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Abstract

Understanding multi-phase fluid flow behavior in fractured porous media is crucial for developing
fractured hydrocarbon reservoirs, implementing hydraulic fracturing, and predicting potential leakage in
gas and CO, storage. The goal of this research is to investigate stress-dependent permeability and capillary
pressure in rock fractures. Laboratory measurements of fracture aperture distributions have been made
using CT scanning under various conditions of effective stress. By applying the stress-dependent aperture
data, numerical simulation is employed to model the change of permeability and capillary pressure in the
rock fracture as a function of the effective stress.

The stress-dependent aperture distribution data demonstrates that increasing stress results in two
effects: (1); the mean aperture will decrease; (2); the variance of aperture distribution will increase.
Experimental results show that permeability will drop by 73% when effective stress increases from
0.34MPa to 22.06MPa. As the variance of aperture distribution increases with stress, the plateau area of
the capillary pressure curve tends to grow steeper, indicating that capillary behavior changes from more
fracture-like to more porous media-like. The impacts of mean and variance of aperture distributions on
permeability and capillary pressure are separately analyzed. The mean aperture decrease will reduce
permeability and increase entry pressure. The variance increase will reduce permeability, the pore size
distribution index and entry pressure. By analyzing the stress-dependent mean and variance of aperture
distributions, this paper provides a more straightforward way for estimating stress-dependent permeability
and capillary pressure in rock fractures.

Introduction

Understanding fluid flow behavior in fractures is essential for petroleum production, especially for highly
fracture-dominated systems, such as shale gas/oil production (Wang et al., 2009; Cho et al., 2012);,
enhanced oil recovery (Babadagli, 2003; Wan et al., 2013);, and predicting potential natural gas/CO,
leakage (Pruess, 2008; Huo and Gong, 2010);. Since fractures generally have crack-like shape and thus
are more susceptible to stress, the fluid behavior in fractures will be stress-dependent. Stress-dependent
permeability, and capillary pressure in fractures will have significant influence in fluid injection/
production (Wan et al., 2013; Pinzon et al., 2000; Abass et al., 2009);.
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Rock fractures are composed of variable fracture voids and thus they are higly heterogeneous. Fracture
aperture distributions can be represented by gamma function distributions (Gentier, 1986);, truncated
normal distributions (Walsh, 2008); or lognormal distributions (Tsang and Tsang, 1990);. All distributions
demonstrate a right skewed aperture distribution with a long tail, demonstrating that smaller apertures
outnumber larger apertures. Fracture voids tend to be more crack-like compared with oval or triangular
shape of pores in porous media. Hence, they deform easily and have a higher degree of stress sensitivity
(National Research Council, 1996);. Changes in either normal stress or shear stress can alter the aperture
dimension and aperture distribution of a fracture (Brace, 1978; Esaki et al., 1998; Esaki et al., 1999);. In
this paper, we focus on the impact of normal stress on aperture change. Increasing stress reduces both
mechanical aperture (the arithmetic mean of the aperture field); and hydraulic aperture (the effective mean
aperture of the fracture used in Cubic Law);. Depending on grain type and aperture distributions, aperture
changes are heterogeneous. Results from Muralidharan et al. (2004); show that aperture distributions
follow lognormal distributions under various stress conditions. Longer tail and more right skewed aperture
distribution are observed with increasing stress (Walsh et al., 2008; Muralidharan et al. 2004);. Variances
of aperture distribution either stay constant (Liu et al., 2013);, or decrease (Muralidharan et al., 2004); or
increase (Walsh et al., 2008);.

Research on calculating fracture permeability has been undergoing for decades (Brace, 1978; Walsh,
1981; Zimmerman et al., 1992);. The most widely recognized model is the Cubic Law (Boussinnesq,
1868); and Modified Cubic Law (Witherspoon, 1980);. The Modified Cubic Law is shown as:

