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A B S T R A C T   

Permeability, a crucial parameter in the subsurface geological and industrial activities, is highly heterogeneous 
in tight sandstone. Great difficulties and accuracy losses present in the permeability estimation of tight sandstone 
owing to its intricate pore structures. In this paper, to obtain reliable permeability estimation models for tight gas 
sandstone, the popular Coates, Schlumberger Doll Research, and Pittman models are improved from a systematic 
pore structure characterization. The characterization, integrating multiple techniques and incorporating perco
lation theory and fractal model, identifies the presences of three pore structure types, involving the mixed pore 
type, single-pore dominant type, and dual porous type. Attribute differences are discovered in the pore consti
tute, size distribution, microscopic heterogeneity, and connectivity of different structure types, in which 
disparate structural variation rules are identified in the pore-controlled and dual porous structures. These dif
ferences are responsible for the distinctions in the continuous fluid percolation pathways. The pore-controlled 
sandstone shares similar reticular networks with variations in extension degrees, while the dual porous sand
stone exhibits a completely different tubular network, indicating different permeability variation mechanisms. 
Differed correlation trends between pore attributes and permeability in pore-controlled and dual porous tight 
sandstone suggest that permeability is primarily affected by pore structure type, followed by connectivity. The 
permeability of pore-controlled tight sandstone is determined by the pore geometrical features and influenced by 
connectivity and heterogeneity, while that of dual porous one is controlled by the attributes of micro cracks. 
Modification is performed on the Coates, SDR, and Pittman models by taking pore structures, particularly the 
structure types and connectivity, into account. Evident performance enhancements occur in these calibrated 
models. The excellent applicability of the improved models in pore-controlled tight sandstone confirms that pore 
structural types should be addressed in priority, followed by pore connectivity, in the permeability estimation of 
tight sandstone.   

1. Introduction 

Permeability has been always recognized as a key parameter in the 
formation and reserve evaluations of hydrocarbon reservoirs and 
geothermal reservoirs as well as aquifers since it exhibits direct relations 
to the fluid flow and hydrocarbon deliverability in natural porous media 
(Thomas and Ward, 1972; Deutsch, 1989; Pittman, 1992; Pape et al., 

1999; Arns et al., 2005; Zha et al., 2017). It becomes more crucial in 
tight sandstone owing to the reservoir heterogeneity. Permeability is 
commonly considered as a macroscopic description of pore structure 
and generally has functional correlations with pore structure properties 
(Bourbie and Zinszner, 1985; Jacquin and Adler, 1987; Lock et al., 2002; 
Rezaee et al., 2012; Mao et al., 2013; Sheng et al., 2020). As it is 
impractical to measure the in-situ absolute permeability from the 
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wellbore, predicting permeability using its correlations to other petro
physical properties or pore structure parameters has been brought to 
forefront in the formation evaluation (Wong et al., 1984; Johnson et al., 
1986; Banavar and Schwartz, 1987; Daigle and Dugan, 2009; Yao et al., 
2010; Zhao et al., 2016), particularly in the tight sandstone reservoirs 
with extremely complicated pore structures (Rezaee et al., 2012; Zhao 
et al., 2016). 

Numerous permeability estimation models have been developed on 
the basis of electrical conductivity (Wong et al., 1984; Liang et al., 2000; 
Arns et al., 2001; Zisser et al., 2010), mercury intrusion porosimetry 
(MIP) (Purcell, 1949; Thomeer, 1960; Wells and Amaefule, 1985 Pitt
man, 1992; Rezaee et al., 2012), NMR response, and other petrophysical 
data. The existing models could be divided into four categories. One of 
the popular approaches is obtained based on the Poiseuille equation, in 
which the porous media is simplified as cylindrical tubes with different 
radii (Purcell, 1949; Kolodzie Jr, 1980; Swanson, 1981; Thomeer, 1983; 
Wells and Amaefule, 1985). Since the Purcell model was proposed by 
combining the Poiseuille equation and Darcy law (Purcell, 1949), it has 
been modified by Thomeer model that approximated the mercury in
jection data as a hyperbola and related the hyperbolic functions to 
permeability (Thomeer, 1983). Swanson (1981) further indicated that 
the apex of the hyperbola corresponds to the maximum ratio of mercury 
intrusion saturation to capillary pressure ((SHg/PC)apex, Swanson 
parameter), and correlated it to the permeability. The Swanson model 
has been extended by Guo et al. (2004) by applying the capillary para
chor. Liu et al. (2016) improved this model by introducing the porosity 
into it. The second category originates from the percolation theory. 
Following the percolation arguments considering that the fluid perco
lation in the system with very wide distributions of local conductances is 
controlled by the largest conductances that form the spanning pathways 
across the system, the permeability of sedimentary rocks can be corre
lated to critical path diameter in the K-T model (Katz and Thompson, 
1986). The third category employing the empirical approach includes 
the Kozeny-Carman model (Kozeny, 1927; Carman, 1997), Windland 
model (Zhao et al., 2015), Pittman model (Pittman, 1992), Nelson model 
(Nelson, 1994), and recent other models modified from these models, 
most of which were built by using the multiple linear regression analysis 
(MLR) (Rezaee et al., 2012; Zhao et al., 2016). The fourth category stems 
from the relationship between the relaxation measurements of NMR and 
permeability (Chang et al., 1994; Kleinberg, 1996; Coates et al., 1999; 
Daigle and Dugan, 2009), mainly including the Coates model (Coates 
et al., 1999) and SDR (Schlumberger Doll Research) model (Xiao et al., 
2012), which are applicable in the formation containing water and/or 
hydrocarbons and in the formation only containing water, respectively 
(Rezaee et al., 2012). Additionally, numerical simulation that utilizes 
the pore images acquired by casting thin section (CTS), scanning elec
tron microscopy (SEM), and X-ray computed tomography (X-CT) 
emerges as another effective approach (Adler et al., 1990; Spanne et al., 
1994; Ferreol and Rothman, 1995; Arns et al., 2001, 2004, 2005). 

As most of the permeability prediction models were developed for 
conventional sandstone and carbonate rock, pitfalls appear when these 
models are directly applied to the tight rocks with extremely wide pore 
size distributions (PSD) and heterogeneous pore structures (Rezaee 
et al., 2012; Zhao et al., 2016). On one hand, the simplification of the 
complex porous media neglects pore connectivity that is key for the fluid 
flow in tight sandstone (Cai et al., 2014; Tiab and Donaldson, 2015; Xiao 
et al., 2017b; Ghanbarian et al., 2019). On the other hand, the de
ficiencies in the pore structure characterization of tight rocks lead to 
inaccuracies in the determination or approximation of the critical path 
diameter and geometric or harmonic mean (Katz and Thompson, 1986; 
Arns et al., 2005; Hunt et al., 2014), resulting in estimation deviations 
(Qiao et al., 2020a). Notably, as most of the popular models were 
derived from the MIP, which has shortcomings in probing the overall 
pore structure of tight rocks due to the shielding effects and grain 
compression (Clarkson and Bustin, 1996; Kaufmann et al., 2009), it is 
evident that these models will be limited in the applications to tight 

sandstone. Additionally, the tight sandstone presents pictures of extreme 
in the correlations between pore structure properties and permeability 
due to the extensive compaction and diagenetic modification (Soeder 
and Chowdiah, 1990; Desbois et al., 2011; Lai et al., 2016b, 2018; Qiao 
et al., 2020b). As indicated, the proper permeability estimation of tight 
sandstone strongly relies on a systematic pore structure characterization 
and must incorporate the pore structure attributes (e.g. pore sizes, 
shapes, and connectivity), of which pore connectivity is of vital impor
tance (Cai et al., 2014; Ghanbarian et al., 2019). 

To measure the pore structure properties of tight sandstone, various 
techniques have been employed, including the fluid-invasion tech
niques, image-based techniques (Chalmers et al., 2012; Bultreys et al., 
2016; Wang et al., 2016; Yang et al., 2016a), gas absorption techniques 
(Ross and Bustin, 2007, 2009; Clarkson et al., 2013), and radiation 
techniques (e.g. nuclear magnetic resonance (NMR) (Gallegos et al., 
1987; Gallegos and Smith, 1988; Yao et al., 2010; Lai et al., 2016a; Zhao 
et al., 2017) and X-CT (Mees et al., 2003; Blunt et al., 2013; Cnudde and 
Boone, 2013)). However, each technique is limited in probing the 
overall pore structure of tight sandstone (Yuan and Swanson, 1989; 
Clarkson and Bustin, 1996; Kaufmann et al., 2009; Yao and Liu, 2012; Al 
Hinai et al., 2014; Zhao et al., 2015; Wu et al., 2017; Huang et al., 2018; 
Qiao et al., 2020a, 2020d). Especially, the inherent shortcoming of MIP 
in the pore size and connectivity measurements is responsible for the 
pitfalls in the applications of the popular permeability estimation 
models in tight sandstone (Yao and Liu, 2012; Zhao et al., 2015; Wu 
et al., 2017; Qiao et al., 2020a). Some attempts have been made to in
tegrated complementary techniques to overcome these shortcomings 
(Sok et al., 2010; Clarkson et al., 2013; Wang et al., 2014; Zhao et al., 
2015; Wu et al., 2017; Qiao et al., 2020a). Comparing these integrations, 
the combination of the non-destructive techniques, i.e. NMR and X-CT 
(Yao et al., 2009, 2010), which could overcome the potential destruction 
risks and deficiencies in the pore size and connectivity measurements, is 
believed to provide a solid basis of pore structure information. 

