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SUMMARY

Mechanisms controlling fracture permeability enhancement during injection-induced and nat-
ural dynamic stressing remain unresolved. We explore pressure-driven permeability (k) evo-
lution by step-increasing fluid pressure (p) on near-critically stressed laboratory fractures in
shale and schist as representative of faults in sedimentary reservoirs/seals and basement rocks.
Fluid is pulsed through the fracture with successively incremented pressure to first exam-
ine sub-reactivation permeability response that then progresses through fracture reactivation.
Transient pore pressure pulses result in a permeability increase that persists even after the
return of spiked pore pressure to the null background level. We show that fracture sealing is
systematically reversible with the perturbing pressure pulses and pressure-driven permeabil-
ity enhancement is eminently reproducible even absent shear slip and in the very short term
(order of minutes). These characteristics of the observed fracture sealing following a pressure
perturbation appear similar to those of the response by rate-and-state frictional healing upon
stress/velocity perturbations. Dynamic permeability increase scales with the pore pressure
magnitude and fracture sealing controls the following per-pulse permeability increase, both in
the absence and presence of reactivation. However, initiation of the injection-induced reacti-
vation results in a significant increase in the rate of permeability enhancement (dk/dp). These
results demonstrate the role of frictional healing and sealing of fractures at interplay with
other probable processes in pore pressure-driven permeability stimulation, such as particle
mobilization.

Key words: Fracture and flow; Friction; Permeability and porosity; Geomechanics; Seismic
cycle; Induced seismicity.

briefly (seconds to minutes) perturb the stress field, but the subse-

I INTRODUCTION quent changes in permeability are typically more persistent (days to

A significant portion of fluid flow in the brittle upper crust occurs
through high-permeability pathways, such as faults and fractures.
Moreover, evidence shows that permeability in fracture-dominated
formations are disproportionately sensitive to even small changes
in effective stress. For example, observations from hydrocarbon
reservoirs and aquifers demonstrate changes in production rates
and water well levels with the passage of seismic waves (Stein-
brugge & Moran 1954; Voytov et al. 1972; Roeloffs 1998; Brodsky
et al. 2003; Elkhoury et al. 2006). Transiting seismic waves only
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weeks; Rojstaczer & Wolf 1992; Brodsky et al. 2003; Elkhoury et al.
2006; Manga et al. 2012; Xue et al. 2013), requiring a mechanism
that contributes to this persistence. Analogously, direct evidence
of permeability increase in response to anthropogenic fluid injec-
tion has also been observed—first in the form of pure fault-normal
opening and then together with aseismic then seismic slip with
the continuation of injection (Guglielmi et al. 2015). Interestingly,
faults could be destabilized by injection-induced stress perturba-
tions that are as small as 107> MPa (McGarr et al. 2002), and by
even smaller pressure changes imposed by the passage of seismic
waves (10~% MPa; van der Elst & Brodsky 2010; Manga et al. 2012).
In such cases, the reduction in effective stress due to pore pres-
sure perturbations results in shear reactivation—contributing to the
permeability evolution of natural faults as also implied in reservoir
stimulation treatments (Zoback et al. 2012; Mukuhira et al. 2017).
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The causative hydro-mechanical processes implicated in this
complex fracture permeability response to fluid overpressures have
been partly constrained by field- and laboratory-scale observa-
tions. Transiting oscillatory stresses following far-field earthquakes
may remove and deposit colloidal material within the fracture net-
work, leading to post-seismic changes in the fluid pressure field
as observed in water wells (Brodsky et al. 2003; Elkhoury ef al.
2006). This flux-driven particle mobilization model for dynami-
cally enhanced fracture permeability has been found viable also
based on observations from the pore pressure oscillation experi-
ments (e.g. Roberts 2005; Elkhoury ef al. 2011). Similarly, dual-
permeability media may exhibit differential undrained poroelastic
response, which suggests poromechanical origins for the enhanced
fracture permeability (Faoro ef al. 2012). Both mechanisms, that is
particle mobilization and transient excess pressurization, predict en-
hanced permeability that is gradually recoverable with the removal
of dynamic stresses. Conversely, for highly stressed fault damage
zones, permeability increase may be the result of microfracturing
that is driven by stress perturbations (Mitchell & Faulkner 2008).
This permits a crack closure-related recovery of the enhanced per-
meability with reduction in stresses—but not to the initial levels due
to the microfracture damage that is permanent. Intriguingly, exper-
imental dynamic stressing has only rarely been reported to result
in decreased fracture permeability (e.g. Liu & Manga 2009). This
response was primarily attributed to redistribution of fine particles
(effects of clogging and unclogging) and to the decrease in fracture
aperture width resulting from this particle redistribution.

The proposed mechanisms for the dynamically enhanced fracture
permeability (by Brodsky et al. 2003; Mitchell & Faulkner 2008;
Faoro et al. 2012) have recently been examined in a comprehen-
sive set of pore pressure oscillation experiments (Candela et al.
2014). Microstructural investigation of the post-experimental frac-
ture surfaces showed pore throats that are relatively cleared of the
pre-existing fine particles closer to the preferential flow paths, with-
out any evidence of microfracturing. Additionally, the magnitude
of permeability increase and the rate of permeability recovery were
reported to be affected by pore fluid chemistry, unlike the model
suggested by Faoro ef al. (2012). It was concluded that flux-driven
particle mobilization may be the most probable mechanism, among
the three proposed, dominating the fracture permeability increase
in response to transient stresses at laboratory scale (Candela et al.
2014).

Meanwhile, a variety of shear-permeability experiments have ex-
plored static shear loading (monotonic rather than ephemeral load-
ing) more than fluid injection, typically indicating dilation-induced
permeability enhancement (e.g. Yeo et al. 1998; Chen et al. 2000;
Gutierrez et al. 2000). Of the limited number of injection-induced
permeability experiments, those involving strongly mated tensional
fractures (Ye & Ghassemi 2018) have registered strong permeabil-
ity increase but are not necessarily representative of natural faults.
Conversely, experiments with initially non-mated contacts show
shear permeability reduction due to comminution and clogging of
asperities (Asahina et al. 2019) or temporal permeability enhance-
ment only during the slip phase (Nemoto ez al. 2008). Furthermore,
these experiments do not consider the permeability contribution
of pressure-driven stimulation (absent shear deformation; Candela
et al. 2014) in their analysis.

Previous studies have revealed complex interactions impacting
permeability evolution during fracture reactivation; in that, shear
slip deforms fracture walls through destruction and rearrangement
of asperity contacts (Elsworth & Goodman 1986; Im ef al. 2019),
which may result in permeability increases (e.g. Barton ez al. 1985;

Wang et al. 2017) or decreases (e.g. Teufel 1987; Faoro et al. 2009).
Among the controls over the sense of shear permeability evolution,
more recently, compaction-induced fracture surface mating during
pre-slip interseismic repose has been demonstrated (Im et al. 2018,
2019). Such recent advances in our understanding of shear per-
meability behavior has proven even more that laboratory testing
of injection-induced fracture permeability evolution is needed to
more accurately account for the physical interplay of processes in
application to stimulation engineering (e.g. Mukubhira et al. 2017).

