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Stabilizing Effect of High Pore Fluid Pressure on Fault Growth
During Drained Deformation
Zachary Zega' () and Wenlu Zhu!

'Department of Geology, University of Maryland, College Park, MD, USA

Abstract Dilatant hardening is an accepted model for the stabilizing effect of high pore fluid pressure on
fault slip and operates when deformation is undrained. To test whether high pore fluid pressure impedes fault
propagation under drained conditions, we deformed highly permeable Darley Dale sandstone using strain rates
of 10~*s71, 107> s~!, and 107 s~!, respectively. For each strain rate, we compared the inelastic behaviors and
faulting styles among rocks deformed under different pore fluid pressures (Pf) (2-180 MPa). The confining
pressure (P,) was attuned to the pore fluid pressure throughout deformation to maintain a constant differential
pressure (P, — P of 10 MPa. In samples deformed at 10~* s~ and 10> s~, faulting behaviors were similar
regardless of the magnitude of pore fluid pressure. However, when the strain rate was lowered to 1076 s,

we observed prolonged stress drops and slower slip velocities in samples deformed under high pore fluid
pressures. In samples deformed at 1076 s~!, we demonstrate that chemically assisted subcritical crack growth
played an important role during faulting. A quantitative microstructural analysis revealed that slow faulting

at slow strain rates was accompanied by pervasive microcracking and diffuse shear bands, which suggests
pervasive subcritical cracking enabled slow faulting under drained conditions at the sample length scale. High
pore fluid pressure may have facilitated slow faulting chemically by increasing the rate of subcritical cracking,
mechanically via localized dilatant hardening, or both. Our results provide insight into the mechanics of faulting
in natural settings where subcritical cracking is prevalent.

Plain Language Summary Sudden, unstable movements of faults produce earthquakes. Slow
earthquakes occur when fault motions are unstable but sluggish. Slow earthquakes are often observed in regions
where the interstitial fluid pressure within the void space of rocks (pore fluid pressure) is elevated. Dilatant
hardening is a well-accepted mechanism that explains why slow earthquakes occur when pore fluid pressures
are high. If the rate of fluid transport cannot keep pace with the generation of new void space, the pore fluid
pressure drops, and tighter clamping at the propagation front impedes fault motion. We investigate whether slow
faulting can also occur when the pore fluid is expected to diffuse quickly within a deforming rock. Permeable
sandstone samples were deformed to failure under pressure conditions typical of Earth's uppermost crust at a
range of deformation rates. We demonstrate that even when there was ample time for fluid to diffuse throughout
the rock sample, high pore fluid pressures can stabilize failure when the rock is deformed at sufficiently slow
strain rates. We found that chemical processes play an important role in fracture coalescence at slow loading
rates. Enhanced subcritical crack growth can impede fault propagation through combined chemical and
mechanical processes at high pore fluid pressure.

1. Introduction

Slow slip events, including non-volcanic tremors (e.g., Obara, 2002), are often collocated with regions of high
pore fluid pressure along faults (e.g., Shelly et al., 2006). During a slow slip event, fault movement occurs faster
than the average tectonic rate but slower than the slip velocity of typical earthquakes (Peng & Gomberg, 2010).
However, the mechanical link between high pore fluid pressure and slow slip remains unclear.

Pore fluid pressure affects fault strength and slip primarily through the effective stress law (e.g., Terzaghi, 1943).
The effective stress law states that the effective normal stress (o,’) is equal to the normal stress (o,) minus the pore
fluid pressure (P/) multiplied by the effective stress coefficient (@) (i.e.,6,” = 0, - aP,, where a = 1 for most rock
types) (e.g., In Paterson & Wong, 2005). In the brittle upper crust, fault slip occurs when the shear stress acting
on a fault exceeds its shear strength (z,), where 7, is equal to the friction coefficient (#) times the effective normal
stress (¢,”) (i.e., 7, = po,’). According to the effective stress law, increasing pore fluid pressure (P/) lowers the
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effective normal stress (o,”) and reduces the shear strength of the fault (z,), which allows fault slip (i.e., failure)
at lower levels of shear stress.

In intact rocks, after the shear strength (z,) is attained, dilatant microcracking and shear localization result in the
formation of a fault. Brittle faulting causes a reduction of load-bearing capacity, which results in a stress drop
(Reches & Lockner, 1994). During conventional triaxial compression experiments, dynamic faulting occurs when
weakening of the rock occurs at a faster rate than the elastic surroundings. In contrast, quasi-stable faulting occurs
when rock weakens at a slower rate than the surroundings (Rice & Rudnicki, 1979; Scholz, 2002). Assuming
the stiffness of the surroundings to be constant, a transition from rapid, dynamic faulting to slower, quasi-stable
faulting can occur if weakening of the rock occurs at a slower rate.

Rice (1975) proposed that, during brittle faulting, dilatant crack propagation causes the pore fluid pressure at
the crack front to drop, hence impeding further crack growth (i.e., hardening) (see also Rice & Rudnicki, 1979;
Rudnicki & Chen, 1988). This so-called dilatant hardening is often invoked to explain the stabilizing effect of
high pore fluid pressure on slow slip (e.g., Brantut, 2021; Dal Zilio et al., 2020; Liu & Rice, 2007; Rudnicki &
Zhan, 2020; Segall et al., 2010). The occurrence of dilatant hardening during deformation hinges on the compe-
tition between two timescales: the timescale for fluid diffusion (7)) and the timescale of deformation (z,). Long
fluid diffusion timescales (tf) correspond to slow rates of diffusion (vf) and long timescales for deformation (z,)
correspond to slow deformation rates (v,).

When 1, < 1, (i.e., v, > v,), pore fluid readily diffuses, and pore fluid pressure re-equilibrates throughout the
deforming rock. In this scenario, the deformation is drained, and the effect of dilatant hardening is negligible. In
contrast, when 7,> 1, (i.e., v, <v,), void space is created at a faster rate than the pore fluid can diffuse to the newly
created space. Consequently, the pore fluid pressure drops, and deformation is undrained. Under undrained condi-
tions, locally high effective normal stress encumbers crack growth. This so-called dilatant hardening (Rice, 1975)
is responsible for stabilizing both brittle failure (e.g., Aben & Brantut, 2021; French & Zhu, 2017; Martin, 1980)
and frictional slip (e.g., Bedford et al., 2021; Lockner & Byerlee, 1994; Xing et al., 2019).

Following Duda and Renner (2013), we will determine the drainage conditions during rock deformation experi-
ments using the macroscopic strain rates and bulk hydraulic properties (see also Bernabe & Brace, 1990; Brace &
Martin, 1968; Fischer & Paterson, 1992). The timescale for fluid diffusion, or how quickly fluid diffuses, is equal
to the sample length (L) squared divided by the bulk hydraulic diffusivity (D) (i.e., t, = L?/D), and the timescale
for deformation (z,) is estimated as the amount of time over which significant volume changes are expected to
occur during deformation. In this context, when deformation is drained (i.e., V>, or i < t,), the mechanical
behavior is primarily controlled by the effective stress (i.e., 6,” = 6, - aP, where a = 1) because pore fluid
diffuses more quickly than the sample deforms, and the pore fluid pressure is constant throughout the sample.
Conversely, when deformation is undrained (i.e., ve<v ori< t,), the pore fluid diffuses slower than the sample
deforms, causing the actual pore fluid pressure to differ from the applied P. When the sample is undrained, the
effective stress is no longer o, - P, (i.e., 6,” = 0, - aP, where a#1). Notably, the drainage condition is highly scale
dependent. Heterogeneities in mineralogy and pore distribution within a natural rock (e.g., a clay patch within a
porous sandstone) can lead to different drainage conditions at different length scales.

In compact rocks (initial porosity <1%) deformed under the same differential pressure (i.e., Py = P. — P)),
previous experimental studies show that high pore fluid pressures stabilizes fault propagation (e.g., Aben &
Brantut, 2021; French & Zhu, 2017; Martin, 1980). Martin (1980), French and Zhu (2017), and Aben and
Brantut (2021) all argue that the observed stabilizing effect of high pore fluid pressure on fault propagation was
due to dilatant hardening. In these experiments, the deforming samples likely became undrained post-failure due
to low bulk permeabilities of compact rocks; fluid diffused relatively slowly from the surroundings into the more
rapidly propagating fault (i.e., v, < v, or 7, > 1,), and dilatant hardening stabilized faulting.

It is unclear whether high pore fluid pressure can stabilize faulting in more permeable, dilatant rocks such as porous
sandstones. This is because the deformation of porous sandstones is expected to be drained over a wide range of labo-
ratory strain rates. If dilatant hardening is the sole mechanism responsible for slow faulting under conditions of high
pore fluid pressure, then slow faulting is not expected in porous sandstones. However, if the stabilizing effect of high
pore fluid pressure is observed in porous sandstones, mechanisms other than dilatant hardening must be investigated.

