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Porosity estimation based on rock skeleton general formula and comprehensive pore 

structure parameter – An application to a tight-sand reservoir

Abstract

Most of current 3D reservoir’s porosity estimation methods are based on analyzing the elastic 

parameters inverted from seismic data. It is well-known that elastic parameters vary with pore 

structure parameters such as pore aspect ratio, consolidate coefficient, critical porosity, etc. Thus, 

we may obtain inaccurate 3D porosity estimation if the chosen rock physics model fails properly 

address the effects of pore structure parameters on the elastic parameters. However, most of current 

rock physics models only consider one pore structure parameter such as pore aspect ratio or 

consolidation coefficient. To consider the effect of multiple pore structure parameters on the elastic 

parameters, we propose a comprehensive pore structure (CPS) parameter set that is generalized 

from the current popular rock physics models. The new CPS set is based on the first order 

approximation of current rock physics models that consider the effect of pore aspect ratio on elastic 

parameters. The new CPS set can accurately simulate the behavior of current rock physics models 

that consider the effect of pore structure parameters on elastic parameters. To demonstrate the 

effectiveness of proposed parameters in porosity estimation, we use a theoretical model to 

demonstrate that the proposed CPS parameter set properly addresses the effect of pore aspect ratio 

on elastic parameters such as velocity and porosity. Then, we obtain a 3D porosity estimation for 

a tight sand reservoir by applying it seismic data. We also predict the porosity of the tight sand 

reservoir by using neural network algorithm and a rock physics model that is commonly used in 

porosity estimation. The comparison demonstrates that predicted porosity has higher correlation 

with the porosity logs at the blind well locations.

List of Key Words
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Extended Gassmann equation, 3D estimation of porosity, pore structure parameters 

Introduction

Estimating the reservoir properties from seismic data such as porosity is one of the most 

important tasks in reservoir characterization. Elastic effective medium theory (EMT) computes the 

macroscopic properties such as P-impedance and S-impedance that can be inverted from seismic 

data by incorporation the individual elastic properties of minerals, the volume fractions, and the 

spatial arrangement of the constituents that make up the rock. The commonly used effective 

medium theory including Kuster-Toksöz (K-T) model (Kuster and Toksöz, 1974), self-consistent 

model (Berryman, 1980), and differential effective medium (DEM) model (Berryman, 1992). To 

simply the commonly used effective medium theory, researchers proposed several approximation 

approaches (Li and Zhang, 2012; Li et al.,2013; Yang et al., 2014). The approximation is usually 

based on introducing certain constraints to model that can convert the problem into regular 

differential question. Researchers also proposed a lot of explicit equations for computing the 

macroscopic elastic parameters. The commonly models include the Geertsma, Eshelby-Walsh, 

Hudson, Pride, Nur, Eshelby-Cheng, Sun, Keys-Xu, Hou and multiple porosity variable critical 

porosity models (Geertsma and Smith 1961; Eshelby, 1957; Walsh, 1965; Hudson, 1992; Pride et 

al., 2004; Nur et al., 1998; Cheng, 1993; Sun, 2000; Keys and Xu , 2002; Hou et al., 2012; Zhang 

et al., 2020a, 2020b). The explicitly effective medium equations make it is possible to predict the 

macroscopic elastic parameters by integrating seismic and petrophysics data.

Biot-Gassmann equation (Biot, 1941) is the most commonly used explicit equation in 

calculating reservoir properties of dual-phase rocks, such as porosity and bulk modulus of 

saturated rocks. The dry frame modulus is the most important parameter for Biot-Gassmann 
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equation. Researchers have developed various kinds of dry frame rock physics models (Eshelby, 

1957; Walsh, 1965; Pride et al., 2004; Nur et al., 1998; Sun, 2000; Keys and Xu, 2002; Hou et al., 

2012). The pore structure is one of the most important parameters in a dry frame model. The pore 

structure refers to the pore size, geometry, distribution, and connectivity of between pores, etc. 

The direct ways to understand the pore structure include optical microscope (OM), scanning 

electron microscope (SEM), nuclear magnetic resonance (NMR), three-dimensional tomography 

(3-DCT) and digital imaging analysis (Anselmetti et al., 1998; Weger et al., 2009). Considering 

that the pore geometry usually is irregular, we often use average pore aspect ratio to represent pore 

geometry. The consolidation coefficient represents the density and connectivity of pores and 

cracks and the degree of compaction. The influence of particle contacts and coupling, cementation, 

and connectivity of the rocks can be represented by the frame flexibility factor. Meanwhile, the 

critical porosity is used to characterize the initial state of the rocks before compaction and 

diagenesis.

The research related to the effect of pore structures on the rock elastic properties can be 

classified into four categories. The first category considers the effect of the pore aspect ratio on 

rock elastic properties. Cheng and Toksöz (1979) developed a model to invert the pore aspect ratio 

spectrum, and the inverted results have a very good agreement with SEM measurements. Kumar 

and Han (2005) established a dual pore aspect ratio model and proposed a porosity inversion 

method that is based on the DEM model. Li et al. (2021) integrates the differential effective 

medium model of multiple-porosity rocks, Gassmann equation, Amplitude Versus Offset (AVO) 

theory, Bayesian theory, and a nonlinear inversion algorithm to simultaneously compute the pore 

aspect ratio. The second category studies the effect of frame flexibility factor  on rock elastic 𝛾𝑘

properties. Based on the theory of pore elasticity, Sun (2000) derived a frame flexibility factor to 
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describes the effects of particles contacts and particle coupling, cementation, and pore connectivity 

on the flexibility and elasticity of porous rocks. Dou et al. (2011) first calculated  by analyzing 𝛾𝑘

the pore structure of thin sections and then characterized reservoir using the porosity-

velocity/permeability crossplot. The third category uses a parameter named critical porosity. 

