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ABSTRACT The estimation of permeability is essential as it is closely related to the production rate 
in hydrocarbon reservoirs. In general, permeability increases with reservoir porosity. 
However, recent studies have shown that porosity is not a particularly reliable indicator 
of permeability and the effect of pore structure (pore aspect ratio and distribution) 
should be considered. In this study, four samples of tight sandstones were collected from 
the Q area of the Ordos Basin, China, including two samples with the same porosity 
but different permeabilities, and two samples with the same permeability but different 
porosities. X-ray-diffraction and thin-section analyses and experiments, under variable 
pressure for ultrasonic waves and permeability, were carried out. Based on rock-physics 
modelling, the volume fraction, aspect ratio, and radius of pores/cracks are inverted and 
estimated with the P- and S-wave velocities and permeability as constraints. The results 
show good agreement between model predictions and measurements. A comparative 
analysis indicates that the pore/crack density, the distribution of the aspect ratio, and the 
radius jointly affect the permeability.
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1. Introduction

The importance of developing geophysical exploration techniques is to provide information 
on the presence of subsurface structures and fluids (e.g. oil and gas resources and geological 
CO2 storage) (Neuman, 2005; Carcione et al., 2006; Jang and Santamarina, 2014; Tsang et al., 
2015; Li et al., 2018; Qin et al., 2018; Zhou et al., 2019) and to indicate fluid mobility in the 
subsurface (Carman, 1956; Whitaker, 1986). To adequately estimate permeability, studies 
have been conducted on the relationships between rock physical properties/attributes and 
permeability (Gomez et al., 2010; Heidari and Li, 2014; Yu J. et al., 2014, 2020; Chen et al., 2017; 
Carcione et al., 2018, 2019, 2020; Santos et al., 2019; Madadi and Müller, 2021; Yu B. et al., 
2022). Extensive experimental data show that there is no strong correlation between the other 
physical properties of rocks and permeability. The permeability of different rocks with similar 
physical properties can vary by several orders of magnitude (Brace, 1980), while the size of rock 
pores and the connectivity between pores can play a crucial role (Guéguen, 1994).

Considering that pore geometry can affect the elasticity and transport properties of rocks 
(Amalokwu and Falcon-Suarez, 2021; Zhang L. et al., 2021), its estimation has become an 
important research topic. The use of micro/nano-scale CT scans enables the direct observation 
of the three-dimensional pore structure of rocks at the nanometre to millimetre scale (Dong and 
Blunt, 2009). Xie et al. (2010) and Verwer et al. (2011) demonstrated that pore structure affects 



594

Bull. Geoph. Ocean., 65, 593-610 Chen et al.

porosity and permeability; Manda et al. (2013) indicated that the pore structure of moldic 
pores is more complex than that of etched pores. The image scan observation method enables 
the direct detection of microscopic pore structures, but is characterised by high cost and long 
inspection times (Zhang Y. and Toksöz, 2012). Therefore, the prediction of micropore structures 
based on rock-physical properties or attributes has attracted the attention of academic and 
industrial researchers.

Kuster and Toksöz (1974) proposed a model (K-T) which shows the effects of pore structures 
with different shapes on wave velocities. Subsequently, based on the K-T model, Cheng and 
Toksöz (1979) inverted the aspect ratio spectrum of various rocks as a function of pressure using 
the measured velocities, which could match the results of scanning electron microscopy. Tran et 
al. (2008) calculated the aspect ratio spectrum of Berea sandstone after heat treatment based 
on the differential effective medium (DEM) theory and discussed the relationships between 
that spectrum and temperature. Izumotani and Onozuka (2013) used the simulated annealing 
algorithm to predict the spectrum. Based on the Mori-Tanaka theory (Mori and Tanaka, 1973), 
David and Zimmerman (2012) inverted the spectrum of dry rocks, and Duan et al. (2018) 
explained the velocities in saturated rocks under variable confining pressures. To improve the 
accuracy of the inversion results, Tang et al. (2021) assigned different aspect ratios to each pore 
phase based on the elastic wave propagation theory proposed by Tang (2011) and compared 
them with the results of scanning electron microscopy.

