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Abstract. Understanding the impact of stress on porosity and permeability properties of rocks is crucial to study the 
fluid flow in subsurface formation rocks. The micro-pore structure of subsurface reservoirs can change when the 
reservoir stress field is disrupted. In this paper, we present a digital rock workflow to couple micromechanics model 
with Lattice Boltzmann fluid model. Micromechanics models uses a robust grain-grain segmentation method, a 
conformal meshing algorithm, and the grain-grain contact physics. The porosity and permeability variations are 
measured under different conditions of stress magnitudes. The results of permeability measurements indicate that 
tighter core samples are more stress dependent. The average diameter and distribution of pore size have also been 
calculated in order to investigate the effect of stress on average pore diameter. The effective permeability simulated 
by the multiphase digital rock model is compared to demonstrate the influence of stress on the flow behaviors.

1 Introduction  

The understanding of the stress-sensitive behavior of rock po-
rosity and permeability play a significant role to study the 
fluid flow in subsurface formations. The micro-pore arrange-
ment within subsurface reservoirs may undergo alterations 
when the stress field of the reservoir is changed due to the 
drilling and subsequent operations. Consequently, the poros-
ity, permeability, and other significant physical characteris-
tics of the reservoir can undergo modifications accordingly.  

Numerous laboratory experiments have explored the 
stress-dependent behavior of porosity and permeability in 
rock and fault gouges, which are unconsolidated rocks char-
acterized by small grain size. In all the experiments, it has 
been observed that the effective stress plays the most signifi-
cant role in modifying the magnitude of porosity and perme-
ability. The trend of permeability and porosity under varying 
stress conditions can be described using two types of models: 
power law and exponential equations.  

For the power law form of equation, a general relation 
between stress and permeability or porosity of rocks is written 
as,  

                              𝑌𝑌 = 𝑌𝑌0 �
𝜎𝜎𝑒𝑒
𝜎𝜎0
�
−𝑛𝑛

                            (1) 
where 𝑌𝑌 is porosity (in fraction) or permeability (in mD) un-
der effective stress 𝜎𝜎𝑒𝑒 (in psi), 𝑌𝑌0 is initial porosity (in frac-
tion) or permeability (in mD) at 𝜎𝜎0 (in psi) and 𝑛𝑛 is material 
constant. It is noted that the values of material constant con-
trol the rate of stress dependency of rock properties. The 
equation above has been extensively used by researchers. Shi 
and Wang [1] proposed that a power law form could effec-
tively describe the relationship between effective stress and 
permeability of fault gouges based on the permeability values 
[2].  They found that the material constant parameter varies 
between 1.2 and 1.8. Another study [3] on the stress depend-
ency of sandstone and shale core samples from TCDP Hole-

A shows material constant be in the range of 0.120-1.744 for 
the permeability and 0.014-0.056 for the porosity.  
 Exponential or logarithmic relationships between stress 
and rock properties have also been applied. The exponential 
or logarithmic equation that establishes the connection be-
tween stress and either porosity or permeability is described 
as, 
                               𝑌𝑌 = 𝑌𝑌0exp�−𝑛𝑛(𝜎𝜎𝑒𝑒 − 𝜎𝜎0)�                    (2) 
or 
                                   𝐿𝐿𝑛𝑛 𝑌𝑌

𝑌𝑌0
= −𝑛𝑛(𝜎𝜎𝑒𝑒 − 𝜎𝜎0)                               (3)  

