FULL WAVE SYNTHETIC ACOUSTIC LOGS
IN SATURATED POROUS MEDIA
PART I: A REVIEW OF BIOT’S THEORY

by
D.P. Schmitt

Earth Resources Laboratory
Department of Earth, Atmospheric, and Planetary Sciences
Massachusetts Institute of Technology
Cambridge, MA 02139

Abstract

Hydrocarbon exploration is especially concerned with two phase media. Following Biot,
such finite porosity rocks are modeled as statistically isotropic materials composed of a
solid elastic matrix permeated by a network of interconnected pores saturated with a
compressible viscous liquid.

In a first step, the constitutive equations of a saturated porous medium are reviewed,
using mixtures theory and homogenization theory. This study focuses on the assump-
tions which are necessary but not always explicit. Biot’s formulation is then modified
by the introduction of a unified definition of the viscous and mass coupling coefficients
which are both frequency dependent. The continuity equations at different kinds of
interfaces are also analyzed.

The body wave velocities and attenuations are then computed, using the cylindrical duct
model for pores. The effects of the saturant fluid, the permeability and the porosity are
studied.

INTRODUCTION

Beyond the study of the macroscopic dynamic behavior of a fully saturated porous
medium, Biot’s theory (1956a, b; 1962) allows the analysis of the propagation of a
total wavefield as for the solid elastic media. The porous formation is modelled by a
statistically isotropic two phase medium composed of a solid elastic matrix permeated
by a network of interconnected pores saturated by a compressible viscous liquid. The
seismic wavelength is assumed to be large compared to the characteristic pore dimension
(i-e., no diffraction). Although this model has been the basis for numerous theoretical
studies, it was not until recently that Plona (1980) and Plona and Johnson (1980)
experimentally demonstrated the validity of the theory. It predicts the existence of three
types of body waves: a compressional wave of the first kind, which displays high velocity
and quasi-elastic properties; a compressional wave of the second kind, associated with
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low velocity and quasi-viscous characteristics; and a shear wave. All three body waves
are dispersive and dissipative: their velocities are complex and frequency dependent.

Energy dissipation is due to the fluid flow related to the relative motion of the
two phases which are coupled through friction and inertial forces. These forces are of
the same order of magnitude for a so called “critical frequency” which depends on the
saturant fluid characteristics, the porosity, and the permeability of the medium. Below
this frequency, i.e., in the low frequency range, the viscous forces are predominant
and the (laminar) flow follows Poiseuille’s law. When the inertial forces are no longer
negligible, a given repartition function of the stress in the fluid occurs (the flow is no
longer uniform). In the high frequency range, the viscosity effects take place in only
a very thin layer close to the pore wall. The dissipation of energy, in the sense of the
inverse of the quality factor, is maximum around the critical frequency.

One has to keep in mind that Biot’s model is a model which accounts for only
one agttenuation mechanism. It should not be applied universally. It is only a tool,
among several others, for the interpretation in terms of lithology and petrophysics of
the information produced by the P and S waves.

The description of the dynamic behavior of a saturated porous medium is essentially
phenomenological in the sense that the exact motion of the fluid is not described. Biot’s
formulations (1956a, b; 1962) are based on the Hamilton principle, the Lagrangian de-
scription of the medium in the frame of continuum mechanics. As pointed out by Coussy
and Bourbié (1984) and Bonnet (1985), the approaches are a priori phenomenological
and heuristic. The problem consists in the formulation of the kinetic energy, the po-
tential (deformation) energy and the dissipated energy. The two formulations of Biot
(1956a, b; 1962) differ by the choice and the meaning of the generalized coordinates.
The constitutive equations obftained are physically reasonable but the theoretical proof
s not well established.

Homegenization theory {Auriault, 1980, 1981) allows a more rigorous approach. The
basic assumption is that the medium is composed of spatially recurring fine (micro-
scopic) structures. With constitutive equations for both components at the microscopic
scale {the saturant fluid being Newtonian) as well as the pore geometry, the homoge-
nization process leads to an exact expression of the constitutive equations at the macro-
scopic scale, provided that the pores are small (i.e., no diffraction). This technique is
very mathematical. The resultant law of filtration corresponds to a generalized Darcy’s
law where a complex permeability function, which is frequency dependent and related
to the pore shape, arises. The real and imaginary parts of this function can be phys-
ically interpreted in terms of dissipated viscous power and kinetic energy. Then, for
a given pore geometry, the inertial and viscous coupling coefficients, required for the
description of the dynamic behavior of a saturated porous medium, can be evaluated
(Avallet, 1981; Borne, 1983; Auriault et al., 1985).

In this review, Bonnet’s (1985) and Schmitt’s (1985) formulation which uses the

5-2



Biot’s Theory 107

mixtures theory (Truesdell and Toupin, 1960) is followed. The constituents are sep-
arated and the macroscopic constitutive equations, related to the irreversible process,
are deduced from the analysis of the forces exerted by one another. The constitutive
equations obtained include a frequency dependence of the mass coupling coefficient, in
accordance with the homogenization theory. The continuity equations af the different
kinds of interfaces are also reviewed.

With the pores modelled as cylindrical ducts with an unidirectional flow, the prop-
erties of the body wave velocities and attenuations as a function of the saturant fluid,
the permeability and the porosity are then studied.
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NOTATIONS

The phenomenological variables are defined at the macroscopic scale,

. ;S: porosity of the material.

e k: intrinsic permeability of the porous medium.

e 7: dynamic viscosity of the saturant fluid.

e p,: density of the constitutive grains (i.e., the solid).
e ps: density of the saturant fluid.

e pr=(1- 35) ps: solid phase density per unit volume of the porous medium.

o pr=op ¢: liquid phase density per unit volume of the porous medium.

The total density of the porous material is:

p=p1+p2 (1)

o i = (ug, uz, u3)T: mean displacement vector of the solid

U= (U1, Ua, Us)T: mean displacement vector of the fluid.

These displacements are defined so that the products pyu; and p2U; by a surface element
dS represent the mass flux through this surface.
The internal force of each constituent is characterized by a stress tensor:

¢ ¢ for the solid (oy;)
o 8 for the fluid (S;;)
® Ey=

(8;u; 4 9;u;) is the strain in the solid (elements of a tensor E).

L
7
o &5 = 2(8;U; + 8;U;) is the strain in the fluid.

Einstein’s convention is used so that the respective dilatation for the solid and the fluid
are:

e = e,-,-:c?,-u,- (2)
e = € =0U; (3)

The dot convention is also used, i.e. : dz/dt = £ and dz*/di® = %

¢ &;; is the Kronecker delta (i.e., the unit tensor)
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ASSUMPTIONS

. The porous medium is saturated and statistically isotropic.
. The matrix is elastic and isotropic,
. The saturant fluid is a Newtonian viscous liquid.

. The liquid phase is continuous. The occluded pores are then implicitly included

in the matrix.

. The study is made in the frame of the linear theory of elasticity (i.e., small per-

turbations).

. The process is purely mechanical (no thermomechanical coupling, for example , is

considered).

. The physical system is at equilibrium when at rest.

. The wavelength is supposed to be large compared to the characteristic pore di-

mension (i.e., no diffraction).

The stress, as well as the densities, of the solid and the liquid are of the same
order of magnitude.

The above are the usual assumptions. In addition,

As for a viscous Newtonian liquid, the stress tensor of the saturant fluid can be
separated in an elastic part and in a viscous part. Thus,

Sij = 865 + Dy (4)
where

¢ s depends only on the state variables u;, U; (e, €). This is the “partial”
tension of the saturant fluid, related to the pressure p in the pores by:

s = —¢p (3)

e 3;; only depends on the velocities u;, U; (¢, €). This is the viscous stress.

The constitutive equation of the saturant fluid is analogous to the one of a New-
tonian fluid. Then, the viscous stress is given by:

i = Aogeubi; + 2nodei; (6)

where Ay and ug are the viscous constants of the fluid.
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DYNAMICS EQUATIONS

Balance of momentum

The balance of momentum is evaluated through the Lagrange equations because mix-
tures theory does not allow a formulation which could be easily explained physically
(Bonnet, 1985). The generalized coordinates are the displacement coordinates u; and
U; as in Biot {1956a).

Denoting T the kinetic energy of the system per unit volume, the equations are (for
the i-th coordinate):

8 .,8T

a_t(ﬁ) = 8o+ p1f1i — A1 -
B 7

a,0T

a(aff-) = 3;8;; + pafoi — Aai

where

. %(3—3‘,) represents the “acceleration” of a constituent per unit volume (z; = 4; for
the solid; #; = U; for the fuid).

e f1: (fa2:) is the force per unit mass exerted at distance on the solid (the fluid).
® —Ay1; (—Az) is the force exerted per unit volume on the solid {the fluid) by the

fluid (the solid). Following mixtures theory it is called the “source of momentum?”.

