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ABSTRACT 

Several methodologies published in the literature can be used to construct realistic pore networks 
for simple rocks, whereas in complex pore geometry formations, as formed in tight reservoirs, such 
a construction still remains a challenge. A basic understanding of pore structure and topology is 
essential to overcome the challenges associated with the pore scale modeling of tight porous 
media. A stochastic random generation algorithm was employed to assess the effects of certain 
pore structure and geometries on the estimation of petrophysical and electrical properties of tight 
media through physically realistic 3D random networks. A Weibull truncated equation was used to 
predict the distribution of network pores and throats. An equivalent 3D pore network of Berea 
Sandstone was generated based on published pore and throat size distributions. The estimated 
porosity, absolute permeability, and formation factor of the reconstructed pore network are in 
good agreement with published laboratory measurements. Moreover, the estimated drainage and 
imbibition relative permeability curves are in a good match with corresponding experimental 
relative permeability curves. Subsequently, the effect of pore structure on basic core properties is 
evaluated by varying the Berea network pore size, throat size, and coordination number 
(connectivity) distributions. Finally, the effect of pore and throat geometries on two phase flow 
properties is investigated. The study shows the importance of taking into consideration the internal 
pore structure for petrophysical and electrical properties estimation. 

Keywords: Tight Media, 3D Random Network, Weibull Truncated Equation, Berea Sandstone, Pore 
Structure and Geometries 

INTRODUCTION 

The main objective of experimental analyses is 
to reduce uncertainty in reservoir evaluation by 
obtaining representative reservoir microscopic 
and macroscopic properties under reservoir 
conditions. However, laboratory measurements, 
especially in tight porous media, are costly and 

time consuming. Also, studying the effect of a 
certain parameter in such complex pore 
structures is difficult, due to the complexity 
associated with the experimental setup. As an 
alternative approach, pore network modeling 
can be used to construct physically sound 
models of a real porous media. Pore network 
modeling gives a reasonable prediction of fluid 
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flow properties at the pore scale, and offers the 
flexibility of studying the macroscopic properties 
relationship with pore structure and geometries.  

In pore network modeling, the complex pore 
structure in a rock is represented by a network 
of pore-bodies (void spaces) and pore-throats 
(narrow paths that connect pore-bodies) with 
simplified geometries. When this is successfully 
established, then single and multi-phase flow 
calculations can be performed [1, 2]. Detailed 
physics and productive capabilities for pore-scale 
modeling of multiphase flow on the pore scale 
have been reviewed in several studies [3-5]. At the 
early stages of network modeling, Fatt predicted 
capillary pressure and relative permeability curves 
of drainage using two-dimensional (2D) regular 
lattice networks, where the radii was randomly 
assigned [6]. He found that the network lattice 
yielded closer agreement to experimental 
measurements than assuming the porous media 
as a bundle of parallel tubes. Later, Chatzis and 
Dullien [7] reviewed Fatt’s network model work 
and they illustrated that 3D pore network models 
represent the real porous media more realistically 
than 2D pore network models. Following this early 
work, extensive studies on the importance of 
topology, pore bodies and throats size distribution, 
and their spatial correlations were performed [7-
11]. However, most of these studies were based 
on regular lattice networks, which are limited in 
reflecting the real topology and geometry of a 
rock. The capabilities of network modeling were 
enormously improved and have been applied to 
making many successful predictions of single and 
multi-phase flow and transport properties, including 
two and three-phase relative permeability and 
capillary pressure of conventional formations [12-
18]. In complex sandstones, it is recommended 
that a 3D-image-based representation of the 
pore space, which should capture the statistics of 
the real rock, should first be created. This can be 
generated using a direct imaging technique such 
as micro-CT scanning [1, 2] or by various 
process/object-based modeling approaches [12-

14, 19]. Subsequently, using various image based 
network extraction techniques [20, 21], an 
equivalent pore network is then extracted from 
the 3D image to estimate the single and 
multiphase fluid flow properties. Several authors 
have found that it is not practical to calculate the 
multiphase fluid flow properties directly, using for 
example Lattice-Boltzmann, through physically 3D 
images, because it is very computationally expensive 
[22-24]. 