Many studies have used the above exponential (or logarith-
mic) form of equation for various kinds of samples. David et 
al. [4] reported exponential correlation for different types of 
sandstones. The materials constants for the permeability and 
porosity parameters were in the range of 0.00621–0.0181 
MPa−1 and 0.00044–0.0033 MPa−1, respectively. Teklu et al. 
[5] studied the stress dependency of porosity and permeabil-
ity of carbonate, limestone, and sandstone core samples de-
scribed by the above exponential form. They observed that 
the stress dependency of permeability and porosity is larger 
for nanodarcy cores compared with those of micordarcy and 
millidarcy core samples. Similarly, the stress dependency of 
porosity has been observed by many researchers. Schmoker 
et al. [6] suggested an exponential relation between effective 
stress and porosity for carbonate rocks. Hoholick et al. [7] 
found an exponential equation form of porosity-stress de-
pendency for sandstone rocks. An empirical logarithmic 
model proposed by Jones and Owens [8] and theoretically de-
rived by Walsh [9] is selected to evaluate the stress sensitivity 
for the porosity and permeability of tight gas sands. The stress 
sensitivity is defined by the stress sensitivity coefficient 𝑆𝑆𝑠𝑠, 
which is described as,  

                                    𝑆𝑆𝑠𝑠 = 1−(𝑌𝑌 𝑌𝑌0⁄ )
1
3

𝑙𝑙𝑙𝑙𝑙𝑙(𝜎𝜎𝑒𝑒 𝜎𝜎0⁄ )
                               (4)                               
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 It seems that most of the reported studies have been only 
focused on the conventional lab measurements. The chal-
lenges of the experiments are due to the fact that they are ex-
pensive and time-consuming and could lead to the damage of 
the core samples under the stresses applied. There are also 
studies reported on numerical simulations to understand the 
stress dependency of porosity and permeability magnitudes. 
Petunin et al. [10] found that a heterogeneous multi-porosity 
system is more stress-sensitive compared to the other more 
homogeneous porosity systems. Sun et al. [11, 12] showed 
that grain crushing occurring at a very high effective stress 
tends to produce fines and have a significant impact on the 
permeability based on the discrete element method. Fagbemi 
et al. [13] simulated the deformation of a sandstone rock us-
ing a finite element method and the fluid flow using a finite 
volume method andfound that the oil-phase relative permea-
bility reduced due to the increase in stress loading. Fan et al. 
[14] investigated the single/multi-phase fluid flow in a prop-
pant pack of hydraulic fracture and showed that the oil-phase 
relative permeability first increased but then decreased as the 
effective stress was continuously increased. 
 In the recent years, digital rock physics has been devel-
oped as a powerful technology to accurately predict fluid be-
havior in porous media. It involves the construction of 3D 
representation structures from pore-scale imaging and offers 
a direct presentation of multiphase flow properties at reser-
voir conditions. The technology combines 3D imaging tech-
nology such as X-ray micro-computed tomography (CT) with 
high performance computational modeling, and thus enables 
numerical measurements of flow behavior on large complex 
pore structures obtained from pore-scale image of a rock sam-
ple directly. Flow simulations based on the Lattice Boltzmann 
method (LBM) have proven successful due to the accuracy 
on capturing the relevant physics of single-phase and multi-
phase flow [15-18]. 
 In the previous study [19, 20], we introduced a micro-
CT based models and modeled the grain-grain contacts using 
grain-grain segmentation method and a conformal meshing 
algorithm. We are able to provide physics-based simulations 
of general non-linear contact interactions and compute rock 
elastic properties. In this study, we describe an extension of 
the micromechanics workflow above to digital rock permea-
bility simulations to numerically investigate the impact of 
stress variations on the porosity and permeability changes. 

2 Methodology 

2.1 Micromechanics workflow  

The micromechanics workflow combines a grain-grain 
segmentation method, a grain meshing algorithm, and a 
grain-grain contact physical simulation. A detailed 
description of the micromechanics workflow can be found in 
our previous publications [19, 20]. We review the 
methodology here for the purpose of completeness.  
 The grain-grain segmentation method assigns each grain 
voxel in the micro-CT image the value of the corresponding 
grain index and provides basis for subsequent mesh creation. 
We implement a variant of the watershed method to avoid the 
undesired features such as grouped grains and single grain 
cut. The grain meshing algorithm is based on Delaunay 

