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Abstract: Fracture aperture change under stress has long been considered as one of primary causes
of stress sensitivity of fractured gas reservoirs. However, little is known about the evolution of the
morphology of fracture apertures on flow property in loading and unloading cycles. This paper
reports a stress sensitivity experiment on carbonate core plugs in which Computed Tomography (CT)
technology is applied to visualize and quantitatively evaluate morphological changes to the
fracture aperture with respect to confining pressure. Fracture models were obtained at selected
confining pressures on which pore-scale flow simulations were performed to estimate the equivalent
absolute permeability. The results showed that with the increase of confining pressure from 0
to 0.6 MPa, the fracture aperture and equivalent permeability decreased at a greater gradient than
their counterparts after 0.6 MPa. This meant that the rock sample is more stress-sensitive at low
effective stress than at high effective stress. On the loading path, an exponential fitting was found to fit
well between the effective confining pressure and the calculated permeability. On the unloading path,
the relationship is found partially reversible, which can evidently be attributed to plastic deformation
of the fracture as observed in CT images.

Keywords: CT; digital core; fracture opening; stress sensitivity; pore-scale simulations

1. Introduction

Fractured geological formations are ubiquitous throughout the world, and their stress-sensitive
behaviors are of primary interest in a number of contexts including: (1) aquifer exploitation for
fresh water supply; (2) underground radioactive waste disposal repositories; (3) petroleum reservoir
exploitation; (4) geothermal reservoir exploitation and heat storage; (5) mining and mineralization
processes (in situ leaching and location of ore bodies); (6) geotechnical applications (including effects
on underground storage reservoirs, tunnels and other structures); and (7) deeper earth systems such as
earthquakes and ocean floor hydrothermal venting [1,2]. In petroleum reservoir exploitation, fractured
oil and gas reservoirs are primary targets, as they hold a considerable amount of the remaining
petroleum resources of this world [3–7], but pose significant challenges to achieving efficient recovery
due mainly to their stress-sensitive nature [8–10].

The stress sensitivity of fractured gas reservoirs, in terms of their flow properties, has become a
focus of much attention of research [11,12]. Permeability is well known to negatively correlate with
the effective stress [13], and the stress-dependent permeability becomes the norm of petrophyiscal
characterization for, but not limited to, fractured reservoirs [14,15]. Experimental studies on the
stress-sensitivity reveal that fracture aperture is the reciprocal of the effective stress, and is one of
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key factors controlling stress-dependent permeability [16]. However, the in situ evolution of fracture
aperture is not yet well understood for better characterizing and modeling of the stress-dependent
permeability. For dry rocks, experiments with cylindrical core plugs under loading normal to the side
wall show that measured fracture permeability decreases nonlinearly with increasing normal stress [17],
and can be very well fitted using many existing empirical and semi-empirical models [18]. Fracture
permeability exhibits hysteresis effects under normal loading and unloading cycles [17,19]. With an
increase in the normal loading, more asperities come into contact, resulting in plastic deformation,
and the damages thus become irreversible during the unloading. However, traditional laboratory test
experiments do not provide any information on the evolution of fracture apertures, with respect to
fracture dips and azimuths in a sample, necessary for predicating permeability along the stress path.
Therefore, it is of great significance to quantitatively evaluate morphological changes to the fracture
with respect to confining pressure.

As originally developed for medical research [20–24], Computed Tomography (CT), such as X-ray
CT, has rapidly become an essential non-destructive technique for imaging rocks under deformation
in petroleum research, due to technology advances in scanning speed, high-quality high-resolution
data acquisition, and image processing [21,22,25–28]. Montemagno et al. (1999) measured the fracture
geometry with X-ray tomography [29]; Wolf, Karl Heinz et al. (2008) determined the cleat angle
distribution of the RECOPOL coal seams using CT-scans [30]; Cai et al. (2014) conducted permeability
evolution in fractured coal by combining triaxial confinement with X-ray computed tomography,
acoustic emission, and ultrasonic techniques [31]. Besides, some studies determined aperture structure
and fluid flow in a rock fracture by high-resolution numerical modeling on the basis of a flow-through
experiment under confining pressure [32,33]. However, few researchers have directly studied the in
situ characterization of natural fracture.

In this paper, we conducted a stress sensitivity experiment on a low-porosity carbonate sample
in which an advanced X-ray CT instrument was used to acquire tomographic snapshots of the
deforming sample at a number of applied confining pressures, in a full loading and unloading
cycle, by simulating the stress variation of an actual fractured gas reservoir. Then, we processed the
scanned images and reconstructed the digital cores [24,34–37] of the fracture. Finally, we applied
iso2mesh [38], a three-dimensional (3D) mesh generation toolbox, to create a mesh of the fracture at
each confining pressure to compute its equivalent permeability by pore-scale flow simulations. By so
doing, we successfully presented a numerical basis for the analysis of fractured carbonate reservoirs.