To ensure the uniqueness of the inversion, previous studies have also attempted to estimate 
the aspect ratio spectrum together with several attributes. Based on the theory of Cheng and 
Toksöz (1979), Yan et al. (2014) took the porosities under different pressures as a constraint to 
improve the reliability of the inversion, and analysed the effects of fluid flow in the rock on wave 
dispersion and attenuation according to the model of Tang (2011). Due to the influence of pores 
on the estimated elastic moduli for the self-consistent (SC) model, Han et al. (2016) showed 
that the use of this model, with acoustic velocities and conductivity as constraints, did not lead 
to a spectrum that matched the experimental results. Based on the R-DEM model (Cilli and 
Chapman, 2021), Zhang L. et al. (2022) appropriately interpreted the measured nitrogen- and 
brine-saturated cases for P- and S-wave velocities, porosity, and conductivity and investigated the 
effects of conductivity on the spectrum. However, their work did not consider the pore radius.

After completing the construction of the rock pore structure, joint characterisation can be 
performed for permeability and the other physical rock properties (Kozeny, 1927; Doyen, 1988; 
Terzaghi et al., 1996; Esteban et al., 2007; Weger et al., 2009; Geraud et al., 2010; Grude et al., 
2015; Koestel et al., 2018). Seeburger and Nur (1984) developed a two-dimensional network 
model that successfully explained the permeability of sandstone. Bernabé (1995) simulated 
the transport properties of Newtonian fluids in rocks using a network model consisting of 
pipes. Subsequently, Bernabé (2009) derived the hydraulic conductivity and wave propagation 
equations of rigid and elastic networks with saturating Newtonian fluids under periodic 
oscillations and calculated the hydraulic conductivity with different pipe lengths and radii in the 
network model. Johnson et al. (1987) conducted a study on dynamic permeability as a function 
of frequency. Blunt and King (1991) and Blunt (2001) constructed network models, analysed the 
migration of multiphase flows in centimetre-scale rock structures, and showed the relationship 
between permeability and saturation. Two-dimensional models have also been extended to 
three dimensions to explain the process of dewatering and water injection in sandstones (Nilsen 
et al., 1996; Bakke and Øren, 1997). Xiong et al. (2020) used a three-dimensional pore structure 
model to analyse the rheological properties of fluids and the influences of pore cross connectivity 
on rock permeability, and proved that the frequency and connectivity between pores affect 
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permeability. These works have laid the foundation for further studies on the prediction of 
permeability in complex porous media.

To investigate the relationship between permeability and pore structure, four samples 
from tight-sandstone reservoirs in the Q area of the Ordos Basin were selected in this study. 
Thin section and X-ray diffraction (XRD) mineral analyses were performed, and rock physics 
experiments were carried out to measure ultrasonic velocities and permeabilities at different 
pressures. By simplifying the rock structure into pores and cracks, a differential effective medium 
model was used to describe the experimental data. This approach enables the estimation of the 
pore structure (aspect ratios, volume fractions and radius) and facilitates the analysis of other 
factors influencing permeability.

2. Samples and experimental procedures

2.1. Samples

In this study, the relationship between the pore/crack structure and the permeability for the 
four sandstone samples (identified as A, B, C, and D) is investigated. All samples were collected 
from the Chang-7 part of the Ordos Basin at a depth from 1,500 to 2,300 m below the surface. 
As shown in Fig. 1, all samples are relatively tight due to diagenetic variations, with feldspar 

Fig. 1 - Thin section analyses of the tight 
sandstones: the orthogonal polarisation 
image (a) and single polarisation image (b) 
of sample A; the orthogonal polarisation 
image (c) and single polarisation image (d) of 
sample B; the orthogonal polarisation image 
(e) and single polarisation image (f) of sample 
C; the orthogonal polarisation image (g) and 
single polarisation image (h) of sample D. The 
blue areas in the single polarisation images 
represent the pores.
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dissolution pores, mold pores, and residual intergranular pores. Pores and cracks of different sizes 
can be observed. The XRD analysis shows that the minerals in the four samples mainly consist of 
quartz, K-feldspar, plagioclase, and clay minerals. The specific contents of the constituents are 
listed in Table 1.

