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Abstract

The formation factor, which reflects the electrical conductivity of porous sediments and
rocks, is widely used in a range of research fields. Consequently, given the discovery of
numerous porous reservoir rocks and sediments exhibiting complex conductivity charac-
teristics, methods to quantitatively predict the formation factor have been actively pursued
by many scholars. Nevertheless, the agreement between the theoretically calculated and
measured formation factors remains unsatisfactory, partially because the distribution char-
acteristics of the entire pore space affect the final formation factor. In this study, a new
method for characterizing the formation factor is proposed that considers the impacts of
different complex pore structures on the conductivity of pores at different positions in the
pore space. With this method, the electrical transmission through a rock can be accurately
and quantitatively estimated based on the conductivity and shape of pores, the tortuous
conductivity, and the classification of the pore space into conductive, weakly conductive,
and nonconductive pores. By evaluating 24 datasets encompassing 7 types of rocks and
sediments, including marine hydrate-bearing sediments and shale, the proposed model
achieves remarkable agreement with the experimental data. These excellent confirmation
results are attributed to the ubiquitous presence of weakly conductive and nonconductive
pores in almost all rocks and sediments. Through further research based on this paper, an
increasing number of adaptation models and a comprehensive set of evaluation methods
can be developed.
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EREM  Equivalent rock element model
PTM Pore throat model

MRE Mean relative error
Cco, Carbon dioxide
H, Hydrogen

List of symbols

a Tortuosity coefficient

T Average values along the radius

Fnax Maximum radius

¥ maxi Type i-th maximum radius

Fmin Minimum radius

T minj Jj-th minimum radius

T mini Type-i minimum radius

¥ min Average minimum values along the radius

Toi Radius value of pores with a pore scaling factor of c,;

C Pore structure efficiency

Cy Horizontal pore throat radius ratio

Cp Vertical pore throat radius ratio

c Ratioof Sto S,

¢ Pore scaling factor

Cy; Pore scaling factor of type-i conductive pores

Gy Pore scaling factor of j-th conductive pores

c3 Ratio of the cross-sectional area of weakly conductive pores to the sum of the
cross-sectional areas of weakly conductive pores and nonconductive pores

E, Geometrical factor

e Ratioof L, to L,

€ Volume ratio of conductive pores to weakly conductive pores

F Formation factor

F; Number of corresponding truncated cone pores with circular cross sections
whose radii are denoted .,

F; Number of corresponding truncated cone pores with circular cross sections
whose radii are denoted r,y;,;

F, Formation factors measured experimentally or numerically

F, Formation factor evaluated using the equation

fi Proportion of total conductive pores

L Length of the rock, dimensionless

L, Length of the truncated cone pore

L, Length of the pores in the rock

L, Length of the conductive pores

L, Length of weakly conductive pores or nonconductive pores

L, Length of nonconductive pores

m Cementation factor, dimensionless

N Number of conductive pores

P Ratio between the radius of the minimum and average circular pore cross-sec-
tional area

P, Pore along the electrical potential gradient
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Ratio of the radius at the minimum cross-sectional area of the pores with pore

scaling factor c¢,; to the average radius

Pore perpendicular electrical potential gradient
Trapezoidal factor

Ratio of conductive pores to total pores

Throat radii in the horizontal direction

Throat radii in the vertical direction

Half of the side length of a large pore

Brine resistivity (€2 m)

Resistivity of rocks saturated with brine (€2 m)
Ratio of the throat radius to the pore radius

Pore body radius

Resistance of a single truncated cone pore
Resistance of the rock skeleton

Throat radius

Resistance of the rock

Pore radius

Pore throat radius

Resistance of the formation water

Resistance of the j-th conductive pores
Resistance of the weakly conductive pore
Corresponding radius value at length [ of the pore
Cross-sectional area of the rock

Cross-sectional area of the capillary bundle pores in the rock
Cross-sectional area of the conductive pores
Cross-sectional area of the weakly conductive pores
Cross-sectional area of the nonconductive pores
Average rock cross-sectional area

Pore shape factor

Porosity, dimensionless

Critical porosity

Conductive porosity

Weakly conductive porosity

Nonconductive porosity

Ineffective conductive porosity

Crossover porosity

Surface conductivity (S/m)

Brine conductivity (S/m)

Conductivity of rocks saturated with brine (S/m)
Electrical tortuosity of the pore space
Percolation rate

Ineffective conductive pore percolation coefficient
Pore percolation coefficient

Ratio of L; to L,
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Article Highlights

e In the case of saturated brine, when rocks and sediments conduct electricity, the entire
pore space will be divided into non-conductive pores, weakly conductive pores and
conductive pores

e A new formation factor calculation model, called CWNM, is proposed. It can accu-
rately and quantitatively describe the electrical conductivity of rocks with equations

e Through the comparison of 24 sets of experimental data on rock electrical properties,
the CWNM evaluation model has demonstrated remarkable performance across various
types of rocks and sediments, exhibiting strong adaptability

1 Introduction

The formation factor (abbreviated hereinafter as F) is one of the key parameters reflect-
ing the characteristics of porous sediments and rocks; it is regarded as a basic reservoir
property (Sen et al. 1981; Adler et al. 1992; Chen et al. 2019; Bakar et al. 2019; Zhou
et al. 2022). Accordingly, this parameter is essential for oil and gas exploration and devel-
opment (Soleymanzadeh et al. 2018; Esmaeilpour et al. 2021), geological carbon dioxide
sequestration (CO,) and hydrogen (H,) storage (Vialle et al. 2014; He et al. 2017; Zhou
et al. 2017; Rembert et al. 2020; Caesary et al. 2022; Hematpur et al. 2023) and hydrate
identification (Constable et al. 2020; Ghanbarian and Male 2021; Stern et al. 2021; Pei
et al. 2022). Given these applications, a highly precise method is needed to determine the
formation factor and, by doing so, accurately estimate the permeability (Tang et al. 2017a;
Sun and Wong 2018; Qiao et al. 2022) and saturation (Shahsenov and Orujov 2018; Rocha
et al. 2019; Li et al. 2019) of that formation.

For rocks and sediments with a simple pore structure and high porosity, experimental
methods are the most reliable approach for determining the formation factor, and of these
techniques, rock-electric experiments are the most direct (Attia et al. 2008; Lee et al. 2021;
Zhang et al. 2022). Rock-electric experiments used to reveal the formation factor measure
the ratio of the resistivity of the brine-saturated rock (R,) to the resistivity of the brine (R,,)
(Permyakov et al. 2017; He et al. 2018; Mustofa et al. 2022). However, such experiments
not only demand considerable time and labour but also have difficulty providing accurate
resistivity estimates of tight, salt-saturated rocks, such as shales and tight sandstones (Wu
et al. 2020; Liu et al. 2021; Zhu et al. 2021, 2022; Al-Mukainah et al. 2022). In addi-
tion, the pore structure of an unconsolidated sedimentary rock can easily change during the
experiment (Jackson et al. 2002; Wang et al. 2020); the high capillary pressure due to the
complex pore structure and small pore size also makes it difficult to complete rock-electric
experiments on extremely tight rocks such as shale. More importantly, it is difficult to per-
form direct measurements on sediments and rock formations in-situ. As an alternative, the
formation factor can also be obtained by combining the rock scanning method with engi-
neering and computer-aided methods, such as finite element analysis (Sun et al. 2021; Wu
et al. 2022). Unfortunately, these approaches are still quite expensive (Rahman et al. 2017;
Liu et al. 2017; Yang et al. 2018; Jin et al. 2020).

Many scholars have sought the quantitative relationships between the formation factor
and other characteristics of porous media (Cosenza et al. 2015; Mawer et al. 2015; Haki-
mov et al. 2019; Yang et al. 2022; Roozshenas et al. 2022). These studies have made it pos-
sible to indirectly calculate an accurate formation factor using geophysical methods (Cook
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et al. 2012). Archie (1942) first proposed the generally accepted quantitative relationship
(known as the Archie equation) between the formation factor and porosity in a high-poros-
ity and high-permeability brine-saturated sandstone core, F' = % = ﬁ where R, refers to

the resistivity of rocks saturated with brine, ¢ refers to the porosigy, a is the tortuosity coef-
ficient and m is the cementation factor. Among these variables, the m parameter may be a
variable intermediate parameter (Qin et al. 2016; Zhou et al. 2019; Mahmoodpour et al.
2021). The Archie equation is currently the most widely used model. This approach does
not consider the effect of surface conductivity. Surface conductivity is defined as the con-
tribution of surface conductivity due to electrical conduction in nanoscale domains at the
silica particle surface or at the fluid/particle interface (Revil and Glover 1998; Revil et al.
2014). Significant surface conductivities may occur in conductive minerals that are rich in
smectites, illite clays (Waxman and Smits 1968; Greve et al. 2013) and pyrites (Clavier
et al. 1976; Clennell et al. 2010) but are otherwise generally negligible. In order to simplify
our statement, surface conductance will not be discussed here, but in fact many scholars
have tried to solve the problem of surface conductance (Glover et al. 1994; Ruffet et al.
1995; Olsen et al. 2008; Bernabé et al. 2016).

Many low-porosity and low-permeability rocks and sediments with ultrahigh porosity
have been found in various environments; these rocks do not meet the conditions required
by the Archie equation (Yang et al. 2017; Lai et al. 2019; Siddiqui et al. 2020; Balsamo
et al. 2020; Glover et al. 2020). Consequently, many types of methods have been developed
to characterize the formation factor (Berg et al. 2022; Guo et al. 2021). The existing cal-
culation models can basically be divided into 4 categories: (1) empirical models based on
experimental measurements, which are aimed mainly at the selection of parameters m and
a for different reservoirs (Winsauer 1952; Kennedy and Herrick 2012; Ghanbarian et al.
2014); (2) bound and mixing models, which take the form of multiple conducting phases,
either in parallel or in series (Guéguen and Palciauskas 1994; Glover 2010, 2016; Pang
et al. 2022); (3) pore network models, which are used to study the physical transport char-
acteristics of rocks and provide an analytical solution for the formation factor based on an
approximation model (Xiao et al. 2008; Bernabé et al. 2010; Bauer et al. 2011; Cai et al.
2017); and (4) theoretical models, which are cleverly based on the simplification of the
pore space to deduce the model (Ellis et al. 2010; Yue and Tao 2013; Tang et al. 2015).

