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A B S T R A C T

This paper experimentally explores the frictional sliding behavior of two simulated gouges: one, a series of
quartz–smectite mixtures, and the other, powdered natural rocks, aiming to evaluate and codify the effect of
mineralogy on gouge dilation and frictional strength, stability, and healing. Specifically, velocity-stepping and
slide-hold-slide experiments were performed in a double direct shear configuration to analyze frictional consti-
tutive parameters at room temperature, under normal stresses of 10, 20, and 40 MPa. Gouge dilation was
measured based on the applied step-wise changes in shear velocity. The frictional response of the quartz–smectite
mixtures and powdered natural rocks are affected by their phyllosilicate content. Frictional strength and healing
rates decrease with increasing phyllosilicate content, and at 20 wt.% a transition from velocity-weakening to
velocity-strengthening behavior was noted. For both suites of gouges, dilation is positively correlated with fric-
tional strength and healing rates, and negatively correlated with frictional stability. Changes in the permeability
of gouge-filled faults were estimated from changes in mean porosity, indexed through measured magnitudes of
gouge dilation. This combined analysis implies that the reactivation of caprock faults filled with phyllosilicate-
rich gouges may have a strong influence on permeability evolution in caprock faults.
1. Introduction

Massive fluid injection for the stimulation of shale and enhanced
geothermal reservoirs, and for the disposal and sequestration of waste-
water and CO2 may result in significantly elevated fluid pressures and the
dynamic reactivation of pre-existing faults (Shapiro et al., 2006; Suckale,
2009; Elsworth et al., 2016; Grigoli et al., 2018; Kim et al., 2018; Yang
et al., 2019). This reactivation is controlled by the frictional behavior of
faults, and may be seismic or aseismic (Rutqvist et al., 2007; Guglielmi
et al., 2015). Research in this area has attempted to create high perme-
ability reservoirs while preserving the integrity of upper caprocks (Faoro
et al., 2009; Zhong et al., 2016; Fang et al., 2017b; Im et al., 2018).
Therefore, it is vital to examine the various friction–permeability re-
lationships that have important implications for both, the sealing of
caprocks and the recovery of unconventional resources.
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Previous experiments showed that mineral composition affects the
frictional properties of faults (Collettini et al., 2009; Faulkner et al., 2010;
Ikari et al., 2011). For example, the frictional strength of faults were
approximated with phyllosilicate content (Niemeijer and Spiers, 2006;
Takahashi et al., 2007; Scuderi et al., 2013; Zhang et al., 2019). Low and
high velocity experiments on fault gouges showed that phyllosilicate-rich
faults exhibited a velocity-strengthening response that promoted stable
frictional sliding (Saffer and Marone, 2003; Han et al., 2007; Kohli and
Zoback, 2013; Boulton et al., 2017). Frictional healing is also signifi-
cantly controlled by mineralogy (Chen et al., 2015; Carpenter et al.,
2016); this can be partially explained by the crystalline structure of
minerals, as well as fault loading conditions like humidity, temperature,
chemical composition, and applied stresses (Kawamoto and Shimamoto,
1998; Frye and Marone, 2002; Tembe et al., 2010; Hunfeld et al., 2017).

Experiments on powdered gouges have indicated that gouge dilation
y 2019
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Table 1
X-ray diffraction (XRD) mineral proportions (in wt.%) of gouges derived from the
crushed natural rocks. Abbreviations: Qtz, quartz; Fsp, feldspar; Cal, calcite; Dol,
dolomite; Ill, illite; Chl, chlorite. Phyllosilicates are predominantly illite and
chlorite.

Rock samples Qtz Fsp Cal Dol Ill Chl Phyllosilicates

Daqing volcanic rock 53 43 – – – 4 4
Shengli sandstone 33 18 8 33 7 1 8
Junggar clasolite 53 29 6 – 7 5 12
Junggar sandstone 47 36 – – 12 5 17
Fuling shale 41 10 24 6 17 2 19
Changning shale 47 16 9 4 19 5 24
Chlorite schist 30 22 11 – 8 29 37

F. Zhang et al. Geoscience Frontiers 11 (2020) 439–450
is also strongly dependent on mineralogy (Marone and Kilgore, 1993;
Ikari et al., 2009; Samuelson et al., 2009). Other representative studies
for the relationship between dilation and mineralogy include Kohli and
Zoback (2013) on powdered shale reservoir rocks, and Scuderi et al.
(2013) on dolomite and anhydrite gouge. However, little attention has
been paid to the correlation between gouge dilation and frictional
properties, especially for healing response (Scuderi et al., 2014).