Table 1 - Mineral compositions of the samples.

 samples A B C D

 Quartz (%) 48.59 52.47 56.15 54.73

 K-feldspar (%) 7.90 7.60 5.20 4.73

 Plagioclase (%) 18.66 22.47 19.33 20.19

 Calcite (%) 2.02 2.34 3.85 4.77

 Ankerite (%) 6.96 2.77 - -

 Dolomite (%) 8.95 3.32 5.68 7.67

 Siderite (%) 1.05 1.19 2.67 0.75

 Clay (%) 5.87 7.84 7.12 7.16

2.2. Ultrasonic velocity measurement

The four samples are cut into cylindrical shapes. The ultrasonic tests are carried out using the 
same test setup as in Guo et al. (2009). The velocities are determined as follows:

(1)

where V stands for the P- and S-wave velocities, L for the sample length, Tm for the ultrasonic 
transit time, and T0 for the system travel time. 

At room temperature (~20 °C), nitrogen is used as a pore fluid for ultrasonic experiments. 
At the beginning, the confining pressure is set to 5 MPa, then, the pore pressure is increased to 
approximately 5 MPa and kept constant. To avoid an uneven distribution of pore pressure within 
the sample due to rapid confining pressure loading, the confining pressure loading rate is set 
to 0.1 MPa/min. The confining pressure is gradually increased to 60 MPa. When the confining 
pressure reaches 5, 10, 20, 30, 40, 50, and 60 MPa, the P and S waveforms are recorded. At 
each confining pressure, the condition of the sample is maintained for two hours to ensure pore 
pressure equilibrium. After data collection at all pressures, the confining pressure is gradually 
released.

2.3. Porosity and permeability measurements

The gas expansion method is used to determine the porosity of rock samples. Helium, 
which has a low molecular weight compared to nitrogen, can easily penetrate small pores. It is, 
therefore, used for porosity measurement due to the tight structure of the sample.

Permeability is measured using the pulse attenuation technique (Yang and Dong, 2017), with 
corrections made for the Klinkenberg slippage effect (Klinkenberg, 1941). At room temperature 
(~20 °C), the pore pressure is kept at 0 MPa, while the confining pressure is set to 5, 15, 25, 35, 
and 45 MPa to measure the permeability.
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3. Rock-physics models

3.1. The DEM model

The DEM model considers the isotropic mineral grains as the host phase (matrix) and the 
pore fluid as inclusions. In each calculation, the inclusion with a lower volume fraction is placed 
within the host phase, and the host phase and inclusions are combined to calculate the effective 
elastic moduli of the composite material. At this point, it is assumed that the host phase with the 
inclusion is uniformly isotropic, and a new host phase is calculated. Other inclusions of different 
sizes and shapes are, then, added to this new host phase for further computation. This process is 
iterated multiple times until the content of each component in the material reaches the desired 
values.

The equations for the multiphase DEM model are derived according to Berryman (1992):

(2a)

 (2b)

In the first iteration, K* and μ* represent the bulk and shear moduli of the host, respectively. 
K2, μ2, and c are the bulk modulus, shear modulus, and volume fraction of the inclusion, and 
K* and μ* are the effective bulk and shear moduli, respectively. P(*i) and Q(*i) are the geometric 
factors of inclusion. 

3.2. Pressure dependence

The elastic modulus related to pressure enables the extraction of distribution characteristics 
related to rock pore structure, such as aspect ratio, crack density, crack porosity, and crack radius 
(Toksöz et al., 1976; Tran et al., 2008; David and Zimmerman, 2012). The method proposed by 
Toksöz et al. (1976) has demonstrated applicability across diverse rock types exhibiting different 
porosities, thus, facilitating predictions of elastic wave velocities under varying fluid saturations 
within the rock.