Zhang et al. (2012) uses the P-wave velocity to invert the critical porosity of the rocks. Li et al. 

(2019) established the relationship between critical porosity and clay porosity by using a linear 

fitting. The fourth category considers a parameter named consolidation coefficient. Lee (2006) 

improved the accuracy of Pride consolidation model by adding a dynamic correction term. Hou et 

al. (2012) established a comprehensive model by introducing a critical porosity parameter to the 

Pride model.

Researchers have conducted a lot of research on porosity prediction by using seismic data. 

AlBinHassan and Wang (2011) using the group method of data handling to predict reservoir 

porosity. Ba et al. (2013) build multiscale Rock-physics Templates (RPTs), which is based on the 

Biot-Rayleigh theory, to predict the porosity of carbonate gas reservoirs. Li et al. (2019) use 3D 

RPTs, which is based on the effective-medium theory and Gassmann equations, to predict porosity 

of carbonate reservoirs. Wang et al. (2020) use Bayesian discriminant method to predict porosity 

from the reflectivity method that is estimated elastic parameters. Chen et al. (2020) developed a 

machine-learning method, which is based on the traditional long short-term memory (LSTM) 

model, to perform the porosity prediction. 

The commonly used parameters that consider the effect of pore structure on the computation 

of dry frame modulus include pore aspect ratio, consolidation coefficient, critical porosity, the 

frame flexibility factor. Currently, most of current effective medium theories only consider the 

effect of one or two pore structure parameters on the macroscopic rock elastic parameters. It is 
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common that we may need more than one pore structure parameters to consider the effect of pore 

structure on the macroscopic rock elastic parameters for different scenarios. In this paper, we 

conducted a thorough review for the current methods of dry frame modulus computation. Then, 

we proposed a comprehensive pore structure (CPS) parameter that can consider pore structure 

parameters such as pore aspect ratio, consolidation coefficient, critical porosity, and the frame 

flexibility factor after one-step simplification. Finally, we applied our theory to predict the porosity 

of a tight-sand reservoir.

Effect of Pore System on the Rock Elastic Properties

Gassmann equation is the most used explicit equation that describes the relationship among 

effective bulk modulus of a saturated rock , bulk modulus of solid matrix , bulk modulus of 𝐾𝑠𝑎𝑡 𝐾0

dry frame , bulk modulus of fluid , and porosity  (Berryman, 2009) 𝐾𝑑𝑟𝑦 𝐾𝑓𝑙 𝜙

                                           .
                                          

(1)
𝐾𝑠𝑎𝑡

𝐾0 ― 𝐾𝑠𝑎𝑡
=

𝐾𝑑𝑟𝑦

𝐾0 ― 𝐾𝑑𝑟𝑦
+

𝐾𝑓𝑙

𝜙(𝐾0 ― 𝐾𝑓𝑙)

By re-arranging Equation 1, we can compute the porosity of a rock if we know bulk modulus of 

the solid matrix, saturated rock, dry frame, and saturated fluids,

                                            .
       

                                    (2)𝜙 =
𝐾𝑓𝑙(𝐾0 ― 𝐾𝑠𝑎𝑡)(𝐾0 ― 𝐾𝑑𝑟𝑦)
𝐾0(𝐾0 ― 𝐾𝑓𝑙)(𝐾𝑠𝑎𝑡 ― 𝐾𝑑𝑟𝑦)

The bulk modulus parameters of saturated rock can be calculated using the P- and S-wave velocity 

and density that are inverted from seismic data or well logging data. The modulus of dry frame is 

a function of porosity, pore geometry, mineral composition, and other parameters. It is well-known 

that it is challenging to obtain an accurate estimation of dry frame modulus. The most used rock 

physics models that characterize the relationship between pore structure and dry frame modulus 

are listed as follows (Eshelby, 1957; Walsh, 1965; Pride et al., 2004; Nur et al., 1998; Sun, 2000; 

Keys and Xu, 2002; Hou et al., 2012): 
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Eshelby-Walsh model:            ,                                          (3)𝐾𝑑𝑟𝑦 =  𝐾0
1

1 +
𝑚
𝛼𝜙

Pride model:                            ,                                           (4)𝐾𝑑𝑟𝑦 =  𝐾0
1 ― 𝜙

1 + 𝑐𝜙

Nur model:                             ,                                 (5)𝐾𝑑𝑟𝑦 =  𝐾0(1 ― 𝜙 𝜙𝑐)

Hou model:                            ,                                        (6)𝐾𝑑𝑟𝑦 =  𝐾0
1 ― 𝜙 𝜙𝑐

1 + 𝑐𝜙 𝜙𝑐

Keys-Xu model:                     ,                                     (7)𝐾𝑑𝑟𝑦 =  𝐾0(1 ― 𝜙)𝑤

 Sun model:                              ,                                    (8)𝐾𝑑𝑟𝑦 =  𝐾0(1 ― 𝜙)𝛾𝑘

where  is a function of the Poisson’s ratio of solid matrix and  is pore aspect ratio,  is the 𝑚 𝛼 𝑐

consolidation coefficient,  is the critical porosity,  is a function of the pore aspect ratio and 𝜙𝑐 𝑤

Poisson's ratio (Chen and Huang,2001), and is the frame flexibility factor (Sun, 2000). He et al. 𝛾𝑘

(2012) establishes a rock skeleton general formula based on the studies of the above equations, 

                                                          ,                                               (9)𝐾𝑑𝑟𝑦 =  𝐾0
1 ― 𝑝𝜙
1 + 𝑞𝜙

where  and  are dimensionless parameters. Note that Equation 9 can be simplified to Equations 𝑝 𝑞

3-6 by setting  and  to a proper value set (Table 1). The value of  of Equation 7 and  of 𝑞  𝑝 𝑤 𝛾𝑘

Equation 8 both ranges from 2 to 10 (Sun,2000). Thus, the exponential term in Equations 7 and 8 

will be a small value and we can approximate the exponential term by adopting the first few terms 

after Taylor expansion.  