Permeability typically evolves during fracture shear as a result of
dilation and compaction (Samuelson et al., 2009, 2011; Fang et al.,
2017a; Ye et al., 2017). This observation may be used in estimating the
change in permeability during fault shear by directly indexing perme-
ability evolution to gouge dilation or compaction. Previous research only
investigated the impact of mineralogy on the friction–permeability
relationship of gouges under low normal stresses (generally <10 MPa)
(Fang et al., 2018b), and it is necessary to evaluate this relationship at
higher stresses (>10 MPa).

This paper (1) reports laboratory measurements of the influence of
phyllosilicate content on frictional strength, stability and healing of
simulated fault gouges; (2) assesses the relationships between fault gouge
dilation and frictional strength, stability, and healing; and (3) applies
these observations of friction–dilation to infer the permeability evolution
of gouge present in caprock faults by directly indexing permeability with
gouge dilation. The experiments conducted for this study used quartz–
smectite mixtures and powdered natural rocks as simulated fault gouges.

2. Experimental methods

Velocity-stepping and slide-hold-slide experiments were conducted in
a double-direct shear configuration on quartz–smectite mixtures and
powdered (natural) reservoir rocks. Strength evolution data were used to
project magnitudes of frictional strength, stability, and healing, and to
infer the evolution of permeability.

2.1. Sample material

Synthetic quartz–smectite mixtures and powdered natural rocks were
adopted as simulated fault gouges for friction tests. The quartz powders
used were commercially available quartz sand with >98% purity; grain-
sizes <150 μm were separated by sieving. The smectite powders were
derived from sodium bentonite; grains <45 μm in size were separated by
sieving through a 325-mesh. The fabricated quartz–smectite gouges span
the entire 0–100wt.% range. Natural rocks like the Daqing volcanic rocks
(Songliao Basin), Shengli sandstone (Shandong Hills), Junggar clasolite
and sandstone (Junggar Basin), Fuling shale, Changning shale and
chlorite schist (Sichuan Basin) were used for these experiments. X-ray
diffraction (XRD) results showed between 4 and 37 wt.% phyllosilicate
content for these natural rock samples (Table 1). They were crushed and
ground in a grinding machine to <150 μm grain-size.

2.2. Experimental procedure

All friction experiments were performed in a double direct shear
configuration using a biaxial loading frame (Fig. 1), as per Johnson et al.
(2008). Two identical 5-mm-thick gouge layers were sandwiched be-
tween three grooved stainless-steel platens, with a constant nominal area
of 5 cm � 5 cm maintained throughout the experiment (Fig. 1b). A
normal force is applied by a horizontal piston to the gouge layers, and a
shear force is applied by moving the central steel platen with a vertical
piston. The shear displacement and gouge layer thickness were measured
by displacement sensors to a precision of�0.1 μm, with the applied force
recorded to �0.5 kN via internal load cells.

Velocity-stepping and slide-hold-slide tests were carried out to mea-
sure frictional stability and healing, respectively, at three different
normal stresses (Fig. 2, Table 2). All tests were performed at room tem-
perature (25 �C). The tests on the quartz–smectite mixtures were carried
out at natural room humidity (55%–65% relative humidity), while those
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on the powdered natural rocks were performed under water-saturated
conditions. Water saturation was ensured throughout the experiment
by placing the samples in a ziplock bag filled with deionized water for a
minimum of 4 h. The tests were conducted while the sample was still in
the ziplock bag, and the bag was arranged such that it did not affect the
experiments, following the protocol established in Frye and Marone
(2002), Samuelson et al. (2008), and Scuderi et al. (2014).