In a reference system related to the solid, and for a motion in the ¢ direction, the
kinetic energy can be written (o denoting the inhomogeneity of the velacities):

1 . 1 : .
Tow) = go2Va = 5pma(U; — i) (8)
where V.? represents the mean quadratic velocity of the fluid:
'[72 :\/E(IJT,-— f.t;) with a > 1

The local field velocity and « term depend on the angular frequency w.

In a fixed reference, the kinetic energy, in the 1 direction, is then:
1, L 1.,
Ty = Ui pee + 4Uipa(1— o) + o (p2c + p1 — p2) (9)
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Because of the isotropy of the material, for a motion in any direction, the kinetic
energy may be written in a fixed reference:

3 3 3
2T = a1 Z 1'1.? + 2014 Z ‘UaUt + ez Z Uz'z (10)
=1 i=1 i=1
where
aiy = p1+ paa—1)
a;z = p(l—a)
Qg = prev

The «;; parameters, which are frequency dependent through o, characterize the
inhomogeneity of the velocities and the notion of apparent volumetric mass.

When the fluid is at rest (i; = C.T,'), the kinetic energy is simply:

3 3

2T = (py+ p2) D _ tis* = Py i
i=1 =1

Introducing the expression (10) in the equations (7), the dynamic’s law in its most

general form is obtained:

804 = anui+ ale?:—i - prf1i + Ani (11)
;S5 = ai1at; + agelU; — pafoi + As;

Subsequently, the forces at distance (i.e., fi; = fa; = 0) are not taken into account.
The reference equations are then:

{ djoi; = aniy+ auf:i:ri + A1i (12)

;8 = o2ty + agelU; + Ag;

Stress-strain relations

Biot’s presentation (1956a) is here followed. In the frame of the linear theory of elasticity,
the stresses (o;; and s6;;) are linearly related to the strains (e;; and e). The porous
medium being statistically isotropic, the directions of the principal stress and principal
strains coincide. As for the isotropic elastic media, one then can write in these directions:

ory 2Nerr + (Ae -+ QE)(SIJ
s6ry = (@e—l— és)s_r]

(13)

In the absence of dissipation, the system is conservative and stable. The strains
are small perturbations with respect to a minimum potential energy state. The total
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differential of this energy W is:

oW oW
- .. 14
aWw Be,-,-de” + 32 de (14)
where
oW . ow
6‘e,-j A de =3

W is a positive definite quadratic form which can be expressed, especially, in terms
of the invariants of the strain tensor E. One then can rewrite equations (13) for any
orientation of the coordinates axes. In addition, because of the tensor’s invariants, the
matrix of the system has to be symmetric so that Q = Q. Then:

oij = 2Ney+ (Ae -+ Q€)5gj

- (15)
35,'3' = (Qe-l-RE)ﬁ,’j

A and N are then equivalent to Lamé’s coefficients. R is a measure of the fluid
pressure needed to move a given fluid volume into the porous aggregate, the total
volume being constant. @ is related to the fluid and solid volume variations.

Following Biot and Willis (1957) and Chandler and Johnson (1981), Bonnet (1985)
presents experiments which allow interpretation of the physical meaning of these pa-
rameters. They can be easily expressed as functions of the bulk modulii of the solid K,
the skeleton K and the fluid K¢, the shear modulus of the skeleton u; and the porosity
é. Following Plona and Johnson (1980), one has:

’

(1—3)(1~$——)K FIRIE
_ Ky
4 = i ”__Kb T3
R
(1—«?5-5°-)<3K,
Q@ = »
4 1-b-g +¢T (16)
B _ 521’53
T 1—5—-{{i+¢
Ky
N = w
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Denoting ., and B, the compressional and shear wave velocities of the dry rock, one
can write: -

Ky, = (1~ ?)Ps(a?rn - 448:211./3) (17)
N (1 - ¢)psﬂ?n

while for the fluid
Ky = pror,

If one assumes an anelastic attenuation for the P and S waves in the skeleton char-
acterized by qualit_y factors Q,,, and Qg and a frequency dependence €*“?, it implies
a velocity dispersion of the form, (e.g. Aki and Richards, 1980):

c{wo) _ (18)

where

& wy is a reference angular frequency
e c(w) is the body wave velocity (cm or By ) at angular frequency w,

¢ Q is the corresponding quality factor (Qq,, or Qg,, )-

In these conditions, @ and By, become complex and frequency dependent as well as
K} and the coefficients A, N, @ and R.

Expression of the source of momentum

The complete resolution of the equations (12) needs the expression of the force per unit
volume exerted by the fluid (the solid) on the solid {the fluid), i.e. —Ay; (—X2:).

Assuming that the porous medium is granular, the force exerted by the fluid on
an assumed spherical grain is studied. Classical hydrodynamics (Landau and Lifschitz,
1971) states that the force exerted on a sphere with harmonic motion in a Newtonian
fluid is given by: ~

f = —a(w)v — my(w)y (19)

where

e ¥ and 7 are, respectively, the sphere velocity and acceleration,
e w ig the angular frequency,

e a is a coefficient proportional to the viscosity at low frequencies,
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e mg is the “associated mass”.

a and m, are constant at low frequencies.

The existence of these two types of forces may then be predicted in the case of
a porous medium. The viscous forces are related to the velocity while the inertial
(coupling) forces are related to the acceleration. The force exerted per unit volume on

the solid skeleton may be written:

— A1 = —b(iy - U)

(20)

The inertial coupling, related to the notion of apparent volumetric mass, is already
taken into account (implicitly) in the kinetic energy formulation (eq. 10) through the

«;; parameters which are frequency dependent.

Darcy’s law {quasi-static) given by:

.k
V=-=Vp
ul
where
e V is the filtration velocity of the fluid
* p is the pore pressure,
must be verified at low frequencies so that :
72
lim 5 = 12~
w—0 k

Dynamic equations

Putting equations (20) and (4) into the system (12) one obtains:

9;0i5 = puii + p1aUi + b{i; ~ U3)
0;(88;+ Ti5) = puzike + pazli — blit; — Us)

where
11 =
iz = apz = p(l—a)
Pz = Qg2 = p¥

5-10
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Using equations (6) and (15), Bonnet {1985) demonstrated that the terms related
to the fluid viscosity can be considered as negligible with respect to the elastic terms.
An additional assumption is then:

12. The viscous stress of the saturant fluid is negligible with respect to its tension.

The equations (23) may thus be written:

8;0i; = puriki + prols + (i — U5) (24)
8is = praily + pagl; — (i — T)

In this system of equations, the viscous coupling forces (related to ) and the inertial
coupling forces (related to the parameters p;;) are characterized. The equations are
identical to those of Biot (1956a) because of the identical notations. The system (24),
however, contains important differences:

¢ b i3 frequency dependent so that the variations of the stress repartition in the fluid
are implicitly taken into account. It is unnecessary to distinguish the low and high
frequency ranges to establish the equations.

e The coefficients p;; are frequency dependent through only one function: aps.

o The coeflicients p;; include two different physical phenomena through the param-
eters a;;: the inhomogeneity of the velocities and the notion of apparent density.

e Last, assumption 12 was necessary.

Two situations are interesting:

a. The fluid is at rest: U; =0
The second equation of the system (24) becomes, using equation (5),:

- (}3,‘}) = plzﬁg - bu, (25)

Therefore, a force, including an inertial and a viscous part, has to be exerted on
the fluid so that it is at rest.

b. No relative fluid-solid motion : i = U; = &’,-
The equation relative to s becomes {using equation (5)):

— $9;p = (p12 + p2z)ds (26)
The equation of motion of a perfect fluid whose density is gy is:
—8ip=ppd; ie. —§dip=dpsd; (27)
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Equation (26) may be obtained using equation (21) with b = 0 (i.e., n = 0: perfect
fluid}, so that: ;

¢p; = p2 = p12 + p22 (28)
Using the expressions of the a;; coefficients, the kinetic energy (equation (10))

becomes: o o
2T = (p1 + pa)didi = (p11 + 2p12 + paz)did; (29)

Therefore, using equation (28),:
1= p11 + p12 (30)

These are Biot’s equations (1956a) relating the p;; coefficients to the densities per
unit volume of the porous medium (p; and pa).

In a way, the similarity of the resulting dynamic equations with those of Biot (1956a),
despite the physical meaning of some parameters, makes up an a posteriori proof of the
introduction by this author of a “pseudo”-potential of dissipated energy given by:

D =b (i; — U) (i — U)
which is a function of the relative motion between the two phases.

If the present demonstration is also axiomatic, it is, however, more physically based.

