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Abstract Slow slip on preexisting faults during hydraulic fracturing is a process that significantly influences
shale gas production in extremely low permeability “shale” (unconventional) reservoirs. We experimentally
examined the impacts of mineralogy, surface roughness, and effective stress on permeability evolution of
slowly slipping faults in Eagle Ford shale samples. Our results show that fault permeability decreases with slip
at higher effective stress but increases with slip at lower effective stress. The permeabilities of saw cut
faults fully recover after cycling effective stress from 2.5 to 17.5 to 2.5 MPa and increase with slip at constant
effective stress due to asperity damage and dilation associated with slip. However, the permeabilities of
natural faults only partially recover after cycling effective stress returns to 2.5 MPa and decrease with slip due
to produced gouge blocking fluid flow pathways. Our results suggest that slowly slipping faults have the
potential to enhance reservoir stimulation in extremely low permeability reservoirs.

1. Introduction

Advances in drilling and fracturing technologies, like horizontal drilling and multistage hydraulic fracturing,
have enabled substantial growth in shale gas production. These technologies not only create extensive
permeable fracture networks in unconventional reservoirs but also have the potential to activate preexisting
fractures and faults. Slow slip, known as the dominant mode of fault activation, is expected to be controlled
by the rate strengthening behavior (Kohli & Zoback, 2013) and could potentially contribute to reservoir stimu-
lation (Zoback et al.,, 2012). Das and Zoback (2013) revealed that the recently recognized long-period long-
duration events are associated with slow slip on relatively large faults. Several studies have shown that fault
permeability changes as a result of slow slip, but the mechanism remains poorly understood. The permeabil-
ity of mechanically split faults in Kimmeridge shale samples using a direct shear apparatus was dependent on
the normal load (Gutierrez et al., 2000). In this case, the permeability increased with slip at low normal loads
due to gouge formation and dilation but decreased with slip at high normal loads due to gouge compaction.
Reece et al. (2014) measured fault permeability in Haynesville shale samples before and after slow slip using a
conventional triaxial apparatus. At an effective stress of 13.0 MPa, the permeabilities of saw cut and natural
faults decreased with a few millimeters of slip by a few orders of magnitude. Gensterblum and Zoback
(2015) used the same apparatus at 3.5 MPa effective stress and observed that the permeability of a saw
cut fault in a clay-rich Haynesville shale sample significantly declined after slow slip, whereas the permeability
of a saw cut fault in a calcite-rich Eagle Ford shale sample slightly increased. Fang et al. (2017) also found that
permeability evolution of sheared faults was dependent on the mineral composition of shale samples and
the competition between sealing wear products and slip-associated dilation. Permeability enhancement
has also been observed in experimentally produced faults in other rocks. The permeability of an extensional
fault in a granite sample increased with larger shear displacement and lower normal loads (Lee & Cho, 2002).

We conducted shear flow experiments on saw cut and natural faults in Eagle Ford shale samples to investi-
gate the impacts of mineralogy, surface roughness, and effective stress on permeability evolution of slowly
slipping faults. Understanding these relationships will help us effectively improve fracturing technologies
and ultimately enhance reservoir stimulation in extremely low permeability reservoirs.

2, Experimental Setup and Procedures

The Eagle Ford shale is a Late Cretaceous-age sedimentary rock sourced from South Texas with highly vari-
able composition, low porosity (5%-7%) (Sone & Zoback, 2013a), high strength (uniaxial compressive
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Figure 1. Schematic diagram of the experimental setup. Pumps A and B control the upstream and downstream pressures,
respectively.

strength >120 MPa) (Sone & Zoback, 2013b), and very low permeability parallel to bedding planes
(3 nD-12 uD) (Heller et al., 2014).