At the initiation of each velocity-stepping experiment, normal stress
was established at 10 MPa, after which shear velocity was applied at 10
μm/s until a steady frictional state was achieved. The velocity was then
stepped from 0.3 through 300 μm/s for the quartz–smectite mixtures, and
0.1 through 100 μm/s for the powdered natural rocks at each normal
stress level (Fig. 2a). The velocity-stepping schedule was identical for all
the prescribed normal stresses.

Different from the velocity-stepping tests, for the slide-hold-slide
experiments, the shear velocity was set at 10 μm/s throughout the
entire test duration; the hold time (the time for keeping the driving
vertical piston steady) varied from 3 to 300 s for the quartz–smectite
mixtures, and 1–1000 s for the powdered natural rocks. Holds were
applied with every 0.5-mm-shear displacement (Fig. 2b). The final shear
displacements were 20.5 mm for the quartz–smectite mixtures, and 16.5
mm for the powdered natural rocks, respectively.
2.3. Frictional parameters and gouge dilation

Frictional strength was evaluated from the coefficient of friction μ as:

μ ¼ τ=σn (1)

where τ is the measured shear stress and σn is the normal stress.
The velocity dependence of fault slip was analyzed on the basis of the

rate and state friction as (Dieterich, 1978, 1979; Ruina, 1983; Marone,
1998):

μ ¼ μ0 þ aln
�
V
V0

�
þ b1ln

�
V0θ1
Dc1

�
þ b2ln

�
V0θ2
Dc2

�
(2)

dθi
dt

¼ 1� Vθi
Dci

; i ¼ 1; 2 (3)

where μ0 is the reference coefficient of friction at the reference shear
velocity V0; a, b1, and b2 are dimensionless friction parameters; θ1 and θ2
are state variables; Dc1 and Dc2 are critical slip distances, that reflect the
slip distance for a new steady-state.

For a single velocity step (Fig. 3a), the frictional stability parameter
a – b was determined from Eqs. (2) and (3) (θi ¼ Dci/V at steady friction
state) as (Marone, 1997):

a� b ¼ Δμss=lnðV=V0Þ (4)

where b ¼ b1 þ b2, and Δμss is the change in steady-state friction coef-
ficient during a step of shear velocity from V0 to V. Positive values of a – b
denote velocity-strengthening and stable slip, while negative values of a –
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b indicate potentially unstable sliding behavior. All friction constitutive
parameters were derived by inverse modeling by an iterative least
squares method.

As established in previous studies (Ikari et al., 2009; Samuelson et al.,
2009; Scuderi et al., 2013), gouge dilation Δh in velocity-stepping ex-
periments, was defined as the change in gouge layer thickness resulting
from a velocity step (Fig. 3b).

In slide-hold-slide tests (Fig. 3c), the frictional healingΔμ represented
the difference between the previous steady-state coefficient of friction,
and the peak coefficient of friction after reloading. The frictional healing
rate β was the ratio of frictional healing Δμ and the logarithm of hold
time th (Fig. 3d), expressed as:

β ¼ Δμ=log10th (5)

3. Results

Experimental results showed that the frictional properties and dila-
tion of both, the quartz–smectite mixtures and powdered natural rocks,
were strongly dependent on their phyllosilicate content. Relationships
between gouge dilation and fault strength, stability, and healing were
established and are discussed in detail below.