Discussion

In equation (24), with a classical frequency dependence of the form e**, the “viscous”
terms are proportional to w while the inertial terms vary as w?. Therefore, at low fre-
quencies, the latter terms are negligible. For example, Rice and Cleary (1981} demon-
strated that at extremely low frequencies, for a plane radial flow in a homogeneous
medium, the equations (24) are uncoupled. Therefore, it is interesting to characterize
the porous medium by a characteristic frequency, f., which defines the high and low
frequency ranges.

When the solid is motionless or “unconstrained”, the equation {24) gives:
~$dip = paaU; + bU;
= —gpdip = (—p22w2 + iwb) U; (31)
The inertial terms will be negligible for:

p22w2 < wh
b
L 32
= <fa=g— (32)

5-12
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Taking into account the “compatibility” relation (22) and considering that pss and
p2 are of the same order of magnitude, one obtains the classical expression of the char-
acteristic frequency: _ B
’7‘?52 — ng (33)

fe= 27r17:p2 271'.’::,0;

In terms of flow, the definition is different. It brings in a characteristic pore di-
mension (a), perpendicular to the sense of the fluid motion, on account of the viscous
drive phenomena. An acceleration of the rock produces tangential stresses in the fluid.
These stresses decay exponéntially away from the pore walls and are characterized by
a “viscous skin depth” given by:

5=/ 20 (34)
wpy

It decreases when the frequency increases (unlike the stress). The flow will be
uniform (Poiseuille’s law) only at low frequencies when & is much greater than the
characteristic pore dimension (the viscous forces are predominant). If § is of the order
of magnitude of a, the flux is disturbed. The “critical” frequency is then:

2n n
P e — = Y = : 35
ot azpf ¢ ﬂ_azpf ( )

This expression differs from Biot’s equation (1956a). It corresponds to the frequency
used by homogenization theory for a nondimensional formulation (Avallet, 1981; Borne,
1983; Auriault et al., 1985) and to the value given by Mavko and Nur (1879).

Intuitively, it is easy to predict that f} is lower than f,. In the case of c¢ylindrical
ducts, a simple proof can be given. Darcy’s law, in ifs most well known formulation,
may be written:

Q= (36)

|aﬂ
hl“u

where @ is the flow through a surface S of a medium of thickness L for a pressure
difference P.

For cylindrical ducts of radius a, the classica.l form of Poiseuille’s law is:

rat P
Q=7 (37)

The compatibility of the last two equations leads to:

(38)

3]

Il

Qo
S Ft
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so that fI < f..

In the following, because the formulation explicitly includes the frequency depen-
dence of the coefficient b, and the energy dissipation related to the forces present is the
interesting feature, the characteristic frequency will correspond to equation (33) while
the critical frequency will correspond to equation {32).

Contribution of homogenization theory

Homogenization theory' justifies the stress-strain relations (eq. 15) and assumption 12
through the equations of motion that come from it. Assumption 11 is not explicit but
implicit (Auriault, 1980, 1981). In addition

e In the case of a motionless solid, the constitutive equation of the liquid at the
macroscopic scale is:

¢U; = —K(w)Vp (39)
where p is the pore pressure.

K(w) is a complex permeability function (“equivalent” to the hydraulic permeabil-
ity k/n because of Darcy’s law) which may be computed for a given pore geometry
by integration of the Navier-Stokes equations over a period. In the most general
case, K(w) is a symmetric complex tensor of order two, which is also positive and

definite, and thus can be inverted.
If

H(w) = = Hi{w) + i Ha(w) (40)

1
K(w)
then Hi(w) and Hs(w) can be physically interpreted in terms of dissipated viscous
power and kinetic energy (Avallet, 1981; Borne, 1983, Auriault et al., 1985).

e In the general case of a moving solid, the dynamic equations are identical to
expressions (23) and (24). The coupling coefficients are then given by:

~

pr2(w) = Es(‘;2-1‘1'2(60)

) ﬂ12(w? = pg — paz{w) (41)
pi(w) = p1— pr2(w)
b(w) = $*'H 1{w)

Beyond the frequency dependence and the relations between p;; and the densities
p1, p2 already established, equations (41) show that the viscous and mass coupling

5-14
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coefficients are related to one another, contrary to what is usually stated, and are
dependent on the pore shape.

From the practical point of view, 22, which is assumed to be constant and frequency
independent, is often related to a tortuosity factor #. Plona and Johnson (1980) define:

pa2 =0¢p; with 4> 1 (42)

and give the tortuosity, following Berryman (1980), as:

1.1
1=3G+1 (43)

Brown (1980) uses the formation factor F obtained from the resistivity measure-

ments:
R fF = Ry (44)

where

‘e Rgis the resistivity of the fully saturated permeable formation

e Ry is the fluid resistivity

As a matter of fact, these two definitions are very close to one another as the
experiments showed that:
F =y~ (45)

where

e m is a cementing factor (or tortuosity)

s y is a constant which depends on the lithology.

_ In addition, Sen et al. (1981) define p3p with equation (42) but with a & equal to
¢~% (z = L for identical spheres).

All these expressions come from high frequency measurements independent of b{w)
which is estimated through computation in the case of cylindrical pores. Bonnet (1985)
carried out measurements of both b(w) and paz2(w) at low frequencies, up to the char-
acteristic frequency, for a medium made of fused glass balls. If the results do not show
any obvious differences with the high frequency measurements for py; (only one pore
geometry has been analyzed and the results are highly dependent on the precision of
the measurements), the coefficient 5(w) does not correspond to the one of the cylindrical
ducts. These results are confirmed by the measurements made by Borne (1983) (see
also Auriault et al., 1985) in the whole frequency range for a synthetic porous medium
where the pores are loop-holes.
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WAVE EQUATIONS

Equations of motion

The equations of motion are obtained by putting the system {15) into the equations
(24). The porous medium being statistically isotropic, ;N = 8;Q = 8;R = 8;4 = 0.
One then obtains:

N(aja,-u,- + a,-aju,-) + Ad;0pui + ga,-akU,, = pnt+ plgl?:',' -+ b(‘t:t,' - U,) (46)'
QO:0rur + RO:0:Uy = p1ziy + pa2lUs — b(u; — U3)
or
(A + N)graddivii+ NV?§+ Qgraddivl = py1d+ p1oU + b(ii ~ ) (47)
Qgraddivii + Rgraddivl = pyad + p22U — b(ﬁ,‘ - 1)
where V? is the Laplacian operator.
The divergence of the system (46) is:
f
(A -+ N)a,-a,-aku;a e Nagajaju,; -+ Qa,-a,-akl'fk
= & (Bsus) + o o:U; ba Asug — 0;U;
) = f11 ar HC .012'(-"9}'2"( { :) + a( g £ f.)
Q8:0:8,ur + R3;8:0,U
5% 3% d
= P1255§'(3iui) + P22§'£‘2‘(5£U€) — ba(aiui — 0:U3)
or :
PVie+ 9V2€ = prie+ pr2€+ b(e — E) (48)
sze + RV = P12€ + pozé — b(e — é‘)

where P = A +2N.

Taking the curl of the equations (46) written for the j-th coordinate, one obtains:

)
(A + N)E,‘jkaiajamz + Negijx0i0;01u; + Qeiindid;0:U;
a2 ek a2
= pu 'a?(eijkaiuj) -+ PlZﬁ(EijkaiUi) + bg-isijk(afuj — 8;U;)

Qeijxdidi01w + Re:;3,810,;0,U1
a2 32 P
P12 @(sﬁwew) + p22 @(Eiika;UJ’) - 5561'3'1:(3;155 — 3:U;)

or

2 2
NVicurld = pllz%z—(curlﬁ) + pn%-(curlﬁ) + b-g—t(curlﬁ' — curl®) (49)

0 = o i o i O (curld 107
= Plzé@—(cur u)+p223—£§(curlU) — b=(curld — curll))

37(
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The systems (48) and (49) bring in only dilatations and rotations. The compression-
nal and shear waves of the porous medium are then uncoupled, just as for the isotropic
elastic media.