Let’s set   and take a Taylor series expansion of  at , then:𝑓(𝜙) =  (1 ― 𝜙)𝑤 𝑓(𝜙)  𝜙 =  𝜙𝑧

𝑓(𝜙) =  (1 ― 𝜙𝑧)𝑤 ― 𝑤(1 ― 𝜙𝑧)𝑤 ― 1(𝜙 ― 𝜙𝑧) +  ⋯

 ,                                                          + ( ―1)2∏𝑛
𝑖 = 1(𝑤 ― 𝑖 + 1)

𝑛!
(1 ― 𝜙𝑧)𝑤 ― 𝑛(𝜙 ― 𝜙𝑧)𝑛 + 𝑅𝑛(𝜙)

(10)
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where  is the residual term. Considering that tight reservoir usually has very small porosity, 𝑅𝑛(𝜙)

we propose to expand the equation at  and ignore higher order terms 𝜙𝑧 = 0

.                                                  (11)𝑓(𝜙) = 1 ― 𝑤𝜙 

Then, Equation 7 can be simplified as follow

.                                                (12)𝐾𝑑𝑟𝑦 =  𝐾0(1 ― 𝑤𝜙)

Note that Equation 9 can be used to approximate Keys-Xu’s mode when  and . 𝑞 = 0  𝑝 = 𝑤

Similarly, Equation 9 can also be used to approximate Sun’s model when and . 𝑞 = 0  𝑝 = 𝛾𝑘

To evaluate accuracy of Equation 11, we compare the effective P-wave velocities before 

(Equation 7) and after (Equation 12) approximation for a typical model in Table 2, (Mavko et 

al.,2003).  Figure 1a shows the relative error of effective P-wave velocity using Equation 11. The 

vertical axis of Figure 1a are the relative error in percentage. The relative error is defined as ratio 

between the effective velocity computed using Equation 12 and effective velocity computed using 

Equation 7. The horizontal axes of Figure 1a are porosity and pore aspect ratio. Note that the 

porosity value range is set between 0.01 and 0.08 considering that our research target is tight sand 

reservoir. Figure 1a demonstrate that the maximum relative velocity error is 0.7%. The vertical 

bars in Figure 1b show the frequency distribution histogram of the relative velocity error. The blue 

line in Figure 1b shows the accumulated frequency. Note that more than 92% of the velocity error 

is less than 0.25%. The 0.25% relative error corresponds to 12.5 m/s if the velocity of the sandstone 

reservoir is 5000 m/s. Figure 1 indicates that Equation 12 can well approximate the relationship 

between pore aspect ratio and rock elastic properties. Therefore, we conclude that Equation 9 can 

be used to represent the equations 3-8 if we set the two parameters to a proper value set. In this 

paper, we use Equation 9 to estimate the bulk modulus of the rock’s dry frame. 

By re-arranging equation 1, we obtain:
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  .                    (13)𝐾0(𝐾𝑠𝑎𝑡 ― 𝐾𝑑𝑟𝑦)𝜙(𝐾0 ― 𝐾𝑓𝑙) = (𝐾0 ― 𝐾𝑠𝑎𝑡)(𝐾0 ― 𝐾𝑑𝑟𝑦)𝐾𝑓𝑙

By substituting the dry frame, Equation 13 becomes as follow,

.                 (14)𝐾0(𝐾𝑠𝑎𝑡 ― 𝐾0
1 ― 𝑝𝜙
1 + 𝑞𝜙)𝜙(𝐾0 ― 𝐾𝑓𝑙) = (𝐾0 ― 𝐾𝑠𝑎𝑡)(𝐾0 ― 𝐾0

1 ― 𝑝𝜙
1 + 𝑞𝜙)𝐾𝑓𝑙

Finally, we obtain the porosity as a function of rock parameters as follow

.                                             (15)𝜙 =
(𝐾0 ― 𝐾𝑠𝑎𝑡)[(𝑝 + 𝑞)𝐾𝑓𝑙 + (𝐾0 ― 𝐾𝑓𝑙)]

(𝐾0 ― 𝐾𝑓𝑙)(𝑞𝐾𝑠𝑎𝑡 + 𝑝𝐾0)

We denote , which is a comprehensive pore structure (CPS) parameter in this paper. 𝑆 = 𝑝 + 𝑞

The Equation is further re-arranged as follows

                                                              .                                                  (16)𝜙 =
(𝐾0 ― 𝐾𝑠𝑎𝑡)[𝑆𝐾𝑓𝑙 + (𝐾0 ― 𝐾𝑓𝑙)]

(𝐾0 ― 𝐾𝑓𝑙)𝑆𝐾0[1 ―
𝑞(𝐾0 ― 𝐾

𝑠𝑎𝑡
)

(𝑝 + 𝑞)𝐾0
]

Since the value of  are either 0 or 1(See from table1), the equation 16 can be expressed 𝑞 (𝑝 + 𝑞)

as

.                             (17)𝜙 = {(𝐾0 ― 𝐾𝑠𝑎𝑡)[𝑆𝐾𝑓𝑙 + (𝐾0 ― 𝐾𝑓𝑙)]
(𝐾0 ― 𝐾𝑓𝑙)𝑆𝐾0

           𝑖𝑓      𝑞 (𝑝 + 𝑞) = 0
 

(𝐾0 ― 𝐾𝑠𝑎𝑡)[𝑆𝐾𝑓𝑙 + (𝐾0 ― 𝐾𝑓𝑙)]
(𝐾0 ― 𝐾𝑓𝑙)𝑆𝐾0

          𝑖𝑓      𝑞 (𝑝 + 𝑞) = 1

Note that Equation 17 can successfully substitute Nur’s, Keys-Xu’s, and Sun’s models when 