refinement combined with global and local optimizers to 
optimize the Delaunay triangulation. The algorithm will 
result in conformal meshing at the grain-grain contacts which 
enables the capture of contact physics. The meshing density 
was optimized to achieve a balance between accuracy and 
computational cost. The grain-grain contact physics 
simulation takes advantage of a non-linear finite element 
simulation based on AbaqusTM/Explicit [21]. The grain-grain 
contacts introduce duplicate nodes and elements to allow 
grain relocation and relative displacement along contact 
surfaces. The normal contact behaviour follows a “hard” 
contact with penalty enforcement and the tangential contact 
behaviour adopts the classical Coulomb friction model. The 
general contact algorithm is used to detect contacts 
automatically for all element-based surfaces. 

2.2 Lattice Boltzmann method 

The lattice Boltzmann method (LBM) is a computational 
fluid dynamics (CFD) technique that has gained popularity 
among petroleum engineers for its suitability to simulate fluid 
flow in complex geometries such as in reservoir rock porous 
structures. It offers a unique and efficient approach to model 
complex multiphase flow phenomena, such as oil and gas 
reservoir behavior, with its ability to capture both 
macroscopic and mesoscopic flow properties. LBM is well-
suited to simulate complex phenomena such as 
multicomponent fluid interaction, fluid-solid interaction, 
immiscibility, and capillary effects. All flow simulations 
were performed using DigitalROCKTM, which uses a 
numerical solver based on the Shan-Chen multi-phase lattice 
Boltzmann model [22]. This solver has been validated on a 
variety of fundamental benchmarks and real reservoir rock 
test cases [15-18, 23-26].  

2.3 Numerical simulation procedure 

The samples were subjected to incremental displacements in 
all three directions with the normal degree of freedom 
controlled on the face nodes. We consider empty pores in the 
simulation (i.e. no pore pressure). Therefore, bulk modulus 
can be measured from the slope of the linear relationship 
between stress and volumetric strain. Each simulation takes 
around 4 hours of turnaround time on 40 computational cores. 
AbaqusTM can export STL surface mesh representing the 
deformed geometry at different time steps. We then convert 
the STL to voxel image for subsequent fluid flow simulation 
taking advantage of the stl-to-voxel python package 
(https://github.com/cpederkoff/stl-to-voxel).  
  In the next step, we perform the following for fluid flow 
simulations. (1) The resulting three-dimensional pore 
structures at various stress conditions are imported into LBM 
solver. (2) The single phase flow is simulated to measure 
absolute permeability. In the current study, each single phase 
simulation requires 300 simulation hours on 400 
computational cores and the turnaround time is within one 
hour. (3) In the multiphase simulation, an unsteady-state 
displacement method is applied to measure relative 
permeability of water-oil displacement. 5% initial water 
saturation is chosen for multiphase simulations. All of the 
surfaces are assigned with 30º contact angle to establish the 
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uniform distribution of water-wet condition. The simulations 
of unsteady-state displacement requires 85,000 simulation 
hours on 1000 computational cores and the turnaround time 
is three to four days. 

2.4 Rock sample 

In this study, we work on sandstone samples. The binary 
segmented micro-CT image is available from the 
supplemental material of Andra et al. [27]. The original 
sample size is 288×288×300 and the image resolution is 7.5 
µm. In order to investigate the effect of sample porosity, we 
create a second sample of high porosity by expanding the pore 
volume based on the Potts grow filter implemented in our in-
house scripts. The porosity of two samples under initial 
condition are 12.67% and 23.82%, respectively. Figure 1 
shows the binary and grain-segmented micro-CT images for 
these two sandstone samples. 
 In the simulation, the connectivity of the sample is 
determined by the minimum numerical critical pore throat.It 
is found that the numerical critical pore throat radius is 1.6 
and 3.0 pixel. This indicates that the pore structure is barely 
connected due to insufficient numerical resolution. In order 
to achieve numerical accuracy of permeability measurement, 
the image resolution of low and high porosity samples is 
increased by a factor of 2 and 1.5, respectively. The absolute 
permeability measured by the single phase LBM solver under 
initial condition is listed in Table 1. Comparing the results for 
Fontinebleau with laboratory data [28] reveals that the 
simulation results are above those measured in the laboratory. 
The difference could be due to different critical pore throat 
radius measured in the current sample. Andra et al. [27] 
reported that their computed permeabilities on the same 
digital sample are generally larger than laboratory 
measurements. The sandstone sample of a small porosity has 
a bulk modulus of 7.2 GPa and the sandstone sample of a 
large porosity has a bulk modulus of 6.0 GPa, both of which 
are typical moduli for sandstones. Figure 2 shows the stress-
volumetric strain relations where the bulk modulus is derived 
from the slope of the curve. 