Wave propagation

In order to solve the wave equation, as in the elastic case, the scalar (&) and vector (¥)
displacement potentials are introduced. They are defined by:

i = (grad®() 4 curl@(®))eivt
o ; =Yt (50)
T = (grad®¥ + curld()eiv
with divl(®) = divdl = 0.
Compressional waves
Using equations (50), the divergence of equations (46) may be written:
Pvel) + Qv2al) = —w?(41130) + 41,80) (51)
QV2aL) + RVIBH) = —w?(v3330) 4 75,8
where
Yi = pii(w) — b(w)/w 12 = p12(w) + b(w)/w
After some algebraic manipulations, one obtains from the last equations:
o = L _PE=Q" oap(y  Bou = @Qnzg (52)

w? Qa2 — Rz Q22 — Ry1a
so that ®(%) is the solution of:

(PR — Qz)V4¢>(s) + w? (P22 + Ry — 2Q'712)V2<I>(") - w4(711722 - 7%2)@(’) =0 (53)

®(2) may then be expressed as the sum of two potentials, i.e. () = &, + &,, which
satisfy Helmoltz type equations:

Vi = -39, =12 . (54)
2

for which the velocities a; are sclutions of the bi-quadratic equation deduced from
relation (53): .

a*(Ya2m11 — ¥3a) — @M (Pyez + By — 2Qi2) + PR- Q% =0 (55)

Because the +;; terms are complex and frequency dependent, the velocities oy and a3 are
also complex and frequency dependent. The associated waves are then dispersive and
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dissipative. P; will denote the wave corresponding to the greater velocity a; (analogous
to the P wave of a single phase medium), and P; the other wave, usually called the slow
P wave.

The scalar potential & relative to the saturant fuid is then:

2
2 =3 ¢;%; (56)

i=1

where

¢ = _1 PR-@Q* " By — Qs
! o2 Qygp — Ryiz  Qag — Ryia

The Py and P; waves are not respectively related to the solid and to the fluid. They
correspond to singular motions of the fluid-solid system. In the absence of dissipation
(i.e. b= 0 case) the velocities are real. Biot (1956a) demonstrated that:

s The P, wave corresponds to an in phase motion of the fluid and the solid,

e The P, wave corresponds to an out of phase motion of the fluid and the solid.

Plona and Johnson (1980) experimentally demonstrated the existence of the slow P
wave using artificial porous materials. Their results, especially from the point of view
of the velocity, agree well with theory (see Dutta, 1980; Berryman, 1980).

Shear wave

Using equations (50), the curl of equations (46) may be expressed as:

NVZE,(S) = -uwz(fnllf}(s) + 712@(1))
(57)
g = 2§ 3B
Ya2
so that the S wave velocity of the porous material is:
Yzt
B=(N/(m—-32)* (58)
22

The fluid does not support any shear displacement. It affects the S wave, however,
through inertial effects.
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Summary

The system (50) may be finally written:

2
i = Z grad®; + curl@} et
7 (59)
U = Z £;grad®; + Xcurl\f»‘} eft
j=1 .

where the potentials ®; and ¥ satisfy Helmoltz type equations relative to the three
complex body wave velocities (see equations (55) and (58)). £; and x are complex
frequency dependent factors which characterize the influence of one phase on the other
one due to dynamic and viscous forces.
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CONTINUITY EQUATIONS

Few authors discuss the conditions at the interface between two porous media. Using
the working rate of the forces acting on a saturated porous medium, Deresiewick and
Skalak (1963) established sufficient conditions which ensure the uniqueness of the wave-
field. They obtained a theorem similar to the one of Neumann for the elastic media.
Rosenbaum (1974) and Feng and Johnson (1983a, b} applied these conditions to the
case of a fluid-saturated porous medium interface.

Bonnet (1985) stated the continuity equations at the interface betweeen two porous
media saturated by the same fluid. He separated the equations that can be inferred
from the general principles of mechanics (using mixtures theory, porous media can be
considered as a continuum) from the others. Here, this formulation is followed and
extended to different situations.

Let 7, whose components are n;, be the normal of the interface between two media
indicated by the superscripts (1) and (2). Subsequently, the indices n and s will denote

the normal and tangential components of the displacements or the stress. For simplicity,
[X()] will denote X1 — x(2),

Porous-porous interface. Saturation by the same fiunid
General principles of mechanics

Balance of mass The balance of mass along a surface of discontinuity in the bosom
of a medium, which is a continuum in other respects, may be written (Truesdell and
Toupin, 1960):

[P o ~ v = 0 (60)
where
o the superscript (;) denotes the parts on both sides of the discontinuity surface

p9) is the density of the medium,

v,(j ) is the medium velocity,
v$) is the (normal) velocity of the discontinuity.

Using this expression in the case of two porous media considered as mixtures, one obtains

(Truesdell and Toupin, 1960):
(5) _ N, D
{ p(i)v(J) — p(lj) 11,(’) + ng)tfim (61)

]
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vg‘ﬂ is then the “inertial center” velocity.

Bonnet (1985) writes: “the discontinuity surface between two porous media moves with
the velocity of the solid constituent” so that:

US;") = u(’)n (62)

In fact, this means:

Assumption 18.
4] =0 (63)

This assumption is physically reasonable if the solid parts are supposed to keep in welded
contact.

Using equations (61) and (62), the relation (60) may be written:

(o5 (O — i) (64)
which becomes, with p = 4l
[35“)(5’9) ~ 4] =0 (65)

i.e. the flux is balanced.

Deresiewick and Skalak (1963) obtained the same relation (with the same assumption
13), but they do not say that this is only true for porous media saturated by equal density
fluids.

Balance of momentum From Truesdell and Toupin (1960}, the balance of mormen-
tum may be written:

M + o Do) = 0 (66)
where HE;:) is the stress tensor of the medium with:

(J)_ @) 4 () — pa(itd Q;

- d:k

v(’))( - {7) U( ))

(U(J ;(J))(U i _ (.?)) (67)

Using equations (61) and (62), one gets:

(0 + 5 = ;@) — o) () - v‘”)nk
— pa(iy _ 0 )(UIS’ D (68)
+ (p1u(J) + PzU (4) )u nk] =0

e
(
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14. The terms which are a function of the constituent velocities are neglected with
respect to their own stress.

This assumption is also made by homogenization theory.

Then, the equation (68) reduces to the continuity of the sum of each constituent
stress. Using assumptions 10 and 12:

(0@ + 5@ =0 (69)
@] =0 (70)

Deresiewick and Skalak (1963) also obtained these equations but they pass over
assumptions 1, 12 and 14 (this last one comes only from the present formulation).

Other relations

The solid parts have been already assumed to keep in welded contact. As for the solid
elastic media, they are assumed to be well bonded so that the continuity of the solid

displacements is ensured: _
) =0 (1)

[ =0 (72)

“Five” continuity equations have now been set up. The last one needed concerns

the saturant fluid pressures: _
P =0 (73)

Bonnet (1985) notices that there appears to be no effect of a pressure jump at
the interface between two porous media within the dynamic state when the solid is
motionless. When the solid cannot be distorted and within the steady state, the pressure
jump is on the order of p faf, where af is the fluid velocity. Assuming that this relation
is still valid for the dynamic motion of a deformable saturated porous medium, and
taking into account the fourteenth assumption, the equation (73) is justified. It assumes,
however, that the pores of both media are fully connected.

Without any theoretical demonstration, Deresiewick and Skalak (1963) state:
p9] = 3O — i) (14
where ¢ is a resistance coefficient (or impedance, see Rosenbaum 1974).

The case for which the pores are fully connected corresponds to ¢ = 0 ( see Figure
la). When the pores do not connect ¢ is infinite (see Figure 1c). There is no continuity
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of the saturant fluid pressures and thus no relative motion (i.e. 'r(lj) = ?:L,(»f ) i=12)
similar to the case of a solid-porous interface., A non zero finite value of ¢ should
correspond to a partial communication of the pores (see Figure 1b) and thus a pressure
jump. This intermediate situation is difficult to take into account: what is the value of
¢ 7 How can it be practically determined 7

General porous-porous interface: Summary

When the porous media are saturated by two different fluids, only equations (65) and
(73) need a demonstration. As a matter of fact, they are proved at the scale of the pores.
Assuming that the interface between both fluids lies within a very short distance of the
interface between the porous media, the same equations are obtained. The meaning is,
however, different: there is no longer balance of the mass. Whatever the nature of the
saturant fluid is, the combination of equations (63} and {65) leads to:

i) + 3P ~ i) = o (75)
which corresponds to balance of the fluid volume.

The general continuity equations may be written finally (with a temporal dependence
of the form e** ):

(1) L) =0
2) [u%’))] =0
3) [o¥d + 5] =0

| 4 @] =0 (7€)
5) (9] =0

L6 [T - =0

These are the classical continuity equations used at a porous-porous interface.

Elastic solid-porous interface

A solid elastic material can be considered as a zero porosity porous medium. Denoting
by the superseript (2) the elastic medium, one obtains from the relations (76):

1} ug,l) = uS,z)

SO OB

3) 0!12 + s = anQ + 52 (77)
4) a,(-f,) = 0_’(128)

5) v —ul =0
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Fluid-porous interface

In such a situation, two cases arise. The first one corresponds to a permeable interface
(i.e., free fluid flow) while the second is relevant to the absence of relative motion
between the two phases (i.e., impermeable interface). Contrary to what is stated by
Rosenbaum (1974), this last case does not correspond, in the borehole configuration, to
the presence of a mudcake. It is a limiting case for a zero thickness solid layer at the
interface.