In the following, we explore hydraulic and mechanical behavior
of fractures in response to both the separate and combined effects
of pore pressure-dominant dynamic stressing and injection-induced
shear deformation to account for their individual impacts. This is
completed through the continuous measurement of fracture per-
meability evolution with stress and frictional shear where repeated
fluid-pressure pulses are applied in flow-through experiments on
pre-stressed fractures. The experiments are conducted over a range
of spiked pore pressure magnitudes that are first incapable of reac-
tivating the fractures but then indeed reactivate them. The results
emphasize the systematically reversible and reproducible nature of
dynamic fracture permeability evolution in response to the inter-
play between effective stress, fluid pressure, clogging and healing
effects.

2 METHODS

To explore the impact of dynamic pressures and induced slip on per-
meability evolution, we concurrently monitor fracture permeability,
shear stress and displacement responses to the pulses of succes-
sively incremented pore pressure and repeated pressure pulses of
identical-magnitude. These are completed in well-constrained flow-
through experiments on saw-cut fractures in impermeable rock un-
der recreated in situ stresses. The samples are confined within a
triaxial pressure cell where the fractures are subjected to indepen-
dently controlled confining stress, shear stress, and pore pressure

(Fig. 1).

2.1 Materials and sample preparation

The experiments are conducted on functionally impermeable
shales (Green River shale) and schists (Poorman Formation)—
representative of sedimentary reservoirs/seals and basement rocks,
respectively (Goebel & Brodsky 2018). The Eocene Green River
shale is sampled from Grand Junction, Colorado from a sequence
of organic-rich fine-grained rocks of lacustrine to fluvial-lacustrine
origin (Self ef al. 2010). Mineralogical characterization of these
shale samples through X-ray diffraction indicates a high carbonate
and low clay content (carbonate ~52%, tectosilicate ~46%, phyl-
losilicate ~2%; Fang et al. 2017). Matrix permeability (to Helium)
is of the order of 10723 to 10722 m? (Yildirim ef al. 2019) which
is in agreement with previous permeability measurements on other
Green River shale samples (order of magnitude of 1072 to 10723 m?
to oil after brine saturation; Sandvik & Mercer 1990). The Precam-
brian Poorman schist samples are recovered from a near-vertical
borehole (KISMET-005) with collar at 1478 m below surface in the
West Access Drift of the Sanford Underground Research Facility
(SURF), Lead, South Dakota. These samples are from a sequence
of well-banded, intensely folded and carbonate-bearing schists and
phyllites (Caddey et al. 1991) with a mineralogical composition of
~48% carbonate, ~29% phyllosilicate, and ~23% tectosilicate (Ye
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Figure 1. Schematic diagram illustrating the triaxial pressure cell and the double direct shear configuration of the sample. Dashed purple box outlines the
sample in the cell. Each of the three servo-controlled pumps attached to the pressure cell is controlled independently.

et al. 2020). Null-recorded flow in samples identify matrix perme-
ability in the sub- 1072° to 107! m? range.

We prepare three different Poorman schist samples and a sin-
gle Green River shale sample to perform a total of four pore pres-
sure stepping experiments (PS1, PS2, PS3, GRS1). Cylindrical core
plugs from these rocks are split into two half-cylinders flanking a
central prismatic coupon and sheared in double direct shear geom-
etry (Figs 1 and 2). Fracture surfaces are flattened and smoothed
using sand paper, then roughened with abrasive powder to create
uniform roughness on each sample. The schists are roughened with
#320 grit (~0.03 mm diameter) abrasive powder while the shales
necessitate even rougher fracture surfaces (#150 grit; ~0.08 mm di-
ameter) to allow measurable flow in the experiments. The prepared
sample for each experiment is hydraulically isolated within a latex
jacket and placed in the pressure cell.

2.2 Experimental setup and procedure

Each of the three servo pumps attached to the triaxial pressure cell
applies independent pressures (Fig. 1). Fluid flow parameters for
each pump (fluid volume, flow rate and pressure) are continuously
tracked during the experiments. Pump A controls the confining
pressure (normal stress) on the fractures which is kept constant
at 3 MPa throughout the entire experimental suite. The loading
piston that advances the central rock coupon is driven by Pump B
which applies shear-loading at a prescribed constant displacement
rate and enables the monitoring of shear stress. A Linear Variable
Differential Transformer (LVDT) mounted to the loading piston
continuously records the shear offset of the sample. Pump C injects
pore fluid through the fracture pair towards an outlet that is open
to atmospheric pressure. The total effective permeability of the
two fractures forming the double direct shear geometry (fracture
permeability, k) is calculated based on Darcy’s law (eq. 1) as

L
P M9

A Pp’ M

where L is the flow path length, 4 is the cross sectional area of
the sample perpendicular to the flow path, Q is the flow rate, Pp
is the differential (end-to-end) pore pressure across the sample and

w is the fluid viscosity of the de-ionized and de-aired water that is
permeating this system (8.9 x 10~* Pa-s). Considering the negligible
matrix permeability of the samples, these calculations assume fluid
flow to be completely through the fractures. This equation dictates
direct proportionality of flow rate to fracture permeability provided
constant u, L, A and Pp.

Designed as analogs of processes that are ubiquitously present
in a spectrum of brittle regimes, these experiments are conducted
at a constant normal stress of 3 MPa which is within the range of
in situ effective normal stresses that is estimated to be comparable
to those acting on the optimally oriented fractures in overpressur-
ized portions of shallow crustal depths (Fang et al. 2017). This is
consistent with stresses on the in situ field scale fault-reactivation
studies conducted by Guglielmi er al. (2015), as well as with a
series of experiments equally exploring processes in brittle failure
and friction (e.g. Fang et al. 2017; Im et al. 2018, 2019). We ini-
tiate each experiment by applying a confining stress of 3 MPa that
is retained constant throughout the experiment. Then, we initiate
flow through the fractures by assigning an upstream pore pressure
that discharges to atmospheric pressure downstream. Pore pressure
differential (P py) is selected aiming for a measurable flow rate that
is sensitive to the anticipated permeability evolution driven by the
pressure pulses. Initial fracture permeability is difficult to control
and varies between samples (cubic dependence on aperture; With-
erspoon et al. 1980)—hence, the initial flow rates are adjusted for
sensitivity by controlling this pore pressure differential. Artifacts of
fracture re-assembly (Im ef al. 2018) are minimized by shearing the
initial 4 mm offset with a constant shearing velocity of 10 ums™ to
bed-in the sample. Following this, the sample is held at a constant
confining stress over an extended period (Fig. 3a). These pre-slip
hold periods in slide-hold-slide experiments are known to reset
fracture permeability prior to reactivation (Im et al. 2018)—with
resetting magnitudes sensitive to experimental parameters (e.g. Im
et al. (2018) report varying fracture sealing rates between exper-
iments on similar Westerly Granite samples with different initial
fracture permeability.). Nevertheless, we estimate the minimum du-
ration of the hold that would prime these fractures to range from
minutes to hours based on results from the previous slide-hold-
slide experiments on Poorman schist (Yildirim et al. 2018) and
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Figure 2. Fracture surfaces of the samples from (a) the Poorman schist and (b) the Green River shale, before (left-hand panel) and after (right-hand panel) the
experiment. Poorman schist samples are from an earlier pressure stepping experiment (PS0 in Fig. S6). Note the almost uniform appearance of the Green River
shale surfaces in contrast to the distinctly foliated Poorman schist surfaces. Sample size of the central rectangular prisms in (a and b) is ~0.004 x 0.024 x

0.038 m>.

