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Abstract Fluid injection-triggered seismicity has
increased dramatically over the last decade with ele-
vated pore fluid pressures acting as a prime culprit.
Thus, understanding the effect of pore fluid pressure
on the mechanical and hydrologic behavior of frac-
tures and faults will illuminate the contributing and
dominant physical processes. We present concur-
rent measurements of shear displacement and flow
to quantify the evolution of frictional strength, stabil-
ity and permeability of schist during the full seismic
cycle. We use a miniature double direct shear (mini-
DDS) apparatus to conduct velocity stepping (VS
for stability) and slide-hold-slide (SHS for frictional
healing). Our results demonstrate that increasing pore
fluid pressures can stabilize frictional slip under oth-
erwise invariant effective stresses. This implies that
elevated pressures favor stable slip as a material char-
acteristic even in the absence of decreasing critical
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fault stiffness (thereby increasing stability) as a result
of decreased effective stress. However, the magnitude
of pore pressure does not control permeability evolu-
tion during velocity steps as pore pressure does not
control aperture dilation/compaction for an invari-
ant effective normal stress. During SHS tests, it is
shown that the magnitude of normalized permeabil-
ity change increases with hold time and that the rate
of permeability change generally decreases with the
increment of pore fluid pressure, suggesting that high
fluid pressures may limit permeability change during
interseismic response, although creep response may
still dominate over the long term.

Article Highlights

e Increasing pore fluid pressures stabilizes frictional
slip under invariant effective stresses.

e The magnitude of pore pressure is not a dominant
control on permeability evolution for an invariant
effective normal stress.

e FElevated pore fluid pressure reduces healing rate
and limits permeability change rate for invariant
effective normal stresses.

Keywords Rock mechanics experiments -
Permeability evolution - Frictional behavior of
fractures - Fluid pressurization
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1 Introduction

Elevated pore pressures are frequently observed with
triggered seismicity in both natural (Hubbert and
Rubey 1959; Sibson 1973; Andrews 2002) and engi-
neered geological systems that include wastewater
injection, hydraulic fracturing, CO, sequestration,
and geothermal operations (Deichmann and Giardini
2009; Frohlich and Brunt 2013; Bao and Eaton 2016;
Deng et al. 2016; Yoon et al. 2017;). The high pres-
surized fluid that injected into the reservoir may acti-
vate pre-existing nearby faults once the shear stress
along the fault reaches a critical value 7,. Based on
the concept of effective stress combined with a Cou-
lomb failure criterion, for a given fault, the critical
shear stress, 7. =y (o — Pf), is the product of a fric-
tion coefficient p (ranging from 0.6 to 0.85 in most
crustal rock types (Byerlee 1968) and the effective
normal stress, °'1’v =oy —Pf, applied on the fault.
Thus, the higher pore pressure P, decreases the effec-
tive normal stress and therefore lead to fault slip.

The onset of fault slip may be seismic or aseismic
depending on the frictional behavior of the fractures
(Dieterich and Kilgore 1996; Marone 1998a, b). In
addition, fracture permeability may evolve in either
of these stability modes. Experimental observations
have demonstrated that the friction-stability-perme-
ability relationship of a fracture is significantly con-
trolled by mineral composition (Fang et al. 2018) in
addition to roughness and other parameters. The dif-
ferent modes of slip modify asperity contact distribu-
tion and determine the permeability changes (Ishiba-
shi et al. 2018). Additionally, changes in driving
velocity, manifest as a change in shear rate, also result
in fracture dilation/compaction with such aperture
change directly controlling permeability evolution
(Faoro et al. 2009; Zhang et al. 1999).

Prior research have studied the impact of fluid
pressure on stability of fault /fractures with conflict-
ing results. Elevated pore pressure may lead to fault
slip due to reduced effective normal stress and may
lead to the transition from stable to unstable slip
(Sawai et al. 2016; Ougier-Simonin and Zhu 2015;
Scuderi et al. 2017). Conversely, some experimental
studies have shown that the increasing fluid pressure
increases friction at the same effective stress, which
stabilizes the fault. (den Hartog and Spiers 2013;
French and Zhu 2017; Xing et al. 2019). These appar-
ent disagreements may result from differing mineral
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compositions of the samples or the influence of other
first-order controls. However, the isolated impact of
pore pressure alone on stability parameters has yet to
be distinguished from the effect of effective stresses
alone.

