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Abstract

The classical Biot-Gassmann theory (BGT) generally overestimates shear-wave velocities of water-saturated sediments. To overcome this

problem, a new theory is developed based on BGT and on the velocity ratio as a function of G (1 — ¢)”, where ¢ is porosity and n and G are

constants. Based on laboratory data measured at ultrasonic frequencies, parameters for the new formulation are derived. This new theory is

extended to include the effect of differential pressure and consolidation on the velocity ratio by making » a function of differential pressure

and the rate of porosity reduction with respect to differential pressure. A scale G is introduced to compensate for discrepancies between

measured and predicted velocities, mainly caused by the presence of clay in the matrix. As differential pressure increases and the rate of

porosity reduction with respect to differential pressure decreases, the exponent n decreases and elastic velocities increase. Because velocity

dispersion is not considered, this new formula is optimum for analyzing velocities measured at ultrasonic frequencies or for sediments having

low dispersion characteristics such as clean sandstone with high permeability and lack of grain-scale local flow. The new formula is applied to

predict velocities from porosity or from porosity and P-wave velocity and is in good agreement with laboratory and well log data.

Introduction

The velocity ratio (V,,/Vy) , where V), is the P-wave
velocity and V is the S-wave velocity, has been used
for many purposes, such as identifying lithologies, de-
termining the degree of compaction, identifying pore
fluid, and predicting velocities. The velocity ratio gen-
erally depends on lithology, porosity, degree of com-
paction and consolidation, clay content, differential
pressure, frequency, pore geometry, and other factors.
For dry rock or gas-saturated rock, the velocity ratio
is almost a constant irrespective of porosity and dif-
ferential pressure (Winkler, 1985; Krief et al., 1990),
whereas the velocity ratio of wet rock depends largely
on porosity and differential pressure. The purpose of
this paper is to accurately predict elastic velocities
of water-saturated clastic sediments by utilizing the
dependence of the velocity ratio on porosity.

Pickett’s cross plot (1963) shows that P-wave to S-
wave velocity ratio (V,/ Vy) for brine-saturated sand-
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stone is about 1.6 in low porosity rocks, drifting to
1.8 in relatively higher porosity rocks. His observa-
tion implies the dependence of V), / Vi on the porosity
for sandstone. Gardner and Harris (1968) showed
that V,,/ Vi values > 2.0 are characteristic of water-
saturated unconsolidated rocks, and values < 2.0 in-
dicate either well-consolidated rock or the presence
of gas in unconsolidated sands. Gregory (1976) con-
firmed this relationship between the velocity ratio
and consolidation and suggested the dependence of
velocity ratio on porosity.

Hornby and Murphy (1987) and Murphy et al.
(1993) showed that (1) the velocity ratio increases
as the clay content increases, (2) the Biot-Gassmann
theory (BGT) accurately predicts the velocity ratio of
unconsolidated water-saturated sand with respect to
effective pressure. Castagna et al. (1985) and Han
et al. (1986) empirically derived relations between ve-
locity ratio and the porosity and clay content. Han
et al. (1986) showed that the velocity ratio increases
linearly with clay content and porosity. The equation
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by Castagna et al. (1985) also implies increase of the
velocity ratio with increasing porosity.

The prediction of S-wave velocities for water-
saturated rocks based on the velocity ratio with a
first-order application of the BGT is given by Green-
berg and Castagna (1992). Empirical relations by
Castagna et al. (1985) and Han et al. (1986) can be
used to predict S-wave velocity either from porosity
and clay content or velocity ratio with porosity. Xu and
White (1996) investigated the S-wave velocity predic-
tion based on the bulk and shear moduli of the dry
rock frame by a combination of the Kuster and Tokséz
theory (1974) and the differential effective medium
theory, using pore aspect ratio. They listed a number
of disadvantages of empirical relations, including lack
of physical mechanisms of rock properties.