Theoretical models have the potential to characterize diverse types of porous rocks and
sediments with abstract yet representative pore morphologies under correct and reasonable
assumptions (Cai et al. 2017). Various theoretical models describing the formation fac-
tor—porosity relationship have been proposed (Kolah-kaj et al. 2021). A single abstract pore
is commonly utilized to describe the conductivity characteristics of a rock (Carman 1937,
Patnode and Wylie 1950; Li 1989; Wang and Zhang 2019). This model was the initial theo-
retical model. However, it remains difficult to characterize the formation factors of newly
discovered increasingly complex porous rocks and sediments. Hence, many improved theo-
retical models have been proposed. The most common categorization divides theoretical
models into 4 categories: (1) single capillary bundle models, (2) fractal models, (3) perco-
lation and critical path analysis models and (4) effective medium approximations. In terms
of single capillary bundle models, Revil et al. (1998) constructed a new electrical conduc-
tivity equation based on Bussian’s model (Bussian 1983), which accounted for the special
performance of ions in the pore space. Miiller-Huber et al. (2015) developed a pore type
with a varying cross-sectional area and set the pore cross-sectional area to change expo-
nentially; Cai et al. (2019) subsequently extended this design. In addition, Hu et al. (2017)
proposed a trapezoidal pore whose cross-sectional area change regularly and continuously.
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For fractal models, Wei et al. (2015) proposed a rock formation factor calculation model
that combines the electrical tortuosity fractal dimension and the pore fractal dimension.
Thanh et al. (2019) suggested using minimum and maximum pore/capillary radii, the pore
fractal dimension, and the tortuosity fractal dimension to comprehensively characterize
formation factors. Liu et al. (2020) employed the normalized pore fractal dimension and
normalized maximal pore diameter to predict the electrical properties of hydrate-bearing
sediments and achieved good results. Effective medium theory has also been utilized. For
instance, Han et al. (2015) developed a multiphase incremental model to characterize the
formation factors of pyrite-bearing sandstones. Revil et al. (2018) found that the differ-
ential effective medium can be used to express the electrical characteristics of granular
media. Hu et al. (2019) used effective medium theory to calculate the hydrate saturation
of argillaceous sandstone. Another alternative is percolation theory, which was originally
proposed by Kirkpatrick (1973). Gueguen and Dienes (1989) demonstrated the correlation
between permeability and formation factors. Daigle et al. (2015) demonstrated that the for-
mation factors of clay-rich sediments, due to their relatively wide pore distributions, can be
expressed by percolation theory. Ghanbarian and Male (2021) theoretically explained and
proposed a power-law relationship between the formation factor and permeability. Further-
more, Esmaeilpour et al. (2021) reported that formation factors can be further calculated
for different pore throat distributions by using the theoretical equation for calculating per-
meability. A considerable amount of other research has been conducted on rock conductiv-
ity based on percolation theory (Hunt 2004; Ghanbarian et al. 2013).

Even if a model based on a single abstract pore could reflect the actual microscopic char-
acteristics of partial porosity, it would be difficult to characterize the entire pore space with
strong heterogeneity in this way (Wang 2018; Zambrano et al. 2021). This difficulty limits the
use of theoretical models in rocks with complex pore structures. Dividing the pore space of a
porous medium into a combination of multiple pores both in series and in parallel may allow
researchers to better characterize the effect of an actual porous medium’s pore space on its
conductivity. To the best of our knowledge, these models have not been classified into a spe-
cialized category in previous studies. Such models should actually be called v) multiple-pore
theoretical models, belonging to new category in theoretical models. For example, the equiva-
lent rock element model (EREM) is a typical multiple-pore theoretical model (Shang et al.
2003). The EREM divides the pore system into pores along the potential gradient and pores
perpendicular to the potential gradient, with differences in the ability of the brine to conduct
electric current in the 2 types of pores. Li et al. (2012) proposed a dual pore saturation model
that regards the total resistance of the rock as the resistances of movable water and irreduc-
ible water (the latter includes clay-bound water and microcapillary pore water) in parallel. The
microcapillary pore water content is also often considered separately, such as the dual mineral
model (Brown 1986, 1988) and conductive rock matrix model (Givens 1987). Models with
similar ideas include the three-water model and the new three-water model, both of which
regard a rock’s conductive channel as free fluid water, micropore water and clay-bound water
both in series and in parallel (Mo et al. 2001; Zhang et al. 2010a, b; Fu and Wang 2022). Fur-
thermore, Iheanacho (2014) established a formation factor model that considers various pore
types in argillaceous sandstone by taking into account the differences in electrical conductiv-
ity among various types of pores in the argillaceous matrix skeleton. Piedrahita and Aguilera
(2017) proposed a formation factor model that considers the conductivity differences between
fractures and pores for fractured rocks. In contrast with the above models, whose classifica-
tion criteria are based on the pore type (Tian et al. 2020; Tariq et al. 2020), Liu et al. (2013)
proposed a sphere—cylinder model to describe the conductivity characteristics of tight reser-
voirs using spheres and cylinders to represent pores and throats, respectively. Wang and Zhang
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(2019) also proposed a pore space segmentation method with a greater number of potential
pore structure assumptions, and Li et al. (2017) and Meng and Liu (2019) also proposed simi-
lar conceptual models.

Multiple-pore theoretical models’ scheme has strong ability to characterize the conductivity
characteristics of rocks displaying non-Archie behaviours in practical applications (that is, in
the entire porosity range, the distributions of the formation factor and porosity are not exactly
the same as those specified by the Archie equation) (Shang et al. 2003); this benefits from its
adaptability to complex porous media. It is essential to correctly abstract the pores even with
multiple-pore theoretical models. At present, multiple-pore theoretical models mainly divide
the entire pore space according to either pore types (Liu et al. 2018) or pore throat differences
(Liu et al. 2013; Ghanbarian et al. 2017; Li et al. 2017; Meng 2018; Meng and Liu 2019;
Wang and Zhang 2019). All different components are connected either in series or in parallel.
However, such division is not necessarily suitable for all types of porous rocks. For example,
many multiple-pore theoretical models simulate the pore space as a combination of pores and
throats, but pores and throats are also abstractions utilized to divide the pore space based on
the rock’s hydraulic conductivity characteristics, the resulting model is true only if the seepage
properties of the rock are completely consistent with its conductivity properties, but this topic
continues to be a subject of debate with no definitive answer (Berg and Held 2016; Li and Hou
2019); in other words, pore size is not the only factor that determines the resistivity (Stenzel
et al. 2016; Ghanbarian et al. 2017; Rembert et al. 2020; Sun et al. 2021). Moreover, multiple-
pore theoretical models based on pore types are sometimes problematic, as different types of
pores may also have the same conductivity characteristics when their pore shapes are similar.

In this work, a new electrical conductivity model for porous media is proposed; multiple-
pore theoretical models are supplemented. The entire pore space is divided into nonconductive
pores, weakly conductive pores and conductive pores, and the conductive pores are designed
as truncated cone pores. Then, the model developed in the present work is compared with the
available experimental data for different types of porous rocks, and the results confirm our
model’s strong tolerance and broad scalability. Finally, where to use the model is suggested
and future directions of development are discussed.

2 Methodology
2.1 Classic Capillary Bundle Model

The capillary bundle model is a typical ideal theoretical model (Cheng et al. 2017) that is usu-
ally used to describe the electrical conductivity and seepage characteristics of rocks (Watan-
abe and Flury 2008). In the capillary bundle model, as in all capillary models, L, L,,, S and S,
represent the length of the rock, the length of the capillary bundle pores in the rock, the cross-
sectional area of the rock and the cross-sectional area of the capillary bundle pores in the rock,
respectively. According to the parallel connection of rocks and pores, it yields:

e . M

where r,, r,,, and r,, represent the resistance of the rock, the skeleton and the formation
water, respectively.
Because the skeleton does not participate in the electrical conduction of the rock in the

usual case, r,,,— + o0. Therefore, incorporating Ohm’s law yields the following equation:

> “ma
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L L,
R=Z=R, 2
g v, 2)

The pores are curved, and the current conduction path during electricity conduction is
also curved. 7, is a parameter indicating the degree of bending. L, is the product of 7, and
L,and S, = ST—‘/’. Equation (2) can be simplified as:

w

S [«

Equation (3) constitutes the basic equation for predicting the formation factor in a vari-
ety of theoretical and semiempirical models (Paterson 1983; Walsh and Brace 1984). In
addition, the capillary bundle model can also integrate pore bodies and pore throats (Ghan-
barian et al. 2017; Cai et al. 2019; Wang and Zhang 2019). But as mentioned above, the
variety of complex porous media may be difficult to be fully solved by single capillary
bundle models.

2.2 Truncated Cone Pore in Porous Media

Hu et al. (2017) believed that for pores with different cross-sectional areas, starting from
the conductivity theory of porous media, the current conduction path of the pores can be
regarded as composed of a large number of capillaries with variable cross-sectional areas.
When conducting electricity, the resistance of the variable-section capillary is composed of
a large number of resistance microelements connected in series. Then, the connection order
of any resistance microelements can be adjusted, and the microelement cross-sectional area
can be arranged from large to small. On a two-dimensional plane, the rearranged equiva-
lent capillary is a trapezoid, and thus, the concept of trapezoidal pores is proposed (detailed
description of the concept with schematic details in Section 3.1 of Hu et al. 2017). Hu et al.
(2017) also demonstrated the effectiveness of this idea in actual rocks.

Along this line of thinking, this paper reviews and reconsiders the pore as a volume
concept. It should not be called a trapezoidal pore, using the concept of a truncated cone
to characterize the conductive pore. The top and bottom surfaces of this shape are circular,
similar to a cone cut-off by a plane parallel to the bottom. Similar to a cylinder, the trun-
cated cone also has a shaft, a base, sides and a generatrix (Fig. 1).

The cross section of a pore is approximated as circular; it is a common assumption
(Miiller-Huber et al. 2015; Hu et al. 2017; Li et al. 2017). The corresponding model deriva-
tion process is described in Appendix 1; the resistance of such pores is:

L

d R,
r, = R — = 4
: 0/ S0 " mer @

In the above equation, d/ indicates that / is the integral variable of the pore length to be
integrated, and its range is 0-L,; r, characterizes the resistance of a single truncated cone
pore when saturated with water, and it can be determined via integration over the pore; L,
refers to the pore length; ¢, is the pore scaling factor, which represents the area ratio of the
pore with the widest cross-sectional area to the pore with the narrowest cross-sectional area

among the truncated cone pores; and r,,;, represents the minimum radius of a truncated

@ Springer



Surveys in Geophysics (2023) 44:877-923 885

Fig. 1 Schematic of the truncated cone pore and the corresponding descriptive parameters

cone pore. A single pore can be characterized by using the abovementioned truncated cone
pore.

2.3 Characterization of Pore System Electrical Conductivity
2.3.1 Influence of Pore Structure Complexity

The classification of the entire pore space in multiple-pore theoretical models is particu-
larly important. In conjunction with the introduction, this paper does not simply classify
pores by the pore type or pore throat characteristics but instead applies a more general pore
space classification that can be adapted to calculate the formation factor. We can consider
the impacts of complex pore structures from another perspective, including extreme cases.
If the pore structure does not have any effect on conductivity, since the salinity of pore
water is consistent, the conductivity of all pores is the same. In other words, regardless of
how complex the actual pore space characteristics of porous media are, the final impact on
the conductivity of the pore space leads to differences in the conductivity of pores at differ-
ent locations.