 

Fig. 1. Binary and grain-segmented images for (top) a sandstone 
sample of 12.67% porosity and (bottom) a sandstone sample of 
23.82% porosity. 

Table 1. Absolute permeability (K0) under initial condition. 

Initial 
porosity [%] 

K0 [mD] 
(X direction) 

K0 [mD] 
(Y direction) 

K0 [mD] 
(Z direction) 

12.67 774 696 818 

23.82 8912 8462 8982 

 

 

Fig. 2. Stress-strain relations for sandstones of a porosity of 12.67% 
and 23.82%, respectively. 

3 Results and discussion 

3.1 Stress-dependent porosity 

The stress-porosity correlation is illustrated in Figure 3 and 
shows the evolution of the porosity variation for two tested 
samples. The porosity is normalized to show the variation. In 
principle, both the exponential effective stress correlation 
(Eq. 2 and 3) and the logarithmic correlation (Eq. 4) can be 
used to establish the relationship between effective stress and 
porosity, with the former being more straightforward. Linear 
regression analysis is applied to determine the material con-
stant and corresponding parameter of determination (R2) of 
porosity and permeability. The high value of R2 indicates the 
simulation data fit well with Eq. 2 and 3, and the material 
constant obtained from the exponential correlation is reliable. 

As listed in Table 2, the decrease in porosity is best de-
scribed by an exponential relationship with increasing effec-
tive stress (R2 = 0.9879-0.9999). This exponential material 
constants are 0.000199 and 0.000155 MPa-1 for tight sample 
and loose sample, respectively. David et al. [4] describe the 
similar range of the exponential material constants of stress-
dependent porosity for sandstone samples. The higher value 
of material constant indicates a stronger reduction in porosity 
with increasing effective stress. The initial porosities of tight 
and loose samples are reduced by up to 2.1% and 1.6%, re-
spectively. Thus, tight sandstone sample shows more sensi-
tivity of porosity to effective stress and the materials constant 
is dependent on specific rock characteristics.  
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Fig. 3. Stress dependent porosity of the Fontainebleau core samples. 

Table 2. Stress sensitivity (material constant) to porosity. 

Initial 
porosity [%] 

Material 
constant 

[10-4 MPa-1] 
R2 

12.67 1.99 0.9997 

23.82 1.55 0.9879 

3.2 Stress-dependent absolute permeability 

To analyse the effect of effective stress on the permeability 
for different samples, the permeability values are normalized 
by dividing the resultant permeability at any effective stress 
to the initial permeability. As shown in Figure 4, when the 
effective stress increases, the permeability decreases. As with 
effective porosity, the stress-permeability relationship can 
best be described by the exponential equation with R2 = 
0.9604 - 0.9993 (Table 3). The material constant is deter-
mined for each sample and indicates a stronger stress depend-
ence with higher material constant value. The stress-permea-
bility correlation yields the material constant of 0.000748-
0.000850 and 0.000606-0.000638 MPa-1 for tight and loose 
samples, respectively (Table 3). The results of permeability 
measurements indicates that tighter core samples are more 
stress dependent. This observation is consistent with David et 
al. [4] who reported that low porosity rocks have higher ma-
terial constant and more stress-sensitive permeability. They 
demonstrated higher constant range for exponential relation-
ship between effective stress and compaction-induced perme-
ability. The difference on material constant range is mainly 
due to much less microfracture observed in the samples of 
this study. 
 