In this paper, a new method of modeling velo-
cities for consolidated and unconsolidated sediments
is presented, based on the assumption that the ve-
locity ratio depends on porosity (Lee, 2002, 2003).
Lee (2002) developed this new theory for unconsol-
idated sediments, particularly for gas-hydrate-bearing
sediments. Lee (2003) extended the earlier version
to include consolidated sediments and to incorporate
the effect of differential pressure on velocity. Pickett
(1963), Gregory (1976), Castagna et al. (1985), and
Han et al. (1986) each suggested a relation between
porosity and the velocity ratio, but their functional
relations between porosity and the velocity ratio are
different from the one proposed in this paper. Paramet-
ers for this investigation were derived from laboratory
data by Domenico (1977), Han et al. (1986), Huft-
man and Castagna (2001), and Prasad (2002) without
considering velocity dispersion. A number of meas-
ured velocities for consolidated and unconsolidated
sediments are in good agreement with the predicted
velocities by the new method.

Theory

Elastic velocities (i.e., compressional-velocity (V)
and shear velocity (Vy)) of water-saturated sediments
can be computed from the elastic moduli by the
following formulas:

k+4u/3
p= | B ana v, = B, ()
p P

V

where k ¢, and p are bulk modulus, shear modu-
lus, and density of the formation, respectively. The
formation density is given by

p=(1—=@)pma+ Qi'pfh (2

where ¢, py, and p g are the porosity, matrix (consti-
tutes the skeleton of the formation) density , and pore
fluid density, respectively.

The new method proposed here to calculate elastic
velocities is based on an assumption that shear mod-
uli of sediments can be estimated from the following
relation of the velocity ratio:

Vs = V,Ga(l — )", (3)

where « is the Vi/ V), ratio for the matrix material
and G is a scale to incorporate the V;/ V), discrepancy
between measured and calculated.

The bulk and shear moduli are given by the fol-
lowing formulas using the Biot coefficient § (Lee,
2003)

k zkma(] _ﬁ)+.62M~ (4)
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and Kyq, fima, and k ¢ are the bulk modulus of matrix,
the shear modulus of the matrix, and the bulk modulus
of the fluid, respectively.

For soft formations or unconsolidated sediments,
the following Biot coefficient is used (Lee, 2002):

—184.05
e | + ¢(@-+0.56468)/0.09425

+ 0.99494, (6)

For hard formations, the equation by Raymer et al.
(1980), which is written by the following form by
Krief et al. (1990), is used.

g=1-(1-¢)*% (7)

Under the low frequency approximation, the Biot
(1956) equation yields:

H =Mmu(l_ﬂ)- (8)

Equation (4) with Equation (8) is the original formu-
lation of Biot-Gassmann theory (BGT) (Biot, 1941,
1956; Gassmann, 1951) under low-frequency approx-
imation. Equation (8) also can be derived under the
assumption that the ratio of S-wave velocity to the P-
wave velocity is constant irrespective of the porosity
and equals to the velocity ratio of matrix for dry rock




(Krief et al., 1990) or the shear modulus of rock is not
affected by fluid saturation (e.g., Wang, 2000).

In this paper, only water-saturated sediments are
considered. To differentiate this new theory from BGT,
the new theory is called the BGT by Lee or BGTL,
where Equation (5) is used to calculate the shear mod-
ulus. It is emphasized that the difference between BGT
and BGTL is the way shear modulus of the forma-
tion is derived. As indicated in Lee (2003), there is
no difference between BGT and BGTL for gas satur-
ated sediments. BGTL with the Biot coefficient for
consolidated sediments works well for porosity less
than about the critical porosity (0.4 for sandstone,
Nur et al., 1998). Above this porosity range, the Biot
coefficient for unconsolidated sediments is preferable.

Parameters n and G

The velocity ratio depends on many factors such as
porosity, differential pressure, consolidation, clay con-
tent, and frequencies of measurements (Lee, 2003).
It has been known that elastic wave velocities in
water-saturated sediments are dispersive (e.g.. Wink-
ler, 1983; Murphy, 1985), so the velocity ratio would
be dependent on the frequency of measurement. In the
BGTL formulation, the exponent n incorporates the
effect of differential pressure and the scale G com-
pensates for the effect of clay on the velocity ratio.
However, the proposed BGTL does not include the
effect of velocity dispersion.