In the following, we explore the impact of pore
pressure on frictional behavior of schist fractures,
including friction coefficient, stability parameters,
characteristic displacement and frictional healing
rate. We conduct a series of velocity-stepping and
slide-hold-slide experiments with varying pore pres-
sures, specifically to isolate the impact of pore pres-
sure on the frictional properties of fractures. We
increase confining pressures lockstep with pore fluid
pressures to retain effective stresses constant. Addi-
tionally, we examine the corresponding permeability
response throughout the experiments. Our results pro-
vide a fundamental understanding of hydro-mechan-
ical coupling processes for earthquakes induced by
fluid injection, and for the nucleation of seismic-
ity. This can be applied to predict fluid migration by
industrial injection activities in the reservoir.

2 Experimental method

We evaluate the influence of pore pressure on the fric-
tional properties of faults/fractures—including fric-
tional strength and stability and frictional healing rate
together with the concurrent measurement of fracture
permeability—to understand the coupled mechanical-
hydrological behavior of faults/fractures. We explore
this response through coupled shear-flow experiments
on fractures of schist (EGS-Collab Experiment) using
a novel mini DDS apparatus (Fig. 1a). The samples
are collected from the Precambrian Poorman forma-
tion at the Sanford Underground Research Facility
(SURF), located at the former Homestake Gold Mine,
Lead, South Dakota (White et al. 2018). The most
abundant rocks of the Poorman Schist formation are
the fine-grained carbonaceous banded mica (musco-
vite) schists and slates (Ye et al. 2019). To create the
double-direct-shear geometry, the sample is config-
ured as a prismatic rock coupon sandwiched between
two half-cylindrical cores within a hydraulically iso-
lating latex jacket. Sample dimensions and geometry
are shown in Fig. 1b. This experimental configuration
enables accurate measurement of friction by mini-
mizing the impact of jacket/membrane restraint. We
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Fig. 1 a Experimental configuration. b sample geometry and
dimensions. ¢ Sample core with strain gauge and belt. d A
typical curve showing frictional strength versus shear displace-
ment during velocity-stepping (VS) and slide-hold-slide (SHS)

first flatten the contacting rock using wet abrasion
to achieve consistent flatness. 1200 grit aluminum
oxide powder was then used to ground the contacting
surface to create reproducible roughness. The entire
assembled sample is then installed in a pressurized
core holder, where shear stress normal stress, and

Displacement,mm

experiments. e Responses in the frictional coefficient caused
by shear velocity up-steps and down-steps in VS experiments. f
Response of frictional healing in SHS experiments

pore pressure are individually controlled by servo-
controlled precision hydraulic pumps (A, B; Fig. 1a).
Shear displacement is measured by a linear variable
differential transducer (LVDT) that attached to the
loading piston driven by Pump B. Flow rate is created
by the pressure difference (Ap ~ 10 Kpa) between
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Table 1 Summary of

. Exp No. Confining pres- Pup KPa Pdn KPa Effective Hp Mg
experiments sure KPa stress Kpa
1 3200 200 190 3000 0.569 0.564
2 3400 400 390 3000 0.572 0.570
3 3600 600 590 3000 0.582 0.577
4 3800 800 790 3000 0.598 0.579
5 4000 1000 990 3000 0.625 0.619

upstream (Pump C) and downstream (Pump D) res-
ervoir, with pressures controlled by hydraulic pumps.
Permeability is then calculated based on Darcy’s Law
assuming steady state flow as,

_ u_wl(q+whv)
A Ap

k ey
where p,, is the fluid viscosity (8.9 X 10~* Pa-s), [ is
the flow path length, w and A, are width and height of
the central prism respectively, A is the cross-sectional
area of the sample perpendicular to the flow path, g is
the flow rate though the fracture, v represents the slip
velocity. The term why is used to correct the center
block intrusion into the specimen REV. Hydraulic
aperture (b,,) is estimated via the cubic law (Wither-
spoon et al. 1980), adapting the DDS configuration
that is designed to our system (Eq. 4, Im et al. 2019)
as,