As we expected shale mineralogy to be one of several factors significantly influencing fault permeability, we
selected two Eagle Ford shale blocks based on the results of X-ray powder diffraction analyses. One clay-rich
shale block has a mineral composition of 26% clay, 43% calcite, 19% quartz, 2% feldspar, 5% pyrite, and 5%
total organic carbon (TOC) content, and the other calcite-rich shale block contains 86% calcite, 9% quartz, 1%
pyrite, and 4% TOC. We drilled cylindrical core plugs from both clay-rich and calcite-rich blocks. The 25.4 mm
diameter core plugs were saw cut and surface ground to a length of 50.8 mm. A saw cut fault was manufac-
tured by cutting a core sample at 30° to the core axis and polishing it using an ultrafine sandpaper with 16 um
particle size (600 grit). A natural fault was prepared by coring a cylindrical sample from a selected block with
an open and unfilled fault oriented at 30° to the vertical direction. We then drilled 1.5 mm diameter boreholes
parallel to the core axis at both ends of each sample to facilitate fluid flow from the coreholders to the fault
plane (Figure 1). Four fault types with different combinations of shale mineralogy and fault surface topogra-
phy were prepared: (1) saw cut fault in a clay-rich sample, (2) saw cut fault in a calcite-rich sample, (3) natural
fault in a clay-rich sample, and (4) natural fault in a calcite-rich sample.

We performed shear flow experiments on prepared faults in shale samples using a GCTS triaxial testing sys-
tem. Each sample was jacketed using a 0.75 mm heat-shrink Viton sleeve, which was then sealed on two steel
coreholders using steel wires. The confining pressure was measured using a Heise DXD pressure transducer
accurate to +0.1% up to 68.9 MPa. The upstream and downstream pore pressures were controlled by the
ISCO syringe pumps A and B, respectively. The pumps, which measure pressures with an accuracy of
+0.3% of the full scale and deliver pressures up to 68.9 MPa, were used to measure pore pressures and control
flow rates. The experiments were conducted inside a thermally insulated chamber with a temperature control
system maintained a constant temperature of 45°C (+0.2°C).

We used silicone oil as the confining fluid, compressed argon gas as the permeating fluid, the pressure pulse-
decay technique to measure the permeabilities of relatively low permeability faults (e.g., saw cut faults), and
the steady state flow technique for relatively high permeability faults (e.g., natural faults). The pressure pulse-
decay technique (Brace et al., 1968) measures the differential pressure along the fault plane after a pressure
step is achieved. The permeability based on the pressure pulse-decay technique, kg, is calculated as

clu

AP (1/V2 +1/V3) M

kpd =
where cis the slope of the natural logarithm of (P; — P,) plotted versus time, P, is the upstream pressure, P,
is the downstream pressure, P, is the average value of P; and P,, u is the gas viscosity, L is the distance
between the two drilled boreholes on the fault plane, A is the cross-sectional area of the fault plane, and
V; and V, are the upstream and downstream reservoir volumes, respectively.
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The steady state flow technique (Scheidegger, 1974) records the differential pressure along the fault plane at
a constant flow rate, g, of 8.33 x 1077 m3/s, which is sufficiently low to achieve steady state flow along the
fault plane. The permeability based on the steady state flow technique, ks, is calculated as

ke = M )
A(Py + Py)

For both permeability techniques, the exact flow pathways between the inlet and outlet boreholes and the
cross-sectional areas of the fault planes, which depend on fault surface topography, are unknown. But for
given faults under similar geometric condition and consistent surface preparation, we assume that both
the length of flow pathways between the two boreholes and the cross-sectional area of the fault planes
do not significantly vary and experience minor changes during 0.43 mm of the total slip displacement.
Thus, we can compare relative permeabilities throughout the experiments.