Permeability estimation of tight sandstone is of great importance for 
the exploration and development of energy resources, but it is very 
challenging. Considering the current issues, in the presented paper, a 
systematic pore structure characterization is firstly conducted on the 
Upper Paleozoic Permian tight sandstone in the Ordos Basin by inte
grating porosity and permeability measurements, CTS, SEM, X-CT, and 
NMR to probe the overall pore structure attributes. The popular models, 
i.e. Coates model and SDR model based on NMR and empirical approach 
on the basis of PSD (i.e. Pittman model), are examined and modified by 
taking the pore structure attributes into consideration. Integrated ana
lyses give out the main goal of our study, to develop reliable perme
ability estimation models for tight sandstone under constrain of pore 
structure. 

This paper tries to provide comprehensive understandings for the 
pore structure and its correlation to permeability, and reliable perme
ability estimation models in tight sandstone. This work may also 
enlighten associated permeability works in aquifers or soils. 

2. Sample information and methodology 

2.1. Sample information and pretreatment 

The sampling was conducted on the tight formations in the Upper 
Paleozoic Permian strata in the Tabamiao area in the northeastern of the 
Ordos Basin (Fig. 1A–C), the second largest sedimentary basin of China 
(Johnson et al., 1989; Zhao et al., 2020). The tight sandstone, inter
bedded with siltstone or mudstone in the Shanxi Formation, is charac
terized by low porosity (5–10%) and ultralow permeability (0.01–060 
mD), and exhibits intense reservoir quality heterogeneity, bringing 
extreme difficulties to the petrophysical property prediction (Liu et al., 
2015; Yang et al., 2016b; Qiao et al., 2019a, 2020c). 

Ten samples, cylindrical core plugs with diameters of ~1.0 inch and 
lengths of ~2.0 inch, were prepared from the fresh cores (Table 1). The 
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samples, lithic sandstone in origin, are fine-to medium-grained, covering 
the major types of reservoir rocks in the Shanxi Formation. Before 
testing, the impurity and residual hydrocarbon were removed from the 
cores before they were dried for 48 h under a temperature of 110 ◦C. 
Porosity and permeability measurements were performed on the cores 
using a CMS-300 instrument in the State Key Laboratory of China Uni
versity of Petroleum Beijing, the porosity and Klinkenberg permeability 
were probed by helium expansion method and pressure transient 

method (confining pressure of ~1.5 MPa), respectively. The plugs were 
then cut into three sub parts along the longitudinal, two of them with 
lengths of 5 mm were prepared for the CTS and SEM, respectively, and 
the other one with length of 2.50 cm was remained for NMR and X-CT 
analyses. 

Fig. 1. (A) Simplified tectonic units of the Ordos Basin and location of study area. (B) Contour map of the top surface of Shanxi Formation. (C) Stratigraphic column 
of the upper Paleozoic tight gas system and location of the sampling. 

Table 1 
Sample information.  

Sample Depth (m) Formation Length (cm) Diameter (cm) Porosity (%) Permeability (mD) 

D19-8 2751.60 Shanxi 5.04 2.44 1.05 0.041 
D69-19 2691.20 Shanxi 5.23 2.42 1.46 0.074 
D23-3 2690.90 Shanxi 5.00 2.45 1.84 0.088 
D21-1 2642.58 Shanxi 4.93 2.43 3.22 0.312 
D9-15 2584.00 Shanxi 5.04 2.42 4.66 0.343 
D77-23 2575.45 Shanxi 4.96 2.44 7.49 0.557 
D69-20 2685.60 Shanxi 4.93 2.42 5.05 0.669 
D23-4 2706.00 Shanxi 5.02 2.42 7.55 0.670 
D57-6 2578.53 Shanxi 4.99 2.42 13.04 0.820 
D70-12 2433.86 Shanxi 5.01 2.45 4.49 1.966  
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2.2. Experimental method 

2.2.1. CTS and SEM 
CTS, impregnated by blue epoxy resin, were observed using an FEI 

optical microscope, from which the pore types, pore fillings, and pore 
long dimensions were directly observed and estimated. Point counting 
method was employed to approximate constitutes of different pore types 
with a standard deviation of approximately 3% on the collected 
micrographs. 

SEM was used to complement the observations of pore morphologies 
and interstitial filling occurrences of tiny pores that could not be well 
detected by the CTS. Thin slices of 1.0 mm in thicknesses, mechanically 
polished, were golden-coated before experiments. Following observa
tion was performed employing an FEI Quanta 400F instrument with 
highest resolution of 1.0 nm, with dozens of secondary imaging micro
graphs collected. 

2.2.2. NMR 
NMR measurements were performed on the plugs of 2.50 cm in 

lengths using the Recore-04 low-field NMR spectrometer with a reso
nance frequency of 2.38 Mhz. The test set echo time and number to 0.15 
ms and 5000, respectively, a waiting time to 2 s, and scanning times to 
32, following the Chinese testing standard SY/T 6490–2014. Carr- 
Purcell-Meiboom-Gill (CMPG) sequence was utilized to acquire T2 
relaxation time. Before the tests, the sub plugs were dried for another 24 
h under a drying temperature of 110 ◦C and weighed by electronic 
balance. Then the sub samples were saturated with CaCl2 solution with a 
salinity of 50 g/L, corresponding to the actual brine types and salinity of 
the formation water in the Shanxi formation, after the atmosphere in the 
plugs was evacuated by a vacuum pump for 24 h. The first-time NMR 
measurement was conducted to obtain the T2 spectrums of the saturated 
samples (T2s) after the wet weights of the samples were measured. The 
samples underwent a second-time NMR test after a 1 h centrifugal 
process with centrifugal pressure of 300 Psi, from which the T2 spec
trums of the centrifugal samples were derived (T2c). 

2.2.3. X-CT 
Impurities removal and 48 h drying (temperature of 110 ◦C) were 

conducted on the plugs that have underwent NMR measurements before 
the X-CT tests were performed on the Zeiss Xradia 510 Micro-CT (highest 
resolution of 650 nm). To guarantee the good X-ray penetration and 
imaging, the scanning voltage was set to 100 Kev and current was set to 
90 μA with scanning resolution of 3.0 μm and exposure time of 2.0 s. 
Hundreds of tomography images were acquired after the original scan
ning data was immediately reconstructed to three-dimensional (3D) 
hexadecimal grayscale images. A reliable representative voxel of 500 
pixel × 500 pixel × 500 pixel was cropped from the reconstructed im
ages for further investigation. Segmentation, aiming to extract pore 
spaces from the rock matrix, was proceeded by the FEI AvizoFire 9.0.2 
according to the X-Ray attenuation differences in materials with varied 
density following the Bill law. Following pore separation and successive 
pore network modelling (PNM) based on the maximum spherical algo
rithm provided the detailed pore structure parameters (e.g. pore size, 
volume, and coordination number), whose methodology has been 
thoroughly reported by Dong et al. (2009) in detail. 

2.3. Choice and modification of permeability estimation model 

Plenty of permeability estimation models have been proposed using 
the MIP and NMR data, of which the Swanson model modified from 
Thomeer model, Pittman model modified from Windland model based 
on empirical approaches using the PSD, Coates model on the basis of the 
ratio between movable and irreducible fluids, and SDR model based on 
the geometric mean of T2 distributions are most frequently invoked 
(Kolodzie Jr, 1980; Swanson, 1981; Pittman, 1992; Coates et al., 1999). 
The Coates, SDR, and Pittman models were chosen in our study 

considering the data acquired, while the Swanson model was excluded 
owing to its strong dependence on the mercury porosimetry. The per
formances of Coates and SDR models were reevaluated based on the 
combination of NMR and X-CT measurements, while that of the Pittman 
model was evaluated on the basis of the PSDs derived from X-CT. 
However, the performances of the chosen models are still restricted. On 
one hand, almost all of the models were primarily developed for the 
conventional rocks (Rezaee et al., 2012; Xiao et al., 2017b), whose 
permeability is more homogeneous and greater than tight sandstone. On 
the other hand, pore structure simplification and incomplete PSDs pro
bed by MIP result in further poor performances (Cai et al., 2014; Tiab 
and Donaldson, 2015; Qiao et al., 2020a). Additionally, some key pa
rameters (e.g. porosity) used in the current models may not be directly 
applied to tight sandstone. Therefore, the chosen models should be 
modified considering the experimental methods, data, and intricate pore 
structures of tight sandstone. 

