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Abstract: Carbonate rocks frequently exhibit less predictable seismic attribute–porosity relationships because of
complex and heterogeneous pore geometry. Pore geometry plays an important role in carbonate reservoir
interpretation, as it inﬂuences acoustic and elastic characters. So in porosity prediction of carbonate reservoirs,
pore geometry should be considered as a factor. Thus,
based on Gassmann’s equation and Eshelby–Walsh ellipsoidal inclusion theory, we introduced a parameter C to
stand by pore geometry and then deduced a porosity
calculating expression from compressional expression
of Gassmann’s equation. In this article, we present a porosity working ﬂow as well as calculate methods of every
parameter needed in the porosity inverting equation.
From well testing and ﬁeld application, it proves that the
high-accuracy method is suitable for carbonate reservoirs.
Keywords: porosity inversion, Gassmann’s equation, compression coeﬃcient, carbonate reservoir, pore geometry

1 Introduction
Porosity is one of the most important parameters in predicting reservoirs of oil and gas exploration to describe
the capacity of reservoir storage. Thus, inverting porosity


* Corresponding author: Kaiyuan Liu, Shale Gas Research department of Southwest Institute of Geophysical Exploration BGP INC.,
CNPC, Chengdu, 610213, China, e-mail: orrrz8ue@163.com
Li Qin, Liting Liu: Borehole Geophysical prospecting department
Southwest Branch Company, BGP INC., CNPC, Chengdu, 610213,
China
Xi Zhang, Le Li: Chengdu Branch of Research & Development Center,
BGP INC., NPC, Chengdu, 610213, China
Furong Wu: Southwest Institute of Geophysical Exploration BGP
INC., CNPC, Chengdu, 610213, China
Open Access. © 2021 Kaiyuan Liu et al., published by De Gruyter.
International License.

from seismic data makes it more critical in oil and gas
exploration. This article attempts to invert porosity based
on seismic data.
Many parameters, such as pore size, aspect-ratio,
tortuosity, and pore complexity, play important roles in
the relationship between porosity and p-wave velocity
[1]. Acoustic velocity in carbonates has been veriﬁed to
be dependent on pore geometry [2–5]. Acoustic wave
velocity is not only correlated with porosity but more
with pore geometry through experimental measurement
of carbonate rock samples [6,7]. Carbonate rocks with
diﬀerent pore geometries have quite diﬀerent acoustic
velocities and permeabilities [8,9]. The exact relationship
was proposed between pore geometry and acoustic attributes through digital image analysis using cross-polarized light [10,11]. Recent studies have claimed that the
main geometric variable of interest is the pore aspect
ratio (α ), which is statistically computed from images
by the ratio between the longest and the shortest semiaxes of the ellipse that encloses the pore [12,13]. Permeability, porosity, and acoustic properties are inﬂuenced
greatly by pore–space parameters of carbonate rocks
from X-ray tomography images and digital image analysis [14,15]. Pore sizes, tortuosity, and edginess of the
pore are more important in aﬀecting the rock stiﬀness,
and thus the acoustic behavior of carbonates [16]. In one
word, pore geometry is important for carbonate porosity
inversion.
Nowadays, there are two main methods to inverse
porosity. First, the time–average relationship (TAR) [17]
and improved version [18] provide us with linear methods
to achieve inverse porosity. Then the numbers of relationships were proposed to inverse porosity in complicated
situations [19–22]. Anyway, in fact we do cross-plot ﬁttings between porosity and other elastic attributes to get
the corresponding relationships to a speciﬁed survey, as
carbonate rocks frequently exhibit less predictable velocity–porosity relationships compared to those found in
siliciclastics because of complex and heterogeneous pore
structures [16]. Second, a calculating method based on
This work is licensed under the Creative Commons Attribution 4.0
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Biot theory [23], which need not calculate well data and
3D seismic data, but we must calculate so many parameters, making it hard to widely use the method. The
nonlinear method like neural networks’ ANN group method
of data handling [24], multiple linear regression based on
seismic attributes, etc., are practical but unsuitable [25,26],
because they do not consider inﬂuencing factors like pore
geometry [27]. In our work, we approach a new less parameter needed method based on Gassmann’s equation with
the inﬂuence of the pore geometry. Through well-predicting
experiments and survey application, we can get good correlation to the actual well data, which proves that our
method is suitable and eﬀective.