There are two adjustable parameters in BGTL that
can be estimated from the physical nature of sed-
iments. Based on the laboratory data compiled by
Prasad (2002) with frequencies ranging from 100 kHz
to | MHz, the following equation for the exponent n is
derived.

= [1U{(}.426—U.235Lngmp)]/nL (9)

where p is differential pressure in MPa and m is a
constant to be determined.

To a first order approximation, the constant m ap-
pears to depend on the rate of porosity change with
respect to differential pressure (d¢p/dp) and is given
by the following equation .

m = 1.0 + 4.95289¢2120¢/9p (10)

Equation (10) indicates that as d¢/dp approaches
zero, m approaches about 6, and as it approaches a
large number, m approaches one. In deriving Equa-
tion (10), only three input points - Domenico (1977)
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measured at about 0.5 MHz, Han (1986) measured
at 0.6-1 MHz, and by Prasad (2002) measured at
0.1 MHz (Table 4 of Prasad) - are used and the least
squares fitting to the exponential function is exact.
Thus, it is not known whether Equation (10) is appro-
priate for other values of d¢/dp. In practice, d¢/dp
is rarely known, thus a direct application of Equation
(10) is limited. Measured data indicate that m =~ 5 is
appropriate for consolidated sediments and m =~ 1.5 is
suitable for unconsolidated sediments.

The accuracy of BGTL depends on how accurately
the observed V), / V; of sediments agrees with the pre-
dicted ratio by Equation (3). Many factors such as the
aspect ratio of pore space, clay volume content, degree
of compaction, frequency, differential pressure, and
others affect the velocity ratio and cause discrepancy
between predicted and observed velocities. A con-
stant G is introduced to correct the discrepancy mainly
caused by clay in the matrix. Laboratory data by Han
et al. (1986) indicate that G = 1 is good for clean
sandstone and as clay volume increases, G appears to
decreases according to the following equation:

G = 0.9552 + 0.0448¢ Cv/0.06714 (1

Equation (11) is derived for consolidated sediments
having an average clay volume content of 15%. For
practical applications of BGTL, G may be treated as
a free parameter to fit the observation. As n increases,
velocities decrease and n has a more pronounced effect
on the S-wave velocity than on the P-wave velocity. As
G decreases, velocities decrease and G has a more pro-
nounced effect on the S-wave velocity. Velocity errors
associated with parameters n and G are given in Lee
(2003).

Modeling with BGTL

Modeling velocities with respect to porosity

BGTL is most suitable to model velocities with respect
to porosity. Figure 1 shows measured and computed
velocities with respect to porosity. Black dots and
circles in Figure 1 are measured velocities at p =
30 MPa by Han et al. (1986). In order to model Han’s
data, parameters of n and G are calculated using an av-
erage clay content of C, = 0.15 withm = 5and p =
30 MPa. Predicted P- and S-wave velocities, shown
as solid lines, follow the average trend of measured
velocities quite well. The large scattering of measured
velocities compared to predicted velocities is due to
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Figure 1. Predicted and measured velocities. To model Han’s data
(1986), p = 30 MPa, m = 5 and an average clay content of
Cy = 15% are used. Dots denote P-wave velocity and circles rep-
resent S-wave velocity. Hans’s data (1986) at 30 MPa are shown as
black color and Tarn 2N305 data are shown as gray color. Large
dots and circles are velocities of Han’s data for sediments having
clay volume content between 10 and 20%. For Tarn 2N305 well
data (depth range between 500-600 m), P = 6 MPa, m = 1.5, and
Cy = 30% are used.

the variable clay contents in Han’s data. Large dots
and circles are velocities of Han’s data for sediments
having clay volume contents between 0.1 to 0.2, and
these values follow the predicted velocities with less
scattering. Gray dots and circles are well-log velocit-
ies measured by DSI tool for unconsolidated sediment
at the Tarn 2N305, northern Alaska. Typical sonic
frequencies for a DSI tool are 12 kHz for the mono-
pole P-wave and 2.5 kHz for dipole S-wave (Guerin
and Goldberg, 2002). Predicted velocities from BGTL
with C, = 0.3, m = 1.5, and p = 6 MPa are shown as
dotted lines and agree well with measured velocities.