Relative to compact rocks, porous rocks are generally more susceptible to brittle creep (e.g., Brantut et al., 2013;
Heap et al., 2009). Brittle creep, or the time-dependent deformation of brittle rocks, is thought to occur
due to subcritical crack growth, which refers to crack growth that occurs at a level of stress below a critical
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value required for dynamic crack growth (e.g., Atkinson, 1984). Under

:2,:5:,3, of Experiments upper-crustal conditions, subcritical cracking is thought to be primarily
Differential driven by water-assisted stress corrosion reactions that break silicate bonds
Confining  Pore fluid  Strain pressure and allow for time-dependent deformation and the eventual failure of rock
Sample Porosity, ~ pressure pressure  rate (¢), (Py;=P_ -Pp, placed under a constant stress (e.g., Anderson & Grew, 1977; Martin &
ID % (P), MPa  (Pp, MPa s~ MPa Durham, 1975; Scholz, 1972). In contrast to subcritical crack growth, cracks
D10-4-1 15.0 20 10 104 10 also grow in a time-independent manner due to the stress transfer when the
D120-4-1 143 130 120 104 10 stress at a crack tip exceeds a threshold value. In general, time-independent
cracking due to stress transfer is the dominant process in rocks deformed
D2-5-1 14.7 12 2 107> 10 . . . . . .
at fast strain rates; however, at increasingly slow strain rates, more time is
D120-5-1 148 130 120 10 10 allowed for stress corrosion reactions to facilitate subcritical crack growth
D180-5-1 15.3 190 180 10~ 10 (e.g., Sano et al., 1981).
D2-6-1 152 12 2 oy 10 The contrast in mechanical behaviors observed in wet versus dry rocks due
D10-6-1 147 20 10 107 10 to subcritical cracking has already been extensively documented (e.g., Baud
D120-6-1 15.6 130 120 10-6 10 etal., 2000; Duda & Renner, 2013; Hadizadeh & Law, 1991), but exactly how
D180-6-1 15.0 190 180 106 10 the magnitude of pore fluid pressure affects subcritical cracking remains less
D10-4-22 13.8 20 10 104 10 clear. Conditions of high pore fluid pressure may alter the rate of subcriti-
D120-4.22 15.2 130 120 10 10 cal crack growth by changing the chemical activity of reactants associated
with stress corrosion or by supplying additional reactants to crack tips (e.g.,
D2-5-22 15.3 12 2 107> 10 . .
Atkinson & Meredith, 1981; Fyfe, 1978; Heap et al., 2009). Furthermore,
D120-5-22 147 130 120 102 10 whether the hydraulic properties of a subcritical crack differ from those of a
D2-6-2¢ 12.8 12 2 1076 10 time-independent crack is currently unknown. It is conceivable that dilatant
D10-6-2° 13.5 20 10 106 10 hardening can significantly impact the growth and coalescence of subcritical
D120-6-2¢  13.1 130 120 107 10 cracks.
D180-6-2*  12.6 190 180 1076 10 To investigate the effect of high pore fluid pressure on fault slip during

“Experimental data shown in Supporting Information S1.

drained deformation, we deformed 17 water-saturated samples of highly
permeable Darley Dale sandstone using strain rates of 10~4s~!,107% s, and
1076 s~!. At each strain rate, we compared the deformation behaviors and
faulting style among rocks deformed under different pore fluid pressures ranging from 2 to 180 MPa. In total, four
experiments were completed at the fastest strain rate, five experiments were completed at the intermediate strain
rate, and eight experiments at the slowest strain rate (Table 1). We adopted the same experimental protocol as in
French and Zhu (2017): In all experiments, the confining pressure (P,) was attuned to the pore fluid pressure (Pf)
4 = P.— Py =10 MPa) throughout the entirety of
deformation. Quantitative microstructural analyses of samples deformed at different conditions were conducted.

to maintain a constant differential pressure of 10 MPa (i.e., P

A damage map was produced to show the spatial distribution of damage in samples deformed under varying
conditions. A comparison of crack densities was made among samples deformed at different strain rates and pore
fluid pressures. Based on these observations, we propose new mechanisms that are potentially responsible for
slow faulting under drained conditions in porous rocks deformed under high pore fluid pressures.

2. Methodology
2.1. Porous Sandstone Samples

Rock deformation experiments and microstructural analyses were performed on samples of Darley Dale sand-
stone deformed using a constant differential pressure of 10 MPa, strain rates ranging from 10~ s~! to 1076 s~1,
and pore fluid pressures ranging from 2 to 180 MPa (Figure 1; Table 1). This rock was chosen because its
mechanical and transport properties are well characterized (e.g., Brantut et al., 2013; Heap et al., 2009; Wong
et al., 1997; Zhu & Wong, 1997). With permeability ranging from 107> m? to 10~'* m?, drained conditions can
be achieved in this rock deformed at the pressures and strain rates used in this study (Table 1). Heap et al. (2009)
reported a modal composition for Darley Dale of 69% quartz, 26% feldspar, 3% clays, and 2% mica and measured
grain sizes between 0.1 and 0.8 mm. For samples used in this study, the measured initial porosity varied between
12.6% and 15.6% (Table 1). Experiments labeled with the number “1” at the end of the sample ID are summa-
rized in the main text while experiments labeled with the number “2” at the end of the sample ID are outlined in
Supporting Information S1 (Table 1).
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Figure 1. (a) Schematic of the loading configuration used to deform Darley Dale sandstone. (b) Deformed samples were cut at an orientation to maximize the area of
the fault observed in thin section, and photomicrographs were mosaiced together to create large images of the middle third of the sample. (c) Various crack counting
techniques and grain indexing methods were employed to quantify crack density, fault morphology and fracture patterns for certain deformed samples. 0.2 mm
approximates the mean intercept length of grains observed in thin section.

2.2. Sample Preparation

All samples of Darley Dale sandstone were cored perpendicular to bedding from the same block. Each sample
was cut and ground into a right cylinder with a diameter of 18.41 mm (0.725 in.) and a length of 38.10 mm (1.5
in.) or with a diameter of 25.40 mm (1 in.) and a length of 50.80 mm (2 in.). All sample lengths and diameters
were measured in triplicate to ensure that samples were consistently cut to the correct size. Samples were dried
in a heated vacuum oven for 24 hr at 60°C. Once dried, each sample was weighed on an analytical balance three
separate times to obtain an average mass. Once the average dry mass was obtained, samples were exposed to
water vapor under vacuum and then saturated in deionized water for 24 hr. After the saturation period, the aver-
age saturated mass was determined by weighing the sample three separate times. To calculate initial porosity of
a given sample, the pore volume was estimated by taking the difference between the average dry and average
saturated mass and dividing it by the density of deionized water. Porosity is the ratio between the pore volume and
the total sample volume calculated using the measured dimensions of the sample. Samples were kept in deionized
water prior to an experiment for no more than 3 days.

Preceding an experiment, a sample was tightly wrapped with a copper foil with a thickness of 0.05 mm. To
collapse the copper jacket onto the sample, the sample was placed into a pressure vessel, and a pneumatic Haskel
pump (air-driven booster) was used to pump kerosene into the vessel to apply ~7 MPa confining pressure to the
sample. Once the jacket was fitted, a small section of the jacket was sanded with sandpaper and cleaned with
isopropyl alcohol to allow axial and radial strain gauges to be securely glued to the surface of the copper. The
copper-jacketed sample with strain gauges was placed between two double O-ring endcaps and a series of spac-
ers that were attached to a base plug that seals one end of the pressure vessel in a triaxial deformation apparatus
(Figure 1). The sample was held in place with polyolefin heat-shrink tubing and hand-twisted 24-gauge steel
wires. Holes were added to the polyolefin to allow wires coming from the strain gauge to be attached to the base
plug. These holes were later sealed with a room-temperature vulcanizing silicone gel before an experiment.