For the Coates model, recent publications argued that the ratio of 
free fluid index (FFI) to bound volume of irreducible water (BVI) (FFI/ 
BVI) should be calibrated in tight sandstone. Some authors have re
ported that the cutoff value used in the determination of FFI and BVI of 
tight sandstone should be established according to the factual NMR 
measurements rather than just simply employ the default T2cutoff value 
of 33 ms (Ge et al., 2014; Westphal et al., 2005). More importantly, the 
thin movable water films that present in the pore spaces with T2 less 
than the cutoff value and immovable water films present in the pores 
with T2 greater than the cutoff value in tight sandstone (Dai et al., 2016; 
Lai et al., 2018; Huang et al., 2018; Qiao et al., 2020d), belonging to the 
potential movable water layer in the capillary bound water zone of small 
pores and strongly immovable water layer in the clay bound water zone 
of large pores, respectively, are neglected in the common constraint 
bound water model but should be highlighted according to the clay 
bound water concepts (Bouton et al., 1996; Churaev, 2003; Yuan et al., 
2018; Yuan and Rezaee, 2019a) under the condition that the bound 
water cloud not be fully centrifuged (Lonnes et al., 2003; Martin and 
Dacy, 2004). Current research indicates a better applicability of clay 
bound water model, taking the movable capillary bound fluids in the 
pores with T2 less than the cutoff value and immovable clay bound fluids 
in the pores with T2 greater than the value into account, in the evalua
tion of movable fluid saturation (Smw) and irreducible fluid saturation 
(Siw) (Huang et al., 2018; Qiao et al., 2020). Accordingly, the FFI/BVI in 
the Coates model is modified by the ratio of Smw and Siw (Smw/Siw). 
Additionally, the porosity used in the model should be calibrated by 
taking the pore structure attributes into account, especially the pore 
connectivity, which will be discussed in the later sections. The porosity 
is the only concern in the modification as the T2 geometric mean is 
directly obtained from the NMR measurements in the SDR model. For 
the Pittman model, the ri that yields best correlation with permeability is 
much smaller than the conventional sandstone (r35) (Rezaee et al., 
2012). Moreover, it is indicated that more groups of MLR with a smaller 
saturation interval are required when employing the model to tight gas 
sandstone. Thus, incremental saturation or pore volume percentage in
terval of 5%, recognized by recent studies (Zhao et al., 2015), and in
cremental saturation or pore volume percentage range of 5–50%, are 
adopted in the modification. 

To examine the performances of the original and modified estimation 
models, both of the determination coefficient (R2) and adjusted deter
mination coefficient (Radj

2) are introduced to this case of study. They 
have been widely employed in permeability estimation and are believed 
to be the most reliable indicators for accuracy comparison (Zhao et al., 
2016). 

3. Results 

3.1. Porosity, permeability, and pore types in origin 

The samples investigated are characterized by low porosity and 
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ultralow permeability, of which the measured helium porosity and 
Klinkenberg permeability range from 1.05 to 13.04% (avg. 4.98%) and 
from 0.074 to 1.966 mD (0.554 mD), respectively. Significant variations 
present in different samples, covering the majority of the porosity and 
permeability ranges of tight sandstone, which provides a solid data basis 
for the permeability estimation. Notably, the sample D70-12 exhibits 
low porosity but abnormal high permeability of 1.966 mD, which is 
probably attributed to presences of the micro cracks (MC). A similar 
condition happens in the sample D69-20. 

There are five types of pores in origin, including the primary residual 
intergranular pores (P-interP), dissolution intergranular pores (D- 
interP), dissolution intragranular pores (D-intraP), intercrystalline pores 
(interC), and MC (Fig. 2). The P-interPs, preserved after compaction, 
generally show regular outlines, flat edges, and long dimensions ranging 
from dozens of microns to hundreds of microns (Fig. 2B). The D-interPs 
are normally generated from the dissolution along the edges between 
the intergranular pores and rock grains (e.g. feldspar and rock frag
ments), succeeding the original appearances of the intergranular pores 
or grains but exhibit strongly curved edges (Qiao et al., 2020c) (Fig. 2C). 
Their sizes vary from several microns to hundreds of microns, deter
mined by the dissolution degrees. The D-intraPs, formed from the par
ticle dissolution, are characterized by irregular shapes and smaller sizes 
ranging from hundreds of nanometers to dozens of microns, exhibiting 
particular orientations in feldspar but showing irregular orientations in 
rock fragments (Fig. 2C). The InterCs are the small spaces among the 
clay aggregates, with widths of several to hundreds of nanometers, their 
shapes are closely related to the inner structure of the clay minerals 
(Fig. 2D). The MCs, slit pores with widths between hundreds of nano
meters and dozens of microns, and lengths of hundreds of microns, 
generally run through the fragile grains and interconnect the pores, 
resulting in evident increases in pore connectivity but no obvious in
creases in plane-viewed pore volumes (Fig. 2C and F). 

3.2. NMR results 

The NMR T2 spectrums acquired before and after centrifugation and 
their characteristic parameters are displayed in Fig. 3 and shown in 
Table 2, respectively. The tight sandstone samples exhibit wide T2s, 
ranging from 0.1 to 1000 ms, with T2 cutoffs between 3.4 and 41.5 ms 

and T2 geometric means between 1.71 and 41.27 ms. Although it is hard 
to convert the T2 to pore size owing to the difficulties in determining the 
surface relaxation ratio resulted from the absences of MIP and gas ab
sorption techniques in this study, it can also be inferred that the tight 
sandstone is characterized by wide PSD since the strong internal cor
relation between pore size and T2 (Yuan and Rezaee, 2019b). The T2s 
distributions are dominated by Gaussian distribution, followed by 
bimodal distribution, suggesting presences of multiple-scale pores. With 
the increase of permeability from sample D19-8 to D70-12, the T2s dis
tributions become fluctuated. The T2s of the tight sandstone with 
permeability <0.1 mD is characterized by Gaussian distributions, with 
peaks in the interval of 0.1–10 ms and peak values of approximately 1.0 
ms, indicating the dominant contribution of small pores to porosity 
(Fig. 3A–C). The amplitudes of T2s in the samples with permeability 
>0.1 mD increase evidently in the interval of 10–1000 ms, exhibiting 
secondary peaks in the range 100–1000 ms, indicating increases in the 
porosity contributions of large pores or MCs (Fig. 3C–J). Notably, the 
evident bimodal distribution patterns and high amplitudes of the right 
peak in the sample D21-1 and D69-20 are attributed to the porosity 
contribution increases of the P-interGs, D-interGs, and MCs. However, 
the increasing presences of MCs in the D69-20 are responsible for the 
differences in the T2s spectrums of the two samples. 

The relationships between the T2s and T2c are normally used to 
identify the movable and irreducible fluids, in which the T2c generally 
has lower amplitudes than T2s (Fig. 3). The signal amplitude differences 
between the two spectrums suggest the movable fluids in certain-sized 
pores, and signal amplitudes of T2c represent the irreducible fluids 
trapped in them. The amplitude differences rise with T2 values, while 
the amplitudes of T2c decrease, suggesting rising contents of movable 
fluids from small pores to large pores and better connectivity of the large 
pores (Fig. 3). With decreasing permeability, the amplitude differences 
become narrower, especially in the pores with longer T2. Generally, the 
total movable fluid contents reduce and pores with same radii exhibit 
lower movable fluid proportions, indicating losses in the fluid mobility 
and connectivity of all sizes of pores (Fig. 3G–A). The residual fluids in 
the pores are probably attributed to the presence of clay bound water or 
capillary bound water in the laminar or fibrous clay aggregates, whose 
contents rise with decreasing permeability. However, the sharp in
creases of intergranular pores and MCs in the sample D21-1 and D69-20 

Fig. 2. Pore types, locations, and constitutes observed by CTS and SEM. Intercrystalline pores dominate the plane-viewed porosity of the sample D19-8 (A) and (D). 
Plane-viewed porosity originates from primary and dissolution intergranular pores, followed by intragranular pores in the sample D57-6 (B) and (E). Pore system 
comprises dissolution intergranular and intragranular pores, primary intergranular pores, intercrystalline pores, and micro cracks in the sample D70-12 (C) and (F). 
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result in fluid mobility and connectivity increases of the pore system. 
There are two ways to calculate the movable fluid saturation, one of 
which is based on the T2cutoffs and has been thoroughly explained by 
Coates et al. (1999). The FFI calculated on the basis of T2cutoffs ranges 
from 11.23 to 54.11% (avg. 29.95%) and the BVI is in the range 
45.89–88.77% (70.05%) (Table 2). The other approach is proposed on 
the basis of the clay bound water concept (Lonnes et al., 2003; Martin 
and Dacy, 2004; Huang et al., 2018) that takes the movable capillary 
bound water in the pores with radii less than cutoff values and 
immovable clay bound water in the pores with radii greater than the 
values into account, of which the movable fluid saturation is calculated 
using the ratio of the covering area between T2s and T2c to covering area 
of T2s (Qiao et al., 2020c, 2020d). The Smw ranges from 10.68 to 53.18% 
(avg. 27.61%), exhibiting increasing trends with permeability. The 
movable porosity is obtained by multiplying NMR porosity and Smw, 
which is in the range of 0.25–5.25% with a mean of 1.65% (Table 2). The 
Siw and irreducible porosity are calculated and listed in Table 2. 
Abnormal deviations occur in the relationships between FFI, Smw, and 
permeability of the samples D70-12 and D69-20. They are characterized 
by high permeability but low FFI and Smw (Table 2). The deviation im
plies that the pore structure should be emphasized in the permeability 
prediction except the choices of the parameters describing the fluid 
mobility. 

3.3. X-CT results 

The three dimensional (3D) grayscale images, binary images 
showing the pores extracted from rock matrix, and color-labelled images 
displaying pore system connectivity derived from X-CT scanning are 
illustrated by three representative samples D23-3, D57-6, and D70-12 in 

Fig. 4. The white areas, white grey areas, dark grey areas, and dark areas 
in the grayscale images separately represent the carbonate induced ce
ments or K-feldspar, framework grains (e.g. albite, quartz, and rock 
fragments), clay minerals, and pore spaces (Liu et al., 2017; Qiao et al., 
2020c) (Fig. 4A–C). The blue labelled regions in the transformed binary 
images show the pore spatial distribution (Fig. 4D–F), and they are 
further separated and labelled by different colors to exhibit the pore 
system connectivity, in which the same color indicates interconnected 
pores, and different colors suggest disconnected or poorly connected 
pores (Fig. 4G–I). Detailed pore structure parameters obtained, e.g. 
average pore surface area, volume, radius, and coordination number, 
are listed in Table 3. 

