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Abstract We measured the spatiotemporal evolution of pore pressure on- and off-fault during failure and
slip in initially intact Westerly granite under triaxial conditions. The pore pressure perturbations in the fault zone
and the surrounding bulk presented opposite signs upon shear failure, resulting in large pore pressure gradients
over small distances (up to 10 MPa/cm). The on-fault pore pressure dropped due to localized fault dilation
associated with fracture coalescence and fault slip, and the off-fault pore pressure increased due to bulk
compaction resulting from the closure of dilatant microcracks mostly parallel to the maximum compression
axis. We show that a reduction in bulk porosity and relatively undrained conditions during failure are necessary
for the presence of the off-fault pore pressure elevation. Considering this phenomenon as a consequence of a
main shock, we further show that off-fault pore pressure increase has the potential to trigger neighboring fault
instabilities. In nature, we expect the phenomenon of off-fault pore pressure increase to be most relevant for
misoriented faults, where the pre-rupture stresses can be large enough to reach the dilatancy threshold in the wall
rocks.

Plain Language Summary The interplay between fluid flow and rock deformation plays a pivotal
role in understanding the mechanics of geological processes and engineering activities, particularly in the
context of seismic events. The slip of tectonic faults during earthquakes is expected to produce non-uniform
variations of fluid pressure, notably along the fault plane and in its vicinity. These variations may have a
substantial impact on the dynamics of fault slip, an aspect that has thus far eluded precise quantification. We
analyzed the evolution of pore pressure during simulated earthquakes in the laboratory, focusing on the contrast
in pore pressure dynamics on and off the fault within a cm-sized sample of granite, a rock representative of the
continental crust. Opposing trends were observed upon rock failure: The on-fault pore pressure dropped, which
can be attributed to dilation within the fault zone (a well documented phenomenon) while the off-fault pressure
increased, which was a surprise. The off-fault pressure increase can be explained by the rapid closure of small
cracks upon unloading of the rock mass as the fault is formed. During earthquakes in nature, we expect off-fault
fluid pressure to increase in regions where initial stresses are elevated, for example, where fault geometry is
complex.

1. Introduction

Pore fluids play an important role in natural (see Lockner and Beeler (2002), and references therein) and induced
seismic activities (Ellsworth, 2013) by varying the fault frictional strength via the effective normal stress. Such
variations can occur throughout earthquake cycles (Nur & Booker, 1972; Sibson et al., 1975; Sleep & Blan-
pied, 1992) and may lead to a strongly heterogeneous distribution of pore pressure in space.

Multiple processes may influence the pore pressure variations: dilation (Aben & Brantut, 2021; Brace & Martin
III, 1968; Brantut, 2020; Martin III, 1980; Samuelson et al., 2009) and compaction (Faulkner et al., 2018; Proctor
et al., 2020) of the fault gouge, frictional heating and thermal pressurization (Lachenbruch, 1980), fluid injection
(Ellsworth, 2013), fault sealing (Sibson et al., 1975), and dehydration (Ko et al., 1995; Olgaard et al., 1995). These
processes can be generalized as the changes in the pore volume (Lockner & Beeler, 2002) and the fluid mass. In
this paper, we focus on the pore pressure variations resulting from pore volume changes during shear failure.

Dilation, the process of porosity increase during deformation, can be localized inside the fault zone or distributed
in the bulk medium. A dilatant fault zone acts as a sink of pore fluids during seismic slip and leads to a near-fault
region characterized by a negative pore pressure perturbation. However, the pore pressure in a dilatant bulk
medium surrounding a (prospective) fault may respond differently to fault formation or instability. Most compact
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rocks dilate with increasing differential stress when it goes beyond a stress level known as C’ (Brace et al., 1966).
This dilation is due to the growth and opening of microcracks that are mostly parallel to the maximum
compression axis (Brace et al. (1966); Horii and Nemat-Nasser (1985); Nemat-Nasser and Obata (1988), to cite a
few). Such formation of dilatant cracks results in anisotropy in the Skempton's coefficients B (Cheng, 1997;
Elsigood et al., 2023; Hart & Wang, 1995; Lockner & Beeler, 2003; Wong, 2017) describing the responses of the
pore pressure variation to a sudden stress change. Such an anisotropic characteristic has been accounted for by
previous studies (Cocco & Rice, 2002), where they assumed that the pore pressure rises with an increasing stress
(B>0). However, recent experimental work in Westerly granite (Elsigood, 2021) reports the possibility of
negative B values in the direction of the maximum compression axis: the pore pressure may thus increase upon a
drop in the differential stress. Such a behavior results from a reduction of bulk porosity due to the elastic closure of
anisotropic microcracks which are formed parallel to the maximum compression axis. As a result, an increase of
the pore pressure off-fault and a decrease on-fault may coexist upon a stress drop during the shear failure or fault
instability. The pore fluid pressure distribution thus results from the interplay between the porosity decrease
inside the bulk and the porosity increase inside the fault zone. However, such pore pressure elevation upon shear
failure is rarely reported or discussed for earthquakes in nature (Manga & Wang, 2015; Walder & Nur, 1984) and
has not been measured previously in the laboratory. The interplay between the on-fault dilation and off-fault
compaction upon shear failure remains unclear.

