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ABSTRACT

We present a general formulation based on the Thomson-Haskell method which allows
the study of complex models. The surrounding formation may be composed of several
coaxial porous shells or of a combination of both porous and elastic layers. At any kind of
interface, welded contact is assumed. The two phase media are modeled following Biot's
theory which is modified through a unified definition of frequency dependent coupling
coefficients in accordance with homogenization theory. Calculations of dispersion and
attenuation of both the Stoneley wave and first pseudo-Rayleigh mode are performed.
Also displayed are synthetic microseismograms computed using the discrete wavenumber
method.

The configuration of a damaged (invaded or flushed) zone resulting from radial
variation of permeability and/or porosity, with or without modification of the saturant
fluid is investigated. When the borehole wall is impermeable, the effects of a porous
radial layering are analogous to those observed in the presence of only elastic media,
with body wave attenuations added, whatever the formation (fast or slow). When the
borehole is permeable, as soon as the inner layer thickness reaches a few centimeters,
Stoneley wave dispersion and attenuation are representative of the rheological properties
of that inner layer. As a result, the determination of the in situ permeability of the
virgin formation, based on Stoneley wave characteristics, is ill posed.

Also studied is the presence of a mudcake at the borehole wall. Whatever its rheolog-
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ical properties, this additional layer leads to a decrease of Stoneley wave phase velocity
compared to the sealed pores situation. Compared to the simple open hole model with
a permeable borehole wall, the same effect can be noted but only for frequencies greater
than'" 2 kHz, and a significantly thick mudcake. With any elastic or low permeability
mudcake, with the absence or inefficient pressure continuity between the bore and sat
urant fluids, one cannot generate the variations of attenuations displayed by real data.
Further investigations will need experimental measurements of the mudcake properties.

Whatever the configuration, the phase velocity and attenuation of the first pseudo
Rayleigh mode starts at those of the virgin formation. The low frequency part of the
pseudo-Rayleigh wavetrain can then be used for the indirect estimation of the formation
shear wave characteristics.

INTRODUCTION

The drilling. process can modify the physical properties of the formation close to the
borehole wall, leading to the presence of several coaxial shells. With elastic formations,
studies of the effects of radial variations of velocity, density, and attenuation can be
performed. Baker (1984), Tubman (1984) and Schmitt and Bouchon (1985) presented
numerical studies involving an invaded or flushed zone. Chan and Tsang (1983), af
ter White and Tongtaow (1981) included transversely isotropic media. Stephen et al.
(1985), using the finite difference method, analyze the case of a velocity gradient. Burns
(1986) analyzed the partition coefficient distribution with fast formations.

In the presence of two phase media, porosity and/or dry rock velocity variations will
lead to the same situation, but three other sets of parameters playa role. They are the
boundary conditions at the borehole wall, the permeability of the damaged zone and
its saturant fluid properties, as the bore fluid can drive away the saturant fluid of the
original formation. When the borehole wall is permeable, the question which arises is:
how sensitive are the guided waves to the virgin formation permeability?

In addition to the invasion process, a mudcake may exist at the borehole wall. The
properties of such an additional layer are practically unknown. For numerical simu
lations, it has been assumed to be an elastic shell corresponding to a slow formation
(Baker, 1984; Tubman, 1984; Schmitt and Bouchon, 1985). However, it can also be
considered as a two phase media of very low permeability or even as a plastic forma
tion. Its presence is of importance as analysis of real data obtained in the presence
of known permeable formations often leads to Stoneley wave phase velocities less than
those predicted using the simple open borehole model with a permeable borehole wall.

In this paper, we first present a general formulation, based on the Thomson-Haskell
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method. It allows the study of the wavefield in the presence of a layered formation
composed of several coaxial, saturated porous shells or of a combination of both porous
and elastic layers. The two phase media are modeled using Biot's theory, modified in
accordance with homogenization theory. We then analyze the effects of the presence of a
damaged zone resulting from a radial variation of permeability and/or porosity, with or
without modification of the saturant fluid characteristics. Both situations of a perme
able and impermeable borehole wall are examined. Also investigated is the presence of
an elastic and low permeability mudcake. Dispersion and attenuation of Stoneley wave
and of the first pseudo-Rayleigh mode are displayed as well as synthetic microseismo
grams and spectral energy densities computed using the discrete wavenumber method
(Bouchon and Aki, 1977).

THEORETICAL FORMULATION

Model description

In a cylindrical coordinate system (r, 8, z) an axisymmetric fluid-filled borehole extend
ing to infinity in the z direction is considered. In order to not lose any generality, the
surrounding formation is composed of (M - 1) concentric elastic layers followed by N
concentric saturated porous layers. The radii R;-l and R; bound the j - th layer, the
outermost one being radially semi-infinite. The bore fluid layer is denoted by the sub
script 1. Each elastic shell is characterized by its P-wave velocity a;, its S-wave velocity
P;, the associated frequency independent quality factors (Q"i' QfJ), and its density Pi'

The saturated porous formations are modeled using Biot's theory which is modified
through an unified definition of the frequency dependent viscous and mass coupling
coefficients in accordance with homogenization theory (Auriault et aI., 1985). Each
porous layer is then characterized by the solid (i.e., constitutive grains) bulk modulus
K.; and the associated density P.;; the dry rock (frame or skeleton) compressional and

shear velocities am; and Pm;; the porosity ~;; the permeability k;; and the saturant
fluid parameters which are its velocity 01/;, its density Ph and its viscosity '7;. The
anelastic attenuation for skeleton body waves is characterized by frequency independent
quality factors Q"mi and QfJmi (see Appendix A). Last, the viscous and mass coupling
coefficients, being dependent upon the pore shape and pore geometry, have to be defined
(Schmitt, 1986c, and Appendix B).

In saturated porous materials, there are three kinds of body waves: a compres
sional wave of the first kind, which displays high velocity and quasi-elastic properties; a
compressional wave of the second kind, associated with low velocity and quasi-viscous
characteristics; and a shear wave. All three are dispersive and dissipative. The two
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compressional waves are associated with singular motions of the fluid-solid system. The
saturant fluid does not support any shear displacement but it affects the shear wave
through inertial effects. For a porous medium of index j, the quantities relative to
the compressional waves will be distinguished by supplementary subscripts 1 and 2, re-'
spectively, for the first and second kind. For an elastic medium, this supplementary
subscript is implicitly mute.

The scalar displacement potentials if?jl and the vector displacement potentials q; j =
(0, Wj, O)T because of the axial symmetry, satisfy Helmoltz type equations with respect
to each complex velocity. A particular solution may then be written as :

where

{
if?jl

Wj
= {rjl Io(kpjl r) + Bjl Ko(kpjl r) } e;wl eikz

= {Cj Ir(ks j r) + Dj K1(ks j r)} e;wl e;k%
l=1,2

(1)

I" and K" denote the modified Bessel functions of the first and second kind of the
n-th order,

kp11 = k 2
- w2

/ "'11 1=1,2

kS1 = k 2
- w2

/ [3J
r jl, B jl , Cj, D j are a function of the angular frequency wand the axial wavenum
ber k.

The radiation conditions specify that the potentials have to remain finite when:

• r tends to infinity so that r N1 = r N2 = CN = 0

• r tends to zero, so that B1 = 0 for the bore fluid.

Let us denote (uU, r), wU, r)) and (uU, r), rU, r)) the radial and tangential com
ponents of the displacement Uj and of the stress tensor Urn" in the solid phase of a
porous medium of index j or of an elastic medium of index j. U U, r) is the radial com
ponent of the displacement in the liquid phase. sU, r) is the tension in the saturant fluid
which is related to the pore pressure by sU, r) = -~jPU, r). Using the stress-strain
relations as defined by Biot (1956a), the expressions of these components in terms of
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the displacememt potentials are:
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uU, T)

wU, r)

uU, r)

. pU, r)

uU, T) + sU, r)

TU, T)

where

(2)

Aj, N j , Qj, Rj are the elastic coefficients of the porous material (see Appendix
A),

ejl> Xj are complex frequency dependent factors which characterize the influence
of one phase on the other one (see Schmitt, 1986a).

For an elastic medium, the expressions are:

uU, r)

wU, r)

uU, r)

TU, r)

(3)

where Vj is the Poisson ratio.
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Dispersion relationships
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.
In order to propagate the wavefield through the porous layers, the boundary conditions
required at a porous-porous interface are:

u(j, R;)

w(j, R;)

~;[U(j, R;) - u(j, R;)]

p(j, R;)

u(j, R;) + s(j, R;)

r(j, R;)

= u(j + 1, R;)

= w(j + 1, R;)

= ~;+l[U(j + 1, R;) - u(j + 1, R;)]

= p(j + 1, R;)

u(j + 1, R;) + s(j + 1, R;)

= r(j+l,R;)

(4)
(

The third equation ensures the balance of the flux while the fourth one specifies that
the saturant fluid pressures are continuous.

These boundary conditions can be obtained through the use of mixtures theory
(Schmitt, 1985, 1986a), the porous media being considered as a continuum. They are
valid whatever the nature of the saturant fluid on both sides of the interface is. They
ensure the unicity of the wavefield (see also Deresiewick and Skalak, 1963; and Berryman
and Thigpen, 1985).

(

A suitable propagator matrix FP (j, r) may thus be defined as:

GP(j, r) = FP(j, r)XP(j)

where,

(5)

(6)

GP(j, r) = (u(j, r)' w(j, r),~;[U(j, r)-u(j, r)], p(j, r), u(j, r)+s(j, r), r(j, rW,

XP(j) = (f;b f;2, B;b B;2' a;, D;)T,

F P (j, r) is a 6x6 complex matrix whose elements are given in Appendix C deduced
from equations (15).

Multilayered saturated porous fonnation

Assuming that there are no elastic layers and using the Thomson-Haskell method, we
then have at the interface r = R1 (Le., at the borehole wall):

{_I }
GP(2, Rtl = JJ FP(j, R;-tl (FPfl (j, R;) FP(N, RN-tlXP(N)
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Two situations may occur at the borehole wall. They correspond to the so called open
and sealed pores configurations.

