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a b s t r a c t

Estimation of fluid saturation is of great importance to the oil/gas exploration and production. In this
work, we propose the fluid factor index for the fluid saturation estimation. The fluid factor index is
defined as the ratio of the value of the fluid factor for rocks with oil/gas-water saturation to the corre-
sponding value under the full water saturation. Similar with the resistivity index in Archie's formula, this
definition of fluid factor index can largely cancel out the influences of rock porosities and hence primarily
reflects the effects of fluid saturation. Five fluid factor indices (IK, IDK, IVP/VS, In, and IZp) are then studied,
which are calculated from sample bulk modulus, bulk modulus increment due to fluid saturation,
compressional to shear velocity ratio, Poisson's ratio, and compressional wave impedance, respectively.
Their sensitivities to the fluid saturation and their dependency on rock porosities are investigated
through the ultrasonic experiments on the water-oil and water-gas saturated sandstone samples. The
results show that, for both the water-oil and water-gas saturated samples, IDK is an ideal fluid factor index
for fluid saturation estimation as it is most sensitive to the fluid saturation and is almost independent of
the rock porosities; IK and In are not as good as IDK, but are better than IVP/VS and IZp with respect to their
sensitivity to the fluid saturation and dependency on the rock porosities. Hence, IDK is recommended to
be used for the fluid saturation estimation. These experimental observations can be validated and
explained by the theoretical simulations. This research provides the basis for using the acoustic data to
estimate the fluid saturation, which is very helpful to the oil/gas exploration and production.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Reservoir fluid saturation estimation is of great importance to
the oil/gas exploration and production. The fluid saturation is often
correlated to the geophysical parameters by theoretical models or
experimental empirical formulas, which enables the estimation of
the fluid saturation from the measured geophysical parameters. To
this end, the resistivity or conductivity of the formation rocks are
most often measured by well logging and used for fluid saturation
estimation.

Up until now, a number of models have been proposed to
correlate the formation electrical properties with the fluid satura-
tion. Among them, the most widely used model is the Archie's
formula (Archie, 1942), which is based on the measurement of the
electrical properties of the clean sandstone with varying water
).
saturation. While this formula was proposed for the clean sand-
stone, it has been used extensively for many other reservoir rocks,
such as the shaly sandstone, through modifying the coefficients in
the formula (Salem and Chilingarian, 1999; Ara et al., 2001; Rezaee
et al., 2007; Olsen et al., 2008; Teh et al., 2011; Hamada et al., 2013).
Besides the Archie's formula, there are also many other models
developed for the specific reservoir types, such as the Waxman-
Smits model (Waxman and Smits, 1968) and the Dual-Water
model (Clavier et al., 1984) for the shaly sandstone, and the
Triple-Porosity model for carbonate rocks (Gao et al., 2015).

Apart from estimating the fluid saturation from the electrical
properties of the formation rocks, the methods using the elastic
properties of the formation rocks are also developed in recent
years. To enable the estimation of fluid saturation from the rock
elastic properties, we need to obtain the elastic parameters that are
sensitive to the fluid saturation and build their quantitative re-
lations with the fluid saturation. These sensitive elastic parameters
are often called the fluid factors. Up to date, various types of fluid
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Table 2
The porosity distribution of the water-gas saturated
sandstone samples from Xinjiang Oilfield, China.

Sample No. Porosity

2212 0.1389
2221 0.1983
2213 0.2003
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factors have been proposed. For instance, Hilterman (1989) applied
the reflectivity of Poisson's ratio to denote the anomalies of the oil
and gas, which showed good results. Batzle et al. (2001) carried out
the experiments and obtained a fluid factor which is expressed as
the difference between the bulk and shear moduli. Russell et al.
(2003) pointed out that the fluid term in the Gassmann equation
has good relation with the fluid properties. Hence, they obtain a
fluid factor as the product of the fluid term in Gassmann equation
with the density. Ning et al. (2006) analyzed the numerous fluid
factors, based on which the general form of the fluid factors is
given. It is formed by the compressional and shear wave imped-
ance, and their combinations.