In this paper, we aim to detect and quantify the possible coexistence of on-fault pressure drop and off-fault
pressure increase. To do so, we carried out triaxial failure experiments on intact Westerly granite and
measured the local pore pressures during failure. Miniature pore pressure sensors (Brantut, 2020; Brantut &
Aben, 2021) were positioned on the main failure plane as well as at a distance away from the fault, in the bulk
medium that experiences unloading during failure. From these measurements, we observed the off-fault pore
pressure elevation upon shear failure and the on-fault pore pressure reduction. We then use an analytical model to
capture the key controls of this phenomenon and expand it to the more general case of an infinite medium. We also
attempt to analyze the potential triggering of neighboring faults and aftershocks, and discuss the possibilities to
capture the same phenomenon in natural earthquakes.

2. Experimental Set-Up and Methods

Four samples of intact Westerly granite were tested in the triaxial Rock Physics Ensemble in the Rock and Ice
Physics Laboratory at University College London. They were all cored into cylinders of 40 mm in diameter with
ends ground parallel to a length of 100 mm. Two samples were cut with notches to favor a prospective rupture
plane while the others were tested without notches. The notches were cut on the opposite sides of the samples
(WG17 and WG18) with a depth of 17 mm and an inclination of 30 deg to the cylinder axis. We then filled the
notch space with Teflon spacers before jacketing the samples. We placed pore pressure transducers (Aben &
Brantut, 2021; Brantut, 2020; Brantut & Aben, 2021) close to and away from the prospective fault zone, aiming to
capture the heterogeneity of the pore pressure distribution (see Figure 1a for one example of the disposition).
These transducers were placed directly in contact with the rock through holes in the nitrile sleeves, with epoxy
sealing the space between sleeve and transducer.

The equipped samples were placed in the triaxial cell for pressurization. We raised the confining pressure by
pumping silicone oil into the pressure vessel and measured its value at the vessel inlet with a precision of
0.01 MPa. Pore pressure was imposed at the sample ends through a servo-hydraulic intensifier which recorded
fluid pressure and volume variation. The samples were initially dry and were saturated in situ by flushing distilled
water from the upstream end to the vented downstream end. Full saturation was achieved while steady-state flow
was established (as measured from the intensifier volume) and a visible amount of water was collected on the
vented side of the sample. We then imposed the same constant pore pressure at the upstream and downstream ends
until no flow was detected in or out of the sample. We repeated such a procedure by varying the confining stress
and the imposed pore pressure step-wise to calibrate the pore pressure transducers (see Brantut, 2020; Brantut &
Aben, 2021, for more details).

Axial deformation was imposed via a servo-hydraulic ram and piston, and the corresponding shortening was
measured with external linear variable differential transducers (LVDTs), corrected for elastic deformation of the
loading column. The load was measured with an external load cell and corrected for piston seal friction. Shear
stress on the fault was obtained from data recorded during and after failure, including a shear stress correction for
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Table 1
Summary of Shear Failure Experiments
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Figure 1. (a) Illustration of the deformed sample of WG17 and its corresponding disposition of pore pressure transducers.
(b) Stress versus strain curves for stable and dynamic shear failure experiments performed at 40 MPa effective confining
pressure. Nominal strain rates were 107%s™! for all experiments except WG21, where the loading rate was increased to
1073s7! at the time indicated by the arrow to induce a dynamic instability.

the area change as a function of fault slip and the presence of low-friction Teflon spacers. We refer to Aben and
Brantut (2021); Tembe et al. (2010) for more details on stress correction.

All tests were performed with an imposed pore pressure p, at both ends of the sample (except WG16: p, = 40
MPa was only imposed at the upstream end of the sample and no flow was allowed at the downstream end) and a
constant confining stress P, with P, — p, = 40 MPa (Table 1). All mechanical data, including the outputs of fluid
pressure transducers, were recorded at a nominal rate of 1 Hz.

We aimed to measure the spatio-temporal evolution of the pore pressure during dynamic and stable failure, and to
see under which conditions one could observe potential off-fault pore pressure elevation upon stress drop. We
loaded all samples with an axial shortening rate of 107%s~!. To favor a stable failure in WG16 and WG21, we
paused the loading process shortly before the samples reached their peak stress, and reloaded them at the same
strain rate after the full reequilibration of the pore pressure. In addition, measures were taken to increase the
chance of capturing the pore pressure increase inside the bulk during stress drop: (a) In WG16, we unloaded the
sample before the shear failure from nearly peak stress with a strain rate of 107s™!
of the bulk pore pressure. (b) In WG21, we increased the loading rate to

, aiming to observe an increase

1073s™! during the failure process (see more details in Section 3) intending to
trigger a dynamic instability and associated off-fault pore pressure elevation.