When the borehole wall is permeable, the bore and saturant fluid pressures are
continuous. The boundary conditions are then (the fluid medium being a porous medium
of unit porosity):

U(l, RI) = u(2, RI) + ¢z[U(2, Rl ) - u(2, Rl)]

<1(1, RI) = <1(2, RI) + 8(2, RI)
(7)

0 = r(2, RI)

p(l, RI) = p(2, Rd

where

are the radial displacement and stress in the bore fluid. The first equation ensures
the balance of the fluid volume.

Using equation (17), the period equation for such a situation can be written in a
matrix form as:

(8)
where

M(l) is a 4x4 complex matrix,

N(I) = (rl, BNI, BNZ, DN)T.

When the borehole wall is inlpermeable, there is no longer any pressure continuity:
the relative motion between the two phases of the porous material is set to zero. The
boundary conditions are then:

U(l, Rd = u(2, RI)

<1(1, RI ) = <1(2, RI) + 8(2, RI )
(9)

0 = r(2, Rd

0 = U(2, RI) - u(2, RI)

As previously, the corresponding period equation can be written in a matrix form, using
equation (17):

M(Z) N(z) = 0
= -

where M(z) is a 4x4 complex matrix and N(z) = N(I).

(10)
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Presence of intermediate elastic layers

When (M - 1) elastic layers lie between the saturated porous formations and the bore
fluid, the above derivations are no longer valid. The boundary conditions at the elastic
porous interface (i.e., at r = RM) are:

u(M, RM) = u(M + 1, RM)

w(M, RM) = w(M + 1, RM)

0 = U(M + 1, RM) - u(M+ 1, RM) (11)

I7(M, RM) = I7(M + 1, RM) + s(M + 1, RM)

T(M, RM) = T(M+l, RM)

setting the relative motion between the two phases of the porous material to zero. It also
implies that there is no longer any pressure continuity between the bore and saturant
fluids.

At each elastic-elastic boundary, the radial and tangential components of both the
displacement and the stress tensor are continuous. The corresponding displacement
stress vector can thus be defined as:

(12)

where

aE(j, T) = (u(j, T), w(j, r), 17(j, r), T(j, T))T,

XE(j) = (r j, B j , Cj, Dj)T,

FE (j, r) is a 4x4 complex matrix. As indicated by Schmitt and Bouchon (1985),

the elements of the inverse matrix (FE) -1 (j, T) can be easily expressed as a

function of those of the direct one. The displacement-stress vector presently used
being different, the appropriate formulae are given in Appendix D.

The corresponding period equation is then obtained by solving,
at T = Rl,

(

I
U(1, RI) = u(2, RI)

17(1, RI) = 17(2, RI)

o = T(2, RI)

(13)
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.
where
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(14)

and

The system deduced from equation (22) and (23) can be written in a matrix form as:

(15)

where

M(S) is a 8x8 complex matrix,

N(3 = (flo fM, BM, CM, DM, BN1, BN2, DN)T.

Space-tiIne response

Considering a point source located at the origin of the axis, the synthetic microseismo
grams are obtained by introducing the displacement U, and the stress cr, radiated by
the source at the borehole wall. The systems (8), (10), (15) respectively become:

M(l) N(l) = y(1)

M(2) N(2) = y(2)
= - -
M(3) N(3) = y(3)
= - -

where

Y (l) - (-U _ 0 )T
_ - 3J (1':/, 'U:J ,

y(2) = (-U" -cr" 0, O)T,

y(3) = (-U" -cr" 0, 0, 0, 0, 0, O)T.

(16)

(17)

(18)
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The total pressure in the borehole fluid in the space-time domain is given by:

/
+00 /+00 . , "

P(r, z, t) = D(r,. z, t) + -00 -00 rl S(w) Io(kpl r)e'
w

e' zdkdw (19)

where
. (r2+ z2) t

1r /+00 .w
D(r, z, t) = 1 eiw'e "'1 S(w)dw

(r2+ ZZ). -00

is the direct arrival, S(w) denotes the source spectrum, and r l is the unknown of the
bore fluid potential.

The second term of equation (19) is the reflected wavefield whose integration is per
formed using the discrete wavenumber method (Bouchon and Aki, 1977). It exhibits
a branch cut associated with the bore fluid velocity which precisely cancels the direct
arrival, whatever the position of observation and the configuration. Whatever the pa
rameters, the compressional wave of the second kind cannot be critically refracted at
the borehole wall.

NUMERICAL EXAMPLES

In this section we successively investigate the effects of the presence of a damaged zone
and of a mudcake in the presence of a fast formation. The analysis is based on the
computation of dispersion and attenuation curves, of synthetic microseismograms and
spectral energy density plots.

Only the first pseudo-Rayleigh mode behavior is investigated as it is the main con
tributor to the wavefield. A detailed analysis of the simple open hole geometry is given
in Appendix E. For clarity, the case of a slow virgin formation is presented in Appendix
F along with a quick review of the permeability and saturant fluid effects in the simple
open hole geometry.

All the waveforms have been evaluated in the frequency range [0, 211 kHz and have
been computed at 256 points in time. The source waveform is a non-zero phase Ricker
wavelet whose center frequency is denoted by f •. On each figure, the scaling coefficient at
the upper left gives the relative value of the peak amplitude compared to the maximum
of the whole series denoted by 1.00.

In a porous formation, both PI and S-wave attenuations (Q-l) are maxima when
the viscous and inertial forces are of the same order of magnitude. This corresponds to
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a so called critical frequency given, for the j - th layer, by:

-2

(
.) I]j4>j

lei J = 27<;;'j/>22j(0)
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where P22j(0) is the zero frequency limit of the pore geometry dependent mass coupling
coefficient (Schmitt, 1986c; Appendix B).

For the calculations, the pore geometry considered corresponds to cylindrical ducts
distributed along one direction. Also, no anelastic attenuation is introduced either in
the bore fluid or in the skeleton of any porous layer.

The physical parameters of the formations are given in Table 1. Table 2 gives the
saturant fluid characteristics. In Table 3 we give the parameters of the "equivalent"
elastic formations (i.e., whose P and S-wave velocities and density are equal to those
of a porous formation, in the low frequency range). The elastic mudcakes parameters
are given in Table 3. The bore fluid is always water (see Table 2).

Damaged zone

In the presence of a damaged zone, the inner borehole radius remains constant. Al
though it may be more complicated than a single layer, only the configuration including
two coaxial porous shells is investigated. Following equation (6), the saturant fluid
pressures are assumed to be continuous at the damaged zone-virgin formation interface.

Permeability contrast

A permeability contrast may result from several phenomena: temperature or con
finement pressure variations, sudden over or under pressure due to the trepan, beginning
of fluid migration into the formation. In the following, we successively consider a posi
tive and negative permeability contrast away from the borehole wall. The saturant fluid
being the same in both layers, only an attenuation contrast is produced. The velocity
variation is very small. It is only related to the body wave dispersion according to
the critical frequency. The densities are also identical. The formation is a 19% Berea
sandstone (Table 1). The inner borehole radius is 12 cm. In most of the examples, the
results for the case of no damaged zone and no virgin formation are also included.

The first example considered corresponds to a permeability increase away from the
borehole wall. The porous layers are water saturated with permeabilities successively
equal to 0.3 and 1.5 darcy. The critical frequencies are then respectively equal to 76.6
kHz and 15.32 kHz. In the well logging frequency range, this leads to an increase of
attenuation away from the borehole wall.
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Figure 1a shows the dispersion and attenuation of the Stoneley wave when the bore
hole is impermeable, the thickness of the damaged zone being equal to 1 cm and 6
em. In such a situation, .the reverse dispersion is practically not affected. The attenua
tion is proportional to the permeabilities in the entire frequency range. It is much less
than the corresponding shear wave attenuation, although it follows its yariations. This
emphasizes that most of the energy travels into the bore fluid. It corresponds to the
partition coefficient distribution in the presence of a fast elastic formation. As soon as
the thickness of the damaged zone reaches a value of 6 cm, Stoneley wave attenuation
is governed by the properties of the inner layer.

Considering the open pores configuration (Figures 1b, c), the behavior is different.
As already mentioned by several authors, most of the effects are concentrated in the
low frequencies where Stoneley (tube) wave energy is maximum. In such a frequency
range (Figure 1b), the fluid flow results in a decrease in the phase and group velocities
(whose dispersions are still reversed) and an important increase in the attenuation.
Correlatively, the energy decreases and its useful part is relegated in a narrower low
frequency band (Schmitt, 1986b). The effects are inversely proportional to permeability
as the viscous coupling coefficient (b(w)) decreases with this parameter. Chandler and
Johnson (1981) and Chandler (1981) have demonstrated that in the quasi-static range,
neglecting the inertial terms, the porous material is governed by a homogeneous diffusion
equation in pore pressure (see also, Rice and Cleary, 1976). It explains Stoneley wave
behavior in relation to the bidimensional geometry involved. The fluid flow at the
interface is directly related to the properties of the inner layer. As a result, Stoneley
wave velocity and attenuation are mostly representative of this first layer characteristics.

In the higher frequency range (Figure 1c, from 500 Hz to 25 kHz), the dispersion
is still reversed but its distribution as a function of permeability appears to be more
complicated. Inversely proportional to the permeability in the low frequencies, the
distribution is reversed for the high frequencies. This situation appears gradually, de
creasing in frequency with increasing permeability. The phase velocities may even be
greater than in the sealed pores case (Figure 1a) and the group velocity may be greater
than the bore fluid velocity. It is related to a decrease of the critical frequency of the
porous material. As a result, the inertial forces succeed in stopping ·the driving phe
nomenon only at a higher frequency. The amplitude of these variations will decrease
with an increasing mass coupling coefficient. The effect of the lower permeability inner
layer is more evident.