Therefore, according to the influence of the pore structure complexity on rock pore
conductivity, the pore conductivity can be discussed and directly classified, and the corre-
sponding electrical conductivity model can be established. The model can theoretically be
applied to all types of porous media with complex pore structures. In the characterization
method of rock permeability, a similar pore classification concept according to the effect
of different positions of pores on permeability is also proposed (Nishiyama and Yokoyama
2017).

When under the influence of diagenesis, and when some pores that are not in the main
conductive channel appear, the conductivity of those pores is reduced. Since ignoring the
effects of these pores can introduce errors into the prediction of the formation factor, their
contribution to the rock conductivity should be considered separately. These affected pores
are referred as weakly conductive pores.

Since the complexity of the pore structure reduces the conductivity of some pores,
this complexity can also prevent ions in some pores from moving in the direction of the
electric field. These pores are refereed as nonconductive pores. These pores may become
completely removed from the connected pore network, or they may be too far from the
main conductive channel. It is worth mentioning that if a laboratory uses the fluid injection
method for porosity determination, the nonconductive pores should originate only from
interconnected pores rather than dead pores.
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Thus, the entire pore system can be divided into conductive pores, weakly conductive
pores and nonconductive pores. These pores should appear abundantly in porous rocks and
sediments, and their proportions may be related to the complexity of the pore structure.
Numerical simulations and experiments in some recently published papers seem to validate
our model. For instance, the simulation results in Berg et al. (2022) suggest that even for
rocks with a simple pore structure and high porosity, the electric field distribution in the
pore space is still affected by the shapes of the particles, resulting in heterogeneous electri-
cal conductivity among pores at different positions. Sun et al. (2021) similarly reported
that the current field distribution is not uniform even at the pore scale and is related to the
pore size distribution. Feng et al. (2022) used finite element simulations to find signifi-
cant differences in the current density of pores at different locations in a 3D digital core.
Weakly conductive pores should theoretically be associated with nonconductive pores, and
both exist in the pore system where the pore distribution is more complex. Moreover, with
the deepening of diagenesis, the pore structure is further deteriorated, and it may happen
that the conductive pores in the position with complex pore distribution are converted into
weakly conductive pores, and the weakly conductive pores are converted into nonconduc-
tive pores.

2.3.2 Formation Factor Expression

Since the main reason for the difference in conductivity between weakly conductive pores
and nonconductive pores is the difference in their distance from the main conductive chan-
nels, there is no fundamental difference between these 2 types of pores in terms of their
origin and they are also associated. Therefore, when forming an abstract pore space, a con-
tact between weakly conductive pores and nonconductive pores is designed (when poros-
ity does not include sources of dead pores). The weakly conductive pores and the non-
conductive pores are not located in the mainstream conductive channel but are located at
the relative boundaries or corners of the pore network. Due to the complexity of the pore
network, the characteristic parameters of different conductive pores are inconsistent; the
pore space of the entire rock should be abstracted into a collection of multiple pores. When
determining the equivalent conductive electrical circuit, weakly conductive pores should
be connected in series with conductive pores, and all conductive pores should be connected
in parallel. Moreover, the conductive pores are set as the truncated cone pores, meaning
that the assumptions of Eq. (4) are valid for conductive pores, whereas all other pores are
still regarded as capillary bundles with a constant pore cross-sectional area, and they are
still tortuous. This setting also maximizes the accuracy with which the rock’s electrical
conductivity is characterized while minimizing the increase in the number of parameters.
Ultimately, conductive pores occupy a considerable percentage regardless of whether the
pore structure is complex, while weakly conductive pores and nonconductive pores do not
occupy the main channel, and the correct characterization of conductive pores is the most
important.

Suppose that the length of the rock is L and the cross-sectional area is S. The length of the
conductive pores is denoted as L;, and the cross-sectional area is S;. The lengths of weakly
conductive pores and nonconductive pores are L, and Ls; the cross-sectional area of weakly
conductive pores is S, and that of nonconductive pores is S;.

The following settings are associated with the above parameters. Among them, some
parameters are set: e characterizes the ratio of L, to L,, and ¢, characterizes the ratios among
S}, S, and S;:
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L, =eL, 5)
S, +8;=¢,S (6)
S, =c1c38 ™)

Li+L, (1+e)L,
L L

=1, ®)

In the above equations, c; refers to the ratio of the sum of the cross-sectional areas of
weakly conductive pores and nonconductive pores to the cross-sectional area of the entire
rock, c¢; refers to the ratio of the cross-sectional area of weakly conductive pores to the sum
of the cross-sectional areas of weakly conductive pores and nonconductive pores, and 7,
refers to the tortuous conductivity of the pore space. The entire pore possesses only one 7,
whose value is determined by combining L, and L,, L; does not be added because the cor-
responding pores are not conductive.

Then, according to Fig. 2b and the law of resistance, the resistivity of the entire rock satu-
rated with water is as follows:

N -1
R :}"Z: Z_ +l’22 (9)

where N is the number of conductive pores according to the assumption of multiple trun-
cated cone pores, ry; refers to the resistance of the j-th conductive pore and r, refers to the
resistance of weakly conductive pores.

According to the law of resistance, combining Eqgs. (6) and (8), the resistance of weakly
conductive pores can be characterized as follows:

L, Ryer, L

=R == —-°- =
2T T U xec s (10)

In a total of N conductive pores, some conductive pores may have the same characteris-
tic parameters. Assuming that there are O-type conductive pores with different characteristic
parameter, combined with Eq. (4), then the following equation applies:

() (b)

T conductive pore

v

conductive pore

7 conductive pore

Fig.2 Schematic diagram related to the derivation process of the model
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-1
=1 " j

where F; is the number of corresponding truncated cone pores of i-th type whose radii and

pore scaling factors are denoted r,;,; and c,;, respectively. The total number of categories

of all pores after classification according to the difference in r,,;, and ¢, is O<N.
According to Egs. (9)—(11), the total resistance is expressed as follows:

min
N -1
R L
r=<zi> +r,= vl
T

=1

-1

o -1
1 Rle 2
R,Ly I ; FiCoilini an

2
7Co5 T ming

M=

1l
-

20:F ) o fwerk (12)
e 121" mini (1 +e)c 38

Note that, however, reclassification of all conductive pores according to the characteristics
of ¢, and r,;, results in O <N. However, in fact the total number of capillaries of conduc-
tive pores is still certain, so here it is:

2E=2F (13)

Combined with Egs. (5)—(13), then the formation factor can be characterized as follows:
o 2 -1
R LR,  z(1+e) 2j=1 F, Y2 F (1+e)ccy

Equation (14) can be characterized as Eq. (15), and the intermediate process of conversion
is shown in Appendix 2.

F 1'62 r_m2L1 1 4 et, s
(1+e) oL c,r2p (1+e)cic (15)

where @, refers to the porosity of all truncated cone pores, that is, the porosity of the con-
ductive pores. P refers to the ratio between the radius of the minimum and average circular
pore cross-sectional area. Furthermore, by substituting ¢, and P, the final formation fac-
tor expression can be obtained (Eq. (16)), and the derivation process of this expression is
shown in Appendix 3. In Appendix 3, the assumption of L, =~ L; is used, which reduces
one parameter of the model. A discussion of the impact of such settings on the model is
given in Appendix 4.

(C1T6+CIC3epSTe—(p)2(1 +62+c§) )

1
3cfc2c3eps(l + c3eps) @ (1 + c3eps)c%c3

(16)

This shows that the theoretical relationship between the formation factor and porosity
may be more complex than the empirical relationship shown by Archie’s equation. The
proposed model reveals that to determine the conductivity properties of extremely complex
porous media, 5 parameters should be determined. It refines these potential factors that
affect the conductivity insomuch that, theoretically, the model can describe many types
of complex porous media. Because the proposed model is composed of conductive pores,
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weakly conductive pores and nonconductive pores, our model is called the conductive
pores + weakly conductive pores + nonconductive pores model (CWNM).

3 Sensitivity Analysis of the CWNM

According to Eq. (16) for calculating the formation factor established in this paper, the
formation factor is related to ¢, ¢,, ¢3, e, and 7,. To further analyse the influence of these
parameters that reflect the rock’s pore conductivity characteristics on the formation fac-
tor and whether there is any overlap between the parameters in terms of pore information,
Fig. 3 shows the relationship between the formation factor and porosity under different
values of ¢y, ¢, 3, €, and 7,,.

As shown in Fig. 3, the formation factor and porosity are controlled within a range of
common values. When other factors are fixed, ¢, ¢, and 7, are positively correlated with
the resistivity of the rock, while c; and e, are negatively correlated. Moreover, the influ-
ence of each parameter on the formation factor is unique. Among them, ¢, is an obvious
parameter that affects non-Archie behaviour, which shows that nonconductive pores and
weakly conductive pores are the key to produce non-Archie behaviour and affect its level.
The c; and e, also have a certain ability to control non-Archie behaviour. These param-
eters also come from nonconductive pores and weak conductive pores.

The ¢, parameter reflects the structural characteristics of conductive pores, especially
their heterogeneity. Figure 3b shows that with a linear change in c¢,, the change shown in
the figure is also basically linear when both coordinate axes are logarithmic. ¢, has little
effect on the slope of the formation factor—porosity relationship. As ¢, changes, as shown
in the figure, the formation factor—porosity relationship lines are parallel.

The c; parameter can indicate the proportion of weakly conductive pores among the
total porosity affected by the pore structure. According to Eq. (49), c; reflects the propor-
tion of weakly conductive pores occupying the sum of weakly conductive pores and non-
conductive pores. This parameter further refines the conductivity of the pores. The smaller
the c3, the more obvious its change has on the formation factor; when nonconductive pores
proportion gradually increases, the formation factor rapidly increases; hence, the impacts
of weakly conductive pores and nonconductive pores on the formation factor are different.
This pattern also illustrates the considerable importance of distinguishing between noncon-
ductive pores and weakly conductive pores.

The e, parameter characterizes the effect of the transition from conductive pores to
weakly conductive pores on the formation factor when the pore structure is complex. As
the pore structure becomes more complicated, e, decreases, and a change in the e, affects
the formation factor. This effect can explain why the pore structure is so pertinent to under-
standing the changes in the low-porosity reservoir formation factor: the more complex the
pore structure is, the greater the impact on the reservoir. In addition, the e, and c; param-
eters are similar, as both produce effects over the entire range of the actual porosity.