2.3. Constant Strain Rate Deformation Experiments

The triaxial deformation apparatus used in this study allowed for independent servo control of confining pressure
(P,), axial stress (o), and pore fluid pressure Py (e.g., Ougier-Simonin & Zhu, 2015). P, is first introduced using
a booster pump and is then servo controlled using an intensifier. P is first introduced to the sample by filling
an intensifier with deionized water using a hand pump. The P is controlled using an intensifier that applies
pressure through a hollow series of spacers that lead to the sample (Figure 1). The deformation apparatus is in a
climate-controlled room where the temperature is maintained at 23°C.
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Kerosene was used as the confining medium and deionized water was used as the pore fluid. A main ram
controlled by hydraulics was used to apply an axial load to the sample during an experiment. For the experiments
in this study, the ram was moved at constant displacement rates that result in constant axial strain rates of 107* s~/
107% 571, or 1076 7!, respectively. Values of P, and P, were recorded during an experiment by using pressure
transducers located outside of the pressure vessel. Axial stress (c,) was measured by a force gauge that was placed
outside of the pressure vessel and was corrected for seal friction, which was measured prior to axial deformation
of the sample. Axial strain was measured at the sample with an axial strain gauge that was attached to the copper
jacket that surrounded the sample. Additionally, axial strain was deduced from a linear variable differential trans-
ducer (LVDT) that measures the displacement of the main ram by correcting the measured displacement data for
the stiffness of the deformation apparatus (determined to be 208 kN/mm). All mechanical data in this study are
plotted using axial strain inferred from the LVDT corrected for rig stiffness. Volumetric strain (&,) was calculated
using axial strain (g,) measurements and radial strain (¢,) measured by the radial strain gauge on the copper jacket
(ie., &, = €,+ 2¢,; Brace et al., 1966). All data were recorded at a frequency of 2 Hz. The experimental condi-
tions used in this study are listed in Table 1. Experiments included in Supporting Information S1 are meant to
demonstrate the reproducibility of experiments shown in the main text. A high level of reproducibility is shown
at all strain rates.

In each experiment, a confining pressure of ~7 MPa was first applied to the sample. Then, a pore fluid pres-
sure of ~4 MPa was applied using a hand pump. Samples deformed at P, = 12 MPa and P, = 2 MPa were
left to pre-compact for 1 hour after adjusting the pressures to P, = 12 MPa and P, = 2 MPa. For experiments
performed at higher pressures, the sample was pre-compacted for 1 hr at P, = 20 MPa and P,= 10 MPa. Follow-
ing pre-compaction, both P, and P, were increased at a constant rate while maintaining a constant differential
pressure (P, = P, P)) of 10 MPa. Once the pre-determined pressure conditions were reached, the radial stresses
(6, =05 =P,) and the pore fluid pressure P, were kept constant via servocontrol throughout the deformation test.

In each experiment, after peak stress was reached and the subsequent stress drop leveled off, the hydraulic ram
was moved away from the sample to stop axial deformation. All experiments were accompanied by inaudi-
ble stress drops, and different rates of weakening were observed. The deformed samples were unloaded at a
constant differential pressure of 10 MPa using the same rate as the initial pressurization to preserve deformation
microstructures.

2.4. Thin Section Preparation and Microstructural Analysis

Visual examination of deformed samples retrieved from the pressure vessel revealed that a through-going fracture
(i.e., fault) developed in all samples. These samples were dried and impregnated with low-viscosity, slow-curing
epoxy. Each sample was then cut in half lengthwise at an orientation that maximized the intersection to the fault
plane resulting from the brittle failure (Figure 1b). Using one half of the deformed sample, double polished thin
sections (30 pm thick) were made for the microstructural analysis. A grid of test lines was overlaid onto photo-
micrographs, and the mean intercept length, which represents the average length of a line segment intersecting
a large number of grains, was obtained by dividing the length of the test lines by the number of intersections
with grains (Underwood, 1969). The average grain size determined using this chord length analysis method
was 0.19 mm in sample D180-6-1 (Table 1), which agrees with values reported in other studies (e.g., Wong
et al., 1997). Crack counting and grain indexing methods were performed on the middle third of thin sections and
are located farthest from the piston and the series of spacers present at the sample edges.

To characterize the fracture patterns of each sample, a grain indexing method first developed by Menéndez
et al. (1996) and later adopted by Tamarkin et al. (2012) was used. This grain indexing method was used on large
photomosaics that are comprised of images taken at a total magnification of 50X under normal reflected light.
A grid of evenly spaced lines was drawn over the photomosaic in Adobe Photoshop to create individual squares
that were 0.1 mm X 0.1 mm (roughly one half of the mean intercept length). Boxes with most of their total area
falling into pore space were colored black. Grains within boxes were categorized as a “0” and colored blue if no
cracks could be seen in the image. Grains were categorized as a “1” and colored cyan if there were only one or
two intragranular cracks (defined as cracks that have not propagated across the entire grain). A yellow-colored
grain categorized as a “2” indicated a grain with no more than two transgranular cracks (defined as cracks that
have propagated diametrically from one side of the grain to the other). Grains were categorized as a “3” and
colored orange if there were more than two transgranular cracks, and the grain remained intact. Finally, red grains
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categorized as a “4” represent crushed grains (i.e., grains clearly broken into multiple smaller pieces). Unlike
grains placed into the “3” category, grains indexed as a “4” were often accompanied by finely crushed debris due
to the crushing of the grain.

To compare the intensity of microcracking produced under different pressures and strain rates in a more quantita-
tive manner, we developed a hybrid crack counting method. A grid was placed over photomosaics to create square
boxes that were 0.2 mm X 0.2 mm. The 0.2 mm length is roughly equal to the mean intercept length (Figure 1c).
The number of cracks encountered per grain along a given transect line was recorded. Cracks per grain counted
on transects oriented parallel to o, were labeled C,. Cracks per grain counted on transects oriented perpendicular
to o, were labeled C . The results from the hybrid counting method are semiquantitative since any given transect
is recorded as crossing exactly 0, 1, 2, or 3 cracks per grain that the transect crossed in the image. However, if a
transect line directly intersected four or more cracks within one grain, then the grain was categorized as having
>4 cracks. More than 500 grains were counted in each photomosaic.

To quantify the difference in fault width seen in experiments D2-6-1 (P, =2 MPa) and D180-6-1 (P, = 180 MPa)
completed at 107° s~! (Table 1), three 11 x 11 grids of 0.2 mm x 0.2 mm boxes were placed on top of photomo-
saics to perform a crack counting routine (Zega & Zhu, 2023). The rectangular grid that was overlaid on both
photomosaics contained columns of 11 boxes oriented parallel to the fault. The center column of the grid was
placed along the center of the fault zone, as determined from the damage maps created for both samples. The
number of cracks present in each box was recorded. Since the columns of boxes in the grid are oriented parallel
to the fault plane, the 11 measurements of cracks per box in one column represent 11 individual measurements
of crack density that are the same distance from the center of the fault. This process was done iteratively by
counting cracks per box in each column from one side of the fault to the opposite side of the fault. This scheme
allowed crack densities to be plotted as a function of distance from the core of the fault.

3. Results
3.1. Mechanical Data

In the presentation of these mechanical data, we adopt the convention that positive stresses and strains are compres-
sive. The stress-strain curves in all experiments show 4 typical stages of deformation behavior (Figures 2a, 2d,
2g; Figure S1 in Supporting Information S1): (a) A brief non-linear compaction resulting from the initial crack
closure; (b) A quasi-elastic compaction with an approximately linear stress-strain relationship; (c) The onset of
shear-induced dilatancy (C’) when the stress-strain curve deviated from the initially linear stress-strain relation-
ship; and (d) A strain softening stage after reaching the peak differential stress (Aoqx) When a through-going
fault develops. The failure behaviors were not audible in any experiments shown in this work. Instead, all samples
displayed varying rates of strain weakening in a quasi-static manner, as shown by the different slopes of the shear
stress against time after peak stress plots (Figure 2).

At the same strain rate, the peak stresses of all samples were similar irrespective of the different pore fluid pres-
sures used (Figure 2a, 2d, 2g; Table 2). This suggests that the shear strength depended solely on the differential
pressure (constant) and did not vary as a function of the pore fluid pressure, which is in good agreement with the
effective stress law with @ = 1. However, the peak stresses change when samples were deformed using different
strain rates. The peak stresses obtained at 10~ s~! are ~10 MPa higher than those deformed at 10~> s~!. The differ-
ences in the peak stresses at 10™ s™! and 10~ s~! are within the typical range in peak stresses observed due to
sample-to-sample variations. Ao, varies by only 1-2 MPa in samples deformed at 10~*s~! and 107> s~!. Overall,
the observed increase in peak stress that was associated with increasing the strain rate from 107> s~! to 107 s~!
is greater than the variation in peak stress expected due to sample-to-sample variability. In samples deformed at
107¢ 571, the peak stress ranges from 81 to 87 MPa with the exception of one sample (D120-6-2) having a peak
stress of 90 MPa. Considering D120-6-2 also has anomalously Young's modulus and C’ (Table 2), this is likely due
to the variability of natural samples. It is interesting to note that the peak stress and Young's modulus of sample
D-120-6-2 deformed at 10~ s~! were closer to the values obtained in samples deformed at 10~* s~! (Table 2).

