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Summary

We review main properties of acoustic waves which are described by continuous models of saturated
porous materials. Bulk waves are only mentioned in the introduction, and we concentrate on the propagation of
surface waves. We demonstrate differences between a one-component approach to the problem typical for
seismology, and a two-component approach. In the latter case we rely on a model proposed by K. Wilmanski in
the recent ten years, and we indicate similarities, and differences of results obtained within this model and that of
the classical Biot’s model of porous materials. The main conclusion is that both models predict the same modes
of propagation, and differences are only quantitative in spite of flaws of the Biot’s model which contains
contributions violating the second law of thermodynamics, and the principle of material objectivity.

1. Introduction, bulk waves

Weak discontinuity waves in multicomponent continua differ considerably from those in
single component media. The main difference is related to the fact that systems with multiple
velocity fields (relative motions of components), and described by hyperbolic field equations
lead to multiple modes of propagation. For instance a mixture of N ideal gaseous components
yields N longitudinal waves. In the most prominent example of the Biot’s model of two-
component saturated poroelastic materials there exist three modes of propagation: two
longitudinal P1 and P2 waves, and a transversal shear S wave [1]. The latter appears while the
skeleton of the porous material is considered as an elastic material, and consequently it admits
shear stresses.

In general continuous models of porous materials are constructed as a particular case of
an immiscible mixture of continua in which one of the components — the skeleton — is a solid.
In the above mentioned simplest case such a model contains a description of two components.

In this work we rely on such a model which differs however from that of M. A. Biot in
three essential points:

a) source of momentum in momentum balance equations does not depend on the relative
acceleration of components. It means that the coefficient p12 of the Biot’s model (e.g. [2])
is identically zero. The reason for this change is that such contributions violate the
principle of material objectivity [3];

b) partial stresses do not contain interaction terms related to volume changes of the other
component. In the notation of the present work it means that the partial pressure of the
fluid component, p*, does not depend on volume changes of the skeleton, tre®, where e® is
the Almansi-Hamel deformation tensor of small deformations (i.e. max(JA'[,]N[|A°]) 1,
AN - eigenvalues of e, i=1,2,3), and the Cauchy stress tensor in the skeleton, TS, does not
depend on the current mass density of the fluid component, p". Such dependencies are
impossible without violating the second law of thermodynamics within a model which
does not contain higher gradients among constitutive variables [4]. This is an analogue of
the simple mixture of miscible (fluid) components. In the Biot’s notation this conclusion
means that his constant Q must be identically zero;



¢) changes of porosity are described by a balance equation of porosity rather than to be
entirely neglected as it is the case for the Biot’s model. Let us mention that these changes
can be divided into two contributions: ng describing changes in the thermodynamical
equilibrium (such changes have been mentioned in the early Biot’s paper [5]), and A,

which describes nonequilibrium changes, i.e. the porosity is given by n= ng+A,. It can be
F

shown [4] that the former depends in general on the fraction of partial mass densities p—s,
p

and consequently it must be nonlinear, and the latter satisfies a balance equation

0By 4 div(y’ —vH= Lo (1.1)
ot T

where T is the relaxation time of porosity [7]. There exists a coupling of partial stresses due to
A, which for the linear model has the following form

T =Mtre’1+2ue® +BA, 1,

(1.2)

T = —[pg + K(pF - pg)+ BAH] 1, A,:=n-ng, n; =const,
where the effective Lame parameters A®, p°, and the compressibility coefficient K as well as
the coupling coefficient 3 are constant. They depend parametrically on the equilibrium
porosity ng.

In such a model mechanical processes are described by two scalar fields of partial mass
densities, pF, ps, two vector fields of velocities, v', v5, and the field of porosity, n. Field
equations follow from balance equations for those quantities. Namely

N F
9" 4 p3dive® =0, P~ +pfdive =0,
ot ot

i, o (1.3)
[0 6‘; :diVTS+T[(VF—VS), [ 6‘; :—gradpF—T[(vF—vs),

S F . .. S F .
where Py, P, are constant reference values of partial mass densities, and T°,p" are given by

the constitutive relations (1.2).

It can be shown that such a set of field equations is hyperbolic, and that there exist three
modes of propagation of sound waves: P1 — a fast longitudinal wave, S — a shear wave, P2 —a
slow (Biot’s) wave. The latter is very strongly attenuated. Their speeds of propagation are
given by the relations

S S S

Us = N USD:\/E, U* = k. (1.4)
Py Po

Properties of these waves as well as of monochromatic waves have been extensively

investigated, and can be found elsewhere [6,8].