_1eap 6]

q= f12udx

where ¢ is the flow rate per unit width of the fracture, e is the aperture between separated plate surfaces,
@ is pressure gradient, w is the fluid viscosity, and f'is the friction factor to account for the roughness of
ffacture surfaces. Both models apply the fracture aperture as a constant parameter to calculate the
permeability. In addition, the Modified Cubic Law introduces a friction factor to account for the roughness
and tortuosity of the fracture surface. Conventionally, the fracture aperture is calculated as the mean of
the fracture plane displacement. The friction factor accounts for all surface phenomena that impede fluid
flow beyond that expected based on smooth parrelel plates, including roughness and tortuosity (Murata
and Saito, 2003);. Multiple realizations of friction factor include calculating the standard deviation of
aperture distribution, considering effect of fracture surface contact area, and shapes of the obstructions
(Renshaw, 1995; Walsh, 1981; Zimmerman, 1991);. The relative direction of fluid flow and the
obstruction shape also affect the flow behavior and different relationships are developed between friction
factor and shape of contact area (Patir and Cheng, 1978);.

Stress-dependent aperture distributions cause the permeability to be stress-dependent. At low to
moderate effective stress, aperture changes can result in up to three orders of magnitude of conductivity
loss at early stages of reservoir depletion (Abass et al., 2009);. In terms of the Modified Cubic Law,
fracture aperture and friction factor are both subject to stress change (Huo and Benson, 2014);. Increasing
stress will reduce the aperture and raise the friction factor. The friction factor change is due to the
heterogeneity of aperture change, which creates a rougher and more tortuous path. Additionally, increas-
ing compressive stress will result in more contacted asperities and thus more tortuous flow channels
(Raven and Gale, 1985);. At low stresses, natural fracture openings diminish more rapidly than fracture
closure. Due to the increase of fracture stiffness, at high stresses, aperture and tortuosity of those portions
of the flow path that impede flow become virtually independent of stress (Cook et al., 1990; Pyrak-Nolte
et al., 1990);.

By conceptualizing the fracture as a two-horizontal-plane system, the capillary pressure curve for
fracture aperture has a very low entry pressure (calculated from interfacial tension and fracture aperture);
and a very flat plateau region. Consequently, as soon as the nonwetting phase invades the fracture, the
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Figure 1—Schematic of the experimental apparatus.

capillary pressure remains almost unchanged until the fracture is fully saturated with the non-wetting-
phase. In field-scale numerical simulations, capillary pressure is assumed to be zero as a common practice.
However, under certain circumstances, assuming zero capillary pressure will lead to orders of magnitude
underestimation of oil recovery in gas-oil systems (de la Porte et al., 2005);. Brooks-Corey type and van
Genuchten type curves have both been applied to describe the capillary behavior in fractures (Yang et al.,
2013);, and they provide better characterization of the rock fracture heterogeneity compared with
two-horizontal-plane system (Reitsma and Kueper, 1994);. The Brooks-Corey type curve is described as
(Brooks and Corey, 1964);

P = Pe(Sw)_l/}L (2)

where P, is the entry pressure, S,, is the water saturation and A is the pore size distribution index. The
van Genuchten model is given by (van Genuchten, 1980);

3)

where n, m and « (Pa~'); are the Van Genuchten parameters. Note that for fractures, in the
Brooks-Corey type and the van Genuchten formulation the irreducible water fraction is assumed to be
Zero.

With changing stress, and thus changing aperture distributions, the capillary pressure curve of the rock
fracture can be expected to change. Liu et al. (2013); demonstrates that a smaller mean aperture will
generate higher entry pressure. By artificially generating aperture distributions with different standard
deviations, Yang et al. (2013); observes that larger variance will lead to steeper capillary pressure plateau
region. By fitting the capillary curve to Brooks-Corey curve, larger variance corresponds to smaller pore
size distribution and smaller entry pressure, indicating a more heterogeneous aperture distribution.
However, current studies on stress-dependent capillary pressure are all based on numerically generated
aperture distributions, and stress-dependent fracture capillary pressure curves based on laboratory mea-
surement have not been reported in the literature.

The purpose of this paper is to investigate stress-dependent permeability and capillary pressure in rock
fractures based on laboratory aperture measurements. This work expands upon previous work in this area
in the following ways: (1); we measure the stress-dependent fracture aperture distribution using high-

e 1
Po=L(s,m— 1
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Figure 2—Calibration image of Berea sandstone with different spacers. Each image is the average of 20 scans. The colorbar represents the CT

number.
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Figure 3—Calibration of missing CT attenuation and spacer thickness. The standard deviation of slope is also calculated. The thick blue lines show
the 25% confidence interval while the thin blue line shows the 75% confidence interval. The circles above and below the thin blue lines are outliers.
The dashed red line corresponds to fitting between missing CT attenuation and spacer thickness.

resolution X-Ray CT imaging; (2); stress-dependent capillary pressure curves are modeled using numer-
ical simulations based on the realistic aperture field we obtain from the experiment; and (3); stress-
dependent permeability and capillary pressure are analyzed from the perspective of mean and variance of
aperture distribution.