3.1. Frictional strength and stability

Previous laboratory studies suggested that the frictional strength of
simulated fault gouges is negatively correlated with their phyllosilicate
content (Logan and Rauenzahn, 1987; Takahashi et al., 2007; Crawford
et al., 2008; Tembe et al., 2010; Moore and Lockner, 2011); data from
this study, for the quartz–smectite mixtures and powdered natural rocks
at a normal stress of 20 MPa, agree with these assessments (Fig. 4). For
the quartz–smectite mixtures, the steady-state coefficient of friction at
shearing velocities of 0.3–300 μm/s is plotted in Fig. 4a. The coefficient
of friction ranges from 0.4 to 0.8; here, the maximum and minimum
values are for pure quartz and pure smectite, respectively. It exhibits a
nearly linear trend with increasing phyllosilicate content, congruent with
the observations by Tembe et al. (2010) on binary mixtures of quartz and
smectite. The coefficient of friction of 0.4–0.43 for pure smectite gouge
from this study is higher than those (0.1–0.3) from previous studies
(Takahashi et al., 2007; Tembe et al., 2010), mainly due to the different
humidity conditions maintained during the tests. In this study, experi-
ments on the quartz–smectite mixtures were conducted at natural room
humidity conditions, while those in the previous studies were carried out
under water-saturated conditions. Increased hydration can considerably
reduce the frictional strength of smectite (Bird, 1984; Morrow et al.,
2000). The steady-state coefficient of friction of the powdered natural
rocks spans a range from 0.5 to 0.65, at shear velocities over the range
0.1–100 μm/s, and scales negatively with phyllosilicate content (Fig. 4b).
The coefficient of friction of the powdered natural rocks does not appear
Fig. 1. (a) The biaxial loading frame for friction experiments and (b) the double dire
stainless-steel platens.
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to decrease significantly at water-saturated conditions as in previous
studies (Brown et al., 2003; Crawford et al., 2008). A possible explana-
tion is that the phyllosilicates in the natural rocks used in this study are
dominantly illite (Table 1); its hydration is typically weaker than that of
smectite and this causes an insignificant decrease in the frictional
strength of illite-dominated gouges (Ikari et al., 2007; Tembe et al.,
2010).

The frictional stability of the two suites of simulated fault gouges was
evaluated by the friction parameter a – b. Positive values of a – b indicate
velocity-strengthening (stable sliding), while negative values imply
weakening (potentially unstable slip) (Gu et al., 1984). In Fig. 5, the
friction parameter a – b is plotted as a function of phyllosilicate content,
for the quartz–smectite mixtures and powdered natural rocks at normal
stresses of 20 and 40 MPa. For the quartz–smectite mixtures, an apparent
velocity-weakening behavior at phyllosilicate content less than 20 wt.%
is observed (Fig. 5a). Initially, a – b for the quartz–smectite mixtures
shows an increasing trend with higher phyllosilicate content (normal
stress of 20 MPa), but then decreases slightly when the phyllosilicate
content is > 50 wt.%. Tembe et al. (2010) also noted a similar trend for
binary mixtures of quartz and smectite, and ternary mixtures of quartz,
smectite and illite. This trend likely results from localized slip within
smectite (Tembe et al., 2010). In comparison, the values of a – b for the
quartz–smectite mixtures at higher normal stresses (40 MPa) reach a
steady-state at phyllosilicate content >30 wt.% (Fig. 5b). For the
powdered natural rocks, an increasing trend is observed for a – b values
relative to their phyllosilicate contents, at both 20 and 40 MPa. The
transition from velocity-weakening to velocity-strengthening for the
powdered natural rocks occurs when phyllosilicates are at nearly 15
wt.%, lower than that for the quartz–smectite mixtures.

3.2. Frictional healing

Fault healing is a fundamental process in earthquake physics and is
closely related to the recurrence of repeated stick-slip cycles (Karner
et al., 1997; Marone, 1997; Olsen et al., 1998). Fault healing rates (β)
reflect the rate of fault strength recovery and the requirement for
repeated stress drops (Carpenter et al., 2016). Mineralogy also controls
frictional healing rates (McLaskey et al., 2012; Tesei et al., 2012). The
healing rates of the quartz–smectite mixtures increase slightly, and then
decline with increasing phyllosilicate content (Fig. 6a); the lowest heal-
ing rates appear for pure smectite gouge, which is consistent with labo-
ratory studies on phyllosilicate bearing gouge (Tesei et al., 2012;
Carpenter et al., 2016). For the powdered natural rocks, the healing rates
decrease with increasing phyllosilicate content at normal stresses of 10,
20, and 40 MPa. Previous studies have noted that the healing rates for
powdered natural rocks also show minor dependence on normal stress
(McLaskey et al., 2012).
ct shear configuration with two layers of fault gouge sandwiched between three



Table 2
Experimental parameters applied within the suite of experiments on the synthetic
gouges. σn, applied normal stress; V, shear velocity; th, hold time; qtz, quartz; sme,
smectite; VS, velocity step; SHS, slide-hold-slide; RH, relative humidity. The
friction experiments with the quartz–smectite mixtures and powdered natural
rocks were carried out at room humidity and under water-saturated conditions,
respectively.