2.1 Eshelby–Walsh ellipsoidal inclusion
theory
The ellipsoidal inclusion theory for dry rocks [28] simulated pore as an elastic ellipsoidal inclusion in rocks and
is supposed that a region within an isotropic elastic solid
undergoes change of form. In particular, if the region is
an ellipsoid, the strain inside it is uniform and may be
expressed in terms of tabulated elliptic integrals. An
ellipsoidal region in an inﬁnite medium has elastic constants diﬀerent from those of the rest of the material. And
a fundamental form of rock matrix parameters expression
based on the Eshelby’s theory is as given below [29].

η
βD = βs 1 + m 
α

1
μD = μs
η
1 + nα
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Table 1: The relationship table between Possion’s ratio and m and
n [30]

σ
m
n

0.15
1.20
0.38

0.2
1.10
0.36

0.25
0.99
0.34

0.3
0.86
0.33

0.35
0.72
0.31

0.4
0.54
0.29

2.2 Gassmann’s equation and the deduction
of porosity inversion method
The most famous Gassmann’s equation [31] using rock
compressibility coeﬃcients is expressed as follows.

1
1
1
=
+
βE − βs
βD − βs
(βp − βs) η

2 Methods



(3)

where βE is the rock saturated ﬂuid equivalent compression coeﬃcient, βs is the rock matrix compression coeﬃcient, βD is the dry rock compression coeﬃcient, βp is the
rock pore ﬂuid compression coeﬃcient, and η is the rock
porosity.
Gassmann’s equation is suitable for processing seismic
data because of its low-frequency assumption. It can be
used for ﬂuid substitution as well as porosity inversion,
but they have diﬀerent purpose and calculation ﬂow.
In case of diphasic medium, compressibility of pore
ﬂuid is much bigger than that of rock matrix, especially in
the deep area where the carbonate reservoir has high
pressure and small compressibility (Figure 1), and so
we can take βp approximate to βp − βs , which has approved
high precision to calculate the rock matrix compression
coeﬃcient [32], then we can get the expression from (3).

1
1
1
=
+
βE − βs
βD − βs
βp η

(1)

(4)

Then replacement of βs with βD from the expression
(1), we get the following expression.

where βD and βs are compressibility of dry rock and rock
matrix, respectively; η is rock porosity; μD and μs are
shear modulus of rock and rock matrix, respectively; m,
n, and α are nondimensional positive constants related
with the shape and property of rocks. α is the aspect ratio,
the expression for m and n is described below, and KS and
μS are the matrix elastic parameters.

1
1
1
=
+
m
βE − βs
βp η
βs α η

(5)

Thus, we get the expression to calculate rock porosity:

C
1 
η= +
 (βE − βs)
β
β
p
 s

(6)

m = KS(2KS + 4μS)/[πμS(3KS + μS)]
n=

4(3KS + 4μS) 
π  8(3KS + 4μS)
+


15  3KS + 2μS
3KS + μS 

(2)

And there is a relation table between Possion’s ratio
and m and n as shown in Table 1 when the Possion’s ratio
is at the range of 0.15 ≤ σ ≤ 0.40.

β

βp

βD

βE

βS

0

Figure 1: Comparison of the rock compression coeﬃcient in diﬀerent
conditions [30].
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where C = α/ m is called the rock pore geometry
coeﬃcient.