The pore topology/structure of unconventional 
reservoirs, particularly tight gas, is unlike 
conventional reservoirs. In the literature, a tight 
gas reservoir is characterized by a dual porosity 
model, in which secondary pores represent the 
large fraction of void spaces connected to each 
other by slots. These slots have an important 
effect on permeability, as well as on gas flow 
through tight porous media; but, they may not have 
a significant contribution to porosity [25-27]. In 
order to replicate the pore topology/structure of 
tight gas reservoirs and model fluid flow through 
such porous media, one needs to know the 
constitutive relationships between the macroscopic 
properties of the system.  

The main objective of this paper is to use a 
random network modeling approach for a better 
understanding of the effect of selected pore 
structure (pore radius and throat radius and 
connectivity) and geometries (circular, square, and 
triangular cross-section) on macroscopic properties 
in permeable and tight porous media. A Weibull 
truncated equation is used to determine the 
distribution of network element properties such as 
pore/throat radius, length, shape factor, and 
coordination number (number of pore throats per 
pore body). The connectivity between pores is 
established in a similar procedure as given by Idowu 
[28]. A 3D pore network of Berea sandstone is 
constructed and the estimated macroscopic 
properties are validated with published 
experimental measurements. The purpose of this 
exercise is to confirm that the networks used in 
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this work are not radically different than those 
presented previously in the literature. Then, the 
effect of pore structure and geometries on 
estimating porosity, absolute permeability, and 
formation factor are inferred by constructing a 
number of different networks. Furthermore, the 
predicted formation factor-permeability, formation 
factor-porosity, and permeability-porosity relationships 
are discussed. A detailed data analysis is presented in 
the following sections.  

Pore Network Modeling 

Imperial College’s stochastic random network 
generation software developed by Idowu [28] is 
used as a starting point in this research. The 
software requires the knowledge of network 
element properties of pores and throats (radius, 
length, volume, shape factor, and connectivity), 
which can be obtained using image based network 
extraction techniques. The primary advantage of his 
approach is that it can be used to generate an 
arbitrarily-sized network. However, extracting 
geometrically equivalent network properties based 
on representative high resolution images for 
complex pore structures is computationally very 
expensive [28-31]. Consequently, a Weibull 
truncated equation is used herein to estimate the 
distribution of network elements properties 
(pore/throat radius, length, shape factor, and 
coordination number). This distribution was proved 
to be the most adequate one for network modeling 
applications of sandstones as early as the 1980’s, 
because it can establish a non-zero frequency for 
the minimum and maximum values of pore and 
throat sizes [32, 33]. The Weibull truncated 
equation is given by: 

𝑥 = (𝑥𝑚𝑎𝑥 − 𝑥𝑚𝑖𝑛) × 

( ){ }1 11 / /− − − − + 
δ δδln R e e  + 𝑥𝑚𝑖𝑛 (1) 

where, x is the estimated property value and 
xmin and xmax are the minimum and maximum 
values of x property respectively; 𝛿 and 𝛾 are 
Weibull exponents, which define the shape of 
Weibull distribution. Furthermore, the area, 

volume, and clay volume of each network 
element are calculated using the following 
equations [18, 34]: 

𝐴 =
𝑟2

4𝐺
 (2) 

𝑉 = 𝐴𝐿 (3) 

𝐶𝑙𝑎𝑦𝑣𝑜𝑙 =
𝑉.𝐶𝑙𝑎𝑦𝑝𝑒𝑟

(1 − 𝐶𝑙𝑎𝑦𝑝𝑒𝑟) (4) 

where, A is the area, r is the radius, and G is the 
dimensionless shape factor and its value depends 
on selected pore and throat geometries; L is the 
length of pore or throat, Clayvol is the estimated 
clay volume for each element, and Clayper is the 
clay proportion, which is an input to the 
program. It should be noted that consistent units 
e.g. micrometers or meters should be used. The 
connectivity between pores is established in a 
similar procedure as the one described by Idowu 
[28]. The maximum length condition and 
correlation function between two connected pores 
are utilized. 

In this study, an Imperial College program called 
Pore-Scale Modeling [18, 34] is used to estimate 
the petrophysical and electrical properties of 
the constructed pore networks. The program is 
a quasi-static simulator of two-phase capillary 
dominated flow following the work of Ören et 
al. [14] and Patzek [15]. The software simulates 
primary drainage, wettability alteration, and any 
subsequent cycles of imbibition and secondary 
drainage. No trapping mechanism is implemented 
during primary drainage, whereas a snap-off trapping 
mechanism is considered during imbibition. The 
program assumes water saturated clays will not be 
drained during fluid displacements, and it is rather 
considered as a constant clay volume associated 
with each element, which remains water-filled. 

