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ABSTRACT

To assess how fractures affect the fluid flow in shale plugs, we conducted stress-
dependent permeability measurements on both intact and fractured shale samples. We
characterized the degree of fracturing with the help of micro X-ray CT images. As
expected, permeabilities decreased significantly during the initial effective stress
increase. During the subsequent effective pressure decrease, the permeability remained
relatively unchanged. The degree of hysteresis depended on the sample integrity, i.e.
fracture density, type, and distribution. We recorded an average hysteresis loss of 35%
for intact samples, 55% for samples with a low density of hairline or discontinuous mid-
sized fractures, and over 75% for samples with thick fractures, high fracture density, or
continuous mid-sized cracks. Micro X-ray CT images acquired of fractures subjected to
increasing confining stress showed that both, hairline and mid-sized fractures closed up
completely at sufficiently high confining pressure. While hairline fractures tended to
close at confining pressures as low as 1000 psi, thicker fractures required confining
pressures as high as 4000 psi. The results of this study suggest that, as the effect of
compressibility of the matrix compared to fractures is relatively small, successful matrix
permeability measurements can be conducted even on fractured samples provided a
sufficiently high confining pressure is being applied.

INTRODUCTION

Hydrocarbon production lowers the pore pressure which causes an increase in effective
stress (overburden or confining stress minus pore pressure) which, in turn, may cause a
reduction in the reservoir permeability. Laboratory investigation and characterization of
the stress-dependence of permeability represents a key to production forecasting,
especially in unconventional shale reservoirs where long-term field production data is not
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readily available. Permeability measurements on shale under varying effective stress have
been conducted in a number of studies [e.g. Cui and Brezokowski, 2013; Chhatre et al.,
2015]. The results of these studies showed that the permeability decreased with
increasing confining stress. The permeability decrease generally either followed an
exponential [e.g. Kwon et al. 2001; Chalmers et al., 2012; Ghanizadeh et al., 2015] or
power law trend [e.g. Dong et al. 2010].

Fluid flow in shales occurs in complex networks of small pores in both mineral matrix
and organic matter, as well as fractures. Some fractures are natural. The majority of
cracks, however, have been induced by drilling, recovery, and/or core storage. When
fractures are present in a shale sample, fluid flow will likely be dominated by the micro-
sized openings as they provide less resistance to flow than nano-sized pores. It is thus
important to characterize a shale core plug prior to permeability measurements to allow
distinction between matrix and fracture flow. In many studies concerned with measuring
stressed permeability, the specimen conditions were not specified or well characterized
[e.g. Heller et al, 2014; Cao et al. 2016; Ghanizadeh et al. 2015].

Some studies assessed the sample state based on visual observations, SEM images, or
thin sections [e.g. Handwerger et al., 2011; Chalmers et al., 2012]. The condition of the
sample surface or a small sub-sample were likely not representative of the condition of
the plug used for the permeability measurements. A few recent studies utilized micro X-
ray CT imaging to identify fractures in the specimen to be tested. In those studies,
fractured studies were omitted from further testing [e.g. Sinha et al. 2013; Cronin et al.,
2016]. As fracturing is often a function of core lithology (e.g. TOC content), biased
sampling is likely to occur and the sample selection may not completely represent the
subsurface formation.

In this study, we systematically performed stress-dependent unsteady-state gas
permeability measurements on a number of fractured and a few intact (on MXCT
resolution) shale samples. Prior to permeability testing the plugs were imaged with a
Micro X-ray CT scanner to characterize density and distribution of the fractures. We then
based our interpretation of the stressed-permeability results on the respective sample
condition.

EXPERIMENTAL SETUP

Of the many different methods available for plug permeability measurements, i.e. steady-
state, pressure-transmission, etc. [e.g. Metwally and Sondergeld 2011; Heller et al.,
2014], we chose the pulse-decay method as it was a well-established technique
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[Charmers et al. 2012; Cui and Brezokovski, 2013; Cao et al., 2016;]. We conducted
these measurements at relatively high pore pressure (1900 psi) as this reduced the
duration of the test and practically removed the need to correct for the slip effect. Figure
1 shows a schematic of the permeameter. The sample is enclosed by an impermeable
sleeve and two metal endcaps and submersed in mineral oil inside a pressure vessel. The
metal endcaps contain fluid lines through which gas can flow in and out of the sample.
The mineral oil acts as confining fluid. The system allows pore and confining pressures
of up to 2000 psi and 10,000 psi, respectively. The metal endcaps contain fluid lines
through which gas and liquids can flow in and out of the sample. The mineral oil acts as
confining fluid and an ISCO pump controls the confining fluid pressure. During the
course of a permeability test the confining pressure varies less than £3 psi. Fluid flow in
and out of the samples is controlled by an assembly of fluid lines, pneumatic valves, and
HIP pumps. DXD pressure transducers record the pressure at the sample inlet and outlet
as well as the confining pressure with an accuracy of +0.02%. All permeameters are
located inside insulated and temperature-controlled enclosure which allows the
temperature to remain stable within £0.1°C during testing. Experimental data acquisition,
display, and the operation of the pneumatic valves are controlled by Metarock®-software.
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Figure 1: Schematic of gas permeameter for shale plugs (not drawn to scale)