The different slopes of the Stage IV (after the peak stress was attained, thus called post-failure) stress-strain curves
signify different rates of fault growth, which can be better visualized by plotting shear stress and slip against time.
Inelastic axial strain was deduced using the elastic moduli shown in Table 1, and a trigonometric relationship
was used to infer displacement of the fault plane (e.g., Ougier-Simonin & Zhu, 2015). To calculate slip velocity,
the derivative of the relative fault displacement with respect to time was plotted to show any accelerations in the
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Figure 2. (a, d, g) Stress-strain curves from experiments outlined in Tables 1 and 2. Each color represented a separate experiment. (b, e, h) Shear stress plotted against
time after peak stress. (c, f, i) Slip velocity plotted against time after peak stress. (c) has a different y-axis than (f) and (i).

slip beyond the imposed loading rate (see Supporting Information S1 for details; Figure 2). Any “spikes” seen in
Figures 2c, 2f, or Figure 2i represent accelerations in slip velocity beyond the constant axial displacement rate
imposed by the machine. A 30° fault plane was chosen in calculations since the microstructural analysis revealed
that a localized zone of damage formed at ~30°+2° from the maximum principal stress (Figure 3; Figure 4;
Figure 6). Notably, altering the faulting angle does not significantly change the trends observed in the data. Small
variations in the faulting angle (+2°) neither significantly change the calculated values of shear stress or slip
velocity, nor do they affect the trends observed in the data (see Supporting Information S1).

At a strain rate of 10~*s~!, samples showed weakening durations (i.e., the time elapsed from Ao, to the residual
stress measured at the end of axial deformation) of <50 s (Figure 2b). Prior to a rapid stress drop and increase in
slip velocity, the stress dropped slowly for ~30 s at P, = 120 MPa and ~40 s at P, = 10 MPa. The abrupt accel-
erations in slip velocity coincided with abrupt shear stress drops. Qualitatively, the post-peak stress behavior is
similar at this strain rate regardless of the pore fluid pressure.

At a strain rate of 107> s~!, all experiments resulted in a weakening duration of <800 s (Figure 2¢). Compared to
the experiments completed at 107 s~1, experiments at 1073 s~! resulted in longer weakening durations and less
abrupt shear stress drops but still resulted in measurable accelerations in slip velocity beyond the imposed loading
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Table 2
Experimental Data

rate. In each experiment, the stress initially dropped slowly for a period of
~200 s prior to an acceleration in strain rate (Figure 2f). The measured peaks
in slip velocity correspond to the time when samples began to experience a

Pore
fotedl  Simdm Peak more rapid shear stress drop (Figure 2e). Overall, experiments at a strain rate
Confining pressure  rate  Young's differential of 1073 s~! showed a high degree of repeatability and negligible variations in
Sample pressure Py, (¢), modulus, C, stress, the style of weakening behavior.
1D (P,), MPa MPa s7! GPa? MPaP MPa
: -6 -1 _
D104-1 20 10 10 148 29 96 ..All samp}es deformed aF a strain rate of 107° s~! showed longer wejal?en
ing durations than experiments completed at the same pressure conditions
D120-4-1 130 120 10-* 14.9 34 95 . . . . 6 -1
at higher strain rates. The experiments completed at a strain rate of 107 s
D2-5-1 12 2 10 10.7 29 85 also showed the most variety in faulting behaviors. In all experiments at
D120-5-1 130 120 1073 114 36 84 this strain rate, a particularly prolonged drop in the stress of at least 1,000 s
D180-5-1 190 180 10-3 112 54 86 was recorded after the sample reached peak differential stress. Unlike
D2-6-1 12 D) 10-6 98 o4 81 experiments completed at the higher strain rates, slip velocity in 5 of the 8
. 6 1 . . .
D10-6-1 20 10 1076 i 20 - experlm.ents comple.ted at 10 s .re@alned cl'ose to the imposed loading
B rate, which resulted in no visible spike in the slip velocity data as the stress
D120-6-1 130 120 10 1.3 26 86 dropped (Figure 2i; Figure S1 in Supporting Information S1). Due to the
D180-6-1 190 180 107 10.1 - 87 variety in faulting behaviors, the stress drop occurred rapidly when there was
D10-4-2°¢ 20 10 10~* 14.7 = 95 detectable slip acceleration and occurred in a gentle fashion over a longer
D120-4-2¢ 130 120 104 10.8 - 926 period for the cases in which the slip velocity remained near the loading
D2-5-2¢ 12 D) 10-5 113 B 38 rate. Increasing the pore fluid pressure had the most apparent effect on slip
. . 6 1 .
D 130 120 105 131 i 84 behavior at a strain rate of 10' sl A?though bolth fast and élow failure
were observed at low P, (see Figure S1 in Supporting Information S1), the
D2-6-2¢ 12 2 10-¢ 11.5 19 81 . . . ",
slowest faulting behaviors were more consistently observed at conditions of
D10-6-2 20 10 107 114 23 87 high pore fluid pressure (P;> 120 MPa). Fast faulting was not observed at
D120-6-2° 130 120 106 12.5 48 90 P,= 180 MPa at a strain rate of 107671
D180-6-2¢ 190 180 10-¢ 11.6 19 84

*The Young's modulus was inferred from axial displacement measurements
from an LVDT that were corrected for rig stiffness. °C' was reported when strain
gauge data were available (see Supporting Information S1). Experimental

3.2. Microstructural Analysis

3.2.1. Spatial Distribution of Damage

data shown in Supporting Information S1.

Using a grain indexing method outlined in the methods section, we produced
damage maps to characterize the fracture patterns in samples deformed under
different pressure conditions at two strain rates (Figures 3 and 4). In the two
microstructures examined at a strain rate of 10~ s, the fracture patterns are qualitatively similar: Damage is
localized in a band oriented ~30° from ¢,, and only a few grains away from what one may interpret as the main

1

“fault zone” were categorized as a 4 (Figure 3). In samples deformed at 1073 s~!, increasing the imposed pore

fluid pressure had only negligible effects on the observed deformation microstructures.

At a strain rate of 107 s~!, increasing the pore fluid pressure had a more noticeable effect on the spatial distribu-
tion of damage observed in thin section. Unlike those samples deformed at 1075 s~!, the sample deformed at high
pore fluid pressure with the slowest faulting behavior (sample D180-6-1) exhibited enhanced off-fault damage
and a wider overall damage zone when compared to a sample deformed at low pore fluid pressure with compar-
atively faster faulting behavior (sample D2-6-1) (Figure 4). At a strain rate of 107 s~!, slow faulting observed at
high pore fluid pressure resulted in both a wider fault and more off-fault damage while faster faulting at lower
pore fluid pressure resulted in more localized deformation as observed at the faster strain rate.

To quantify the intensity of microcracking, we applied the hybrid crack counting method and have summarized
the results of the counting process in a series of pie charts (Figure 5). These pie charts demonstrate that decreas-
ing the strain rate and increasing the pore fluid pressure resulted in a microstructure with a higher proportion of
grains with at least 4 cracks as counted along transects oriented both parallel and perpendicular to the maximum

principal stress. At a strain rate of 1076 s

, increasing pore fluid pressure from 2 to 180 MPa resulted in a 5.7%
increase in the total number of grains along horizontal transects (labeled as C,) that were determined to have at
least four cracks (Figure 5). At the faster strain rate, increasing pore fluid pressure resulted in a 2.5% increase in
grains with at least 4 cracks that were sampled along transects in the same orientation (Figure 5). At a strain rate

of 107% s~!, we also measured a 4.8% increase in the number of grains with at least four cracks counted along
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Figure 3. (a),(b) Photomicrographs taken at 50x total magnification under reflected light for experiments D2-5-1 and
D180-5-1. The fault is traced in a dotted black line according to the damage maps. The inset thin section graphic shows the

imaged area of the thin section for perspective. (c), (d) Associated maps depicting the spatial distribution of damage seen in
the photos.

transects oriented parallel to the maximum principal stress (labeled as C,) when pore fluid pressure increased
from 2 to 180 MPa (Figure 5). In the case of the faster strain rate, increasing pore fluid pressure yielded a 0.2%
increase for cracks counted per grain along transects oriented parallel to the maximum principal stress.

3.2.2. Fault Morphology

To discern changes in the width of the fault zone for the experiments completed at low and high P, (depicted in
Figure 4), we used a counting scheme to quantify damage as a function of distance from the fault core in two samples
deformed using a strain rate of 107° s~!. The fault cores were in a similar region of both thin sections and the center
point of each fault was chosen by examining the damage maps (see boxed regions in Figures 4a and 4b). In both
samples, the highest crack densities sampled were located near the fault core. In the sample deformed at low pore
fluid pressure, the median crack density decays sharply with only a small distance from the fault core. However, at
high pore fluid pressure, higher crack densities persist some distance from the center of the fault. To the left of the
fault core in the negative direction, high median crack densities (>4 cracks per box) were sampled consecutively to
—0.8 mm from the center of the fault in the sample deformed at high pore fluid pressure. To the right of the fault core
in the positive direction, high median crack densities were sampled consecutively to +1.2 mm from the center of the
fault. In contrast, at low pore fluid pressure, the region of continuous high median crack densities extends from —0.6
to +0.6 mm with respect to the center of the fault (Figure 6¢). In this region of the sample, the zone of highest crack
density is roughly 0.8 mm wider in the sample deformed at high pore fluid pressure. The counting technique reflects
what is qualitatively observed in the damage maps and outlined in photomicrographs (Figures 4, and 6a 6a and 6b).