Berea Sandstone 

The network construction procedure is validated 
by generating an equivalent network of Berea 
sandstone with dimensions of (3x3x3) mm3 
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consisting of 12,349 pores. The estimated 
petrophysical properties are in good agreement 
with the published experimental data of Berea 
sandstone [35] as shown in Table 1. The input 
parameters used are selected according to the 
extracted network properties presented by 
Idowu [28]. The input minimum and maximum 
values for each element property (radius, 
length, and shape factor) are read directly from 
the extracted distribution, where the Weibull 
exponent parameters for pore and throat radius 
are estimated using a back calculation 
procedure assuming the values of 𝛿 and 𝛾 until 
the best visual match between the estimated 
and extracted distribution is achieved as shown 
in Figures 1 and 2 respectively. However, the 
distribution of extracted pore and throat lengths 
and coordination number do not follow the 
Weibull distribution function. Thus the exponent 
parameters are assumed and altered manually 
for a better match in petrophysical and electrical 
properties with the laboratory measurements. 
That justifies the variation between the 
estimated values with the reported values by Al-
Dhahli et al. [35] as shown in Table 1. Typical 
values of 𝛿 and 𝛾 used in this work vary 
between 0.001 to 1 for 𝛿 and between 0.1 to 5 
for 𝛾. 

Table 1: Estimated network parameters of Berea 
sand. 

Parameters Al-Dhahli et al. 
[35] 

This work 

Permeability (md) 2673 2518 

Net Porosity (%) 18.3 18.4 

Clay Porosity (%) 5.72 6.0 

Formation Factor 15.16 12.4 

The measured porosity was 18% and clay 
proportion was 9% [13]. 

 
Figure 1: Weibull estimation of pore size distribution is 
in good agreement with the original extracted 
distribution. 

 
Figure 2: Weibull estimation of throat size distribution is 
in good agreement with the original extracted 
distribution. 

The number of connected throats/branches for 
each pore (i.e. coordination number) and the length 
of pore and throat have an impact on the 
estimation of petrophysical and electrical 
properties. On the other hand, a good match was 
achieved between the estimated and experimental 
relative permeability curves for both drainage and 
imbibition displacements as shown in Figures 3 
and 4 respectively. The estimated resistivity index 
and capillary pressure curves during drainage and 
imbibition displacements are shown in Figures 5 and 6 
respectively. The corresponding lab measurements of 
those curves are not available to be validated. Table 2 
lists the input fluid parameters used for modeling 
two-phase flow (water/oil) through a porous 
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medium. The values presented by Al Dhali et al. 
[35] are included for reference purposes. 

The sensitivity analysis is conducted based on 
the equivalent network of Berea sandstone to 
study the effect of pore throat structure and 
geometries on porosity, absolute permeability, 
and formation factor estimation. A detail data 
analysis and finding is presented in the following 
sections. 

 
Figure 3: Comparison of the measured and estimated 
two phase relative permeability curves in Berea 
sandstone for drainage. 

 
Figure 4: Comparison of the measured and estimated 
two phase relative permeability curves in Berea 
sandstone for imbibitions. 

 
Figure 5: Estimated resistivity index in Berea sandstone 
for drainage and imbibition. 

 
Figure 6: Estimated capillary pressure in Berea 
sandstone for drainage and imbibition. 

Pore Structure Effects 

The objective is herein achieved by shifting each 
element of the pore structure (pore size, throat 
size, and coordination number) independently, 
combining two elements, and combining all three 
elements together in order to produce realistic 
tight porous media. The input parameters used to 
construct a 3D network of Berea sandstone is 
served as a reference to the generated networks 
in this study. In the reference network, a zero clay 
fraction is assumed. The impact of this assumption 
is that all wetting phase is potentially displaceable. 

Table 2: Input fluid parameters used for modeling two-phase flow (water/oil) through a porous medium. 