Apart from controlling the probable failure type and instability through

Rl biells Wil WL e loading histories, we also wanted to control different amplitudes of stress drop
Notch Yes Yes No No upon failure. WG16 and WG17 were notched and were expected to present a
Confining pressure P, (MPa) 100 100 100 100 lower peak load and a smaller stress drop, while WG18 and WG21 were
Pore pressure p; (MPa) 60 60 60 60 initially intact and were thus expected to experience a higher peak load and a
. larger stress drop. After the formation of a fault inside a sample (in WG16 and
Loading pause near the peak load  Yes No No Yes . . .
WG21, it corresponds to the moment when the differential stress decreased
General failure type Stable Dynamic  Dynamic  Stable more gradually with time and was around the frictional resistance, and in
Max. slip rate (mm s~") 0026  >0778 >17x10* >0.17  WG17 and WG18, the moment when the differential stress dropped to almost
Max. pressure elevation (MPa) - 243 50.7 9.4 zero due to the dynamic failure), we stopped the piston displacement and
Max. pressure drop® (MPa) 28.0 30.5 15.2 14.1 continued to measure the pore pressure evolution until complete reequili-
Shear stress drop® (MPa) 96.0 158.6 194.0 28.0 bration of pore pressure and stress. We summarize these experimental con-
Shear stress at instability” (MPa) 1678 1586 1940 1410  lurationsinTable I.

“Indicates the pressure or stress drop during the period of pore pressure 3. Results

elevation, and for WG16, it corresponds t

o the pressure or stress drop during

the stable failure. "Indicates the peak shear stress of the stable failure in We report the stress evolution during the main shear failure in Figure 1b.

WGl6.

WG17 and WGI18 failed dynamically and the differential stress dropped
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Figure 2. Records of the shear stress (top), pore pressure (middle), and fault slip (bottom) for stable and dynamic failure at P.;; = 40 MPa. Middle panel: Off-fault pore
pressure records shown as black curves, on-fault pore pressure shown as gray curves. Insets indicate a zoom-in or a zoom-out of the pore pressures around the main
seismic event. The numbers in gray indicate the data measured by different pore pressure transducers, see the detailed locations of these transducers in Figure 3.

almost to zero after the shear rupture. WG16 and WG21 failed in a more stable manner with dynamic instability
occurring during the failure process. Samples without the notches (WG18 and WG21) presented a significantly
higher peak stress at failure, compared with those with the notches (WG16 and WG17). We summarize their
different failure conditions in Table 1.

In Figure 2, we show the corresponding evolution of the pore pressure at different distances from the fault plane
(detailed pore pressure locations and fault geometry are shown in Figure 3 and Table A1 of Appendix A). The
pore pressure evolution varies substantially between experiments (Table 1), but we generally observe the same
overall trend in all tests: pore pressure suddenly changes during failure, and returns to the homogenized distri-
bution state after a sufficiently long time. In the following, we present each experiment separately, focusing on the
different behaviors following the gradual pore pressure decrease.

For WG16, we stopped loading the sample before the shear failure at a differential stress of ¢ = 340 MPa until full
pore pressure equilibrium was reached across the sample. We then reloaded the sample to its peak stress at
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Figure 3. Fault geometry and locations of pore pressure transducers. The distances between the pore pressure sensors and the
fault plane are shown in Table Al of Appendix A.

g = 396 MPa and immediately unloaded it to ¢ = 340 MPa at a nominal strain rate of 1073s~!. During this
process, all pore pressure records present a similar evolution: the pore pressure drops to ~53 MPa during the
reloading and increases to ~59 MPa during the faster unloading (Figure 4a). After pore pressure reequilibriation,
we unloaded the sample again with a strain rate of 10™s™! to a lower stress level g = 152 MPa. This time, the
pore pressure experienced a spatially uniform increase from 60 MPa to ~68 MPa (Figure 4b). After the full
equilibration of the pore pressure with the intensifier, the sample was then reloaded to failure with a strain rate of

107%s~!. All measured pore pressure gradually decreased with time before the peak stress was achieved. Note that
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w
%
S

(a) first unloading in WG16 before failure (b) second unloading in WG16 before failure

unloading
400 4 | -

[
1=}
S

nloading
= 3804
5] reloading
= 360 1 ‘

differential stress
M
differential stress
(MPa)
)
R
S

[}
=}
S

340 1

7
S

320-

(MPa)
[T Y - NN
S ® S 0
- )
& &

pore pressure
pore pressure
(MPa)
2

%3

b
=N
)

=N
S

w
b}

164000~ 163000— 162000 161000— 160000159000 139000 138000 —137000 —136000 —135000
time since failure (s) time since failure (s)

Figure 4. Evolution of the pore pressure in the sample of WG16 upon unloading with a strain rate of 107s~! before the shear
failure. (a) Illustrates the unloading from a stress level ¢ = 396 MPa very close to the peak load of the later shear failure

g = 373 MPa. (b) Illustrates the unloading process following (a) after the equilibrium of the pore pressure distribution. The
arrows indicate the time of unloading except that the left one in (a) refers to the start of reloading from g = 340 MPa, at which
we stopped loading the sample and waited for the establishment of an equilibrium pore pressure distribution. The gray and black
curves in (a) and (b) correspond respectively to measurements of the same on-fault and off-fault pore pressure transducers as
shown in Figure 2a.