 
 
Fig. 4. Stress dependent permeability of the Fontainebleau core 
samples in X, Y, Z directions.  
 

Table 3. Stress sensitivity (material constant) to permeability. 

X Direction Initial 
porosity [%] 

Material 
constant 

[10-4 MPa-1] 
R2 

 
12.67 8.50 0.9937 

 
23.82 6.38 0.9718 

Y Direction Initial 
porosity [%] 

Material 
constant 

[10-4 MPa-1] 
R2 
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12.67 7.77 0.9973 

 
23.82 6.38 0.9604 

Z Direction Initial 
porosity [%] 

Material 
constant 

[10-4 MPa-1] 
R2 

 
12.67 7.48 0.9993 

 
23.82 6.06 0.9811 

 
Figure 5 shows a unimodal distribution of pore size for 

the samples with initial averaging pore diameter of 47.10 μm 
and 53.63 µm for tight and loose samples, respectively (Table 
4). As the sample being compressed, the distribution of pore 
volume shifts to the right indicating pore shrinking and throat 
necking. The pore size is reduced by 1.27% - 1.42%. Figure 
4 demonstrates multi-directional analysis to evaluate anisot-
ropy. In general, both of the samples show consistent stress-
permeability paths in all three directions due to the homoge-
neous pore distribution of sandstone samples. When initial 
porosity = 12.67%, the relative variation in permeability 
shows the similar reduction up to 9.0% at maximum effective 
stress. When initial porosity is higher at 23.82%, the sample 
shows less sensitivity to stress and the permeability reduces 
by 6.1% at maximum effective stress. 

For permeability, the dependency on initial pore vol-
ume is of secondary importance since the development of the 
pore geometry and the interconnection through pore throats 
have a greater influence on the flow behaviour. Mercury in-
jection results reported by Xu et al. [29] show that the distri-
bution of pore throat radius is positively correlated with per-
meability. As shown in Table 1 and Table 4, higher poros-
ity/permeability sample has larger pore size. When the sam-
ple has higher permeability, its larger pore size has larger con-
tribution to the permeability.  

The grain size of two samples are digitally analysed. 
The grain size distributions are fairly symmetric distribution 
(Figure 6) and pore size distributions exhibit tails towards 
large pore sizes (Figure 5). In the experiments of the varieties 
of Fontainebleau sandstones, Song et al. observed similar 
grain size distribution and pore size distribution in the scan-
ning electron microscope (SEM) images and polarized light 
microscope (transmission) microphotographs of the samples 
[30]. Table 5 shows the average grain sizes measured are 
103.49 and 105.55 µm, respectively, both of which are typical 
values of sandstone samples. It generally has been recognized 
by previous studies that grain size is a fundamental independ-
ent variable controlling permeability in unconsolidated sedi-
ments [30-32]. In the well-known power-law equation, the 
permeability shows a positive correlation with the square of 
grain size. Our study shows that grain size becomes smaller 
under compression to some extent. However, average grain 
size only changes for about 0.4%. It leads to lower variation 
on the permeability. Song et al. also observed similar weak 

stress sensitivity to permeability in most of their Fon-
tainebleau sandstones, especially for low permeability sam-
ples [30].  

  

 
 
Fig. 5. Distribution of pore diameter for the sample of initial porosity 
= 12.67% (a) and 23.82% (b) under initial condition (red) and 
maximum effective stress (black). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4. Average pore diameter at initial and maximum effective 
stress condition. 

Initial 
porosity [%] 

Initial 
average 

pore 
diameter 

[µm] 

Compressed 
average pore 

diameter  
[µm] 

Difference 
[%] 

12.67 47.10 46.43 1.42 

23.82 53.63 52.95 1.27 
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Fig. 6. Distribution of grain radius for the sample of initial porosity 
= 12.67% (a) and 23.82% (b) under initial condition (red) and 
maximum effective stress (black). 
 