Green River shale (Im et al. 2018) which were conducted with
confining stresses similar to these experiments. The shortest hold
period applied prior to pressure stepping is in PS2 (~8 hr) with
longer durations in the other three experiments.

Pore pressure stepping begins following the hold period. Boxcar
pulses of increased pore pressure are applied for 5 s each, with an
intervening period of 120 s at the background pore pressure gra-
dient (P py) between successive pulses. Each pulse is applied at
a peak pore pressure that is step-incremented relative to the pre-
ceding pulse (APp = Pp, — Pp,_;; where n is the pulse num-
ber). Isolating each pressure step with a preceding and succeeding
waiting time (hold) at the background pressure gradient allows the
measurement of fracture permeability response to each individual
pressure pulse. Fracture permeability following each pulse (k) is
recorded towards the end of the pulse-succeeding intervening hold,
immediately before the next pressure pulse (Fig. 3b). 120 s is suf-
ficiently long for a steady state flow regime to establish, absent
storage effects, and short enough to not include the extensive chem-
ical compaction/healing/sealing effects which are known to occur
over minutes to hours, to days (Im ez a/. 2018), and to months (Ya-
suhara et al. 2004). For the final four pulses in each experiment, we
stop step-increasing the pressure and simply apply the same pore
pressure at each step. The final pulse is preceded by reapplying the
shear stress (piston chamber pressure) in order to critically stress
the fractures for an induced reactivation upon pore pressure per-
turbation. Following the pressure perturbation stage, we apply an
additional hold and then directly reactivate the fractures through
shear loading at constant velocity (s/ide) in order to evaluate the
role of fracture healing and sealing on response (e.g. PS2 and PS3;
see supplemented data for other cases).

Experiments in this study are designed to elucidate various as-
pects of fracture permeability response to dynamic pressure changes
and flow-induced shear slip. Chronologically the last two experi-
ments (PS3 and GRS1) are specifically targeted at resolving the re-
sponse at the transition from the reactivation-absent to reactivation-
present pressure pulses. Therefore, experimental parameters are
arranged considering fracture criticality and the protocol is slightly
altered accordingly between the individual experiments. We observe

that fractures in our experiments become non-critically stressed due
to (presumed) slow creep during the extended hold periods before
the pressure stepping. According to the results from Byerlee’s ex-
periments (1978), we expect a coefficient of sliding friction of at
least 0.6—0.85 for the shear failure of fractures. Additionally, frac-
ture criticality at the conclusion of the pre-slip hold period in each
experiment is evaluated with reference to the critical shear strength
demonstrated by each fracture pair during the initial shear-in. Based
on this evaluation, we reload shear stress to a near-critical level (i.e.
close to the fractures’ frictional strength) before initiating the pres-
sure stepping in PS1, whereas the other experiments (PS2, PS3 and
GRSI1) are performed without this shear loading. Therefore, the
fractures in PS1 become critically stressed and primed for slip prior
to the pressure perturbations. Conversely, the fractures in PS2, PS3
and GRS1 remain non-critically stressed without the shear load-
ing. Two of these experiments, PS3 and GRS1, are conducted with
relatively lower initial pore pressure (P p,) and smaller pressure
increments (A Pp) than PS1 and PS2; therefore, injection induces
shear reactivation only after multiple pulses—allowing a separate
analysis of shear-absent and shear-associated events. Overall, the
total number of pore pressure pulses and their magnitudes (Pp) are
varied between experiments. The reason for this is twofold. The first
is scientific—to ensure that the transition from no-reactivation to
reactivation is captured. And the second is pragmatic—to complete
the experiments with a single filling of the pump chamber, where
refilling then restarting disrupts the continuity of the effective stress
regime and potentially invalidates the experiment. Details of each
experiment are displayed in Table S1 in the supporting information.

3 RESULTS

We present detailed results from four pore pressure stepping ex-
periments probing the separate and combined effects of dynamic
stressing and injection-induced shear reactivation on fracture per-
meability and friction evolution (Fig. 4). After equilibrating the
fractures with a long hold period, each experiment proceeds by
applying successive pulses of step-increased pore pressure, fol-
lowed by four pulses of identical-pressure. Optionally, a final hold
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Figure 3. (a) Full record of the complete multistage experiment performed in PS3. During the pressure stepping, differential pore pressure is progressively
increased with per-pulse increments of 30 kPa from P p; = 250 kPa to P ps3 = 1810 kPa. Details of the procedure and the experimental parameters in all
experiments are shown in Table S1. (b) Zoomed-in view to a few pulses of the pressure stepping portion of the same experiment. Note that the displacements
are driven only by the pore pressure pulses (i.e. they are ‘induced’ slip). Red curve represents the running average of the measured fracture permeability (blue
curve). Dashed black lines mark the approximate permeability readings for pulses P po3 and P pp4. Here, kog — ko3 gives the permeability increment due to

P pogs.

period and shear offset follow dynamic stressing. These experi-
ments recover a broad range of hydraulic and mechanical responses
to pulsed pore pressures which become capable of inducing fracture
reactivation with the progressive increments in magnitude.
Temporal fracture permeability evolution in response to pore
pressure pulses, holds, and slides in experiments GRS1, PS3, PS2
and PS1 are displayed in Figs 4(a)—(d). Additionally, concurrent
displacement response at the transition from the reactivation-absent

to reactivating pressure pulses in GRS1 and PS3, as well as the
shear strength and friction evolution in PS3 are displayed as insets
in Figs 4(a) and (b). Since permeability evolution is evaluated at a
constant normal stress and a constant background pore pressure, we
consider shear strength evolution as representative of the evolution
of friction in each pressure stepping experiment. The complete
results are provided in the supporting information, including the
calculated friction coefficient evolution (Figs S1-S4).
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Figure 4. Fracture permeability evolution due to dynamic pressure perturbations and the additional hold and slide in experiments with samples from the
Green River shale (GRS1; panel a) and the Poorman schist (PS3, PS2, PS1; panels b, ¢, d). Dashed red lines with red stars mark the initiation of shear slip
resulting from the injection at increased pore pressure. Displacement responses to stress perturbations at the moment shear reactivation starts in GRS1 and PS3
are shown in respective insets in (a and b). Friction and shear stress evolution in PS3 is shown in the second inset in (b). Inset in (c) shows a representative
portion of the pore pressure, which is incremented in successive pulses before applied at a constant magnitude during the final four pulses (the final pulse in
the critically stressed state). Shear loading is marked by orange shading (also in Fig. 8).

k 20 min PS1

Time

3.1 Permeability enhancement and step-increasing pore peaks by the time the applied overpressurization finalizes, which
pressure pulses is followed by a gradual decrease in permeability during the pulse-
succeeding hold period. These decreases in the observed permeabil-

These experiments show that fracture permeability increases in . .
P P Y ity are gradual but become accelerated through the higher-pressure

response to step-increased pore pressure. Permeability increase
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pulses. Pump over- and undershoots during pulsing, together with
fluid storage effects, prevent permeability from being accurately
determined during dynamic stressing. Nevertheless, permeability
changes are accurately interpreted from the steady state conditions
once these effects disappear (Fig. 4).