LIU ET AL.

5of 21

85UB017 SUOWWOD SAIERID 3(dedldde ayy Aq pausenob afe sapie YO 8sn JoSs|n. 1oy Areiq13Ul|UO A1 UO (SUORIPUOD-PUR-SWBH O™ A3 1M ATRIq U1 |UO//StIY) SUORIPUOD PUe SWiB | 8U388S *[7202/ZT/ET] Uo Ariqi8ulluO /8|1 ‘Z49 Wepsiod Wniuez-z)oyw pH Aq 6288208r202/620T 0T/10p/L00 A8 im Areiq1jpuluo'sgndnbey/sdiy wolj pepeojumod ‘6 ‘720z ‘95€669T2



M\I Journal of Geophysical Research: Solid Earth 10.1029/2024JB028829

WG17 WGI18
20 20 +0.5s

+40 s 1 +30s

+3h P .
-+1 h 30 min +10s

ain failure

204 === * -10s 20 p=mmmmm= i

main failure

—40 1 —40

pore pressure pertubation p — p (MPa)

—60 T T T T 1 —60 — T T T ]
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5

distance to the fault Az/L distance to the fault Az/L

Figure 5. Time evolution of the pressure profile (p — py) inside the sample. Az is the distance to the fault plane and L ~ 50
mm is half of the sample length. The black dashed curve indicates the pressure distribution before the main failure. The black
and gray solid curves indicate the pressure distribution at and after the main failure.

some of the pore pressure transducers (Transducer number (2—4) as shown in Figure 2) were hydraulically
connected by horizontal fractures formed during the failure process (see the failed sample in Figure 3), which
leads to a similar evolution of the on-fault and off-fault pore pressure. The sample finally reached a peak stress
and failed (¢ = 373 MPa). The failure process was stable and the differential stress decreased gradually with time
(over a duration of around 1 hr). Around 0.5 hr after peak load, a short instability occurred at g = 309 MPa, the on-
fault pore pressure experienced a sharp decrease of around 5 MPa compared to a drop in off-fault pore pressure of
less than 1 MPa, as shown in the inset of Figure 2. We stopped loading the sample around 1 hr after the peak load:
The differential stress dropped slower than before and approached the fault frictional resistance (¢ = 155 MPa).

Samples WG17 and WG 18 were loaded at a rate of 107%s~!. WG17 was notched to favor the formation of a planar
fault and WG18 was originally intact. Sample WG18 experienced a higher peak stress (g = 523 MPa) compared
to WG17 (g = 391 MPa). Both samples failed dynamically with the dynamic failure occurring 21 min after the
peak stress in WG17 at ¢ = 248 MPa and 2.5 min after the peak stress in WG18 at ¢ = 504 MPa. Both WG17 and
WG18 experienced a near-total stress drop, and we stopped deformation immediately after dynamic failure
(Table 1). The on-fault pore pressure dropped to around zero upon dynamic failure and led to the formation of a
near-fault region characterized by a negative pore pressure variation (19.1-30.0 mm for WG17 and 7.2-13.0 mm
for WG18, an approximate assessment based on the positions of the pore pressure sensors). Within this region, the
pore pressure drop was smaller and occurred more gradually over time with increasing distance from the fault
(Figure 2). In addition, transducers located outside this zone, further away from the fault, recorded a positive
variation of the pore pressure. These pore pressure elevations were significant (24.3 MPa for WG17 and 50.7 MPa
for WG18, Table 1) and led to a pressure gradient of up to 10 MPa/cm inside the sample (Figure 5). These pore
pressure perturbations lasted for a much longer period than the failure process. After loading was stopped, the
pore fluid pressure distribution reequilibrated gradually to its initial homogeneous state. However, the recovery
period was quite different in these two samples: 15 s for WG18, and around half an hour for WG17. This dif-
ference in time probably resulted from a short-cut for fluid flow between the fault and the downstream sample end
of WG18 which formed shortly after the shear failure (Figure 3).

The loading of sample WG21 was paused at g = 372 MPa before the sample reached its peak stress (g = 450
MPa). It was then reloaded until failure after equilibrium of pore pressure was reached throughout the sample. A
stable failure was first observed and all pore pressure records presented a gradual decrease with time. After 3 min
of the gradual stress drop from the peak stress, we increased the loading rate to 107s™! at ¢ = 422 MPa (see
arrow in Figure 1) to trigger a more significant stress drop within a shorter period. An instability occurred
spontaneously around 5.5 min after the change of the loading rate, at ¢ = 236 MPa. Pore pressure elevation was
observed in two off-fault transducers (transducers (3) and (4) in Figure 3), but was short-lived and lasted only 10s.
A short-cut of fluid flow formed between the upstream end of the sample and the fault zone (Figure 3), which led
to the fast recovery of the pore pressure (around 40 s) to the homogenized state.
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Figure 6. Illustration of the mechanism of opposite variations for the pore pressure on and off the fault upon shear failure.