Figure 2 shows the dispersion and attenuation curves of the first pseudo-Rayleigh
mode when the damaged zone thickness is equal to 6 em and 12 em. As discussed in
Appendix E, the phase and group velocity are little affected by the boundary condi
tions. The velocity contrast is also too small to lead to significant effects, although the
cut-off frequency is slightly shifted toward lower frequencies with increasing thickness.
When the borehole wall is impermeable (Figure 2a), the attenuation variations are again
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representative of the partition coefficient distribution in the presence of fast elastic for
mations with a non-attenuating bore fluid. At the cut-off frequency, the attenuation is
equal to that of the shear wave of the virgin formation. It then sharply decreases with
frequen'cy toward that of the S-wave of the damaged zone, before being dominated by
the bore fluid attenuation. The same variations can be seen when the pores are open
(Figure 2b). The intermediate maximum of attenuation, characteristic of the fluid flow
and associated with the Airy phase (i.e. the minimum group velocity) of the mode, is
representative of that of the inner layer. This is seen to have predominant effects at
intermediate frequencies.

Displayed in Figure 3 is the iso-offset (z= 5.25m) comparison of the synthetic mi
croseismograms obtained when the pores are open. The waveforms correspond to the
presence of the damaged zone whose thickness is successively equal to infinity (1, 4), 6
cm (2, 5) and 12 cm (3, 6). Whatever the source center frequency and the radial posi
tion of observation, the Stoneley wave pulse is mostly affected by the flow conditions at
the borehole wall. With a 7.5 kHz source center frequency, the presence of the virgin
formation is mostly detectable through a modification of the peak amplitude and of the
internal dynamics. The greater the wavelength to the damaged zone thickness ratio is,
the more the pseudo-Rayleigh wavetrain is influenced by the virgin formation. As a
result, its low frequency part decreases with respect to the Stoneley wave pulse with
decreasing thickness.

The same phenomena can be observed with a saturant fluid of lower viscosity and
higher compressibility, even with greater permeability contrast.

We now investigate the reverse situation, i.e., the case of a permeability decrease
away from the borehole wall. The damaged zone permeability is 1.5 darcy while that of
the virgin formation is 0.3 darcy. The shear wave attenuation then also decreases away
from the borehole wall.

As soon as the damaged zone thickness reaches a few centimeters, Stoneley wave
dispersion and attenuation are mostly representative of the inner layer properties in its
useful energy frequency band, whatever the boundary conditions (Figures 4a, b), The
pseudo-Rayleigh wave attenuation (Figures 5a, b) still starts at the virgin formation
shear wave attenuation and then increases toward that of the S-wave damaged zone,
whatever the thickness and the boundary conditions. At higher frequencies, the bore
fluid attenuation plays the major role. Displayed on Figure 6 is an iso-offset comparison
between the waveforms obtained in the presence of an infinite and 12 cm thick damaged
zone when the pores are open. The low frequency part of the pseudo-Rayleigh wave
train is more developed with,the two layer model, emphasizing the presence of the less
attenuating virgin formation.

When the borehole is permeable and the radial stratification is composed of porous
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media of equal porosities, saturated by the same fluid, the Stoneley wave dispersion
and attenuation are mostly representative of the rheological properties of the inner
layer. It is only with very thin layers that the virgin formation may playa role. These
results hoid whatever the permeability distribution and also when anelastic attenuation
is introduced both in the bore fluid and in the skeletons (Figure 7, where Q ",1 = 20 and
Q",mj = Q{3mj = 60). When the pores are sealed, the differences are even less. Similar
behaviors are obtained in the presence of slow formations (see Appendix F).

Whatever the configuration, the pseudo-Rayleigh mode attenuation starts at the
virgin formation S-wave attenuation at the cut-off frequencies. At intermediate fre
quencies, it is dominated by the altered zone properties, before being representative
of the bore fluid attenuation. Similarly to the Stoneley wave, this result still holds
when anelastic attenuation is introduced. It is all the more true that for the S-wave
of a porous formation, the total attenuation will exactly correspond to the sum of the
inverse of both quality factors (this rule does not hold for the P1 wave because of the
presence of the P2 wave; the discrepancy will depend upon the stiffness of the skeleton).

In such a situation, the absence of any density and significant velocity contrast will
not allow an a priori relation between the attenuation and the presence ofsupplementary
layers.

Permeability and saturant fluid contrast

Because the bore fluid can drive the saturant fluid, this last may migrate away from
the borehole wall. Even if the porosity remains constant, the resulting damaged zone
will have different mechanical properties from those of the virgin formation when the
lattter is saturated by a lower viscous and/or more compressible fluid. In the simple
open hole geometry, the importance of the fluid flow is directly related to the saturant
fluid mobility (Le., the ratio of the permeability to the dynamic viscosity of the saturant
fluid) as well as to the relative and absolute compressibility of the saturant fluid. In
order to emphasize the role of the damaged zone in stopping the driving phenomenon,
we then consider a gas-saturated virgin formation, while the damaged zone is water
saturated. We keep the porosity constant and equal to 19%, as well as the skeleton
body wave velocities. The damaged zone then corresponds to a flushed zone; the P
wave velocity is greater than in the virgin formation while its S-wave velocity is less.
The contrast is however rather weak as it does not exceed a few percent (see Table 3).
On the other hand, the virgin formation Poisson ratio is less than that of the flushed
zone (the ratio is equal to '" 85%) as well as its density. The attenuation distribution
can be far more complex as it closely depends upon the critical frequencies of the two
media.

The example corresponds to a permeability decrease away from the borehole wall.
The permeabilities are successively equal to 1.5 darcy and 0.3 darcy so that the critical
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frequencies are respectively equal to 15.3 kHz and 12.1 kHz. Both PI and S-wave
attenuations of the virgin formation are the smallest in the whole frequency range
considered. When the fluid flow is free, only thll dispersion and attenuation curves
relative to the flushed zone thicknesses equal to 1 em, 6 em and infinity are displayed.

When the borehole wall is impermeable, the low frequency limit of Stoneley wave
phase velocity is unaffected (Figure 8a). It corresponds to the fact that in the presence
of a semi-infinite porous formation, for given skeleton and porosity, it is independent
of the saturant fluid properties (Schmitt, 1986b). The small high frequency variations
are related to the density and Poisson ratio distributions. On the other hand, the
attenuation curves emphasize the predominant role of the inner layer. Such an effect
is more pronounced when the fluid flow is free (Figure 8b). With a 6 em thick flushed
zone, all the variations of both the velocity and the attenuation are nearly canceled. The
pseudo-Rayleigh attenuation curves also confirm these observations (Figure 9b). The
only difference with the previous examples is in the shear wave velocity contrast. As a
result, whatever the boundary conditions, the cut-off frequency of the pseudo-Rayleigh
mode is shifted toward lower frequencies while its phase velocity and attenuation are
equal to those of the virgin formation.

Figure 10 shows the iso-offset comparison of the corresponding waveforms when the
pores are open. The thickness of the flushed zone is successively equal to infinity, 6 em
and 12 em. With a low source center frequency (I. = 3.5 kHz), Stoneley wave pulses
are practically equivalent. Because the fluid flow is important at the borehole wall and
the saturant fluid of the outermost layer is highly movable, the peak amplitude varies
slightly with the thickness of the flushed zone. With a high source center frequency (I,
= 7.5 kHz), the lower attenuation of the virgin formation is emphasized by an important
low frequency pseudo-Rayleigh wavetrain.

Even in such a limit case, the permeability of the formation cannot be reliably
inferred through the dispersion and attenuation of the Stoneley wave. The presence
of the damaged zone is mostly emphasized by the body waves, and the attenuation
of the low frequency part of the pseudo-Rayleigh wave related to the only shear wave
attenuation contrast. Because the compressional wave velocity decreases away from the
borehole, the associated energy is trapped in the semi-infinite virgin formation. As a
result the first arrival is relevant to this medium. This behavior is analogous to the
one observed with elastic formations (Baker, 1984; Tubman, 1984). Its amplitude will
decrease with increasing ratio of the signal wavelength to the flushed zone thickness.
The problem is slightly different for the shear waves as their velocity distribution is
reversed. With a 5.25 meters long spacing, the shear wave of the virgin formation
arrives earlier. These effects are well detectable at the borehole wall.

Similar results may be obtained with a reverse permeability distribution or in the
presence of slow formations (see Appendix F).
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Increasing the porosity leads to an increase of the fluid flow effects because of the
increase of the moving fluid volume. Contrary to tlie permeability, the porosity also
affects the mechanical properties of a porous formation, every parameter being kept
constant in other respects. In this last example, we investigate the situation of a porosity
decrease away from the borehole wall. It is successively equal to 19% and 10%. The
saturant fluid is water and the permeability is equal to 1.5 darcy for both layers. With
such a set of parameters, both Pl and S-wave velocities of the inner layer are smaller.
On the other hand, their attenuations are greater than those of the virgin formation
body waves. As a result, the model corresponds to the so-called altered zone or invaded
zone configuration.

The dispersion and attenuation of the Stoneley wave for both boundary conditions
are displayed in Figures lla, b. The altered zone thickness is equal to 1 em and 6 em.
When the pores are sealed, the behavior is strictly identical that in the presence of elastic
formations (Bums, 1986). Whatever the thickness of the altered zone, the interface
wave integrates the mechanical properties of the inner formation more efficiently with
increasing frequency. In addition, Figure llb shows that both its attenuation and
phase velocities are representative of the rheological properties of the altered zone when
the fluid flow is free and the thickness of the inner layer reaches a few centimeters.
The phase velocity and attenuation variations of the pseudo-Rayleigh mode (Figures
12a, b) are also equivalent to those in fast elastic formations, whatever the boundary
conditions. In the vicinity of the cut-off frequency, the mode sees the virgin formation,
while the altered zone dominates at intermediate frequencies, decreasing in frequency
with increasing thickness.

In the time domain, the presence of the virgin formation when the fluid flow is
free (Figure 13), is then emphasized by the amplitude ratio of the pseudo-Rayleigh
low frequency wavetrain to the Stoneley wave pulse which decreases with increasing
thickness of the altered zone. For the represented source receiver spacing (5.25 m), the
first body wave arrivals are relevant to the virgin formation. Similarly to the elastic
case, the relative and absolute amplitude of the P wavetrain increases with increasing
thickness of the altered zone. It corresponds to a focusing of the energy related to the
introduction of a curvature, without rupture, of the wavefronts.