Table 5. Average grain size at initial and maximum effective stress 
condition. 

Initial 
porosity [%] 

Initial 
average 

grain 
radius [µm] 

Compressed 
average grain 

radius  
[µm] 

Difference 
[%] 

12.67 103.49 103.09 0.39 

23.82 105.55 105.13 0.40 

 
David et al. [4] classified three different mechanisms of 

compaction. The first type observed in low porosity rock (e.g. 
crystalline granite) is related to the elastic closure of micro-
fractures, and the sensitivity of permeability to pressure de-
creases with increasing pressure. The second type observed 
in a porous clastic rock (e.g. sandstone) has the compaction 
related to the relative displacement of rock framework grains, 
and the sensitivity of permeability to pressure is low. The 
third type has unconsolidated structure (e.g. sand), and there 
are two different regimes of compaction referred to initial rel-
ative displacement of grains (similar to the second type) and 
grain crushing at elevated pressures. In general, as the sample 
being compacted, the microfractures are closed initially and 
then rock framework grains move later, and at last the frame 
grains are crushed and the pores collapse if elevated pressure 
is applied beyond critical point. Two samples in this study 

show the compaction behaviour of the second type and have 
relative low stress sensitivity of permeability.  

The stress dependency of porosity and permeability is 
mainly due to the change of flow path by deformation under 
certain stress conditions. The deformation has structural de-
formation and body deformation. Structural deformation is 
the pores deformation when the rock framework grains are 
rearranged. Body deformation is the deformation of rock 
framework grains. These deformations are observed as shown 
in Figure 7 and 8.  
 

 
 
Fig. 7. Body deformation for the sample of initial porosity = 23.82%. 
Black region indicates porosity change after applying stress. 
 

 
 
Fig. 8. Structural deformation for the sample of initial porosity = 
23.82%: (a) pore shrinking and (b) throat necking. Black region 
indicates porosity change after applying stress. 
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3.3 Stress-dependent relative permeability 

Next, we present the comparison of multiphase imbibition 
simulation of water-oil displacement under initial stress 
condition and maximum effective stress (=107.29 MPa) 
condition for the sample of low porosity (=12.67%), as shown 
in Figure 9. In the unsteady-state simulation, oil is 
continuously displaced by water in the flooding test. A 
dimensionless parameter, capillary number (Nc), is used to 
quantify the simulation performed under capillary dominated 
displacement regime with 𝑁𝑁𝑐𝑐  ~ 10-5 [33, 34]. Residual oil 
saturations were observed to be constant after the injection of 
1.0 PV of water for both conditions. Figure 9 shows similar 
residual oil saturation of 60% for both initial and maximum 
effective stress conditions. However, effective permeabilities 
of water and oil phase are lower when the stress is applied. 
This is because flow paths are constrained due to the 
deformation of pore structure (Figure 7 and 8).  
 

 

 
 
Fig. 9. Effective permeability of water-oil imbibition under initial 
condition (red) and maximum effective stress (black). 

4 Conclusions 

We developed a new digital rock workflow coupled with 
micromechanics to simulate single phase and multiphase 
fluid flow under realistic subsurface stress condition. In 
contrast to common fluid simulation at ambient condition, we 
introduce a micromechanics simulation to predict mechanical 
response and resulting porosity change under compression 
condition.  In this study, stress dependency of rock porosity 
and permeability is studied numerically for two sandstone 
samples. The results showed that, both the porosity and 
permeability continuously decline with increasing effective 
stress. The tighter sample shows more stress sensitivity to 
permeability and porosity. Porosity stress-sensitive behaviour 
observed in the study is consistent with the reduction 
behaviour reported in the experimental measurement [4]. 
However, stress sensitivity to permeability is relatively low 
due to few microfracture in our sandstone samples. In the 
multiphase study, the deformation of pore structure after 
compaction constrains the flow paths of both water and oil 
phases, and therefore effective permeabilities decrease.  
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