We conducted two suites of shear flow experiments on prepared faults. In the “varying fault type” (VFT) suite
of experiments, we performed four experiments, one for each fault type. In each experiment, we raised effec-
tive stress from 2.5 (Step 1) to 7.5 (Step 2) to 17.5 MPa (Step 3) and measured fault permeability at each effec-
tive stress. Returning effective stress to 2.5 MPa, we measured permeability before (Step 4) and after (Step 6)
the slip event at a constant rate of 0.043 mm/min for 10 min (Step 5). We measured stress-dependent perme-
ability at cyclic effective stresses to assess the effect of slow slip on fault intrinsic permeability and corre-
sponding stress sensitivity coefficient. We repeated the above steps from Steps 6 to 9 to confirm the
experimental reproducibility. Subsequently, we conducted three additional slip events (Steps 10, 12, and
14) at a constant effective stress of 2.5 MPa to observe the effect of continuing slip on permeability and mea-
sured permeability before and after each slip event (Steps 9, 11, 13, and 15).

The “varying effective stress” (VES) suite of experiments focused on the permeability of a saw cut fault in a
clay-rich sample sheared three times at the same constant rate of 0.043 mm/min for 10 min but at varying
effective stresses (2.5, 5.0, and 12.5 MPa). At the effective stress of 2.5 MPa, we measured fault permeability
before (Step 1) and after (Step 3) the slip event (Step 2). Next, we repeated the slip event at 5.0 MPa effective
stress in Step 5 and at 12.5 MPa effective stress in Step 8 and measured permeability before and after both
slip events (Steps 4, 6, 7, and 9). After multiple slip events, we finally checked permeability recovery at 5.0
and 2.5 MPa effective stresses (Steps 10 and 11).

We also quantitatively imaged surface topographies of the four simulated faults from the VFT suite of shear flow
experiments before and after all four slip events using a NextEngine 3-D laser scanner. Each sample was placed
15 to 23 cm away from the scanner in a sample holder, which tilted the sample toward the scanner so that the
fault plane was vertical and as parallel to the scanner as possible. Each fault surface was imaged three times at a
resolution of 0.127 mm, but only the best scan was used for analysis. The blue hole on each image indicates the
inlet/outlet borehole. The zero datum was taken at the lowest topographic point in the borehole. Because of
deep boreholes and small topographic changes in the case of the saw cut faults, the scale on the color bars
for elevation (mm) and thickness (mm) was adjusted to clearly show topographic features. The thickness of
the sheared layer for each sample was derived by subtracting the elevation after the shear flow experiment
from that before the experiment and revealed size distribution of produced gouge in different faults.

3. Results
3.1. Topographic Changes of Fault Surfaces

Figure 2 shows that all four fault surfaces are fairly close to planar. The general topography is mirror imaged
between corresponding top and bottom surfaces, so that a depression on one fault surface corresponds to a
high on the other. Hence, we only show one fault surface in each case.

For saw cut faults, the surface topographies are quite even, and the thicknesses of the sheared layers in both
clay-rich and calcite-rich samples are relatively uniform, indicating the formation of a well-sorted and fine-
grained fault gouge. The maximum reduction of asperity elevation during slip is about 0.2 mm (Figures 2a
and 2b). The initial surface roughness coefficients Z, (Tse & Cruden, 1979) of the saw cut faults in the clay-rich
and calcite-rich samples are 0.07 and 0.10, respectively, and both are reduced to 0.04 after slip.

For natural faults, the topography extensively varies across the fault surface of the clay-rich sample (Figure 2c¢),
whereas the change in topography across the fault surface of the calcite-rich sample is concentrated mainly
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Figure 2. Topographic contours of four fault surfaces. (a) Saw cut surface of the clay-rich sample, (b) saw cut surface of the
calcite-rich sample, (c) natural surface of the clay-rich sample, and (d) natural surface of the calcite-rich sample before (left
column) and after (middle column) all four slip events. The right column shows the thickness of sheared layer in each case.
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Figure 3. Permeability evolution of (a) saw cut fault in a clay-rich sample, (b) saw cut fault in a calcite-rich sample, (c) natural
faultin a clay-rich sample, and (d) natural fault in a calcite-rich sample before and after slip at a constant effective stress, and
(e) saw cut fault in a clay-rich sample before and after slip at varying effective stresses.

on the central part (Figure 2d). The thicknesses of the sheared layers in both clay-rich and calcite-rich samples
are uneven, indicating the formation of a poorly sorted fault gouge with wide grain size distribution. The
maximum reduction of asperity elevation during slip is about 0.5 mm. The most significant topographic
changes happen at high points (peaks), where asperities are believed to be abraded during slip, while low
points (valleys) particularly in the shadow of high points remain almost unchanged. The surface roughness
coefficient Z, decreases from 0.26 to 0.15 for the fault in the clay-rich sample and from 0.24 to 0.13 for the
fault in the calcite-rich sample during slip.