Shear slips are induced by the elevated pore pressure in the early
phases of pulsing in PS1 and PS2 (red stars in Figs 4d and c, respec-
tively) and only after multiple pulses in PS3 and GRS1 (Figs 4b and
a). Therefore, the early stages of the latter two experiments showcase
the response to transient stresses that are incapable of inducing shear
deformation (as in Elkhoury et al. 2011; Candela et al. 2014, 2015).
Shear reactivation response is immediate at stress perturbation and
is followed by a reduced creep velocity. Injection-induced shear
offsets are typically a few microns in these experiments. Spikes
in the shear stress and displacement responses to higher-pressure
pulses are not associated with the actual fracture slip (Figs S1-S4).
These are artifacts resulting from the upstream pressure pushing the
loading piston backward.

‘We report that all experiments result in a major increase in frac-
ture permeability with dynamic stress perturbations, both in the ab-
sence and presence of injection-induced shear deformation. Step-
increases in pore pressure perturbs fracture permeability starting
with the seventh pulse in experiment GRS1 (Fig. 4a). Permeabil-
ity increases steadily with the uniform permeability increments of
~0.5 x 107'® m? (normal dilation only) in response to the consec-
utive pressure increments of 25 kPa. By the time that the injection
starts inducing slip on the fracture (with P p,s), permeability has
already been enhanced to ~7.5 x 107! m? from an initial value
(ko) of ~3.4 x 107'7 m?. This represents a cumulative permeability
increase of ~7.16 x 107'° m? as a result of a total transient pore
pressure change of 0.6 MPa over the background pressure gradient.
Similarly, fracture permeability starts increasing with the second
pressure pulse in PS3 (Fig. 4b). The total transient pressure change
of 0.33 MPa throughout the first 11 pulses derives a permeability
increase of ~3.7 x 107! m?, from an initial value of ~2.0 x 107
to ~5.7 x 1071 m?, before the first induced shear reactivation with
P py,. Permeability continues to increase in a positive correlation
with the applied pressure magnitude even after the initiation of

injection-induced shear slip in both experiments. However, a ma-
jor slope change in fracture permeability enhancement (dk/dp) is
remarkable with the start of induced slip.

Shear reactivation is induced in the early phases of the other two
experiments on Poorman schist. In PS1, shear stress is reloaded
close to the frictional strength of the fracture before initiating the
pulses. Then, the first pressure pulse is applied as the maximum
pore pressure increment compared to the rest of the pulses in the
experiment. This results in a strong shear slip (~0.021 mm) on
the critically stressed fracture, with permeability doubling over the
initial permeability (from ~1.3 x 10715 to ~2.6 x 107> m?; Fig. 4d).
This maximum per-pulse permeability increment represents ~37%
ofthe cumulative permeability increase achieved in this experiment.
In PS2, shear slip is induced starting with the second pulse (Fig. 4¢).
As the only pressure pulse that does not induce reactivation, the first
pulse enhances permeability from ~4.4 x 1071 to ~7.0 x 107'* m?,
resulting in a permeability increase of ~2.6 x 107'® m? for a stress
perturbation of 0.17 MPa. With smaller pulse pressure increments
in the remainder of the experiment (0.05 MPa), this permeability
increase remains as the largest in PS2.

Absolute and normalized permeability enhancements (Ak =
k., —ko and Ak/ky) in all four experiments are shown in
Figs 5(a) and (b). Fracture permeability generally increases with
step-increased pore pressure in successive pulses. This increase is
by up to about an order of magnitude in the experiments on Poor-
man schist (from ~2.0 x 107'% to ~1.9 x 107> m? in PS3) and by
more than two orders of magnitude in GRS1 (from ~3.4 x 107" to
~7.5 x 107" m?). Total equivalent hydraulic aperture increase of a
single fracture in each experiment is 3.4, 3.2 and 3.6 pm in PS1-3,
and 9.1 um, in GRS1 (using cubic law; Witherspoon et al. 1980;
Im et al. 2018).

3.2 Permeability response to pressure pulses in the absence
and presence of injection-induced shear reactivation

Fig. 6 shows a detailed analysis of the fracture permeability response
in GRS1 and PS3 to pore pressure pulses that are first incapable and
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Figure 6. Cumulative permeability increase (k, — ko; a and c) is accelerated by the increase in per-pulse permeability increments (k, — k,—1; b and d)
following the initiation of injection-induced shear slip (at P p25 in GRS1 and P p; in PS3). Note the slope change in permeability increase versus pore pressure
gradient both in (a) GRS1 and (c¢) PS3. Inset in (b) shows the shear-absent permeability increments in the two experiments together (AP pgrs1 = 25 kPa and
AP pps3 = 30 kPa). Dashed curves are fitted to data except for the one in (b), where the scattered increments do not represent a clear trend for a fit. The
horizontal line in (b) denotes the mean per-pulse permeability contribution (~1.5 x 107'® m?) predicted by the shear-associated trendline in (a). Permeability
behavior under ‘pure’ dynamic normal stress perturbations, absent shear reactivation, is not clear beyond our experimental suite. Such behavior may be the
continuation of the fitted linear trends in (a) and (c) or may adopt any other trend (e.g. logarithmic increase) as also outlined in (c). An exemplary portion of
the shear-associated permeability increase in GRS is shown in zoomed-in view in (a). Similar analysis of the results from PS1 and PS2 are included in the

supporting information (Fig. S5).

then capable of inducing shear slip. In both experiments, perme-
ability increases with pressure regardless of the association of slip.
However, initiation of the injection-induced shear slip results in a
slope change in the permeability increase (dk/dp, Figs 6a and c).
Fracture permeability enhancement is significantly accelerated by
an increase in the per-pulse permeability increments, particularly
following the second shear-associated pressure pulse in both exper-
iments (Figs 6b and d).

Both in PS3 and GRS1, the second slip-associated pulse induces
a larger shear offset than the first one (e.g. dj= ~1 um and d;=
~4 um in PS3; Fig. 4b inset), also producing the larger permeabil-
ity increase. In fact, the maximum permeability increment occurs
with the second shear reactivation in both experiments. The first
shear-associated pulse in PS3 (P pyy) induces a larger permeability
enhancement than the previous pulses, whereas no such response is
observed in GRS1 (P pys). In GRS, the second induced slip (P pae)
results in a large step-wise increase in permeability from ~7.6 x
100 to ~2.2 x 10715 m?.