 Contact Angle, 
Drainage 

Contact Angle, 
Imbibition 

IFT 
(m.N/m) 

Oil Viscosity 
(m.Pas) 

Water Viscosity 
(m.Pas) 

This Work 0 50-60 48 1.36 1.05 

Al Dhahli et al. [35] 0 20-72 48 1.39 1.05 
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Also, if clay type pore sizes are to be considered, 
they have to be part of the pore size distribution, 
when a displacement is modeled. It is further 
assumed that the pore length is 2rp (pore radius) 
instead of using a Weibull distribution. This 
assumption is made to limit this sensitivity 
analysis on these three factors. Seven networks 
are generated by varying only the values of 
Weibull exponent parameters (𝛿 and 𝛾) for pore 
and throat radius and coordination number without 
manipulating their minimum and maximum values. 
Figure 7 shows the reduced distributions with the 
original distributions of the reference network. 
Table 3 illustrates the variation in net porosity, 
absolute permeability, formation factor obtained 
by running Pore-Scale Modeling software and using 
Archie’s equation to estimate the cementation 
exponent (m) by assuming a=1.0. 

𝐹 = 𝑎∅−𝑚 (5) 

where, F is formation factor, Φ is porosity, m is 
the cementation exponent, and α is the Archie’s 
constant (including tortuosity, it is herein 
assumed to be one). 

From Table 3 it can be seen that the reference 
network gives a lower estimate for porosity, 
absolute permeability, and formation factor than 
the 3D network of Berea sandstone (Table 1). This 
reduction is due to the assumption employed for 
calculating pore length (Lp = 2rp) of the reference 
network. Consequently, the distribution of pore 
length in reference network is lower than in Berea 
sandstone network. The choice of sensitivity 
analysis parameters aims at adjusting network 
properties towards formations much tighter than 
Berea sandstone. The data in Table 3 are not meant 
to provide specific experimental matching, but are 
to demonstrate trends on core properties with 
changing pore parameters. 

 

 
Figure 7: The reduced distributions of tested factors 
plotted with the reference distributions used for 
generating a 3D network of Berea sandstone. 

Figure 8 (a) shows the net porosity values for all 
the cases plotted in Cartesian coordinates. It can 
clearly been seen that when the distribution of 
pore radius is reduced independently, the 
estimated porosity dropped from 15.3% to 1.0%. 
Permeability by definition measures the connectivity 
of a porous media and all three pore structure 
factors contribute to the fluid flow. Thus the 
estimated absolute permeability declined in all the 
cases, and it can be concluded that all three 
elements have an effect on permeability estimation 
as shown in Figure 8 (b).  
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Table 3: Porosity, absolute permeability, formation factor, and cementation exponent values with respect to 
pore throat structure effects. 

Case 
no. 

Network Index Description Φ (fraction) Kab (md) FF m (assuming a = 1) 

1 Ref. Network Reference network 
(No clay & Lp = 2Rp) 

0.153 2499 11.1 1.28 

2 Case 1 Reducing pore radius 0.01 64.9 50.1 0.85 

3 Case 2 Reducing throat 
radius 

0.105 23.8 89 1.99 

4 Case 3 Reducing 
coordination number 

0.127 218 60.2 1.99 

5 Case 4 Reducing pore & 
throat radius 

0.006 11.8 131.6 0.95 

6 Case 5 Reducing pore radius 
& coordination 

number 

0.007 11.8 226.5 1.09 

7 Case 6 Reducing throat 
radius & coordination 

number 

0.101 1 626.9 2.81 

8 Case 7 Reducing all factors 
combined 

0.005 0.74 748 1.25 

 

Overall, the value of formation factor increases 
with the reduction of these elements individually 
or combined as shown in Figure 8 (c). Combining 
the effect of reducing throat radius and decreasing 
number of flow pathways (coordination number) 
is causing a significant increase in the formation 
factor. Formation factor values are plotted against 
the estimated porosity for all the cases in semi-log 
and Cartesian scale as shown in Figure 9 (a) and 
Figure 9 (b) respectively.  