2. Stress Sensitivity Experiment

Stress sensitivity phenomena occur in the process of oil and gas field development of fractured
reservoirs [13–15,39]. Natural fractures are the main fluid flow channels in tight sandstone and
fractured carbonate reservoirs [40], which are the main factors in the development of oil and gas wells.
Thus, in this paper, we obtained the cores from Lower Ordovician of Tarim Basin, China. The sample
was extracted from the depth of about 2000 m, the average porosity was 2.83%, and the average
permeability was 2.58 × 10−3 µm2 in this area.

2.1. The Preparation of the Experiment

First, to observe the fracture of a standard core with a 25-mm diameter, we adopted a resolution
of approximately 25 µm to scan the core, which was sufficient to view the inner space of the core
sample. Second, we reconstructed the data obtained through Xradia Microscopy (XM) Reconstruction
and visualized the data obtained through the XM 3Dviewer. We found the location of the fractures in
Figure 1. By drilling a small core of 10 mm in this position, we obtained the material for the fracture
stress sensitive experiment.

The next step was to place the small sample in the core holder that was fixed to the base so that
we could reduce the impact of human factors, that is, to avoid scanning position shifts.
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Figure 1. Reconstructed result of a standard core of 25 mm (the fracture in the picture is the target, 
and the resolution is 25 μm). (a) XY plane: 1 is the pore space, 2 is the mineral; (b) YZ plane; (c) XZ 
plane: 3 is the micro-fracture; (d) Three-dimensional (3D) displaying result. The red, green, and blue 
lines are used to adjust the position of the slices in the three directions (XYZ), respectively. 

We scanned the small sample to obtain fracture information at a scanning resolution of 3.46 μm, 
so that it was possible to quantitatively evaluate the width of the fracture. Then, to construct the 
corresponding 3D digital core, the gray scale correction, the denoising and smoothing, and the 
two-value segmentation were carried out. Finally the corresponding 3D digital cores were  
constructed [41]. 

By observing the scanning results, we located the fracture center and confirmed that the same 
fracture was scanned under different effective stresses. It can be clearly seen that the fractures were 
in the center of the field of vision (Figure 2), which was the result when the confining pressure  
was 0 MPa. 

Then, we extracted the fracture zone data (400 × 400 × 400 pixel3) from the scanning results. 
First, the image denoising and image smoothing were conducted, and then the pictures were 
segmented. Finally, the 3D digital core of the fracture was obtained, as shown in Figure 3. 
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Figure 1. Reconstructed result of a standard core of 25 mm (the fracture in the picture is the target,
and the resolution is 25 µm). (a) XY plane: 1 is the pore space, 2 is the mineral; (b) YZ plane; (c) XZ plane:
3 is the micro-fracture; (d) Three-dimensional (3D) displaying result. The red, green, and blue lines are
used to adjust the position of the slices in the three directions (XYZ), respectively.

We scanned the small sample to obtain fracture information at a scanning resolution of 3.46 µm,
so that it was possible to quantitatively evaluate the width of the fracture. Then, to construct the
corresponding 3D digital core, the gray scale correction, the denoising and smoothing, and the
two-value segmentation were carried out. Finally the corresponding 3D digital cores were
constructed [41].

By observing the scanning results, we located the fracture center and confirmed that the same
fracture was scanned under different effective stresses. It can be clearly seen that the fractures were
in the center of the field of vision (Figure 2), which was the result when the confining pressure was
0 MPa.

Then, we extracted the fracture zone data (400× 400× 400 pixel3) from the scanning results. First,
the image denoising and image smoothing were conducted, and then the pictures were segmented.
Finally, the 3D digital core of the fracture was obtained, as shown in Figure 3.
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Figure 2. The scanning results (the resolution of the fine scan is 3.46 μm). (a) The size of the digital 
core sample is 3.46 mm × 3.46 mm × 3.46 mm); (b) the two-dimensional (2D) picture is a slice of the 
3D core sample. 

 

Figure 3. The extracted fracture zone (400 × 400 × 400 pixel3) and partial 3D digital core of the 
fracture. 

2.2. Experimental Conditions and Experimental Apparatus 

To control the influence of external conditions (mainly temperature) on the experiment, the CT 
scans were performed at a set temperature of 24 °C. In this experiment, the sample diameter was 
approximately 10 mm with a length of around 2 cm. 