Intriguingly, experiments exhibit differences in the permeability
evolution in response to dynamic pressures and its coupling with the
induced shear reactivation. The cumulative permeability increase
follows a linear trend in GRS1 both before and after the initiation of
shear slip, yet with a change of slope in permeability increase with
pressure (Figs 6a and b). Permeability increases linearly also in the
shear-absent portion of PS3 but it adopts a polynomial trend when
dynamic stresses are coupled with shear reactivation (Fig. 6¢). The
variation in per-pulse permeability response to each incremented

pore pressure is comparable between the pre-induced-slip portions
of the two experiments (PS3 and GRS1; Fig. 6b inset), with the
response to the first few pulses being smaller than the followings
in both of them. In PS3, the slip-inducing pore pressures result
in progressively smaller permeability increments with each pulse.
These shear-associated permeability increments are always positive
but decline in successive magnitude (Fig. 6d), which results in a
slowing but continuous increase of permeability with the sequence
of pressure perturbations (Fig. 6¢). Similar shear-associated perme-
ability behavior is observed in the other PS experiments (Fig. S5). In
contrast, permeability increments become much more scattered in
GRS1 without a clear decreasing trend. Shear-driven spontaneous
incorporation of negative- and null-changes between the positive
permeability increments leads to an intermittency in the cumulative
permeability increase (Figs 6a and b). Nevertheless, permeability
increases following a linear trend even with the intermittency. Since
permeability generally increases with the applied pulses of the step-
increasing pore pressure differential, any correlation (or lack of it)
between the applied changes in pore pressure and the resultant per-
meability increments is also reflected in the relationship between
the initial permeability (k,_; ) and the per-pulse permeability change
(ky — ky—1, Fig. 7).

The anticipated contribution of the ‘pure’ dynamic stresses (ab-
sent shear deformation) is outlined in the extrapolations of Figs 6(a)
and (c). Nevertheless, we note that the described dynamic perme-
ability behavior in the absence of shear slip is valid only for the
range of pore pressures explored. For example, projection of the
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Figure 7. Initial permeability (k,_1) versus permeability change (k, — k,—1) for pulses in all experiments. Only the response to the pulses of uniformly
incremented pressure are plotted; that is, response to P p; in PS2 and PS1 are excluded. Inset shows the response in GRS1 after the start of shear slip (pulses
P pys and P pys are excluded), together with the results in the main panel. Pore pressure increments are different for each experiment (see Table S1).

no-slip linear permeability increase in PS3 exceeds the observed
cumulative permeability increase, which is unrealistic (Fig. 6c).
The behavior over prolonged dynamic stressing is not clear beyond
our experimental data.

3.3 Permeability response to repeated uniform-magnitude
pore pressure pulses

The highest-pressure pulse in each experiment is repeated a total
of four times, following the sequence of successively incremented
pore pressures (e.g. Pps3 ~ Ppss of experiment PS3 in Fig. 8).
Fractures are near-critically stressed through shear-loading only be-
fore the final repeated pulse. This set of pulses demonstrates that
reapplication of a pulse at the same peak pressure does not induce
any further displacement, unless the fractures are critically stressed
before the repeated pressurization. The critically stressed fractures
show substantial shear slip upon application of the final pulse. Com-
parably, when fractures are not reactivated by the pulsed-injection,
permeability shows no further enhancement and attains similar val-
ues in response to repeated pulsing at the same pressure (Figs 8b
and d). In contrast, permeability is enhanced further by the slip-
inducing fourth pulse—by up to ~45% in PS2 (from ~2.0 x 107"
to ~2.9 x 107" m?) and ~47% in GRS1 (from ~5.3 x 107 to
~7.8 x 1071 m?).

Enhanced permeability response to the first application of the
pulse is perfectly reproduced with the following two reapplications
in all experiments with Poorman schist (note the green, orange and
blue markers stacked at k,/ky_; = 1 for these three consecutive
pulses in Fig. 8d). This reproducibility appears imperfect in GRS1,
although the second and the third application of the same pulse re-
covers 98% and 97% of the enhanced permeability that is achieved
due to the first time (purple circles in Fig. 8d). The imperfect per-
pulse permeability reproduction in GRS1 may be due to the fluctu-
ations in permeability increments in GRS1, in contrast to the more
consistent increment trend in the PS experiments (Figs 6b and d).

3.4 Permeability response to direct shear

Hold periods that are applied after the dynamic stressing experi-
ments typically result in a continuous decline in permeability sim-
ilar to those observed during the prolonged hold periods prior to
the experiments. During the ~15 min hold periods in PS2 and
PS3, permeability declines from ~2.9 x 107" to ~1.9 x 107> m?
(~34%) and from ~2.1 x 1075 to ~1.7 x 10715 m? (~19%), re-
spectively. Then, the direct fracture reactivation following the final
hold enhances permeability significantly in PS2 (from ~1.9 x 1071
to ~2.8 x 107"° m?; Fig. 4c) and results in a slight permeability
increase in PS3 (Fig. 4b).

4 DISCUSSION

We observe a rich range of fracture permeability and friction re-
sponses throughout these reactivation and hold experiments. Frac-
ture permeability decreases during hold periods and increases with
increasing pore pressure and shear deformation. We codify these
responses relative to mechanistic controls.

4.1 Healing and sealing

In our experiments, fractures are subject to long hold periods, repre-
senting interseismic repose in the seismic cycle, prior to the applica-
tion of incremented pore pressure pulses. The gradual permeability
reductions observed during hold (sealing ) are commensurate with
those observed in natural systems (Elkhoury et al. 2006; Xue et al.
2013)—albeit with an accelerated rate for the experimental obser-
vations. The slow and continuous permeability decrease observed
during the long hold periods, both pre- and post-stimulation, implies
that chemo-mechanical compaction may be a dominant mechanism.
With insignificant rates of quartz dissolution at room temperature
(Dove & Crerar 1990), such sealing behavior may primarily be
driven by stress corrosion (Yasuhara & Elsworth 2008) which may
be contributed by clogging of flow paths, both by precipitation of
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Figure 8. Permeability-friction response to application of the repeated uniform-magnitude pressure pulses. (a—c) Evolution of shear stress/displacement and
permeability in response to pore pressure changes in PS3. Successively incremented pressure (P p;j—P ps3 in PS3) is applied at constant magnitude through the
final four pulses (P ps3—P pse). Different from the preceding three pulses, the final pulse is applied to the critically stressed fractures. (d) Permeability that is
normalized by the response to the first application of the repeated uniform-magnitude pulses in each experiment (ky_3, where N is the total number of pulses
in an experiment). The displacement at the time of shear loading is an artificial response resulting from the compaction of experimental material with loading.
The false step-decrease in permeability during shear loading (and during s/ides in Fig. 4) is also an artifact resulting from the reduction in upstream reservoir
volume due to the volume of sample intruding into the inlet chamber (Im ef al. 2018).
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minerals following the pressure solution at asperity contacts (Ya-
suhara et al. 2004) and by the slow accumulation of mobilized fines
at the pore throats. The effect of clogging by particle mobiliza-
tion during the hold periods may be inferred from the permeability
behavior during the initial shear-in. Comminuted wear products re-
leased into the fracture network produce an exaggerated clogging
response during the initial shear offset, resulting in a rapid per-
meability reduction within minutes (Fig. 3a). Clogging may also
contribute to sealing during the hold following the shear offset,
though at a much slower rate in contrast to its effect during the
shear-in.