From the practical point of view even more important are surface waves. In classical
seismological applications solely the so-called Rayleigh and Love waves were investigated.
Their theoretical description is based on the classical elasticity. In modern applications of
those waves one should mention the nondestructive testing of soils where the modification of
the classical model to cover heterogeneous materials is of the primary importance. We present
a few aspects of this topic in the next section of the paper.

For multicomponent systems the situation changes dramatically. The number of modes
of surface waves increases, and their properties differ considerably from those of the classical



surface waves. The number of modes depends on the type of boundary conditions. We
show in the paper two most important cases:

1. a boundary between a saturated porous material, and the vacuum. In this case there exist
two surface modes: a classical Rayleigh wave which is attenuated, and a Stoneley wave
which propagates with the speed almost equal to this of the P2 wave,

2. a boundary between a saturated porous material, and the liquid (permeable boundary). In
such a case there exist three surface modes whose speeds of propagation are strongly
dependent on the permeability of the boundary.

2. Surface waves in single component elastic materials

We present here solely a few most important features of this problem. An excellent
presentation of the state of art can be found in the PhD-thesis of Carlo Lai [9].

Let us begin with the problem of classical homogeneous elastic materials described by
Lame constants, A, p. The field equations of linear elasticity for the displacement, u can be
written in the form

2_L
+

a—uZ:UﬁAuL, Uﬁ::)\ 2“, rotu" =0,

ot p

2T

%:UEAuT, =" dgivu’ =0, .1)
p

u=uL+uT,

where p denotes the constant mass density. We construct the solution of 2D boundary value
problem for the semispace with the boundary z=0 free of stresses, i.e.

ow Ju Ju  Ow
UZBB—“+—H—2U2— =0, —+— =0, 2.2
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z=0

where u,w denote the components of the displacement u in the direction of x-axis (along the
boundary), and in the direction of z-axis (perpendicular to the boundary), respectively. We
construct the solution in the form

ut =Ate™ sin(oot —kz), wh=-A" Ee_'3Z cos(wt —kz), u=u"+u’,
k (2.3)

u"'=ATe" sin(oot —kz), wh =-A" Ee_"Z cos(u)t —kz), w=w"+w’',
Y

where the conditions (2.1);, and (2.1)s have been already used. Substitution in equations
(2.1)1, and (2.1)4 yields the compatibility conditions

-1 Ui Uk el
%g—l %g =1 UR.—élfg. 2.4)

2 2
Uj Ujg

Frequency o, and the wave number, k, as well as the constants, A", AT have to satisfy the
homogeneous boundary conditions (2.2), and this yields the dispersion relation
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It can be shown that this equation has a single solution Ur< Up. This is the speed of
propagation of the Rayleigh wave described by the solution (2.3). Obviously the above
Lae cwonsc t, XonsLo mnoispon), ans, ns . etqudsl e nL np sonsiT sc fi npl dgsu Taulsr ,nm
that its solutions, Ug are the same for all frequencies, i.e. Rayleigh waves in homogeneous
elastic materials are nondispersive. This makes them so important in practical applications.

The amplitude of this wave decays exponentially with the depth, z, and hence the
disturbance is essentially different from zero solely in a small vicinity of the boundary. This is
the reason for calling such a solution the surface wave.

In addition the solution (2.3) yields the following relation between components u, and w
of the displacement

2 2
u w

+ =1. (2.6)

b2 VY]
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Y

It means that trajectories of material points are elliptic with radii decaying exponentially with
the depth z.