With a permeable borehole wall, whatever the configuration studied, Stoneley wave
dispersion and attenuation are essentially affected by the mechanical and rheological
properties of the inner layer. On the other hand, one may obtain a relatively good
estimate of the shear wave attenuation of the virgin formation using the low frequency
(low velocity) part of the pseudo-Rayleigh wavetrain.
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When the borehole wall is permeable, besides the invasion process, the particles in
suspension in the bore fluid may form a deposit at the borehole wall, leading to the
presence of a mudcake. As already mentioned, the properties of such an additional
layer are relatively unknown. They depend on the bore and formation characteristics,
and also on the time delay between the drilling and the actual well logging process. In
the following, we mainly consider the case of an elastic mudcake corresponding to a slow
formation. We investigate the effects of its mechanical properties (see Table 4, mudd
and mudc2) and of its thickness. Although the model should involve three concentric
layers corresponding to the mudcake, the invaded zone and the virgin formation, for
clarity we hereafter only analyze a two layer model. The formation is the 19% water
saturated formation. The original borehole radius is 12 em. Unless specified otherwise,
no anelastic attenuation is taken into account.

Contrarily to the invaded zone model, the inner borehole radius is decreased by the
thickness of the supplementary layer. As in the sealed pores situation, the bore and
saturant fluid pressures are no longer continuous (see Eq. (14)). This is the only simi
larity with the latter configuration which corresponds to the presence of a zero thickness
elastic layer.

Figure 14.shows the dispersion and attenuation of the Stoneley wave both in the
sealed pores configuration (A) and with a 2.5 em thick slow mudcake (B, mudc2).
Several permeabilities, successively equal to 1.5 darcy, 1 darcy, 500 md, 200 md, and
32.5 md are also represented. For each model, the phase and group velocities are
practically unaffected by this last parameter. Because the Stoneley wave is generated
and propagates at the interface, it integrates the properties of the inner layer, all the
more easily that this layer is slow. As a result, its phase velocity is decreased starting
at the very low frequencies. With increasing frequency, the coupling phenomenon is
enhanced so that the dispersion becomes direct, characteristic of a slow formation. The
discrepancy between both dispersions is also enhanced by the borehole radius decrease
as the Stoneley wave is less dispersive in such a situation. .

The attenuation is representative of both the permeability and the configuration.
It increases with frequency for each permeability in the low frequency range and both
models. The non-dissipative mudcake leads to a high frequency decrease in attenuation
as soon as its effects are dominant.

The first pseudo-Rayleigh mode dispersion is unaffected by the permeability, either
when the pores are sealed (Figure 15a) or when the mudcake is introduced (Figure
15b). Despite the borehole radius decrease, the low cut-off frequency is shifted toward
lower frequency. The phase velocity starts at the formation shear velocity but its high
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, ,

frequency limit is lower than the bore fluid velocity. The attenuation of the modes
also still starts at the formation shear wave attenuation, following the permeability
variation. At intermediate and high frequencies, it is slightly higher than in the sealed
pores configuration because of the leaky nature of the waveguide.

Such variations are, of course, a function of the thickness and the velocity contrast
between the mudcake and the formation. In order to illustrate these effects, we perform
the calculations in the presence of the slow mudcake and a faster one (mudc!, see
Table 4), both with thickness successively equal to 1 em and 2.5 em. The formation
permeability is 1.5 darcy. No anelastic attenuation is taken into account.

The low frequency limit of Stoneley wave phase velocity (Figure 16) decreases for
a given thickness with decreasing mudcake velocities, and with increasing thickness for
given mudcake parameters. The direct dispersion characteristics of a slow formation
occur higher in frequency and are all the more pronounced following the same rules
(only the low and intermediate frequencies are of real interest as they correspond to the
frequency range of the actual and reliable permeability estimations). The attenuation
distribution is more complex, well defined only for frequencies above 5 kHz. For a given
mudcake, it emphasizes the increasing leaky nature of the waveguide with increasing
thickness as the reached maxima increase with this parameter. However, the attenua
tions are of the same order as in the sealed pores situation and, thus, much less than the
formation shear wave attenuation and less than when the pores open. With decreasing
mudcake shear wave velocity, the maxima decrease, influenced by the variation of the
wavelength. The phase velocity and attenuation variations are identical, although less
pronounced, in the presence of a slow formation, provided that its velocities (at least the
S-wave one), are greater than those (that) of the mudcake. In the reverse situation, the
variations are reversed in the low frequencies and the interface wave is leaky at higher
frequencies (similar to the well bonded cased hole configuration).

The low frequency cut-off of the first pseudo-Rayleigh mode (Figure 17) is shifted
toward lower frequencies following the same rules as the Stoneley wave. The attenuation
starts at the formation shear wave attenuation. The intermediate and high frequency
variations, although complex, are representative of both the leaky nature of the borehole
wall and the variation of the wavelength.

We now analyze the total wavefield by comparing the iso-offset wavetrains (z = 5.25
m) obtained successively in the simple open hole situation with a permeable (1) and
impermeable (2) borehole wall; in the pre-sence of the "fast" mudcake with successive
thicknesses of 1 em (3) and 2.5 em (4); and in the presence of the "slow" mudcake with
the same thicknesses, respectively (5) and (6). Figure 18 shows the result obtained at
the borehole center with a source center frequency of 1 kHz (a) and 3 kHz (b). In
Figure 19, the latter is equal to 7.5 kHz and the wavetrains at the borehole wall are also
displayed. In any case, the Stoneley wave pulse exhibits an easily detectable time delay,

(

(
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some of them matching the one observed when only the permeable formation is present.
However, the repartition of the peak amplitudes as well as the internal dynamics of each
wavetrain show that the model is far from being successful.

In any situation, the peak amplitude is mostly representative of Stoneley wave be
havior in the presence of an elastic formation. As a result, for a given mudcake, it
increases with increasing thickness and thus a decrease of the inner borehole radius.
For a given thickness, it decreases with increasing softness. This leads to values which
are of the same order as that in the sealed pores situation. They are much greater than
those relevant to the open pores case. The internal dynamics of each wavetrain in the
presence of the mud cakes is also very similar to that of the sealed pores case. Despite
the small shift toward lower frequencies of the low cut-off frequencies, the low frequency
part of the pseudo-Rayleigh wavetrain is not significantly enhanced, partly because of
the increase of Stoneley wave energy. The main difference is the increase of the P wave
train relative and absolute amplitude, corresponding to a focusing of the energy. The
spectral energy density diagrams displayed on Figure 20 show that this phenomenon is
independent of the wavelength and occurs even with a very thin mudcake (here a 0.5
mm "fast" one). Also, the high frequency part of the Stoneley wave, mostly relevant to
the mudcake, is seen to contain less energy than when the pores are sealed.

Anelastic attenuation in the mudcake will modify the peak amplitude values as well
as the internal dynamics. The effects on the attenuation of the Stoneley wave and of the
first pseudo-Rayleigh mode are shown in Figures 21a, b. The mudcake is slow and the
Q values are equal to 50 and 40 for the P and S waves, respectively. When introduced,
the quality factors are taken to be equal to 60 for both body waves in the skeleton
of the porous formation and equal to 20 for the bore fluid. It is only for frequencies
higher than 5 kHz that the interface wave attenuation is significantly enhanced by the
mudcake attenuation. On the other hand, the high frequency variations emphasize the
predominant role of the mudcake for both waves, even with a lossy bore fluid.

The model including an elastic mudcake may explain the velocity discrepancies be
tween real data and calculations performed with a simple permeable interface. However,
such a goal is reached at the expense of the attenuation variations as a function of per
meability and in absolute value. The model does not restore the loss of Stoneley wave
energy in the low frequencies related to the bore and saturant fluid pressure continuity.

In the previous section, calculations performed with a very thin (:::; 1 em) perme
able damaged zone have shown that Stoneley wave attenuation and dispersion can be
influenced by the rheological properties of the virgin formation. The last calculation
we present corresponds to a low permeability (k = 20 md) "fast" mudcake (see slow
in Table 1, saturated by water, see Table 3). Its thickness is equal to 1 em. Figure 22
shows the dispersion and attenuation of the Stoneley wave for both boundary conditions
at the borehole wall along with the simple sealed interface case. Although decreased,
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the phase velocity is seen to be little affected by the boundary conditions. When the
pores are open, the attenuation is greatly enhanced but only in the very low frequency
range (:s; 1 kHz). It is much less than in the simple open pores case (see Figure lb, for
example). It corresponds to the fact that the fluid flow effects are much less pronounced
at a fluid-slow formation interface. Such a result will then decrease with a mudcake of
lower velocities and densities, and/or of lower permeability, and/or thicker. In addition,
such a configuration leads to a smoother sensitivity to higher in situ permeability values.

CONCLUSIONS

A general theoretical formulation has been presented which allows the study of wave
propagation in multilayered boreholes in porous media. Whatever the configuration, the
presence of a radial layering makes the evaluation of the virgin formation rheological
properties difficult.

The configuration of a damaged (invaded or flushed) zone resulting from a perme
ability and/or porosity radial variation, with or without modification of the saturant
fluid is investigated. When the borehole wall is impermeable, the effects of a porous
radial layering are analogous to those observed in the presence of only elastic media,
with body wave attenuations added, whatever the formation (fast or slow). When the
borehole is permeable, as soon as the inner layer thickness reaches a few centimeters,
Stoneley wave dispersion and attenuation are representative of the rheological proper
ties of that layer. As a result, the determination of the in situ permeability of the virgin
formation, based on Stoneley wave characteristics, is ill posed. Whatever the configu
ration, the phase velocity and the attenuation of the first pseudo-Rayleigh mode start
at those of the virgin formation. As in the elastic case, the S-wave characteristics may
then be estimated from the low frequency (high velocity) part of the pseudo-Rayleigh
wavetrain.

The simple models we have investigated for the presence of a mudcake explain some
of the discrepancies between real data and theoretical calculations performed with the
simple open model. The better solved problem is the velocity decrease which can be
related to the presence of an intermediate slow mudcake, even very thin. Assuming
that the mudcake is all the more easily created and thick when the permeability of
the formation is high (or, more precisely, when the driving phenomenon is important),
the models explain the decrease of Stoneley wave phase velocity with increasing per
meability, as seen on the data. On the other hand, they fail to explain the attenuation
variations. When the mudcake is elastic, it inhibits the Stoneley wave attenuation sen
sitivity to in situ permeability. When permeable, some sensitivity can be restored but
in a higher permeability range and with less efficiency. The basic problem is that the
studied models lead to no or inefficient pressure continuity between the bore fluid and
the formation saturant fluid. Plastic properties of the intermediate layer may help.