Permeable interface: free fuid flow

A fluid medium can be considered as a unit porosity porous medium. Therefore, follow-
ing the same reasoning as for a porous-porous interface with $(*) = 1 and v,&z) = ia,(-;l ),
equation (64) becomes:

FOGW — i) = 1P — ifD) (72

This equation is still valid when the saturant fluid differs from the fluid medium,
following the same reasoning as previously. Using a temporal dependence of the form
™!, the continuity equations may be written from (69), (70), (73) and (78):

1) ol + 3O - Py =P

2) ol + 60 = 2]

3) a’(lla) —0 (79)
4) p(l) = p(z)

Equation {3) comes from the fact that the fluid medium is assumed to be perfect.

Impermeable interface: occluded pores

The continuity equations can be easily inferred from the solid-porous relations (77).
One simply needs to write the classical equations relative to a fluid-solid interface i.e. :

oD = U off) = ol off =0

and to neglect the terms related to the zero thickness solid. The superscript (2) denoting
the fluid medium, one then cobtains:

D W =g
1), . _ (2
2 nn T = Onn
33 .:(1) iy (80)
4) v~ ) =0
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In the systems (79) and (80), the tangential displacements are not taken into account
as there is no coupling of them between a solid and a fluid. In addition, the obfained
relations are identical to those used by Rosenbaum (1974) and Feng and Johnson (1983a,
b) although the process had been different (the equation (74) has not been used).

This section could be considered as painstaking, including numerous assumptions
not so well warranted. This is the image of reality. Whatever the process is, no demon-
stration is really satisfactory. It also occurs if the dynamic equations are stated using
the macroscopic variables u and Eﬂ(u — U), v being the displacement of the matrix
of a continuum (Biot, 1962; Stoll and Bryan, 1870; Dutta and Odé, 1979, b; Dutta
and Odé, 1983; Coussy and Bourbié, 1984). Auriault (1985, personnal communication)
proved the pressure continuity of the saturant fluids at the interface between two porous
media, using homogenization theory. This result may demonstrate the “power” of such
a process. :
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CHARACTERISTICS OF A SATURATED POROUS MEDIUM.

In this section, the properties of the body wave velocities and attenuations are studied
as a function of the saturant fluid, the permeability and the porosity. The parameters
given by Rosenbaum (1974) are used for the constitutive grains (K, and p,) and the
skeleton (K and p3). In addition, the velocities of the solid matrix are considered as
the ones of the dry rock {&m and By,). Tables 1.1 and 1.2 give 2ll the parameters.

Pore shape: cylindrical ducts

Following homogenization theory, the viscous coupling coefficient #(w) and the inertial
coupling coefficient paa{w) can be evaluated for a given pore shape. The classical model
of cylindrical ducts with a unidirectional flux {perpendicular to the borehole wall, for
instance) is considered. The analytical expression of the complex permeability function
K (w) is obtained through the evaluation of the flow velocity in a cylindrical duct whose
radius is “ a * related to the application of a pressure gradient in the case of a motionless
solid (the expression is the same when the solid moves). One then obtains (cf., Appendix,

after Biot, 1956b and Borne, 1983):
A [ia,/ffil
@ v

tw

K(w)=

v

where

e v = n/p; is the kinematic viscosity of the fluid

¢ J, denote the Bessel functions of the first kind of the n-th order.

The radius a is given by the low frequency limit of 5(w) which must be compatible
with Darcy’s law (i.e., (0} = n¢?/k, see Appendix). The relation (38) is again verified:

a
by
H
o
- 2t

The expression of (w) deduced from the equation (81) is equivalent to the one of Biot
(1956b) with a “structural factor” equal to v/8. In the high frequency range b(w) is

proportional to wi.
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The low and high frequency limits of the inertial coupling coefficient paa{w) are (see
Appendix):

4~ 4
hh f— = —
Jim pea(w) = dpr=p2

These relations are again analogous to those of Plona and Johnson, 1980, (see eq. 42).
Here the tortuosity # is frequency dependent.

Discussion

Several assumptions are made when using the cylindrical duct model. The major
topics are:

o Using the relation (38) for the pore radius, it is implicitly assumed that it is still
valid for the dynamic state although evaluated for the quasi-static state. The
real and modeled formations of equal porosity and permeability are considered
as equivalent from the point of the dynamic filtration of a given fluid when the
relation (38) is verified.

s No relation of the Kozeny-Carman type relating the porosity, the permeability
and the pore radius is used (see, for example, Ogushwitz, 1985; Pape et al., 1985}
nor any semi-empirical relations. In other respects, these equations are only valid
in the quasi-static domain of uniform saturant fluid flow.

e The mass coupling coefficient poo{w) as well as the viscous coupling coefficient
b(w) depend only on the pore shape.

The cylindrical duct model with a unidirectional flow implies numerous assumptions.
However, it leads to a coherent definition of all parameters for given permeability and
porosity. The effects of the pore shape and pore geometry on the dynamic behavior
of a saturated porous medium are investigated in Part III of this study. It has to be
mentioned that the pore models do not change the relative variations of the medium
behavior related to permeability, porosity or saturant fluid properties modification.

Coupling coefficients and body waves

The formation used is a Berea sandstone (see Table 1.1). The calculations are made in
the frequency range [1, 107] Hz. The mass coupling coefficient, pg2(w) and the viscous
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coefficient b(w)) are given in a nondimensional form:

" - p22(w)
paaw) = _pz (83)

* _ w ﬁ
rw) = s (%)

Following Dutta and Odé (1983), the body wave (P, P, 8) attenuations are given in
decibels per wavelength. Denoting k; the wavenumber related to a body wave:

w
ki=——+iy; i=1,2,3 84
3 -CJ‘(OJ)—{—VYJ 7 ) Ay ( )

where

e c; is the phase velocity (a1, oz, £)

. ’73: 1s the attenuation coefficient.

The attenuation in dB/A (or dB/Hz-sec) is given by:

Aj = 8.686 1?-’ = 27.286 X 21;6’ (85)

This value is proportional to the inverse of the quality factor @Q;. When @; > 1, the
following classical relation is verified:
_ 27.286
3 QJ

(86)

The attenuation coefficient will be given in dB/m.

The phase velocities are dispersive. The group velocities g; are numerically evaluated
using the fact that at the low frequency limit ¢; = aq; g2 = 2cxg; g3 = § and that at the
high frequency limit g; = ¢;, j = 1,2, 3 ( see Boutin, 1983).

Saturant fluid effects

Besides the pore shape, the saturant fluid properties affect both velocity and attenuation
of the body waves. In the following, the porosity is 19 % and the permeability is equal
to 200 md. To begin with, only “homogeneous” saturant fluids are considered: heavy
oil {1}, water (2) and gas (3) (see Table 1.2). The characteristic frequency is very high
for heavy oil (= 31360 kHz). The coupling coefficients are then almost constant in the
whole frequency range (p34(w) = 4/3; d*(w) = 1, Figure 2a). In the cases of water and
gas saturations, they depart from the static values for a frequency around f./8. This
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is due to the expression of the argument of the complex permeability function which
includes the pore radius. As previously stated, b*(w) is then proportional to y/w and
0%4a(w) tends to 1.

The nature of the saturant fluid modifies the wave velocities of the porous medium
(Figure 2b). In the low frequency range, the distribution is:

o < oo < ow
Bo < Pw <fe

(G = gas; O = oil; W = water)

- while for Poisson’s ratio:
Vg < Vo < vw

As indicated by the scale of the figures, the dispersion is rather weak for the Py and
S waves. It occurs in correlation with the disconnecting of the coupling coefficients (i.e.,
for f =2 f,/8 }. The characteristic frequency is underlined by the first inflexion point of
the group velocities. The low and high frequency expressions for the S wave are easy to
evaluate analytically (see Schmitt, 1985, for example):

S T Dot orr e
Jim B = ,__._I_vp_z (88)
pry — 2 :
P22

The relation (87) explains the velocity distribution as a function of the saturant fluid.
However, only its density plays a part: the greater it is, the lower the S wave velocity
is.

The equation (88) is general. With the unidirectional cylindrical ducts model , it
becomes:

lim 4 = g2 (89)

=+ 0O

which is independent of the porosity and the saturant fluid.

The behavior of the slow P, wave is completely different. The phase velocity is very
dispersive: nearly equal to zero for very low frequencies, it tends to the saturant P wave
velocity (within 10%). This corresponds to the limit indicated by Plona and Johnson
(1980). The first horizontal tangent of the group velocity occurs at f = f./8.