SAMPLE PREPARATION

Gas and liquid permeability measurements were performed on gas shale samples from
Montney Formation of Western Alberta, Canada. We drilled four horizontal 1-inch
diameter plugs from the provided core sections. The plugs were drilled dry with liquid
nitrogen as the drilling fluid. They were then scanned with micro X-ray computed
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tomography (MXCT) to identify and characterize potential micro-fractures (visible on
MXCT scale, ~35 um). The MXCT images of all 10 samples are shown in Tables 1-2.
Afterwards, we trimmed the long plugs to a length of about 1 inch. All samples were
tested as-received, i.e. with water and organic matter still present in the pore space. The
unoccupied pore space was measured with a helium porosimeter (in the following
referred to as He porosity). NMR measurements were used to obtained a rough estimate
of pore space filled with fluids (in the following referred to as NMR porosity). The total
of He and NMR porosity presented a first estimate of the sample’s unstressed porosity.
Table 3 lists length, diameter, helium-, and NMR porosity of each sample. Sample length
and diameter were measured with a caliper with a precision of £0.005 cm.

Table 1: MXCT Images of Core Samples from Well A (Part 1)

Sample 1
HLC-D-LD

Sample 2
LCX

Sample 3
INTCT

Sample 4
MXC-C/D-LD

Sample 5
HLC-D-HD

Table 2: MXCT Images of Core Samples from Well A (Part 2)

Sample 6
HLC-D-LD

Sample 7
MCX-D-HD

Sample 8
MCX-D-HD

Sample 9
INTCT

Sample 10
MCX-D-LD
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Table 3: Overview of Sample Properties (Total ¢ = He-¢ + NMR-¢, total apparent porosity)

Sample L [cm] D [cm] He-¢ [%0] NMR-¢ [%0] | Total ¢ [%0]
+0.01cm | +0.01cm +0.5 p.u. +1.0 p.u. +1.1p.u.
001 2.79 2.54 2.7 1.9 4.6
002 2.72 2.54 41 2.0 6.1
003 2.70 2.54 23 2.1 44
004 2.57 2.54 4.9 2.1 7.0
005 251 2.53 4.6 1.9 6.5
006 2.53 2.56 34 1.9 53
007 2.66 2.55 44 2.0 6.4
008 2.77 2.55 44 1.9 6.3
009 2.53 2.54 7.4 2.7 10.1
010 2.66 2.54 44 1.9 6.3

PERMEABILITY MEASUREMENTS
We placed the samples in the permeameter and applied a confining pressure of 2700 psi.
Helium was then injected into samples and the pore pressure was raised to 1800 psi. In
this study, we used high pore-pressure (1900 psi) pulse-decay tests with helium to
determine the permeability of the core plugs. In a pulse-decay test, sample, upstream, and
downstream reservoir constitute a closed system. In the beginning of the test, the
upstream reservoir (marked in red) is isolated from sample and downstream reservoir,
and is charged at a higher pressure than the other two volumes. The pressure of the
upstream reservoir was set to 2000 psi and then released through the sample into the
downstream reservoir. Both, upstream pressure decrease and downstream pressure
increase were recorded as the system reached equilibrium (Figure 2).
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Figure 2: Example of 1900 psi pulse-decay curve recorded for Sample 008 at a confining pressure of 5100
psi. The slope of the normalized logarithm of the pressure difference over time is proportional to the
permeability of the sample.
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From the pulse-decay curves the permeability of the sample is calculated using the semi-
empirical technique presented by Dicker and Smits [1988]. In this method, the slope of
the logarithm of the pressure difference between upstream and downstream reservoir
(Figure 2) is proportional to the apparent gas permeability ki, which at a pore pressure of
1900 psi represents a good approximation of the absolute permeability. Nevertheless, the
difference between k, and kins also represents one of our two major sources of uncertainty
(the other one being stress creep). The error associated with slip ranged between 5-15%.