. Equation 17 also can represent Pride’s, Eshelby-Walsh’s, and Hou’s model when 𝑞 (𝑝 + 𝑞) = 0  

. Equation (16) and (17) becomes unified equation by adding an adjustment 𝑞 (𝑝 + 𝑞) = 1

parameter , 𝐴𝑝

.                                       (18)𝜙 =
(𝐾0 ― 𝐾𝑠𝑎𝑡)[𝑆𝐾𝑓𝑙 + (𝐾0 ― 𝐾𝑓𝑙)]

(𝐾0 ― 𝐾𝑓𝑙)𝑆[𝐴𝑝𝐾𝑠𝑎𝑡 + (1 ― 𝐴𝑝)𝐾0]

Finally, we obtain the defined CPS parameter as follow

,                           (19).  𝑆 =
(𝐾0 ― 𝐾𝑓𝑙)(𝐾0 ― 𝐾𝑠𝑎𝑡)

𝜙[𝐴𝑝𝐾𝑠𝑎𝑡 + (1 ― 𝐴𝑝)𝐾0](𝐾0 ― 𝐾𝑓𝑙) ― 𝐾𝑓𝑙(𝐾0 ― 𝐾𝑠𝑎𝑡)
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Equation 19 demonstrate that the CPS can be used to describe critical porosity ,frame 𝜙𝑐

flexibility factor , and pore aspect ratio , if we set . The defined CPS parameter can also  𝛾𝑘 α  𝐴𝑝 = 0

be used to describe consolidation coefficient c, , and Hou’s model when we set . In this  
𝑚
𝛼 𝐴𝑝 = 1

paper, the value of adjustment parameters  range from 0 to 1. Equation 18 demonstrates that it 𝐴𝑝

contains information about the pore structure and can be used to predict porosity from seismic 

data.

To demonstrate that we can use Equation 18 in predicting reservoir porosity, we apply it to a 

set of models whose dry frame parameters are shown in Table 2. The porosity of the models varies 

from 0.01 to 0.1, and the pore aspect ratio of the models varies from 0.02 to 0.08. The dry frame 

bulk modulus and saturated rock modulus in Equation 1 are computed using Equations 7 and 1, 

respectively. The adjustment parameters  in equation 18 is set as 0.5. The relative porosity error 𝐴𝑝

is defined as ratio between predicted porosity error and true porosity. Figure 2a demonstrate that 

the maximum relative error of predicted porosity is 5% with an average value of 2.67%. Figure 2b 

shows the porosity error histogram and the blue line represent the accumulated frequency. Note 

that more than 70% of the predicted porosity has a relative error smaller than 3%. The low errors 

in Figure 2 demonstrates that the proposed equation provides a good approximate on porosity. 

Thus, we can use Equation 18 to predict the porosity of reservoir if we can obtain a good estimation 

for the dry frame modulus, saturated rock modulus, and fluid modulus.

Field Data Example

The research area is located within the middle of Sichuan Basin (Figure 3a). The size of the 

seismic survey is about 61.5 . There are three exploration wells named as JY1, JY2 and JY3 K2
𝑚

(Figure 3b) within the seismic survey. The interval of interest is the second group of the upper 
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Triassic Xujiahe formation (labeled as X2). The depositional environment is braided river delta-

lake with a typical sand-mudstone inter bedded formations. Based on the cores and scanning 

electron microscopes, the pore type of X2 can be divided into primary pore, secondary pore, and 

fractures. The pores are mainly inter-particle pores (filled with heterobase, cement, and siliceous 

materials). The rest of pores are residual inter-particle and intra-particle dissolved pores (figure 4). 

The core analysis indicates that majority of fractures are horizontals and low oblique fractures, 

horizontal interlayer fractures and structural fractures (Figure 5). The X2 formation reservoir has 

low porosity and low permeability. The porosity estimated from core ranges from0.02 to 0.17, 

with an average of 6.38%. The core permeability ranges from 0.1 to 1.03 mD, with an average of 

0.33 millidarcy (mD) (Figure 6).

Figures 7a and 7b show statistical frequency distribution of porosity and P-wave velocities 

of three wells. The reservoir porosity varies from 0.025 to 0.14, with an average of 0.07. The non-

reservoir has porosity ranging between 0.01 and 0.08, with an average of 0.045. The average 

relative porosity difference of is 35%, which is much higher than the 3% relative error caused by 

the proposed general method. On the other hand, the reservoir velocity ranges from 4500 to 5000 

m/s, with an average of 4713 m/s. The non-reservoir velocity varies from 4600 to 5000 m/s, with 

an average of 4880 m/s. The velocity difference is 167 m/s, which is much higher than the error 

of 12.5 m/s introduced by the proposed general formula. Therefore, the proposed method can be 

used to predict the porosity of tight sand reservoir. 

According to wells analysis, we set the CPS value as 3.0 in our porosity inversion process. 

Figure 10 shows the predicted porosity using two different methods. The red curve in Figure 10 is 

the predicted porosity by linear fitting the P-wave velocity and porosity well logs. The blue cure 

in Figure 10 is the predicted porosity by applying our method to the P-wave, S-wave, and density 
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logs. The predicted porosity of linear fitting method is consistent with the original porosity but has 

large errors for several zones indicated by purple rectangles. The predicted porosity using our 

method has a better correlation with the well log porosity. The black arrows in Figure 10 indicate 

the minor error predicted by our method. Note that our predicted result has errors at zones that 

have relatively low or high porosity values. Figure 8 indicates that the CPS values of zones, which 

have relatively low or high porosity values, are close to 2.0 and 6.0. However, we use a 3.0 value 

of CPS parameter in the inversion. 