3.2. Permeability Changes of Slowly Slipping Faults

The results of shear flow experiments are illustrated in Figure 3 and listed in tables given in the supporting
information. The VFT suite of experiments shows that fault permeabilities decline as effective stress increases
from 2.5 MPa in Step 1 to 7.5 MPa in Step 2 to 17.5 MPa in Step 3. When effective stress returns to 2.5 MPa in
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Step 4, the permeabilities of the saw cut faults fully recover, which we believe is due to the elastic deforma-
tion of asperity contacts. In contrast, the permeabilities of the natural faults only partially recover, which is
likely due to the compaction of weak and naturally mismatched asperity contacts (Zhao, 1997). The first slip
event (Step 5) enhances the permeabilities of both saw cut and natural faults. We interpret that the perme-
ability enhancement is due to additional fluid flow pathways being created by the damage of asperity con-
tacts, as shown in Figure 2. Subsequently, we repeat the above four steps and observe that permeabilities
drop with increasing effective stress from Steps 6 to 8 and recover when effective stress returns to 2.5 MPa
in Step 9. The reproducibility of permeability results indicates that our assumptions of flow pathways and
cross-sectional areas of the fault planes are valid. In the following steps, at a constant effective stress of
2.5 MPa, the permeabilities of the saw cut faults successively increase after each slip event, which is consis-
tent with the fact that produced gouge aligns along the shear direction (Figures 2a and 2b) and serves as
newly formed pathways for fluid transport. Although the permeability of the natural fault in the clay-rich sam-
ple increases after the second slip event (Step 10), it decreases after additional slip events (Steps 12 and 14).
The permeability of the natural fault in the calcite-rich sample continuously decreases after additional slip
events (Steps 10, 12, and 14). We interpret that the damage of asperity contacts after the first and/or second
slip events may create additional fluid flow pathways. However, the sheared layers shown in Figures 2c and
2d indicate that randomly distributed gouge on the natural faults may not effectively provide fluid flow path-
ways and likely induces the permeability reduction after a few slip events.

In the VES suite of experiments, we investigate the permeability evolution of the saw cut fault in the clay-rich
sample at different effective stresses. The fault permeability slightly increases after the first slip event (Step 2)
at 2.5 MPa effective stress but decreases after additional slip events (Steps 5 and 8) at 5.0 and 7.5 MPa effec-
tive stresses. We believe that the shear dilation of produced gouge induces the permeability enhancement at
low effective stresses, while the gouge compaction blocks fluid flow pathways and leads to the permeability
reduction at high effective stresses. This observation is consistent with previous efforts on the permeability
change of sheared faults under varying stress conditions (e.g., Gutierrez et al., 2000).

4, Discussion

The poroelastic analysis of simulated faults helps us understand changes in pore space connectivity and pore
throat compressibility after slow slip. Previous studies have characterized the permeability of faulted rocks as
a function of confining and pore pressures based on an effective pressure law (e.g., Zoback & Byerlee, 1975).
Efforts have been subsequently made to understand the stress-dependent permeability of faulted rocks and
predict the permeability of such rocks at various effective stresses. The stress-dependent permeability, k, is
well described by an exponential function:

k(oeff) = koe™ 7, 3)

where o is the effective stress, kg is the intrinsic permeability, and ¢, is the stress sensitivity coefficient. We
assume that the Terzaghi’s principle is valid and the effective stress coefficient is equal to 1; therefore the
effective stress is the difference between confining pressure and pore pressure.