4.2 Mechanisms of permeability enhancement

Pre-slip frictional healing and sealing of fractures over repose pe-
riods has been demonstrated to be essential in defining the frac-
ture permeability response following reactivation (Im et al. 2018).
Our experiments show that pulsed-injection driven permeability en-
hancement is also strongly influenced by sealing. When shear slip
is not associated, the enhanced permeability resulting from a given
pressure pulse appears of a uniform magnitude that does not vary
with repeated pulsing at the same pressure (Fig. 8). If we assume
that the permeability enhancement resulting from the pulse scales
with the applied pore pressure, the permeability increment due to a
single pulse is accordingly dependent on the amount of the fracture
sealing prior to the application of the pulse. Fig. 8(b) implies that, for
pulses of the same pressure magnitude, the more the fracture seals
during the pre-pulse hold, the higher the permeability increment
is resulting from the following pulse—this is necessary to reach
to the pre-ordained enhanced permeability. This demonstrates the
dependency of pressure pulse-driven permeability evolution on the
pre-stimulation sealing.

The latest experimental studies suggest that dynamic perme-
ability enhancement may be primarily dominated by a flow-driven
mechanism by which fine particles are mobilized and removed from
the fracture network (Elkhoury et al. 2011; Candela et al. 2014,
2015). This model requires a strong dependency of the fracture per-
meability behavior to the budget of particles blocking the fracture
throats. In principle, the availability of fines in the flow conduits is
a prerequisite to allow remobilization, and the potential unclogging
of fracture. Previous experimental observations reinforcing the un-
clogging hypothesis have been made exploring the response through
changes in pore pressure amplitude that were as large as 0.5 MPa,
typically without involvement of shear deformation (Candela et al.
2014, 2015). In this study, we further probe response to a range of
pore pressure magnitudes which are first incapable of reactivating
the fractures but then progress through reactivation. This allows
quantification of the relative effects of the absence and presence of
shear reactivation on dynamic fracture permeability.

4.2.1 Permeability increase during ‘pure’ pressure pulses

In the absence of shear deformation, cumulative permeability in-
crease scales linearly with peak pore pressure, with a goodness of fit
R? =0.97 in PS3 and R*> = 0.99 in GRS1 (Figs 6a and c). Initially,
the first several pulses result in progressively larger permeability in-
crements, enhancing permeability more efficiently with each pulse,
before pulse efficiency stabilizes above a threshold peak pressure.
The remainder of the shear-absent permeability increments in re-
sponse to uniform increases in pressure are within a certain range of
magnitudes in each experiment, regardless of whether the pressure
change is applied at a relatively lower or higher pressure (inset in
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Fig. 6b). This is perhaps more apparent in GRS1, where the applied
range of pore pressure magnitude is approximately double the range
in PS3, therefore allowing an extended observation of permeability
behavior before shear deformation is induced. Per the particle mo-
bilization concept, where the key control enhancing permeability is
the flow-removal of blockages, greater permeability increase would
be expected from the larger pre-existing permeability in contrast to
a relatively smaller pre-existing permeability value (Elkhoury et al.
2011). The initial portion of the shear-absent permeability increase
in our experiments may conform with this idea. Nevertheless, the
later per-pulse permeability increments are unequivocally indepen-
dent of the initial permeability in GRS1 (note the pink markers in
Fig. 7), which results in a linear scaling of the cumulative permeabil-
ity increase to the peak pore pressure, unlike the exponential scaling
observed by Elkhoury et al. (2011) and Candela et al. (2015). Ad-
ditionally, the elevated efficiency of the first stress perturbation in
increasing permeability, as reported from the experiments by Can-
dela et al. (2015), is not observed in our experiments. A similar
observation was recently noted also by Shokouhi ez al. (2019).

Our experiments show that, whether shear-associated or not, per-
pulse fracture permeability enhancement is ameliorated with frac-
ture sealing during the pulse-intervening hold period. This repre-
sents a single cycle of permeability enhancement (dilation) and its
amelioration (healing and sealing) before repeating with application
of the next pulse-and-hold pair (Fig. 3b). This reversibility of the
sense of fracture permeability is systematic throughout the exper-
iments. Furthermore, the response to the identical pressure pulses
shows that the permeability decrease during fracture sealing is al-
most fully recoverable with the following fracture breaching, even
absent shear slip and in pulse recurrence intervals of a few minutes
(Fig. 8b). These characteristics of the dynamic permeability cycles
are typical of the rate-and-state frictional healing in response to
stress/velocity perturbations (e.g. Segall & Rice 1995), rather than
of the clogging/unclogging process (e.g. Elkhoury ez al. 2011; Can-
dela et al. 2015). In particular, considering clogging/unclogging as
the sole contributing process to permeability enhancement leaves
uncertain the source of consistent and fast-generated wear material
in the absence of shear slip, especially during the identical pres-
sure pulses applied in our experiments. Usefully, frictional heal-
ing provides a systematic, reversible, and reproducible response
to stress/velocity perturbations that is related to the evolution of
the physical state of contact surfaces (Marone 1998). However, the
mechanism of pulse-driven frictional rupture and its linkage to seal-
breaching remain unclear although a reversible and fast-responding
mechanism is implied. Furthermore, it should be noted that not all
observations of the permeability evolution in these experiments can
be fully explained as a rate-and-state friction type behavior. For ex-
ample, it is apparent that comminution and wear-product-clogging
dominate the initial shear-in and may also aid fracture sealing dur-
ing the hold periods. Indeed, it is possible that its reverse process
(i.e. unclogging) may be one of the contributors of the observed
pulse-driven permeability increase—despite some of our observa-
tions that diverge from the conclusions of Elkhoury ez al. (2011)
and Candela et al. (2015).

4.2.2 Fracture permeability contribution of shear deformation

Fracture permeability increases systematically upon stress pertur-
bations, scaling with the peak pore pressure, as also observed
elsewhere (Elkhoury er al. 2011; Candela et al. 2014, 2015).
Here, we further show that this permeability enhancement can be
promoted significantly by shear slip, based on the observations that
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(1) initiation of shear reactivation of fractures results in a slope
change in permeability enhancement (dk/dp, Fig. 6), and that (ii)
permeability is further enhanced only by the slip-inducing pulse
out of the set of four identical-pressure pulses (Fig. 8). Post-
experimental observations of wear and asperity plowing on the
fracture surfaces provide evidence for asperity degradation and
production of fine particles (Fig. 2), as expected due to the shear
deformation of fractures.

Both in PS3 and GRS1, the second shear-associated pressure
pulse results in a much larger displacement and permeability incre-
ment than the first shear-associated pulse. This may be possible if
the first induced slip did not occur completely over the contact. In
our configuration, shear stress may have been accumulated at the
edge of the contact rather than being uniformly distributed over the
contact surface. Therefore, it is possible that the first pulse induces
shear slip only on the stress accumulated portion of the fracture sur-
face. Another explanation may be that the first slip distance (~1 um
for PS3 and ~6 um for GRS1) may not be large enough to fully
separate the real area of the asperity contact that was enlarged dur-
ing the >8 hr of hold. In rate-and-state friction, the friction change
occurs over a critical distance of tens of microns (Marone 1998;
Baumberger & Caroli 2006).