2.3 Calculation of parameters and working
ﬂow of the porosity inversion
From the rock porosity expression (6), we can see it needs
to calculate some parameters such as βs , βp , βE, and C,
which can be gained from the log data certainly to calculate the porosity.
(1) βs , the rock matrix compression coeﬃcient, can be
calculated in 2 ways that mentioned as below, which
means we only calculate one point value to instead
the value of the whole well with depth [33].
A linear equation can be transformed from expression (6) as follows.


 1
C β
η = βE 
+  −  s + C  = AβE − B
β



βs   βp
 p


(7)

Expression (7) is the linear relation between the
rock saturated ﬂuid equivalent compression coeﬃcient and the rock porosity. Where

A=

1
C
+
βp
βs

(8)

 1 C
B = −βs  + 
β β 
 p s

Then βs = ∣−B / A∣ can be deduced from the expression
(8).
However, there is a small problem with the calculating method as upper described. With the depth
going down, the lithology is changing in the actual
situation, so the linear method of calculating the
one-point value instead of a string of values is not
suitable for the actual situation. So we employed a
method [34] to calculate a string of values corresponding to the logs of wells, which is more suitable
to invert porosity. The method is stated as follows.
We take f1 as the liquid part of Gassmann’s
equation

(1 − )
Kdry

f1 =

β2M

=

KS

η
Kfl

+

1−η
KS

−

Kdry
KS2

And which can also be expressed as a liquid part of
Russell’s expression

f2 =

(Zp2 − cZs2 )
ρsat

where Zp and Zs are p-wave and s-wave impedance,
respectively, c is a constant, when ∣f1 − f2 ∣ < B , B is
an initial small value, we can get a string of βs values.
(2) βp , the rock pore ﬂuid compression coeﬃcient, can be
calculated by the following expression and with the
saturated water log data [35], where H is the depth.

1
1.19 − 0.362H + 0.042H2
1
βgas =
0.00014 + 0.00946H + 0.00145H2
1
βw ater =
2.02 + 0.304H − 0.0572H2
βoil =

(9)

(3) βE , the rock saturated ﬂuid equivalent compression
coeﬃcient, can be calculated by elastic parameters as
vp, vs, ρ inversed by prestacked seismic data, and
the calculation expression is as described below.

βE =

1
ρ

(

vp2

4

− 3 vs2

)

(10)

(4) C, the rock pore geometry parameter, is generally
calculated by the expression C = α/ m, and C is
always constant, but in reality C must be veriﬁed
with the change in the lithology and pore geometry
type. We calculate C by expression (6) and the log data
without calculating m and α , thus C is more accurate
to inverse porosity than when it is a constant. The
calculating expression is as described below.

C = βs ⋅

ηβp − βE + βs
(βE − βs) βp

(11)

(5) Aspect ratio and the ﬁnal form of porosity calculating
expression.
In general, we do statistical analysis by observing the zoomed rock slice under microscope to
take an average of the aspect ratio α = b/ a in different wells, where the pore shape shows as an
ellipse (Figure 2), and then calculate m based on
the relation between m and Possion’s ratio (see
expression 2), ﬁnally we get the value of C. From
these works, we have known that the range of m is
[0.54, 1.2] from the result of rock physics testing analysis. To carbonate reservoir, there is no prospecting
meaning as the aspect ratio is smaller than 0.072,
which means the pore is approaching a tiny microfracture, and this situation is not suitable for reserving oil and gas. But for good reservoirs, the range of
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Figure 2: Rock slice photo by microscope, with ellipsoidal pore
shape.

the aspect ratio is [0.12, 1], and the expression
C
1
C
+ β ≈ β can meet the condition, where 1 makes
β
s

p

s

βp

tiny inﬂuence on the result of the expression

C
βs

+

1
.
βp

Figure 3: The predicting porosity working ﬂow.