All tested samples presented a pore pressure drop on the fault upon shear failure, and the pore pressure distribution
returned to the homogenized state after a sufficiently long time. Upon a dynamic instability, an opposite pore
pressure variation on and off the fault was observed. This observation was qualitatively reproducible in all
samples that failed dynamically, but was quantitatively quite variable in different samples due to their different
fracture geometries.

4. Discussion

The occurrence of on-fault pore pressure drop during shear failure was consistently observed across all samples.
This phenomenon is well-documented by previous studies (Aben & Brantut, 2021; Brantut, 2020; Proctor
et al., 2020) and is attributed to the concurrent increase in porosity, a consequence of processes like fracture
growth, fracture coalescence, and fault dilatancy (e.g., Brace et al., 1966) (Figure 6). Such on-fault pore pressure
drop stabilizes fault slip (French & Zhu, 2017; Rudnicki & Chen, 1988; Segall et al., 2010; Segall & Rice, 1995)
and increases the fault frictional strength by increasing the effective normal stress on the fault plane (Martin
111, 1980; Rice, 1975). This effect, known as dilatancy hardening, is valid during the faulting process as long as the
pore fluids remain relatively incompressible (Brantut, 2020).

In this study, we controlled the stable and dynamic failure of different samples by modulating the pore pressure at
failure through loading histories. In WG17 and WG18, we imposed a continuous loading when the samples
approached their peak stress. The pore fluid pressure kept decreasing during continuous loading due to bulk
dilatancy and dramatically dropped to zero within the fault zone during failure. The relatively low pore pressure at
the onset of rupture led to a limited dilatancy hardening effect (Aben & Brantut, 2021) and a dynamic failure
occurred. In WG16 and WG21, we modulated the pore pressure at failure to a higher value by pausing the loading
at high pre-failure stress and waiting for the pore pressure to return to its equilibrium state, thereby removing the
pore pressure reduction caused by bulk dilatancy. As a result, the dilatancy hardening effect was sustained for a
longer time. In addition, in WG16, the damage zone formed during the loading toward the first peak load
enhanced the fluid recharge and attenuated the pore pressure drop during the failure process. This further extended
the period of dilatancy hardening effect and eventually led to a stable failure.

To our knowledge, the occurrence of off-fault pore pressure elevation observed in WG17, WG18 and WG21 upon
dynamic instability has not been reported in previous studies. This observation implies a reduction of porosity that
probably comes from the closure of micro-cracks inside the bulk (Figure 6). Mostly oriented parallel to the di-
rection of the maximum compression (Elsigood et al., 2023; Lockner & Beeler, 2003; Paterson & Wong, 2005),
these micro-cracks are generated prior to macroscopic sample failure when the stress level goes beyond the onset
of volumetric dilatancy (Bonner, 1974). Consequently, a high stress level before the stress drop is necessary for
the presence of the off-fault pore pressure elevation. Such an interpretation appears to explain the gradual pore
pressure increase observed in WG16 during the imposed unloading stage prior to failure (Figure 4): The sample
experienced a porosity decrease upon a rapid unloading from a relatively high stress level. However, no off-fault
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pore pressure increase was observed in WG16 during the stress drop of its later failure process. This suggests that
a high pre-failure/instability stress alone may not suffice for the presence of the coseismic off-fault pore pressure
elevation.

Relatively undrained conditions during stress drop is another necessary component to observe the off-fault pore
pressure elevation. It requires a small ratio between the shear failure duration and fluid diffusion time scale.
Unlike the other experiments, in WG16, the stress dropped in a stable and gradual manner, making it possible for
fluid diffusion to limit the pore pressure elevation associated with the gradual porosity reduction upon stress drop.

We can now summarize the two necessary conditions for the presence of the coseismic off-fault pore pressure
elevation as follows:

¢ Porosity reduction upon stress drop (due to the closure of anisotropic dilatant microcracks, which were
previously formed at a relatively high stress level),
¢ Undrained conditions during failure or instability.

Note that the stress level before failure or instability should be at least as large as the threshold of dilatancy
initiation.
The fault zone thus acts as a localized sink of pore fluids upon shear failure, while the off-fault bulk volume acts as

a distributed recharging source (Figure 6). The pore pressure evolution then results from the interplay between
fault zone dilatancy, off-fault porosity reduction, and fluid diffusion.

Based on this concept, in the following we analyze the key controls on such pore pressure variation in laboratory
conditions by employing a simplified fluid diffusion model. We relate the pore pressure perturbations to the
change of pore volumes in the sample. We compare the analytical prediction with the experimental data and
discuss the possible reasons for misfit. We then extend the analysis to the case of an infinite medium, which may
better describe the situation in nature. We also explore the possibility of such a mechanism to trigger the
instability of neighboring faults and aftershocks. We discuss the likely applied conditions of such a mechanism in
nature and relevant observations during earthquakes.