Looking at the P; and S wave attenuations {Figures 2c, 2d), the “low frequency”
range, for which the viscous forces are dominant, is clearly separated from the “high
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frequency” range for which the inertial forces are no longer negligible. The limit cor-
responds to the critical frequency of the porous media as given by the equation (32)
fe.: :

Neglecting the variations of b(w) and pga(w) yields:

et 3
fﬂ - 21!_]‘;.022(0) - 4 fc (90)

Each of these ranges is characterized by a frequency dependence:

( f<fi Ap(Qp)xf vp, « f?
As(Q5") o f s o f*
f>fu  AR(QpY) o f7i TP f7 (91)
As(Q5") o 73 s o f3
| f=Ffa Ap(QF) and A5(Q5')  are maximum

Whatever the saturant fluid is, the S wave attenuation is greater than the P; wave
attenuation. The difference increases from gas to water saturation.

Contrary to what is generally stated, the P; and S wave attenuations are not char-
acteristic of the saturant fluid in the whole frequency range.

Below the critical frequency relative to the gas saturation case (i.e., =2 18 kHz), the
“usual” distribution occurs:

APL(G)>AP1(W) > AP:(O)

As(G) = As(W) > As(0) (52)

It is identical for the attenuation coefficient.

Up to its critical frequency (= 114 kHz), the water saturated porous medium is the
most attenuating one. Beyond this value, the heavy oil leads to the greatest attenuation.

Although the “low frequencies” practically correspond to the application ranges of
the varied exploration techniques, one should not make any generalization. In addition
to the saturant fluid viscosity, its compressibility plays a part in energy dissipation
related to the fluid-solid differential motion.

Finally, the attenuations shown in these cases are relatively weak, especially for the
P; wave,

Below the critical frequency f.:, the P, wave is quasi diffusive. Whatever the satu-
rant is, its attenuation Ap, is equal to 54.6 dB. Beyond this value, it decreases as ™ z.
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Contrary to the Py and S waves, the attenuation coefficient is always proportional to
the square root of the frequency. The relations (91) have to be completed by:

f<fa Ap= 54.?dB Yp, X f% " (93)
f>fs Apoxf72 TP, x f2

In the low frequency range, the saturant fluid is characterized only through the atten-
uation coefficient variations:

TP, (O) > P, (W) > '7P2(G) (94)

Despite the title of this section, only the absolute variations of the different attenuations
have been shown. Only some trends, related to the nature of the saturant fluid, have
been pointed out. Even if, following Biot (1956b), it is assumed that the energy dissi-
pation can be characterized by a function D equal to 3b(i — I;T,-)(iz,- — U;), no general
rules related only to fluid viscosity can be established.

The study of “inhomogeneous” fluids (i.e., mixtures) may show the complexity of
the phenomenon. To do so, the bulk parameters of the resulting fluid are necessary.

Domenico (1977) quantifies the effects of gas presence in water through the density
(p) and the compressibility (C):

Cr = Swow-l—(l—Sw)CG

where

e the subscripts f, W, ¢ denote the resulting fluid, the water and the gas,

¢ Sw is the water saturation degree of the fluid.

These formulas implicitly asssume that the water and the gas are mixed in the same
proportions everywhere in the pore space. In addition, laboratory experiments (Foster
Allen et al., 1980) showed that a 10% presence of air reduces the compressional wave
velocity in the water by about a quarter. At this value, there are a small number of
gas bubbles in the water. Dutta and Odé (1979a, b) have analyzed the attenuation and
dispersion of compressional waves in fluid filled porous rocks with partial gas saturation.
They used White’s model (1975) and the classical Biot’s theory in the low frequency
range since their work concerned the seismic exploration band, i.e. 10-150 Hz. It cannot
be therefore directly applied to the high frequency domain and to the well logging
situation. Arditty (1978) also changes the viscosity in accordance with practical tables
(Carr et al., 1954; Standing and Katz, 1942a, b).

Cases of water-gas mixtures are studied in the following section. The velocities and
attenunations are relative to:
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e pure water (1)

e “gaseous water” (2). Only the compressional wave velocity is lowered (a = 800
m/s). The coupling coefficients, the critical and characteristic frequenmes are then
identical to those of pure water (see Figure 3.a)

s “gaseous water” (3) for which the velocity, the density and the viscosity have been
changed following Arditty (1978) (see Table 1.2). The coupling coefficients are
then less than those of pure water. The compressibility and the critical frequency
are less than those of the previous case.

e pure gas (4)

In the low frequency range (Figure 3b), the P; velocity of the mixtures is less than
the P; velocity of the pure gas saturation. The more compressible the mixture is, the
lower the P; wave velocity is. This result, which may be surprising, is mentioned by
Toksdz et al. {1976). It has been obtained from measurements or calculations using
the Toksoz et al. model, under some confining pressure conditions. In the very high
frequency range, greater than all the critical frequencies, the velocities are distributed as
the decreasing compressiblities of the saturant fluids. This is due to a greater dispersion
for the “gaseous waters”. At intermediate frequencies, various situations can occur.

The modifications and the variations of the shear wave velocities are simpler and
identical in the whole frequency range. In accordance with the equations {87) and (88),
only the saturant fluid density plays a role. The distribution is: 8(1) = 8(2) < B(3) <
B(4). This order differs from the P; wave relations. Poisson’s ratio is thus changed.

At very high frequencies, the P; velocities are proportional to those of the saturant
fluids. At intermediate frequencies, the situation is complex, strongly influenced by the
critical frequencies. In the low frequency range, the distribution is ag(4) > a2(3) >
ag(l) > 02(2).

The distribution of the attenuations in dB/A and dB/m of the P} and S waves
(Figures 3¢, 3d) is simple only for frequencies less than the gas critical frequency. In
this “low frequency” range, the first effect of the fluid velocity decrease is a greater
attenuation of the P; waves, nearly equal to that of gas despite the viscosity ratio (=
45). With similar compressibilities, an increase in the viscosity (on the order of 5) leads
to much greater P; and S wave aftenuations. These are greater than those obtained
with the gas which is, however, more compressible and less viscous. To summarize, the
distribution is:

Ap,(3) > Ap(4) 2 Ap(2) > Ap,(1)
Ag(3) > As(2) = As(1) = As(4)

and likewise for the attenuation coefficients.
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Correlatively, the maxima associated with the critical frequencies are greater for the
mixtures, all the more when the saturant fluid is less compressible. It has to be noted
that a simple decrease of the saturant fluid velocity does not change the S wave velocity
and attenuation or the critical frequency of the porous medium.

As for the “homogeneous” fluids, the variations of the attenuation in decibels per
wavelength of the slow P wave only show the modifications of the critical frequencies.
In the “high frequency” range, the distribution is then:

Ap,(4) < Ap,(3) < Ap,(1) & Ap,(2)

The attenuation coefficients are distributed in the reverse order of the “low frequency”
velocities, 1.e.:
1P, (4) < 1P, (8) < 7R, (1) < 1P, (2)

For equal viscosity, the more compressible the fluid is the greater the resistance to the
flow. Inversely, for similar compressibilities, the lower the viscosity is the greater the
relative motion between the two phases. The P; wave is thus more propagative and
less dissipative. This result is still true when the viscosity and the compressibility are
lowered.

In the case of the oil-gas mixture, whatever the body wave (Py, P; or S), the relative
variations of the velocities and attenuations are identical to the ones just described.

It is thus only for the “low” frequencies that the saturant fluid nature can be ap-
proached using only the characteristics of the P; and S waves: velocities (i.e., Poisson’s
ratio) and attenuations. One has to be aware of any extreme generalization, especially
for porous media saturated by mixtures.

Permeability effects

For a porosity of 19% and a given saturant fluid, the body wave velocities and atten-
uations are evaluated for different permeabilities: 2 md, 32.5 md, 200 md, 500 md, 1
darcy, 1.5 d and 5 d (respectively (1), (2), (3), (4), (5), (6) and (7) in Figures 4a, b, ¢,
d and 5a, b, c and d).

Whatever the saturant fluid, an increase in the permeability leads to a decrease of
the critical frequency (see eq. 89) and of the quasi-static value of the viscous coupling
coefficient. At the same time, the pore radius (a) increases. The relative motion between
the two phases is then enhanced. The densities per unit volume of the porous medium
(i.e., py and ps) remain unchanged. This is also true for the low and high frequency
limits of the mass coupling coefficient and the density of the medium (see Figures 4.a
and 5.a for the water and gas saturations, respectively).

As one could infer from the equations (87) and (88) for the S wave, a permeability
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increase has no effect upon the absolute values of the body wave velocities (Figures 4b;
5b). The shift toward low frequency of the critical frequency results in a lower frequency
occurrence of the noticeable dispersion.