From the results, we can figure out that the tight sandstone is char
acterized by more complicated matrix and pore system than the stan
dard Berea sandstone (Liu et al., 2017), showing smaller average pore 
radius of 7.93 μm, average pore volume of 72609.89 μm3, and worse 
pore connectivity. As shown in Fig. 4, the interconnected large pores, 
generally labelled by single color and occupying greater spaces, are 
minor in quantity but are dominant in volume. They form bulky pore 
clusters and construct the major structure of the system (Fig. 4G–I). They 
are deduced to be P-interPs and D-interPs in origin when comparing 
their sizes, locations, and geometrical shapes with the CTS and SEM 
observations (Fig. 2B, C, E). The relative small pores closely related to 
D-intraPs pores distribute nearby the large pore clusters (Fig. 4H), while 
the numerous tiny pores, mostly InterCs in origin, show poor connec
tivity and are characterized by plenty of color labels covering minor 
volumes. One part of these pores locate inside or between the pore 
clusters, while the other part distributes away from the major structure 
(Fig. 4G), which are determined by the filling locations and patterns of 
the clay aggregates. The dominant roles of large pores in volume and 

Fig. 3. T2 spectrums before and after centrifugation of ten tight sandstone samples.  

Table 2 
NMR results.  

Sample T2cutoff (ms) T2gm (ms) FFI (%) BVI (%) Smw (%) Siw (%) NMR porosity (%) Movable porosity (%) Irreducible porosity (%) 

D19-8 4.50 1.83 11.23 88.77 10.68 89.32 2.34 0.25 2.09 
D69-19 5.54 3.40 25.90 74.10 25.10 74.90 2.47 0.62 1.85 
D23-3 3.40 1.71 14.44 85.56 13.16 86.84 3.04 0.40 2.64 
D21-1 33.70 41.27 54.11 45.89 53.18 46.53 3.46 1.84 1.61 
D9-15 11.89 5.14 23.31 76.69 22.72 77.28 5.37 1.22 4.15 
D77-23 9.01 6.60 35.46 64.51 35.12 64.88 6.92 2.43 4.49 
D69-20 25.52 22.20 44.58 55.42 27.39 55.80 5.95 2.63 3.32 
D23-4 5.54 3.34 26.59 73.41 25.10 74.90 7.45 1.87 5.58 
D57-6 3.40 4.68 42.69 57.31 42.68 57.32 12.30 5.25 7.05 
D70-12 41.50 9.87 21.18 78.82 20.97 79.03 4.53 0.95 3.58 

Note that T2cutoff = the cutoff value of T2 distribution, T2gm = the geometric mean of T2 distribution, FFI = free fluid index, BVI = bulk volume of irreducible water, Smw 
= movable water saturation evaluated by clay bound water model, and Siw = irreducible water saturation evaluated by clay bound water model. 
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Fig. 4. Reconstructed three dimensional (3D) grayscale images of three representative samples D19-8 (A), D57-6 (B), and D70-12 (C), 3D binary images showing the 
pore systems extracted from the rock matrix of the samples D19-8 (D), D57-6 (E), and D70-12 (F), and 3D color-labelled images showing the pore connectivity of the 
samples D19-8 (G), D57-6 (H), and D70-12 (I). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 

Table 3 
Pore structure parameters derived from X-CT measurement.  

Sample Ravg(μm) R50 (μm) Vavg(μm3) Savg(μm2) Cadjc VFc Porosity (%) 

D19-8 6.63 182.28 50031.44 3679.26 1.50 0.65 2.18 
D69-19 7.06 113.45 37200.64 3588.61 1.87 0.91 1.93 
D23-3 7.48 122.42 82985.61 7769.97 1.90 0.91 2.29 
D21-1 7.79 196.95 90606.50 8028.96 2.31 0.96 5.06 
D9-15 7.70 108.75 25992.49 4168.11 1.89 0.64 3.95 
D77-23 9.16 168.09 159192.48 11355.86 2.04 0.94 8.46 
D69-20 7.99 136.46 48597.07 4717.06 1.91 0.78 5.17 
D23-4 8.11 97.03 36286.92 5188.03 2.09 0.75 7.75 
D57-6 9.12 153.03 157064.51 10472.69 2.87 0.97 13.45 
D70-12 8.24 95.27 38141.27 4757.46 2.02 0.67 4.09 

Note that Ravg = average pore radius, R50 = pore radius corresponds to the pore with volume fraction of 50% on the cumulative volume fraction curve, Vavg = average 
pore volume, Savg = average surface area, Cadjc = average coordination number of connected pores, VFc = volume fraction of connected pores. 
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small pores in quantity are responsible for the distinctions between Ravg 
and R50 (Table 3). Some slit pores with laminar appearances, believed to 
be MCs, are identified in the system (Fig. 2C, Figs. 4C, F, I). They are 
characterized by large surface areas but small pore volume, acting as 
channels connecting the pores (Fig. 4I). 

The structures of the pore systems are varied. The pore system of the 
sample D57-6 is dominated by superimposed and interconnected large 
interPs, exhibiting greater bulk pore volumes and better connectivity, 
and resulting in relative higher porosity and permeability (RHPP) 
(Fig. 4E, H). For the sample D23-3, the bulk volume and connectivity 
reduce, and spatial distribution of the pore system becomes more 
disperse due to the evident increases of the small D-intraPs and tiny 
interCs in the networks, resulting in ultralow permeability and porosity 
(UPP) (Fig. 4D, G). However, the situation becomes complex in the 
sample D70-12, which has a major structure composed of slit MCs and 
relative small pores (Fig. 4F, I). The pore system is characterized by 
small bulk pore volume but better connectivity, which is quite different 
from the connectivity variations of the systems solely controlled by 
pores. The pore clusters generate from the tiny interCs, small D-intraPs, 
and laminar MCs reduce the system pore volume, leading to porosity 
reductions. However, these separated pore clusters are connected by the 
MCs, which significantly improve the system connectivity and result in 
abnormal high permeability (Fig. 4I). The petrophysical properties show 
totally different variations in the pore systems with MCs, which should 
be noted when applying the permeability estimation models. 

The X-CT porosities are shown in Table 3, ranging from 1.93 to 
13.95% (avg. 5.43%) and are a little higher than helium porosity since 
some disconnected pores are detected. The plane porosity distributions 
obtained from 400 continuous tomography slices of the ten samples are 
shown in Fig. 5. The fluctuated porosity distributions indicate strong 
microscopic heterogeneities, with plane porosity spanning in a wide 
range of 0.11–25.07% and median plane porosity between 4.74 and 
19.08% (Fig. 5). For the UPP samples, the amplitudes of the porosity 
distributions are much lower and distribution patterns tend to be more 
fluctuated than those with RHPP. However, for the samples D9-15, D69- 
20, D23-4, and D70-12, the distribution patterns are relative flat and 
exhibit medium amplitudes in comparison, suggesting porosity hetero
geneity reductions induced by the presences of MCs. 

The PSDs, the calculated volume fraction distributions of the pore 
size, are shown in Fig. 6, including the full-range pore radius distribu
tion (FPSD) and disconnected pore radius distribution (DPSD). The 
DPSDs, exhibiting the volume fraction distributions for the pores with 

coordination number of zero, are firstly reported (Zeng et al., 2017; Qiao 
et al., 2019b). Despite of the dominant role of small pores in pore 
quantity from the observation of CTS and SEM, the volume fraction 
distributions confirm that the storage spaces of the tight sandstone is 
dominated by pores with radii >100 μm, followed by pores with radii 
<50 μm. With increasing permeability, the peaks of the FPSDs become 
right-skewed, the average and median pore radii rise, and proportions of 
pores with radii >100 μm increase. However, differences occur in the 
samples D9-15, D69-20, D23-4, and D70-12, they are characterized by 
relative narrower size distributions, smaller average and median pore 
sizes, and higher contents of pores with radii <50 μm (Fig. 6, Table 3). 

The amplitude differences (green parts in Fig. 6) between the FPSD 
and DPSD and amplitudes of DPSD indicate the connected and discon
nected proportions of pores with certain radii, respectively. The con
nected proportions rise with pore radii, indicating that the smaller pores 
(<50 μm) are partly connected, while larger pores (>100 μm) tend to be 
fully connected, and the system connectivity is dominated by large 
pores. However, for the sample D19-8 with ultralow permeability, parts 
of large pores (>100 μm) are disconnected, which may be attributed to 
the block of throats resulted from intense compaction and cementation. 
The connected proportions of the pores with radii <100 μm rise with the 
permeability and show significant increments in the samples D69-20, 
D23-4, and D70-12 owing to the presences of MCs (Fig. 6). The ratio 
of the connected pore volume to total pore volume is proposed to 
quantify the system connectivity, which spans the range 0.67–0.97 with 
a mean of 0.82 and shows positive correlation with permeability 
(Table 3). 

4. Discussion 

4.1. Pore structure attributes and classifications 

4.1.1. Pore structure differences 
The pore constitutes show differences among the samples. For the 

UPP samples, the pore spaces are dominated by the D-intraPs and 
InterCs, few amounts of D-interPs and barely no P-interPs present 
(Fig. 2A and D). The situation reverses in the RHPP samples, in which 
the P-interPs and D-interPs show dominance in porosity, while the D- 
intraPs and InterCs are volumetrically minor (Fig. 2B and E). The pore 
constitutes become complicated in the samples with low porosity and 
high permeability (LPHP), comprising D-interPs, D-intraPs, InterCs, and 
MCs. The porosity mainly originates from the D-intraPs and InterCs. The 
MCs contribute little to the porosity but tremendously enhance the pore 
connections (Fig. 2C and F). 