We observe that permeability enhancement in the presence of
injection-induced shear reactivation adopts two distinct behavior.
Permeability increases (i) continuously with each incremented pore
pressure in PS3 (and in all PS experiments) and (ii) discretely in
the form of positive permeability increments followed by negative-
and null-changes in GRS1 (Fig. 6). The continuous increase trend
in permeability is also apparent in response to direct shearing and
has previously been observed in studies on shear dilation (Niemei-
jer et al. 2008, 2010; Chen et al. 2015; in a similar experimental
configuration in Im ez al. 2018, 2019; and during injection-induced
dynamic slip in Nemoto ez al. 2008). Conversely, the variations in
per-pulse permeability changes in GRS1 may be indicative of the
involvement of a non-systematic stimulation process at interplay
with shear dilation. These may be the overprints of flux-driven mo-
bilization of particles as this non-systematic behavior is manifest
especially after the initiation of shear reactivation, when the com-
minution products of the degrading asperities are incorporated into
the material budget. In that case, the degree of smoothness of the
cumulative permeability increase curve would be controlled by the
balance between the number of wear particles produced with per-
pulse shear offset and the number of particles flushed out during the
same pressure pulse. If the per-pulse reactivation byproducts are not
flushed out with 100% efficiency ( #produced > Mfiushed> Where 7 is the
number of particles), this would lead to a transient clogging, yield-
ing a pulse permeability contribution projecting below the trendline
in Fig. 6(a). Conversely, if the accelerated flux flushes out both
the newly produced wear products and the flocs that were not effi-
ciently expelled during the previous pulses (Mproduced < Pushed) this
would be observed as the unusually large permeability increments
(e.g. ~5.4 x 107" m?). Finally, if the particles produced are flushed
out immediately with the same flux inducing the slip (7produced =
~Npyshed)> this case would result in the mean per-pulse permeability
increment predicted by the trendline (~1.5 x 107'° m?; Fig. 6a).
Spontaneous alternation of these three cases may explain the appar-
ent intermittency of the cumulative permeability increase in GRS1,
assuming that this is introduced by particle mobilization. The inter-
mittency would be cancelled out if all particles produced per-pulse
were flushed out consistently, pulse after pulse. Permeability in-
crease in experiments with Poorman schist samples does not show
as obvious evidence for particle mobilization. Different hardness,

fracture surface roughness, and mineralogy of the Green River shale
sample from the Poorman schist samples may be responsible for the
degree of resolution of the response. Nevertheless, assuming the
similar processes responsible for the hydromechanical behavior of
fractures between these experiments, the continuity of permeabil-
ity increase in the PS experiments may indicate that the per-pulse
balance between the wear produced and flushed out may have been
more effectively maintained ( Aproduced = ~Mfiushed)-

The shape of the shear-associated cumulative permeability in-
crease is linear in GRS1, whereas it follows a polynomial trend
in the experiments with Poorman schist (Figs 6a and c). Such dif-
ferences in shear permeability behavior is not uncommon as also
shown with the permeability response during direct shearing ap-
plied in PS2 and PS3 (Figs 4b and c). More dramatically, Im et al.
(2019) report cases where permeability initially increases sharply
and then keeps increasing gradually during shear slip. Similarly,
shear permeability increases initially with a steeper slope which
turns into a more gradual increase in the PS experiments (Fig. 6¢
and Fig. S5).

Overall, we propose an interplay of multiple mechanisms as re-
sponsible for the observed dynamic permeability evolution. Our
analysis suggests that a systematic rate-and-state friction type mech-
anism for sealing-breaching may be plausible for the rapidity and re-
producibility of the observed dynamic cycles of permeability evolu-
tion. Flux-induced particle mobilization (clogging/unclogging) may
be another mechanism aiding this process. When hydraulic injec-
tion induces shear reactivation, this is then overprinted by the effect
of shear-driven dilation and the related permeability increase. The
suspected effect of particle mobilization becomes especially aggra-
vated with the slip-inducing injection pulses. The dramatic change
in the rate of permeability increase with pressure may reflect the
probable combined contribution of (i) shear dilation added to other
(normal stress only) mechanisms involved and (ii) the magnified
effect of particle mobilization. The actual contribution of each of
these influences may be qualified by independently measuring the
evolution of fracture aperture together with the mass accumulation
rate and particle size distribution of fines flushed to the downstream
outlet.

4.3 Implications for natural fault systems and reservoir
stimulation

Laboratory faults are clear idealizations of the complexity and form
of natural faults. Nevertheless, such highly constrained observa-
tions in the laboratory have illuminated key controlling processes
implicated in field-scale observations of complex second-order fric-
tion (Chen & Spiers 2016), stability (Leeman et al. 2016), healing
(Yasuhara et al. 2005; Tenthorey & Cox 2006) and permeability
evolution (Im ef al. 2018, 2019). In particular, our laboratory exper-
iments are consistent to broad observations from natural hydraulic
systems. The continuous sealing apparent in our experiments is di-
rectly analogous to permeability loss observed in the interseismic
period over broad areas of California (Elkhoury et al. 2006) and in
earthquake fault zones in China (Xue et al. 2013)—with this punc-
tuated by sharp coseismic jumps in permeability (Elkhoury et al.
2006, Im et al. 2019). Furthermore, fault permeability enhance-
ment driven by hydro-shearing has similarly been observed during
hydraulic fracturing in the Barnett shale (Zoback et al. 2012) and in
highly constrained fault-reactivation experiments (Guglielmi ef al.
2015). Our work seeks to resolve the underlying mechanisms con-
trolling these natural observations—a capability that is impossible
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at true field scale. Since the permeability enhancement observed in
our experiments is shown to be related to shear-induced rupture and
then dilation, knowledge of the roughness of faults at field scale
is a key need in upscaling (Barton et al. 1985; Elsworth & Good-
man 1986; Elsworth & Xiang 1989). Thus, the self-affine nature of
roughness, spanning many decades of length scales (Power et al.
1987, Ishibashi et al. 2015; Brodsky et al. 2016; Candela & Brod-
sky 2016) provides key information in upscaling the permeability
response.

Fracture permeability evolves through the seismic cycle and is
both a strong and sensitive signal of modes of deformation. Fracture
closure or clogging during quiescence provides an opposite signal
to those resulting from reductions in effective stress with those ad-
ditionally exacerbated by shear reactivation providing a maximum
increase in permeability following this permeability resetting. Our
experiments confirm that both pore pressure dominant dynamic
stressing and pressure-induced shear deformation can significantly
perturb the permeability of natural faults (Elkhoury e al. 2006;
Manga et al. 2012; Guglielmi et al. 2015). This supports the previ-
ous evidence that permeability increase may also be contributed by
fault shear in addition to processes driven by normal deformation
alone (Im et al. 2018). These experiments suggest that dynamic
stress perturbations, whether injection-induced or triggered by dis-
tant earthquakes, may enhance fracture permeability by (i) stress-
driven pore pressure increases and (ii) remotely triggered fault slip.
The extended duration of natural fault repose primes the fault for
permeability enhancement in both mechanisms.