The greater the permeability, the more important the relative motion between the
two phases and thus the two phase character of the porous medium. This leads to an
increase in the P, and S wave energy dissipation (Figures 4c, 4d; 5¢, 5d). However,
because of the discontinuity in slope of the attenuations around the critical frquency, this
characteristic is only valid in the quasi-static range. At best, it is true for frequencies
lower than the critical frequency relative to the highest permeability. This limitation
is all the more drastic in that the maximum of attenuation in decibels per wavelength
is identical. Physically, this is because the mass coupling coefficient pgs(w) remains
unchanged. The curves are then just shifted toward the low frequencies when the
permeability increases.

Depending on the frequency range considered, the measurement of the P and S wave
attenuations are not always representative of the medium permeability. As a matter of
fact, it is only for a uniform flow that the determinations will not be ambiguous.

The slow P; wave becomes propagative at lower frequencies in correlation with the
critical frequency decrease and its attenuation coefficient is inversely proportional to the
permeability. This wave is then representative of the permeable character of a saturated
porous medium.

Porosity effects

The porosity is a critical parameter in the sense that it governs the mechanical properties
of the porous medium (velocities and density) as well as the critical frequency.

Several authors use expressions relating the porosity to the skeleton bulk modulus
(K). For example, Ogushwitz (1985), after Hamilton {1978), gives:

log Ky =z — y&*
where z and y are constants which depend on the rock and constitutive materials.

K} can also be evaluated using the “Tokséz model” (Kuster and Tokséz, 1974 a,
b; Cheng and Toksdz, 1979; Toksoz et al., 1976) or the Berryman {1980) model (see
Ogushwitz, 1985).

Semi-empirical formulas also exist. For example, Raymer et al. (1980) give for the
consolidated rocks, i.e. ¢ < 35%:

V = (1 — )V + Vv

5- 34

s

o

-



Biot’s Theory 139

Y

while for ¢ > 45%:
1 9 . 1-9
AV pVE L eV

where the subscripts 5 and m denote the saturant fluid and the matrix, respectively.

In this paper, the dry rock velocities are kept constant. K} varies in accordance
to the equation (17). In the following examples, the porosity values are 5%, 8%, 10%,
19% and 30% (cases (1), (2), {3), (4), (5) respectively). The permeability is equal to
200 millidarcies. Figure 6a shows the normalized coupling coefficients for the water
saturation situation.

Within the quasi-static range, when the porosity increases the Py and § wave veloc-
ities decrease, but not at the same rate {Figure 6b). The Poisson’s ratio also decreases.
At the same time, the dispersion is more important. The high frequency limit of the
S wave velocity is identical for each porosity because of the way the calculations are
done and the chosen pore shape model. The P; velocities, on the contrary, increase
with decreasing porosity.

The behavior of the P, wave is identical for the low frequencies but the distribution
is reversed for the high frequency limit. The smaller the porosity, the less important
the fluid volume. The P and S wave attenuations are then weaker (Figures 6¢c, 8d). As
the critical frequency varies with the porosity, the attenuation curves are simply shifted
along the x and y axis. The shear wave attenuations in the quasi-static range are very
close to one another. The differences are only clear around the critical frequencies and
beyond these values. Lastly, whatever the porosity is, the S wave attenuation is greater
than the P, wave attenuation. The difference decreases inversely with porosity.

As with permeability, the attenuation coefficients of the slow P, wave follow the dis-
tribution of the viscous coupling coefficient. The smaller the porosity, the less important
they are.

The general trends still behave for the gas saturation situation. Only a few differ-
ences occur. They are related, for example, to the difference between the P, and S wave

attenuations (see Schmitt, 1985).

The porosity effects, contrary to permeability, cannot be inferred from the viscous
coupling coefficient and the critical frequency alone.

A porosity increase leads to an increase of:

e the critical frequency

e the viscous coupling coefficient
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e the mass coupling coefficient
and, above all,

e the moving fluid volume

It is because of this last feature that the P; and S wave attenuations increase while the
P, attenuation decreases: the porous medium is more diphasic.

As with porosity, the velocities of the dry rock modify the maxima of attenuation
of the P, and S waves as well as the attenuation coefficient of the slow P; wave. They
also affect the difference between the attenuations of the two “fast” body waves (see
Schmitt, 1985).

r‘"’\
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CONCLUSION

The constitutive equations of a saturated porous media can be obtained through the
use of mixtures theory. Although axiomatic, this formulation emphasizes several as-
sumptions which are not explicit in Biot’s papers. It leads to a frequency dependence
of the mass coupling coefficient.

Besides this frequency dependence, homogenization theory leads to a somewhat
unified definition of the viscous and mass coupling coefficients. They are related to one
another through a complex permeability function. This function can be computed for
a given pore geometry by integration of the Navier-Stokes equations.

The continuity equations at different kinds of interfaces (porous/porous, porous/solid,
porous/fluid)ean be inferred from the general principles of mechanics but are not so well
proven as one might believe. With several assumptions, the same equations as Dere-
siewickz and Skalak (1963) have been derived. The uniqueness of the wavefield is then
ensured.

Using the formulation previously described, and considering the pores as cylindrical
ducts with a unidirectional flow, the properties of the three body waves have been
analyzed.

The practical results of that study may be summarized as follows:

e The critical frequency of a saturated porous medium is inversely proportional to
the low frequency limit of the mass coupling coefficients pas. It fixes the frequency
for which the attenuations, i.e. the inverse of quality factors, of the P; and S waves
are maximum. However, the dynamic behavior of a saturated medium occurs at
lower frequencies, around the characteristic frequency, in correlation with the
propagative character of the slow P wave related to a non uniform flow.

o The frequency dependence of the body wave attenuations (see eqn. 91 and 93)
are general.
Because of the “breaking point” in the attenuation variations of the P, and S
waves, one has to be aware of any general and a priori classification concerning the
saturant fluid nature and permeability effects that is independent of the frequency.

¢ The maxima of attenuations (in dB/)) of the P; and S waves are independent of
the permeability for a given formation, a given saturant fluid and a given porosity.

¢ It is only in the low frequency range (i.e., below the critical frequencies) that a
permeability increase leads to an increase of the P; and S wave attenuations.

e The P, and S wave attenuations increase with the porosity for a given formation,
a given saturant fluid, and a given permeability.

5- 37
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e The slow P, wave is inhomogeneous, especially in the low frequency range. Ifs
characteristics strongly depend, for given permeability and porosity, on the satu-
rant fluid mobility. This last parameter is a function of the compressibility and the
viscosity of the liquid. Its phase velocity is always less than the P wave velocity
of the pore fluid. Therefore, in the borehole configuration, this wave cannot be
critically refracted at the borehole wall, thus it cannot be recorded.

[
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APPENDIX

COUPLING COEFFICIENTS FOR CYLINDRICAL DUCTS

Evaluation of the complex permeability function

The analytic expression of the complex permeability function K {w) is obtained through
the evaluation of the flow velocity in a cylindrical duct whose radius is “ a ” related to
the application of a pressure gradient in the case of a motionless solid (the expression
is the same when the solid moves). The developments thereafter follow Biot’s (1956b)
and Borne’s {1983) presentations.

A pressure gradient is applied along x (see Figure Al) which is the flow direction.

The flux is assumed to be axisymmetric and T is considered to be independent of x.
The equation of motion of a viscous Newtonian liquid in the x direction may be written:

» 3P ;
pr=—~a-+nV2U (A.1)

where P denotes the pressure and n the dynamic viscosity of the fluid.

u
222 PTIIITIIIII I I I IFINT]

u-:‘a:.v/

N ity as s

(from Biot, 1956 b)
Setting F = *%{i, equation (A.1) becomes (for a moving solid, one needs to put
downv=U—tand F= —a-a% — pri, see Biot, 1956b):
nVie+ F=pso (A.2)

Because of the axial symmetry v = v(r), and assuming a temporal dependence et the
equation may be written:

d®v  1dv twpys F
A Tt of YRR A3
dr? + rdr 1 v n ( )

This is a Kelvin’s equation whose solution is (v has to remain finite when r = O}:

ol
v(ir)= ——F {1~

1w . fiww
Pt Jo § tayf —

(A.4)
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where

e v =n/py is the kinematic viscosity of the fluid,

e Jy is the Bessel function of the first kind of the zéro-th order.