The pore geometrical attributes vary significantly (Table 3), the UPP 
samples are characterized by left-skewed PSDs with average pore radii 
(Ravg) ranging from 6.63 to 7.48 μm (avg. 7.06 μm) and average median 
pore radius (R50avg) of 138.38 μm, resulting in small average pore vol
ume (Vavg) of 56739.23 μm3 and small average surface area (Savg) of 
5012.61 μm2 (Fig. 6). The Ravg, Vavg, and Savg rise with the PSDs shifting 
to the right on the X-axis in the RHPP samples, which are 8.69 μm, 
135621.16 μm3, and 9952.50 μm2, respectively. However, this variation 
rule does not fit for the LPHP samples, which have more fluctuated PSDs 
than the others (Fig. 6). These samples have medium Ravg of 8.01 μm but 
smaller Vavg and Savg, suggesting complete different pore structure 
constructions. The low values of V/S confirm the presences of MCs, 
which are responsible for the abnormal permeability variation (Table 3). 

The variations in the pore constitutes and geometrical attributes 
result in connectivity differences (Table 3). The RHPP tight sandstone 
exhibits the best connectivity with highest average coordination number 
of connected pores (Cadjc) ranging from 2.04 to 2.87 (avg. 2.41) and high 
connected pore volume fraction (VFc) between 0.94 and 0.97 with a 
mean of 0.96, agreed with the dominant role of superimposed and 
interconnected large pores in the pore volume (Fig. 4H, Table 3). The 
pore connectivity of the UPP samples reduces evidently owing to the 
reductions in the pore sizes, volumes, and contents of InterPs, with Cadjc 

Fig. 5. Plane porosity plots obtained from 400 continuous X-CT tomogra
phy images. 
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and VFc decreasing to the range 1.50–1.90 (avg. 1.76) and 0.65–0.91 
(avg. 0.82), respectively. However, the connectivity of the LPHP sam
ples is different, which is characterized by a high Cadjc in the range 
1.91–2.09 (avg. 2.01) but low VFc between 0.67 and 0.78 (avg. 0.73) 
(Table 3). The reverse variation trends of Cadjc and VFc generate as MCs 
have great positive impacts on the enhancement of the coordination 
numbers of the IntraPs and InterCs but limited contributions to the 
connected volume, suggesting that the MCs exhibit completely different 
effects on permeability comparing with pores (Fig. 4F and I). 

To probe the microscopic heterogeneity, heterogeneity factor and 
fractal dimension are proposed based on the continuous plane porosity 
distributions and T2c spectrums, respectively (Figs. 3 and 5). The het
erogeneity factor (Fh) describes the variation degree of the plane po
rosities and can be calculated using Eq. (1). The results indicate variant 
microscopic heterogeneity of tight sandstone with Fh between 1.22 and 
4.62 (avg. 2.24) (Table 4), of which the UPP samples are the most het
erogeneous with Fh in the range 2.62–4.62 (avg. 3.44). With increasing 
permeability, the Fh shows a decreasing tendency, in which the LPHP 
samples are characterized by low Fh with an average of 1.70, suggesting 
that the MCs reduce the system heterogeneity. 

Fh =
φmax − φmin

φmed
(1)  

where Fh is the heterogeneity factor, φmax is the maximum porosity in 
plane, %; φmin is the minimum porosity in plane, %; and φmed is the 
median porosity in plane, %. 

As the pore has a fractal nature, the fractal dimension, reflecting the 
regularity and self-similarity, is generally employed to describe the 
complicacy and heterogeneity of the pore structure (Mandelbrot, 1975; 

Mandelbrot et al., 1984; Giri et al., 2012; Xia et al., 2019). The meth
odology of deriving fractal dimension of the pores in certain size ranges 
using the NMR data has been thoroughly explained in Appendix A. The 
results indicate that the microstructure of tight sandstone is dominated 
by bi-fractal, followed by tri-fractal (Fig. 7, Table 4). The UPP samples 
are bi-fractal with fractal dimensions of small pores (D1) ranging from 
1.51 to 1.66 (avg. 1.58) and fractal dimensions of large pores (D3) in the 
range 2.96–2.99 (avg. 2.97). Similar bi-fractal structure has been 
discovered in the RHPP samples, which have lower D1 ranging from 0.66 
to 1.60 with 1.13 on average and lower D3 in the range 2.79–2.92 (avg. 
2.88). However, the LPHP samples are tri-fractal, which have low D1 
between 0.58 and 1.23 (avg. 0.99), medium D3 between 2.92 and 2.97 
with a mean of 2.96, and D2 for the MCs related pores between 2.19 and 
2.58 (avg. 2.41). The mean values of the D1, D2, and D3 (Davg) are 
introduced to further evaluate the system heterogeneity, which span the 
range 1.79–2.28 and generally exhibit negative trends with perme
ability. The RHPP samples have a lowest average value of 2.00, while 
the UPP samples have a highest value of 2.28. However, the LPHP 
samples have relative homogeneous pore systems with Davg in the range 
1.99–2.26 (avg. 2.12), which agree well with the medium Fh value. The 
results confirm that the way of MCs in influencing the microscopic 
heterogeneity is also completely different from that of the pores. 

4.1.2. Pore structure classifications 
According to the matching responses of pore structures in different 

measurements, the pore structures of tight sandstone can be classified 
into three main categories, including the mixed pore type, single-pore 
dominant type, and dual porous type (Fig. 8). The mixed pore type is 
common in the UPP samples, e.g. D19-8, D69-19, and D23-3. It is 
dominated by D-intraPs and InterC in genesis, followed by a few amount 
of P-interPs and D-interPs (Fig. 2A, Fig 8A), which is characterized by 
the unimodal T2s distribution pattern with little fluctuations on the long- 
time domain (Fig. 3A and B), left-skewed PSD with porosity contribu
tions from all sizes of pores (Fig. 6), low V/S of 11.55, and poor con
nectivity (Table 3, Table 4). The pore system is bi-fractal and intensely 
heterogeneous with average Fh of 3.43 and Davg of 2.27 (Fig. 7, Table 4). 
The porosity of single-pore dominant type mainly originates from the P- 
interPs and D-interPs in origin, resulting in right-skewed bimodal T2s 
distribution and PSD with predominant porosity contributions from 
large pores (Fig. 2B, 3D, 6, and 8C). The Ravg, Vavg, and Savg increase 
evidently, with greater V/S of 13.43. This type is characterized by better 
connectivity with greater Cadjc of 2.41 and VFc of 0.96, and more ho
mogeneous bi-fractal structure with lower Fh of 1.75 and Davg of 2.00, 
which is common in RHPP samples (Fig. 7, Table 3, Table 4). The dual 

Fig. 6. The full-range pore size distribution (the total of the green and red areas), pore size distribution of disconnected pores (the red area), and pore size dis
tribution of connected pores (the green area) derived by pore network modelling (PNM) conducted on the X-CT measurements. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 

Table 4 
Heterogeneity factor and pore fractal of ten tight sandstone samples.  

Sample Heterogeneity factor Pore fractal 

D1 D2 D3 Davg 

D19-8 4.62 1.66 / 2.98 2.32 
D69-19 3.07 1.56 / 2.97 2.26 
D23-3 2.62 1.51 / 2.99 2.25 
D21-1 2.65 1.60 / 2.79 2.20 
D9-15 1.63 1.23 2.58 2.97 2.26 
D77-23 1.22 1.13 / 2.92 2.03 
D69-20 1.60 1.21 2.46 2.97 2.21 
D23-4 1.46 0.58 2.42 2.96 1.99 
D57-6 1.38 0.66 / 2.92 1.79 
D70-12 2.11 0.94 2.19 2.92 2.01  
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porous type mainly comprises D-intraPs, InterCs, and MCs in genesis 
(Figs. 2C, Fig 8E). The dominant roles of D-intraPs and InterCs in 
porosity and MCs in connections lead to narrower bimodal T2s with 
smaller amplitude differences between the main and secondary peaks 
(Fig. 3J), and more fluctuated left-skewed PSD (Fig. 6). The pore system 
has small Ravg, Vavg, and Savg, but exhibits an evident reduction in the V/ 
S (avg. 7.89). Its connectivity is better than the mixed pore type but 
poorer than the single-pore dominant one with Cadjc of 2.01, however, 
the VFc is low owing to the little contributions of MCs to the connected 
volume (Table 3, Table 4). Its another remarkable feature is the medium 
homogenous tri-fractal pore system with low average Fh of 1.70 and Davg 
of 2.12, exhibiting totally different pores structure variation rules 
comparing with the bi-fractal pore-controlled types (Fig. 7, Table 4). 
This type is common in the LPHP samples. 