3.2.3. Off-Fault Damage

As observed in the damage maps, a higher number of grains indexed as a 4 were found away from what one may
interpret to be the primary fault zone when slow faulting was observed at high pore fluid pressure at the slow
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Figure 4. (a), (b) Photomicrographs taken at 50X total magnification under reflected light for experiments D2-6-1 and
D180-6-1. The fault is traced in a dotted black line according to the damage maps. The inset thin section graphic shows the
imaged area of the thin section for perspective. The black box shows the imaged area seen in Figure 6. (¢), (d) Associated
maps depicting the spatial distribution of damage seen in the photos.
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Figure 5. Hybrid crack counting results shown in pie charts for the samples depicted in Figures 3 and 4. (a) Shows the cracks per grain counted on transects both
perpendicular (top row) and parallel (bottom row) to the maximum principal stress for experiments D2-6-1 and D180-6-1. (b) Shows the cracks per grain counted both
perpendicular (top row) and parallel (bottom row) from the maximum principal stress for experiments D2-6-1 and D180-6-1.
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Figure 6. (a), (b) Photomicrographs perpendicular to the fault in samples D180-6-1 and D2-6-1 deformed at 1076 s~!. The fault is traced in a dotted black line
according to the damage maps. Inset thin section graphic outlines the imaged area for perspective. The black box in the upper left-hand corner of A and B is

0.2 mm X 0.2 mm and represents the size of the sampling area. (c) A box-and-whisker showing the distribution of cracks per box for each photomicrograph. The
colored box displays the interquartile range. The upper and lower bounds (tops and bottoms of the whiskers) are the upper quartile plus 1.5X the interquartile range and
the lower quartile minus 1.5X the interquartile range. Points outside of the upper and lower bounds are outliers (black diamonds).

strain rate (Figure 4). To further document the nature of this off-fault damage under conditions of slow faulting,
photomicrographs from the experiment completed at P,= 120 and at a strain rate of 10~%s~! (included in Figure 2)
were taken at a variety of magnifications under reflected light (Figure 7). Compared to the sample deformed at
the lowest pore fluid pressure at the same strain rate (P, = 2 MPa), the sample deformed at P, = 120 MPa experi-
enced markedly slower failure (Figure 2). The same microstructural analysis involving grain indexing and hybrid
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Figure 7. Photomicrographs showing five instances of off-fault damage in sample D120-6-1. The boxed 200X magnification photos match the location of the
correspondingly colored box drawn on the larger photomosaic. The black outline on the large photo shows the fault trace as interpreted from the damage map completed

on a larger photomosaic.

crack counting was also applied to this sample (see Supporting Information S1). The results demonstrate that
there is a higher overall crack density in this experiment compared to the sample deformed at low pore fluid
pressure at the same strain rate (P, = 2 MPa at 107¢ s7!). The zones of damage shown were indexed as four in
the grain indexing scheme, and the outline of the fault was traced according to the damage map (see Figure S2
in Supporting Information S1). Zones of off-fault damage were observed up to 5 mm from the edge of the fault
and are seen in the middle third of the thin section. The observed zones of off-fault damage are representative of
the style of off-fault damage that appears to be most pervasive at P,= 180 MPa and at a strain rate of 10-°s71 as
indicated in the damage map (Figure 4b).

The first instance of off-fault damage (labeled as 1 in Figure 7) shows an array of intragranular cracks that emanate
from a grain contact. So-called hertzian fractures (e.g., Zhang et al., 1990) of this type have been described in
Berea sandstone by Menéndez et al. (1996) and in Darley Dale sandstone by Wu et al. (2000). The other instances
of off-fault damage depict grain crushing where grains (or some portion of the grain) are broken into many pieces.
Grain crushing is accompanied by the production of fine-grained debris and pore collapse (porosity reduction).

4. Discussion
4.1. Drainage Conditions Throughout Deformation

We deformed highly permeable porous sandstone samples at 3 different strain rates and observed the rate of fault
propagation under different pore fluid pressures. All experiments were conducted at a constant differential pres-
sure of 10 MPa. For samples deformed at the same strain rate, the peak stresses were similar regardless of the pore
fluid pressure, in accordance with the effective stress law with @ = 1 (Table 2). In general, samples deformed at
faster strain rates have higher peak stresses relative to samples deformed at slower strain rates (Figure 2; Table 2).

The post-failure behaviors vary depending on the strain rate used during the experiment. In samples deformed at
10~*s~!, similar faulting behaviors were observed irrespective of pore fluid pressures applied. When deformed at
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a slower rate of 1076 s~!, samples exhibited slow faulting at high pore fluid pressures (>120 MPa). Microstruc-
tural analyses reveal pervasive grain crushing and pore collapse in samples failed by slow faulting (Figures 3-5).
Slow faulting also results in broader fault zones and more off-fault damage (Figures 6 and 7).

In the traditional mechanical framework, dilatant hardening is expected to occur at sufficiently fast strain rates
when the time scale for fluid diffusion is longer than the time scale for deformation (e.g., Brace & Martin, 1968;
Duda & Renner, 2013). At fast strain rates, the rate of dilatant microcracking is faster and more likely to outpace
the rate of fluid diffusion, which may lead to undrained deformation and dilatant hardening. At slow strain rates,
the rate of dilatancy is slower and additional time is allowed for fluid diffusion, which may lead to drained defor-
mation without dilatant hardening.

Following Duda and Renner (2013) and Fischer and Paterson (1992), we can estimate the diffusion time for water
(zf) in Darley Dale sandstone as follows:

tr=Lxnx* ) €8
k

Using a viscosity of water (1) of 8.90 X 10~* Pa.s. at 23°C (Korson et al., 1969), a storage capacity per unit volume
(S) between 1071 Pa~! and 107! Pa~! (Duda & Renner, 2013), a permeability (k) for Darley Dale between
10~ m?and 10~'* m? (Zhu & Wong, 1997), and the half length of the sample (L = 19.05 mm), the estimated fluid
diffusion time (Z,) ranges from 3 X 1075 s to 3 X 1073 5. The duration of brittle faulting, or the time elapsed between
the sample reaching peak stress and the stress drop leveling off to residual stress, ranges from ~40 to ~9,000 s for
an individual experiment (Figure 2). Using the duration of brittle faulting to approximate the timescale for defor-
mation (7,), we conclude that 7, < 1,, and deformation is drained at the sample scale during all experiments in this
study. The described well-drained condition is consistent with other studies that demonstrate pore fluid pressure
in Darley Dale sandstone readily equilibrates throughout the sample (e.g., Rutter & Hackston, 2017).

For all rocks deformed at a given strain rate, the elastic moduli during the quasi-elastic portion of loading were
similar, and the peak stresses were also similar regardless of the magnitude of pore fluid pressure used in the
experiment (Table 2). Little variation in peak stresses and Young's moduli in samples deformed at a given strain
rate is further evidence for drained deformation proceeding in accordance with the effective stress law with a = 1
(i.e., local variations in pore fluid pressure, if present, have negligible effect on deformation behaviors). Prior to
peak stress, the deformation is accurately characterized by the value of the differential pressure (P, = 10 MPa)
(e.g., Zimmerman et al., 1986).

After peak stress is attained, brittle faulting is dictated by crack growth and coalescence that initially occurs at
much smaller length scales relative to the total sample length (e.g., Reches & Lockner, 1994). Prior to the forma-
tion of a macroscopic fault, localized crack growth and linkage results in local deformation rates that exceed the
imposed macroscopic strain rate (e.g., Renard et al., 2019). Furthermore, the propagation of a fault in granular
sandstones can result in permeability reduction despite volume increase of the sample because grain comminu-
tion in the fault zone is thought to generate more tortuous flow paths (Zhu & Wong, 1996).