When estimating the fluid saturation from the fluid factors, the
fluid saturation is often correlated to the absolute values of the fluid
factors. However, the absolute values of the fluid factors can be
greatly influenced by the rock porosities (Yin et al., 2015). Hence,
the fluid saturation estimation accuracy will be largely affected by
the accuracy of the rock porosity data. To reduce the influences of
the rock porosities on the fluid saturation estimation results, we
propose the fluid factor index in this paper in a similar waywith the
resistivity index in the Archie's formula, that is, the ratio of the
value of the fluid factor for rocks with oil/gas-water saturation to
the corresponding value under the full water saturation. As the
fluid factors are divided by the corresponding values for rocks
saturated with water, the influences of the rock porosities can be
largely cancelled out and hence the fluid factor indices will pri-
marily reflect the influences of the fluid saturation, just as the re-
sistivity index. Using the fluid factor indices will thus enable the
more accurate estimation of fluid saturations.

In this paper, we will propose several fluid factor indices. Their
sensitivities to the fluid saturation and also their dependencies on
rock porosities will be investigated through the ultrasonic experi-
ments on the oil-water and gas-water saturated sandstone sam-
ples. Furthermore, the theoretical simulations will also be carried
out to validate and explain the experimental results.

2. Experiments

2.1. Ultrasonic measurements on sandstone samples

Two sets of sandstone samples are used in this study. One set of
samples are from Daqing Oilfield of China and the other set of
samples are from Xinjiang Oilfield of China. The distributions of the
porosities of these two sets of samples are shown in Tables 1 and 2,
respectively. The samples from Daqing Oilfield are saturated with
water-oil mixture and those from Xinjiang Oilfield are saturated
with water-gas mixture. As the porosities and permeability of both
sets of samples are not small, the fluid saturation can be changed
through displacing oil by water for samples of Daqing Oilfield and
displacing water by gas for samples of Xinjiang Oilfield. Hence, we
can measure the ultrasonic velocities of the samples at different
fluid saturations. The fluid factor indices can then be calculated, and
analyzed with respect to their sensitivities to the fluid saturation
and dependencies on the rock porosities.

The ultrasonic velocities of the saturated samples are measured
using a multiple acoustic parameter measurement system. The
Table 1
The porosity distribution of the water-oil saturated sandstone samples from Daqing
Oilfield, China.

Sample No. Porosity Sample No. Porosity

D 46 0.1017 D 52 0.1245
D 48 0.1261 D 32 0.1323
D 23 0.1575 D 38 0.1755
central frequencies of the transducers for the compressional and
shear waves are 0.25 MHz and 0.12 MHz, respectively. The acoustic
velocities are measured using the ultrasonic transmission method.
The acoustic wave transmission time through the sample is
measured, which enables the calculation of the acoustic wave ve-
locity as follows:

V ¼ L
t
; (1)

where V is the acoustic wave velocity; L is the length of the sample;
t is the acoustic wave transmission time through the sample.

The relative measurement uncertainties for the compressional
and shear wave velocities are smaller than 0.5% and 1%, respec-
tively. The measurements are carried out under the in-situ
confining pressure (23 MPa) and temperature (40 �C) of the for-
mations. To ensure the accuracy of themeasurements, each velocity
is measured at least three times.
2.2. Selection of fluid factor indices

The sandstone samples in this study have the property of isot-
ropy. Hence, once the compressional and shear wave velocities of
the samples are measured, the bulk and shear moduli of the sam-
ples can be obtained as follows:

K ¼ r

�
V2
p � 4

3
V2
s

�
; (2)

G ¼ rV2
s ; (3)

where K and G are the bulk and shear moduli of the samples,
respectively; Vp and Vs are the measured compressional and shear
wave velocities, respectively; r is the sample density, which can be
calculated through the weight and volume of the samples.