Gouge
composition

σn (MPa) Test
type

V (μm/
s)

th (s) RH

Dataset 1: Mixtures of quartz and smectite powders
100% qtz 10, 20,

40
VS þ
SHS

0.3–300 3–300 Room
humidity

90% qtz, 10% sme 10, 20,
40

VS þ
SHS

0.3–300 3–300 Room
humidity

80% qtz, 20% sme 10, 20,
40

VS þ
SHS

0.3–300 3–300 Room
humidity

70% qtz, 30% sme 10, 20,
40

VS þ
SHS

0.3–300 3–300 Room
humidity

60% qtz, 40% sme 10, 20,
40

VS þ
SHS

0.3–300 3–300 Room
humidity

50% qtz, 50% sme 10, 20,
40

VS þ
SHS

0.3–300 3–300 Room
humidity

40% qtz, 60% sme 10, 20,
40

VS þ
SHS

0.3–300 3–300 Room
humidity

30% qtz, 70% sme 10, 20,
40

VS þ
SHS

0.3–300 3–300 Room
humidity

20% qtz, 80% sme 10, 20, VS þ 0.3–300 3–300 Room

F. Zhang et al. Geoscience Frontiers 11 (2020) 439–450
3.3. Gouge dilation

The values of gouge dilation are determined using the procedure
described in Section 2.2. Fig. 7 shows the variation of gouge dilation with
phyllosilicate content for both, the quartz–smectite mixtures and
powdered natural rocks, at a normal stress of 20 MPa. Gouge dilation
ranges from 0 to 5 μm for the quartz–smectite mixtures, and
phyllosilicate-rich gouges tend towards lower values. Comparing the
dilation of pure quartz gouge in this study with that of Samuelson et al.
(2009) (saturated, but mechanically drained) yields good agreement,
despite slight differences in the two experimental testing conditions; our
experiments are on dry pure quartz gouge at room humidity. The gouge
dilation for the powdered natural rocks exhibits a similar decreasing
trend with increasing phyllosilicate content. The values of dilation for the
powdered natural rocks are in the range 0–3 μm, noticeably lower than
those for the quartz–smectite mixtures. However, these results are
consistent with prior work (Kohli and Zoback, 2013) on powdered shale
reservoir rocks.

The relationship between gouge dilation and the measured critical
slip distance is also examined for the two suites of gouges (Fig. 8). The
critical slip distances are positively correlated with gouge dilation and
also show strong dependence on phyllosilicate content (Marone and
Kilgore, 1993). Meanwhile, dilation decreases slightly with an increase in
normal stress (Fig. 9).
40 SHS humidity
10% qtz, 90% sme 10, 20,

40
VS þ
SHS

0.3–300 3–300 Room
humidity

100% sme 10, 20,
40

VS þ
SHS

0.3–300 3–300 Room
humidity

Dataset 2: Powdered natural rocks
Daqing volcanic
rock

10, 20,
40

VS þ
SHS

0.1–100 1–1000 Water-
saturated

Shengli sandstone 10, 20,
40

VS þ
SHS

0.1–100 1–1000 Water-
saturated

Junggar clasolite 10, 20,
40

VS þ
SHS

0.1–100 1–1000 Water-
saturated

Junggar
sandstone

10, 20,
40

VS þ
SHS

0.1–100 1–1000 Water-
saturated

Fuling shale 10, 20,
40

VS þ
SHS

0.1–100 1–1000 Water-
saturated

Changning shale 10, 20,
40

VS þ
SHS

0.1–100 1–1000 Water-
saturated

Chlorite schist 10, 20,
40

VS þ
SHS

0.1–100 1–1000 Water-
saturated
3.4. Friction – gouge dilation relationships

The relationships between gouge dilation and frictional strength,
stability, and healing are shown in Figs. 10–12, respectively. Dilation
increases monotonically with the increase of frictional strength and
healing rate. Conversely, an apparent decrease in dilationwith increasing
frictional stability a – b is observed. When compared with phyllosilicate-
poor samples, the phyllosilicate-rich samples tend to exhibit lower fric-
tional strength and healing rate, but higher values of frictional stability a
– b. Previous studies suggested that gouge dilation is a key factor
reflecting fault frictional properties (Kohli and Zoback, 2013; Carpenter
et al., 2016). The higher values of gouge dilation reveal that more energy
is released with a change in shear velocity for phyllosilicate-poor samples
(Carpenter et al., 2016). Therefore, phyllosilicate-poor fault gouges tend
to promote unstable slip and higher healing rates.