Modeling velocity ratio, Vp/ Vs

Primarily velocities of sediments depend on differen-
tial pressure and porosity. For a given sediment, as
differential pressure increases, porosity of sediment
decreases. In order to accurately predict elastic ve-
locities with respect to differential pressure, porosity
change owing to differential pressure should be in-

corporated, particularly for unconsolidated sediments.
The general behavior of porosity variation with respect
to differential pressure is not accurately known. There-
fore, in this paper, the data presented by Prasad (2002,
Table 4) are used to derive a relation between porosity
and differential pressure and its relationship is given
as follows.

¢ = 0.38452 — 0.00319p. (12)

The porosity range for the Prasad (2002) data is
between 0.382 at p = 0.89 MPa and 0.321 at p =
19.67 MPa (actually, Prasad (2002) provided density
instead of porosity data and the porosity is calculated
assuming a matrix density of 2.65 g/cm® and a fluid
density of 1.0 g/em?).

Figure 2 shows measured velocity ratios with com-
puted ratios. Circles are measured ratios compiled by
Prasad (2002). The measured velocity ratio appears to
be a linear function of differential pressure in log-log
scale and Prasad derived a least squares fitting curve,
which is given by V,,/V, = 5.6014p~ 02742 Ag in-
dicated in Figure 2, predicted ratio by BGTL using
n given by Equation (9) withm = 1 and G = 1
is close to the measured ratio at differential pressure
greater than about (0.2 MPa, but the computed ratio is
much larger than that predicted by the linear function
for differential pressure less than about 0.2 MPa. The
dashed line is the least square fitting curve for the data
analyzed by Huffman and Castagna (2001) and agrees
well with the prediction of BGTL with m = 1.3 and
G = 1 for differential pressure greater than about
0.1 MPa, and as differential pressure decreases, the
difference between the two curves increases.

Predicting S-wave velocity

One application of BGTL is in predicting S-wave velo-
cities from P-wave and porosityor from porosity alone,
In order to demonstrate the effectiveness of BGTL,
data by Han (1986) are used. Porosity of Han’s data
ranges from 2% to 30% and C,, ranges from 0 to 51%.
Both BGT and BGTL can be used to predict velocit-
ies from porosity or the S-wave velocity from porosity
and P-wave velocity. With BGTL, the S-wave velocity
can be predicted from porosity and the P-wave velo-
city using the following formula or by using Equation
(3)

,leuGz(l = ¢)2"pr3
# -
kma + 4itma /3

(13)
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Figure 2. Graph showing computed and measured velocity ratio
(Vp/ Vs) with respect to differential pressure. Circles are measured
Vp/ Vs from data compiled by Prasad (2002, Table 3), the dotted
line is a least squares fitting curve to the measured data by Prasad,
and the dashed line is the least square fitting curve to the measured
data by Huffman and Castagna (2001).

Table 1. Elastic constants used for velocity models

Values used Sources

Shear modulus of quartz 44 Gpa Carmichael (1989)
Bulk modulus of quartz 38 Gpa Carmichael (1989)

Shear modulus of clay  6.85 Gpa Helgerud et al. (1999)
Bulk modulus of clay 20.9 Gpa Helgerud et al. (1999)
Bulk modulus of water  2.29 Gpa

2.65 g/em’  Helgerud et al. (1999)
2.58 g/cm3 Helgerud et al. (1999)

Density of quartz
Density of clay

Figure 3a shows S-wave velocities predicted from
P-wave velocities and porosities using Han’ s data at
30 MPa based on BGTL and BGT. A variable expo-
nent n from Equation (9) with m = 5, p = 30 MPa,
the scale G given in Equation (11) , and parameters
shown in Table 1 are used for BGTL. The fractional
S-wave velocity error (AV;/Vy) from BGTL is 0.01
#+ 0.03 and error from BGT is 0.06 & 0.03.
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Figure 3b shows P- and S-wave velocities pre-
dicted using only porosities. Figure 3b indicates that
both BGTL and BGT predict reasonable velocities,
but velocities predicted from BGTL are more accurate.
Overall, BGT slightly overestimates the velocities and
BGTL slightly underestimates velocities. The frac-
tional errors for P-wave velocities predicted from BGT
and BGTL are 0.03 = 0.03 and —0.01 £ 0.02, respect-
ively, indicating the same amount of error for both
methods. However, the fractional errors for S-wave
velocities predicted from BGT and BGTL are 0.09
4 0.05 and —0.00 +£ 0.05, indicating more accurate
S-wave velocities from BGTL.