Experimental setup

A Berea sandstone is saw-cut to create a fracture in the middle of the core. The sample is moderately
homogeneous with little porosity variation. The fracture surface is very rough and has large aperture
variations. The length of the sample is 8 cm and the radius is 5 cm. The porosity of the sample is 0.22.
The rock sample is wrapped in a sleeve with one layer of heat-shrinkable Teflon, and a viton rubber
sleeve, and then placed in an aluminum core holder. Water is injected around the sleeve to create the
confining stress (Teledyne Isco, model 260D);. Two high accuracy pressure transducers (Oil filled
Digiquartz Intelligent Transmitter, model 9000-3K-101); are tapped into the core holder to measure
pressure at the inlet and outlet of the core. Electric heaters maintain the temperature of the core. Pore
pressure is kept constant as atmospheric presssure and temperature keeps constant at 50 °C. For
permeability measurements, a dual-pump system is used to inject water into the core (Teledyne Isco,
model 500D);. A pressure-regulating pump (Teledyne Isco, model 1000D); is connected to the outlet of
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Figure 4—Aperture distribution at different stress levels. The effective stress is provided at the top of the images. The flow direction is applied in
the experimental measurement.

the core through a recirculation pressure vessel to maintain 2.07MPa at the downstream end of the core
throughout the experiment. The experimental setup is shown in Fig. 1.

Permeability is measured using the steady state method. Fluid is injected at three different rates while
the pressure drop across the core is measured. Based on core size, fluid viscosity and slope of pressure
drop and fluid injection rate, Darcy’s law is used to calculate permeability. The intact core permeability
is measured at different stress levels and been subtracted from the fractured core permeability. Permea-
bility is calculated using a mean aperture of 0.1 mm.

The core holder is placed in a medical X-ray CT scanner (General Electric Hi-Speed CT/i X-ray
computed tomography);. The following X-ray CT scanner parameters are applied: a voxel dimension of
0.5 X 0.5 X 1 mm’, a tube current of 200 mA, an energy level of 120 keV and a display field of view
of 25 cm. Five repeated scans are taken and averaged to reduce the uncertainty of the CT (Pini et al., 2012;
Huo and Benson, 2014);.

Method for measuring fracture aperture using CT scanning

Fracture apertures are determined by the missing attenuation method based on calibration using spacers
of known thickness (Johns et al., 1993; Keller, 1997; Van Geet and Swennen, 2001);. The missing CT
attenuation (CT,,,); is defined as:

CTya = S0 (CTppge — CTY) (4)

where CT,

mat

represents the average CT value of rock matrix, CT, represents the CT values of the
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Figure 6—Comparison of relative frequency for normal logarithm of aperture at different stress levels. The aperture units are in millimeters.

transect across the trough and N, represents the voxel number of the line across the trough. The fracture

aperture is related to the missing attenuation by:

CTmA
e = —

Cc

©)
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Table 1—Comparison of statistical analysis of normal logarithm of aperture

Arithmetic mean of Standard deviation Spatial correlation, Spatial correlation,
Effective normal logarithm Corresponding of normal logarithm horizontal direction, vertical direction,
stress, MPa of aperture aperture, mm of aperture mm mm
0.34 —0.9012 0.1255 0.1715 23.38 5.62
2.07 —0.9573 0.1103 0.1942 21.77 4.87
11.03 —1.0400 0.0912 0.2499 15.83 4.23
22.06 —1.0515 0.0888 0.2561 15.85 2.78
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Figure 7—Stress-dependent mean and standard deviation (std); of normal logarithm of aperture distribution. Mean and standard deviation are fitted
with effective stress using logarithm function.

where e is the fracture aperture and C is the calibration coefficient. In this experiment, calibration
coefficients are determined using spacers of 0.20, 0.31, 0.42 and 0.53 mm between the two rock surfaces.
After the sample has been placed into the core holder, a slight confining stress of 0.34MPa is added to
flatten the spacer. For the calibration, twenty scans are taken to further increase the accuracy of CT
scanning. The images of scans with different spacers are shown in Fig. 2. During the calibration,
temperature is kept constant at 50 °C.