Furthermore, at each porosity value, formation 
factor is estimated using Archie’s equation 
assuming m=2.0 (for sandstone comprised of 
spherical grains) [36] and the values are plotted 
in the same figures. Because of the high level of 
variability in cementation exponent due to the 
difference in pore structure between these 
networks, data points do not follow the same 
power law and a linear function similar to those 
data points estimated with a constant value of 
m=2. However, the data points for those 
networks (Case 1, Case 4, Case 5, and Case 7) 
with similar and small pore size distribution 
have less scattering as shown in Figures 9 (a) and 
9 (b). Case 2 and Case 3 have similar estimated 

value of cementation exponent (m=1.99) and this 
match could be anticipated with similarity in pore 
size distribution and the arrangement of pore 
space despite the difference in throat size and 
coordination number between these cases. Glover 
[37] interpreted the cementation exponent (m) as a 
function of the change rate of availability pathways 
for transport (Connectedness) with porosity and the 
arrangement of pore space (Connectivity). However, 
when the effect of reducing throat radius and 
coordination number is combined as shown in Case 
5, a higher value of m is estimated; this is an 
equivalent representation to a carbonate pore 
structure. Furthermore, those networks (Case 1, 
Case 4, Case 5, and Case 7) having a similar reduced 
distribution of pore radius are plotted together as 
shown in Figures 9 (a) and (b), but they do not 
follow a similar power function. The reason is the 
difference in throat size and coordination number 
producing different values of m. Figure 9 (c) 
illustrates the relationship between formation 
factor and permeability. In general, the formation 
factor will decrease with increasing absolute 
permeability. Moreover, the networks are divided 
into two groups based on the coordination number 
distribution. Networks which were generated with a 
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reduced coordination number distribution (Case 3, 
Case 5, Case 6, and Case 7) are fitted well in a blue 
dash line, where the other networks (Base Case, 
Case 1, Case 2, and Case 4) consist of a higher 
distribution of coordination number and are plotted 
in a dark red dash line. Hence it can be concluded 
that the network connectivity (coordination 
number) factor affects the permeability-formation 
factor relationship more than the other factors. In 
Figure 9 (d), the cross-plot of absolute permeability 
versus porosity is plotted in log-log scale, and it 
can be seen that the data points are classified in 
two groups. Low porosity networks are plotted 
in the left side and the high porosity data points 
in the right side. This classification can be linked 
to the similarity of pore radius distribution used 
for generating these networks. Furthermore, pore 
topology/structure and pore throat radius are the 
major factors having influence on permeability 
estimation. Aguilera [38] developed an integrated 
cross-plot of permeability versus porosity according 
to pore throat aperture at 35% mercury saturation, 
which allows one to distinguish between flow units 
in conventional, tight gas, and shale gas reservoirs. 
Consequently, the data points are re-plotted as 
shown in Figure 10 (a) according to the throat size 
distribution used for generating the networks. The 
data points for the networks of Berea sandstone, 
Base Case, Case 1, Case 3, and Case 5 show 
correlation, but the data for the networks with 
lower permeability such as Case 2, Case 4, Case 6, 
and Case 7 are scattered around the fitted power 
function line. This could be due to the fact that 
the coordination number distributions are not 
the same for these networks. Figure 10 (b) 
illustrates the permeability-porosity relationship 
based on coordination number and throat radius 
distributions. Each of the two networks generated 
using similar throat radius and coordination 
number is plotted in the same curve. 

Pore Throat Geometry Effects 

The 3D pore network of Case 7 of the previous 
section is assumed as a reference network here and 
a representative pore network of tight porous media. 
Thus a study is conducted by nine constructed 
networks to assess the impact of varying pore and 
throat geometries on estimating porosity, absolute 
permeability, and formation factor. The reference 
network consists of mixed shapes of pores and 
throats. The proportion of pore shape is 1% square, 
4% circular, and 95% triangular. Throat shape 
percentage is 8% square, 2% circular, and 90% 
triangular. This combination was adopted through 
trial and error, because it would lead to the best fit 
of the experimental results, as it will be shown 
below. Table 4 illustrates the difference in estimating 
porosity, absolute permeability, formation factor, 
and porosity exponent. A first observation that can 
be drawn from Table 4 is that throat shape has a 
more significant control on absolute permeability, 
whereas the type of pore shape influences network 
porosity estimation. The change in formation factor 
is controlled more by throat shape than the shape 
of pore. 