During the confining-pressure cycle, the confining pressure was increased from 2700 psi
to 3500 psi, and then to 8300 psi in increments of 1600 psi. Afterwards the confining
pressure was decreased incrementally back to 2700 psi using the same pressure steps. A
pulse-decay test was performed at each pressure step. We waited 24 hours between
applying the confining pressure and running a pulse-decay test. The choice of
measurement frequency was prompted by our desire to conduct these experiments in a
timely manner and to have all samples subjected to the same stress history to be
comparative. We recognize that creep can have a strong effect on the stress-dependency
of shale samples (Chhatre et al. 2015), which could lead to a systematic over-estimation
of our projected matrix permeabilities and represents the second major uncertainty in our
measurements.

RESULTS AND DISCUSSION

Based on the MXCT scans of the shale plugs (Tables 1-2), we assigned a classification to
each plug representative of its degree of fracturing. For example, intact samples (on
MXCT resolution) were assigned green color coding. Samples with few hairline cracks, a
single medium-sized crack, or continuous thick fractures were marked blue, purple, and
red, respectively. Details of the fracture classification can be found in Table 4.

Table 4: Fracture Classification

Color Code Description
No fractures visible (INTCT)

Blue Single discontinuous hairline crack (HLC-D-S)
Blue 2-3 discontinuous hairline cracks (HLC-D-LD)
Purple >4 discontinuous hairline cracks (HLC-D-HD)
Purple Single continuous hairline crack (HLC-C-S)
Purple 2-3 continuous hairline cracks (HLC-C-LD)
Red >4 continuous hairline cracks (HLC-C-HD)
Purple Single discontinuous medium-sized crack (HLC-C-S)
Red 2-3 discontinuous medium-sized cracks (HLC-C-LD)
Red >4 discontinuous medium-sized cracks (HLC-C-HD)
Red >1 continuous medium-sized crack (MCX)
Red >1 (dis)continuous large-sized crack (LCX)
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At this point of the study the classification was solely based on visual inspection of the
MXCT images. The authors recognize that this method may be somewhat subjective as
the decision of whether a fracture can be considered thick or thin laid in the eyes of the
beholder. In the future, we plan to use more analytical means to make that distinction
(e.g. use image analysis software).

Figures 3 and 4 show the permeabilities of all the plugs as functions of increasing and
decreasing confining stress, respectively. In our study, the permeability decrease
generally followed an exponential trend, which manifested itself as a straight line in the
semi-logarithmic plot. The lines appear to be parallel for samples with the same color
coding indicating that samples with similar degrees of fracturing may exhibit similar
compaction behavior. This behavior is also reflected in the slope o of the exponential
function (Figure 3). Relatively low values for o (<3.0:10) were recorded for “intact”
samples while relatively high values for o (>4.4-10™) were recorded for heavily fractured
samples. During the subsequent confining pressure reduction, the permeability values
remained relatively stable (Figure 4). Once we reduced the confining stress to pressures
below reservoir effective stress of around 3300 psi, the permeability did increase but only
slightly. This behavior seems to indicate that once fractures close they do not reopen until
the effective stress falls below reservoir conditions.
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Figure 3: Permeability as function of effective stress during confining pressure increase. The slope of the
permeability decreases with increasing confining pressure and degree of fracturing.