Although estimating the drainage condition at small length scales is difficult, similar post-failure behaviors in all
samples deformed at strain rates of 10™* s~ and 1073 s~! suggest drained conditions were maintained throughout
fault growth at all pressure conditions. We did not measure local variations in pore fluid pressure during defor-
mation as in other state-of-the-art studies (e.g., Aben & Brantut, 2021; Proctor et al., 2020). However, the results
from experiments completed at fast strain rates suggest that local reductions in permeability and local increases
in deformation rate, if any, did not cause dilatant hardening that was significant enough to affect faulting behavior
(Figure 2). Since drained conditions are achieved in samples deformed at strain rates of 10™* s~! and 1073 s,
samples deformed at 1076 s=! (larger #,) can be considered fully drained. However, increasing pore fluid pres-
sure had a significant effect on the post-failure behaviors and microstructures exclusively on samples deformed
at 107 s71. Mechanisms other than dilatant hardening in the traditional sense must be responsible for the slow
faulting at high pore fluid pressure under drained conditions.

4.2. Time-Independent versus Subcritical Crack Growth

Crack growth is often viewed as a time-independent, critical phenomenon where unstable crack growth occurs
once a critical crack length or critical stress is attained (e.g., Griffith, 1921). However, subcritical crack growth is
also known to play an important role in rock deformation (e.g., Atkinson, 1984; Heap et al., 2009). Fault growth
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Figure 8. A schematic showing crack velocity versus crack length for both time-independent cracks growing by stress
transfer and time-dependent cracks growing by stress corrosion. Cracks growing by stress transfer grow at a constant
rate directly proportional to the imposed strain rate. Cracks growing by stress corrosion will grow progressively faster as
additional differential stress is applied to the sample.

in rock under compression is known to be primarily controlled by the interaction and coalescence of tensile
mode I cracks (Reches & Lockner, 1994). Without stress corrosion processes, time-independent crack growth
occurs only if the intrinsic fracture toughness for mode I crack growth (K,.) is achieved at the crack tip. For a
mode I crack under compression, the mode I stress intensity factor (K;) decreases as a function of crack length
(i.e., crack growth is stable) (e.g., Brantut et al., 2012; Kachanov, 1982; Kemeny & Cook, 1991; Nemat-Nasser
& Horii, 1982). Therefore, under compression, time-independent crack growth requires that additional stress is
applied to the rock so the condition for crack growth (i.e., K; = K,) continues to be met as the crack lengthens.

Constant stress creep tests are designed to deform a rock at a stress level below its time-independent failure
strength. Under a constant stress, time-dependent brittle creep due to chemically assisted subcritical crack growth
can be observed in water-saturated rocks (e.g., Heap et al., 2009). Due to brittle creep, maintaining a constant
differential stress below the time-independent failure strength allows for the observed strain rate to change as
a function of time. Under constant stress, a population of cracks will initially lengthen due to stress corrosion
and result in a condition where K, < K. at the crack tips. The initial crack lengthening leads to a decrease in
K, at crack tips, a deceleration in crack velocities, and hence a deceleration in macroscopic strain rate (Brantut
et al., 2012). A period of quasi-steady deformation occurs until crack interactions cause an increase K; at crack
tips and an increase in the macroscopic strain rate, which leads to brittle faulting even though the stress applied
to the sample is constant (Brantut et al., 2012).

If the minimum rate of brittle creep observed during a constant stress test were to approach the strain rate used
during a constant strain rate test, it would imply that the subcritical crack growth rate is similar to the rate of
time-independent crack growth induced by stress transfer. When the subcritical crack growth rate approaches the
constant strain rate, the sample can attain peak stress when the stress intensity factor at some number crack tips
is less than the time-independent fracture toughness (i.e., K, < K,.) (Figure 8). Since subcritical cracks grow
because of chemically assisted stress corrosion rather than by mechanically induced stress, fluid-saturated rocks
deformed at slow strain rates fail at some level of stress below their theoretical time-independent failure strength.
A reduction in rock strength with a reduction in strain rate occurs because the rate of subcritical crack growth
can become significant when compared to the imposed deformation rate (e.g., Kemeny & Cook, 1991; Sano
et al., 1981).

4.3. Influence of Subcritical Cracking on Shear Strength

To better examine creep data at a variety of differential pressures (i.e., P, = P~ P, we plotted our data from
the constant strain rate experiments and the brittle creep data extracted from Heap et al. (2009) and Brantut
etal. (2013) in Figure 9. In this plot, the differential stress Ao is normalized (i.e., Ao/ Aomax), Where Ao, is the
failure strength (peak stress) obtained in constant strain rate experiments. For the brittle creep data, Ac,,,, was
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Figure 9. (a) Semi-log plot of creep strain rate versus creep stress (Ac.) divided by the peak differential stress (A6 ux)
observed in a compilation of constant stress creep experiments completed on Darley Dale sandstone (Heap 2009, Brantut
et al., 2013). Data from this study (solid gray dots) were plotted using a Ac,,,x = 95 MPa. (b) Semi-log plot of creep strain
rate versus differential stress (Ac) from Heap et al. (2009) and Brantut et al. (2013).

extracted from Brantut et al. (2013) at a strain rate of 10~> s=!. For our data, As,,, = 95 MPa, which was observed
in experiments completed at 10~* s~! (Table 2; Figure 9a).

The decrease in peak stress with decreasing strain rate is best explained by weakening induced by subcritical
crack growth because deformation is drained and dilatant hardening likely did not play a significant role, as
previously discussed. Compared to samples deformed at a strain rate of 107> s~!, the peak stresses observed at
10~* s~! are more representative of the time-independent strength of Darley Dale samples at P =10 MPa since
the imposed deformation rate is much faster than the expected brittle creep rates (Figure 9a). At slower strain
rates, brittle creep can be active in samples subjected to differential stress <95 MPa, regardless of whether the
sample is deformed under a condition of constant stress or using a constant strain rate. Notably, the rate of brittle
creep in Darley Dale can be at least 107 s~ under a variety of conditions, and such creep strain rates recorded
during creep tests are only representative of the minimum creep rate observed during secondary creep (Figure 9).
Because the rate of brittle creep in Darley Dale is significant at levels well below the time-independent failure
strength, the rate of brittle creep in the sample can exceed the slowest constant strain rate we have used in our
experiments.

The dependence of creep strain rate on differential stress can be expressed as a power law
¢ = A(Ao)" @)

where A is a constant (Heap et al., 2009). Heap et al. (2009) reported a power law exponent () of 49.93. Using
this value, we extrapolated the data from Heap et al. (2009) and Brantut et al. (2013) and determined that the
expected creep strain rate is slower than 10~* s~! unless the differential stress exceeds ~89 MPa (Figure 9b). In
other words, the rate of brittle creep is not comparable to the imposed strain rate of 10™* s~! until a minimum
differential stress of 89 MPa is applied to the sample. Peak stress is generally higher at fast strain rates because
the rate of subcritical crack growth is orders of magnitude lower than the strain rate for most of the experiment.
The minimum rate of brittle creep only becomes comparable to the loading rate when the sample approaches the
time-independent failure strength. By this time, most crack growth would have already occurred predominantly
by stress transfer, and stress corrosion processes driving subcritical cracking growth would have little effect on
peak stress (Figure 8). At 10~*s~1, there is simply not enough time for subcritical cracking to play an important
role during deformation.

At lower loading rates of 1073 s~'and 10° s, the rate of crack growth due to stress transfer is slower. When the
expected minimum rate of brittle creep at a certain level of differential stress exceeds the constant loading rate,
subcritical cracks due to stress corrosion would grow and accelerate during active loading. The resulting stress
relaxation from the lengthening of subcritical cracks outpaces the rate at which additional stress is transferred to
the crack tip via active loading. The reduction in peak stress suggests the rate of subcritical crack growth begins to
exceed the rate of stress transfer at lower levels of differential stress when the strain rate is lowered from 10~ s~!
to 107 s~1. The reduction in peak stress as a function of the strain rate suggests that fault growth is increasingly
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dictated by subcritical as opposed to time-independent cracking at slow strain
10_4 ] oo @ P, =10 MPa, constant £ (this study)
O P, =10MPa, creep (Brantut et al., 2013) rates.
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n 4.4. Strain Rate Dependent Time-to-Failure
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© ° Because the peak stresses in samples deformed at lower strain rates are below
c 10-71 Y the time-independent failure strength, it is likely that the stress intensity at a
_g ° significant portion of cracks tips remains below the time-independent frac-
a 10-8 ° o ture toughness (K; < K.), even after peak stress is attained. We argue that
8 °© when the strain rate is sufficiently low, faulting is increasingly controlled
S 1079 @ by the nucleation and coalescence of chemically-assisted subcritical cracks
as opposed to the time-independent cracks resulting from stress transfer.
-1 . . . . .
10710 1 0 2 1 (')5 1 (')6 Following this working hypothesis, the observed time lapse between the peak
] fail stress and spike in slip velocity can be explained by the competition between
time to failure, s time-independent and subcritical cracking.
Figure 10. Creep strain rate plotted against time to failure on log-log axes In constant strain rate experiments, the strain rate is inversely proportional to

for creep experiments from Brantut et al. (2013). For our experiments (solid
dots), we plot the time elapsed between peak stress and the observed peak
in slip velocity. Experiments where no acceleration in slip velocity could be
discerned from the data are excluded from this plot.

the elapsed time between the peak stress and measured acceleration in slip
velocity (i.e., time-to-failure) (Figure 2i; Figure 10). At 10~*s~!, only a short
time (<50 s) elapsed between peak stress and the observed peak in slip veloc-
ity. At 1073 s~ and 107 57!, a significantly longer time (~210 s—~2,100 s,
respectively) elapsed between the peak stress and any detectable peak in slip
velocity (Figure 2). In a creep test, time-to-failure is the time elapsed from when the sample is initially placed
under constant stress to when the sample fails by brittle faulting and there is a rapid acceleration in strain rate
(e.g., Brantut et al., 2013; Heap et al., 2009). Both the creep strain rate and constant strain rate scale similarly
with time-to-failure: In both types of experiment, lower strain rates result in longer times-to-failure (Figure 10).