(
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Any further theoretical development needs some investigation of the in situ rheological
properties of the mudcake.
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APPENDIX A

Expressions of the Elastic Coefficients

The elastic coefficients A; and N; are equivalent to Lame'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. Q; is related to the fluid and solid volume variations.
These coefficients can be easily expressed as functions of the bulk modulii of the solid
K.;, the skeleton Kb; and the fluid K!;, the shear modulus of the skeleton J.'b; and the
porosity ~;. Following Plona and Johnson (1980), one has:

A; =

Q; =

- - Kb' - K·
(1- .J.·)(1_.J.· - -')K .+ .J.·-!!..Kb·

"" "" K· ., "" K· , 2., !l _ -N'
- K b · - K . 3 '

1 - <p; - -' + <p;-!!..
K.; Kfj

- Kb;-
(1 - <p; - K .l<P;K.;.,

(A - 1)

In the above expression, the porosity is assumed to not vary with the pore pressure
(Brown and Korringa, 1975).

The bulk and shear modulii of the skeleton are given by:

Kb; = (1 - ~;)p.;(a;"; - 4,8;";/3)
N; = (1 - ~;)p.;,8;";

while for the fluid

(A - 2)

(A - 3)

(A - 4)

If one assumes an anelastic attenuation for the P and S waves in the skeleton char
acterized by quality factors Q am; and QPm; with a frequency dependence e'w', it implies
a velocity dispersion of the form (e.g., Aki and Richards, 1980):

c(w) = c(wo) .

(1- 1f~Log(:)) (1- 2~)
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where

• WQ is a reference angular frequency

• c(w) is the body wave velocity (ami or Pmi) at angular frequency w,

• Q is the corresponding quality factor (Qam; or Q13m).

59

In these conditions, ami and Pmi become complex and frequency dependent as well as

Kbi and the coefficients Ai, Ni, Qi and Ri.
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APPENDIX B

Expressions of the Viscous and Mass Coupling Coefficients

In the case of cylindrical ducts, the viscous and mass coupling coefficients can be analyt
ically computed for any frequency range for a geometry corresponding to a distribution,
without connection, along several perpendicular directions (Schmitt, 1986 c). The com
plex "spectral signature" is then:

(B - 1)

where

* d denotes the number of perpendicular directions taken into account,

* HC 1l(w) = 1./K(w) = Hl1l(w) + iH~ll(w) is relative to cylindrical ducts with a
unidirectional flow. Its real and imaginary part can physically interpreted in terms
of dissipated viscous power and kinetic energy, respectively. K(w) is obtained
through the evaluation of the flow velocity in a cylindrical duct. Its expression is
then:

( ) ~j {. fi'w} {. fi'w}K w = --.--J2 taj - /Jo taj -
,wPIi Vj Vj

where

* J,.. are the Bessel functions of the first kind of the n-th order,

* Vj = Tlj / PIi is the kinematic viscosity of the saturant fluid of the porous layer
of index j,

* aj is the radius of the duct.

The coupling coefficients are then given by:

(

= db}l)(w) = d~JH1;,(w)

dp~~~(w) = d~H~;)(w)
- (1)
<PjPIi - dP22;(w)

(1- ~j)p,j - p\~~(w)

(B - 2)

-2

while the duct radius verifies, because of Darcy's law (i.e., lim b}"')(w) = TI~<Pj):
w-o k j

(B - 3)
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One can easily demonstrate that the high frequency limit for p~~~(w) is equal to ¢,;Pfj'
Such a formulation thus gives, in the high frequency limit, the Morse's fluid-solid cou
pling factor E when d = 3 and d = 2.
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APPENDIX C

Elements of the FP(j, r) Matrix

F!J.(j, r) = kPjl h(kpjl r)

F~(j, r) = kPj2 h(kpj2 r)

F~(j, r) = -kpjl K1(kpjl r)

Fr.(j, r) = -kPj2 K 1(kpj2 r)

Ffs(j, r) = -ikh(ksjr)

F[;,(j, r) = -i k K1(ks j r)

FfJ.(j, r) = i k Io(kpjl r)

F{;(j, r) = i k Io(kpj2 r)

Fi's(j, r) = i k Ko(kpjl r)

F{.(j, r) = i k Ko(kpj2 r)

Fi's(j, r) kS j Io(ks j r)

F!'B(j, r) = -ksj Ko(ks j r)

Fl:.(j, r) = ~jkPjl (ejl - 1) h(kpjl r)

FI;(j, r) = ~jkpj2 (ej2 - 1) h(kpj2 r)

Fi's(j, r) = -~jkPjl (ejl - 1) Kl(kpjl r)

F{.(j, r) = -~jkpj2 (ej2 - 1) K 1(kpj2 r)

Ffs(j, r) = -i k~j (Xj - 1) h(ksj r)

Ffs(j, r) = -ik~j(Xj -1)K1(ks j r)
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Fl',. (j, r) w2 -= 2""¢; (Q; + R;e;l) lo(kp;l r)
ail i

F!.(j, r) w2 -= -:r;j" (Q; + R;e;2) lo(kp;2 r)
Ctj2 i

F{;(j, r)
w2 _

= Z- (Q; + R;e;l) K o(kp;l r)
"';11>;

F~(j, r)
w2 -= Z- (Q; + R;e;2) Ko(kp;2 r)

"';21>;

Ffs(j, r) = F46(j, r) =a

Ffr(j, r) = 2N;kPl1 {lo(kP;lr) - kp~lrIr(kp;lr)}
2 .

:11 {A;+Q;+e;l(Q;+R;)} lo(kp;l r)

F~(j, r) = 2N;kP12 {lo(kP;2r) - kp~2rIr(kp;2r) }

w2
{ _ }- "'12 A; + Q; + e;2(Q; + R;) lo(kp;2 r)

F{;(j, r) = 2 N; kpl1 { K o(kp;l r) + kp~l r K1(kp;1 r) }

- ~ {A; + Q; + e;l(Q; + R;) } K o(kp;l r)
ail

F{.(j, r) = 2N;kPJ2 { Ko(kp;2 r) + kP~2rK1(kP;2r)}

- ~ {A; + Q; + e;2(Q; + R;)} Ko(kp;2 r)
Ctj2

Ffs(j,r) = -2iN;kks; {lo(ks;r) - k};rIr(ks;r) }

Ffs(j, r) = 2iN;kks; {Ko(ks;r) + ks~rKl(ks;r)}
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Ffr(j, r) = 2; N; k kp;l h(kp;l r)

F[;(j, r) = 2; N; k kp;2 h(kp;2 r)

Ft'a(j, r) -2; N; k kp;l K1(kp;1 r)

Ff.t(j, r) = -2; N; k kp;2 K 1(kp;2 r)

Ft'a(j, r) = N; { 2k2 - ~ } h(ks;r)

Ft's(j, r) N; {2k2 - ~} K1(ks;r)

l
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APPENDIX D

Elements of the FEU, r) and (FE) -1 U, r) Matrices

The term eikzeiwt is omitted.

FfiU, r) = kp; h(kp; r)

F~U, r) = -kp; K1(kp; r)

Ff!JU, r) = -ik h(ks; r)

Ff.tU, r) = -ik K1(ks; r)
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Fli.U, r) =
F[4U, r) =
FlW, r) =
Ff.U, r) =

F!i.U, r) = iklo{kp;r)

F{4U, r) = ik Ko{kp; r)

FfaU, r) - ks; lo(ks; r)

F2~U, r) = -ks; Ko{ks; r)

P; {(2,Bjk2
- w 2

) lo(kp; r) - ~,Bjkp; h(kp; r) }

P; {(2,Bjk2
- w 2

) Ko(kp; r) + ~,Bjkp; K1(kp; r) }

-2ip;,Bjkks; {lo(kS; r) - kS~ rl1(ks; r)l
2ip;,Bjkks; {Ko(ks;r) + k}; rK1(ks;r)

F1{U, r) = 2ip;,Bjkkp;h(kp; r)

F4~U, r) = -2ip;,BJkkp;h(kp; r)

FfW, r) = P; (2,Bjk2
- w2

) h(ks;r)

FfW, r) = P; (2,BJk2
- w 2

) K1(ks;r)
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Using the Cramer method and the Wronskian of the modified Bessel functions, the
inverse matrix is:

( )
-1 r

FE U, r) = w 2pi X

-Ff#.U, r)

Ffi.U, r)

F!iU, r)

-FEU, r)

F4~U, r)

-FlfU, r)

-F!iU, r)

FlW, r)

F~U, r)

-FliU, r)

-FtiU, r)

FfsU, r)

-F2~U, r)

-FlfU, r)

F{iU, r)

-FfiU, r)

(

\
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APPENDIX E

A Review of the First pseudo-Rayleigh Mode
Behavior in the Presence of a Radially Semi-Infinite

Saturated Porous Formation
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In this Appendix, we analyze the dispersion and attenuation of the first pseudo-Rayleigh
mode generated in a water filled borehole embedded in a radially semi-infinite saturated
porous formation. We successively investigate the effects of.the permeability, the satu
rant fluid, the pore shape, the radius and the anelastic attenuation.

The porous formation is a Berea sandstone (see Table 1). Unless specified otherwise,
the borehole radius is 10 em, the saturant fluid is water, and the porosity is 15%. The
pore geometry corresponds to cylindrical ducts distributed along three perpendicular
directions (see Appendix B).

Permeability effects

Increasing the permeability leads to a decrease of the critical frequency. Therefore,
both attenuation maxima of the PI and S waves are shifted toward lower frequencies
but their value remain unchanged. The attenuation curves are also shifted toward lower
frequencies. The same behavior holds for the dispersion of all three body waves whose
low and high frequency limits remain unchanged.