4. Discussion

The dilation and the relationship of friction–dilation of both suites of
gouge are examined and compared with previous studies. The observed
friction–dilation is used to infer the permeability evolution in gouge-
Fig. 2. (a) Representative plots of friction versus shear displacement in velocity-stepp
incremented from 0.1 to 100 μm/s. (b) Typical results for a complete slide-hold-slide
1000 s. RH represents the relative humidity.
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filled caprock faults.

4.1. Comparison with previous studies

Previous experimental studies have extensively explored the role of
ing tests at three normal stresses; the inset shows that the shear velocity steps are
test at three normal stresses; the inset shows that the hold time ranges from 1 to



Fig. 3. (a) Definition of frictional stability parameter (a–b) in a velocity-strengthening step; (b) gouge layer thickness change resulting from a velocity step; (c)
frictional healing parameters defined in a slide-hold-slide test; and (d) schematic showing the method for calculating frictional healing rate (β). RH represents the
relative humidity.

Fig. 4. Steady-state coefficient of friction (μ) as a function of phyllosilicate content in (a) the quartz–smectite mixtures and (b) the natural rocks, at a normal stress of
20 MPa.
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mineralogy on frictional properties of tectonic faults, although only a
small proportion have systematically examined the role of gouge dilation
and its effect on permeability. They suggest that dilation is affected by
the state of consolidation and drainage conditions (Morrow and Byerlee,
1989; Marone et al., 1990; Segall and Rice, 1995). Gouge dilation can be
positively correlated with critical slip distance (Marone and Kilgore,
1993), and also depends on stress conditions (Ikari et al., 2009; Scuderi
et al., 2013); these findings are also supported in this study. The roles of
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dilatancy and fluid infiltration have also been previously established
(Samuelson et al., 2009). Fig. 13 compares gouge dilation versus the
coefficient of friction μ and frictional stability a – b from this study with
those from Kohli and Zoback (2013); they show good agreement. How-
ever, the narrow range of the frictional stability parameter a – b does not
allow the results of this study to cover the full spectrum, unlike previous
studies. Conversely, dilation of the quartz–smectite mixtures is typically
higher than that of the powdered natural rocks. This is most likely a



Fig. 5. Velocity dependence of frictional sliding for (a) the quartz–smectite mixtures at a normal stress of 20 MPa; (b) the quartz–smectite mixtures at a normal stress
of 40 MPa; (c) the powdered natural rocks at a normal stress of 20 MPa; and (d) the powdered natural rocks at a normal stress of 40 MPa. The legends show the shear
velocity in the velocity-stepping tests.

Fig. 6. Frictional healing rates (β) versus phyllosilicate content in (a) the quartz–smectite mixtures under normal stresses of 10 and 20 MPa, and (b) the powdered
natural rocks under normal stresses of 10, 20, and 40 MPa.

F. Zhang et al. Geoscience Frontiers 11 (2020) 439–450
consequence of conducting the suite of experiments for this study on the
quartz–smectite mixtures at room humidity conditions; the correspond-
ing porosity is higher than that of the powdered natural rocks under
water-saturated conditions.
444
4.2. Implications for permeability evolution of caprock faults

On the basis of Darcy’s law and cubic law for fluid flow, the initial
equivalent permeability k0 for fluid flow through a fault can be calculated
as (Ouyang and Elsworth, 1993; Witherspoon et al., 1980; Fang et al.,
2018a):



Fig. 7. Gouge dilation (Δh) versus phyllosilicate content for (a) the quartz–smectite mixtures and (b) the powdered natural rocks, at a normal stress of 20 MPa; green
circles represent the average dilation values in each test.

Fig. 8. Measured critical slip distance versus gouge dilation in (a) the quartz–smectite mixtures and (b) the powdered natural rocks at normal stresses of 10, 20, and
40 MPa; the critical slip distance (Dc) and gouge dilation (Δh) represent the average value in a single test. Colored bars show the phyllosilicate content for each sample.