Using the bulk and shear moduli of these samples, various fluid
factor indices can be computed. Since the fluid has significant in-
fluences on the bulkmoduli of the samples and negligible effects on
the sample shear moduli (Gassmann, 1951), we select the bulk
modulus related fluid factor indices for investigation. Hence, the
most direct fluid factor index is the ratio of the bulkmodulus to that
of the sample saturated with water:

IK ¼ K=K0; (4)

where K0 is the bulk modulus of the sample saturated with water.
The bulk modulus increment due to fluid saturation DK is

proved to be a good fluid factor by Han and Batzle (2004). Hence,
we can obtain another fluid factor index IDK as follows:

DK ¼ K � Kd; (5)

DK0 ¼ K0 � Kd; (6)
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IDK ¼ DK=DK0; (7)

where Kd is the bulk modulus of the dry samples, which can be
calculated from the acoustic velocities and density of the dry
samples using equation (2).

Besides these two fluid factor indices IDK and IK, we also obtain
the fluid factor indices from the ratio of compressional wave ve-
locity to shear wave velocity Vp/Vs, the Poisson's ratio n, and the
compressional wave impedance Zp, which are related to the bulk
modulus as follows:

Vp

Vs
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K þ 4=3G

G

r
; (8)

n ¼ 3K � 2G
2ð3K þ GÞ ; (9)

Zp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðK þ 4=3GÞr

p
: (10)

The corresponding fluid factor indices are as follows:

IVp=Vs
¼ Vp

�
Vs

Vp0
�
Vs0

; (11)

In ¼ n

n0
; (12)

IZp ¼
Zp
Zp0

; (13)

where the index 0 denotes the values for the sample saturated with
water.

In the following, we will analyze the variations of these fluid
factor indices with the fluid (water) saturation and their de-
pendencies on the rock porosities.
3. Results

3.1. Samples saturated with water-oil mixture from Daqing Oilfield

Fig. 1(a) shows the variation of the fluid factor index IK with the
water saturation for the water-oil saturated samples under
different porosities. It can be seen that IK increases with the water
saturation. This is because the effective fluid modulus increases
with the water saturation, which results in the increase of the bulk
modulus of the saturated samples. It can also be found that the
influences of the porosities on the variations of IK with water
saturation are not totally cancelled out. IK for the samples with
larger porosities are found to be more sensitive to the water
saturation variation. For the sample with the smallest porosity
(D46), the change of IK from Sw ¼ 0 to Sw ¼ 1 is 0.15, whereas that
for the sample with the largest porosity (D38) is 0.225. Hence, the
relative change of IK due to the influences of the porosity
[(0.225e0.15)/0.225] is around 33%, which is not negligible. The
variation of IK with the porosity indicates that the rock porosity
has different effects on the bulk modulus of the samples saturated
with water and those saturated with water-oil mixture. As a result,
the effects of porosity are not cancelled out and hence IK depends
on porosity.

The variations of IDK with the water saturation is given in
Fig. 1(b). It can be found that this fluid factor index also increases
with the water saturation. As the bulk modulus of the saturated
sample increases with the water saturation, its relative increment
relative to the bulk modulus of the dry sample DK also increases.
Hence, IDK will increase with the water saturation. Compared with
IK, it can be clearly seen that IDK is muchmore sensitive to the water
saturation. It can also be found that the porosity also has some
effects on the variation of IDK with the water saturation. The larger
the porosity, the more sensitive the fluid factor index IDK to the
water saturation variation. However, its relative change with the
porosity is much smaller than that of IK. For instance, the change of
IDK from Sw ¼ 0 to Sw ¼ 1for the sample with the smallest porosity
(D46) is 0.4, whereas that for the sample with the largest porosity
(D38) is 0.5. Therefore, the relative change of IDK due to the effects
of the porosity [(0.5e0.4)/0.5] is around 20%, which is much smaller
than that of IK. The small dependence of IDK on the porosity means
the influences of porosity on the samples saturated with water-oil
mixture and those saturated with water can be largely cancelled
out. This can be explained by theory, which will be discussed in the
next section.

The variation of the fluid factor index IVP/VS with the water
saturation is shown in Fig. 1(c). Due to the increase of the bulk
modulus of the saturated samples with the water saturation, the
compressional wave velocity increases with the water saturation
while the shear wave velocity keeps constant. Hence, this fluid
factor index increases with the water saturation. It can be observed
that its sensitivity to the water saturation is smaller than that of IK
and IDK. However, its dependency on the porosity is much larger
than IK and IDK. The relative change of IVP/VS between the sample
with the smallest and largest porosity is around 50%. Hence, this
fluid factor is not as good as IK and IDK.