The core holder used in the stress sensitivity experiment was specially made to match the 
apparatus. The clamping device had characteristics of high corrosion resistance and low density, 
and most importantly, it had good X-ray permeability to reduce the interference of external 
conditions on the results of the scan. Using the clamping device, we applied the CT equipment to 
accurately acquire the change in the core fracture width and other parameters in the process of 
changes in the surrounding pressure.  

2.3. Experimental Procedure 

The experimental procedure of the pressure sensitive effect based on CT scanning was as 
follows:  

Figure 2. The scanning results (the resolution of the fine scan is 3.46 µm). (a) The size of the digital
core sample is 3.46 mm × 3.46 mm × 3.46 mm); (b) the two-dimensional (2D) picture is a slice of the
3D core sample.
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Figure 3. The extracted fracture zone (400× 400× 400 pixel3) and partial 3D digital core of the fracture.

2.2. Experimental Conditions and Experimental Apparatus

To control the influence of external conditions (mainly temperature) on the experiment, the CT
scans were performed at a set temperature of 24 ◦C. In this experiment, the sample diameter was
approximately 10 mm with a length of around 2 cm.

The core holder used in the stress sensitivity experiment was specially made to match the
apparatus. The clamping device had characteristics of high corrosion resistance and low density,
and most importantly, it had good X-ray permeability to reduce the interference of external conditions
on the results of the scan. Using the clamping device, we applied the CT equipment to accurately
acquire the change in the core fracture width and other parameters in the process of changes in the
surrounding pressure.
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2.3. Experimental Procedure

The experimental procedure of the pressure sensitive effect based on CT scanning was as follows:

(1) First, the core was placed into the core clamping device, and then a CT scan was conducted
when the confining pressure was 0 MPa. The relative positions of the CT X-ray source, detector,
and sample before scanning were adjusted so that a 3D core image of 0 MPa was obtained [42].

(2) The second step was to assemble the hand pump, pressure gage, valve, pipeline, and clamp
holder together as per Figure 4, then increase the confining at the step of 0.2 MPa.

(3) At each pressure point in the case of loading, that confining pressure was maintained for 1 h to
allow the load to dissipate through the sample before a scan was taken; all conditions are kept
the same as outlined in Step 1.

(4) In the case of unloading, the confining pressure was slowly reduced from the maximum confining
pressure of 5.4 MPa to 4.0 MPa, then reduced by a step of 1 MPa down to 0 MPa.

(5) Same as in the loading case; each confining pressure was maintained for 1 h before scanning.
(6) Then we extracted the fracture aperture from all scanned image volumes of 400× 400× 400 pixel3.

Pre-processing was applied to every image before being segmented. The image was processed,
then the pictures were segmented. Finally, the 3D digital core of the fracture was obtained.

(7) The same location of the fractures was found by using the white mineral as the reference in
the larger rectangular figure, and by amplifying the two-dimensional (2D) image, as shown in
Figure 5. We measured the width of the fracture in loading and unloading cycles.
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Figure 5. The measurement of the fracture width. After finding the same location of the fractures by
using the white mineral as the reference in the red rectangular box, and by amplifying the 2D image,
we measured the width of the fracture.

Using the above steps, we obtained the value of the fracture width under different confining
pressures. The experimental results are shown in the following section.

2.4. Experimental Results and Analysis

According to the above steps and method, we obtained the fracture width of different confining
pressures (as a point of reference, we measured the fracture width of different confining pressures in
the same position). The 2D images of the same position in different confining pressures are shown in
Figures 6 and 7.
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Figure 6. The 2D images of the same position in 0 MPa and 0.4 MPa (with the increase of confining
pressure). (a) 0 MPa; (b) 0.4 MPa.
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Figure 7. The 2D images of the same position in 5.4 MPa and 0 MPa (with the decrease of confining
pressure). (a) 5.4 MPa; (b) 0 MPa.

The width of the fracture was measured at the same position by enlarging the two-dimensional
images, as mentioned in Figure 5. Specific results are shown in the following Tables 1 and 2.

Table 1. Fracture width with an increase in confining pressure.

Confining Pressure (MPa) 0.0 0.4 0.8 1.2 1.8 2.6 3.4 4.2 5.4

Fracture Width (µm) 12.21 10.63 10 9.65 9.31 9.11 8.96 8.84 8.73

Table 2. Fracture width with a decrease in confining pressure.