The hydraulic permeability K (w) is then given by:

K(w)= 22 0“ Kglrdr (A.5)

where

o F is a constant in relation to r

. g?) is the porosity

Then, using the recurrence relations of the Bessel functions:

d(z™ Ju(2)

—-“-a—;-—— = 2" Jn,_.]_(Z)
2n
>y n{z) = Jn-1(2) + Jnt1(2)
one obtains:
~ Jg { ia % }
K(w)=—= (A.6)
wipr . 1
Low frequency range
For a complex z, :
1 .\F
0 = (5)% L)
lim J,(2) = (-—z)
-0 2 kT k+1
’ #=0 ﬁ" Nk (A7)
2
1 )“ 2 \"%° )
= z Z
(2 kzok!(n-i—k)'
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Substituting z = iaq,/%“’ yields:

o Jo2) L B T T
im —L =
=0 Ja{z) atw . atw

IR

8iv [1 atu? 1 a.2wj| [ atw? _ catw (A.8)

]
I

e

+
<Y
&
ba
g
<

so that,

. . . 1 . .
ig%ﬂ(w) = l}j{%m—iﬂ(ﬂl(”)‘ﬂﬂz(wn

__twps i—l—i 8v+a2w
- é 3 alw  24v

Using the relations (41), one obtains:

(A.9)

. T ~g . 87]:;;
}ﬂ{b b(w) = il_%ﬁf’ Hy(w) = oz (A.10)

. PHyw) 4~
e (A11)
The compatibility with Darcy’s law enforces:

vy o= .
29810 e, E=a?
k a 8

(}E}) pez(w) =

(A.12)

where k is the medium permeability. This is again the relation (38).

High frequency range

For a complex z:
, _[2 ™m (4n? — 1)(4n? - 9)
dm Ja(z) =y O coslz— 5= ) [1 N 128 22
in(z — n 7r) 422 -1
sin(z — - — - 52
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Using the same notations as previously:

1 T
- JO(Z):_ 1"{-"8‘“;13311(2—-4—)
S—Zan(z ™=
then
z = 'aﬁiw—i(’-l-l) o
= i — =i ay/ 5>
z = (i-la
so that,
sinz = 1 sinho cose — sine coshe
cosz = cosha cosee+ 7 sina coshe

When w -+ 00, z — 00, @ — o0, the above expressions become:

ea
sin z = ?(—sina-i-icosa)
ea
cosz = —-é—(cosa—i—isina)
so that,
1 — tan o
tanz = ———
ttanx + 1
Then

- . T . " .
wl—l—r»%o tanz = wll{go ta,n(z — Z) = wlﬁl_l;lg.o tan(z - T — Z) =1

The relations (A.13) may thus be written:

Jolz) o 178

smvo0 Ja(z) __1__1'_1_5,
8z
21
g_[p,_]
z
so that
lim H(w) = ﬂf_{wz -.-Ii]
wW— 00 ¢ ay iw
= ﬂ{[1+g(1_1) i]
¢ a 2w
Then,
2¢ [mwpy 1
Jm ) = oy = e
: . np
Hm_paz(w) = ¢pr (14 = 2—0:)
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(A.13)

(A.14)

(A15)

(A.16)

(A7)

(A.18)

(A.19)

(A.20)
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TABLES

Physical parameters used in this study

1.1 Formation = Berea sandstone (from Rosenbaum, 1974)

1.2 Saturant fuids.

Ks Ps G, 611?. &
(Pa) (kgm~%) | (ms~1) | (ms™1) | %
3.79 1010 2650 3670 2170 | 19
Qy Py )
(ms™1) | (kgm™%) | (cp)
oill 1455.4 8790.4 180
Water 1500 1000 1
Gaseous water 12 800 1000 1
Gaseous water 22 T27.5 941 0.211
Gas?® 629.7 139.8 0.022

! From Kuster and Toksdz (1974b)

2

see text

3 From Rosenbaum (1974)
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(a) (b) {c)

V / Medium 1

- Nterface

Medium 2

'/ / /] solid phase E liquid phase

Figure 1: Simplified diagrams of an interface between two saturated porous media (after
Deresiewick and Skalak, 1963).
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Figure 2a: Berea sandstone. :,i; = 19%, k = 200md. Saturant fluid effects. 1 = 0il, 2 =
Water, 3 = Gas.

Normalized coupling coefficients {pzz(w)/(¢p/); b(w)/(nd?/%))
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Figure 2b: Berea sandstone. ¢ = 19%, k& = 200md. Saturant fluid effects. 1 = OQil, 2 =
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Figure 3a: Berea sandstone ;5 =19 %, k = 200 md. Saturant fluid effects. 1 = Water,
2 = Gaseous water 1, 3 = Gaseous water 2, 4 = Gas.
Normalized coupling coefficients (pa2{w)/(@0f); b(w)/(nd?/k))
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Phase velocities and attenuations { dB/ A) of the body waves
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Figure 3d: Berea sandstone ;& =19 %, k = 200 md. Saturant fluid effects. 1 = Water,
2 = Gaseous water 1, 3 = Gaseous water 2, 4 = Gas.
Phase velocities and attenuations (dB/m} of the body waves
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Figure 4a: Berea sandstoxie. 55 = 19%. Water saturation. Permeability effects. 1: k=
2 md, 2: k=32.5md, 8: k =200 md, 4: k£ =500 md, 5: k = 1 darcy, 6: k = 1.5 darcy,
7. k=5d.

Normalized coupling coefficients (pz2(w)/(0y); b{w)/(nd?/k))
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Figure 4b: Berea sandstone. 55 = 19%. Water saturation. Permeability effects. 1: k= —
2md, 2: k¥ =32.5md, 3: k =200 md, 4: kK = 500 md, 5: k = I darcy, 6: k = 1.5 darcy, &

7: k=56d.
Phase and group velocities of the body waves (P, S, P2 )
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Figure 4c: Berea sandstone. q?) = 19%. Water saturation. Permeability effects. 1: k =
2md, 2: k=325md, 3. k =200md, 4: £k =500 md, 5: k =1 darcy, 6: k = 1.5 darcy,

7: k =5d.
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Figure 4d: Berea sandstone. 65 = 19%. Water saturation. Permeability effects. 1: k=
2 md, 2: k= 32.5md, 3: k=200 md, 4: k =500 md, 5: k = 1 darcy, 6: k = 1.5 darcy,
7: k=5 d.

Phase velocities and attenuations (dB/m) of the body waves
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Figure 5a: Berea sandstone. é = 19%. Gas saturation. Permeability effects. 1: k=2

md, 2: k—325md 3: k_ZOOmd 4: k—500md 5: k—ldarcy,ﬁ k—15darcy,
7: k=5 d.

Normalized coupling coefficients (pz2(w)/(@py); b(w)/(n$%/k))
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Figure 5b: Berea sandstone. 95 = 19%. Gas saturation. Permeability effects. 1: k=2 o
md2k—325md3k—200md4k—500md5k“1darcy,6 k = 1.5 darcy, R

7. k= 5d.
Phase and group velocities of the body waves (P1, S, P;)
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Figure 5¢: Berea sandstone. é = 19%. Gas saturation. Permeability effects. 1: k=2
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Figure 6a: Berea sandstone. k = 200 md. Water saturation. Porosity effects. 1: q& =
5%, 2: ¢ = 8%, 3: 6 = 10%, 4: é = 19%, 5: ¢ = 30%, Normalized coupling coefficients

(22(w)/(B07); b(w)/ (n?/k))
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Figure 6b: Berea sandstone. k = 200 md. Water saturation. Porosity effects. 1: ¢ =
5%, 2: ¢ =8%, 3: ¢ = 10%, 4: ¢ = 19%, 5: ¢ = 30%, Phase and group velocities of
the body waves (P, S, P2)
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= 19%, 5: ¢ = 30%, Phase velocities and attenuations

o ™ £ oy ) i -



69 -9

VELOCITIES (KM/S)

‘10 Pi WAVE 5.20 S WAVE
1
1 /
2 2
: J #_’//////’/,,,,
4
4
§ s
3.57 I AT T T TR TR T T 2.0 TR T TR T T I T TR 7 T T T T T 11T
1 2 3 4 S B 0 1 2 3 4 5 B

Lop freguency (Hz)

P1 WAVE

Log frequency (Hz)

L7 x ATTENUATION (dB/m)
S _WAVE

—ﬁﬂmrTﬂmWﬁWmm“ﬁéh -9 :

] 2 3 4 S
Log frequency (Hz)

6

TV TR TS TR T T TTIT

I

2 3

TR TR T T T 1T

4 5 B

Log frequency (Hz)

P2 MWAVE

Aroey, s.jo1g |

1.50
i
g,
] i 2 3 4 5 6
Log frequency (Hz)
5 P2 WAVE
4
a
i
2
b
Q T TR T TR T T T T TR T T T
1) 1 2 3 4 3 6

Lop frequency (Hz)

Figure §d: Berea simdstone. .’:::—- 200 md. Water saturation. Porosity effects. 1: q?) =
5%, 2: ¢ = 8%, 3: ¢ = 10%, 4: ¢ = 19%, 5: ¢ = 30%, Phase velocities and attenuations
(dB/m) of the body waves
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