Figure 11 (a, b, and c) shows the variation of net 
porosity, absolute permeability and formation 
factor values with respect to different shape selection 
for pores and throats. In Figure 11, triangular cross-
section produces higher net porosity, absolute 
permeability, and cementation exponent but a 
lower formation factor, whereas square and circular 
cross-section similarly yield to lower values of net 
porosity, absolute permeability, and cementation 
exponent but a higher formation factor value. This 
finding could be related to the value of shape factor 
(G) that is determined based on the selected shape 
(circular, square, and triangular) of pores and 
throats. 
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Figure 8: Pore structure (pore radius, throat radius, and coordination number) influence on (a) net porosity, 
(b) absolute permeability, and (c) formation factor estimation. 

        
 

    
 

    

Figure 9: (a) Semi-log plot of the estimated values of formation factor vs. porosity for all the cases; the empty circle 
marker corresponds to Archie’s Law estimation with m=2 and a=1; (b) Normal scale plot of Log(formation factor) vs. 
Log(porosity) for all the cases; (c) Log-Log plot showing the relationship between formation factor and permeability; 
(d) Semi-Log plot showing the relationship between estimated permeability and porosity for all the cases (individual 
cases are shown in Figure 10b). 
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Figure 10: Cross-plot of absolute permeability vs. net porosity showing the relationship of the constructed networks 
based on throat size and coordination number distributions.  

Table 4: Porosity, absolute permeability, formation factor, and cementation exponent values with respect to 
pore throat geometry effects. 

Case Index Throat Shape Pore Shape Φ (fraction) Kab (md) FF m (assuming a = 1) 

1 Ref. Network Ref. Network 0.005 0.74 748 1.249 

2 

100% Square 

100% Triangular 0.003 0.36 1460.4 1.254 

2 100% Square 0.002 0.36 1513.7 1.178 

2 100% Circular 0.0019 0.35 1543 1.172 

3 

100% Circular 

100% Triangular 0.003 0.25 1844 1.294 

3 100% Square 0.0019 0.25 1897.8 1.205 

3 100% Circular 0.0017 0.25 1927.4 1.186 

4 

100% Triangular 

100% Triangular 0.0046 0.78 725.4 1.224 

4 100% Square 0.0034 0.76 777.4 1.171 

4 100% Circular 0.0031 0.75 805.6 1.158 

 
The Imperial College software uses the 
dimensionless shape factor (G), as suggested by 
Mason and Morrow [39] to correct for wetting 
layer, conductivity, and calculate capillary entry 
pressure as a direct function of the pore shape 
using expressions derived by other works [14, 15, 
18, 34, 39, 40]. The value of dimensionless shape 
factor assigned for circular and square is higher 
than for that of the triangular cross-section 
shape. For circular and square shape, the value 
of shape factor (G) is 1/4π and 1/16 respectively, 
but the value of G for triangular cross-section differs 
from 0 (slit-shaped) to 0.048 (equilateral triangle 
shape). From equation (2), the area of each element 
increases as the shape factor (G) decreases; thus 
the porosity, permeability, and cementation exponent 
values increase accordingly. The relationship between 
the estimated petrophysical properties was studied. 

Figure 12 (a,b) demonstrates the relationship 
between formation factor and net porosity in log-log 
and Cartesian scale. In Cartesian plot, a polynomial 
function fits the data points better than the linear 
function. It is been found experimentally that in 
tight gas sands the relationship between formation 
factor and porosity differs from the power function 
[41]. Figure 12 (c) shows a decrease in the formation 
factor values as absolute permeability increases with 
respect to changing throat shape, while having a 
similar distribution of pore and throat radius and 
coordination number. There is no significant effect 
on permeability-formation factor relationship with 
changing pore geometries. In addition, the predicted 
absolute permeability values were plotted with net 
porosity as shown in Figure 12 (d). The pore 
geometries influence the permeability-porosity 
relationship in tight porous media considering that the 
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pore structure is the same for all the generated 
networks. Figure 13 (a) shows the data points for 
these networks plotted with the values of networks 
(Case 7 and Case 6) from the previous section 
having the same pore structure. However, better 
data fitting can be seen when plotting permeability 
and porosity values of a network (Case 3), which 
consists of 100% triangular cross-section shape of 
pores and throats with Case 6 and Case 7 as shown 
in Figure 13 (b). This good correlation is due to the 
fact that the majority of cross-section shape of 
pores and throats are triangular for both the 
generated reference network (Case 7) and network 
of Case 6. 