Fig. 9. Measured gouge dilation as a function of normal stress for (a) the quartz–smectite mixtures and (b) the powdered natural rocks; only average values of gouge
dilation in each test are plotted. The colored bars on the right indicate phyllosilicate content.

F. Zhang et al. Geoscience Frontiers 11 (2020) 439–450
k0 ¼ μLQ
b0WΔPf

¼ b 2
0

12
(6)
where μ is the fluid viscosity, L represents the length of the flow path,Q is
445
the flow rate, b0 is the initial fault aperture, W denotes the initial fault
width, and ΔPf is the pressure difference across the fault. If the fault
aperture is increased by Δb, the new permeability k can be related to k0
by (Samuelson et al., 2011; Im et al., 2018):



Fig. 10. Frictional strength–gouge dilation relationship for (a) the quartz–smectite mixtures and (b) the powdered natural rocks at normal stresses of 10, 20, and 40
MPa. Frictional strength (μ) is determined at a shear velocity of 10 μm/s for the quartz–smectite mixtures, and a shear velocity of 3 μm/s for the powdered natural
rocks. The colored bars indicate phyllosilicate content.

Fig. 11. Frictional stability–gouge dilation relationship for (a) the quartz–smectite mixtures and (b) the powdered natural rocks at normal stresses of 10, 20, and 40
MPa; an average value of the frictional stability parameter (a–b) is adopted in each shear experiment for comparison. Colored bars indicate phyllosilicate content.

Fig. 12. Frictional healing–gouge dilation relationship for (a) the quartz–smectite mixtures and (b) the powdered natural rocks at normal stresses of 10, 20, and 40
MPa. Colored bars indicate phyllosilicate content.
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In this study, the fault aperture incrementation Δb relative to the
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initial fault aperture b0 is equivalent to the gouge dilation Δh relative to
the initial gouge thickness h (Samuelson et al., 2009). Consequently, Eq.
(7) can be rewritten as:



Fig. 13. Relationships of gouge dilation with (a) coefficient of friction μ and (b) frictional stability (a–b) for both, the quartz–smectite mixtures and powdered natural
rocks; only average values are shown here. The grey triangles represent results from Kohli and Zoback (2013). Colored bars indicate phyllosilicate content.

Fig. 14. Normalized apparent permeability (k/k0) versus phyllosilicate content for (a) the quartz–smectite mixtures and (b) the powdered natural rocks at a normal
stress of 20 MPa; green circles indicate the average change in permeability values in a single experiment.

Fig. 15. Frictional strength–permeability relationship for (a) the quartz–smectite mixtures and (b) the powdered natural rocks at normal stresses of 10, 20, and 40
MPa. Frictional strength (μ) is evaluated at a shear velocity of 10 μm/s for the quartz–smectite mixtures, and at 3 μm/s for the powdered natural rocks. Colored bars
indicate phyllosilicate content.

F. Zhang et al. Geoscience Frontiers 11 (2020) 439–450
k
k
¼
�
1þ Δb

b

�2

¼
�
1þ Δh

h

�2

(8)

0 0

Equation (8) is used to infer the change in apparent permeability, and
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Fig. 14 shows the apparent change in permeability versus the phyllosi-
licate content for the two suites of gouges at a normal stress of 20 MPa.
Unsurprisingly, in the case where permeability change neglects any
nonlinear effects of grain comminution or particulate mobilization, the



Fig. 16. Frictional stability–permeability relationship for (a) the quartz–smectite mixtures and (b) the powdered natural rocks at normal stresses of 10, 20, and 40
MPa. The frictional stability parameter (a–b) represents the average value in each shear experiment. Colored bars denote phyllosilicate content.
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permeability evolution versus phyllosilicate content relationship is
similar to the relationship of gouge dilation – phyllosilicate content.