To calculate the missing attenuation due to the presence of a fracture; data cropping, classification, and
identification of fracture features are needed (Karpyn, 2009);. The missing attenuation is calculated using
Eq. 4. The calibration curve is shown in Fig. 3. Linear regression between missing attenuation and spacer
thickness shows that the calibration coefficients are 4511.7%£50.5. The regression line does not pass
through the origin, suggesting that the missing attenuation caused by the roughness of the fracture creates
an apparent aperture of 0.14 mm.

Experimental Data

Before the experiment, a cycle of stress from 0.34MPa to 11.03MPa is performed for setting the aperture
asperities. Different effective stress levels, including 0.34MPa, 2.07MPa, 11.03MPa and 22.06MPa, are
applied in a second cycle. The aperture distribution maps are calculated using Eq. 5 and shown in Fig. 4.
Pockets of large and small apertures can be clearly observed, suggesting the aperture distribution is highly
heterogeneous. With increasing stress, fracture apertures become smaller. The stress-dependent aperture
changes are also heterogeneous. Larger apertures tend to have larger changes with stress increase (Fig. 5);.

Figure 6 shows a histogram of the logarithm of the aperature distributions. With increasing stress, the
mean aperature decreases and the standard deviation increases (Table 1);. Both effects are expected to
reduce permeabilty and alter the capillary pressure curve. The spatial correlations (calculated using the
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Figure 8 —Stress-dependent permeability calculated using Cubic Law and experimental measurement.
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Figure 9—Stress-dependent friction factor. The friction factor is calculated using Eq. 1.

range of spherical variogram model); in both horizontal and vertical direction decrease with increasing
stress.

In Fig. 7, the changes of mean and standard deviation of normal logarithm of aperture distribution are
plotted with corresponding stress levels. Logarithm fitting is applied between mean/standard deviation and
effective stress. This provides an approach to estimate the aperture distribution under different stress
levels.

Results and discussion

Stress-dependent permeability
To calculate the stress-dependent permeability, another cycle of stress is conducted to measure the
permeability using water. Before applying stress, CO, flooding and water flooding are performed
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Figure 11—Capillary pressure curve for a single grid with 0.15 mm aperture.

o

successively to ensure no air is present in the sample. The comparison between the Cubic Law and
experimental measurements shows that the permeability calculated by Cubic Law is 2.6 to 4.9 times larger
than measured permeability (Fig. 8);. This demonstrates that the mean aperture change cannot fully
describe the permeability drop, which is due to the increasing friction factor (Fig. 9);. From the
perspective of Modified Cubic Law (Witherspoon, 1980);, the decreasing mean aperture will reduce the
aperture e, and the increasing aperture variance will enhance the friction factor. Both effects will cause
the fracture permeability to decrease. Roughness has a larger impact on permeability at higher stress (Fig.
10);.
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Figure 12—Fluid distribution on the fracture at a capillary pressure of 960 Pa. The upper field shows the full aperture field, the lower left field is
the nonwetting-phase-filled apertures and the lower right field is the wetting-phase-filled apertures. The critical aperture for this capillary pressure
is 0.15 mm.
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Figure 13—Stress-dependent capillary pressure for the rock fracture.

Stress-dependent capillary pressure
The capillary pressure curve for a single aperture fracture is calculated using Young-Laplace equation:

p, = Zycost (6)

e

where P, is the capillary pressure, vy is interfacial tension, 6 is the contant angle, and e is the fracture
aperture (Yang et al., 2013);. Here we choose y = 72 mN/m, 6 = 0°, and P, varies with fracture aperture.
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Figure 14—Brooks-Corey fitting of the capillary pressure data at different effective stress levels.