Fig. 1(d) shows the variations of In with the water saturation.
Since the bulk modulus of the saturated samples increases with the
water saturation and the shear modulus keeps constant, this fluid
factor also increases with the water saturation according to equa-
tions (9) and (12). It can be seen that the sensitivity of this fluid
factor index to the water saturation is slightly lower than that of IK.
However, it has less dependency on porosity than IK. The relative
change of In between the sample with the smallest and largest
porosity is around 25%, which is close to that of IDK. Hence,
considering both the sensitivity to the water saturation and the
dependency on the porosity of this fluid factor index, it is also a
good fluid factor index for the fluid saturation estimation.

The variation of IZp with the water saturation is shown in
Fig. 1(e). It can be seen that the sensitivity of this fluid factor index
to water saturation is lowest among these five fluid factor indices.
Its dependency on the porosity can also be denoted using the
relative change of this fluid factor index between the sample with
the largest porosity and that with the smallest porosity, whose
value is around 46%. This value is nearly as large as that of IVP/VS.
Hence, this fluid factor index is not good as it is not sensitive to the
water saturation and are largely dependent on the porosity
compared with the other fluid factor indices.

In summary, with respect to the sensitivities of these fluid factor
indices to the water saturation for the water-oil saturated sand-
stone, we can obtain the relation: IDK > IK > In > IVP/VS > IZp. For the
dependency of these fluid factor indices on the rock porosity, we
have IDK < In < IK < IZp < IVP/VS. A good fluid factor index should have
high sensitivity to the water saturation and low dependency on the
porosity. Hence, for the fluid saturation estimation in water-oil
saturated sandstone, the best fluid factor index is IDK, IK and In are
secondary, and IVP/VS and IZp are worst.

3.2. Samples saturated with water-gas mixture from Xinjiang
Oilfield

The variations of the various fluid factor indices with the water
saturation for the samples saturated with water-gas mixture



Fig. 1. Variation of various fluid factor indices with the water saturation for the water-oil saturated samples with different porosities from Daqing Oilfield, China. The distributions of
the sample porosities are shown in Table 1.
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under different porosities are shown in Fig. 2. Again, it can be
found that these fluid factor indices all increase with the water
saturation due to the increase of the sample bulk modulus with
the water saturation. Comparing the sensitivities of these fluid
factor indices to thewater saturation, the following relation can be
obtained: IDK > IK > In > IZp > IVP/Vs, which is similar to the case
saturated with water-oil. With respect to the dependency on the
porosity, we can obtain their relative degree of dependency by
comparing the relative change of the fluid factor indices between
the sample with largest and smallest porosity. The result is as
follows: IDK < IK z IVP/VS z IZp < In. Hence, for the fluid saturation
estimation in the water-gas saturated sandstone, IDK is still the
best fluid factor index and IK and In are secondary which are better
than IZp and IVP/Vs. This is similar with the case saturated with
water-oil mixture.
4. Theoretical simulation

4.1. Methodology

To validate the experimental results, we carry out the theoretical
simulations on the variations of the fluid factor indices with the
water saturation under different porosities. In the calculation of the
fluid factor indices, the elastic properties of the samples are
required as shown in equations (4), (7) and (11)e(13). For the
samples with multiphase saturation, the distribution of the fluid
pressure within the samples has significant influences on their
elastic properties (Johnson, 2001). Hence, different methodologies
are applied to calculate the elastic properties of the samples with
different fluid pressure distribution at the ultrasonic frequencies.

For the water-oil saturated samples, due to the similar elastic
properties between water and oil, the fluid pressure within the



Fig. 2. Variation of various fluid factor indices with the water saturation for the water-gas saturated samples with different porosities from Xinjiang Oilfield, China. The distributions
of the sample porosities are shown in Table 2.
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water phase and the oil phase is close to each other. Therefore, the
fluid pressure normally can equilibrate throughout the sample in a
short time. This means that the fluid pressure in the water-oil
saturated samples should be uniform at the ultrasonic fre-
quencies. Under this condition, we can apply the Gassmann e

Wood equation to calculate their elastic properties (e.g., Gregory,
1976; Murphy, 1984; Mavko and Mukerji, 1998; Johnson, 2001).
The Wood equation (Wood, 1955) is applied first to obtain the
effective elastic property of the water-oil mixture as follows:

Kf ¼
1

1�Sw
Koil

þ Sw
Kw

; (14)

where Kf is the effective bulk modulus of the water-oil mixture; Koil
and Kw are the bulk modulus of the oil and water, respectively; Sw is
the water saturation.