The relative permeability values for phyllosilicate-rich gouges in this
study are congruent to previous experiments which measured perme-
ability directly (Yasuhara et al., 2004; Ishibashi et al., 2013; Fang et al.,
2017a, 2018b; Wang et al., 2017). However, the results for permeability
evolution for phyllosilicate-poor gouges in this study are typically lower
than previous observations. A possible reason for this discrepancy is due
to the difference of gouge grain-sizes, and the impact of grain commi-
nution and clogging. Samuelson et al. (2009) suggested that the change
in gouge porosity (Δϕ) is equivalent to the gouge dilation relative to the
initial gouge thickness measured in double direct shear experiments. The
quartz–smectite mixtures and powdered natural rocks in this study span a
broad grain-size distribution. For instance, grain-size analysis indicates
that the powdered Fuling shale ranges from 0.131 to 164.331 μm. The
voids between coarse grains are filled by finer grains; thus, the porosity
may change slightly during shearing compared with previous studies
(Ishibashi et al., 2013; Fang et al., 2017a).

Since the frictional strength, stability, healing, and permeability of
both, the quartz–smectite mixtures and powdered natural rocks, scale
with phyllosilicate content, the relationships between permeability and
fault strength, stability, and healing may also be established
(Figs. 15–17). The permeability ratio k/k0 is positively correlated with
frictional strength μ and healing rate β, but negatively correlated with
frictional stability a – b. This is consistent with previous laboratory
measurements and numerical simulations on stability–permeability
Fig. 17. Frictional healing–permeability relationship for (a) the quartz–smectite mix
MPa. Colored bars show phyllosilicate content.
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relationships by Fang et al. (2017a), Wang et al. (2017), and Wu et al.
(2017). Phyllosilicate-poor gouge samples typically have higher fric-
tional strength and healing rate, and promote potentially unstable slip,
but show a higher permeability upon the velocity change during
shearing.

The mechanical integrity, low permeability, and high entry pressures
of caprocks are necessary for the integrity of water and CO2 injection
reservoirs (Vilarrasa et al., 2011; Hou et al., 2012; Corrado et al., 2014).
However, the presence of pre-existing faults and fractures can signifi-
cantly change the permeability of caprocks. This study shows that for
faults filled with phyllosilicate-poor gouge, unstable and dynamic slip is
readily arrested during fault reactivation. The friction–permeability re-
lationships further indicate that the reactivation of faults filled with
phyllosilicate-poor gouge undergo significant dilation, leading to an in-
crease in permeability. Meanwhile, high healing rates reflect rapid stress
recovery upon dynamic slip, rapidly decreasing gouge dilation. The
inference here is that although the reactivation of faults with
phyllosilicate-poor gouge can increase permeability, high healing rates
may accelerate a decreasing rate of permeability during rapid dynamic
slip. Thus, the reactivation of caprock faults with phyllosilicate-poor
gouge may have a negligible influence on permeability evolution.

5. Conclusions

This study systematically investigates the role of mineralogy on gouge
dilation and frictional strength, stability, and healing relationships for a
tures; and (b) the powdered natural rocks at normal stresses of 10, 20, and 40
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suite of synthetic gouges, quartz–smectite mixtures and powdered nat-
ural rocks. Velocity-stepping and slide-hold-slide experiments were
conducted to measure frictional stability and healing rates, respectively.
The friction–dilation relationship is applied to define the permeability
evolution of caprock faults and evaluate the change of normalized
apparent permeability. The conclusions drawn from this study are:

(1) The frictional strength of both suites of gouges systematically
decrease with increasing phyllosilicate content.

(2) Frictional stability measurements indicate a transition from
velocity-weakening (potentially unstable slips) to velocity-
strengthening (stable sliding) at about 20 wt.% phyllosilicate
content for both gouges. The frictional stability parameter a – b
monotonically increases for the powdered natural rocks, but pla-
teaus at higher phyllosilicate contents for the quartz–smectite
mixtures. When compared with phyllosilicate-rich samples, the
phyllosilicate-poor gouges generally show higher healing rates.

(3) Gouge dilation shows an overall decreasing trend with increasing
phyllosilicate content for both suites of gouges. Fault gouge dila-
tion also shows a strong dependence on critical slip distance and
stress conditions. The friction–dilation relationships suggest that
gouge dilation is positively correlated with frictional strength and
healing rates, and negatively correlated to frictional stability.

(4) Fault reactivation may have a negligible influence on permeability
change for phyllosilicate-poor gouge-bearing caprock faults.
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