Figure 4a shows fault permeability as a function of effective stress before and after the first slip event, obtained
from Steps 1-3 and Steps 6-8 in Figure 3, respectively. The logarithmic value of the permeability decreases as
effective stress increases, which is in good agreement with an exponential function (equation (3)). The intrinsic
permeability is associated with pore throat distribution and pore space connectivity at effective stress equal to
zero. The stress sensitivity coefficient is the slope of the exponential curve and reflects pore throat compressi-
bility in cases where changes in tortuosity and connectivity with effective stress can be neglected (Gensterblum
et al., 2015). Figure 4b summarizes the intrinsic permeability of each fault before and after the first slip event.
The increase in intrinsic permeability of the saw cut fault in the calcite-rich sample is greater than that of the
other faults, as the shear layer of this case shows that aligned gouge forms the largest number of fluid flow
pathways along the shear direction (Figure 2b). Figure 4c demonstrates that the stress sensitivity coefficient
of the saw cut fault in the calcite-rich sample is more sensitive to slip than that of the other faults. This fault is
the most compressible because of uniformly distributed asperity changes across the fault plane.

Besides surface roughness and poroelasticity, shale mineralogy also plays an important role in the permeabil-
ity evolution of sheared faults. Mineralogy strongly affects grain packing in shale faults. A shale fault with high
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of effective stress before (solid lines) and after (dashed lines) the first slip event, (b) intrinsic permeability, and (c) stress
sensitivity coefficient for each fault before and after the first slip event, respectively. Error bars in Figures 4b and 4c indicate
the 1-c uncertainty in curve fitting.

calcite content is supported by strong grains with clay fabric partially filling pore space, while a shale fault
with high clay content is dominated by clay fabric with strong grains embedded in the matrix (Kohli &
Zoback, 2013). During slow slip, strong grains are difficult to comminute but dilate to increase pore space
(Bernard et al., 2002), whereas weak clay fabric can smear, bend and break into pieces, and fill pore space
(Fang et al.,, 2017). Our data show that the permeability enhancement during slip of simulated faults with
high calcite content is greater than that of simulated faults with high clay content, presumably due to the
damage of calcite-rich asperity contacts and slip-associated dilation of strong grains. We believe that the
damage of calcite-rich asperity contacts creates additional pathways for fluid flow, and the dilation of
strong grains increases pore space in the faults. Nevertheless, clay-rich asperity contacts and produced
clay fabric are weak and easily compacted at high stress conditions, resulting in the closure of pore space
and the reduction of fault permeability.

Our data suggest that slowly slipping faults have the potential to enhance the permeability of extremely low
permeability shale reservoirs at low effective stresses. During hydraulic fracturing, fluid injection reduces
effective stress on preexisting faults and induces slow slip (Hubbert & Rubey, 1959), which changes fault sur-
face topography with newly created fluid flow pathways and potentially improves the effectiveness of reser-
voir stimulation. Particularly, smooth faults with high calcite content could facilitate the recovery of reservoir
permeability when effective stress is reduced. Although this study considers fault permeability at low stress
conditions, the permeability may be enhanced under other combinations of fault characteristics and stress
conditions, motivating further investigations of these coupled processes influencing fault permeability in
extremely low permeability reservoirs.

5. Conclusions

We examined fault permeability before and after slow slip to simulate permeability evolution of preexisting
fractures and faults in shale reservoirs during hydraulic fracturing. Our results provide important insights into
complex permeability patterns controlled by a range of coupled factors, including shale mineralogy, surface
topography, and effective stress. Slowly slipping faults at low effective stresses contribute appreciably to per-
meability enhancement of extremely low permeability shale reservoirs. Smooth fault surfaces and high cal-
cite contents facilitate the recovery of fault permeability when effective stress returns to the initial value.
Slowly slipping faults with rough surfaces, in clay-rich rocks, and at higher effective stresses may provide
an unfavorable environment for shale gas production from hydraulic fracturing.
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