The percolation theory and pore-scale fluid phenomenon publica
tions have reported that a continuous percolation network, formed only 
if the connected pore volume reaches a certain value, is the basis of the 
fluid flow through a reservoir (Hunt, 2014; Daigle and Johnson, 2016). 
Intergranular pores serve as the dominant pathways for the continuous 
percolation network, followed by intragranular and intercrystalline 
pores (Xiao et al., 2018; Tian et al., 2020). Situation becomes compli
cated in tight sandstone. Although the intergranular pores still act as the 
main pathway, but parts of them can hardly be connected owing to the 
narrowing of throats. Moreover, the intercrystilline pores contribute 
more to the percolation network (Lai et al., 2016b; Xiao et al., 2018; 
Qiao et al., 2020b). Combining percolation theory, tree-like pore 
network proposed by Sakhaee-Pour and Bryant (2014), and pore struc
ture characterization in our study, the fluid flow pathways of the three 
types of pore structure are deduced in Fig. 8. In the single-pore dominant 
one, the well-developed intergranular pores form plenty mainstream 
pathways that run through the system, while the intragranular and 
intercrystalline pores form short branches along the main pathways, 
which are generally ends of the fluid flow (Fig. 8A). The continuous 
percolation network may exhibit an arbuscular appearance (Fig. 8B). 
The numbers of mainstream pathways reduce evidently due to the sharp 
decrease of intergranular spaces in the mixed pore type. Intercrystalline 
pores become necessary paths for the fluid flow, connecting the adjacent 
intergranular spaces into short pathways, serving as short branches 
along the narrowed mainstream lines, forming a floriform shape in plane 

(Fig. 8C and D). However, the MCs that run through the pore system 
construct the mainstream pathways in the dual porous structure, taking 
the place of the intergranular pores (Fig. 8E). The short pathways 
formed by the combinations of intergranular and intercrystalline pores 
become branches of the main paths with little contribution to the fluid 
flow. The network can be described as a tubular structure (Fig. 8F). 
Obviously, the floriform and arbuscular percolation pathways share 
similar reticular flow systems as pores control the percolation (Fig. 8B 
and D), and therefore the permeability variation should follow the 
changing rules of the pores. However, the tubular network exhibits 
completely different pipe-like percolation, indicating different perme
ability variation mechanisms (Fig. 8F). 

4.2. Effects of pore structure on the permeability 

It’s no doubt that the changes in the pore structure attributes are 
dominantly responsible for the complex permeability variations in tight 
sandstone. Correlation analyses between the key parameters of pore 
size, connectivity, fluid mobility, heterogeneity, and permeability are 
conducted to investigate the effects of pore structure on permeability. 

Fig. 7. Fractal structure of the tight sandstone illustrated by three samples D23-3 (A), D77-23 (B), and D69-20 (C).  

Fig. 8. The sketch maps for the pore structure systems of the single-pore dominant pore structure type (A), mixed pore structure type (C), and dual porous pore 
structure type (E) and fluid flow inside them. The deduced continuous fluid flow pathways for the single-pore dominant (B), mixed pore (D), and dual porous pore 
structure types (F). 

Fig. 9. Correlations between permeability and average pore radii in the pore- 
controlled and dual porous tight sandstone. 
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Poor correlations are identified when analyses cover all of the samples, 
suggesting that the permeability is not solely determined by the pore 
attributes or fluid mobility of the pore system (Fig. 9). Considering the 
different variation rules of pore structure attributes and permeability in 
different structure types, the analyses are separately conducted on the 
samples with pore-controlled structure and with dual porous one 
(Fig. 9). The results suggest that the pore size, connectivity, fluid 
mobility, and heterogeneity exhibit different effects on the permeability 
in the pore-controlled and dual porous structures (Figs. 9–12). The 
permeability of the pore-controlled samples is positively correlated with 
attributes dominated by the pores, i.e. the average pore radii (Fig. 9), 
VFc (Fig. 10A), Cadjc (Fig. 10B), movable porosities (Fig. 11A), FFI/BVI 
(Fig. 11B), and Smw/Siw (Fig. 11C), indicating that greater pore size, 
higher fluid mobility, and better connectivity are favorable for the 
permeability enhancement of the pore-controlled tight sandstone. 
Negative correlations between Fh, Davg, and permeability (Figs. 12A and 
B) suggest that higher structural heterogeneity will result in perme
ability loss. However, the condition turns complicated in the dual porous 
tight sandstone, there are no obvious correlations between the perme
ability and parameters mainly determined by pores (Figs. 9–12), 
implying that pores have little contribution to the permeability. The 
strong negative correlations between permeability, D2, and Davg that are 
closely associated with the MCs suggest the dominant control of features 
of MCs on the permeability of dual porous tight sandstone (Fig. 12B and 
C). However, the controlling mechanisms of MCs on permeability 
remain to be investigated. As far as the effects of pore structures on the 
permeability are concerned, the permeability estimation models should 
be modified under constrain of pore structures before they are 
employed, in which the pore structure types should be firstly considered, 
followed by pore connectivity. 

4.3. Predicting permeability under the constrain of pore structure 

In this study, three permeability estimation models are invoked, of 
which the Coates and SDR models are applied on the basis of NMR and 
X-CT results, while the Pittman model is employed based on the PSDs 
derived from X-CT. It has been indicated that these models should be 
modified before they are employed because the pore structure exerts 
complex influences on the permeability of tight sandstone. As indicated, 
the modification should taking the pore structure types and key pore 
structure parameters used in the models into account. In this paper, the 
applicability of the original models, models with key parameters cali
brated, and models with parameters calibrated and structural types 
considered is examined using the MLR method that can determine the 
empirical relationships between the permeability, porosity and key pore 
structure attributes (Purcell, 1949; Pittman, 1992; Rezaee et al., 2012). 

4.3.1. The Coates model 
In the original Coates model, the permeability is estimated by Eq. (2) 

in the following: (Coates et al., 1999; Rezaee et al., 2012). 

K =

[(φ
C

)2
(

FFI
BVI

)]2

(2)  

where K is permeability, mD; φ is the porosity, %; C is the constant, 
which varies in different study areas; FFI is the free fluid index; BVI is the 
bound volume of irreducible water. When taking logarithm on both 
sides of Eq. (2), it can be expressed as follow: 

lgK = C1 + αlg φ + βlg
FFI
BVI

(3)  

where C1, α, and β are the constants. 
The porosity φ and fluid mobility index FFI

BVI determine the estimation 
accuracy, which are generally acquired from NMR porosity and ratio of 
movable to irreducible water saturation identified by the T2cutoffs, 
respectively. As the NMR porosity exhibits a deviation from helium 
porosity due to the clay bound water or capillary bound water remaining 
in the fibrous or laminar structures of the clay minerals (Clarkson et al., 
2012; Xiao et al., 2017a) and pore connectivity strongly influences the 
permeability (Cai et al., 2014; Ghanbarian et al., 2019), the porosity φ 
used should be modified taking the helium porosity and pore connec
tivity into account. Moreover, the FFI/BVI is somehow inappropriate in 
describing the fluid mobility due to the underestimation of movable 
capillary bound water existing in the tiny pores with sizes less than the 
T2cutoffs and immovable clay bound water in the large pores with sizes 
greater than the T2cutoffs (Dai et al., 2016; Lai et al., 2018; Huang et al., 
2018; Qiao et al., 2020d). These movable capillary bound water and 
immovable clay bound water separately fall into the weakly bound 
water layer and strongly bound water layer according the clay bound 
water distribution model (Woodruff and Revil, 2011; Li et al., 2019; 
Yang and Yu, 2020) based on the DLVO theory (Tuller and Or, 2003; 
Lebeau and Konrad, 2010; Israelachvili, 2011), they are highlighted by 
the clay bound water concept in the condition that the capillary bound 
water could not be fully centrifuged (Lonnes et al., 2003; Martin and 
Dacy, 2004), and should not be neglected in the fluid mobility evalua
tion of tight sandstone. Huang et al. (2018) and Qiao et al. (2020c, 
2020d) have reported that a more proper Smw/Siw can be obtained in 
tight sandstone using the clay bound water concept than employing the 
common bound water constraint model, which can be supported by the 
Lai et al. (2018b). Therefore, the porosity and FFI/BVI are replaced by 
the connected effective porosity φc that is calculated by multiplying the 
VFc and helium porosity, and Smw/Siw, respectively, the modified 
equation is shown as follow: 

lgK = C1 + αlgφc + βlg
smw

siw
(4) 

Fig. 10. Effects of pore connectivity on the permeability. Correlations between permeability and volume fraction of connected pores (A) and relationships between 
average coordination number of connected pores and permeability (B) in the pore-controlled and dual porous tight sandstone. 
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where φc is the connected effective porosity, %; Smw/Siw is the ratio of 
movable water saturation to irreducible water saturation. 

As far as the impacts of pore structure on permeability are concerned, 
the MLR analyses, the most reliable method to determine the empirical 
relationships between permeability, porosity, and other petrophysical 
parameters, are conducted on the original Coates model, modified 
Coates model, and two models considering the structural types (i.e. 
excluding the samples with dual porous structure) to determine the 
empirical constants in these models and to examine their performances. 
The regression equations with constants determined for the four models 
are listed in Table 5. The results suggest that the modified Coates model 
is more accurate owing to the appropriate consideration of pore struc
ture, especially the connectivity, which has much higher R2 and Radj

2 

than the original one. Notably, evident increases have been discovered 
in the regression analyses of the two models when the dual porous 
samples are excluded, of which the equation derived from original 
Coates model has R2 greater than 0.97 and Radj

2 greater than 0.94, while 

that obtained from the modified model shows greater values of 0.99 and 
0.98 (Table 5). These results indicate that the pore structure type should 
be primarily considered in the permeability estimation of tight sand
stone because the controlling mechanisms of dual porous structure on 
permeability are distinct from those of pore-controlled types, followed 
by pore connectivity. The calibrated Coates model perfectly improves 
the permeability prediction accuracy of pore-controlled tight sandstone. 

4.3.2. The SDR model 
The SDR model is generally expressed as: (Rezaee et al., 2012; Xiao 

et al., 2017a). 

