose;)/e;1

<PD :::: (Jl'lt';»IZI1 2 Real (cos 0;)

<P!>:::: {i.+2}I+M(:C+}1!l2}IZ41; Real (cosOI);d

(PD :::: {i. + 2}1+ M(cx+ Jl;):}lZ51; Real (cos O;)/d

(Pt> :::: (}1/d)!Zhl; Real (cos 0,) (23)

(i) for incident P r wave

(ii) for incident p. wave

(iii) for incident SV wave

(24a)

(24b)

(24<:)

Gt'fwralisatiol/

All the expressions involving m derived in the preceeding sections arc applic.tble only
to non-dissipative poroclastic solids, Taking into account the viscosity of the interstitial
fluid, these expressions can be made applicable to a general saturated poroclastic solid by
replacing Riot's parameter 'm' by (m - i,,/OX). Xis permeability and" denotes the viscosity
of the interstitial fluid. For higher frequencies, where the Poiseuille flow breaks down, a
correction factor is applied to viscosity", replacing it by "F. F is a complex function of
frequency 0 and is evaluated following Riot (l956a).

NUMERICAL RESULTS AND DISCUSSION

Since a large number of parameters enter into the final expressions, in order to study
the dependence of amplitude and energy ratios on the angle of incidence of incident wave
as well as pore alignment parameter, we confine our numerical work to a particular modeL
We may mentions here that the aim of this study is to discuss the effects of pore alignment
on the reflection and refraction. Therefore, for the sake of simplicity, poroelastic solid is
assumed to be a non-dissipative one.

Keeping in mind the availability of numerical data, we consider the model consisting
of water-saturated sandstone in welded contact with water-saturated limestone. Following
the experimental results given by Yew and Jogi (1976) and earlier data given by Fatt (1959),
we choose the following values of relevant parameters:

(i) for water-saturated sandstone (medium M)

;. :::: 0.3034 X lO" dyne cm- 2,

Jl :::: 0.922 x 10 II dyne em - 2,

M = 0.887 X 1011 dyne em

:x :::: 0.3227,

P = 2.17gcm- J ,

Pr = 1.00gem- J
,

m = 3.731 gcm-'.

p = 0.268.
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(ii) for water-saturated limestone (medium Jr)

;: = 1.444 x lOll dynecm- z, p' = 2.24gcm- J ,

J./ = 1.209 X 1011 dyne cm - z, Pr = 1.00 gcm - J,

M' = 1.591 X 1011 dynecm- z, m' = 6.944gcm- J
,

ox' = 0.262, /1' = 0.144.

Corresponding to the above given values of parameters, the system of eqns (16) is
solved for Z, by Gauss elimination method using a computer program in FORTRAN-77.
For fixed values of E between 0 and I, the angle of incidence is considered to be varying
from normal incidence (8 0 = 0) to grazing incidence (8 0 = 90'). Amplitude ratios Z; are
found to depend upon the angle of incidence. The energy ratios are then calculated numeri
cally using the relations (22)-(24).

(i) For incident Pr wave
Amplitude and energy ratios for all the reflected waves decrease with the increase of E

except for the reflected Prwave, which shows a reverse behaviour as the angle of incidence
increases to nearly 50" (critical angle for refracted Pr wave). Amplitude and energy ratios
increase with the increase of E for refracted Pr and refracted SV waves. However, for
refracted P, wave these ratios decrease with the increase of f.. At grazing incidence f. has no
effect (cf. Figs 2-7).
(ii) For incidcnt P, wavc

Amplitude and cnergy ratios decrease with the increase of f. for all the reflectcd and
refracted waves except for the n:fraded 1', wave, where these ratios increasc. At grazing
incidence I: has no ellcct on amplitude and energy ratios (cr. Figs 8---13).
(iii) For incident 5V wave

Pore alignment has no etlcct on rellection and transmission at the normal and grazing
incidence. Amplitude and energy ratios for refracted 1\ wave decrease with the increasc of
I: except for amplitude showing the reverse behaviour as the angle of incidence incrcases to
nearly 40' (critical angle for rellected 1', wave). Increase of I: decreases the amplitude and
energy ratios for rellected and refracted 1', waves. For refracted 5V wave these ratios
increase with I:, but for rellected S V wave t1ccrease with the increase of I:, up to angle of
im:idence of incident wave smaller than nearly 67· (critical angle for refracted SV wave)
(cf. Figs 14 19).
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Fig. 2. Amplitude ratios for lhe reflected and refracted P, waves for incident P, wave.
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hg fl). Em:rgy rati\ls for th,; rdk.:t,;d and r,;fra.:tc·d ,')"I"wa\';5 f\lr inc'ident Sl' waw.

It is -:ollcluded Ihat pon: alignment has no dlC-:t at grazing incidence for all the waves.
Also it docs not allC-:t the normal in-:idence of SV waves. It is ohserved that amplitude and
t:ncrgy ratios -:hallgt: inlinitt:simally with tht: challgt: in tht: valut: of I;, t:xcept wht:n /; is vt:ry
Ilt:ar to zt:ro. It shows that it dot:s not mattt:r wht:tht:r tht: port:s at tht: intt:rfa-:t: of two
mt:dia art: fully -:ollllt:ctt:d or partially connt:ctt:d. It is in accordanct: with tht: changt: in
prt:ssurt: drop for nOllaligllmt:nt of a portion of port:s. It can also ht: cht:ckt:d from t:quations
(16) that tht: valut: of /; dot:s not allcct tht: t:ntrit:s ii" significantly. t:x-:t:pt wht:n /; tt:nds to
zt:ro. Graphs plottt:d for the t:xtrt:mt: valut:s of /; show a considt:rahlt: drt:ct of connt:ction
of port:s at tht: intt:rfact: on amplitudt: and t:nt:rgy ratios of rdkctt:d and refradt:d wavt:s.

From the nUlllerical rt:sults wt: st:t: that at ;; = 0 I.,'_ I E, = I, for t:ach angle of incidence
of t:vcry incidt:nt wavt:. This implit:s that no ent:rgy is dissipated during transmission at the
intcrfact:.

It is hopt:d that this work may bt: useful in studit:s, both tht:oreticaI and observational,
of fault mt:chanism in tht: porous solids present in the t:arth. It may also be helpful in the
furtha studies of wave propagation at the porous/porous intt:rface.

,·/CkIlOlI'/t'dt/t'II/t'1/I.\-Th,; authors arc th;lllkful to Professor M. L. Gogna. D,;partm,;nt of Math,;mati.:s.
Kurukshdra University. fur providing th,; .:ornputation fa.:iltti,;s. Th,; first author is oblig,;d to th,; Coun.:il of
S.:i,;ntdi.: and Industnal R,;s,;ar.:h. DELIII, for providing the tinan.:iaf assistan.:e in the form of Resear.:h
Asso,;iat,;ship.
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