In addition, the effect of 7, on the formation factor—porosity relationship should also be
considered, as shown in Fig. 3e. 7, is often selected in models because its influence on the
formation factor may be nearly ubiquitous (Abderrahmene et al. 2017; Sevostianov et al.
2017; Xu and Jiao 2019; Lala 2020; Fu et al. 2021; Silva et al. 2022). In theory, 7, must
be>1 to conform to the theoretical setting, and the range of this parameter is set in a tar-
geted manner in the subsequent optimization inversion.
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Fig.3 Changes in each key parameter in the CWNM and their effect on the formation factor—porosity rela-
tionship

4 Explanation of Differences by Comparing Existing Formation Factor
Models

The theoretical advances offered by the CWNM should be analysed. In this section, 6 mod-
els for evaluating the formation factor are introduced for comparison, including 3 single
capillary bundle models (the capillary bundle model, trapezoidal pore model (TPM) (Hu
et al. 2017), and capillary channel model (CCM) (Miiller-Huber et al. 2015) and 3 multi-
ple-pore theoretical models (the EREM (Shang et al. 2003), pore throat model (PTM) (Li
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et al. 2017), and Meng and Liu model (Meng and Liu 2019), which were utilized to theo-
retically explore the differences between these models and the proposed model.

4.1 Comparison with Existing Single Capillary Bundle Model
4.1.1 Capillary Bundle Model

The main difference between the capillary bundle model and the CWNM is that the pro-
posed model takes into account variations in the pore cross-sectional area, and the influ-
ence of pore conductivity characteristics is controlled by ¢, in Eq. (16). The parameters ¢,
c3 and €y control the characteristics of various pore ratios; likewise, these settings do not
exist in the capillary bundle model. When ¢, has a value of 1 and e, approaches infinity,
the values of ¢; and c; are not important, and Eq. (16) degenerates into Eq. (3), whereas
the proposed model can characterize the final influence of a complex pore structure on any
rock/sediment and thus is more versatile.

2
- . i (c,r + cyc3€),T, — qo) (1 +c+ cg) l @ _ T_ez
> Ly =+oo e~ Lep—+oo 3(Aeyese,(1+cse,)) ? (l+ce,)ie; @
a7

4.1.2 Trapezoidal Pore Model (TPM)

The TPM assumes that the pores in a rock or sediment can be modelled as a series of trap-
ezoidal pores (Hu et al. 2017). This model considers the influences of not only changes in
the cross-sectional areas of pores but also changes in the tortuous conductivity of the pores
on the conductivity characteristics of the entire rock. Through these assumptions, the for-
mula for calculating the formation factor derived in the TPM is:

2

F=-% (18)
Py

where P, is called the trapezoidal factor and its calculation equation is:

P = Tmax"min
T2
r
ave

19)

where r_,, refers to the largest pore radius, r,,;, refers to the smallest pore radius, and r,,,
refers to the average pore radius of trapezoidal pores. P, reflects the homogeneity of the
cross-sectional area of the trapezoid pores, similar to the information represented by the
¢, parameter set in the model in this paper. Equations (18) and (4) show that although
the TPM has increased the influence of the change in the pore cross-sectional area, the
influence of P, on the formation factor is more analogous to a coefficient. There are some
similar formation factor expressions, and the expressions they give are the product of pores
and multiple coefficients, without addition and subtraction between parameters (Herrick

and Kennedy 2009; Xie et al. 2022). If the proposed model does not consider weakly
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conductive pores and nonconductive pores, since the assumptions are similar, Eq. (18) can
be derived.

4.1.3 Capillary Channel Model (CCM)

Miiller-Huber et al. (2015) considered the influence of pore cross-sectional area on conduc-
tivity. They used the following function to model the variation in the pore radius:
1. 1
—l —

r()=re”, a= Zlnr_[ (20)
where r([) refers to the corresponding radius value at pore length [, r, refers to the pore
throat radius, a refers to the pore shape factor and r, refers to the pore body radius. The
corresponding formation factor expression is as follows:

L\2 N2
(- ()¢ -)
p r
F= > (21)
<21ni—”> @
No multiple pores are added to the TPM assumption, resulting in a single conductivity
that can be characterized. The difference in assumptions about the pore size change of the
cross-sectional area is the biggest difference between the proposed model and the CCM,
and the pore size change designed in this paper is linear rather than exponential. In the
proposed model, when the change in pore size conforms to the CCM settings in Eq. (16),

and when weakly conductive pores and nonconductive pores are not considered, given the
assumptions based on the CCM, Eq. (21) can be obtained by derivation.

4.2 Comparison with the Existing Multiple-Pore Theoretical Models
4.2.1 Equivalent Rock Element Model (EREM)

In the EREM, the rock is considered a regular cylinder composed of pore volumes Py, par-
allel pore volumes P, and skeleton volumes, all of which (differing in size) are connected
in series to form the conductive system of the whole rock (Shang et al. 2003). Assume that
the ratio between these 2 types of pores is C, which is called the pore structure efficiency.
The role of the C parameter is similar to the definition of the e, parameter in this paper,
and the corresponding expression is:

P
c=-1L
PP

(22)

Through a series of derivations, the expression for computing the formation factor based
on the EREM is finally obtained:

1_ 2
_d-e7 1
Co @

F (23)
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Theoretically, compared to the EREM, the CWNM considers the influence of noncon-
ductive pores, variation in pore cross-sectional area and tortuous conductivity on the for-
mation factor. As shown in Sect. 3, the corresponding parameters have remarkable influ-
ences on the formation factor. If some elements are ignored, it is easy to obtain Eq. (23)
using Eq. (16) when following the model derivation idea of EREM.

4.2.2 Pore Throat Model (PTM)

The PTM simplifies a real reservoir rock into a cube of unit volume and describes the com-
plex pore structure as a pore network model composed of pores and throats. Li et al. (2017)
assumed that the ratio of the throat radius (abbreviated r,) to the pore radius (abbreviated
r,) can be denoted by the R, parameter:

R, == (24)

— — R2 —R2
12 I-R 1R

F = E = TET + ”—rll’l— (25)

The corresponding porosity expression is as follows:

o= <2?”\/1 —RX(2+R?) —27,7R2,/1 —R)%)rf + 7, 7R’ (26)

In the PTM, to facilitate the actual measurement of the pore structure parameter, the pore
throat ratio and the corresponding parameters are assumed. R, is the reciprocal of the pore
throat ratio, which is a pore structure parameter that can be obtained through experiments
such as constant-rate mercury intrusion (Jiao et al. 2020). Therefore, the model essentially
considers 2 different types of pores.

Compared with the CWNM, the PTM is different in two ways. The first is that the PTM
does not consider the influence of changes in the pore cross-sectional area on the over-
all conductivity. Second, the PTM divides the pores into 2 types based on the difference
between pores and throats. Throats reduce the efficiency with the current that is transmit-
ted. Hence, the PTM and the CWNM consider all pores to be in series with other types of
pores. This setting is similar between the two models.

4.2.3 Meng and Liu Model

Meng and Liu (2019) recently proposed a novel conductivity model in which the entire
pore space is assumed to consist of 3 types of pores, namely, large pores, horizontal
throats and vertical throats.

The horizontal throat—pore radius ratio and vertical throat—pore radius ratio are two
parameters set in the model, and these parameters can be expressed as follows:
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C, = Rei 27
a= R 27
C, = RC2
2= g (28)

A

where R, refers to the throat radii in the horizontal directions and R, refers to the throat
radii in the vertical directions. Rs refers to half of the side length of the large pore (set as a
square pore). After the model is derived, the corresponding formation factors and porosity
expressions are as follows:

@ = 8R} +4(1 - 2R)R3(C}, + C},) (29)
_1-R, 1-Cp Cp
T 4R2C? 2R + (30)
4R2CE s 2R, + Cp(1 - 2R,)

In Eq. (30), the formation factor can be characterized by C,;, C,;, and R. From this
expression, the Meng and Liu model accumulates multiple terms whose model form
is able to approximate non-Archie behaviours. Therefore, there are no nonconductive
pores in this model; rather, there are 2 types of throats with different electrical conduc-
tivities. In addition, the tortuous conductivity parameter is not set in this model. Equa-
tion (16) in this paper is different under the assumption of different pores, so it is impos-
sible to derive Eq. (30), but the effect of a change in e, on the formation factor—porosity
relationship is similar to the effects of changes in C,;; and C,.

5 Results

In this section, the formation factor prediction effect of the CWNM is evaluated. One
of the 3 multiple-pore theoretical models is selected, the EREM (Shang et al. 2003),
and one of the 3 single capillary bundle models, the CCM (Miiller-Huber et al. 2015),
to compare differences in effects between models. The formation factor formulas of the
EREM and CCM are shown in Egs. (23) and (21), respectively. In addition, since the
published literature does not provide the porosities of pores with different conductiv-
ities, it is difficult to explain how to obtain the parameters in the model through the
results of previous simulations or experiments. Hence, an optimization method, namely
a genetic algorithm, is used to obtain the parameters in the model (Holland 1975), as
the use of optimization to determine the parameters of the formation factor calcula-
tion formula is a common statistical approach (Pan et al. 2016; Mahmoodpour et al.
2021). In Discussion section, potential methods for determining the model parameters
are discussed.
The corresponding optimized objective function is:

M
f(cl,cz,cg,,epx,re) = min<z (Fm - Fp)) (31)
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Equation (31) indicates that the criterion for determining the model parameters is
mainly the accuracy. Note that for the EREM and CCM, Eq. (31) also be used to determine

the optimal model parameters, namely, min(zxzk (F -F p) ) For the parameters of the

m
genetic algorithm, we set the crossover probability to 0.95, the mutation probability to 0.08
and the loop algebra to 500, which can ensure that our solution is reliable.

In the equation, min is the minimum value. m represents the m-th sample, M represents
the total number of samples of a certain formation factor, F,, represents the actual forma-
tion factor measured experimentally, and F, represents the estimated formation factor. In
addition, the mean relative error (MRE) is used to characterize the accuracy, and the cor-

responding equation is:
M FW—F,,)
Lok ( Fy (32)

M

MRE =

In the experimental data presented below, their porosity was basically obtained by the
fluid injection method. This ensures that the porosity results do not contain the porosities
of dead pores, that is, the formation of nonconductive pores only relies on a complex inter-
connected pore system.

5.1 Conventional Medium- to High-Porosity Sandstone

In Sect. 5.1, the application effect of the CWNM in medium- to high-porosity sandstone is
explored first. Three sets of data from higher-porosity sandstone, such as Bentheimer quar-
ried sandstone, are selected here. The porosity and formation factor ranges of the 3 sets of
data are 5.06-24.68% and 13.303-176.553 (@ren et al. 1998), 7.5-35% and 9.285-100.705
(Krohn and Thompson 1986), and 3.58-11.61% and 7.22-444.55 (Thompson et al. 1987).
Figure 4 reveals the performance of the CWNM, EREM, and CCM on the 3 datasets.
Based on these large amounts of data, we can analyse the proposed model functionality
from multiple perspectives, such as the prediction effect of the formation factor predic-
tion, the prediction differences among the 3 models and the ranges of the parameters. The
trends of the 3 sets of data are examined, revealing obvious non-Archie behaviours (Shang
et al. 2003). Figure 4a—c shows that the core data conform to the Archie equation when the
porosity is high (greater than 8%); however, when the porosity is less than 8%, the relation-
ship between the formation factor and porosity is different from that when the porosity is
greater than 8%. Similar patterns were found in some other published papers, with corre-
sponding porosity limits of 8%-10% (Zhang et al. 2016a). Specifically, for medium-high-
porosity sandstone reservoirs, if the lower limit of the porosity of the reservoir is much
greater than 8%-10%, the formation factor can be reliably calculated directly by using the
Archie equation.