In the following, we consider permeability values of 10 md, 100 md, 300 md, 500
md, and 1 darcy, referred to as 1, 2, 3, 4, and 5 on the figures, respectively. The
corresponding critical frequencies are equal to 605 kHz, 60.5 kHz, 20.2 kHz, 12.1 kHz,
and 6.05 kHz. Figure E-l shows the dispersion and attenuation of the first pseudo
Rayleigh mode when the interface is impermeable (a) and permeable (b). Whatever
the boundary conditions, the phase and group velocities are equal to the shear wave
velocity of the formation at the cut-off frequency (as in the elastic case). One may
notice a small increase of the phase velocity when the pores are open, decreasing with
permeability. This result is analogous to the one obtained for the true Rayleigh waves
in the plane geometry with a free surface (Pal, 1983). However, the permeability has
very little effect, the differences being primarily due to the shear wave dispersion.

The attenuation is more representative of both the permeability and the boundary
conditions. The dotted lines on the figures represent the shear wave attenuation whose
maximum is relatively small (Q = 125). When the interface is impermeable (Figure
E-la), only the body wave attenuations playa role (especially the PI and S waves).
As a result, the attenuation variations are representative of the partition coefficient
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distribution in the presence of a fast elastic formation (Cheng et aI., 1982; Burns, 1986).
They emphasize the predominant role of the shear wave attenuation at, and around,
the cut-off frequency and that of the bore fluid at higher frequencies. The intermediate
maximum corresponds to the first noticeable change in the phase velocity slope. The
corresponding attenuation value compared to the shear wave attenuation decreases with
permeability. The distribution of the attenuations follows the shear wave one. It is thus
strongly dependent, for a given mass coupling coefficient and saturant fluid, upon the
relative value of the low cut-off frequency of the mode compared to the critical frequency
of the material. This explains the smaller difference between the maxima relative to 1
darcy and 500 millidarcies permeabilities compared to the ones relative to 500 and 300
millidarcies.

When the interface is permeable (Figure E-1b), the attenuation maxima are greater
and shifted toward the Airy phase of the mode for each permeability. At the cut-off
frequency, the attenuations are still equal to the ones of the corresponding shear waves
although slightly shifted toward lower frequencies compared to the previous situation.
After increasing, they slowly decrease to follow the shear wave attenuations before
reaching the maximum. This behavior is related to the presence of the fluid flow at the
borehole wall. The pseudo-Rayleigh modes can be identified as a hybridization of surface
waves and multiple reflected waves (associated with proper resonances of the borehole),
the cut-off frequency corresponding to the case of critical refraction (Paillet and White,
1982; Schmitt and Bouchon, 1985). As previously, the "low" frequency behavior is
representative of the critically refracted shear wave which is slightly more attenuated.
The higher frequency one emphasizes that the bore fluid penetrates into the formation,
leading to a greater attenuation of the multiple reflected waves and to a predominant
role of both saturant and bore fluids. The relative maxima compared to the associated
shear wave attenuation still increase with permeability. However, the distribution of the
absolute values as a function of the permeability depends on the critical frequency to
the cut-off frequency ratio. The maximum relative to 1 darcy permeability is then less
than for 500 millidarcies because the inertial forces of the porous material are dominant.
Penetrating deeper into the formation, the multiple reflected waves also integrate more
of these properties and the shear wave attenuation. Such a sensitivity is also related to
similar compressiblities of both saturant and bore fluids.

From a practical point of view, despite the fact little energy of the modes propagates
at the cut-off frequency, one may obtain a good estimate of the shear wave attenuation
using the low frequency (high velocity) part of the pseudo-Rayleigh wavetrain, whatever
the boundary conditions, as in the elastic case.

(

(

(
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Both the Stoneley wave and the first pseudo-Rayleigh mode are affected by the fluid
flow (but not in the same frequency range). This flux is directly related to the pressure
continuity between the bore and saturant fluids and to the viscous forces into the porous
formation. Hence, it depends on the compressibility and on the so called mobility (i.e.,
permeability to dynamic viscosity ratio) of the saturant fluid. The more compressible
the saturant fluid is, in absolute value and compared to the bore fluid, the greater the
driving phenomenon will be. The same is true with smaller viscosity and thus weaker
viscous forces. In order to analyze these phenomena, we consider a gaseous water (see
Table 1) and two permeability values, 100 md and 1 darcy referred to as 1 and 2 on the
figures. Note that with 100 millidarcies, the mobility as well as the critical frequency
are close to the 500 md case previously studied as well as for the critical frequency. The
compressibility ratio is equal to 0.22 while the one of zero frequency limit of the viscous
coupling coefficients is 1.055.

With such a saturant fluid, the body waves are not affected in the same way. Com
pared to the water saturation case, the Pl wave velocity is slightly decreased ('" 5%
from 3792 m/s to 3621 m/s) but the shear wave velocity is almost identical (:::; 1%) so
that the Poisson's ratio decreases from 0.279 to 0.245. The shear wave maximum of
attenuation is also slightly decreased (Q'" 133). For a given permeability, the critical
frequency then decreases compared to the water saturation.

The dispersion and attenuation curves for the first pseudo-Rayleigh mode are dis
played on Figure E-2 for both boundary conditions. Due to the critical frequency to
the cut-off frequency ratios, the attenuations now vary inversely with the permeability
in accordance with the shear wave attenuation when the borehole wall is impermeable.
The same behavior still holds around the cut-off frequencies in the presence of the fluid
flow. However, this last leads to much greater maxima of attenuation which are now
distributed along the permeability values with less discrepancy than previously between
each. In the high freqUencies, it also leads to a small increase of the phase velocity and
a decrease of the Airy phase velocity. Around the cut-off frequencies, the difference
between the velocities is representative of the shear wave dispersion.

This example clearly demonstrates how important the saturant fluid characteristics
are. The inverse problem then becomes more complicated as it involves three param
eters: the density and the velocity (through the compressibility) and the viscosity. At
this point, it is clear that body wave velocity and attenuation have to be precisely ana
lyzed to infer the mechanical properties of the saturant fluid. Successful results can be
obtained for the shear wave using the low frequencies of the first pseudo-Rayleigh mode
as shown by the present calculations, whatever the boundary conditions. Having con
strained the saturant fluid (and bore fluid) mechanical properties (and attenuations),
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the remaining problem is the mobility. Assuming the viscosity, the inversion process
based on Stoneley wave characteristics will give relative permeability values in a given
unit. Successful results have already been obtained (Burns, 1986). However, the sat·
urant fluid viscosity may be brought by the study of the evolution with frequency of
the spectral amplitude ratio of the interface and first pseudo·Rayleigh mode, provided
that the tool frequency band is large enough. Such a study could be performed using
the power spectra of the guided waves as given by an extended Prony's method (see,
Ellefsen et aI., 1987, this issue).

As previously mentioned, the relative compressibility of the saturant fluid has also
to be considered. The bore fluid properties then playa role. For a given borehole, these
can be inferred from the Stoneley wave properties in nearby impermeable zones, when
not measured. To a lesser extent, the skeleton compressibility is also involved. The
stiffer it is, the more important the effects will be (for a given set of parameters).

Pore shape effects

For given porosity, permeability, saturant fluid and dry rock velocities, body wave at·
tenuation, and to a lesser extent their velocities, are affected by the pore shape and the
pore geometry. These last are mainly characterized by the coupling and, more specif·
ically, the mass coefficients. All parameters being equal in other respects, decreasing
this parameter leads to an increase of all three body wave 'velocities and attenuations
in the high frequency range because the medium is more biphase. Their characteris
tics remain unchanged in the low frequency range because of Darcy's law. The critical
frequency is also shifted toward higher frequencies. In the following, we consider cylin
drical ducts distributed along n=l, 2, and 3 perpendicular directions (see Appendix B).
The frequency at which the viscous coupling coefficient departs from its static value (to
be proportional to the square of the frequency) decreases with an increasing number
of directions. With cylindrical ducts in only one direction, the shear wave maximum
of attenuation is multiplied by 3 as well as the critical frequency compared to the n=3
case so that it is less negligible (Qmaz "" 41). With stiff skeletons, the same results hold
for the PI wave.

The effects on the first pseudo-Rayleigh mode are shown in Figure E·3. As it is
strongly coupled to the shear wave at its cut·off frequency, whatever the boundary
conditions, the effects are much more important than for the Stoneley wave which is
not affected at all in the low frequency range. In any situation, the attenuation maxima
distribution is identical to the shear wave one. It is thus independent of the cut-off
frequency to critical frequency ratio because of identical fluid flows and increases of both
the diphase character of the formation and shear wave attenuation. If the permeability
varies, the attenuation maxima distribution will not be identical to the one observed in

(
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Figure E·1b because of the difference in the critical frequencies. This example clearly
shows the need of the shear wave attenuation estimation for a more reliable permeability
estimation. It is all the more true that the mass coupling coefficient still plays a role in
the presence of a saturant fluid such as gaseous water.

Radius effects

The borehole radius is very well constrained through the caliper measurements but it
plays an. important role in the wave propagation. For example, both P and S wave
absolute amplitude decreases with decreasing borehole radius, while the S wave decay
may depend upon the ratio of its wavelength to the radius. We hereafter compare the
results obtained with a 10 cm and a 7 cm borehole radius. The formation is the 15%
water saturated one. Two permeabilities are considered: 100 md (2) and 1 darcy (5).

In the presence of an elastic formation, the cut-off frequency of the first pseudo
Rayleigh mode is shifted toward higher frequencies when the borehole radius decreases,
in accordance with the shift of the proper resonances of the borehole. At the same time,
both dispersion and excitation curves remain almost unchanged, including the maximum
value of the former. These properties still hold in the presence of the saturated porous
formation whatever the boundary conditions (Figure E-4). However, because of the
frequency dependence of the shear wave attenuation, the attenuation values at the cut
off frequency and at the Airy phase when the interface is permeable will depend on the
new cut-off frequency to critical frequency ratio. They will increase when this last is less
than 1 (Figure E-4a) while they will slightly decrease in the reverse case (Figure E-4b).
In the open pores situation, the amplitude maxima vary at least the same amount as
the shear wave attenuation at the cut-off frequency. The difference increases when the
cut-off frequency is closer to the critical frequency, emphasizing the begining role of the
out of phase motion between the two components of the formation. This behavior holds
whatever the pore shape and the saturant fluid. Although relatively high frequency, the
behavior of the mode is not identical to the one of the second mode with a larger radius
because it corresponds to the first proper resonance of the borehole.