Then, the elastic properties of the water-oil saturated samples
can be obtained using the Gassmann equation as follows:

Kwo ¼ Kdry þ
�
1� Kdry

.
Ks

�2
f
Kf
þ 1�f

Ks
� Kdry

K2
s

; (15)

Gwo ¼ Gdry; (16)

where Kwo and Gwo are the bulk and shear moduli of the sandstone
saturated with water-oil mixture; Ks is the bulk modulus of the
sand grains; Kdry and Gdry are the bulk and shear moduli of the dry



Table 3
Properties of saturating fluids.

Water Oil Gas

Modulus
(GPa)

Density
(g/cc)

Modulus
(GPa)

Density
(g/cc)

Modulus
(GPa)

Density
(g/cc)

2.627 1.029 0.903 0.7 0.01 0.065
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sandstone, respectively; F is the sample porosity. The fluid factor
indices can thus be calculated using equations (4), (7) and
(11)e(13).

For the water-gas saturated samples, due to the great difference
between the elastic properties of the water and the gas, the fluid
pressure within the water phase and the gas phase will be signifi-
cantly different. Hence, it is usually difficult for the fluid pressure to
equilibrate within the water-gas mixture in a short time. This
means the fluid pressure of the region of the samples saturated
with water is usually different from that saturated with gas at the
ultrasonic frequencies. In this case, the elastic properties of the
samples can be computed using the Gassmann-Hill equation (e.g.,
Cadoret et al., 1995; Johnson, 2001; Lebedev et al., 2009; Caspari
et al., 2014). The Gassmann equation is first applied to calculate
the elastic properties of the region saturated with water and that
saturated with gas, respectively. The corresponding equations are
shown in equations (15) and (16) with Kf replaced by water bulk
modulus Kw and gas bulk modulus Kg, respectively. Then, Hill
equation (Hill, 1963, 1964) is used to calculate the elastic properties
of the sample with water-gas saturation as follows:

Kwg ¼ 1
Sw

K1þ4=3Gdry
þ 1�Sw

K2þ4=3Gdry

� 4
.
3Gdry; (17)

Gwg ¼ Gdry; (18)

where Kwg and Gwg are the bulk and shear moduli of the samples
with water-gas saturation; K1 and K2 are the bulk modulus of the
region saturated with water and that saturated with gas,
respectively.

The above equations show that, to calculate the elastic proper-
ties of the saturated samples, the dry sample elastic properties are
needed. Since the samples investigated in this paper are consoli-
dated sandstones with medium values of porosities, we can use the
self-consistent theory to obtain the dry sample elastic properties
(Berryman, 1980, 1995). The equations for the self-consistent the-
ory are as follows:

ð1� fÞ
�
Ks � Kdry

�
P1 � fKdryP2 ¼ 0; (19)

ð1� fÞ
�
Gs � Gdry

�
Q1 � fGdryQ2 ¼ 0; (20)

whereF is the porosity of the sandstone; Ks and Gs are the bulk and
shear moduli of the sand grains, respectively. The values of P1 and
Q1 depend on the shape of the sand grains and those of P2 and Q2
depend on the shape of the pores. Here, we assume that the sand
grains are spheres (aspect ratio a1 ¼ 1), which have the following
expressions for P1 and Q1 (Mavko et al., 2009):

P1 ¼
Kdry þ 4

.
3Gdry

Ks þ 4
.
3Gdry

; (21)

Q1 ¼
6
�
Kdry þ 2Gdry

�
Gdry þ Gdry

�
9Kdry þ 8Gdry

�

6
�
Kdry þ 2Gdry

�
Gs þ Gdry

�
9Kdry þ 8Gdry

� ; (22)

where Ks and Gs are the bulk and shear moduli of the sand grains,
respectively.