To obtain a 3D porosity estimation, we first compute the P-wave, S-wave, and density using 

prestack simultaneous inversion. We only used YJ1 and YJ3 wells in the process of prestack 

inversion and YJ2 well is used as a blind well. Figure 11 shows the prestack inversion analysis for 

YJ1 and JY3 wells. Note that there is a good match between the inverted P-impedance (red curve) 

and P-impedance log (blue curve). The black curves in Figure 11 are the low frequency model 

used for the prestack inversion. Figures 12a, 12b, and 12c show the inverted P-impedance, S-

impedance, and Density of cross-well section, respectively. 

Finally, we predict the porosity by applying the proposed method to the inverted elastic 

parameters. The fluid modulus  is set as 0.336 Gpa. The solid matrix modulus  take the  𝐾𝑓𝑙  𝐾0

average value of the inversion solid matrix modulus (Lin et al., 2011) of the target interval and is 

set as 37.9 Gpa. Figure 13 shows a section of inverted porosity that across the three wells. For 

comparison, the post stack probabilistic neural networks (PNN), multi-layer feed forward neural 

networks (MLFN) and Eshelby-Walsh(E-W) model are used to predict the porosity. The red and 

blue rectangles in Figure 13 indicate the high and low gas production zones, respectively. Note 

that there is a good match between high porosity zones predicted using our method and high gas 

production zones. However, the predicted results from other three method have lower correlation 
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between the high porosity zones and high gas production zones. Figure 14 shows the predicted 

porosity (blue curves) at wellbore locations and well log porosity (red curves). Note that the 

predicted result from two neural network methods have relatively poor correlation with the 

porosity logs. The predicted result from Eshelby-Walsh(E-W) model has acceptable correlation 

and the predicted result from our method has the best correlation among all methods.

Figure 15 shows the strata slices of predicted porosity within in the X2 formation. The porosity 

of the upper part of X2 formation is higher than that of the lower part. The gas production of Well 

JY1 and JY2 are 52*104 m3 and 20*104 m3 per day, respectively. Unfortunately, Well JY3 is a dry 

well. Figure 15 indicates that wells JY1, YJ2, and YJ3 are located at the high porosity, medium 

porosity, and low porosity zones, respectively. 

Discussion

In this paper, we proposed a new CPS parameter to consider the effect of pore structure on 

the effective parameters of rocks. However, our method uses constant CPS and the dry frame 

modulus  in the real application. Thus, we can obtain an inaccurate estimation if the pore  𝐾0

structures or mineral components have obvious changes with locations. Thus, the constant 

parameters may vary with depositional environments or facies. Our method also has requirement 

about petrophysics data. Our method needs P-wave, S-wave, density, and water saturation logs to 

determine the dry frame modulus. The fluids modulus   is usually measured in the Laboratory. 𝐾𝑓𝑙

In this paper, we take the value of 0.336 Gpa for modulus . Again, the fluids modulus may vary 𝐾𝑓𝑙

with cases.

Note the defined CPS parameter is a function of dry frame modulus, saturated modulus, fluid 

modulus, and porosity. Thus, CPS parameter vary with matrix and fluid modulus. Figures 17 and 

18 shows the effect of matrix and fluid modulus on the CPS parameter for well JY1, respectively.  
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In this study, the CPS parameter, matrix modulus and fluid modulus are 3, 37.9 GPa and 0.0336 

GPa, respectively. To exam the effect of CPS on the accuracy of porosity prediction, we set 

constant value to matrix/fluid modulus and perturbation the CPS with (a) -20 % (the first panel in 

Figure 16), (b) -10 % (the second panel in Figure 16), (c) 10 % (the third panel in Figure 16), (d) 

20 % (the fourth panel in Figure 16), Figure 16 demonstrates that our method fails to produce 

accurate prediction if the error of CPS reaches 20% (Figure 16a and 16d). Thus, we conclude that 

our predicted porosity should have obvious errors if the corresponding CPS value of reservoir is 

great than 3.6 or smaller than 2.4. Figure 17 shows the effect of fluid modulus on the accuracy of 

porosity prediction. The matrix modulus and CPS are set to be constant values in Figure 17, and 

we perturbation the fluid modulus with (a) -20 % (the first panel in Figure 17), (b) -10 % (the 

second panel in Figure 17), (c) 10 % (the third panel in Figure 17), (d) 20 % (the fourth panel in 

Figure 17). Note that the predicted porosity error is very small even we have errors in the 

estimation of fluid modulus. Figure 17 indicates that our method is less sensitive to the fluid 

modulus. Figure 18 shows the effect of matrix modulus on the accuracy of predicted porosity. The 

fluid modulus and CPS parameter are set to be constant, and the matrix modulus is perturbated by 

(a) -5 % (the first panel in Figure 18), (b) -2 % (the second panel in Figure 18), (c) 2 % (the third 

panel in Figure 18), (d) 5 % (the fourth panel in Figure 18). Note that even a small error (±2%) in 

the matrix modulus would cause obvious error in the porosity estimation. Figure 18 shows that our 

method is very sensitive to the error of matrix modulus.

Conclusions

We introduce a comprehensive pore structure parameter, CPS, to consider the effect of pore 

structure on the effective parameter of rocks. The application demonstrates that our proposed 

method can be used to predict the porosity if we set a proper value to CPS parameter. The predicted 
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result demonstrates that the CPS parameter can improve the accuracy of porosity prediction. 

However, our method is sensitive to the matrix modulus. The sensitivity analysis indicate that the 

method needs an accurate estimation of elastic parameters in predicting the reservoir porosity. The 

most common parameters affect the matrix modulus include mineral components and porosity. 

Thus, we may need to use a variable matrix modulus if the study targets have obvious depositional 

environmental changes. 