To predict the pore/crack structure at different effective pressures, Pd, the closure of pores 
and cracks must be determined. Toksöz et al. (1976) provided the equation for the variation of 
the coin-shaped pore/crack volume fraction, c, at different pressures as: 

(3)

where α is the aspect ratio, K *
a is the dry-rock bulk modulus. Em (m = 1, 2, 3, 4) denotes the 

functions relating to the aspect ratio and effective bulk and shear moduli at different effective 
pressures, i.e.: 
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(4a)

(4b)

(4c)

(4d)

(4e)

The change rate of the aspect ratio of a coin-shaped pore with pressure is equal to the change 
rate of the volume fraction (Cheng and Toksöz, 1979). Therefore, the volume fraction and aspect 
ratio of each inclusion at the l-th effective pressure are:

(5a)

(5b)

where c0k and α0k are the values at zero effective pressure. When dα/α ≤ –1, the pressure is 
considered to be very high and the cracks close, so that the corresponding volume fraction 
of inclusions is zero. Eqs. (3) to (5) can be used to calculate the change in the pore and crack 
structure at different effective pressures.

3.3. Inversion algorithm

1. The grain bulk and shear moduli are obtained with the Voigt-Reuss-Hill (VRH) method 
proposed by Voigt (1928), Reuss (1929) and Hill (1952), i.e.:

(6a)

(6b)

(6c)



599

Effect of pore structure on permeability Bull. Geoph. Ocean., 65, 593-610

 where N is the number of mineral components, fi is the volume fraction corresponding to 
the i-th mineral component determined by XRD mineral analysis, Mi denotes the elastic 
moduli of the mineral, and MV and MR are the upper and lower bounds of the grain moduli, 
respectively. MVRH denotes the effective elastic moduli.

2. The pore aspect ratio is the unknown property required to compute VP and VS by the 
DEM model (Mavko et al., 2009). A series of assumed volume fractions and aspect ratios 
of pores/cracks are attributed to the rock matrix. The aspect ratios of pores and cracks 
are typically between 0.01 and 1 for pores, and between 0.000001 and 0.01 for cracks. 
Following the methodology proposed by Izumotani and Onozuka (2013), the aspect ratios 
of cracks are distributed logarithmically, while the volume fraction of each crack is random. 
The sum of the volume fractions of pores and cracks equals the measured porosity. Next, 
the effective elastic moduli are obtained.

3. The effective bulk modulus, K*, and shear modulus, μ*, are calculated as a 
function of pressure and the predicted P- and S-wave velocities are obtained as

  and .

4. The interior point method proposed by Adler et al. (1989) is used to find the optimal 
solution for the pore/crack structure. The objective function to be minimised is the sum 
of the squared errors between the theoretical predictions and the experimental data, 
namely:

(7)

where α01, α02, ... α0n and c01, c02, ... c0n denote the aspect ratio and the volume fraction, 
respectively. L is the number of pressures, and V m

Pi and V m
Si are the measured P- and S- 

wave velocities. Building upon relevant theories, a modelling approach is proposed, and 
depicted in Fig. 2.

Fig. 2 - Modelling and inversion flowchart.
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4. Relation between permeability and pore structure

4.1. Aspect ratio of pores/cracks and volume fraction

Figs. 3 and 4 show the experimental data of VP and VS at a confining pressure of 5-60 MPa 
under nitrogen-saturated conditions and the inverted aspect ratio spectra for samples A, B, C, 
and D, respectively. The closure of pores and cracks with pressure leads to an increase in bulk 
and shear moduli (Yin et al., 2017), resulting in an increase in the velocities. The density, bulk 
modulus, and viscosity of nitrogen are 112.6 kg/m³, 0.0161 GPa, and 0.000017 Pa·s, respectively. 
The inversion grain bulk/shear moduli for samples A, B, C, and D are 45 GPa/35 GPa, 48 GPa/32 
GPa, 43 GPa/34 GPa, and 37 GPa/36 GPa, respectively, and R² for the velocities are 0.9503 and 
0.8878, 0.9945 and 0.9880, 0.982 and 0.9718, and 0.9628 and 0.8199, respectively, indicating 
that the model can adequately explain these measurements.