The pores are assumed to be oblate spheroids which have the
aspect ratio a2. The corresponding expressions for P2 and Q2 are as
follows (Mavko et al., 2009):
P2 ¼
Kdry

�
3Kdry þ 4Gdry

�

pa2Gdry

�
3Kdry þ Gdry

� ; (23)

Q2 ¼ 1
5

2
41þ

8Gdry

�
3Kdry þ 4Gdry

�

pa2Gdry

�
3Kdry þ 4Gdry

�
þ 2pa2Gdry

�
3Kdry þ Gdry

�

þ
4=3

�
3Kdry þ 4Gdry

�

pa2

�
3Kdry þ Gdry

�
3
5:

(24)

By applying the iteration algorithm based on equations (19) and
(20), the dry elastic properties of the samples can be obtained. Then
the elastic properties of the water-oil and water-gas saturated
samples can be calculated. The fluid factor indices are thus
computed using their definitions.
4.2. Parameters

To compare the theoretical simulation results with the experi-
mental results, we use the properties of the sandstone samples
used in the experiments for the theoretical simulations. These
sandstone samples are primarily composed of quartz sands and
have little clay content. Hence, we take the bulk and shear moduli
of the sand grains as 37 GPa and 44 GPa, respectively (Mavko et al.,
2009). The porosities of these samples are distributed from 0.1 to
0.2 with an interval of 0.05. The aspect ratio of the pores is set to be
0.1 (Xu and White, 1995). The bulk moduli and the densities of the
water, oil, and gas are given based on the in-situ confining pressure
(23 MPa) and temperature (40 �C) of the formations, as shown in
Table 3.
5. Results and comparison

The variations of the various fluid factor indices with the water
saturation for the water-oil saturated samples with different po-
rosities are shown in Fig. 3. It can be seen that IDK is most sensitive
to the water saturation and its sensitivity to the water saturation is
almost independent of the porosity. This can be explained using
Gassmann equation. Substituting the Gassmann equation into
equations (5) and (6) yields:

DK ¼
�
1� Kdry

.
Ks

�2
f
Kf
þ 1�f

Ks
� Kdry

K2
s

; (25)

DK0 ¼
�
1� Kdry

.
Ks

�2
f
Kw

þ 1�f
Ks

� Kdry

K2
s

: (26)

Since Ks is usually much larger than Kf and Kw, equations (25)
and (26) can be approximated as:



Fig. 3. Theoretical simulations of the variations of the various fluid factor indices with the water saturation for the water-oil saturated samples with different porosities.
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DKz

�
1� Kdry

.
Ks

�2
Kf

f
; (27)

DK0z

�
1� Kdry

.
Ks

�2
Kw

f
: (28)

Hence, substituting equations (27) and (28) into equation (7)
and using equation (14) yield:

IDKzð1� SwÞKoil

Kw
þ Sw: (29)

Equation (29) shows that IDK is independent of the rock poros-
ities, which explains the observations from the theoretical
simulations and the experimental results. We can also see that the
sensitivity of IDK to water saturation depends on the ratio of Koil to
Kw. In our case, Kw is almost three times larger than Koil, hence, IDK
has high sensitivity to the water saturation. In fact, the sensitivities
of the other fluid factor indices to the water saturation are also
related to the ratio of Koil to Kw. Once Koil is equal to Kw, all the fluid
factor indices will have no sensitivity to the water saturation as the
oil and water will have the same effects on the elastic properties of
the rocks. Hence, the sensitivities of all the fluid factor indices to the
water saturationwill change simultaneously with the ratio of Koil to
Kw. This implies that IDK may be always more sensitive to the water
saturation than the other fluid factor indices for any ratio of Koil to
Kw. It can also be found that IK and In are more sensitive to the water
saturation and less dependent on the porosity than IVP/VS and IZp. All
these observations from theoretical simulations are qualitatively
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consistent with the experimental results.
The variations of the fluid factors with the water saturation for

the water-gas saturated samples with different porosities are
shown in Fig. 4. Again, it is found that IDK is most sensitive to the
water saturation and its variation with the water saturation is
almost independent of the rock porosities. Similar with the case
saturated with water-oil mixture, we can obtain the following
approximation for IDK for the samples saturated with water-gas
mixture:

IDKz
ASw

1� Sw þ A
; (30)

where
Fig. 4. Theoretical simulations of the variations of the various fluid factor indices with
A ¼
Kdry þ 4

.
3Gdry

DK0
; (31)

DK0 is the bulk modulus increment due to the saturation of the
water, as shown in equation (6).