Table 2—Brooks-Corey fitting for the capillary curve in Fig. 13

We assume each aperture has its own capillary

pressure curve, which acts like a parallel plate, Effective stress, MPa A Pe, Pa

shown in Fig. 11. 0.34 383 657.22
The pore occupancy model is applied to calcu- 2.07 344 71082
11.03 3.00  756.50

late the capillary pressure curve for the fracture
(Pruess and Tsang, 1990; Liu et al., 2013);. A crit-
ical aperture is determined based on the capillary
pressure using Eq. 6. Apertures below the critical
aperture are fully water saturated, while apertures above the cutting aperture are fully air saturated
(Lenormand et al., 1983);. Average water saturation in the fracture is calculated using the fracture volume
filled with water divided by the total fracture volume. The capillary pressure curve is obtained by relating
the capillary pressure and the corresponding saturation. An example of the pore volume occupany for a
particular capillary pressure is shown in Fig. 12.

Applying the pore occupancy model, the stress-dependent capillary pressure curves are shown in Fig.
13. Since the variance of aperture distribution increases, the plateau area of the capillary pressure curve
grows steeper with stress. This means that the capillary behavior changes from more fracture-like to more
porous media-like. The entry pressure will also increase with increasing stress.

The capillary curves are fitted to the Brooks-Corey function, shown in Fig. 14 and Table 2. From the
Brooks-Corey model, increasing stress level will cause the pore size distribution index to decrease and
entry pressure to increase. The pore size distribution change agrees with the simulation results from Yang

22.06 299  775.95
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Figure 15—Pore size distribution index and entry pressure change with effective stress. The pore size distribution index and the entry pressure are
both fitted with effective stress using logarithm function.
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Figure 17—Relationship of effective stress with permeability and capillary pressure for rock fractures.

et al. (2013);, and is due to the increasing variance of aperture distribution. The entry pressure increase
is caused by aperture decrease (Liu et al., 2013);. From Yang et al. (2013);, the increasing pore size
distribution will also reduce the entry pressure. For these data, the impact of change in mean aperture is
larger than the change in variance, thus the entry pressure will increase with stress.
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Fig. 15 shows the pore size distribution index and entry pressure with respect to effective stress.
Logarithm regressions between pore size distribution/entry pressure and effective stress demonstrate the
relationships can be well presented using a logarithm function. From Fig. 16, the entry pressure has a
negative correlation with the logarithym of the mean aperture, and increasing variance of aperture
distribution will reduce the pore size distribution index.

Based on these data and previous research (Yang et al., 2013; Liu et al., 2013; Walsh, 1981; Walsh et
al., 2008; Muralidharan et al. 2004);, we propose a two-component relationship for stress-dependent
permeability and capillary pressure in rock fractures (Fig. 17);. Changes on both the mean aperture and
variance of the aperture distribution cause the permeability decreases with increasing stress. For stress-
dependent capillary pressure, the capillary curve plateau will grow steeper with increasing stress and the
entry pressure will depend on relative changes of the mean and variance of aperture distribution.

Conclusions

In this paper, we measure the stress-dependent aperture distribution of a fractured Berea sandstone using
the X-ray CT scanning technique. A pore occupancy model is used to determine the stress-dependent
capillary pressure of the fracture. Based on the results and discussions, we have following conclusions:

1. The fracture aperture distribution is heterogeneous and stress-dependent. Larger apertures will
have larger changes with stress.

2. Increasing stress will reduce the fracture apertures. Statistically it has two impacts: (1); the mean
aperture will reduce; (2); the variance of aperture distribution will increase, thus the fracture will
become smaller and more heterogeneous.

3. Increasing stress will reduce the fracture permeability. Since the effective roughness and tortuosity
also increase, the Cubic Law cannot fully predict the permeability change. From the perspective
of Modified Cubic Law, the mean aperture decrease will reduce the mechanical aperture e, and the
increasing variance will increase the friction factor. Both effects cause the fracture permeability to
decrease.

4. Capillary pressure in rock fractures is stress-dependent. The plateau area of the capillary pressure
curve grows steeper with stress and entry pressure will increase. The mean aperture will affect the
entry pressure. The variance of aperture distribution will affect both pore size distribution and
entry pressure. The capillary behavior changes from more fracture-like to more porous media-like
with increasing stress.

5. Limitations of this paper include local heterogeneity by grain distributions (Konzuk and Kueper,
2004);, simplification of pore occupancy model (Yang et al., 2013);. Further experiments and
simulations are needed for better understanding of stress-dependent permeability and capillary
pressure.
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