4.1. Key Controls of Pore Pressure Variations Based on a 1-D Fluid Diffusion Model

In this section, we do not consider the 3D fault geometry and propose instead a simple 1-D fluid flow model to
capture the governing dimensionless quantities to describe the interplay between the porosity increase in the fault
zone, porosity reduction in the bulk, fluid diffusion, and applied boundary conditions. We consider a sample
loaded under a constant confining stress P, a differential stress g, and imposed constant pore pressure p; at both
ends. We neglect the fault dip and assume a fault perpendicular to the cylinder axis located at the center of the
sample. Accounting for the problem symmetry of the diffusion between the fault and the bulk, only half of the
sample will be analyzed with z = 0 representing the fault position, and z = L representing the upstream end of the
sample.

The fluid flow will be simplified as the 1-D diffusion equation with the following initial and boundary conditions:

op K azp — Aq’soff

Lt ZL 1
o Tpsoz - s 70 W
ap|._ 2% 9 Ad
pL_O _ K _p - _ ¢on , (2)
Jat SfWT’] 0z 72=0 Sf
plz=L,1)=p,, 3)

where k is the host rock permeability, # is the fluid viscosity and w the width of the fault. S and S, correspond to
the storage capacity of the bulk and that of the fault. w is the width of the fault. A(izon indicates the porosity
increase rate on the fault due to dilatancy, and Ag?boff the off-fault bulk porosity reduction rate.

We define two pressure scales corresponding to the undrained pore pressure decrease inside the fault due to
dilatancy, and the maximum undrained pore pressure increase due to the bulk porosity reduction.
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A(pmax A¢max
. = @

Apéjn =
where Ago™ and Agy* indicate the maximum porosity variation for the fault zone and the off-fault bulk
respectively. Additionally, we define 74 = 7SL*/k as the diffusion time scale and 7y the shear failure duration.

We then scale different quantities with these characteristic scales as follows:
2 /L, t < t/lgge, p < p/ApPY,. Ap — Ad/API™, &)

and obtain three dimensionless groups governing the fluid pressure variations.

o ApY/ ApY characterizes the amplitude of the potential pore pressure elevation off the fault.

e 2SL/S;w characterizes the localization of pore pressure drop associated with fracture growth and fault
dilatancy.

o t4i/ 1, characterizes the period of the pore pressure perturbation.

Larger values of these dimensionless quantities favor the presence of a more significant off-fault pore pressure
elevation. However, it is worth noticing that these dimensionless groups depend on material properties, as well as
initial and boundary conditions. For instance, a very short failure period (tdiff/ trail > 1) may result from a dy-
namic failure associated with early vapourization of pore fluid (pf/ ApY <« 1) inside the fault zone. The off-fault

porosity reduction Aqﬁgff may become more significant with decreasing effective confining stress (P, — p) and
increasing stress drop amplitude Ag (Brantut & Petit, 2023).

4.2. Analytical Prediction and Comparison With Experiments

We now estimate the off-fault pore pressure elevation by taking the example of WG17, which is the sample that
experienced dynamic failure in a simple geometry. We consider the case of an instantaneous porosity change in
the bulk A¢, g upon shear failure: The instantaneous pore pressure variation can be expressed as A¢, /S, where
the porosity change A¢, g upon shear stress drop is a function of the effective confining stress and the differential
stress drop. It can be estimated using the volumetric strain variation measured from cyclic loading tests in dry
Westerly granite (Brantut & Petit, 2023). For an effective confining stress of 40 MPa, the porosity variation due to
complete unloading from the peak differential stress gy, is around 0.86% (see Appendix B for more details). We
would thus predict an instantaneous increase of the off-fault pore pressure of around 396 MPa for WG17 with a
differential stress drop of 5¢gy,x/6 and a bulk storage coefficient of S = 2 x 10~'! Pa~! (Aben & Brantut, 2021).
However, experimental observation indicates a much smaller pore pressure elevation. Various reasons may
contribute to such a discrepancy.

1. The system is not perfectly undrained during the porosity change, and the off-fault pore pressure elevation
could be potentially balanced via fluid diffusion. In the following, we perform dimensional analysis to
determine whether this effect dominates for WG17.

The diffusion length scale Ly characterizes the region of influence of pore pressure variations within a
specific time t:

Kt

7’]7S, (6)

Ldiff =

where the expression is derived by setting #4;/7 = 1. Depending on its relation with respect to two other length
scales—the sensor's distance to the fault plane L; and the sample ends L,, the pore pressure variation can
become unobservable due to fluid diffusion (Lg > L, L,) or sustain for an extended period under undrained
conditions (Lgis <Ly, Ly).