Confining Pressure (MPa) 5.4 4.0 3.0 2.0 1.0 0.0

Fracture Width (µm) 8.73 8.83 8.94 9.1 9.43 10.00

The relationship between fracture width and confining pressure can be obtained by Tables 1 and 2,
as shown in Figure 8.
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It can be seen from the data and graph that the change in fracture width had a non-linear
relationship with the change in confining pressure. With an increase in confining pressure, the fracture
width decreased, and the fracture width had a larger decrease from 0 MPa to 0.6 MPa in comparison to
the other stages, which showed that the rock had strong stress sensitivity at a stage of low effective
stress. After 0.6 MPa, the change gradient of the fracture width was obviously weakened, and after
2.6 MPa, the variation was very small, which showed that at a stage of high effective stress, the stress
sensitivity of the rock samples weakened. With a decrease in confining pressure, the fracture opening
increased, but it could not recover its initial condition.

3. Pore-Scale Simulations

3.1. Mesh Generation

Based on the digital cores of the fractures, we used iso2mesh to grid the digital core of the fracture.
Iso2mesh is a simple yet powerful mesh generator that creates a finite-element mesh from surfaces or
arbitrary 3D volumetric images with fully automatic workflows [38].

When the meshes were generated, the stereo lithography (STL) file was output. Due to the low
porosity and the complex structure of the fractured carbonate rock, errors may have occurred in the
grid division; in these cases, the software will not run normally. Thus, the structure should first
be smoothed, and then better tetrahedral meshes can be generated. This is the foundation of the
pore-scale simulations.

Figure 9 shows the meshes of different effective stress levels.
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3.2. Simulations of Fracture in Different Confining Pressures 

We carried out the fracture simulations in different confining pressures. In this study, we first 
assumed that the fluid was incompressible, and that flow was laminar. The isothermal and 
incompressible Navier-Stokes (N-S) equation was used to simulate flow in the fractures. The N-S 
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The unit in the figure is pixel. (a) 0.4 MPa; (b) 0.6 MPa; (c) 0.8 MPa; and (d) 5.4 MPa.

3.2. Simulations of Fracture in Different Confining Pressures

We carried out the fracture simulations in different confining pressures. In this study, we first
assumed that the fluid was incompressible, and that flow was laminar. The isothermal and incompressible
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Navier-Stokes (N-S) equation was used to simulate flow in the fractures. The N-S equation and the
continuity equation were as follows:

ρ

[
∂v
∂t

+ (v · ∇)v
]
= −∇p +∇ ·

[
µ(∇v + (∇v)T)

]
v + F (1)

ρ∇ · v = 0 (2)

where ρ and v represent the fluid density and fluid velocity, respectively; and p and µ denote the fluid
pressure and viscosity, respectively.

At the entrance and exit, constant pressure boundary conditions were adopted where P1 and P2

are the pressure at the entrance and the exit, respectively:

p = p1, n · µ∇2v = 0 (3)

p = p2, n · µ∇2v = 0 (4)

Furthermore, a no-slip boundary condition was adopted to all the other walls.

3.3. Results and Analysis

In this paper, flow simulations were carried out, and the flow field distributions of the pressure
and velocity fields were obtained, as shown in Figures 10 and 11.
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The simulation results showed that when the confining pressure was 0 MPa and 0.2 MPa,
the pressure in the fracture might have a negative value, which was caused by the complex structure
of the fracture. The negative area appeared when some prominent structures appeared prior to the
entry interface.
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After completing the simulation, we conducted a surface integral of the flow velocity at the outlet
boundary so that we could obtain the flow rate through the fracture. Equivalent permeability is a key
parameter in the equivalent numerical simulation of fractured reservoirs. Many experts and scholars
have conducted a lot of research on the calculation methods of equivalent permeability. In our study, it
was easy to calculate the equivalent absolute permeability derived from the application of Darcy’s law:

k =
QµL
A∆p

(5)

where µ is the viscosity of the fluid; Q is the flow rate through the fracture; L is the length of sample;
A is the area of outlet; and ∆p is the pressure gradient that drives the flow through A.

The results were shown in Table 3, as well as Figures 12 and 13.

Table 3. The change of permeability and flow rate with the change in confining pressure.

Confining Pressure (MPa) 0 0.2 0.4 0.6 0.8 5.4

Flow rate (m3·s−1) 2.36 × 10−9 8.77 × 10−10 3.33 × 10−10 4.99 × 10−11 1.88 × 10−11 7.62 × 10−12

K (mD) 0.944 0.351 0.133 0.020 0.008 0.003

From Figures 12 and 13, it was easy to see that flow rate and permeability dropped sharply from
0 to 0.6 MPa, which meant that the rock had strong stress sensitivity at a stage of low effective stress,
but after 0.6 MPa, the variation was not obvious; therefore, at a stage of high effective stress, the stress
sensitivity of the rock samples weakened tremendously. This phenomenon was consistent with the
results shown in Figure 8.
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Yihuai Zhang et al. studied the relationships of coal permeability and effective stress, and found
that the gas permeability of coal dropped dramatically with increasing effective stress. They concluded
that effective stress caused closures of microcleats in the coal [19]. It was also found that with an
increase in confining pressure, the permeability of natural fractures decreased exponentially, while the
permeability of hydraulic fractures decreased more slowly, following cubic polynomial law [17].