This classical solution changes dramatically for heterogeneous materials. Let us
ponnal. cs, snr etdm Lsy, msmnsu TQTT s ,Acatse,c,r A cndsydpdws, ¢ sontl sL e nL nisonsAT
depth variable, z. Then the field equation for the displacement, u has the form

2
pa u :uAu+()\ +p.)grad(divu)+eZ %divu+d—uEez xrotu +26—UB 2.7)
dz O 0z [

ot’ dz

where e, denotes the unit vector in the direction of z-axis (perpendicular to the boundary). A
solution for harmonic Rayleigh waves is sought in the form

u=Ulzkw)e™™,  w=W(zk we ™) (2.8)

Substitution of this ansatz in the equation (2.7) yields the following set of ordinary
differential equations

ﬁ:A(z)f, fO0* ADOx0%, (2.9)
dz

where the vector f, and the matrix A are defined as follows

f:=(U,W,f,f,), f = uY ew f,=(A +2u)d—w+k)\U, (2.10)
0dz 0 dz
0 k p 0
OkAA+20)" 0 0 (\+2p)' O A+H
A= =4 : 2.11
0 k2 - w’p 0 0 1<A(>\+zp)‘1E ¢ ”A+zp 10
@ 0 -wp -k 0 @

p @TsXTasno), JonsiT so , csic nodkW, &, nLsAT smic nmspior eon nisnoar |, tshosAT s20i nl, cl &D,
can be written in the form



1, =fel@™) g =fl™) (2.12)

The set of equations (2.9) defines a linear differential eigenvalue problem with
eigenfunctions f. Boundary conditions associated to this problem follow from the requirement
that the stress components (2.12) vanish for z=0, and the eigenvector f vanishes as z — co.

Lane omst, asheamtapte ¢ tThThonATf aisTl tpa tnthoTp TdATimutr tTyc eansutpa
some values of the wave number k, say kj, j=1,..M which are called eigenvalues of the
problem. The relation between the frequency, and eigenvalues is known only in the implicit
form Drpapp BDppEbppBv;2r WatqnssTktAnusTch. tkg f T, cant TanecamtSasheamtajte ¢t Tseam
are complex which means that Rayleigh waves in heterogeneous materials are attenuated in
contrast to the Rayleigh waves in homogeneous materials. In addition they depend on the
frequency which means that Rayleigh waves in heterogeneous materials are dispersive.

Several numerical techniques are used to solve the above eigenvalue problem. We shall
not present here any details of those techniques refering to the work of C. Lai [9] for their
presentation with corresponding references.

3. Surface waves in two-component saturated poroelastic materials — field
equations

We proceed to the problem of two-component materials described by field equations
presented in section 1 of this work. In the 2D case of the semispace we seek the solution by
means of the following potentials for the displacements us u’

a S
u® =grad ¢® +roty®, v*= 6ut , ¢ :=symgradu®,

o 3.1
u’ =grad¢” +roty", v'= 6ut )

We make the following ansatz for solutions harmonic in the x-direction along the
boundary z=0

$°=A° (Z)exp (i(kx - oot)), () (1
g’ =B° (z)exp (i(kx - oot)), e =B" (z)exp (i(kx - (.ot)), 3.2)
W =) =g =wg =0,
and
o -ph = Aol -w) ¢ -pl A el e
A, = A" expli (ix - wt)) '

Substitution in field equations leads after straightforward calculations to the following
compatibility conditions
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as well as

O O4d? ) g d?
Dﬁ d2 _kZ CL)Z@F'F nEBwT k2 IT[(AHAF AS :0, (3'5)1
0 S =)
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O +2p° [1d? 2 ;05 Onpot Od* 2 H, i F s

- w - -k —mHA -A%)=0, 3.6

5 e % o npmi(iwr)%zz %‘pé =)0 60,
SQd? a ing;

K B+ w'B® =0. 3.6
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As the analysis of the problem of surface waves for these systems requires some
asymptotic methods we transform the above relations to a dimensionles form. Let us define

S F F
Cq :U—E<1, cf::U—S<1, T[’:ZEST>O, B':= ISIEE2>O, r::p—g<l,
U U, Po P, Po

3.7)

z
z'=—, k':=kUﬁT, W = Wr,
UHT

where the speeds UH ,U,U" are defined by relations (1.4). For typographical reasons we

leave out the primes in the remaining part of the paper. Substitution of (3. 7) in equatlons (3.6)
yields the following set of ordinary differential equations for the function AS A" B

o R T R

DBw d? E(
— —k*+w S W% k2 B+i AF -AS)=0, 3.8
d22 % 0+wdz Eﬂn 0 ) 9

%dz kzé-f =0
w+71n

This differential egenvalue problem can be solved easily because the matrix of coefficients is
independent of z. We look for the solution in the form

TLT1
<

\IHI\

<

I I

AT =Ale™ +Al™, AS=Ale" +Al", B°’=BgeY, (3.9)



with the exponents chosen in such a way that their real parts are negative. This follows
from the boundedness of solutions in the limit z — co.
Substitution in (3.8) yields the following relations for the exponents