Data and Materials Availability

Data associated with this research are confidential and we cannot release them for public.
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List of Figures

Figure 1. Relative P-wave velocity error varying with porosity and pore aspect ratio. (a) The 

relative P-wave velocity, varying with porosity and pore aspect ratio. The relative P-wave velocity 

is computed using Equation 12. (b) The histogram of relative P-wave velocity.

Figure 2. (a) The relative error of porosity predicted by using proposed method. (b) The frequency 

histogram of relative porosity error.

Figure 3. (a) The regional map of Sichuan Basin. (b) The structural map of the top of the Xujiahe 

formation, the color bar represents the two-way travel time of the structural map time.

Figure 4. The statistics of reservoir porosity type based the cores of the X2 formation. The main 

pore type is inter-particle pores filled with heterobase.

Figure 5. (a) Representative cores and (b) thin sections of the X2 formation. (a) The cores with 

horizontal and low dipping angle fractures (indicated by the red arrows). (b) The thin section 

demonstrating the dissolved pores that were filled by the blue feldspars (indicated by the green 

arrows) and micro fractures.

Figure 6. Histogram of (a) the core porosity and (b) core permeability of the X2 formation.

Figure 7. The histogram of porosity and P-wave logs for the X2 formation. (a)Histogram of 

porosity log. (b)Histogram of logging P-wave. The blue and red bars are the histogram for the well 

logs of non-reservoir and reservoir, respectively.

Figure 8. The well logs of (a) YJ3, (b) YJ2, and (c) YJ2. The red and blue curves in the first panel 

are P-wave and S-wave velocities, respectively. The red and blue curves in the second panel are 

density and Gamma-Ray logs. The third, fourth, and fifth panel are porosity, CPS, and pore aspect 

ratio, respectively. The red and blue blocks in the sixth panel represent high and low production 

zones.
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Figure 9. The CPS parameter varying with pore aspect ratio for different lithologies. The red, blue, 

and black dash lines show the CPS parameter varies with pore aspect ratio for dolomites, sandstone, 

and limestone, respectively

Figure 10. The comparison of predicted porosity at well (a) YJ3, (b) well YJ1, and (c) YJ2, 

respectively. The red, blue, and green curves are the porosity log, predicted porosity using our 

method, and inverted porosity using learning fitting. The black arrows indicate the negligible errors 

produced by our method. The purple rectangles indicate the obvious inaccurate prediction using 

linear fitting.

Figure 11. Prestack AVO inversion analysis at (a)YJ1 and (b)YJ3 well.  The red, blue, and black 

curves are the inverted, original well log, and low-frequency component of well log, respectively. 

The red and black seismic traces are the synthetic and real seismic data.

Figure 12.  The inverted sections of (a) P-impedance, (b)S-impedance and (c)Density. The gas 

(red square) and low gas producing layers (blue square) correspond to the low impedance and 

density area.

Figure 13.  The vertical section of predicted porosity using (a) proposed method, (b) probabilistic 

neural network, (c) multi-layer feed forward network, and (d) the Eshelby-Walsh model, 

respectively. The horizontal blue curves are the strata horizons. The red and blue arrows indicate 

high and low production zones.

Figure 14.  The comparison of predicted porosities (red curves) and porosity log (blue curves) at 

(a) well YJ3, (b) well YJ1, and (c) YJ2. The blue curves in the first, second, third, fourth panels 

are predicted porosity using proposed method, PNN, MLFN, and E-W model, respectively. The 

red, blue and green arrows indicate the zones that has relatively high predicted error.

Figure 15. The strata slices of predicted porosity within the target zones.
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Figure 16. The sensitive analysis for the effect of CPS parameter on porosity prediction. We 

perturbation the CPS with (a)-20 %, (b) -10 %, (c) 10 %, and (d) 20 %. The red curves are the 

porosity log and blue curves are predicted porosity using our method, respectively.

Figure 17. The sensitive analysis for the effect of fluid modulus on porosity prediction. We 

perturbation the fluid modulus with (a)-20 %, (b) -10 %, (c) 10 %, and (d) 20 %. The red curves 

are the porosity log and blue curves are predicted porosity using our method, respectively. 

Figure 18. The sensitive analysis for the effect of matrix modulus on porosity prediction. We 

perturbation the matrix modulus with (a)-20 %, (b) -10 %, (c) 10 %, and (d) 20 %. The red curves 

are the porosity log and blue curves are predicted porosity using our method, respectively. 
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List of Figures

Table 1. The Relationship between the skeleton general formula and different dry frame modulus 

models.

Table 2. Parameters of the pure quartz model, gas-bearing reservoir, is the bulk modulus of  𝐾𝑓𝑙

gas.
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Figure 1a. Relative P-wave velocity error varying with porosity and pore aspect ratio. (a) The relative P-
wave velocity, varying with porosity and pore aspect ratio. The relative P-wave velocity is computed using 

Equation 12. (b) The histogram of relative P-wave velocity. 
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Figure 1b. Relative P-wave velocity error varying with porosity and pore aspect ratio. (a) The relative P-
wave velocity, varying with porosity and pore aspect ratio. The relative P-wave velocity is computed using 

Equation 12. (b) The histogram of relative P-wave velocity. 
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Figure 2a. (a) The relative error of porosity predicted by using proposed method. (b) The frequency 
histogram of relative porosity error. 
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Figure 2b. (a) The relative error of porosity predicted by using proposed method. (b) The frequency 
histogram of relative porosity error. 
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Figure 3a. (a) The regional map of Sichuan Basin. (b) The structural map of the top of the Xujiahe 
formation, the color bar represents the two-way travel time of the structural map time. 
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Figure 3b. (a) The regional map of Sichuan Basin. (b) The structural map of the top of the Xujiahe 
formation, the color bar represents the two-way travel time of the structural map time. 
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Figure 4. The statistics of reservoir porosity type based the cores of the X2 formation. The main pore type is 
inter-particle pores filled with heterobase. 