In our study, we noted that there was an obvious inflection point at the position of 0.6 MPa,
as shown in Figure 14. The exponential fitting was used to fit the relationship curve of permeability
and confining pressure. We thus obtained the fitting equation:

k = 0.954 exp(−∆p/0.203)− 0.009
(

R2 = 0.9984
)

(6)

Natural micro-fracture systems are common in tight, low permeability reservoirs. Rational,
efficient, and economical development of such reservoirs is an important task and difficult problem in
the development of low permeability oil fields. In past numerical simulations of fractured reservoirs,
the absolute permeability of reservoir rocks was treated as a constant, no matter whether they were
treated as homogeneous or double porosity reservoirs. The results can provide guidance for the
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numerical simulation and the production of oil fields of fractured reservoirs. With the exploitation
of fractured reservoirs, micro-fractures will become smaller and even closed, thus greatly affecting
permeability. If numerical simulation and history matching of fractured reservoirs are conducted,
the fixed permeability will cause serious discrepancies in the actual production. However, the results
of this study can provide effective data for these cases. The same approach can be used in the future
for quantifying other types of rocks and for seeking correlations between the permeability changes
and the applied pressure.
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In the 1950s, Lomize, a former Soviet scientist, obtained the cubic law of flow rate through a single
crack by experiments, shown in Equation (7) [43].

q =
a3l
12µ

∆p
L

(7)

where a represents the fracture opening.
Neuzil and Tracy (1981) proposed a model for flow rate in a fracture, which was represented by a

set of parallel plate openings with different apertures. A modified Poiseuille equation for flow rate
was obtained, which included an aperture frequency distribution for the fracture [44].

q =
1

12µ

∆p
L

∫ ∞

0
a3 f (a)da (8)

On these foundations, fractal theory has made outstanding achievements in the study of porous
media [45–48], the study of fractures includes surface roughness [49], fractal patterns [50], etc.
Going forward, we hope to use fractal theory to quantitatively represent the opening and seepage
characteristics of fractures under different effective stress levels, so as to reveal the physical mechanism
of fluid characteristics in porous media.

4. Conclusions

In this paper, we conducted a stress sensitivity experiment and CT technology was used to
visualize the stress change of the actual fractured gas reservoir caused by changes in confining
pressure. Then, we reconstructed and visualized the CT images obtained, and quantitatively evaluated
the change of fracture openings. Next, we processed the scanned images and reconstructed the digital
cores of the fractures. Furthermore, we also took advantage of iso2mesh, a 3D mesh generation toolbox,
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to grid the digital core of fracture. On this basis, pore-scale simulations were successfully used to
estimate the equivalent absolute permeability of different confining pressures to provide a theoretical
basis for the rational exploitation of fractured reservoirs.

We can draw the following conclusions:

(1) The stress sensitivity experiment of the reservoir showed that a change in fracture width was
non-linear in relation to changes in confining pressure through the data and graph. With an
increase in confining pressure, the fracture width decreased, and the fracture width decreased
more between 0 MPa and 0.6 MPa than at any other stage, which showed that the rock had strong
stress sensitivity at a stage of low effective stress. After 0.6 MPa, the change gradient of the fracture
width obviously weakened; after 2.6 MPa, there was very little variation, which showed that at a
stage of high effective stress, the stress sensitivity of the rock samples weakened. With a decrease
in confining pressure, the fracture opening increased, but could not recover its initial condition.

(2) From the results of the pore-scale simulations, it was easy to see that the flow rate and permeability
dropped sharply from 0 to 0.6 MPa, which meant that the rock had strong stress sensitivity at a
stage of low effective stress. However, after 0.6 MPa, the variation was not obvious, which showed
that at a stage of high effective stress, the stress sensitivity of the rock samples weakened
tremendously. This finding was consistent with the results in the stress sensitivity experiment.

(3) Exponential fitting was used to fit the relationship curve of k and confining pressure. We thus
obtained the fitting equation: k = 0.954exp (−∆p/0.203) − 0.009 (R2 = 0.9984). The results
can provide guidance for the numerical simulations and the production of oil fields of
fractured reservoirs.
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