As the bulk modulus increment DK0 is usually much smaller
than the dry sample compressional wave modulus (Kdryþ4/3Gdry),
the value of A should be much larger than 1. Hence, we can obtain
that IDK z Sw. This means that IDK is almost proportional to the
water saturation and has the highest sensitivity to the water
saturation compared to the other fluid factor indices (as the relative
change of the other fluid factor indices from Sw ¼ 0 to Sw ¼ 1 can't
exceed 1). It also shows that the rock porosities have little effects on
the value of IDK. These explain the observations from the theoretical
the water saturation for the water-gas saturated samples with different porosities.
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simulations and experimental results. Besides IDK, it can also be
observed that IK and In are better than IVP/VS and IZp considering both
their sensitivities to the water saturation and the dependencies on
the porosities. These observations agree with the experimental
results qualitatively.

In summary, from both the theoretical simulations and the
experimental results, we can draw the same conclusions for the
fluid factor indices in both the water-oil and water-gas saturated
sandstone reservoirs: 1) IDK is most sensitive to the water satura-
tion and its variation with the water saturation is almost inde-
pendent of the rock porosities. Hence, it is an ideal fluid factor index
for the fluid saturation estimation. 2) Apart from IDK, IK and In are
also good fluid factor indices, which are more sensitive to the water
saturation and less dependent on the rock porosities than IVP/VS and
IZp.

6. Discussion

6.1. Discrepancy between theoretical simulation and experimental
results

While the theoretical simulations agree with the experimental
results qualitatively on the whole, some discrepancies exist be-
tween them, especially for In. There are two possible reasons for the
discrepancies. One is that the fluid pressure in the samples with
water-oil or water-gas saturation doesn't satisfy the assumptions of
the Gassmann-Wood or Gassmann-Hill equation. This means the
fluid pressure in the samples have some time to diffuse, but not
enough time to reach the status of uniform pressure distribution.
Hence, the fluid pressure in the samples will be neither uniform nor
isolated within each fluid phase. As a result, the samples will have
the elastic properties that are between the upper bound given by
Gassmann-Hill equation and the lower bound given by Gassmann-
Wood equation (Lebedev et al., 2009). The theoretical simulations
based on Gassmann-Wood and Gassmann-Hill bounds will thus
deviate from the experimental results. The other possible reason is
that the dry sample elastic properties calculated by the self-
consistent theory may not be accurate. This may be caused by the
inaccurate sand grain moduli and pore aspect ratio used by theo-
retical simulations. Furthermore, the self-consistent theory itself is
not an exact solution for the rock elastic properties. Instead, it is an
approximation for the elastic properties of the rocks with medium
values of porosities. This also brings some errors to the theoretical
simulation results.

6.2. Effects of confining pressure and temperature

As the change of the sample elastic properties or the fluid factor
indices with the varying confining pressure and temperature are
not measured or simulated, the exact influences of confining
pressure and temperature are unknown. However, these influences
should be small in our case according to the previous studies. The
influences of the confining pressure on the rock elastic properties
can be significant if the rocks contain some fractures (e.g., Kuster
and Toks€oz, 1974; Mavko et al., 1995; Glubokovskikh et al., 2016).
The confining pressure will close the fractures, especially the
micro-cracks, in the rocks, which causes the increase of the rock
stiffness. Nevertheless, few fractures are observed in the samples
investigated in this paper. Hence, the confining pressure should
have small influences on the sample elastic properties, and there-
fore, the fluid factor indices. For the temperature, its influences on
the elastic properties and fluid factor indices of these samples
should also be small. The temperature primarily have effects on the
elastic properties of the saturating fluids. For the fluids with high
viscosity, such as the heavy oil, the temperature will greatly
influence their elastic properties, and hence the elastic properties
of the samples saturated with these fluids (Han et al., 2007; Guo
and Han, 2016). Since the samples in this paper are saturated
with the fluids that have low viscosity, the temperature has little
effects on the elastic properties of the fluids. Hence, the elastic
properties and the fluid factor indices of the samples should be
little affected by the temperature.