Next, the performance of the CWNM in the conventional medium-high-porosity sand-
stone is analysed. From the perspectives of the accuracy and prediction effect, the CWNM
can adapt to conventional medium-high-porosity sandstone and can effectively approxi-
mate the experimentally measured formation factor. It is worth mentioning that the CWNM
can accurately calculate the formation factors of data not only with porosities greater than
8% but also with porosities of less than 8% without changing the parameters. From a data
point of view, this demonstrates that the CWNM can reflect the real rock conditions based
on the reasonable division of the pore space. When rocks have similar properties and come
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Fig.4 Prediction formation factor effect of CWNM/EREM/CCM on medium-high porosity sandstone. The
data points in different colours in a—c represent the actual rock-electric experiment results. The solid line
represents the formation factor—porosity relationship obtained by combining the model parameters obtained
from the model with the model; different colours in a—c represent the formation factor—porosity relation-
ship obtained by the CWNM/EREM/CCM model. The colour of the data points and the line are consistent,
which means that they are matched with each other. The obtained formation factor—porosity relationship is
obtained by using the matched core data. d—f Shows the prediction results of the formation factor, where the
abscissa is the measured formation factor, and the ordinate is the formation factor predicted by the relation-
ship between the formation factor—porosity provided through (a—c). The closer they are to the 45° line in the
figure, the better the prediction effect. All subsequent similar data graphs use similar visualization methods

from similar strata and locations, the evaluation accuracy can be improved, and inaccurate
estimates of the formation factor caused by non-Archie behaviours can be avoided.
Combining the 3 datasets, using the optimization method, the results of the CWNM
parameters obtained from different datasets are not identical, but the difference is small,
which may be because these three datasets show a similar formation factor—porosity rela-
tionship. The EREM/CCM parameters determined by the 3 groups of data are also not
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significantly different. Comparing the approximation results of the formation factor and the
parameters obtained by the CWNM, EREM, and CCM, the reasons for the differences in
model performance can be analysed. The differences between the parameters of the EREM
and CCM models for all 3 datasets are quite small, indicating that the determined param-
eters are reliable and correct.

Figure 4 shows the MRE calculation results for 3 sets of data using 3 models. Taken
together, for these 3 sets of data, the average of the 3 MREs determined by the CWNM is
19.19%, the average of the 3 MREs determined by the EREM is 27.89%, and the average of
the 3 MREs determined by the CCM is 40.48%. Among them, for the dataset from Thomp-
son et al. (1987), the MRE difference between the CWNM and EREM to obtain the forma-
tion factor is the smallest, i.e. 5.11%. When the parameters are obtained for optimization,
the data with a larger formation factor are usually approximated first. In this case, some
low formation factor data that be affected the accuracy decrease in medium- to high-poros-
ity sandstone for both the EREM and CCM. The effect of the EREM outperforms the CCM
in these 3 datasets, suggesting that multiple-pore theoretical models may perform better in
medium- to high-porosity sandstone compared to theoretical models when the data suffer
from non-Archie behaviours.

An analysis indicates that the CWNM line is significantly more capable of bending
downwards (that is, approximating the actual formation factors below the Archie behaviour
at low porosity), followed by the EREM and finally the CCM. Relevant studies have shown
that the reason for the occurrence of non-Archie behaviours in rock-electric data is the
complex pore structure (Hakimov et al. 2019; Sun et al. 2021). CCM has difficulty coping
with the non-Archie behaviours of sandstones without considering the differences in the
conductivities of different pores in the pore space; this is also what single capillary bundle
models not good at. In addition, the calculated results of the formation factor should also
confirm the influence of nonconductive pores because the EREM does not consider the
existence of nonconductive pores. According to Fig. 4, if the rock-electric data of a conven-
tional medium-high-porosity sandstone exhibit non-Archie behaviours at low porosity and
if the lower porosity limit of the reservoir is lower than the low-porosity boundary used to
delineate non-Archie phenomena, the CWNM (or at least another multiple-pore theoretical
model) should be used. In addition, the appearance of the two formation factor anomalies
in the Thompson et al. (1987) data compared with those in similar porosity ranges may
be that their pore structures are more complex. Wei et al. (2015) also detected such an
anomaly, which was clarified by fractal theory. This also shows that even CWNM, single
parameters cannot provide accurate predictions on all rock samples.

5.2 Tight Sandstone

Due to its compaction and the continuous influence of diagenesis, tight sandstone
is characterized by a complicated internal pore structure, which further affects the
formation factor of the rock. Here, data from 4 papers on 4 different formations:
the Shahejie Formation in the Dongpu Depression (Zhang and Weller 2014), the
Shihezi Formation in the Sulige area (Li et al. 2017), the Denglouku Formation
in the Xiaochengzi area (Zhang et al. 2016b) and the Yanchang Formation in the
Ordos Basin (Li et al. 2012), the porosity ranges of these datasets are 7.90-17.40%,
5.99-19.00%, 2.42-16.03% and 5.90-19.00%, respectively, and the correspond-
ing formation factor ranges are 25.40-113.60, 26.60-330.85, 32.57-293.86 and
20.98-88.57. The calculated formation factors from the CWNM, EREM and CCM

@ Springer



898 Surveys in Geophysics (2023) 44:877-923

are plotted in Fig. 5. First, non-Archie behaviours are still quite obvious, but for tight
sandstone, the inflection point that distinguishes non-Archie from Archie behaviours
is not evident, and the vast majority of data feature non-Archie behaviour. According
to Fig. 5, the average MRE of the CWNM for the 4 sets of tight sandstone data in this
section is 13.30%, the corresponding average MRE given by the EREM is 15.18%,
and the value given by the CCM is 17.10%. The difference in the MRE between
the 3 models is actually very small. In this case, the formation factors calculated
by the 3 models essentially match the measured values. The consistency of the data
is the main reason why the formation factor calculation accuracy in tight sandstone
is higher than that in the conventional sandstone examined above. In this case, the
prediction effects of the EREM and the CWNM are similar, suggesting that (in com-
bination with Fig. 4) the CWNM is more suitable when the data exhibit strong com-
plexity, weak consistency, and both Archie and non-Archie behaviours; pure tight
sandstones do not require the dedicated use of the CWNM. In addition, when the
sandstone rock resistivity data show Archie behaviours, the Archie equation can be
used, whereas when completely non-Archie behaviours arise, other multiple-pore
theoretical models can be applied.
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Fig.5 Prediction formation factor effect of CWNM/EREM/CCM on tight sandstone
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Furthermore, comparing the model parameters between Figs. 5 and 4 exposes obvious
differences; in fact, even the parameters of different tight sandstones are not identical. For
instance, Zhang and Weller (2014) and Li et al. (2017) reported larger ¢, values. Combined
with Fig. 5a, these 2 datasets feature similar porosity ranges, and the formation factor is
significantly larger than that measured, so the increases in the ¢, values of these 2 datasets
are in line with the actual theory. Comparing the results for the conventional sandstone and
tight sandstone, their ¢, values differ, and the ¢, of the conventional sandstone is lower than
that of the tight sandstone. Considering the previous theoretical analysis, ¢, exerts a main
control on the degree of non-Archie behaviours.

5.3 Pore-Dominated Carbonate

Porous carbonate rocks are also characterized by a complex pore structure, although the
reason for their complex pore structure is different from that of tight sandstone: there are
more intercrystalline pores and dissolved micropores in carbonates, which affect their for-
mation factors. Moreover, the rock-electric data of porous carbonate rocks in different study
areas may show various characteristics that do not conform to the Archie equation. Hence,
to test the proposed model, data from multiple research blocks are chosen, including data
from the Changxing Formation, Yuanba area carbonate, Mishrif and Asmari Formations,
Missan area, Mishrif Formation, Halfaya area and eastern Paris Basin limestone (Regnet
et al. 2015), among other research data (Nazemi et al. 2019). The pores of the rocks used
in these rock resistivity experiments have relatively small fracture contents, so the fairness
of the comparison can be ensured. Figure 6 shows the comparison results of the formation
factor—porosity relationship between the predictions and core measurements.

Larger formation factor range of porous carbonate rocks is displayed. In general, from
the distribution of all rock resistivity data, pore-dominated carbonates obviously have a
more complex pore structure and a more diverse relationship between the formation factor
and porosity. Except for the data presented by Tang et al. (2017b), in which it is difficult to
observe regularity due to the small range of corresponding porosities, the data show strong
non-Archie behaviour. From high porosity to low porosity, the slope of the formation fac-
tor—porosity curve changes as much as (or even more than) that of either sandstone, which
indicates that the pore structure of these carbonate rocks is more complex and diverse.

Figure 6 also shows the MRE results of all 3 models for all datasets. In these datasets,
the average MRE for the CWNM is 25.42%, and it achieves the best calculation of the for-
mation factor among all the datasets. The average MRE for the EREM is 32.82%, and the
mean for the CCM is 39.14%. In terms of accuracy, for complex pore-dominated carbon-
ate, multiple-pore theoretical models may be superior.

Compared with the CWNM calculation results based on the optimization method, for
the units from the Mishrif and Asmari Formations, the Missan area—the Mishrif forma-
tion, the Halfaya area and those in Regnet et al. (2015), whose formation factors and poros-
ity ranges are somewhat similar to those of either sandstone, the ¢, values are significantly
higher than those of the CWNM, while the e, values are lower. Their combined ratio of
weakly conductive pores to nonconductive pores is also high, which may be an effect of
the stronger non-Archie behaviour on the CWNM. The ¢, values determined by these 3
datasets are low; these low values are because the pore sizes of some primary pores in
carbonate rocks are enlarged due to dissolution and other effects, while the difference in
the pore size between the throats of conductive pores and the pores themselves is reduced
(Li et al. 2020; Fheed and Krzyzak 2017). However, the ranges of the optimal parameters
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Fig.6 Prediction formation factor effect of CWNM/EREM/CCM on pore-dominated carbonate
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of the EREM and CCM for these three datasets are not greatly different from the sandstone
parameters.

In contrast, the formation factor—porosity relationships in Nazemi et al. (2019) and Tang
et al. (2017a, b) for the Changxing Formation and the Yuanba area, respectively, are sig-
nificantly different from those described above. In these cases, the results obtained by com-
bining the parameters of the CWNM model are acutely different from those of other data.
For example, for the data of Nazemi et al. (2019), the CWNM parameters are significantly
different from those for the data of Li et al. (2017). According to the parameters, the non-
conductive porosity is low, the proportion of conductive and weakly conductive pores is
high, and the electrical tortuosity is high. In brief, the CWNM can be used for pore-domi-
nated carbonates.