Both this study and those of Im er al. (2018, 2019) show that
the magnitude of shear permeability enhancement is primarily de-
pendent on the magnitude of pre-slip sealing. We apply >8 hr of
pre-slip sealing in this work but this is much smaller than the natural
fault sealing duration that occurs in nature at higher stress and tem-
perature. Hence, it is expected that the permeability enhancement
of natural faults may be much higher than those in our experi-
ments. For crustal depths up to a few kilometers, the pre-existing
and stimulated permeability values in these experiments (~10~7—
107 m?) correspond well with the mean crustal permeability-
depth curve constructed based on geothermal-metamorphic data
(Manning & Ingebritsen 1999), and also with values from tight
oil and gas reservoirs (Zhang et al. 2016). The fewfold transient
shear-absent permeability enhancement in our experiments is con-
sistent with the range of natural observations following intermedi-
ate to distant earthquakes, also with comparable strain amplitudes
(e.g. Elkhoury et al. 2006). In contrast, shear failure may result
in a >100-fold permeability increase in nature, leading to perme-
ability values substantially larger than the mean crustal estimates
(i.e. ‘disturbed crust’ in Ingebritsen & Manning 2010; Gleeson &
Ingebritsen 2017). This is exemplified also following human inter-
vention. The injection-stimulation of EGS reservoirs at Soultz and
Basel resulted in permeability enhancement of more than two or-
ders of magnitude relative to the pre-stimulated values (Evans et al.
2005; Haring et al. 2008), which may be comparable to the range
of permeability increase in GRS1 in our study.

Despite the expected difference in magnitude, the qualitative
permeability evolution is comparable to those achieved through
injection-induced tensile opening and shear reactivation of natu-
ral fractures during reservoir stimulation (Cladouhos et al. 2009,
2013; Bao & Eaton 2016). Previous examples of seismic events
triggered by hydraulic injection (e.g. Mukuhira et al. 2008; Hof-
mann et al. 2019) show that efficient reservoir stimulation is possi-
ble only through a thorough understanding of the processes driving
injection-induced shear slip linked to the subsequent seismicity. Our
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experiments provide direct evidence for the reduction in frictional
strength of faults during injection stimulation as the mechanism
of induced seismicity in the region penetrated by pore pressure
diffusion. In addition to this, shear-reactivation-induced seismic-
ity in the stimulated region may trigger seismic events in distal
regions unpenetrated by the increased pore pressure, through dy-
namic perturbations of total stress. Recently, cyclic injection de-
signs, together with the prominently applied multistage stimulation
(Johri & Zoback 2013), have been among the many candidate treat-
ments attempting to minimize the seismicity associated with stim-
ulation treatments. We note that the step-wise pore pressurization-
depressurization scheme applied in this study has similarities with
advanced hydraulic stimulation treatments based on cyclic fluid in-
jection schemes, such as fatigue hydraulic fracturing (Zang et al.
2013, 2019) and cyclic soft stimulation (Hofmann et al. 2018b,
2019). Diverse fracture permeability and frictional strength behav-
ior described with these experiments might also be considered an
addition to the laboratory scale observations (e.g. Hofmann et al.
2018a) in refining the cyclic stimulation protocols.

5 CONCLUSIONS

Our experimental results elucidate the complex interaction between
the mechanisms controlling fracture permeability and friction evo-
lution under the combined effect of dynamic stressing and shear
deformation induced by fluid injection. Fracture permeability is en-
hanced with effective stress perturbations, scaling with the peak
pore pressure both in the absence and presence of shear slip. The
initiation of injection-induced shear slip accelerates permeability
increase over the case where shear slip is absent. We demonstrate
that dynamic permeability enhancement is reversible, as followed
by a systematic fracture sealing, with these cycles of enhancement
and recovery being eminently reproducible even in the very short
term and absent shear reactivation. The proportionality of perme-
ability increase to the peak pore pressure dictates that the amount
of pre-pulse sealing controls the per-pulse permeability increment.
Complex mechanisms are implied such as; chemo-mechanical com-
paction during repose, effects of pure fault-normal dilation, system-
atic rate-and-state friction type mechanisms of sealing-breaching,
particle mobilization, and shear dilation. Permeability eventually re-
covers from the transient enhancement once the stress perturbations
cease. These results have implications in better constraining the me-
chanics of dynamic earthquake triggering and in designing efficient
stimulation treatments for hydrocarbon and enhanced geothermal
reservoirs.
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SUPPORTING INFORMATION

Supplementary data are available at G.JI online.

Table S1. List of experiments and the procedures followed after the
initial shear-in and the extended hold periods.

Figure S1. Fracture permeability and friction evolution at dynamic
stressing, hold and slide in PS1. Panels (a), (b), and (c) exhibit fric-
tion/displacement, permeability, and pore pressure changes. This
part of the experiment belongs to the pore pressure stepping portion
of PS1 after the initial long hold. Panel (b) is identical to Figure 4d.
Figure S2. Fracture permeability and friction evolution at dynamic
stressing, hold and slide in PS2. Panels (a), (b), and (c) exhibit fric-
tion/displacement, permeability, and pore pressure changes. This
part of the experiment belongs to the pore pressure stepping portion
of PS2 after the initial long hold. Panel (b) is identical to Figure 4c.
Figure S3. Fracture permeability and friction evolution at dynamic
stressing, hold and slide in PS3. Panels (a), (b), and (c) exhibit fric-
tion/displacement, permeability, and pore pressure changes. This
part of the experiment belongs to the pore pressure stepping portion
of PS3 after the initial long hold. Panel (b) is identical to Figure 4b.
Figure S4. Fracture permeability and friction evolution at dynamic
stressing and post-stimulation hold in GRS1. Panels (a), (b), and
(c) exhibit friction/displacement, permeability, and pore pressure
changes. This part of the experiment belongs to the pore pressure
stepping portion of GRS1 after the initial long hold. Panel (b) is
identical to Figure 4a.
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Figure S5. Continuation of Figure 6. Cumulative permeability in-
crease (k, - ko; left) and per-pulse permeability increments (k;, -
k,.1; right) versus differential pore pressure for all experiments,
showing pressure-pulse-driven permeability evolution both in the
absence and then presence of flow-induced shear slip. Insets in pan-
els (f) and (h) include permeability increment due to Pp; in both
experiments. Note the missing measurement at Pp = 950 kPa in
PS2

Figure S6. Fracture permeability and friction evolution at dynamic
stressing in experiment PSO with Poorman schist. Panels (a), (b),
and (c) exhibit friction/displacement, permeability, and pore pres-
sure changes. This is one of the earlier pore pressure stepping ex-
periments that we conducted before the more extended experiments
that we report in the manuscript. Experimental procedure of this
prototype is similar to the procedure reported in this study, only
with fewer pressure steps in PS0. Following a ~10 hours long
“seating-in” over the applied hold, this experiment initiates with

shear loading (sharp increase in the top panel; shaded with orange)
in order to reset shear stress from the diminished magnitude during
the hold (similar to PS1). The concurrent increase in displacement
at the initial loading is not an actual slip, but an artificial response
arising due to the compaction of experimental materials at shear
loading. Pore pressure pulses are applied with a duration of 5 s and
successively incremented every 120 s by 50 kPa (Pp, = 262 kPa
and Pps = 512 kPa). Fracture surfaces of PS0 are ground with #600
grit abrasive powder during sample preparation (smoother than the
other three schist samples). Final fracture permeability (7.5x 1074
m?) as a result of 6 pulses is ~ 5.5 times the initial permeability
(1.4x107* m?).
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