Discussion

Biot coefficient and parameters

Within the poroelastic framework, skeleton or frame
moduli, k and p, are undetermined and must be spe-
cified a priori. Therefore, the Biot coefficient, which
relates the frame moduli of the sediments to those of
the matrix material for dry rocks, should be known
to accurately predict velocities. Because velocities
depend on differential pressure, the Biot coefficient
depends on differential pressure as well as porosity.

Generally, frame moduli are measured at the labor-
atory or are predicted by the grain contact theory
(Digby, 1981; Murphy, 1984; Murphy et al., 1993),
which predicts that k and p (or the Biot coefficient)are
simple functions of porosity. The Biot coefficient
shown in Equations (6) and (7) depends only on poros-
ity. As indicated in Lee (2003), the Biot coefficient
shown in Equation (6) is adequate for clean sandstone
at differential pressure of about 20 MPa, and Equa-
tion (7) or similar Biot coefficient by Murphy et al.
(1993) for consolidated sediments is adequate for high
differential pressure at about 50 MPa.

In general, the Biot coefficient is not available
at particular differential pressure. In order to predict
pressure dependent velocities for clean/shaly sand-
stones, BGTL utilizes a pressure-dependent exponent
n and a scale G. Therefore, BGTL formulation at-
tempts to implicitly calculate the pressure dependent
Biot coefficient for clean/shaly sandstones by using
exponent n and scale G from pressure independent
Biot coefficient for clean sandstone, such as shown in
Equations (6) and (7).
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Figure 3. Measured velocities by Han et al. (1986) at the differential pressure of 30 MPa, and predicted velocities from Biot-Gassmann theory
(BGT) and Biot-Gassmann theory by Lee (BGTL) using elastic moduli shown in Table 1. A) S-wave velocity predicted from the measured
P-wave velocity and porosity. For BGT, the Biot coefficient is calculated from Lee (2003). B) P- and S-wave velocities predicted from porosity.

Biot coefficient by Raymer et al. (1980), Equation (7), is used.

Comparison with Kuster and Toksoz

According to Kuster and Toksoz (1974), the aspect
ratio of pore space can change the moduli of dry sedi-
ments. One implication of Kuster and Toksdz’s theory
(KT) (1974) is that the Biot coefficient, and the velo-
city ratio, depends on the aspect ratio of pore space.
Toksoz et al. (1976) indicated that for rocks contain-
ing only spherical pores (aspect ratio of 1), KT theory
is identical to the Gassmann equation. Castagna et al.
(1985) speculated that clean sandstones dominated by
equant porosity yield lower V,/V; than sandstones
with elongated pores. As the aspect ratio of pore space
decreases, velocities decrease and V), /V; increases.
Xu and White (1996) used KT to predict S-wave ve-
locity from P-wave or porosity and recommended an
aspect ratio of 0.12 for sandstone and 0.03 for shale
for Han’s data (1978).

The result of using data measured at 40 MPa by
Han et al. (1986) indicates that the predicted velocities
using an aspect ratio of 0.3 is as close as those pre-
dicted using BGTL with n = 0.2 and G depending
on clay content, whereas BGT overestimates S-wave
velocities. In BGTL, lowering velocities are achieved
by using larger exponent n or lowering scale G and in