5.4 Shale

The formation factor calculation effect of the CWNM should also be investigated for more
complex reservoir rocks, such as shales (Cai et al. 2018; Song and Kausik 2019; Foroozesh
et al. 2019; Li et al. 2022). The electrical conductivity of shale is influenced by its complex
pore structure, wettability, and fluid distribution, as well as by its diverse composition of
conductive minerals (Zhu et al. 2021, 2022). The thermal evolution of shale also affects
the organic pore system and the inorganic pore system, resulting in changes in pore struc-
ture characteristics (Gao et al. 2020). All these factors affect the formation factor. Here,
data from shale reservoirs in China and Australia are selected to test our model (Fan et al.
2018; Malekimostaghim et al. 2019; Zhong et al. 2021, 2022). However, it is difficult to
carry out petrophysical experiments on shale because it is fragile; therefore, the available
shale petrophysical test data are sparse. The shale data from Australia are derived from
publicly published literature, while the rock-electric data from the Longmaxi Formation
shale in Sichuan, China, are derived from data collected in the present study. Studies have
shown that when the water resistivity in the pores of shale rock is lower than approxi-
mately 0.1 Q. m, the surface conductivity can be ignored (Zhong et al. 2022). However,
the corresponding water resistivity of the data set selected in this paper is much lower than
0.1 Q. m. These shale datasets are quite different from each other, with porosities rang-
ing from 0.017 to 0.205 and formation factors ranging from 14.38 to 7510, indicating that
shales produced in different locations vary far more than either sandstones or carbonates.
It should be noted that the contents of conductive minerals, such as pyrite and haematite,
in these rock samples are quite small, not exceeding 3%, and all data exceeding this limit
are excluded. In addition, the literature from which the data were derived verified that the
surface conductivity and cation exchange capacity of these data are not sufficient to have a
remarkable influence on the rock’s resistivity; thus, the overall resistivity was analysed by
using these data. For some data, high-salinity brines were used to limit the strong cation
exchange capacity.

Figure 7 shows all the formation factors derived from the shale resistivity data. From the
resistivity data alone, the differences between the two shales seem substantial, much larger
than those among the sandstones. This difference may occur because shales span a wider
variety of compositions. Moreover, in basically all of the shale data, the formation fac-
tor is large, which reflects the complex pore structure of shale. However, according to the
parameters obtained by the CWNM, although data from different sources have large for-
mation factors, their conductivity characteristics are different. For instance, the Longmaxi
Formation and Yongchuan area data have relatively high e, and c; values, indicating that
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the proportion of conductive pores and weakly conductive pores is considerable. Accord-
ing to the calculation of Eq. (49) in Appendix 3, the proportion of conductive pores is
48.54%, and the proportion of weakly conductive pores is 49.92%. In comparison, the data
of Zhong et al. (2021) yield abnormally low e, values and high c; values, which indicates
that this dataset has a high proportion of pores that have difficulty conducting electricity
(the proportion of weakly conductive pores computed by Eq. (49) is 71.41%). The data
of Zhong et al. (2022) also yield a higher calculated proportion of nonconductive pores
(62.92%) because c; is relatively high and c; is relatively low.

Figure 7 also shows the MRE of the three models for the four sets of data. The aver-
age MRE of the CWNM is 26.32%, and the average MRE values of the EREM and CCM
are 29.32% and 32.40%, respectively. We cannot definitively state whether the differences
in the accuracy of different models are entirely due to differences in the assumptions of
the models because the sample size is indeed insufficient. It should be said that for shale,
according to the current results, the differences in the effects of such theoretical models are
not obvious.
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Fig.7 Prediction formation factor effect of CWNM/EREM/CCM on shale
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Based on the parameter results of the CWNM/EREM/CCM, the model parameters of
the EREM and CCM are undoubtedly easier to determine. In the case of sufficient rock
resistivity data of shale, CWNM is a better choice, but if the amount of data is small, it is
EREM and other multiple-pore theoretical models with fewer parameters. Their parameters
may be easier to determine.

5.5 Andesite

Andesites can also serve as reservoirs with a complex pore structure (Guo et al. 2022). For
instance, a large number of andesite reservoirs have been discovered in China’s Bohai Bay
Basin and Sichuan Basin, showing the potential of such reservoirs. Thus, to analyse our
model, the rock-electric data summarized in Li et al. (2014) are used, whose results are
shown in Fig. 8.

From a data point of view, the formation factors presented by this group of rock resis-
tivity data exhibit a large rate of change with varying porosity. This feature is somewhat
similar to the data from the Changxing Formation and Yuanba area. Figure 8 shows the
difference in the accuracies of the three models. In this dataset, the MRE given by the
CWNM is much lower than that of the other models. Andesite is generally prone to devel-
oping fractures with high aspect ratios; this occurrence may indicate that the CWNM has a
certain applicability in fractured reservoirs, which requires follow-up targeted research for
confirmation. According to the predicted formation factors, andesites contain weakly con-
ductive pores and nonconductive pores, and their impact needs to be considered. It is worth
noting that the MRE of CWNM for the Li et al. (2014) data set is 26.95%, which is about
96.5% lower than the predicted MRE from CCM.
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Fig. 8 Prediction formation factor effect of CWNM/EREM/CCM on andesite
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5.6 Permafrost and Marine Gas Hydrate Reservoir Rocks/Sediments

Natural gas hydrates are an emerging source of fossil energy that have been discovered
mainly in permafrost regions on land and in marine environments. In the deep sea, gas
hydrates are stored in extremely high-porosity sediments, which are usually in the early
stages of diagenesis and are not consolidated, whereas the gas hydrates in permafrost
regions are present in subsurface rocks. This paper selects rock-electric data from perma-
frost in the Qilian Mountains (Guo 2011; Dong et al. 2020) and the marine Ulleung Basin
(Riedel et al. 2013) to compare different models and explore their applicability.

Figure 9 clearly shows that the characteristics of the data from the permafrost region
and the marine gas hydrate reservoir rocks/sediments are considerably different, which is
slightly similar to the comparison of resistivity data between carbonate rocks and shale.
The formation factor—porosity relationship features strong non-Archie behaviours, such as
in the data from Dong et al. (2019). From the perspective of the CWNM parameters, the
c; and e, parameters are relatively small, and the proportion of weakly conductive pores is
quite large. These results may be characteristic of permafrost gas hydrate reservoir rocks.
In a similar porosity range, the formation factor of Dong et al. (2019) is larger. Considering
all the parameters, Dong et al. (2019) predicted fewer conductive pores, and the c, of the
conductive pores is higher (higher than the ¢, obtained from the sandstone and tight sand-
stone data).

Figure 9 also shows the prediction accuracy of the formation factor with 3 models for 5
datasets. For the provided permafrost gas hydrate reservoir rock dataset, the average MRE
results of the two datasets predicted by the CWNM are 35.44%, while the average MRE
results of the EREM and CCM are 85.72% and 112.01%, respectively. For the above two
permafrost gas hydrate reservoir rock datasets, multiple-pore theoretical models may be
better. The CWNM performs better than the EREM for the above datasets, especially for
the dataset shown by Guo (2011). In the dataset given by Guo (2011), some of the data
have produced obvious non-Archie behaviours, which may be the reason for the effective-
ness of the CWNM. These data are somewhat similar to those of the conventional medium-
to high-porosity sandstone. Looking at the prediction performance of the three datasets of
marine gas hydrate reservoir sediments, the average MRE of the three CWNM datasets is
6.11%, while the average MRE values of the three EREM and CCM datasets are 13.44%
and 17.07%, respectively. Moreover, all the CWNM datasets of marine gas hydrate reser-
voir sediments are stable. In conclusion, the electrical conductivity of gas hydrates reser-
voirs can be analysed by combining the parameters of the CWNM.

5.7 Rock-Electric Data with Extreme Features that Do not Follow the Archie
Equation Behaviours

In addition, we further explore new model’s ability to approximate rock-electric data that
are extremely inconsistent with the behaviours stipulated by the Archie equation. Zhang
(2020) reported the rock-electric data of an oil area in Kazakhstan involving a sandstone
reservoir with highly complex conductivity characteristics, and all data were derived from
the same set of formations. The data showed an important example of non-Archie behav-
iours; consequently, Zhang (2020) could determine the calculation equation for the forma-
tion factor only by piecewise fitting, using the porosity value as the boundary. However,
theoretically, even if there are differences between different rock samples, these differences
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Fig.9 Prediction formation factor effect of CWNM/EREM/CCM on permafrost and marine gas hydrate
reservoir rocks/sediments
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should not be directly related to porosity. Here, the proposed model to approximate these
data is attempted to apply. To facilitate a comprehensive comparison, the fitting effects of
8 other models are also shown, including the following 3 models in addition to the models
introduced above:

1

Herrick and Kennedy (2009) : F = (33)
E,p
, (edloe) <4< g,
Ghanbarian and Berg (2017) :  F =1 ,_ (o—0.) (34)
e, o, <p<l

o=,

Song et al. (2014) :

_ (1= 9" + 00 ) (1= @+ @) + 4 (0 = 90e) "B = (0 = @) 35)
)(72+1)

2/1w ((,0 = Pyne

In Egs. (33)-(35), E, refers to the geometrical factor; ¢, refers to the critical porosity; ¢,
refers to the crossover porosity; ¢,,,, refers to the ineffective conductive porosity; 4, refers
to the percolation rate; y, refers to the ineffective conductive pore percolation coefficient;
and y, refers to the pore percolation coefficient.

Figure 10 shows the prediction results of a total of 8 methods for these characteristic
data. Overall, the multiple-pore theoretical models achieved better results. The MREs of
the CWNM, EREM, method proposed by Song et al. (2014), method proposed by Li et al.
(2017) and method proposed by Meng and Liu (2019) were 19.40%, 39.57%, 32.52%,
34.92% and 41.32%, respectively. These results should support the previously stated the-
ory that multiple-pore theoretical models are more suitable for non-Archie behaviour data.
The CWNM also performs well and is the only model with an MRE less than 20% for the
data in this section. Others, such as the method proposed by Ghanbarian and Berg (2017)
based on percolation theory, may not be well suited to such data with strong non-Archie
behaviours.

In addition, a larger number of parameters do not necessarily correspond to a stronger
approximation ability. For example, the PTM and Meng and Liu model are not as effective
as the EREM in these data, but they have more parameters. The assumptions that are closer
to the conductivity features are the most important. Figure 10 presents a further compari-
son of the effects of each model on the selection of lithological data.

5.8 Comparison of Model Parameters and Accuracy of the CWNM in Different
Lithologies

The CWNM has many model parameters, causing it to exhibit great flexibility. This
flexibility guarantees the prediction effect of the model for the formation factor. After
Sects. 5.1, 5.2, 5.3, 5.4, 5.5, 5.6 and 5.7, based on data, the parametric laws of lithology
with different characteristics can be analysed, as well as the MRE results, and the sum-
mary table is shown in Figs. 4, 5, 6, 7, 8, 9 and 10. It shows that for the performance of
the CWNM, the performance of the CWNM in sediments and various types of sandstone
is more stable, while the performance in pore-dominated carbonate and shale is relatively
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weak. The MRE can basically be maintained at less than 35%. Among the 24 datasets, 19
datasets have MRE values less than 30%, accounting for 79.17%. In addition, CWNM can
reduce the relative error rate by 96.5% compared to other models used for comparison, a
result that appears in the andesite lithology.