Anelastic attenuation effects

Introducing anelastic attenuation in the skeleton as indicated in Appendix A, the shear
wave attenuation (in the sense of Q-I) is increased by exactly the dry shear rock atten
uation. For the PI wave, this rule does not hold because of the slow P2 wave presence.
The stiffer the skeleton, the greater the total PI wave attenuation will be. In the fol
lowing, we consider the 15% water saturated formation. When introduced, the quality
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factors of both the P and S waves in the skeleton are equal to 60 while the one for the
bore fiuid is 20. The reference frequency is 5 kHz.

The first pseudo-Rayleigh mode dispersion and attenuation with only skeleton at
tenuation present are displayed on Figure E-5a for the 100 md (2) and 1 darcy (5) cases.
The attenuations curves are little modified in the impermeable wall situation (see Fig
ure E-1a) contrarily to those obtained when the pores are open (see Figure E-1b). For
this latter case, the maxima of attenuation are now related to the low frequencies (com
pared to the cut-off frequency at which the attenuation is still equal to the shear wave
one). This behavior emphasized that the Airy phase maximum of attenuation previ
ously obtained is related to the fiuid fiow and, hence, to both the diphase character
of the formation and the bore fluid properties. It is hereby superseded by a greater
anelastic shear wave attenuation, but it still exists as the high frequencies are still more
attenuated than when the pores are sealed. This is also shown by the curves obtained
with decreased mass coupling coefficients so that the medium is more diphase and the
shear wave "porous attenuation" is greater (Figure E-5 b) or by considering the gaseous
water as saturant fluid.

Introducing attenuation in the only bore fiuid leads to much greater attenuation
and again a strong modification of the attenuation curves (Figure E-5c). Whatever
the boundary conditions, the attenuation continuously increases from the shear wave
attenuation to a maximum corresponding to the Airy phase and then decreases toward
the bore fiuid attenuation. The maxima are still a function of both the boundary
conditions and the permeability. Finally, when anelastic attenuation is introduced in
both media, every phenomenon previously described sums up whatever the permeability
(Figure E-5d), the pore shape and the saturant fluid.

These characteristics emphasize the predominant role of the bore fiuid properties on
the relative high frequency components of the first pseudo-Rayleigh mode. As a conse
quence, the indirect determination of the shear wave attenuation will be very sensitive
to the one of the bore fiuid which can be relatively well constrained by the analysis of
Stoneley wave properties. This result is independent of the formation characteristics. (

\.



Multilayered Porous

APPENDIX F

Logging in Slow Porous Formations

Simple hole model

73

In this section, we investigate the effects of the permeability, the saturant fluid and the
boundary conditions on Stoneley wave dispersion and attenuation when the borehole is
embedded in a radially semi-infinite slow saturated porous formation.

When the formation is elastic, the more rigid the formation (i.e., the lower the
Poisson's ratio is), the less efficient. the coupling with the formation is. As a result,
the bore fluid attenuation becomes predominant at the expense of the formation shear
wave attenuation. Such a coupling phenomenon will play an important role when the
formation is slow and porous saturated, depending on the boundary conditions.

The formation parameters are listed in Table 1. The pore geometry corresponds to
cylindrical ducts distributed in two perpendicular directions (d = 2, see Appendix B).
The borehole radius is 10 em and no anelastic attenuation is taken into account. The
porosity is 20% and the permeability values are equal to 1 darcy, 200 md, and 50 md.
They.are respectively denoted as 1, 2, and 3 on the dispersion and attenuation figures.

We first consider the case of water saturation. This example is also discussed in
Schmitt et al. (1987c, this issue). With such a saturant fluid, the critical frequencies
are successively equal to 12.1 kHz, 60.5 kHz, and 241.9 kHz with decreasing permeability.
The Poisson's ratio of the formation is equal to 0.38 while the low frequency tube wave
velocity is less than the shear velocity of the formation.

Figure F-1 displays the dispersion and attenuation of the Stoneley wave. When the
interface is impermeable (a), the phase velocity dispersion is direct as usual. It is little
affected by the low permeability values but increases at high frequencies for the 1 darcy
permeability case, in relation with the shear wave dispersion. The attenuation varies
with permeability. It starts at values lower than the formation shear wave attenuation
and then greatly increases with frequency, unlike in the presence of a fast formation. It
is known that in the plane configuration a second Stoneley wave is generated at very
high frequencies, strongly coupled to the slow p. wave (Feng and Johnson, 1983). Such
an attenuation behavior emphasizes the coupling with the formation related to the low
formation shear velocity and a secondary effect of the slow p. wave.

When the borehole wall is permeable (Figure F-1b), the dispersion is more complex.
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As mentioned in the text, in the very low frequencies the (Le., the quasi-static range),
the porous material is governed by a homogeneous diffusion equation in pore pressure.
The low frequency dispersion is then reversed and more pronounced with increasing
permeability. The effects are however less pronounced than in presence of a fast for
mation due to a softer skeleton, and last for a shorter range in frequency. The phase
velocity then increases with frequency up to a value where the inertial forces in the
porous material are no longer negligible (Le., Darcy's law is no longer the predominant
phenomenon). Further up in frequency, the dispersion is direct as usual with values
slightly higher than in the sealed pores case, due to the fluid flow. Correlatively, the at
tenuation drastically increases in the very low frequencies as a function of permeability.
As a function of frequency, it gradually decreases to reach a base line whose value is
greater than the formation shear wave attenuation. At high frequencies, the attenuation
is lower than in the sealed pores configuration.

Figure F-2 sho:-vs the iso-offset comparison of the synthetic microseismograms ob
tained at the borehole center with a 1 kHz (a) and 7.5 kHz (b) source center frequency
for both boundary conditions. Only the first two permeability cases are displayed. The
high frequency attenuation when the pores are sealed is not detectable due to the low
and narrow band frequency of the interface wave. The variation of the dispersion is also
not detectable. With the high source center frequency, the fluid flow leads to a greater
P wavetrain relative amplitude.

When gaseous water is present (see Table 2), the PI-wave velocity is greatly de
creased while the S-wave velocity is only slightly enhanced (see Table 3). As a result,
the Poisson's ratio decreases (from 0.38 to 0.29) so that the coupling with the formation
also decreases. The critical frequencies follow the same trend as they are now equal
to 2.7 kHz, 13.6 kHz, and 54.2 kHz. Despite the critical frequency decrease, the slow
P2 wave secondary effect is less pronounced than in the presence of water when the
borehole wall is impermeable (Figure F-3a). In addition to the Poisson's ratio effect,
it is also related to a lower P2 wave velocity. When the pores are open (Figure F-3b),
the fluid flow effects are much more important as the mobility and the compressibility
of the saturant fluid are greater. The location in frequency of the change in dispersion
still increases with permeability but the associated phase velocity is now greater for the
1 darcy permeability case, even compared to the sealed pores situation. On the other
hand, in the frequency range considered, the attenuation in the open pores situation is
always more important then when the pores are sealed. The cross-over between the 200
md and 1 darcy permeability cases is correlated with the formation shear wave atten
uation distribution. In the time domain (Figure F-4), the variation of the dispersion
is now detectable with a low source center frequency (Le., 1 kHz). The Poisson's ratio
decrease is clearly seen with the 7.5 kHz source center frequency as the P wavetrain is
much less developed than it is in the presence of the water.
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We first present the case of a permeability contrast only (200 md versus 1 darcy) when
the saturant fluid is water. Figures F-5 and F-6 show the dispersion and attenuation
of the Stoneley wave for both boundary conditions, when the permeability respectively
decreases and increases away from the borehole wall. The thickness of the damaged
zone is successively equal to 1 em, 8 em, and 16 em. The same comments as for the
fast formation are still valid. One may even notice that when the permeability increases
and the pores open (Figure F-7b), as soon as the inner layer thickness is greater than 1
em, the virgin formation effects are completely concealed.

Such a clogging phenomenon still takes place when the permeability contrast occurs
along with a migration of the saturant fluid. We consider the situation of a water
saturated damaged zone followed by a gaseous water saturated virgin formation. Due
to the velocity distribution, such a configuration corresponds to a flushed zone. Figure
F-7 shows the results obtained when the permeability decreases away from the borehole
wall, being successively equal to 1 darcy and 200 md. The coupling with the flushed
zone is clearly seen through the attenuation curves when the borehole is impermeable
(Figure F-7a). The same results hold when the pores are open (Figure F-7b). In the time
domain (Figure F-8), the virgin formation is then mostly detectable through the first
arrival.. This latter travels at the outermost layer PI-wave velocity, and its amplitude is
seen to be strongly reduced compared to the simple open hole model, as in the presence
of elastic formations. When the permeability increases away from the borehole wall, the
clogging phenomenon is even more obvious. The results are displayed in Figure F-9 for
both boundary conditions.
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TABLES

Name K, p, "'m 13m
(Pa) ( kg m-3) (rna-I) ( rna-I)

Fast formation 3.79 10 10 2650 3670 2170
Slow formation 3.5 10 10 2600 2000 1200

Table 1. Formation parameters.

Name "'I PI TJ
(rna-I) (kg m -3) (cp)

Water 1500 1000 1.
Gas 629.7 139.8 0.022

Gaseous water 727.5 941 0.211

Table 2. Saturant fluid parameters.

(
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Formation Fluid ~ O! fJ p v

% (ms-1) (ms -1) (kg m -3)

Fast Water 10 3882.2 2126.0 2485.0 0.286
15 3792.4 2101.2 2452.5 0.279
19 3735.8 2080.0 2336.5 0.275

Gaseous water 15 3621.2 2105.1 2440.7 0.245
Gas 19 3654.0 2156.7 2173.1 0.233

Slow Water 20 2600 1146.2 2280 0.379
Gaseous water 20 2115 1149.2 2268.2 0.29

v here denotes the Poisson's ratio.

Table 3. Equivalent elastic formation parameters.