Throat length significantly affects the estimation 
of electrical formation factor particularly in tight 
porous media. This effect is demonstrated by 

reconstructing the reference network and the 
network (Case 7) from the pore structure effect 
section by assuming that the connection path 
between connected pores is a straight line. Thus 
throat length is calculated based on the actual 
distance between the centers of two connected 
pores instead of varying the throat length obtained 
from Weibull equation. Table 5 demonstrates the 
variation of the estimated formation factor along 
with porosity and permeability through permeable 
and tight networks. It can be seen that as the length 
of throat is increasing, the value of porosity and 
permeability increase but formation factor value 
decreases. The effect is more significant for the case 
of tight network. Assuming a variable throat length 
in pore network modeling is more accurate than a 
straight-line path assumption, since the real pore 
space follows quite a tortuous path [42]. 

 

   

 
 

Figure 11: Influence of varying pore and throat geometries on (a) net porosity, (b) absolute permeability, and 
(c) formation factor estimation. 
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Figure 12: (a) Log-log plot for the estimated values of formation factor vs. porosity for all cases, (b) Normal scale plot 
for the estimated values of Log (formation factor) vs. Log (porosity), (c) Log-log plot showing the relationship between 
formation factor and absolute permeability, and (d) Semi-log plot showing the relationship between estimated 
absolute permeability and net porosity for all the cases. 

 
 

 
 

Figure 13: Cross-plot of absolute permeability vs. net porosity showing the influence of pore geometries on tight 
porous media considering pore structure equal for all the networks.  

Tight Porous Media 

According to the network in Case 7, eleven additional 
media are generated to assist in demonstrating the 
pore network capability to replicate the macroscopic 
properties relationships obtained experimentally by 
Byrnes et al. [26] in tight gas sandstones. In the 
generated networks, pore and throat geometries 
and coordination pore and throat radius vary 

based only on changing the Weibull coefficient 
(𝛿). Table 6 illustrates the estimated values of 
porosity, absolute permeability, and formation 
factor using Pore-Scale software and the 
cementation factor obtained by Archie’s equation 
assuming a = 1.0. 
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Table 5: Porosity, permeability, and formation factor values for two different networks constructed using 
different assumptions in throat length estimation. 

Throat Length 
Estimation Assumption Network Porosity 

(fraction) 
Kab 

(md) FF m (assuming a = 1) 

Straight-line path Ref. Network of pore 
structure test 

0.237 998 26.5 2.28 

Vary throat length 0.153 2499 11.1 1.28 

Straight-line path Network (Case 8), from 
pore structure test 

0.01 0.19 2921 1.69 

Vary throat length 0.005 0.74 748 1.25 

Table 6: Porosity, absolute permeability, formation factor, and cementation exponent values as pore and 
throat radius distributions changed. 

Tight Media No. Porosity (fraction) Kab (md) FF m (assuming a = 1) 

Media 1 0.071 2.83 376.3 2.24 

Media 2 0.051 0.95 628.5 2.17 

Media 3 0.034 0.344 1033.5 2.05 

Media 4 0.021 0.149 1566.35 1.90 

Media 5 0.012 0.071 2415.2 1.76 

Media 6 0.0059 0.046 3082.15 1.57 

Media 7 0.0058 0.0328 3785.8 1.60 

Media 8 0.0026 0.035 3689.93 1.38 

Media 9 0.0025 0.031 3994.4 1.38 

Media 10 0.0016 0.0335 3712 1.28 

Media 11 0.0011 0.033 3767.3 1.21 
 

Figure 14 (a,b) shows the macroscopic properties 
the relationships of the generated tight networks 
with varying pore and throat size distributions. 
Clearly, the relationship of formation factor-
porosity in tight porous media does not follow 
the power function line as shown in Figure 14 (a). 
Instead, the data points bend to the left in 
reference to Archie’s Law line, and this behavior 
was also shown experimentally by Byrnes et al. 
and Liu et al. [26, 41]. Consequently, in Figure 14 
(b), the porosity value decreases as cementation 
exponent drops. This relationship was characterized 
by a dual porosity model, in which the secondary 
pores represent the large fraction of the void 
space connected to each other by slots (fractures) 
[25, 36]. These two cross-plots are plotted with the 
experimental measurements of tight gas sandstone 