The differences in the CWNM model parameters of sandstone, carbonate rock, shale,
andesite, hydrate reservoir rock in permafrost, marine hydrate reservoir sediment, etc. can
be compared (Figs. 4, 5, 6, 7, 8, 9 and 10). In combination with the previous theoretical
analysis, ¢, controls the change in the slope of the formation factor—porosity relationship.
When c, is small, the change in the slope under the double logarithmic coordinate axis is
more obvious with the change in porosity. However, data with non-Archie behaviours gen-
erally exhibit a reduced slope of the formation factor—porosity relationship at lower poros-
ity data locations. Therefore, to accurately predict the formation factor with data with non-
Archie behaviours, the value of ¢; should be low. Based on the prediction results, if only
sandy rocks or sediments are analysed (including conventional medium- to high-porosity
sandstone, tight sandstone, permafrost and marine gas hydrate reservoir rocks/sediments,
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EREM parameter: C=0.06. MRE: 39.57%

Herrick and Kennedy, 2009 parameter: E0=0.06. MRE: 53.88%
Miiller-Huber et al., 2015 (CCM) parameter: r»/r1 =24.99. MRE: 48.33%
Ghanbarian and Berg, 2017 parameter: ¢x=0.72; p. =0.01. MRE: 58.22%
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Meng and Liu, 2019 parameter: Cas =0.24; Ca2 =0.96. MRE: 41.32%

Fig. 10 Effect of 8 formation factor calculation models on rock-electric data with extreme features that do
not conform to the Archie equation. The 8 lines of different colours represent the prediction results of the
data points using the 8 formation factor calculation models. Only the CWNM can accurately predict the
formation factor in the entire porosity range of 0.2-20%, and other models can only be used to predict the
formation factor in the partial porosity range
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and rock-electric data with extreme features that do not follow the Archie equation behav-
iours), for some data with non-Archie behaviours and some data with strong non-Archie
behaviour, the ¢; value is lower, and the statistical mean is 0.19. Furthermore, the value
of ¢; combined with data with fully non-Archie behaviour is also stable and not very low,
as the data in such datasets have relatively low porosity, and the inflection point that dis-
tinguishes non-Archie from Archie behaviours is not evident; the data pattern is more
consistent. In this case, the mean ¢, is 0.47. This indicates that c, is a key parameter of
the CWNM. In terms of lithology, the datasets of conventional medium- to high-porosity
sandstone, shale, andesite and permafrost gas hydrate reservoir rocks all show low ¢, val-
ues, while the datasets of tight sandstone show moderate ¢, values. The datasets of marine
gas hydrate reservoir sediments show a high ¢, value, while the parameters of different
datasets of pore-dominated carbonate are very different, which may be due to the complex
pore structure caused by multiple factors. Among them, the dataset parameters of some
data with non-Archie behaviour in pore-dominated carbonate are relatively stable, show-
ing a moderate ¢, value. This result illustrates the difference in conductivity characteristics
between pore-dominated carbonate and sandstone-like reservoirs.

The larger c, is, the more heterogeneous the conductive pores are; in addition, the for-
mation factor increases, and a positive correlation is present between them. Based on the
parameter results, the ¢, values of conventional medium- to high-porosity sandstone range
from 4 to 4.5, while those of tight sandstone are greater than 4.5, which reflects the dif-
ferences between different sandstones. The c, values of the data based on pore-dominated
carbonate are basically less than 4.5, which is different from the characteristics of the
above two sandstones. The complex pore structure of pore-dominated carbonate is due to
the complex pore types, while sandstone and tight sandstone have complex pore structures
due to the complex pore throat relationship. Since the pore sizes of secondary pores and
primary pores are often different, the pore heterogeneity of a single pore type is not strong,
and the ¢, value of pore-dominated carbonate is lower than that of sandstone. Shale has
complex pore throat relationships and diverse pore structures, with a ¢, value of up to 6.65.
The ¢, of marine gas hydrate reservoir sediments is the smallest because of its simpler pore
structure and lower pore heterogeneity than those of tight rocks.

c; reflects the proportion of weakly conductive pores in the total of weakly conductive
pores and nonconductive pores. The previous parameter simulation shows that the smaller
the value of c; is, the larger the formation factor. As compaction and diagenesis are con-
tinuously enhanced, some conductive pores gradually evolve into weakly conductive pores,
and weakly conductive pores gradually change to nonconductive pores. Therefore, with
the densification of pores, the change in c; is not necessarily monotonic. The conventional
medium- to high-porosity sandstone has an average c; value of 0.65, rock-electric data with
extreme features that do not follow the Archie equation behaviours have an average c; value
of 0.66, and the tight sandstone has an average c; value of 0.82. In addition, the c; values
of different rocks or sediments are basically greater than 0.5, which indicates that weakly
conductive pores have usually higher porosity than nonconductive pores in actual rocks or
sediments. For the shale data, the data given by Zhong et al. (2022) do not conform to this
rule. By observation, in this dataset, in 8.5% of the porosity data, the corresponding forma-
tion factor can reach 1500, and it is normal for the content of nonconductive pores to be
high. Combined with Fig. 7, the proportion of nonconductive pores in this dataset reaches
more than 60%.

The e, reflects the volume ratio of conductive pores to weakly conductive pores, and
the smaller the value is, the larger the formation factor. Based on the patterns reflected by
different lithologies, in addition to the strong parameter stability of different datasets of
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conventional medium- to high-porosity sandstone, tight sandstone and marine gas hydrate
reservoir sediments, the differences in e,, parameters between different datasets of other
lithologies are larger. Combined with Figs. 4, 5, 6, 7, 8, 9 and 10, datasets with large dif-
ferences in parameters are usually due to differences in the formation factor and poros-
ity distribution of the data. For example, compared with other pore-dominated carbon-
ates, Nazemi et al. (2019) show a high e, which is reasonable considering the prediction
results. According to the results given in the dataset, when the porosity is 1%, the formation
factor of the data should be only approximately 600, which is a very low formation factor
compared to that of other datasets. The calculation shows that the proportion of conductive
pores is as high as 0.88. These results indicate that e, is a parameter that macroscopically
controls the range of the distribution of formation factor values.

7, is a common parameter that characterizes the electrical conductivity of porous media.
The range of 7, values for different datasets in sand-like porous media, such as conventional
medium- to high-porosity sandstone, tight sandstone, permafrost and marine gas hydrate
reservoir rocks/sediments, as well as rock-electric data with extreme features that do not
follow the Archie equation behaviours, is stable. The range of 7, values for rock types such
as pore-dominated carbonate and shale is different in different datasets, and these litholo-
gies have the characteristics of diverse pore types. The tortuosity of different pore types
developed in the pores is different, which may be the reason for the difference in their own
tortuosity. The rule of 7, is relatively simple, and the related research is also very thorough.

6 Discussion

The characterization of the electrical properties of complex porous media has always been
a focus of many scholars because it is the key basis for geophysical methods (electromag-
netic and resistivity logging) using electricity as a means. This paper presents a novel mul-
tiple-pore theoretical model for characterizing the single-phase conducting behaviour of
complex porous media, which is called the CWNM. Our new view is that the entire pore
space should be divided into nonconductive pores, weakly conductive pores and conduc-
tive pores. This distinction is first proposed based on the effect of pore structure on the
electrical conductivity of the pore space. It contains 5 parameters, namely ¢, ¢,, ¢3, €y Tes
which refer to the ratio of the sum of the cross-sectional areas of weakly conductive pores
and nonconductive pores to the cross-sectional area of the entire rock, the pore scaling fac-
tor, the ratio of the cross-sectional area of weakly conductive pores to the sum of the cross-
sectional areas of weakly conductive pores and nonconductive pores, the volume ratio of
conductive pores to weakly conductive pores and the tortuous conductivity of the pore
space, respectively. The role played by the same parameters is not exactly the same, and
the model has strong flexibility. Combined with optimization algorithms, such as genetic
algorithms, the effective values of these five parameters can help the CWNM predict a reli-
able formation factor. The formation factors are predicted in 24 datasets derived from vari-
ous lithologies, and good results are obtained. This paper finds that it is feasible to divide
pores and establish models according to the conductive characteristics of pores. This gives
a high-precision model, but also, more importantly, provides a new research idea for estab-
lishing conductivity models for scholars who are engaged in related research in the future.
The corresponding numerical simulation or experimental research is not current. Some
areas in the model still need to be further researched. First, the CWNM parameters are cur-
rently calculated via optimization method. Thus, how to calculate the CWNM parameters
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according to actual rock samples needs to be explored. Our follow-up plan is to carry out
numerical simulations on electrical conductivity data based on digital rock physics. Both
the formation factor and the porosity can be easily determined by combining finite element
simulations with digital rocks (Andri et al. 2013; Nie et al. 2016; Zhu et al. 2019; Saxena
et al. 2021; Sawayama et al. 2021a, 2021b; Li et al. 2022). Then, according to the electro-
static field amplitudes of the entire pore space, the pore space can be classified, the propor-
tions of different types of pores can be determined, and c; and e, can be ascertained. The
pore radii of conductive pores and ¢, can be calculated, as can 7, based on digital cores, as
this technique is quite mature. Finally, the remaining parameter (c;) can be calculated. In
recent years, some parameters of formation factor models have been obtained by following
this approach.

Second, a complete set of methods to evaluate the CWNM parameters based on actual
rock microscopic pore structure parameters has not yet been established, but such evalua-
tions are the key to calculating reservoir formation factors based on geophysical data, such
as well logging. Numerical simulation studies are also needed to determine the relationship
between CWNM parameters and pore structure parameters for different types of reservoirs.
In the best case, five CWNM parameters can be determined by fewer than five pore struc-
ture parameters, which makes our model more practical.

Finally, the development of the above theory should be applied not only to calculate the
formation factor but also to evaluate the degree of saturation, which aids in the exploration
and development of oil and gas and hydrate reservoirs, as well as practical engineering
tasks, such as CO, sequestration and H, geological storage. Consequently, future research
will also focus on this theme.