To determine how much the pore pressure elevation is influenced by fluid diffusion, we estimate the diffusion
length scales corresponding respectively to fault rupture and off-fault pore pressure increase. As shown in
Table 2, we use the minimum time interval between neighboring stress/pressure measuring data points to
approximate the failure period as ¢t = #,;; = 1 s, and obtain an upper bound of the diffusion length scale during
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Table 2
Diffusion Length Scales for the Two Sensors (4) and (5) Showing Pore Pressure Elevation During Failure in Sample WG17
Sensor number Distance to the fault L; (mm) Distance to the closest sample end L, (mm) Ldirf(trail) (mm) Lgigr (tmax) (mm)
4) 30.0 25.1 0.5 2.7
5) 35.7 13.6 0.5 2.7

Note. The length scales are obtained from Equation 6 with a diffusivity of /(#S) = 3 x 1077 m?s~! (Elsigood et al., 2023), a failure period of #; ~ 1 s, and a period
between fault rupture and the observed maximum pore pressure elevation of #,,,, ~ 24 s.

rupture, with L (tfail) <L, L,. As a result, the two sensors (4) and (5), which exhibit pore pressure
elevation, can be considered to be under undrained conditions during failure. Fluid diffusion across the sample
is thus unlikely to be the primary reason for the discrepancy between prediction and measurement when
assuming fast porosity reduction. However, by the time of the occurrence of the maximum pore pressure
elevation ¢ = t,,,,, the effect of fluid diffusion can not be neglected (Table 2), and may strongly attenuate the
maximum pore pressure elevation in the case of a transient porosity reduction.

2. The porosity decrease is smaller than that anticipated from dry cyclic loading data. A feedback may exist
between the porosity variation and the local pore pressure, whereby the pore pressure increase originally
resulting from the closure of microcracks tends to limit further microcrack closure and thus the overall
reduction of porosity. As a result, the bulk porosity variation does not present a step-like time evolution upon
an instantaneous stress drop but becomes a transient process dependent on the local pore pressure.

3. The analytical prediction assumes uniform porosity variation and zero permeability change within the bulk.

However, porosity and permeability can both exhibit heterogeneity due to the damage zone around a main fault
(Brantut, 2020; Mitchell & Faulkner, 2009). This damage zone may increase the porosity off the fault and
serve as a balancing term to the porosity reduction induced by shear stress drop. With increasing distance from
the fault zone, the rock presents a lower damage level, and the total porosity reduction becomes more sig-
nificant with a more pronounced pore pressure elevation upon rupture.
In addition, the region near the fault zone experiences enhanced permeability due to damage, leading to either
less pressure increase or more pressure drop due to fluid diffusion, compared to locations far from the fault.
However, this bulk permeability change associated with axial crack aperture variation is insignificant in
Westerly granite (Simpson et al., 2001; Zoback & Byerlee, 1975). It will not change the undrained conditions
upon dynamic failure in WG17. As a result, the heterogeneous permeability field due to off-fault damage
remains a second-order effect compared to the heterogeneity of porosity variation.

4. There is a time delay for pressure sensors to respond upon a pore pressure change inside the sample. This delay
is due to the flow of pore fluids from the sample to the sensor cavity, and depends on the permeability and
diffusivity of the rock. For intact Westerly granite at an effective confining stress of 40 MPa, the response time
is around 170 s (Elsigood, 2021); here, the sample is damaged due to the loading process, so that we expect a
faster response time, but the delay might be of the order of seconds to tens of seconds, which may dampen the
measured local pore pressure elevation upon instantaneous failure.

5. The stress drop during the shear failure occurs in a much shorter period than that in the cyclic loading tests
(Brantut & Petit, 2023), from which we estimated the porosity reduction inside the bulk. In the case of a sliding
crack model (Ashby & Sammis, 1990; Basista & Gross, 1998; Bhat et al., 2011; Deshpande & Evans, 2008;
Horii & Nemat-Nasser, 1985; Liu & Brantut, 2023; Nemat-Nasser & Obata, 1988; Simpson et al., 2001), the
porosity variation at high stress comes from the opening or closure of microcracks parallel to the direction of
maximum compression associated with the relative sliding of the preexisting defects. However, in the case of
an instantaneous shear stress drop (Kachanov, 1982; E. David et al., 2012; E. C. David et al., 2020), back-
sliding may be limited along the preexisting defects' surfaces. It may lead to much less wing crack closure
and porosity variation inside the bulk than what was measured in dry Westerly granite at a much smaller strain
rate (Brantut & Petit, 2023).

Accurate prediction of the pore pressure evolution calls for additional investigation through numerical simula-
tions. These simulations should account for precise variations in porosity, evolution of transport properties, and
effects of 3-D fault geometry. In this study, we focus on the simplified 1-D model, leaving the modeling work
incorporating different complexities for future research.
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Figure 7. Evolution of the off-fault pore pressure perturbation Ap/ApY, upon a step-like shear stress drop with total pore
pressure drop in the fault zone (p;/ ApY <1). (a) Contours of the zero pore pressure perturbation (Ap = 0) for different
values of Ap})}ﬁ/ ApU. (b) Spatial and temporal evolution of the pore pressure for Apgff/ ApY =0.5.

4.3. Upscaling Analysis

In the laboratory, the post-shear-failure pore pressure response in a finite sample can be also viewed as a result of
interactions among various length scales. These include the half sample length L, the diffusion length scale L,
and a length scale Lg;,;, which characterizes the maximum influence distance of fault dilatancy (determined by
setting 2SL/Syw = 1).