To better understand the relationship between time-to-failure and strain rate, consider a sample deformed at a
very fast rate strain rate (e.g., >1073 s71). Our data suggest time-to-failure would approach zero (Figure 10).
Because time-to-failure in a constant strain rate experiment approaches zero at fast strain rates (Figure 10),
time-independent deformation (i.e., K; = K,) implies faulting occurs almost immediately after reaching peak
differential stress. Now, recall that creep strain rate increases as a function of applied differential stress (Equa-
tion 2). A sample left to creep very close to its time-independent failure strength (i.e., A,/ Ao = 1) would
have time-to-failure close to zero since time-to-failure decreases with an increase in creep strain rate (Figure 10).
At high creep strain rates and high levels of differential stress, the time-to-failure is short primarily because
subcritical crack growth commences at higher initial crack lengths. Higher initial crack lengths at higher differ-
ential stress imply less crack growth due stress corrosion is required before reaching the length at which crack
interactions lead to failure. Relative to creep at low differential stress, creep initiated at a high level of differential
stress results in less total cracking due stress corrosion, higher minimum creep strain rates, and shorter times to
failure (Brantut et al., 2012).

The varying times-to-failure in our experiments can be explained by varying degrees of subcritical and
time-independent crack growth that occurred after peak stress. At a strain rate of 107 s~!, the effect of subcrit-
ical cracking on failure behavior is negligible compared to the stress transfer process (Figure 9; Figure 10b).
At a strain rate of 1076 s7!, the rate of brittle creep approached the loading rate at lower levels of differential
stress, and less total crack growth occurred through stress transfer (Figure 10). In samples deformed at a strain
rate of 1076 s~1, times-to-failure are longer because crack growth and coalescence is dictated by stress corrosion
processes as opposed to stress transfer due to active loading.

Times-to-failure observed at a strain rate of 10~ s~! represent an intermediate case where both stress transfer and
subcritical cracking play a role. As expected, times-to-failure at a strain rate of 1073 s~! reflect less of a contribu-
tion from subcritical cracking than experiments at 107 s~! but more significant subcritical cracking than those at
10~* s~1. Subcritical cracking causes the peak stress to be considerably lower than that at 10~ s~!, yet the strain
rate is still sufficiently high so that the stress transfer dominates the failure process.

1

At a constant strain rate of 107 s~! and P, =2 MPa, the observed time-to-failure is comparable to a sample

deformed under a constant differential stress that experienced a creep strain rate of ~107% s~! (Figure 10). The
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similarity in expected times-to-failure in both types of experiments supports our working hypothesis that at this
strain rate, subcritical crack growth and interaction exert controls over post-failure fault growth. Collectively,
our observations support the idea that the slow faulting observed at slow strain rates is related to more prevalent
chemically assisted, subcritical crack growth that occurs at a rate similar to or faster than the imposed deformation
rate.

4.5. Mechanism of Slow Faulting Under Drained Conditions

We have adapted the framework of Brantut et al. (2012) to illustrate how subcritical crack growth affects brittle
faulting during constant strain rate experiments. Since faulting in porous rocks occurs due to the interaction
of many cracks of varying lengths (e.g., Lockner et al., 1992), it is appropriate to consider an “effective crack
length” that characterizes the length of a network of interacting cracks. When the effective crack length reaches a
certain value, overall crack interactions lead to faulting. Envisioning crack growth using an effective crack length
is in accordance with our microstructural observations that show dense networks of cracks accompanied by grain
crushing in the primary fault zone (e.g., Figures 3 and 4, 6-7).

We propose that at sufficiently slow strain rates, subcritical crack growth commenced at the onset of
shear-induced dilatancy (C’) and controlled the inelastic and failure behaviors in porous rocks to various degrees.
Time-independent crack growth occurs when K, = K. at the crack tips and proceeds at a constant velocity propor-
tional to the imposed strain rate. At fast strain rates, time-independent cracking results in the continuous growth
of flaws until an abrupt period of crack interaction leads to fast faulting at a high effective crack length (Figure 11,
red line). At slow strain rates, cracking through stress transfer dominates until the expected rate of brittle creep
approaches the loading rate (e.g., Figure 8). The transition from cracking occurring predominantly from stress
transfer to stress corrosion occurs at peak stress. At peak stress, the rate of stress relaxation from subcritical
cracking begins to outpace the rate of stress transfer from active loading. When differential stress begins to drop,
the local stresses decrease around crack tips, and the rate of subcritical cracking decelerates. Eventually, the local
stresses at the cracks increase once the networks of subcritical cracks reach an effective length where crack inter-
actions dominate and lead to faulting (Figure 11, blue line).

At slow strain rates, crack interaction is expected to occur at shorter effective crack lengths than those at faster
strain rates because lower peak stress is observed at slow strain rates (Brantut et al., 2012). Because slow faulting
was observed under the conditions most conducive for subcritical cracking, our data indicate that the interaction
of clusters of subcritical cracks were inhibited under high pore fluid pressures (Figure 11). Therefore, pervasive
and distributed microcracking was observed in sampled deformed at high pore fluid pressures, which is the neces-
sary condition for slow faulting under high pore fluid pressures.

In accordance with the conceptual model that we adopted from Brantut et al. (2012), rock failure under constant
stress requires less mechanical work than actively deforming a sample to failure using a constant strain rate. Less
work is required to break samples under constant stress because stress corrosion processes facilitate subcritical
crack growth when K, < K. at the crack tip (Brantut et al., 2014). Equivalently, our samples that were deformed
using a constant strain rate of 107¢ s~! required less total mechanical work to break relative to samples deformed
at 10~ s~! that exhibited higher peak stresses. Accordingly, enhanced subcritical cracking could be related to
slower rates of faulting. At slow strain rates, less total mechanical energy is available in the system to rapidly
propagate a fault because more diffuse cracking occurred due to stress corrosion. Our mechanical data support
this interpretation because faulting is the fastest at 10~ s~!, slower at 107> s~!, and the slowest at 107 s~! when
peak stresses are the lowest and the most subcritical cracking is expected (Figure 2). Furthermore, our micro-
structural analysis shows more pervasive microcracking and diffuse shear bands in samples deformed at slower
strain rates and high pore fluid pressures, which suggests enhanced subcritical crack growth occurred under these
conditions (e.g., Figures 3-7).

At slow strain rates, conditions of high pore fluid pressure may have various chemical and mechanical effects
that make conditions for slow faulting more favorable. Chemically, conditions of high pore fluid pressure at slow
strain rates may facilitate a more corrosive environment that results in the growth of more numerous subcritical
cracks. High pore fluid pressure may change the chemical environment at the crack tip through some combination
of increasing the autoionization of water and supplying more reactive species to the crack tip (Atkinson, 1984;
Fyfe, 1978). However, determining to what extent increasing pore fluid pressure increases the rate of subcritical
cracking requires a precise description of the chemical reactions responsible for chemical bond rupture. For

ZEGA AND ZHU

17 of 22

a8 “€T0T '9S€6691T

:sdpy woiy papeoy

:sdyy) suompuoy) pue suno o 208 “[£707/80/7Z] U0 ATRIqIT SUIUQ ASIA “WIEOH 21[qNg JO MMISU] UEBOMION Aq 9ESOTOLIETOT/6T01 01/10p/WOo"KaTim-

5001 SUOWII0)) 2ATIERI)) d]qeatidde oy Aq POUIOAOS SIE SO[oNIE VO 05T JO S| 10§ ATRIqIT QUIUQ) AAJI A\ UO (STONIPUOD-PUE-SULIYWOD KoIAv A



AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth

10.1029/2023JB026536

fast faulting
A) A C) rapid crack interaction
constant strain 10%s" 10657
constant stress R / ;jJ (5/
K =K. f
T f $S /S g
| A ) fo
KI primary tertiary / f
| ., H )
|
| \ — 5 \ .
v
| 1
I_ crack interactions dominate K|C , ?
| N —(C slow faulting
4 inhibited crack interaction
crack length \ T T 1055
g
. g 7
K o / x’/w
I
) 18
B) | ;o s L
A time-independent P 4
failure strength P 4
****** - faulting -
| 104" n— .
R ‘ 105e p J Effect of high P,
(0)
: H AO-max T \;’}H g’
‘ # o\
[ )
:/crackinteractions dominate
‘ > ffecti ki h
p— eftective crack lengt

Figure 11. (a) Evolution of stress intensity factor and crack length for constant stress and constant strain rate experiments (adopted from Brantut et al., 2012). (b)
Evolution of differential stress and crack length for both constant stress and constant strain rate experiments (adopted from Brantut et al., 2012). (c) Envisioned
evolution of stress intensity factor and effective crack length for constant strain rate conditions used in this study. Blue dotted lines depict the stabilizing effect of high

pore fluid pressure at slow strain rates.

example, some controversy exists as to whether molecular water (i.e., H,0) or hydroxide (i.e., OH~) from the ioni-
zation of water is the primary reactant driving stress corrosion (e.g., Atkinson, 1984; Atkinson & Meredith, 1981;
Dove, 1995). Increasing pore fluid pressure increases the autoionization of water which increases the chemi-
cal activity of OH™. Because the concentration of OH™ in solution is roughly an order of magnitude higher at
P, =180 MPa relative to P, = 2 MPa (Fyfe, 1978), reaction rate theory predicts a rate of reaction approximately
an order of magnitude faster at P.= 180 MPa relative to P.= 2 MPa (e.g., Dove, 1995). However, an increase
in the autoionization of water only matters if OH™ is a reactant participating in stress corrosion. It is also often
argued that the rate of stress corrosion is diffusion-limited (e.g., Atkinson, 1984). If stress corrosion reactions are
diffusion-limited and deformation is drained throughout the sample, it is possible that high P, could serve as a
mechanism for transporting more reactants, whether that be H,O or OH", to new and lengthening crack tips. In
this framework, any additional subcritical cracking facilitated by high P, due to chemical effects may slow the
rate of fault growth.

Mechanically, localized dilatant hardening enabled by pervasive subcritical cracking may have also hindered fault
growth. Our microstructural analysis provides some evidence for locally undrained conditions caused by grain
crushing and pore collapse in samples deformed at slow strain rates and high P, The observed differences in
the microstructures presented in this study are important since the fracture network influences the permeability
of the rock. When compared to the samples failed by abrupt faulting (Figure 3; Figure 5), the microstructures
from samples failed by slow faulting were associated with higher crack densities (Figure 5), wider fault zones
(Figure 6), and enhanced off-fault grain crushing (Figure 4; Figure 7). In dilating porous rock, grain crushing
induced by intense microcracking can lead to increasingly tortuous flow paths and permeability reduction (Zhu
& Wong, 1996). Although deformation is drained at the sample length scale, we cannot rule out the possibility of
locally undrained pockets forming in our samples.

Notably, there is a considerable amount of clay present in Darley Dale sandstone (~5%) (Heap et al., 2009).
The permeability of aggregates of clay minerals may range from 107! m? to 1072 m?2, which is much lower
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107 7 than the bulk permeability of Darley Dale sandstone (~10~'* m?) (Behnsen
CompactRock & Faulkner, 2011). Additionally, our microstructural analysis supports the
10 notion that pervasive subcritical cracking enabled grain crushing and pore
Dilatant hardening collapse, which would cause local permeability reduction. Low-permeability
10° t;> t,(undrained) . . patches present around clay minerals and crushed grains may have generated
No:jia:a(r;tr;afc;nlng local permeability reduction significant enough to affect fluid flow into and
o out of the subcritical cracks. In addition to the chemical effects of high pore
t;[s] 10 fluid pressure on subcritical cracking, it is conceivable that localized dilatant
Taeiefe SiEln Ees hardening can impede the growth and coalescence of subcritical cracks that
107 I 1 contribute to slow faulting under drained conditions at high P, Finally, the
Lablsirainliztes previously mentioned chemical and mechanical mechanisms may co-exist,
10-3 and slow faulting may also be controlled by a coupled chemo-mechanical
Porous Rock processes. Further work is required to discern which processes exert the most

105 important controls over fault growth.

1074 1071 10? 10° 108 10t 10
t, [s]

Figure 12. 7,and ¢, are plotted for typical geomaterials and strain rates as
labeled. Definitions for deformation and diffusion timescales follow Fischer
and Paterson (1992). Red shaded area highlights conditions for undrained
deformation which facilitates dilatant hardening. Blue shaded area highlights
conditions for drained deformation where dilatant hardening cannot occur.

d 4.6. Implications for Natural Fault Growth

Our experimental data on porous sandstone samples show that high pore fluid
pressure can stabilize fault propagation during drained deformation in porous
rocks only under slow strain rates. This is apparently contradicting conven-
tional wisdom that dilatant hardening is more prevalent at fast deformation
rates where undrained conditions are present. We propose that slow faulting
at slow strain rates results from the interplay between dilatant hardening and
subcritical crack growth occurring at conditions of high pore fluid pressures due to chemical effects. Our micro-
structural analysis of samples that failed by slow faulting suggests that grain crushing may have led to locally
undrained conditions conducive to dilatant hardening. Our results suggest that the effect of dilatant hardening on
subcritical crack growth may not be highly sensitive to lithology and the bulk hydraulic properties of the sample;
instead, local variations in permeability may likely have a large control over the eventual faulting behavior. This
observation has important implications in tectonic fault growth where stress corrosion cracking is prevalent and
drained conditions are maintained (e.g., Zoback & Townend, 2001) due to very slow strain rates (Figure 12).

For instance, tidally induced tremor activities are observed along the San Andreas fault (Thomas et al., 2009).
Becken et al. (2011) show that these tremor actives coincide with a large, low-resistivity area located in the
lower-crust and upper mantle beneath Parkfield that is often interpreted as a fluid source. The migration of
mantle-derived fluid from permeable zones of low-resistivity to more impermeable regions of the fault is thought
to modulate the occurrence of non-volcanic tremor at conditions of high pore fluid pressure (Becken et al., 2011).
Our experimental observations of slow faulting under drained conditions provide an alternative explanation of
these slow slip events. The interplay between dilatant hardening and subcritical crack growth at conditions of
high pore fluid pressure should be further explored since subcritical crack growth and brittle creep dominate fault
growth in Earth's upper crust.

Along natural faults, the stabilizing effect of dilatant hardening is thought to be mediated by thermal weakening
mechanisms that occur during fault slip such as flash heating and thermal pressurization (e.g., Segall et al., 2010;
Brantut, 2021). Rice (2006) has shown that the most significant perturbations in temperature and pore fluid pres-
sures during fault rupture occur tens of millimeters from the principal slip surface of a given fault. However, the
permeability of rocks located in close proximity (<100 mm) to the principal slip surface of a fault may vary by
up to five orders of magnitude (e.g., Wibberley & Shimamoto, 2003). Clearly, determining the drainage condition
from the bulk hydraulic properties of a large rock sample does not capture the variation in hydraulic properties
that are present at much smaller length scales. In both a laboratory setting and along natural faults, localized,
small-scale permeability heterogeneities have the potential to affect how quickly fluid eventually flows into newly
created void spaces. Therefore, it is possible for dilatant hardening to manifest over both large and small length
scales depending on the permeability structure of a given rock. Because of the structural complexity of natural
faults, the evolution of permeability and pore fluid pressure throughout the seismic cycle is complicated. This
study also highlights the need to explore permeability evolution of rocks deformed at a wide range of strain rates
and pore fluid pressures to better understand slow faulting.
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5. Concluding Remarks

We have demonstrated that varying time-independent and subcritical cracking by changing the strain rate can
result in different faulting behaviors. Additionally, we showed that conditions of high pore fluid pressure can stabi-
lize faulting in samples deformed under drained conditions. We examined the interplay between time-dependent
and time-independent cracking and show that subcritical crack growth can affect both the shear strength and the
post-failure fault growth in samples deformed at a sufficiently low strain rate.

For Darley Dale sandstone, we demonstrated that the rate of brittle creep can exceed 1076 s~! at levels below the
time-independent failure strength. Based on our mechanical and microstructural analysis, we postulated that at
1076 s~1, subcritical crack growth in addition to crack growth via stress transfer controls the inelastic and failure
behaviors. We propose that the observed stabilization effect of high pore pressure at the lowest strain rate was
due to a combination of enhanced subcritical crack growth and dilatant hardening impeding such cracking at the
grain scale. The proposed mechanism slow faulting may have important implications for natural fault growth.
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