In Figs. 3b and 4b, the first two histograms correspond to pores and the others to cracks. For 
sample A, the aspect ratio and the volume fraction of the two pores are 0.05 and 5×10-5, and 0.3 
and 0.0695. The crack volume fraction is highest when the aspect ratio is 0.0015. For sample B, 
these values are 0.1 and 0.0061, and 0.4 and 0.0477. The cracks with an aspect ratio of 0.0063 
have the highest volume fraction. The aspect ratio distribution for sample A and B is between 
6.31×10-5 and 0.0063, but for sample B, the cracks with an aspect ratio between 0.0032 and 
0.0063 and between 6.3×10-5 and 1.26×10-4 have higher volume fractions. For sample C, the 
pore aspect ratios are 0.3 and 0.04, with the highest volume fraction observed for cracks with 
an aspect ratio of 0.0032. Similarly, the pore aspect ratios for sample D are 0.03 and 0.3, with 
the highest volume fraction for cracks with an aspect ratio of 0.0032. The distribution of crack 
aspect ratios for samples C and D ranges from 3.162×10-5 to 0.0032. In each sample, the higher 
the aspect ratio, the higher the pore volume fraction. Although the pore- or crack-filling fluid is 
added to the host phase in the same way, resulting in similar aspect ratio distributions, the pore 
or crack volume fraction can be quite different between samples.

Table 2 shows that samples A and B have the same permeability, with the porosity of B being 
lower than that of A. Samples C and D have similar porosities, while sample D has a higher 
permeability. As shown in Figs. 3b and 4b, samples B and D have higher volume fractions of low 
aspect ratio cracks. Cracks provide a relatively direct path for the fluid to flow more easily. The 

Fig. 3 - Comparison between the measured and theoretical velocities as a function of differential pressure for samples 
A and B (a), and the estimated pore-aspect-ratio spectra (b).



601

Effect of pore structure on permeability Bull. Geoph. Ocean., 65, 593-610

presence of cracks also increases the surface area of the rock available for fluid flow within the 
rock. This leads to an increase in permeability. In addition, cracks with a low aspect ratio tend 
to form continuous and interconnected channels. In contrast, cracks with a higher aspect ratio 
may be more circular or spherical, and the flow may be obstructed by crack edges and corners.

Fig. 4 - Comparison between the measured and theoretical velocities as a function of differential pressure for samples 
C and D (a), and the estimated pore-aspect-ratio spectra (b).

Table 2 - Physical properties of the samples.

 Sample A B C D

 Density (g/cm3) 2.49 2.51 2.44 2.41

 Porosity (%) 7.220 5.787 9.201 9.222

 Permeability (mD) 0.020 0.020 0.038 0.066

4.2. Crack density

The crack density can be obtained as (Kachanov, 1993):

(8)

where φc is the crack porosity.
Figs. 5a and 5b show the distribution of crack density for samples A, B, C, and D, ranging from 

0.0048 to 0.0955, 0.0018 to 0.0239, 0.0080 to 0.0768, and 9.5763×10-4 to 0.0398, respectively. 
The overall crack densities are 0.25, 0.29, 0.265, and 0.465, respectively. Sample B has a lower 
porosity, but its overall crack density is higher, indicating better interconnection of the cracks 
within the skeleton. Although sample C and D have the same porosity, the total crack density of 
sample D is much higher than that of C, resulting in a higher permeability. As the crack density 
increases, the distance between cracks decreases, consequently increasing connectivity (Xiong 
et al., 2021). The connectivity of cracks plays an important role in permeability.

Similar characteristics observed in the two groups are as follows. In specimens A and C, cracks 
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with a high aspect ratio have a higher crack density. In samples B and D, on the other hand, the 
distribution of crack density with respect to aspect ratio is more uniform, and the crack densities, 
corresponding to small aspect ratios, have higher proportions.

Fig. 5 - Crack density as a function of the aspect ratio of samples A and B (a), and of samples C and D (b).

4.3. Prediction of pore and crack radii

The geometric shapes of pores/cracks can be used to predict rock permeability. The total 
permeability, κ, of the rock is assumed to be composed of matrix permeability, κp, and crack 
permeability, κc, and that both pores and cracks consist of cylindrical bodies with radius r: 

(9)

Based on the work by Al-Wardy and Zimmerman (2004), matrix permeability κp can be derived 
as:

(10)

where ck and rk are the volume fraction and radius of the pores, respectively.
From Sarout (2012), crack permeability κc is:

(11)

where cm, rk, and αm are the volume fraction, radius and aspect ratio of the cracks.
Based on the incremental algorithm, the equivalent permeability model is applied to the case 

of multiple components by using the aspect ratio spectrum as input. The matrix permeability 
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and crack permeability are calculated using Eqs. (10) and (11), respectively.
The mean-square error between the theoretical predictions and the experimental permeability 

values is considered as the objective function for estimating the radius, i.e.: 