279x215mm (300 x 300 DPI) 

Page 30 of 57

https://mc.manuscriptcentral.com/interpretation

Interpretation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

This paper presented here as accepted for publication in Interpretation prior to copyediting and composition. 
© 2022 Society of Exploration Geophysicists and American Association of Petroleum Geologists.

D
ow

nl
oa

de
d 

10
/1

8/
21

 to
 6

8.
97

.1
18

.2
33

. R
ed

is
tr

ib
ut

io
n 

su
bj

ec
t t

o 
S

E
G

 li
ce

ns
e 

or
 c

op
yr

ig
ht

; s
ee

 T
er

m
s 

of
 U

se
 a

t h
ttp

://
lib

ra
ry

.s
eg

.o
rg

/p
ag

e/
po

lic
ie

s/
te

rm
s

D
O

I:1
0.

11
90

/in
t-

20
21

-0
00

1.
1



 

Figure 5. (a) Representative cores and (b) thin sections of the X2 formation. (a) The cores with horizontal 
and low dipping angle fractures (indicated by the red arrows). (b) The thin section demonstrating the 

dissolved pores that were filled by the blue feldspars (indicated by the green arrows) and micro fractures. 
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Figure 6a. Histogram of (a) the core porosity and (b) core permeability of the X2 formation. 
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Figure 6b. Histogram of (a) the core porosity and (b) core permeability of the X2 formation. 
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Figure 7a. The histogram of porosity and P-wave logs for the X2 formation. (a)Histogram of porosity log. 
(b)Histogram of logging P-wave. The blue and red bars are the histogram for the well logs of non-reservoir 

and reservoir, respectively. 
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Figure 7b. The histogram of porosity and P-wave logs for the X2 formation. (a)Histogram of porosity log. 
(b)Histogram of logging P-wave. The blue and red bars are the histogram for the well logs of non-reservoir 

and reservoir, respectively. 
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Figure 8a. The well logs of (a) YJ3, (b) YJ2, and (c) YJ2. The red and blue curves in the first panel are P-
wave and S-wave velocities, respectively. The red and blue curves in the second panel are density and 

Gamma-Ray logs. The third, fourth, and fifth panel are porosity, CPS, and pore aspect ratio, respectively. 
The red and blue blocks in the sixth panel represent high and low production zones. 

279x215mm (300 x 300 DPI) 

Page 36 of 57

https://mc.manuscriptcentral.com/interpretation

Interpretation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

This paper presented here as accepted for publication in Interpretation prior to copyediting and composition. 
© 2022 Society of Exploration Geophysicists and American Association of Petroleum Geologists.

D
ow

nl
oa

de
d 

10
/1

8/
21

 to
 6

8.
97

.1
18

.2
33

. R
ed

is
tr

ib
ut

io
n 

su
bj

ec
t t

o 
S

E
G

 li
ce

ns
e 

or
 c

op
yr

ig
ht

; s
ee

 T
er

m
s 

of
 U

se
 a

t h
ttp

://
lib

ra
ry

.s
eg

.o
rg

/p
ag

e/
po

lic
ie

s/
te

rm
s

D
O

I:1
0.

11
90

/in
t-

20
21

-0
00

1.
1



 

Figure 8b. The well logs of (a) YJ3, (b) YJ2, and (c) YJ2. The red and blue curves in the first panel are P-
wave and S-wave velocities, respectively. The red and blue curves in the second panel are density and 

Gamma-Ray logs. The third, fourth, and fifth panel are porosity, CPS, and pore aspect ratio, respectively. 
The red and blue blocks in the sixth panel represent high and low production zones. 
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Figure 8c. The well logs of (a) YJ3, (b) YJ2, and (c) YJ2. The red and blue curves in the first panel are P-
wave and S-wave velocities, respectively. The red and blue curves in the second panel are density and 

Gamma-Ray logs. The third, fourth, and fifth panel are porosity, CPS, and pore aspect ratio, respectively. 
The red and blue blocks in the sixth panel represent high and low production zones. 
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Figure 9. The CPS parameter varying with pore aspect ratio for different lithologies. The red, blue, and black 
dash lines show the CPS parameter varies with pore aspect ratio for dolomites, sandstone, and limestone, 

respectively 
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Figure 10. The comparison of predicted porosity at well (a) YJ3, (b) well YJ1, and (c) YJ2, respectively. The 
red, blue, and green curves are the porosity log, predicted porosity using our method, and inverted porosity 
using learning fitting. The black arrows indicate the negligible errors produced by our method. The purple 

rectangles indicate the obvious inaccurate prediction using linear fitting. 
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Figure 11a. Prestack AVO inversion analysis at (a)YJ1 and (b)YJ3 well.  The red, blue, and black curves are 
the inverted, original well log, and low-frequency component of well log, respectively. The red and black 

seismic traces are the synthetic and real seismic data. 
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Figure 11b. Prestack AVO inversion analysis at (a)YJ1 and (b)YJ3 well.  The red, blue, and black curves are 
the inverted, original well log, and low-frequency component of well log, respectively. The red and black 

seismic traces are the synthetic and real seismic data. 
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Figure 12a.  The inverted sections of (a) P-impedance, (b)S-impedance and (c)Density. The gas (red 
square) and low gas producing layers (blue square) correspond to the low impedance and density area. 
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Figure 12b.  The inverted sections of (a) P-impedance, (b)S-impedance and (c)Density. The gas (red 
square) and low gas producing layers (blue square) correspond to the low impedance and density area. 
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Figure 12c.  The inverted sections of (a) P-impedance, (b)S-impedance and (c)Density. The gas (red square) 
and low gas producing layers (blue square) correspond to the low impedance and density area. 
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Figure 13a.  The vertical section of predicted porosity using (a) proposed method, (b) probabilistic neural 
network, (c) multi-layer feed forward network, and (d) the Eshelby-Walsh model, respectively. The 

horizontal blue curves are the strata horizons. The red and blue arrows indicate high and low production 
zones. 
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Figure 13b.  The vertical section of predicted porosity using (a) proposed method, (b) probabilistic neural 
network, (c) multi-layer feed forward network, and (d) the Eshelby-Walsh model, respectively. The 

horizontal blue curves are the strata horizons. The red and blue arrows indicate high and low production 
zones. 