1/3
bh:<(Q+whv)L12;4W> . @

2 AP w

An alternative method to estimate the change in
mechanical aperture is to record circumferential strain
(¢) of the sample assembly and then convert this to
fracture normal displacement by multiplying this by
half of the strain belt length (L,) (Im et al., 2019).
The circumferential strain is measured by a strain
gauge attached to the stain belt, which consists of a
0.127 mm thick aluminum shim wrapped around the
sample covering the two fractures (Fig. 1c). Thus,
aperture change is defined as,

1
b,=¢e* —L,.
y =€ oL, 3
We conduct all experiments under identical normal

effective stresses of 3 MPa, including pressure satu-
ration of the sample until flow stabilizes. Differential
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pore pressure (Pup-Pdn) is held constant (10 kPa)
and elevated slowly to new incremented value (see
Table 1). Confining stress increases concomitantly
with pore fluid pressure (Pc) so that the effective
normal stress is maintained constant. The sample is
subsequently sheared at constant rate (1 um/s) until
stabilized. We then define the peak friction coefficient
(up), steady state friction coefficient (uss), and calcu-
late initial steady-state fracture aperture (bh0).

We conduct velocity-stepping (VS) and slide-hold-
slide (SHS) experiments with typical procedures and
responses shown in Fig. 1d. VS tests are conducted
to get rate-and-state parameters by changing shear
velocity between 1 (blue) and 5 pum/s (grey) step-
by-step. The step number labelled in Fig. 1d shows
the velocity increasing step in black, and velocity
decreasing step in red. Detailed step information is
listed in Table.1. Following each velocity step, we
allow a shear displacement of 0.5 mm to achieve a
new steady state for consistent measurement fric-
tional parameters. We observe that a velocity increas-
ing step produces an instantaneous increase in the
frictional strength that decays over a critical slip dis-
tance, D, (Dieterich 1979, 1981). Our measurements
confirm this behavior. We calculate frictional stability
by calculating the rate and state parameter (a—b):

_H=Hy

In ( = )

Vo

where |1, and p are the steady state friction at sliding
velocities of vy and v. The stability factor (a-b) and
characteristic displacement (D,) are obtained from
the measurement as illustrated in Fig. le. We conduct
SHS tests involving three distinct hold periods, repre-
senting different times of interseismic repose, of 104,
10% and 107 s respectively. During the slide-hold-slide

sequence, Ap is calculated by the relative static fric-
tion change as illustrated in Fig. 1f.

a—b

“
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Table 2 Stepping sequence for velocity stepping (VS) experiments

Step No 1 2 3 5 6 7 8 9
velocity step(um/s) -5+ 5-1(=) 15+ 51(=) 15+ 51(=) 15+ 5-1(= 15+
Axial displacement(um) ~1500 ~2000 ~2500 ~3000 ~3500 ~4000 ~4500 ~5000 ~5500

3 Results

We present the results for (1) frictional properties of
the schist including the stability factor (a—b) and char-
acteristic displacement (D_) during VS experiments
and healing rate (f) during SHS experiments, and (2)
permeability response to stability in VS tests, and (3)
permeability evolution during the interseismic period
in the SHS experiments.

3.1 Frictional properties

We observe that frictional strength from all experi-
ments exhibits a peak frictional strength (x,)
from~0.57 to 0.63 decaying to a residual steady state
() strength of ~0.56 to 0.62 at shear displacement
of 1 mm (Table 2). The peak strength and steady sate
friction coefficient shows a linear positive trend with
pore pressure magnitude.