6.3. Application of fluid factor indices on fluid saturation estimation

This study proposes the fluid factor indices and investigates
their fluid saturation sensitivity and porosity dependency, which
provides the basis for using them in the fluid saturation estimation
in the future. To apply them on the fluid saturation estimation, we
need to establish the quantitative relations between the fluid factor
indices and the fluid saturation. These relations can be established
through the theoretical derivations, as shown in equations (29) and
(30) for IDK. They can also be obtained by correlating the fluid factor
indices with the fluid saturation through the experimental data.
This is one topic we will study in detail in the future.

After obtaining these quantitative relations, the fluid saturation
can be estimated from the sonic logging or seismic data. The fluid
factor indices can first be calculated from the acoustic velocity and
density data provided by the sonic logging or seismic data. Then the
fluid saturation can be obtained from the fluid factor indices
through the established relations. Here, it should be noted that, in
the calculation of the fluid factor indices, we need to know the
value of the fluid factor under the full water saturation. This can be
obtained from the adjacent formations which are saturated with
water and have similar porosities. However, it is not always
convenient to obtain this value. Hence, to enable the more conve-
nient estimation of the fluid saturation, we can define the acoustic
formation factor and establish their relations with the porosity.
Combing the acoustic formation factor and the fluid factor index
will enable us to calculate the fluid saturation from the sonic log-
ging or seismic data in a similar way with using the resistivity or
conductivity logging data to estimate the fluid saturation from the
Archie's formula. This is another topic that we will investigate in
the future.

Another thing that should be noted is that when using the sonic
logging or seismic data to calculate the fluid factor indices, the
quality of the sonic logging or seismic data may be influenced by
the borehole environment and other factors. Hence, they may need
to be corrected before using them to calculate the fluid factor
indices. To correct the data, we first need to find the primary
influencing factors to the data quality, then we can use the corre-
sponding correction methods. The study of the correction methods
is beyond the scope of this paper.

7. Conclusions

In this work, we propose the fluid factor indices for the fluid
saturation estimation. The fluid factor index is defined as the ratio
of the value of the fluid factor for rocks with oil/gas-water satura-
tion to the corresponding value under the full water saturation,
which is similar to the resistivity index in the Archie's formula. This
definition of fluid factor index can largely cancel out the influences
of rock porosities and hence primarily reflects the effects of fluid
saturation. We then study five fluid factor indices (IK, IDK, IVP/VS, In,
and IZp), which are calculated from sample bulk modulus, bulk
modulus increment due to fluid saturation, compressional to shear
velocity ratio, Poisson's ratio, and compressional wave impedance,
respectively. The sensitivity of these fluid factor indices to the fluid
saturation and their dependency on the rock porosities are inves-
tigated through the ultrasonic experiments on the water-oil and
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water-gas saturated sandstone samples. The results show that, for
both the water-oil and water-gas saturated samples, IDK is an ideal
fluid factor index for fluid saturation estimation as it is most sen-
sitive to the fluid saturation and is almost independent of the rock
porosities; IK and In are not as good as IDK, but are better than IVP/VS
and IZp with respect to their sensitivity to the fluid saturation and
dependency on the rock porosities. Hence, IDK is recommended to
be used for the fluid saturation estimation. These experimental
observations are further validated and explained by the theoretical
simulations.

In the discussion part, the possible reasons for the discrepancies
between the experimental results and the theoretical simulations
are analyzed. Furthermore, the potential influences of confining
pressure and temperature on the results are discussed. Finally, the
steps of applying the fluid factor indices on the fluid saturation
estimation and the problems that may be encountered in this
procedure are discussed. This research provides the basis for the
fluid saturation estimation using the acoustic (sonic logging or
seismic) data, which is very helpful to the oil/gas exploration and
production.
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