Layer O! fJ p Q" Q{3
(ms-1) (ms-1) (kgm-3 )

mudcl 2286 1143 2000 50 40
mudc2 1512.7 988.8 1897 50 40

Table 4. Mudcake Parameters.

77
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Figure 1: Damaged zone effects. Permeability increase away from the borehole wall.
kz = 300 md, k3 = 1.5 d. Dispersion and attenuation of the Stoneley wave. (a):
impermeable borehole wall; (b), (c): permeable borehole wall. (1): Rz = R,; (2):
Rz = 13 em; (3): Rz = 18 em; (4): Rz = 00. The velocities are normalized with
respect to the bore fluid velocity.
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Figure 2: Damaged zone effects. Permeability increase away from the borehole walL
kz = 300 md, ks = 1.5 d. Dispersion and attenuation of the first pseudo-Rayleigh
mode. (a): impermeable borehole wall; (b): permeable borehole walL (1): Rz = R 1 ;

(2): Rz = 18 em; (3): Rz = 24cm; (4): Rz = 00. The velocities are normalized with
respect to the bore fluid velocity. The dotted lines represent the shear wave velocity
(top) and attenuation (bottom).
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Figure 5: Damaged zone effects. Permeability decrease away from the borehole wall.
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Figure 10: Flushed zone effects related to a permeability decrease away from the per
meable borehole wall k2 = 1.5 d, ks = 0.3 d. The flushed zone is water saturated
while the virgin formation is gas saturated. Iso-offset (5.25 m) comparison of the
synthetic microseismograms obtained in the presence of a flushed zone whose thick
ness is equal to 1(3) : 00, 2(4) : 6 em, 3(5) : 12 em. The inner borehole radius is
equal to 12 em. I, denotes the source center frequency. Each series is normalized
with respect to its own maximum (1.00).



Multilayered Porous 89

I. I.

~ .r~===---=~
~:::
u 0.'0
-'w
>.. I,',;'
W ".
N ".",

-' -' 1'" 0.'" "" ~~

S!~
--ph.... 3 --ph....

- - -stOUp --1 - - -group

0. 0., I. " 20 ", • , I• " 20 "•
FREQUE~Y U.HzJ FREQUENCY ( ..Hz)

0.1I.

1,3
d
0

4 .. ,. a 0. ..a ,,
::;::; 2 zz 8 1,30
~

~

'"'" => 0.0:17
~ Z

WW ~

2~
~

~

'"'"
4

•• 0.

• , I. " ", • , I. " 20 "FREQUENCY (kHz) FREQUENCY (kH:d
(al (b)

Figure 11: Invaded zone effects. Porosity decrease away from the borehole wall. 4>2
= 19%, 4>3 = 10 %, k = 1.5 d. Dispersion and attenuation of the Stoneley wave.
(a): impermeable borehole wall; (b): permeable borehole wall. (1): R2 = R\; (2):
R2 = 13 cm; (3): R2 "" 18 cm; (4): R2 = 00. The velocities are normalized with
respect to the bore fluid velocity.



90 Schmitt et al.

I •• -----_._. I.' ---=:-_-==::::===.:====::::=::::::.
_M.______ -

5 4 3 2 5
,. ,.

~~

;:;;:;
I.' a I.'a

~~
WW
>>

= =wW
NN

~ ~
~~ 1.017

"" ~~

!i!i croup/"

0-0-
I •

"
2D • • I• "' 2D• FREQUENCY ("Hz) Fl'IElWENCY (kHz)

............
.'

4
d d
a 3 a
,

2
, ,.

"
,.

"... 5 ...
:

z z .'
8 ..' 8 .'

~ ..~

~~

I. " >! ...;::::::::.......>! ::?
.__.._-

'-" ......_..wW
~~ /' ~~

~~ ,,

•• • , I. I' 2D 2D • , I. " 2D
FREQuENCY (kHz) FREQUENCY (kH:rJ

(a) (b)
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Figure 15: Elastic mudcake effects. Comparison of the dispersion and attenuation of the
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Figure 14. The velocities are normalized with respect to the bore fluid velocity. The
dotted lines represent the shear wave velocity (top) and attenuation (bottom).
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Figure 16: Thickness and velocity effects of an elastic mudcake. Dispersion (a), attenu
ation (b), and group velocity (c) of the Stoneley wave. Th.. porosity of the formation
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The parameters of the mudcakes are given in Table 4. No anelastic attenuation is
taken into account. (1): No mudcake, impermeable borehole wall. (2): mudcl, 1 cm
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The velocities are normalized with respect to the bore fluid velocity.
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Figure 17: Thickness and velocity effects of an elastic mudcake. Dispersion and atten
uation of the first pseudo-Rayleigh mode. The porosity of the formation is 19%,
and the permeability is 1.5 d. The inner original borehole radius is 12 cm. The
parameters of the mudcakes are given in Table 4. No anelastic attenuation is taken
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Figure E- 1: Permeability effects. Dispersion and attenuation of the first pseudo
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Figure E- 4: Borehole radius effects. Comparison of the dispersion and attenuation of
the first pseudo-Rayleigh mode in the presence of a 100md (a) and 1d (b) water
saturated formation when the borehole radius is equal to 7cm and 10em. Open and
sealed refer to the nature of the interface. The pore geometry is n=3. The velocities
are normalized with respect to the bore fluid velocity.
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Figure E- 5: Anelastic attenuation effects. Dispersion and attenuation of the first
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Figure F- 1: Slow formation. Permeability effects when the saturant fluid is water.
Dispersion and attenuation of the Stoneley wave in the sealed (a) and open (b)
pores situation. The porosity is 20%. (1): ;;, = 1 d, (2): ;;, = 0.2 d, (3): ;;, = 0.05
d. The velocities are normalized with respect to the bore fluid velocity. The dotted
lines represent the formation shear wave velocity (top) and attenuation (bottom).
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Figure F- 2: Slow formation. Permeability effects. The saturant fluid is water. The
porosity is 20%. Iso-offset comparison (z = 4 m) of the waveforms obtained at the
borehole center with a 1 kHz (a) and 7.5 kHz (b) source center frequency. (1) and
(3): Tc = 0.2 d with an impermeable and permeable borehole wall, respectively. (2)
and (4): Same for Tc = 1 d. Each waveforms is normalized with respect to its own
maximum. Each series is also normalized with respect to its own maximum (which
decreases with the source center frequency from 75 to 6.1).
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Figure F· 3: Slow formation. Permeability effects when the saturant fluid is gaseous
water (see Table 2). The porosity is 20%. Dispersion and attenuation of the Stoneley
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k = 0.05 d. The velocities are normalized with respect to the bore fluid velocity.
The dotted lines represent the formation shear wave velocity (top) and attenuation
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Figure F- 4: Slow formation. Permeability effects. The saturant fluid is gaseous water.
The porosity is 20%. Iso-offset comparison (z = 4 m) of the waveforms obtained at
the borehole center with a 1 kHz (a) and 7.5 kHz (b) source center frequency. (1)
and (4): k = 0.05 d with an impermeable and permeable borehole wall, respectively.
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Figure F- 5: Damaged zone effects. Permeability decrease away from the borehole wall.
k2 = 200 md, ks = 1.0 d. Dispersion and attenuation of the Stoneley wave. The
porosity is 20%. (a): impermeable borehole wall; (b), (c): permeable borehole wall.
(1): R2 = R!; (2): R2 = 13 cm; (3): R2 = 18 cm; (4): R2 = 28cm; (5): R2 = 00. The
velocities are normalized with respect to the bore fluid velocity. The dotted lines
correspond to the formation shear wave velocity (top) and attenuation (bottom).
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Figure F- 6: Damaged zone effects. Permeability increase away from the borehole wall.
k2 = 200 md, ks = 1.0 d. Dispersion and attenuation of the Stoneley wave. The
porosity is 20%. (a): impermeable borehole wall; (b), (c): permeable borehole wall.
(1): R2 = R1; (2): R2 = 13 em; (3): R2 = 18 em; (4): R2 = 28cm; (5): R2 = 00. The
velocities are normalized with respect to the bore fluid velocity. The dotted lines
correspond to the formation shear wave velocity (top) and attenuation (bottom).
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Figure F- 7: Flushed zone effects. Permeability decrease away from the borehole wall.
k2 = 200 md, ks = 1.0 d. Dispersion and attenuation of the Stoneley wave. The
flushed Zone is water saturated and the virgin formation is gaseous water saturated.
The porosity is 20%. (a): impermeable borehole wall; (b), (c): permeable borehole
wall. (1): Rz = R1 ; (2): Rz = 13 em; (3): Rz = 18 em; (4): R2 = 28cm; (5):
Rz = 00. The velocities are normalized with respect to the bore fluid velocity. The
dotted lines correspond to the formation shear wave velocities (top) and attenuations
(bottom).
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Figure F- 8: Flushed zone effects. Permeability decrease away from the borehole wall.
k2 = 200 md, ks = 1d. The flushed zone is water saturated and the virgin forma
tion is gaseous water saturated. The porosity is 20%. Iso-offset comparison of the
waveforms obtained at the borehole center with a 1 kHz (a) and 7.5 kHz (b) source
center frequency. (1) and (4): Virgin formation alone with an impermeable and
permeable borehole wall, respectively. (2) and (5): Same with an 8 em thick flushed
zone. (3) and (6): Same with the flushed zone alone. Each waveform is normalized
with respect to its own maximum. Each series is also normalized with respect to its
own maximum which decreases from 76 to 5.4 with the source center frequency.
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Figure F- 9: Flushed zone effects. Permeability increase away from the borehole wall.
k2 = 1 d, k3 = 200 md. Dispersion and attenuation of the Stoneley wave. The
flushed zone is water saturated and the virgin formation is gaseous water saturated.
The porosity is 20%. (a): impermeable borehole wall; (b), (c): permeable borehole
wall. (1): R2 = R1 ; (2): R2 = 13 em; (3): R2 = 18 cm; (4): R2 = 28cm; (5):
R2 = 00. The velocities are normalized with respect to the bore fluid velocity. The
dotted lines correspond to the formation shear wave velocity (top) and attenuation
(bottom).