%H 4—2%1 m:"m%g (3.10)

and
0., 0. g
ey
1 1 [Tt O
%+cf+8+rmk+w%§§+ 1 f"%g-lg (3.11)
0
%’BH B+1BLEEH .
r Ok [k
Simultaneously we obtain the following eigenvectors
R'=(B,.ALAL), R?=(B,A2,A2), (3.12)
where
=3A,,
Bo ] _ g, Mo
5 =] i+ogkd § (3.13)
P >
"Hpel Pofvg B g Mo
0 r1+w[@k|] 8 kO rk
Al =38.A7,
B By (|5, inw
5 .o i+wrk E E'J' 'S (3.14)
A Bo fefl_ Bl ime
O i+ofpk 0 7§

and, certainly, Y,,Y, are the solutions of the biquadratic equation (3.11) whose real parts are
negative.

Further (section 5) we investigate the limit case w — oo, ‘k‘ — o with X being finite. It

is seen that in this limit the contributions of the bulk porosity vanish (E — 0) whereas these

Lam mc onst ,a\p onc..avacAmil hef ia\ a\ mc clthecddm) .nhcl t nAcAmdquead ad iA a t nhiiAm



conclusion for the speeds of propagation of the fronts of surface waves which are not
influenced by the diffusion reflected through the bulk permeability.

The above solution for the exponents still leaves three unknown constants B, A}, A! in

the solution (3.9) which must be determined from boundary conditions on the boundary z=0.
We proceed to investigate this problem for two cases of boundary conditions.

4. Surface waves in two-component saturated poroelastic materials — boundary
conditions

We consider two cases of boundary conditions: the contact of the saturated poroelastic
material with the vacuum, and the contact of the saturated poroelastic material with the liquid.
In the first case we deal with a medium in the exterior whose impedance is so low in
comparison with the porous material that we may consider all waves confine to the porous
semispace. The boundary is not permeable for the fluid. In the second case the boundary is
permeable, and there is a transmission of waves between both semispaces.

In both cases the components of the total stress are continuous on the boundary. This is
a safe approximation for flows in porous, and granular materials in which we can neglect
quadratic contributions of relative velocities to the total momentum flux. Hence we have

1. boundary conditions on an impermeable boundary between a porous body, and vacuum

ou®  ow’
4+
0z 0x |,

s
Usz g % Usz s U”(DF—p(fLO:O, 4.1)

:()’

2. boundary conditions on a permeable boundary between a porous body and a liquid

ou® aw
0z 6x

Z z=0
Uﬁzpo% % Usz s UFZ(DF_p(l;‘)‘ OZ_UZE)_QS% ’ 42)
- 0y O,
=G(PF_an)

and we require the continuity of mass flux through the boundary.

In the above relations u®,u’,w®,w" denote the components of the displacement vectors
of the skeleton, and of the fluid in the directions of x-axis, and z-axis, respectively.

The first condition (4.1) as well as the first condition (4.2) mean that the shear stress on
the boundary is zero. This condition holds true also in the second case because we assume the
fluid in the exterior to be ideal, i.e. the pressure in this region is given by the constitutive

relation
F F
p=p—°+U2EJ—p—°% 43)
ng ng

:0,

s

z=0

po 6t( _WS)Z:0



(compare the relation (1.2),). The second conditions in (4.1), and (4.2), respectively,
describe the continuity of the total stress component normal to the boundary.

Finally the condition (4.1); means that the boundary is impermeable for the fluid while

the condition (4.2); describes the flow through the permeable boundary. The “force”

responsible for this flow is equal to the difference of real pressures in the fluid, i.e. in the
F

linear approximation it is equal to P in the porous material, and to p — in the exterior fluid.
E

Lane cnon mstecog Ac, chres pitTehef phmid nd nns eanef pqneueccidanar , mir nul .nd cqs ypXIp

and oo for the ideally permeable boundary (continuity of real pressures).

In addition we have the following continuity condition for the mass flux in the second

F N
p%aw% , @4
- Dj ot [ .

where v is the z-component of the velocity in the exterior fluid. This condition has been
already used in the formulation of the condition (4.2)s.