Figure 2 shows frictional properties under vary-
ing pore fluid pressure. Colors from cold to warm,
as shown in Fig. 2a, represents fluid pressures from
0.2 to 1 MPa. Open upward-triangles represent veloc-
ity increasing steps and solid downward-triangles
velocity decreasing step. We show the magnitude of
the frictional stability parameter (a-b) correspond-
ing with velocity steps under each pore fluid pressure
in Fig. 2a. The positive (a—b) values show that schist
has velocity strengthening behavior. An oscillating
response of frictional stability (a—b) for both velocity-
increasing and -decreasing steps are observed, with
a gradually weakening as pore pressure increase.
We plot stability parameter for both velocity increas-
ing and decreasing steps against each pore pressure.
The average value of (a—b) with the 99% confidence
interval is reported in Fig. 2b. The average (a-b) val-
ues (solid circles) increase with an elevation in the
pore fluid pressure, indicating that increased pore
fluid pressure has a stabilizing effect on slip. We
show the change in characteristic displacement (D)
relative to the velocity step number-sequence for
each pore pressure in Fig. 2c. The decreasing trend

of D, with successive velocity step indicates that a
shorter displacement is needed to reach steady state.
This may result from the changes in shear fabric and
shear localization. An increase in average D, ranges
from~70 to 100 um as pore fluid pressure increases
(Fig. 2d). This implies that the elevated pore pressure
could produce longer characteristic displacement, and
result in lower critical fault rheologic stiffness, and
thus strengthen the fault.

Figure 2e shows healing results for experiments
conducted at each pore fluid pressure. Frictional heal-
ing (dp) increases linearly with the logarithm of hold
time, consistent with previous work (Marone, 1998a,
b; Yasuhara et al., 2005; Carpenter et al., 2016). We
display the healing rate (f=Aw/loglOt,, where t, is
hold time) at each pore fluid pressure in Fig. 2f. The
rate of healing decreases with increasing pore fluid
pressure, implying that high pore fluid pressure inhib-
its healing.

3.2 Permeability responses to frictional stability

We present a typical curve of dynamic permeability
(black) during run-in and VS tests in Fig. 3a. Perme-
ability is converted to hydraulic aperture (red) using
Eq. (2) and compared with the strain gage measured
aperture (blue) in the same plot. The overlap of these
two aperture evolution curves indicates the agreement
of the two methods for estimating aperture normal
displacement. Permeability reduces within a millime-
ter of initial slip, potentially representing shear-driven
comminution of fracture asperities. This permeabil-
ity response is consistent with previous studies (e.g.,
Fang et al. 2017; Im et al. 2018; Ishibashi et al. 2016).
During the VS test, the permeability evolution exhib-
its rate-and-state behavior. An enhancement in per-
meability occurs when velocity decreases, followed
by a constant residual permeability that is higher than
the previous step. Conversely, permeability reduces
as velocity increases. This characteristic response
is amplified with increasing shear displacement. A
similar trend is also observed in aperture change. To
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where permeability change (AKk) is the difference
of the permeability before (k) then after (k) shear
velocity step. To minimize the impacts of perme-
ability fluctuation, both k, and k are calculated by
the average fracture permeability over a shear-dis-
placement window =+ 10 pm as shown in upper part of
Fig. 3b. A negative normalized permeability change
represents permeability reduction due to shear veloc-
ity change, and a positive normalized permeability
change the converse. The same method is applied to
calculate normalized strain-gage-measured aperture
change (Ab/b,). Normalized permeability change rel-
ative to velocity step number-sequence is shown for
all experiments conducted at different pore fluid pres-
sures (Fig. 3c) and shows that permeability reduces as
velocity increases and enhances as velocity decreases.
At the same effective stress, permeability changes
result mainly from compaction/dilation of fractures
due to the velocity change. This is suggested by the
linear positive relation between normalized perme-
ability change with change in aperture, as shown in
Fig. 3d. Most of the data inhabit the first and third
quadrants, indicating that dilation results in perme-
ability enhancement and compaction leads to perme-
ability reduction—as logically expected, absent the
presence of wear products. A few outliers inhabit the
second quadrant, suggesting that during the aperture
closure, permeability is increasing. This may result
from particle mobilization and unclogging effects
due to the mobilization of wear products by fluid flow
(e.g. Figure 9 in Candela et al. 2015).