KT by using a lower aspect ratio of the pore space.
As the differential pressure increases, all cracks with
lower aspect ratios will be closed and velocities in-
crease. Therefore, qualitatively, the role of exponent
n and G in BGTL is similar to the role of aspect
ratio in KT. Figure 4 shows the predicted velocities
using various methods, namely BGT, KT, and BGTL
for Han's data at 5 MPa. Because velocities decrease
as differential pressure decreases, the aspect ratio of
0.25 is used in KT to predict velocities. Predicted
S-wave velocities from P-wave velocity and porosity
from KT is reasonable, but those velocities predicted
from porosity are not accurate. KT with other aspect
ratios improves the accuracy of predictions, as shown
by Xu and White (1998). However, it is not clear how
to choose the aspect ratio with respect to differential
pressure. Also the results by Xu and White (1998) are
not better than results from BGTL with n = 0.6, shown
in Figure 4C. The overestimations of both P- and S-
wave velocities from BGT comes from the fact that
the Biot coefficient shown in Equation (7) is used for
5 MPa data. As indicated previously, the Biot coeffi-
cient shown in Equation (7) works better for velocities
at high differential pressure.

2 -B0ENC
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Figure 4. Predicted and measured velocities at 5 MPa by Han et al. (1986). A). Predicted by Biot-Gassmann theory (BGT). B) Predicted by
Kuster and Toksoz theory (KT) using the aspect ratio of (.25 . C) Predicted by Biot-Gassmann theory by Lee (BGTL) with n = 0.6.

Comparison with some empirical formulas

Many empirical formulas to predict S-wave velocities
are available (e.g., Castagna et al., 1985; Han et al.,
1986; Wang, 2000; Koesoemadinata and McMechan,
2001). Wang shows that the S-wave velocity can be
predicted from P-wave velocity and density by

1.1255k 1

V2 = (0.4211+0.0061k ) V7 — ol

Figure 5A shows predicted S-wave velocity from
measured P-wave velocity and porosity for BGTL and
P-wave velocity and density for Wang's formula. The
average predicted fractional error from BGTL is 0.00
+ 0.05, while it is 0.06 £ 0.05 from Wang. Because
density is related to porosity, both approaches use
the same input data to predict S-wave velocity. For
40 MPa data, the errors are 0.02 £ 0.03 and 0.03 +
0.04 for BGTL and for Wang, respectively. As differ-
ential pressure increases, the performance of Wang's
empirical formula improves, whereas the performance
of BGTL remains steady.

Koesoemadinata and McMechan (2001) intro-
duced the following empirical formula for the predic-
tion of S-wave velocity

Vs =2.664 —5.039¢ — 1.691C+

0.169 In(p) + 0.368 f. (15)

Note that Koesoemadinata and McMechan (2001) in-
cluded the dispersion relation explicitly in their for-
mula. Figure 5B shows the predicted S-wave velocity

from Koesoemadinata and McMechan (2001), with
f = 0.6 MHz and p = 5 MPa. The fractional error
of the predicted S-wave velocity is —0.03 £ 0.07 at
5 MPa and —0.01 & 0.05 at 40 MPa. The accuracy
of predicted S-wave velocity from Koesoemadinata
and McMechan (2001) is almost identical to that from
BGTL for 40 MPa data, but the accuracy for 5 MPa
data is inferior to that from BGTL. In all cases, the
performance of BGTL is better than or equal to that
from Wang (2000) or Koesoemadinata and McMechan
(2001).

Velocity ratio and frequencies

As indicated previously, the proposed BGTL does not
include the effect of velocity dispersion in its formu-
lation. The exponent n and scale G were based on
the data acquired at ultrasonic frequencies (Domen-
ico (1977) measured at about 0.5 MHz (pulse width
of 2 usec), Han et al. (1986) measured at 1 MHz
for the P-wave velocity and 0.6 MHz for the S-wave
velocity, and compiled by Prasad (2002) measured at
100 kHz — 1 MHz excluding two samples by Ayers
and Theilen (1999)). The question is how much er-
ror is introduced by ignoring velocity dispersion in
BGTL using the exponent n based on measurements
at ultrasonic frequencies.