In order to construct solutions of the boundary value problem we have to substitute
relations for the fields discussed in section 3 into the above boundary conditions. The
additional boundary condition (4.4) in the second case is needed to find one arbitrary constant
appearing in the solution for the exterior. We shall not present here general relations
following from this substitution. It is sufficient to note that in each case they form a
homogeneous set of algebraic relations. Consequently we obtain dispersion relations which
should determine the speeds of propagation of surface waves. This problem has not been yet
investigated in the full generality. Some properties of these dispersion relations are known in
the limit of high frequencies which we present in the next section.

case

5. High frequency approximations

The eigenvalue problem presented in the last two sections cannot be solved analytically
in the full generality. Therefore we proceed to some simplifications.

The most natural assumption is based on the fact that the phase speeds of
monochromatic waves are either constant or grow with the growing frequency. For this reason
one can expect that the speed of the signal or, in another words, the speed of propagation of
taned pf necics tecc..cd igquietaneir tewe— . As the system of field equations is hyperbolic the

.. . . w . .
limit of the phase velocity llmﬂ<oo must be finite which means that k|- as the
w-o Re

frequency goes to infinity. We investigate this case.
Let us begin with the first boundary value problem. After easy calculations we obtain
the following dispersion relation for large values of [k|
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p=feci+fis @5_4 ol
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limit.

The above explicit relations allow to estimate the influence of the coupling of stresses
through dynamical changes of porosity. For typical values of other material parameters one
can show that this influence, at least for rocks, is negligible. For instance, for the data quoted
below the influence of this coupling is of the order of magnitude of 1%. Consequently we can
f i. witwhApitod Traseqytioocf T,e qiwp WEDApgta ,Atbswti qdtbr are equal to zero, and the
problem becomes identical with that investigated by I. Edelman, K. Wilmanski, and E.
Radkevich in [10]. The dispersion relation reduces to the following equation
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Comparison with the classical Rayleigh dispersion relation (2.5) shows that it
becomes only a coefficient in the new dispersion relation.
The analysis of the equation (5.4) yields the following conclusions:
a/ there exists a Rayleigh wave whose speed satisfies the inequalities

Uf <U, <U3}; (5.5)

it is a so-called leaky wave which means that it is attenuated due to the exchange of
energy between the surface wave, and the P2 longitudinal wave which is slower than the
surface wave;
b/ there exists a second surface mode of propagation — the so-called Stoneley wave which
is almost not attenuated, and it propagates with the speed only slightly smaller than U".
For instance for the typical data reproduced in the table below the speeds of these two
waves are 1.5754 km/s, and 0.8997 km/s, respectively.

Typical values of parameters for rocks

reference porosity ng 0.3
L ame conmt ¢ Asucé\ Tn e 210 kg/m’
L anme conmt ¢ Asycaiic.cs, odh” 2100 kg/m’
cMcisd cadal cd, cha IDOS‘E]SIH S 6.62 GPa, 6.14 GPa
i, cNurcoss Ad, L ypcomman st e 0.81 10° m?%/s?
i, cNu rcosg Agycpl cawnrgt EW 10" kg/m’/s
pc.a2as ol cdD 107 s
i, Ty.mobd , cA osev 100 MPa
speeds of bulk waves U%), U, U 3 km/s, 1.71 km/s, 0.9 km/s

For the second boundary conditions the problem becomes technically even more
involved. In the work [11] it has been shown that the dispersion relation for this case yields
the existence of the following modes of surface waves:

a/ a generalized leaky Rayleigh wave with the speed satisfying the inequality (5.5);

b/ a leaky pseudo-Stoneley wave whose speed of propagation satisfies the same
inequality;

¢/ a true Stoneley wave whose speed is smaller than this of the P2 wave (i.e. U").

These waves exist for all values of material parameters, and this conclusion is different
from that obtained in the work [2] by S. Feng and L. Johnson.

6. Final remarks

Results reviewed in this work indicate that the analysis of linear weak discontinuity
waves in porous materials can be successfuly based on the model proposed by K. Wilmanski.
This conclusion is important as the model is simpler than the model of Biot which is
traditionally used in this analysis.

It should be stressed that the results are still rather preliminary because we do not know
much about the behaviour of surface waves in the range of low frequencies, and the model in
its present form does not describe a material heterogeneity. It follows from the analysis of
classical Rayleigh waves that these two factors play an essential role in propagation
properties, and they even influence the frequency range of existence of some monochromatic

11
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