We acquired MXCT of a fractured 0.6-cm diameter Vaca Muerta shale plug at varying
confining stress (Figure 5). The image acquired at O psi effective stress showed that the
small plug contained a medium sized fracture running diagonally across the top and a
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lateral hairline fracture. The thin hairline fracture disappeared when we applied an
effective stress of 1000 psi, which was below reservoir effective stress. The thicker
fracture at the top required us to exceed reservoir effective stress before it closed, i.e.
disappeared from the MXCT image. At this point in the investigation, we have not yet
acquired the MXCT images during the confining pressure release and thus not yet able to
confirm at which pressure the fractures reopen.
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Figure 4: Permeability as function of effective stress during confining pressure decrease. Values remain
relatively unchanged at effective stresses greater than reservoir conditions (~3300 psi).
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Figure 5: MXCT image of fractures in 0.6-cm diameter Vaca Muerta shale plugs under varying confining
pressure (no pore pressure was applied). The hairline fracture at the right disappeared after the first pressure
step. The thicker crack in the top left corner was closed and no longer visible at 4000 psi confining
pressure.
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Figures 6 shows an example of permeability recorded during the increase and decrease in
effective stress. The relative difference between the permeability recorded during the
confining pressure increase at an effective stress of 3200 psi and the permeability
recorded during the confining pressure decrease at the same stress for all samples is
depicted in Figure 7. As can be seen, for samples that had been classified as “intact”
(green), the average hysteresis loss was about 35%. For samples with a low density of
hairline or discontinuous mid-sized fractures the average hysteresis loss ranges around
50-60%. For samples with thick fractures, a high fracture density, or a continuous mid-
sized crack (red), the average hysteresis loss was around 70% and above. Sample 001 and
Sample 010 exhibit slightly higher relative permeability reduction than other samples
with a similar degree of fracturing. Sample preparation and handling after the MXCT
scans had been acquired may have resulted in additional cracks and caused their
deviation from the general trend.
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Figure 6: Example of permeability data recorded Figure 7: Hysteresis observed for different degrees
for Sample 008 during initial increase and of fracturing

subsequent decrease in effective stress and the

resulting hysteresis

MXCT images and permeability data suggest that the stress-dependence of the
permeability in our shale samples is dominated by the fractures. Assuming thusly that the
pore compressibility plays a minor role, we might be able to estimate the matrix
permeability by a) exposing the samples to sufficiently high stress where all fractures are
closed or b) by extrapolating an appropriate fit of our data to sufficiently high pressures
where the permeability becomes stable. Our study, as well as most previous studies,
recorded shale permeability at relatively low pressures and reported stress-dependencies
that followed exponential trends. Dong et al. [2010] reported permeability for stresses up
to 120 MPa (17000 psi). Their stress-permeability relationship was best matched by a
power function. In this study, we matched our data using Equation 1 below, where AP is



SCA2016-027 10/12

the pressure increment of 1600 psi, Py represents the initial pressure point at which the
matched curve is anchored, A is a fitting parameter which corresponds to a factor by
which the permeability reduction (Ak=k(P-AP)-k(P)) decreases.

k(P £ 1 AP) = k(Py) F [pp, “O=t2KE] (g
Figure 8 shows examples for data fit and extrapolated with Equation 1. The fitting
parameters projected matrix permeability values for most samples are listed in Table 5.
Note that a proper fit could not be found for all samples. Finding a good fit was
especially challenging for some samples with a higher degree of hysteresis.

Table 5: Fitting Parameters and Projected Matrix Permeability

Sample Po [psi] A k [nD] Condition
001 6400 1.70 2 HLC-D-LD
002 3200 3.00 71 LCX
003 6400 1.45 46
004 3200 1.6 298 MCX-C-LD
005 No good fit HLC-D-HD
006 No projection — only 1 data point collected
007 3200 2.00 1 MCX-D-HD
008 No good fit MCX-D-HD
009 3200 | 2.00 | 113
010 No good fit MCX-D-LD

CONCLUSIONS

In this study, we demonstrated the importance of sample characterization prior to
permeability measurements. Based on our measurement results, we hypothesized that the
compaction behavior of shale permeability may be largely dominated by micro-fractures
present in the rock samples. Samples with similar degrees of fracturing exhibited similar
stress-permeability relationships. With increasing confining stress, fractures close and
permeability decreases. In this and other similar studies these stress-permeability
relationships exhibited exponential trends at effective stresses smaller than 6,000 psi but
may be better represented by power functions at higher stresses. We presented an
equation that honors the initial exponential permeability decay but predicts permeability
stabilization at higher pressures, somewhat similar to the power function. Under the
assumption that the pore compressibility plays a minor role, application of high effective
stresses or extrapolation of “low-pressure” stress-permeability data allows us to estimate
matrix permeability even for fractured samples, which may reduce some of the bias often
encountered in shale plug sampling. Note that our conclusions were drawn based on the
results of measurements on a limited number of samples from one single well. Additional
measurements will have to be conducted on samples from other wells and formations to
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support our hypothesis. In addition, the stress-dependent permeability should be viewed
in context with lithological information as other rock properties, such as mineralogy,

TOC, and porosity may also impact shale compaction. These issues will be addressed in
future research.
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Figure 8: Permeability as function of effective stress matched with 1) exponential function, 2) power law,
and 3) using Equation 1 for 4 samples with different fracture characteristics
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