In order to examine the magnitude of error in
BGTL by ignoring the velocity dispersion, an em-
pirical formula by Koesoemadinata and McMechan
(2001), who used a variety of data sets measured with
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Figure 5. Predicted and measured velocities at 5 MPa by Han et al. (1986) A). Predicted S-wave velocities by the empirical formula by Wang
(2002) and by Biot-Gassmann theory by Lee (BGTL) with n computed using P = 5 MPa and m = 5. B) Predicted S-wave velocities by an
empirical formula by Koesoemadinata and McMechan (2001) and by Biot-Gassmann theory by Lee (BGTL) with n computed using P = 5 MPa

and m = 5.

frequency ranges from 380 Hz to 1 MHz, is applied.
Their analysis indicates that the dispersive part of P-
wave velocity is (0.338 f, where [ is the frequency in
MHz, and is 0.368 f for the S-wave velocity. The P-
wave velocity of a sandstone having a porosity of 15%
is 4.237 km/s, and the S-wave velocity is 2.532 km/s at
0 Hz and p = 40 MPa. These velocities are 4.575 km/s
and 2.9 km/s for P- and S-wave velocity, respectively,
at | MHz. Therefore, V,/V; at 0 Hz is 1.673 and
is 1.578 at 1 MHz, which is about a 6% decrease of
Vy/ Vs going from 0 Hz to 1 MHz. However, velocity
itself has a larger error, 8% for the P-wave velocity and
15% for the S-wave velocity.

Velocity dispersion requires that the exponent n
should be dependent on the frequency as well as differ-
ential pressure to accurately predict velocities. If the
exact amount of velocity dispersion is known, the ex-
ponent n can be adjusted to incorporate the frequency
dependent velocity. However, quantifying velocity
dispersion is difficult because it is not known precisely
how much velocity dispersion occurs in fluid-saturated
rock from seismic to laboratory ultrasonic frequen-
cies (Wang and Nur, 1990). McDonal et al. (1958)
observed that there appears to be no detectable dis-
persion of velocity with frequency in consolidated

sedimentary rocks over a frequency range less than
1 MHz. Blangy et al. (1993) analyzed Troll sands and
concluded that ultrasonic measurements can be used
directly for detailed seismic work without correction
for frequency dispersion, probably because of high
permeability of Troll sands and the lack of grain-scale
local flow effect (Mavko and Jizba, 1991).

Therefore, the proposed BGTL is optimum for ve-
locities measured at ultrasonic frequencies, and for
sandstones with high permeability without grain-scale
local flow, or consolidated sediments with no appre-
ciable velocity dispersion. Because the exponent n is
based on the ultrasonic frequency, the appropriate n for
velocities measured at frequency less than ultrasonic
frequency would be a little larger than n calculated
from Equation (9). However, sonic data at the Tarn
2N305 well demonstrate that parameters derived from
ultrasonic frequencies appear to work well for sonic
frequency ranges.

Conclusions

Biot-Gassmann theory by Lee (BGTL), which is for-
mulated under the assumption that the velocity ratio is




a function of G(1 — ¢)" , accurately predicts the ve-
locity ratio or velocities with respect to porosity. The
effect of differential pressure on velocities is incorpor-
ated by making the exponent n a function of differ-
ential pressure and the rate of porosity change with
respect to differential pressure. However, the velocity
dispersion is not included in the formulation. This in-
vestigation indicates that BGTL is preferable to BGT
in most cases. The performance of BGTL is similar to
that of Kuster Toksdz theory (1974) and to empirical
formulas by Wang (2000) and Koesoemadinata and
McMechan (2001) at high differential pressure, but
performs better as differential pressure decreases for
consolidated sediments. However, because paramet-
ers are derived from velocities measured at ultrasonic
frequencies, BGTL would be optimum for velocit-
ies measured at high frequencies near | MHz, or for
sediments having small velocity dispersion.

The prediction of S-wave velocity based on BGTL
requires properties of matrix material including clay
content, porosity (or porosity and P-wave velocity),
the Biot coefficient such as proposed by Raymer et al.
(1980) or Lee (2002), and differential pressure. This
study demonstrates that BGTL works well for both
laboratory and well log data.

The application of BGTL is more complex than the
application of BGT, because the exponent n depends
on many factors. A judicious choice of n and G is
essential to accurately predicting velocities, and n and
G values can be estimated from the general guideline
and examples presented in this paper.
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