7 Conclusions

In this work, the focus is on finding a method to more accurately characterize the formation
factors of various pore-dominated reservoirs. Using the truncated cone pores as the basis
in combination with the actual pore conductive characteristics of conductive pores, weakly
conductive pores and nonconductive pores to describe the conductivity characteristics of
the entire pore space, a new method, the CWNM, was developed to calculate the forma-
tion factor. The tortuous conductivity 7, and the related parameters, namely ¢, ¢,, ¢; and
e,,, Which are used to characterize conductive pores, weakly conductive pores and non-
conductive pores, jointly determine the formation factor—porosity relationship; they each
represent the tortuous conductivity of the pore space, ratio of the sum of the cross-sectional
areas of weakly conductive pores and nonconductive pores to the cross-sectional area of
the entire rock, area ratio of the pore with the widest cross-sectional area to the pore with
the narrowest cross-sectional area among the truncated cone pores, cross-sectional area
of weakly conductive pores to the sum of the cross-sectional areas of weakly conductive
pores and nonconductive pores, and volume ratio of conductive pores to weakly conductive
pores, respectively. In the CWNM, ¢, ¢, and 7, show a significant positive correlation with
the water-saturated rock resistivity, whereas c; and e,; show a negative correlation with
resistivity; they determine the relationship between the formation factor and ¢. Compared
with the existing models, the proposed model provides a more general assumption and a
more general model form. The proposed model can be applied to various types of rocks,
including conventional medium- and high-porosity sandstones, tight sandstones, porous
carbonate rocks, shales, andesites, permafrost and marine gas hydrate reservoir rocks/sedi-
ments, and rock-electric data that fail to conform to the Archie equation. A total of 24 sets
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of rock-electric data were calculated based on the proposed model’s parameters, and the
prediction accuracy of the CWNM was compared with that of other models. The CWNM
achieved the most accurate results for almost all lithologies, which reflects the extraordi-
nary effect of the proposed model. In evaluating the performance of the formation factor on
the dataset used in the paper, CWNM can reduce the relative error by up to 96.5%. Moreo-
ver, our model can clarify the pore space electrical conductivity characteristics of different
types of reservoirs from the obtained parameters. Ultimately, when the slope of the forma-
tion factor—porosity relationship of a certain reservoir varies widely or the slope cannot be
characterized by an existing model, adopting the CWNM is strongly recommended. Future
research on the CWNM should focus on parameter determination, parameter evaluation
and saturation evaluation applications. This work shows that it is appropriate to assume
that the entire pore space comprises pores with three levels of conductivity, even marine
gas hydrate reservoirs with very high porosity have many weakly conductive pores.

Appendix 1: Derivation of Eq. (4)

In Appendix 1, combined with Fig. 1, the radius of the smaller end of the cross-sectional
area of the pore is 7,;,, and the radius of the larger end of the cross-sectional area of the
pore is ry,,. According to this assumption, the resistance r, of the conductive pores is cal-

culated, and the equation is as follows:

L,

dl 1
= [ R —=—di 36
"s / SO 2 (56)

Among them, r([) refers to the values of the radius of the circle where the pore length
is,0<!/ <L,. Here, for the convenience of derivation, the cross-sectional area of the pores
varies is set uniformly; then:

1

1
=7 e (37
0 [rmin+ (rmax _rmin)L_q]
Equation (37) must determine the relationship between r,,, and r,;, for further equation
transformation. To facilitate the calculation of the subsequent parameters, the parameter c, to

characterize their differences is introduced. We do not introduce the two parameters to charac-
terize the subsequent model application, and the parameters should be as few as possible. Thus:

Tmax = €2'min (38)

Combining Eqs. (37) and (38), the equation changes to the following:

LK

RW/
r, = —
& r

|

1
7dl 39)

Tmin + (CZ
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Solving this equation, the resistivity of a single conductive pore can be finally obtained,
namely Eq. (40):

R,L; =L R,L,
r.o= g = 5 (40)
! 77'-rx2nin(c2 - ) [Lg + (C2 - 1)l] =0 ”Czrrznin

Appendix 2: Derivation of Eq. (15)

Equations (14) and (15) in the main text skip the derivation of multiple assumptions and
simple steps and are specifically elaborated in Appendix 2. Assuming that S is the average
cross-sectional area of the rock occupied by a single conductive pore (truncated cone pore):

oS AL _ o
2?:] F, @,L p,(1+e)

where ¢, refers to the porosity of all conductive pores (or truncated cone pores). Substi-
tute Eq. (41) into Eq. (14), where the number of pores with pore scaling factor ¢,; and the
minimum radius is 1,,;,; in the total number of conductive pores is f;:

mini

_ -1 -1
S Zfil FiCZirzmini + et, 2 Zf + e
(1l +e) 2?:1 F, (1+ e)clc3 1+ e) qop €21 mini (I +e)cics

42)
After obtaining Eq. (42), the P; parameter is defined. The P; parameter refers to the

ratio of the average radius values to the minimum radius of the pores i-th conductive pores,
namely Eq. (43):

Pi — mini (43)

In Eq. (43), r,,; refers to the average radius value of pores with a pore scaling factor of
¢,;- Then, define P as the weighted average of P; of a single truncated cone pore, and define
the average pore scaling factor as c,, which is the weighted average of a single truncated
cone pore. After the above definition is given, the following equation is obtained:

o0 o0

2 2 _ —2
ZfiCZirmini = ZfiPiCZirmi = Pcyr, (44)
i=1 i=1

r,, refers to the average values along the radius of the truncated cone pores. Among
them, the expression of P is:

p=- (45)

where 7 ;. refers to the average values along the radius of the smallest cross section
among truncated cone pores.
Substituting Eq. (44) into Eq. (42), Eq. (46) is obtained, which is Eq. (15).
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2 72 -1 et
F=—¢% "™ (Pczaz) —
(1 +e)? @, (1 +e)cics
T T et,
B (1+e)’ ?pczazP " (1+e)cic; (46)
T et,

= o +
(1+e) Qucrip (4o

where @), is the porosity of the conductive pores. Q can be called an intermediate coeffi-
cient, and the equation of Q is as follows:

0= % 47

Appendix 3: Derivation of Eq. (16)

The first step is to solve ¢,,. Here, a new parameter e, is given, which represents the volume
ratio of conductive pores to weakly conductive pores. Depending on the settings, there is an
equation:

S| = ep5ci 0368 (48)
According to the assumption, combining Egs. (5)—(8) and (48), Eq. (49) is obtained:

P=0,+¢,+9,

Ca = S — S)L, ~ Ph
37 5,48, SLaSih oo, (49)
»
e =2z
ps Ph

where ¢, refers to the porosity of weakly conductive pores and ¢, refers to the porosity of
nonconductive pores. Note that the assumption of L,~L; is used here, and Appendix 4 details
why we chose to do this. The paper also investigates the effect on the formation factor if L,~L,
is not recognized and explores whether the actual value of the ratio of L, to L; is close to 1
based on actual experiment data.

Through these changes, combining Eqgs. (6)—(9), by characterizing the volume of pores, the
calculation equations of the ratio of 3 pore types are obtained:

Q = & = _%s
@ I+csey,
Prn — __ G
o Trae, (50)
O 1% _ &
® ® ®

@ is characterized as follows:

S,\L, N S,L, + 8L, 7, N
- — = e ecic
$= 5L SL T+e P 1737

et,

Sl (51)

According to Eq. (51):
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P

e =
C1T, tC1C38,T, — @ (52)

Considering the equivalence only from a volume perspective, the conductive pores are
equivalent to a cylinder with a circular cross section whose porosity is consistent with the con-
ductive pores. Then, the corresponding equation can be written:

2L1 = %TCL] (r_2 + rma,(2

min

nPr, +7

min minrmax) (53)

In this way, the information of the truncated cone pores in the formation factor can
be guaranteed, and the shape of the conductive pores is mathematically restricted. Since
Eq. (53) is obtained only from the concept of volume, without any information about pore
conductivity, it is eternal true. The right side of Eq. (53) is the volume formula of the trun-

cated cone. Combining Eq. (38), the equation can be obtained according to Eq. (53):

3
p=—=
l+c, + c% G4
Substituting Eqgs. (52)—(54) into Eq. (15) yields the following:
2
F= (CITE+CIC3epsTe_(p) (1+C2+C§)l+ @ (55)
3cfczc3eps(1 + c3eps) @ (1 + c3eps)c%c3

Equation (55) is also Eq. (16).

Appendix 4: Assume that L, ~ L; in the model

In theory, the weakly conductive and nonconductive pores do not differ much in length
from each other, while the pore length of the conductive pores is much greater than them,
because of the particularity of their locations and occurrence.

In addition, the coefficient z is increased, which reflects the relationship between L; and
L,, zL, = L. The relationship between L; and L, can be disproved by the value of z. All
other assumptions are consistent with those in Egs. (5), (6) and (48), and a new formation
factor expression is obtained on this basis. Since the nonconductive pores do not directly
affect the rock conductivity but indirectly affect the formation factor, the following equa-
tion, Eq. (56), is obtained:

SiLy Sl +SiLy  S\Ly SL+38L,  (L+e,)eicser, +¢(1—c3)ezr,
SSL T s st T s 1+e

(56)
Equation (56) is transformed to obtain Eq. (57):

@

‘= (1+eps)clc3re+cl(l—c3)ezre—(p (57)

Then, combine Eq. (57), substitute into Eq. (46), perform a formula transformation, and
finally, the formation factor formula is obtained:
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Fig. 11 Solving for the formation factor of the conventional medium- to high-porosity sandstone consider-
ing z
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3 3(((Z_eps)c3 —z)¢; —¢3)77 1 67,

clc3eps(1 +c, + c%) (] clc3eps(1 +c, + c%)

(58)

To explore the value of z based on porous rock data, the data in Sect. 5.1 still be used to
optimize the model parameters. Figure 11 shows the model parameter calculation results
and the corresponding accuracy results.

From the results of the parameter calculation, the z value is basically stable in the range of
0.95-1.1, which is not much different from 1. From the perspective of accuracy, for the same
data, although the formation factor formula given by Eq. (57) gives more parameters than the
CWNM, it also considers the large difference between L; and L,. However, the optimization
effect has not been significantly improved, which shows that more parameters are not optimal,
and more parameters increase the difficulty of parameter selection.

To further prove that the z parameter is not important enough to be considered, the influ-
ence of the value of the z parameter on the model is simulated. In this process, we refer to the
optimization results of the core data and define the range of z as 0.8-3.5 to observe the change
in the relationship between the formation factor and porosity. The final result is shown in Fig.
12. According to the results, the influence of z on the formation factor—porosity relationship
is definitely much lower than the influence of ¢y, ¢,, ¢, €, and 7, shown in Fig. 3. Therefore,
from this point of view, setting z to 1 does not have an large impact on the model. Although
the CWNM does not use Eq. (58) to more comprehensively characterize the pore conductiv-
ity, it gives a simplification. However, since the nonconductive pores do not participate in the
conductivity of the rock, at least in the case of using the optimization algorithm to solve the
parameters, it is sufficient to use c, to reflect the characteristics of the nonconductive pores.
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Fig. 12 Changes in z parameter
in the CWNM in Appendix 4
and their effect on the formation
factor—porosity relationship

Formation factor
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(locking ¢,=0.3, ¢;=4.0, ¢s=0.5, ¢,,=0.6, 7,=2.5)
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