samples obtained by Byrnes et al. [26]. Obviously, 
the estimated points by pore network modeling 
follow the laboratory data points trend, but the 
pore network formation factor is higher as shown in 
Figure 15 (a,b). This inconsistently with formation 
factor estimation is either due to limited available 
pathways for flow or the long throat length used. 
Additionally, as the porosity of porous media got 
lower by altering network element properties, the 
porosity-formation factor correction is deviating 
from Archie’s quadratic function as shown in Figure 15 
(a). Figure 16 (a) emphasizes that the coordination 
number (connectivity) affects the formation factor–
permeability relationship more than pore and 
throat sizes. Considering this cross-plot, there is an 
inverse relationship and the data points fall on the 
same line. Figure 16 (b) shows the cross-plot of 
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permeability vs. porosity in semi-log scale. The 
data points are fit in a single line using exponent 
correlation. However, data points having low 
absolute permeability estimation do not fall well 

on the same fitted correlation. This behavior is 
observed as shown in Figure 12 (d) and Figure 13 
(a).   

 
 

 
 

 

Figure 14: (a) Normal scale plot of the estimated values of Log (formation factor) vs. Log (porosity) and (b) 
Cementation exponent–porosity cross-plot. 

 
 

 
 

 

Figure 15: Pore network estimation is consistent with laboratory measurements; (a) Formation factor-porosity cross-
plot and (b) Cementation exponent (m)-porosity cross-plot. 

 
 

 
 

 

Figure 16: (a) Log-log plot showing formation factor and absolute permeability relationship and (b) Semi-log plot 
showing the relationship between estimated absolute permeability and net porosity for all the networks.  
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CONCLUSIONS 

It can be concluded that pore network modeling 
approach has the ability to construct equivalent 3D 
pore networks of a real porous media and mimic 
the physics of fluid flow at pore scale level. 
Eventually, it offers the flexibility to study 
macroscopic properties relationships with pore 
throat structure and geometries through simple 
and complex pore structure of real rock. Thus, in 
the current work, it has been shown that: 

• A good match with laboratory measurements 
of Berea sandstone was achieved. The match 
of capillary pressure and resistivity index could 
not be made, since the laboratory data for this 
were not available.   

• Assuming that the pore length is twice the 
pore radius results in a reduction of porosity, 
absolute permeability, and formation factor. 

• Reducing pore size distribution substantially 
decreases the net porosity value and the combined 
reduction of throat size and coordination number 
significantly increases formation factor value but 
decreases the value of absolute permeability.   

• Connectivity should be considered beside throat 
size for a better classification in permeability-
porosity cross-plot.  

• Triangular cross-section will produce higher values 
of network porosity, absolute permeability, and 
cementation exponent but a lower formation 
factor compared to square and circular cross-
sections, which yield lower values of net porosity, 
absolute permeability, and cementation exponent 
but a higher formation factor. 

• The shape geometry of throats controls 
significantly absolute permeability and formation 
factor, whereas the shape of pores influences the 
porosity estimation and have a less impact on 
formation factor. 

• Formation factor-absolute permeability 
relationship with varying pore and throat 

geometries follows the similar relationship 
obtained with changing pore structure. This is 
due to the assumption that formation factor 
will vary inversely with absolute permeability 
made by pore-scale modeling simulator. 

• Formation factor-porosity cross-plot differs 
from power function in tight porous media. The 
data will bend to the left with decreasing 
porosity.  

• Finally, a variable throat length is the proper 
way to reflect pore scale tortuosity, especially 
for tight porous media. 
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NOMENCLATURE 
a Archie constant (dimensionless) 

A Area (m2) 

Clayvol Clay volume (m3) 

Clayper Clay proportion (fraction) 

F Formation factor (dimensionless) 

G Dimensionless shape factor 

Kab Absolute permeability (md) 

Krw Relative permeability of water 

Kro Relative permeability of oil 

Pc Capillary pressure (Pa) 

I Resistivity index 

L Length of pore or throat (m) 

m Cementation exponent 

r radius (m) 

x 
Estimated property value by Weibull 
Equation 

xmax Maximum value of x property 

xmin Minimum value of x property 

Φ   Porosity (fraction) 

Subscripts  

ab Absolute 
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p Pore 

Greek Symbols  

𝛿 Weibull exponent constant 

𝛾 Weibull exponent constant 
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