The normalized aperture change under varing fluid
pressure versus velocity step size (In(v/v0)) is shown
in Fig. 3e. Normalized changes in aperture are posi-
tive (range 1-%) for velocity downsteps (inverted
solid triangles) except for a negative outliers (0~3%)
when pore pressure is as low as 0.2 MPa. Conversly,
the normalized aperture change, ranging from 0O to
7%, are all negative for velocity upsteps. These trends
suggest that fractures dilate when shear velocity
decreases and compact when shear velocity increases.
This is counter to previous observations both in
gouge and on fractures, as shown by the open green
and grey triangles (Samuelson et al. 2009; Ishibashi
et al. 2018). A mechanism explaining this apparent
contradiction is advanced later. Considering the sys-
tematics of permeability enhancement with aperture
dilation, all data appear exlusively in the first and
forth quadrants in Fig. 3f, indicating a correlation in
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permeability enhancement with dilation—as antici-
pated. Both pemeability enhancement (first quad-
rant) and reduction (forth quadrant) can occur during
velocity stepping. This suggests that pore pressure
may not be a dominating factor in controlling aper-
ture dilation/compaction based on velocity change at
the same effective normal stress.

3.3 Permeability evolution during interseismic
repose

The evolution of permeability is shown with both dis-
placement (Fig. 4a) and hold time (Fig. 2b) during
shear-hold-slide (SHS) experiments. Shear slip (blue)
and intervening holds (grey) are denoted by the top
bar. In these SHS experiments, samples are sheared
at a prescribed load point velocity (5 pm/s) followed
by ‘holds’ initiated by setting the load point veloc-
ity to zero. Detailed permeability evolution within a
single representative SHS experiment for the dashed-
boxed inset in Fig. 4b is highlighted and zoomed-in
in Fig. 4c. At the onset of a hold, we detect a per-
meability enhancement after sliding ceases but before
creep initiates. Permeability increases to a maximum
value before returning to its initial level. During hold
periods, permeability continuously declines without
any evidence of stabilization. Upon reloading and
reinitiating the slide, permeability decreases signifi-
cantly until reaching a steady state. Normalized per-
meability changes during a hold (Fig. 4c) where the
initial (ky) and end permeability (k;) in the second
hold (H2) are marked by light bule with the perme-
ability value shown alongside. We calculate the aver-
age value of permeability within a 20 s window at the
initiation and termination of each hold when perme-
ability stabilizes.

Normalized permeability change during holds is
shown relative to the log of hold time is shown in
Fig. 4d. The magnitude of normalized permeability
change increases with hold time. We then define per-
meability change rate as the slope of the normalized
permeability change versus hold time and relative
to fluid pressure. Permeability change rate generally
decreases with an increment of pore fluid pressure
(Fig. 4e), suggesting that high fluid pressure may
resists permeability change during the interseismic
response. A peak in the rate of change of permeabil-
ity is observed at fluid pressure of 0.4 MPa (Fig. 4e).
This may result from sample bias from the other
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Fig. 4 a Permeability evolution versus displacement and with
b time during slide-hold-slide experiments. ¢ Permeability
evolution during holds, where normalized permeability change

experiments, which is acceptable. Even if we cut the
sample from the same core and then prepare the sam-
ple to create reproducible roughness, there remains
the possibility that the sample roughness for Experi-
ment No.2 (fluid pressure is 0.4 MPa) is slightly
lower than the others, manifest as a lower normal-
ized permeability (Fig. 4d) and higher permeability
change rate during the SHS tests (Fig. 4e).

4 Discussion

4.1 Impact of elevated pore pressure on frictional
behavior

At the same effective pressure, our results prove
that the elevated pore pressures leads to an increase
in (a-b) that stabilizes fault slip. Several works have

is defined. d Normalized permeability versus hold time under
varying pore fluid pressures. e Permeability change rate versus
fluid pressure