K = aT2gm
2φ4 (5)  

where T2gm is the geometric mean of T2 distribution, ms; φ is the NMR 
porosity, %; a is generally equal to 4 in sandstone, which is determined 
by the calibration with porosity and permeability. Taking logarithm on 
both sides of the equation, it could be expressed as follow: 

K = C2 + αlgφ + βlgT2gm (6)  

where C2, α, and β are constants, which are commonly determined by 
the reservoirs investigated. 

In the SDR model, the porosity is the only concern in the estimation, 
which can be calibrated employing the φc used in the modified Coates 
model. MLR is conducted on the original SDR model, modified SDR 
model, and the two models excluding the dual porous samples to 
determine the constants in these models and to examine their perfor
mances. The little differences in the R2 and Radj

2 between the original 
and modified SDR models suggest that the porosity exerts little impacts 
on the permeability estimation (Table 5). The two coefficients rise 
sharply when the dual porous samples are excluded in regressions, 
indicating the primary control of pore structure type on the perme
ability. Additionally, the slightly higher coefficients of the modified 
model (R2 = 0.998 and Radj

2 = 0.996) than the original one suggest 
positive effects of pore connectivity on the permeability in pore- 
controlled tight sandstone (Table 5). 

Fig. 11. Impacts of fluid mobility on the permeability. Correlations between permeability and movable porosity (A), FFI/BVI (B), Smw/Siw (C) in the pore-controlled 
and dual porous tight sandstone. 

Fig. 12. Influences of microscopic heterogeneity on the permeability. Correlations between permeability and heterogeneity factor (A), average fractal dimension (B), 
fractal dimensions related to the micro cracks (C) in the pore-controlled and dual porous tight sandstone. 

Table 5 
Empirical equations derived from the original and modified Coates and SDR 
models.  

Model Equations R2/Radj
2 

Original Coates model lgK = − 1.607 +
1.717lgφ+0.153lgFFI/BVI 

0.615/ 
0.487 

Modified Coates model lgK = − 1.344 + 1.366lgφc- 
0.359lgSmw/Siw 

0.641/ 
0.521 

Original Coates model excluding 
the dual porous samples 

lgK = − 1.395 + 1.346 lgφ+0.483 
lgFFI/BVI 

0.972/ 
0.945 

Modified Coates model excluding 
the dual porous samples 

lgK = − 1.215 +
1.064lgφc+0.042lgSmw/Siw 

0.992/ 
0.984 

Original SDR model lgK = − 1.944 +
0.486lgT2gm+1.595lgφ 

0.746/ 
0.674 

Modified SDR model lgK = − 1.265 +
1.010lgT2gm+0.356lgφc 

0.712/ 
0.629 

Original SDR model excluding 
the dual porous samples 

lgK = − 1.965 +
0.402lgT2gm+1.538lgφ 

0.980/ 
0.967 

Modified SDR model excluding 
the dual porous samples 

lgK = − 1.437 +
0.232lgT2gm+1.099lgφc 

0.997/ 
0.995  
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4.3.3. The Pittman model 
The PSD has been widely used in the permeability estimation since 

Windland developed the empirical relationships between the perme
ability, porosity, and pore-throat size (Kolodzie Jr, 1980), which has 
been further extended by Pittman using the regression equation yielding 
best R2 for permeability, porosity, and pore size (Pittman, 1992). The 
Pittman model has been accepted in the tight sandstone, whereby many 
empirical models have been proposed, all of which can be described as 
follow: 

lgK = C + lgφ + lg ri (7)  

where Cis the empirical constant, φ is the helium porosity, %, and ri is 
the pore radius corresponding to a certain cumulative mercury satura
tion or cumulative volume fraction, μm. 

The Pitman model and its MLR method can be performed on the PSDs 
obtained from the X-CT as the cumulative volume fraction and cumu
lative mercury saturation can be regarded as the same in principle. The 
porosity and ri are two concerns in determining the applicability of the 
model. The porosity in the Pittman model can be replaced by the φc as 
indicated. Taking the effects of pore connectivity into accounts, the ri is 
replaced by the ric obtained from the connected pore size distribution 
(CPSD) that is acquired by the combination of FPSD and DPSD. The 
modified model can be expressed as: 

lgK = C + lg φc + lg ric (8)  

where φc is the connected effective porosity, %; ric is the pore radius 
corresponding to a certain cumulative volume fraction on the CPSD, μm. 

The MLR analyses are performed on the original Pittman model, 
modified Pittman model, and two models considering the structural 
types within the volume fraction range of 5–50% with an interval of 5% 
to determine the constants of theses models and to check their accu
racies. The regression equations and their determination coefficients are 
listed in Tables 6 and 7. The relative high determination coefficients 
suggest a good applicability of Pittman model on the basis of the PSDs 
from X-CT and the r35 yields the best correlation with the porosity and 
permeability in original model. Higher coefficients of the majority of the 
equations obtained from the modified model indicate that the modified 
one taking the pore connectivity into account is more appropriate in the 
prediction, of which the r25 yields best correlation (Table 6). Similar 
sharp increases have been also discovered when the two models are 

applied to the data excluding the dual porous sandstone, confirming that 
the pore structure types dominate the applicability of the permeability 
estimation (Table 7). The results suggest that the r25 and r10 yield best 
correlations with porosity and permeability in the original and modified 
Pittman models considering structural types, respectively. Great deter
mination coefficients greater than 0.97 between r10 and permeability 
suggest the strong estimation reliability of the modified Pittman model 
that has taken pore structure type into consideration (Tables 6 and 7). 

4.4. Performance check 

To examine the performances of these estimation models indicated 
above, the permeability is separately calculated using the equations 
obtained from the original and modified Coates model, SDR model, 
Pittman model (equations with highest regression coefficients), and all 
of these models excluding dual porous samples. The correlations of 

Table 6 
Empirical equations developed from regression analysis performed on the 
original and modified Pittman models.  

Equation-OP R2/Radj
2 Equations-MP R2/Radj

2 

lgK = − 0.447 + 1.145lgφ- 
0.400lgr5 

0.685/ 
0.595 

lgK = 3.696 + 1.137lgφc- 
2.587lgr5 

0.754/ 
0.672 

lgK = 0.007 + 1.128lgφ- 
0.605lgr10 

0.707/ 
0.623 

lgK = 2.306 + 1.164lgφc- 
1.747lgr10 

0.719/ 
0.639 

lgK = 0.139 + 1.149lgφ- 
0.648lgr15 

0.687/ 
0.597 

lgK = 2.819 + 1.141lgφc- 
1.957lgr15 

0.716/ 
0.634 

lgK = 0.496 + 1.149lgφ- 
0.648lgr20 

0.691/ 
0.602 

lgK = 3.700 + 1.053lgφc- 
2.325lgr20 

0.629/ 
0.481 

lgK = 1.012 + 1.113lgφ- 
1.031lgr25 

0.698/ 
0.612 

lgK = 3.989 + 0.946lgφc- 
2.428lgr25 

0.776/ 
0.686 

lgK = 1.022 + 1.083lgφ- 
1.012lgr30 

0.545/ 
0.393 

lgK = 2.629 + 1.015lgφc- 
1.733lgr30 

0.700/ 
0.580 

lgK = 1.888 + 1.004lgφ- 
1.419lgr35 

0.752/ 
0.669 

lgK = 3.635 + 0.962lgφc- 
2.211lgr35 

0.731/ 
0.624 

lgK = 1.141 + 1.07 
3lgφ-1.037lgr40 

0.528/ 
0.370 

lgK = 1.459 + 0.727lgφc- 
1.047lgr40 

0.340/ 
0.011 

lgK = 0.599 + 1.060 
lgφ-0.761lgr45 

0.496/ 
0.328 

lgK = 3.186 + 0.952 
lgφc-1.961lgr45 

0.629/ 
0.444 

lgK = 2.017 + 1.016 
lgφ-1.438lgr50 

0.719/ 
0.626 

lgK = 1.812 + 0.995 
lgφc-1.285lgr50 

0.659/ 
0.522 

Note that Equation-OP and Equations-MP are the regression equations derived 
from original Pittman model and modified Pittman model, respectively. 

Table 7 
Empirical equations developed from regression analysis performed on the 
original and modified Pittman models excluding the samples with dual porous 
structure.  

Equations-OPE R2/ 
Radj

2 
Equations -MPE R2/ 

Radj
2 

lgK = − 1.289 +
1.907lgφ+0.045lgr5 

0.966/ 
0.944 

lgK = − 3.009 +
1.081lgφc+0.958lgr5 

0.978/ 
0.964 

lgK = − 1.674 +
1.905lgφ+0.246lgr10 

0.969/ 
0.949 

lgK = − 3.779 +
1.089lgφc+1.309lgr10 

0.979/ 
0.965 

lgK = − 1.863 +
1.090lgφ+0.366lgr15 

0.970/ 
0.951 

lgK = − 2.984 +
1.095lgφc+0.8841.957lgr15 

0.973/ 
0.954 

lgK = − 1.952 +
1.107lgφ+0.365lgr20 

0.971/ 
0.951 

lgK = − 2.502 +
1.105lgφc+0.626lgr20 

0.952/ 
0.904 

lgK = − 2.238 +
1.104lgφ+0.496lgr25 

0.973/ 
0.954 

lgK = − 2.628 +
1.116lgφc+0.676lgr25 

0.974/ 
0.957 

lgK = 4.722 + 1.402lgφ- 
2.889lgr30 

0.750/ 
0.500 

lgK = − 2.619 +
1.099lgφc+0.669lgr30 

0.973/ 
0.947 

lgK = − 2.262 +
1.278lgφ+0.489lgr35 

0.972/ 
0.953 

lgK = − 2.592 +
1.099lgφc+0.652lgr35 

0.973/ 
0.945 

lgK = − 2.709 + 1.079 
3lgφ+0.713lgr40 

0.967/ 
0.931 

lgK = − 2.582 +
1.071lgφc+0.655lgr40 

0.943/ 
0.829 

lgK = − 2.475 + 1.078 
lgφ+0.599lgr45 

0.963/ 
0.925 

lgK = − 2.511 + 1.127 
lgφc+0.591lgr45 

0.959/ 
0.919 

lgK = − 2.408 + 1.127 
lgφ+0.545lgr50 

0.976/ 
0.961 

lgK = − 2.445 + 1.113 
lgφc+0.564lgr50 

0.973/ 
0.946 

Note that Equations-OPE and Equations -MPE are the regression equations 
derived from original Pittman model excluding the samples with dual porous 
structure and modified Pittman model excluding the samples with dual porous 
structure, respectively. 