(12)

The relation between permeability and confining pressure can be represented by a combination 
of linear and exponential terms (Shapiro, 2003; Shapiro et al., 2015). The results are:

sample A, κ = 5.56×10-4 –5.25×10-6 P + 0.0051e-0.0977P (R2 = 0.9926)
sample B, κ = 7.013×10-4 –4.2714×10-6 P + 0.0014e-0.1056P (R2 = 0.9982)
sample C, κ = 0.0012 –1.264×10-5 P + 0.016e-0.1002P (R2 = 0.9999)
sample D, κ = 0.017 –10-4 P + 0.0364e-0.1344P (R2 = 0.9997). 
In each empirical relation, the first two terms represent the matrix permeability and the last 

the crack permeability.
Figs. 6 to 9 show the aspect ratio and volume fractions of pores and cracks at different 

confining pressures. Pores with an aspect ratio from 0.019 to 1 are stiff, and, in such case, the 
volume fraction and aspect ratio do not significantly change with pressure. Cracks with smaller 
aspect ratios tend to close with increasing pressure, while the volume fraction and aspect ratio 
of cracks with larger aspect ratios gradually decrease. As the pressure increases, the stiffness 
of the rock increases and the closing rate of the cracks gradually decreases as a function of 
pressure. According to Eqs. (3) to (5), crack closure occurs when dc(α)/c(α) is less than -1. 
Cracks with aspect ratios below 10-4 close when the confining pressure reaches 20 MPa. As the 
confining pressure increases to 60 MPa, cracks with aspect ratios between 10-3 and 10-2 do not 

Fig. 6 - Spectrum of the pore and crack aspect ratio of sample A at different pressures.
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Fig. 7 - Spectrum of the pore and crack aspect ratio of sample B at different pressures.

Fig. 8. Spectrum of the pore and crack aspect ratio of sample C at different pressures.

close completely, but their aspect ratios gradually decrease. Notably, cracks with smaller aspect 
ratios require lower closure stresses.
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Fig. 9 - Spectrum of the pore and crack aspect ratio of sample D at different pressures.

Fig. 10 - Permeability as a function of confining pressure, predicted and measured (a), and estimated pore and crack 
spectra for samples A and B (b).

Figs. 10 and 11 show the comparison between the measured permeability and the predicted 
values as well as the predicted pore/crack radius spectra. The R2 of samples A, B, C, and D are 
0.9922, 0.9477, 0.9938, and 0.9527, respectively. A comparison of the pore and crack radii shows 
that the majority of the crack radii are larger than the pore radii. Xiong et al. (2020) proved 
that the larger radii facilitate the formation of migration pathways for fluid flow, resulting in 
increased permeability. Davudov and Moghanloo (2018) proved that, with increasing pressure, 
the connectivity between pores/cracks decreases, leading to a decrease in permeability. 
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Fig. 11 - Permeability as a function of confining pressure, predicted and measured (a), and estimated pore and crack 
spectra for samples C and D (b).

5. Conclusions

In this study, XRD analysis, thin section analysis, permeability, and ultrasonic experiments are 
performed on four samples of tight sandstones from the Yanchang Formation of the Ordos Basin. 
Based on the DEM theory, a rock-physics model for the inversion of pore structure is established, 
and proof is given that the estimation effectively explains the experimental data.

The results show that when fluids flow through small aspect ratio cracks, the short distance 
travelled results in low resistance, which increases permeability. The higher crack density and the 
smaller distances between pores and cracks improve the internal connectivity of the rock, thus, 
increasing permeability. When a confining pressure is applied to the rock, cracks with larger radii 
and smaller aspect ratios close first, reducing the connectivity of the pore system and leading to 
a sharp decrease in permeability. If the pressure is increased further, the pore structure of the 
rock is more stable during deformation, which leads to a gradual weakening of the reduction in 
permeability.

In this study, the objective function mainly focuses on the elastic parameters. The conductivity 
effect could be integrated into the objective function in the future, potentially improving the 
accuracy of the results. It would also be valuable to explore the effects of pore connectivity in 
future studies.
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