Figure 4: (a) The cross-plot between βE and the measured porosity of well H1-1, (b) the cross-plot between βE and the pore geometry
parameter C. (c) the cross-plot between compressional wave modulus and the pore geometry parameter C.
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Figure 5: The calculating result of βs of the well H1-1.

Thus, the ﬁnal porosity calculating expression can be
reduced to:

η=

C
(β − βs)
βs E

(12)

(6) Working ﬂow
We get all of the necessary parameters with which we
can predict the porosity of other wells or a certain survey
using the calculating expression (13). And the working
ﬂow is described in Figure 3.

3 Results

parameter C and predicted the porosity data of another
well nearby. We take the ﬁrst well named H1-1 to predict
the porosity of the second well named H1-2. Following the
working ﬂow, we calculate the rock matrix compressibility βs = 0.00928 by cross-plot ﬁtting (Figure 4a) and
using the string-calculating method to calculate a string
of βs (Figure 5) and also calculate the rock pore geometry
coeﬃcient C (Figure 6) and do cross-plot ﬁttings between
C and other elastic parameters like bulk modulus, P-wave
modulus, Possion’s ratio, and so on (Figure 4b–d); thus,
we get the parameter βE , which is of high correlation to
the calculated parameter C and then we can calculate C of
the second well H1-2.
Thus, we calculate the porosity of the second well H1-2,
and the result is shown in Figure 7 as a comparison with
the traditional TAR method. We can see that our method
has better predicting eﬀect.

3.1 Well testing
To test the porosity prediction method, we chose one well
whose shear wave slowness was measured and neutron
porosity and water saturated log data are to be interpreted yet. Then we calculated the rock pore geometry

Figure 6: The calculating result of C of the well H1-1.

3.2 Field application
Taking the porosity inversion of a survey in China Sea, for
example, the target stratum is a carbonate reservoir,

Seismic porosity inversion method based on Gassmann’s equation
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Figure 7: Comparison of the predicting porosity result between the new method and the traditional method.

Figure 8: Through-well (H1) porosity section correlated with porosity log.

Figure 9: (a) The predicting porosity intensity distribution of the time of the carbonate top layer plus 20 ms, and (b) the predicting porosity
intensity distribution of the time of the carbonate bottom layer.
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which is identiﬁed as Neocene stratum formed lately.
Following the prediction of the working ﬂow, we reinverted the porosity of this survey using the prestacked
inversion result data Vp , Vs , and ρ of the target reservoir.
The predicting result is shown in Figure 8; from the
result of the cross-well (H1) inline section, we can see
high correlation to the interpreted porosity log data.
And the predicting porosity attribute slice is shown in
Figure 9 where a is the inversed porosity slice of carbonate top layer and b is the inversed porosity slice of carbonate bottom layer; from these porosity attribute slice,
the porosity intensity distribution of the survey was
shown. It is also correlated with the actual situation as
the reservoir layer of H1 well and H3 well is ﬁlled with
water due to its high porosity of about 32%.

4 Conclusions
In this work of predicting porosity, we explored a new
method based on the rock physics. We have done so
much research and analysis of the Gassmann’s equation
combined with Eshelby–Walsh ellipsoidal inclusion theory.
Thus, we exhibited the porosity inversion method. The well
testing and ﬁeld application proved the accuracy of our
new method. From the work done in this work, we got the
following conclusions:
(1) The method of Gassmann’s equation combined with
Eshelby–Walsh ellipsoidal inclusion theory is suitable for predicting porosity for carbonate reservoirs,
especially the burial depth of reservoir is deep
enough, where the rock pore ﬂuid compression
coeﬃcient is obviously much bigger than the rock
matrix compression coeﬃcient.
(2) Every parameter can be calculated from the well logs
by statistical analysis, and the correlation between
elastic attributes and parameters determined the resolution of inverted porosity.
(3) The porosity predicting working ﬂow is simple and
easy to manipulate, and it is necessary for a highresolution prestacked seismic data to improve the
porosity predicting accuracy.
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