Fig. 13. Plots displaying the relationships between the measured permeability 
and permeability estimated by the equations obtained from original Coates 
model, modified Coates model, and the two models excluding the dual 
porous samples. 
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estimated permeability and absolute helium permeability are plotted 
together with 1:1 trend line that describes the perfect match between the 
estimated and measured values in order to determine the estimation 
accuracies of these models (Zhao et al., 2015; Wu et al., 2017) 
(Figs. 13–15). In the Coates model, the permeability estimated by 
modified model gets closer to the trend line than the original one no 
matter whether the pore structure types are taken into account, sug
gesting performances improvement from the consideration of pore 
connectivity (Fig. 13). However, the evident permeability deviations of 
the dual porous samples, e.g. D69-20 and D70-12, in the models 
covering all of the samples, and little differences between the measured 
and estimated values in the modified Coates model excluding the dual 
porous samples confirm the primary control of the pore structure types 
on the changing rule of permeability, which should be addressed in 
priority. Besides, the reverse of the coefficient values before lg (Smw/Siw) 
from negative to positive in the two modified models strongly support 
this results. The situation is quite similar in the performance check of the 
SDR model (Fig. 14), the modified SDR model considering the pore types 
provides the most reliable prediction. Predication accuracy losses are 
indicated by the greater deviations between the estimated and factual 
permeability in the Pittman model (Fig. 15). However, the modified 
Pittman model excluding the dual porous tight sandstone is still more 
appropriate than the others, supporting that the decisive effects of pore 
structure types and connectivity on the adaptability of Pittman evalua
tion. This results can also be supported by the coefficient reverse before 
lg ric from the modified model to the modified one excluding dual porous 
samples. 

Comparing the performances of these models, the modified Pittman 
model is adaptive in the estimation of tight sandstone with detail PSD 
information, while the modified Coates and SDR models are adaptive in 
the tight sandstone with detail fluid mobility information. It can be also 
inferred that the modified Coates and SDR models are more reliable than 
the modified Pittman model in the permeability estimation of tight 
sandstone, which may probably attributed to the accuracy of CPSD that 
is limited by the resolution of the X-CT measurement (Qiao et al., 
2020a). 

In a word, the adaptabilities of all of the modified models strongly 
depend on the deep understandings of the pore structure of tight sand
stone, of which the pore structure types come first, then the pore con
nectivity follows. The modifications from pore structure 
characterization provide better understandings for the effects of pore 
structures on the permeability and perfect estimation models for the 
pore-controlled tight sandstone. Moreover, the different variation 
mechanisms of permeability in dual porous tight sandstone remind us 
that new approaches should be proposed to estimate the tight sandstone 
with presences of MCs. 

5. Conclusions 

In this paper, three popular permeability estimation models for tight 
sandstone are calibrated properly on the basis of the systematic pore 
structure characterization, which integrates CTS, SEM, NMR, and X-CT 
techniques and incorporates fractal and percolation theory. The main 
objects of this study are to investigate the impacts of pore structure on 
permeability and to provide reliable permeability estimation models for 
tight sandstone. The conclusions can be drawn as follow. 

The mixed pore type, single-pore dominant type, and dual porous 
type are identified in the systematic pore structure characterization of 
tight sandstone. Differences in the pore genesis and constitutes result in 
the significant variations in the pore attributes, connectivity, and het
erogeneities of the three pore structure types. Especially, distinct vari
ation rules of structural attribute are discovered in the bi-fractal pore- 
controlled structures (i.e. the mixed pore and single-pore dominant 
types) and tri-fractal dual porous structure due to the presences of micro 
cracks. 

Pore structure attribute differences result in the distinctions in the 
continuous fluid percolation pathways. The pore-controlled sandstone 
shares similar reticular networks controlled by pores, while the dual 
porous sandstone exhibits a completely different tubular network 
determined by micro cracks, leading to different permeability variation 
mechanisms between the two structures. The different correlation trends 
between the pore structure attributes, fluid mobility, and permeability 
in the pore-controlled and dual porous structures support the percola
tion deductions and indicate that the permeability is primarily 
controlled by the pore structure types. The permeability of pore- 
controlled tight sandstone is determined by the size, connectivity, and 
fluid mobility of pores, and affected by pore heterogeneity, while that of 
dual porous sandstone is determined by the features related to micro 
cracks. 

The Coates, SDR, and Pittman models are firstly modified with 
consideration of the effects of pore structure on permeability, especially 
the connectivity and fluid mobility. They are further improved by taking 
the pore structure types into account. Sharp performance enhancements 
of the further improved models in the pore-controlled tight sandstone 
confirm that pore structure types should be firstly addressed, and then 
pore connectivity follows, in the permeability estimation of tight sand
stone. The adaptabilities of the permeability estimation models strongly 
rely on the understandings of the pore structure of tight sandstone. 
Moreover, it reminds the geologists of new approaches should be pro
posed to estimate the dual porous tight sandstone. 

This paper provides a comprehensive perspective for the 

Fig. 14. Plots displaying the relationships between the measured permeability 
and permeability estimated by the equations acquired from original SDR model, 
modified SDR model, and the two models excluding the dual porous samples. 

Fig. 15. Plots displaying the relationships between the measured permeability 
and permeability estimated by the equations with highest regression co
efficients obtained from original Pittman model, modified Pittman model, and 
the two models excluding the dual porous samples. 
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permeability estimation of the tight sandstone by throwing a deeper 
light on the effects of pore structure on the permeability. The improved 
approaches are of vital importance for the reserve prediction, evalua
tion, and development of the unconventional hydrocarbon, geothermal, 
and groundwater resources. 
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Appendix 

A. Calculation of Pore fractal dimension based on the NMR data. 
According to the fractal principle, the correlation between the number of pores and pore radius can be described by Eq. (1). 

Nr =

∫rmax

r

P(r)dr = αr− D (A1)  

where Nr is the quantity of the pores with radii greater than r, P(r) is the density function of pore radius, r is the pore radius, D is the fractal dimension, 
α is the proportional constant. 

To calculate the derivative of Eq. (1) with respect to r, the P(r) can be expressed using the following Eq. (2). 

P(r) = βr− D− 1 (A2)  

where β equals to –Dα. Therefore, the total volume of pores with radii less than r could be derived by substituting Eq. (2) to Eq. (1). 

Vr =

∫r

rmin

P(r)Fr3dr = C
(
r3− D − r3− D

min

)
(A3)  

where C is the proportional constant, equaling to − Dα/(2 − D).Vr is the cumulative pore volume of the pores with radii less than r, μm3. F is the shape 
factor, which is 1 when the pore is cubic and is 4π/3 when the pore is sphere, rmin is the minimum pore radii, μm. According to Eq. (3), the total volume 
can be obtained in Eq. (4). 

Vt =C
(
r3− D

max − r3− D
min

)
(A4)  

where Vt is the total volume of the samples, rmax is the maximum pore radii. The volume fraction of pore with radii less than r can be expressed as 
following. 

SV =
Vr

Vt
=

r3− D − r3− D
min

r3− D
max − r3− D

min
(A5)  

where SV is the volume fraction of the pores with radii less than r. As rmin is commonly far less than rmax, the equation can be simplified as following. 

SV =
r3− D

r3− D
max

(A6) 

On the basis of the correlation between T2 and pore radius (described by Eq. (7)) (Arns et al., 2005), Eq. (6) can be converted to Eq. (8), and Eq. (8) 
can be transformed to Eq. (9) by taking double logarithms. 

1
T2

= ρ S
V
= Fs

ρ
r

(A7)  

where T2 is the relaxation time, ms, ρ is the surface relaxitivity.Fs is the shape factor, which equals to 2 for cylindrical pores and equals to 3 for 
spherical pores. S

V is the ratio of surface area to volume for pores with certain radii. 

SV =

(
Tr

T2max

)3− D

(A8)  

lgSV = (3 − D)lgTr − (3 − D)lgT2max (A9)  

where Tr is the relaxation time of pores with radii less than r, ms, T2max is the maximum relaxation time of the samples, ms. Accordingly, the fractal 
dimension D for certain kinds of pores can be derived from the slope k of the linear segments on the plots of lgSV and log (T2) (D = 3 − k). 
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As SV can be expressed as follow: 

SV =
φV

φt
(A10)  

where φV is the cumulative porosity of pores with radii less than r, %; φt is the total porosity, %. Eq. (9) can be transformed to Eq. (11) in the following. 

lgφV = (3 − D)lgTr − (3 − D)lgT2max + λ (A11)  

where λ is a constant equaling to lgφt. 
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