shown the same effect of pore fluid pressure on gran-
ite (Brace and Martin1968; Martin 1980), serpentinite
(French and Zhu 2017), antigorite, olivine, quartz,
and chrysotile (Xing et al 2019), suggesting that the
resulting stabilizing effect may not be sensitive to
lithology. The stabilizing effect comes from dilatant
hardening, where cracks grow during brittle defor-
mation, resulting in larger pore space and reduced
pore pressure where fluid transport is undrained.
This results in a drop in the local effective stress and
a staunching of cracks growth or frictional slip (Rice
1975; Rudnicki and Chen 1988; Xing et al. 2019). It
shows that a larger D, results in a lower critical stiff-
ness that favor stable slip. This implies that slip for
the schist examined here will favor stable slip under
room temperature conditions. This study show that
elevated pore pressures result in increment in appar-
ent slip velocity dependence. This study highlights
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the importance of considering fluid pressure when
estimating the slip behavior of fault. Other minerals
may also show a correlation between apparent veloc-
ity rate dependence and fluid pressure—although this
remain to be investigated.

4.2 Permeability response to stepped shear velocities

Previous work has noted that fracture apertures/
fault gouges characteristically dilate during shear-
ing and that the magnitude of this dilation increases
with increasing velocity step size (Samuelson et al.
2009; Ishibashi et al. 2018; Li et al. 2019). This is
because the grains of the compacted asperities/dense
granular material interlock during compaction and
are constrained from moving. When sheared, rela-
tive motion between neighboring asperities/grains
produces a bulk expansion of the fracture aperture/
fault gouge—manifest as dilation. Our experiments
show a contrasting result, where aperture compac-
tion is observed when fractures are subjected to shear
deformation with an increase in shear velocity. This
is because the wear products generated during shear-
ing are in a relatively loose state under low effec-
tive normal stress, and therefore have the freedom to
move relative to each other. Since the schist exhibits
velocity strengthening behavior, a higher correspond-
ing shear stress results when shear velocity is sud-
denly increased. Additionally, there can be little dila-
tant hardening in our experiments as pore space is
refilled with water as soon as it is created, indicating
that shear stress mainly acts on comminuting mineral
particles generated from early breakage of asperities.
This will result in the continuous compaction of wear
products, rather than their dilation. Under our experi-
mental conditions, dilation may occur as shear rate
increases when the hard minerals (such as quartz)
produced by shear are difficult to comminute. These
may then be translated and rotated during the shear-
ing process (Fang et al. 2016). However, this is not
a dominating factor to control fracture permeability,
especially when the roughness of the surface is low,
and large granular particles cannot be generated as
only small asperities break. Considering all these fac-
tors, it is reasonable that shear at a higher rate results
in compaction, and a lower shear velocity results in
dilation under our experimental condition. As frac-
ture dilatancy of the aperture has a controlling effect
on permeability, normalized permeability change
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has a positive linear relationship with fracture aper-
ture changes due to velocity change—excepting some
outliers when compaction results in permeability
enhancement due to particle mobilization and unclog-
ging driven by fluid flow (Fig. 3d). This explains why
permeability enhances for velocity down-steps steps
and reduces for velocity up-steps. If these results can
be applied to real faults, we would conclude that dila-
tion would be largely independent of fluid pressure in
a fault zone under the same effective stress, and faults
tend to seal itself once it is reactivated and shear with
higher velocity (Fang et al. 2017; Faoro et al. 2009;
Wang and Scholz 1994).

5 Conclusions

We perform laboratory experiments to systematically
explore the controls of pore pressure on the frictional
behavior and healing on schist fractures. We conclude
the following:

Our results show that the average frictional stabil-
ity parameter and characteristic displacement both
increase with an elevated pore pressure. This suggests
that increased pore pressure leads to an increase in the
apparent slip velocity dependence of frictional slid-
ing, and thus has a stabilizing effect on slip. Higher
pore pressure also increases characteristic displace-
ment, resulting in a lower critical fault rheologic stiff-
ness and hence in the strengthening of faults.

The result shows that most of normalized perme-
ability changes linearly with normalized aperture
change, indicating that aperture compaction/dilation
is the key mechanism to determine fracture perme-
ability. However, increasing pore pressure does not
always cause increment in permeability under the
same effective stress. This may suggest that pore
pressure is not a dominant factor in controlling aper-
ture dilation/compaction based on velocity stepping at
the same effective normal stress. Therefore, changes
in the magnitude of pore pressure do not dominantly
control permeability evolution during a stepped
velocity change.
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