279x215mm (300 x 300 DPI) 

Page 47 of 57

https://mc.manuscriptcentral.com/interpretation

Interpretation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

This paper presented here as accepted for publication in Interpretation prior to copyediting and composition. 
© 2022 Society of Exploration Geophysicists and American Association of Petroleum Geologists.

D
ow

nl
oa

de
d 

10
/1

8/
21

 to
 6

8.
97

.1
18

.2
33

. R
ed

is
tr

ib
ut

io
n 

su
bj

ec
t t

o 
S

E
G

 li
ce

ns
e 

or
 c

op
yr

ig
ht

; s
ee

 T
er

m
s 

of
 U

se
 a

t h
ttp

://
lib

ra
ry

.s
eg

.o
rg

/p
ag

e/
po

lic
ie

s/
te

rm
s

D
O

I:1
0.

11
90

/in
t-

20
21

-0
00

1.
1



 

Figure 13c.  The vertical section of predicted porosity using (a) proposed method, (b) probabilistic neural 
network, (c) multi-layer feed forward network, and (d) the Eshelby-Walsh model, respectively. The 

horizontal blue curves are the strata horizons. The red and blue arrows indicate high and low production 
zones. 
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Figure 13d.  The vertical section of predicted porosity using (a) proposed method, (b) probabilistic neural 
network, (c) multi-layer feed forward network, and (d) the Eshelby-Walsh model, respectively. The 

horizontal blue curves are the strata horizons. The red and blue arrows indicate high and low production 
zones. 
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Figure 14a.  The comparison of predicted porosities (red curves) and porosity log (blue curves) at (a) well 
YJ3, (b) well YJ1, and (c) YJ2. The blue curves in the first, second, third, fourth panels are predicted porosity 
using proposed method, PNN, MLFN, and E-W model, respectively. The red, blue and green arrows indicate 

the zones that has relatively high predicted error. 
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Figure 14b.  The comparison of predicted porosities (red curves) and porosity log (blue curves) at (a) well 
YJ3, (b) well YJ1, and (c) YJ2. The blue curves in the first, second, third, fourth panels are predicted porosity 
using proposed method, PNN, MLFN, and E-W model, respectively. The red, blue and green arrows indicate 

the zones that has relatively high predicted error. 
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Figure 14c.  The comparison of predicted porosities (red curves) and porosity log (blue curves) at (a) well 
YJ3, (b) well YJ1, and (c) YJ2. The blue curves in the first, second, third, fourth panels are predicted porosity 
using proposed method, PNN, MLFN, and E-W model, respectively. The red, blue and green arrows indicate 

the zones that has relatively high predicted error. 
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Figure 15. The strata slices of predicted porosity within the target zones. 
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Figure 16. The sensitive analysis for the effect of CPS parameter on porosity prediction. We perturbation the 
CPS with (a)-20 %, (b) -10 %, (c) 10 %, and (d) 20 %. The red curves are the porosity log and blue curves 

are predicted porosity using our method, respectively. 
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Figure 17. The sensitive analysis for the effect of fluid modulus on porosity prediction. We perturbation the 
fluid modulus with (a)-20 %, (b) -10 %, (c) 10 %, and (d) 20 %. The red curves are the porosity log and 

blue curves are predicted porosity using our method, respectively. 
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Figure 18. The sensitive analysis for the effect of matrix modulus on porosity prediction. We perturbation the 
matrix modulus with (a)-20 %, (b) -10 %, (c) 10 %, and (d) 20 %. The red curves are the porosity log and 

blue curves are predicted porosity using our method, respectively. 

279x215mm (300 x 300 DPI) 

Page 56 of 57

https://mc.manuscriptcentral.com/interpretation

Interpretation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

This paper presented here as accepted for publication in Interpretation prior to copyediting and composition. 
© 2022 Society of Exploration Geophysicists and American Association of Petroleum Geologists.

D
ow

nl
oa

de
d 

10
/1

8/
21

 to
 6

8.
97

.1
18

.2
33

. R
ed

is
tr

ib
ut

io
n 

su
bj

ec
t t

o 
S

E
G

 li
ce

ns
e 

or
 c

op
yr

ig
ht

; s
ee

 T
er

m
s 

of
 U

se
 a

t h
ttp

://
lib

ra
ry

.s
eg

.o
rg

/p
ag

e/
po

lic
ie

s/
te

rm
s

D
O

I:1
0.

11
90

/in
t-

20
21

-0
00

1.
1



Table 1. The Relationship between the skeleton general formula and different dry frame 

modulus models.

He’s model 𝑝 𝑞  𝑞 (𝑝 + 𝑞)

Eshelby-Walsh 0 𝑚 𝛼 1

Pride 1 𝑐 ~1

Nur 1 𝜙𝑐 0 0

Hou 1 𝜙𝑐
𝑐 𝜙𝑐 ~1

Table 2. Parameters of the pure quartz model, gas-bearing reservoir, is the bulk  𝐾𝑓𝑙

modulus of gas.

Model parameter Value

(GPa)𝐾0 37

 (GPa)𝜇0 44

 (g/cm3)𝜌0 2.65

 (GPa)𝐾𝑓𝑙 0.336

 (g/cm3)𝜌𝑓𝑙 0.04

𝜙 0.01–0.1

𝛼 0.2–0.8
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