Lyt = Szf—;v @)
Upon dynamic failure, we have Lg;s; (tm) < Lgitaes Laise (tf.dﬂ) < L. The pore pressure distribution inside the sample
thus mainly depends on the interplay between the length scale Lg;,, and the sample size L. For typical values of
Westerly granite and other compact crystalline rocks, Lg;,; is often much larger than the sample size in the
laboratory L, making it difficult to directly upscale the laboratory observations and measurements to the field
scale (see Appendix C for the detailed discussion of sample size effects). In the following, we focus on the
assumption of an instantaneous variation of porosity, and extend the discussion to the case of an infinite medium.

In the limit of an infinite medium (L — o0), an analytical solution exists for the off-fault pore pressure evolution
upon a dynamic shear failure 7; — 0. The perturbation of pore pressure Ap = p — p, presents a timescale of

Trecharge»> @ influential length scale of Ly, and a relative amplitude of ApY./ ApY, which can be expressed as

) + Apgff, ®)

recharge

. 1 z t
e = —(aply + dp) ool L [
2 Lgitae t t

where

2SL\?  nSiw?
) i ©

lrecharge = tdiff/ (Sf_W A4Sk
is the recharge time scale, which can be expressed as a function of the diffusion time scale 74 and the dimen-
sionless storage ratio 2SL/S,;w for a finite size sample.

We illustrate in Figure 7 the spatiotemporal evolution of such a pressure perturbation upon a step-like shear stress
drop using Equation 8. We show that there exists a region near the fault zone where the pore pressure presents a
negative perturbation. Such a perturbation lasts for a longer time (/fecharge) and influences more volume

(z/ Lgjt) with a smaller value of ApY,/ ApY, but tends to disappear with time due to fluid recharge from the fault
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Figure 8. (a) Illustration of the pore pressure elevation necessary to destabilize a neighboring fault which is more poorly
oriented. (b) The upper panel shows the pore pressure elevation necessary to destabilize the fault with an inclination of

n/4 + arctan(u)/2 (equivalent to the inclination of a naturally formed shear band). The lower panel shows the pore pressure
elevation to destabilize faults with different inclinations and friction coefficients upon stress drop (As,/c3 = 0.1 for solid
curves and As|/03 = 0.5 for dashed curves). Note that we assume here that faults are purely frictional with zero cohesion.

walls. Beyond this region, the pore pressure experienced an elevation and the pore pressure distribution tends to
the homogenized state at large time.

4.4. Possible Impacts on the Instability of a Neighboring Fault

Upon shear failure, there exists a region off the fault characterized by pore pressure elevation due to bulk porosity
reduction. Such an increase in pore pressure may destabilize other faults that are more poorly oriented (with
respect to the principal stress directions) than the original one and are initially locked in the first place. In the
following, we discuss such a possibility by considering purely frictional faults with zero cohesion. We assume
that the faults with different orientations share the same stress field and frictional properties and that the dif-
ferential stress level is sufficiently high so that the maximum stress orientations remain the same even after a local
stress drop on one of the faults.

We focus on the typical case in the laboratory, where the sample experiences a drop in the axial stress with the
confining stress kept constant (Ac; = 0, A(6; — 63) = Ac;) as shown in Figure 8. We assume that the desta-
bilized fault associated with the stress drop Ao, shares the same inclination as that of a naturally formed shear
band or ruptured fault. For purely frictional faults, the fault inclination angle y is solely determined by the friction
coefficient u with y = /4 + arctan(u)/2 (see more details in Appendix D). We assume that the stress drop Ao,
is much faster than the fluid diffusion between the two faults. As a result, the pore pressure variation inside the
poorly oriented fault only results from the bulk porosity reduction. We then obtain the pore pressure elevation
necessary to destabilize the faults with different inclinations upon an instability-induced stress drop (Figure 8).

We first discuss the pore pressure elevation necessary Ap to reactivate the previously destabilized fault. Assuming
that there is no dilation or compaction inside the fault zone during the stress drop (A¢0n = O), we find that the
necessary pore pressure increase to reactivate the fault is merely a function of the friction coefficient (see more
details in Appendix D).

Ap/Ac, = (\/1 2 - 1)/2. (10)

A neighboring fault that is more poorly oriented than the ruptured fault (1//,- < y/) requires a more significant pore
pressure elevation than Equation 10 to be destabilized (Figure 8). As a result, Equation 10 corresponds to the
minimum requirement to possibly destabilize any neighboring faults. A fault with a friction coefficient of y = 0.6
requires a minimum value of Ap/As; = 0.47 to be reactivated. This value becomes Ap/Ac; = 1.24 for a fault
with lower friction of ¢ = 0.3. We can thus conclude that faults presenting lower friction need larger values of
Ap/ Ao to trigger off-fault instability. The reactivation of neighboring faults also depends on the stress drop
amplitude (Figure 8): A larger stress drop tends to decrease the threshold Ap/ Ao, above which reactivation is
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possible. Assuming a confining stress of 63 = 100 MPa and a differential stress drop of Ac; = 10 MPa, a medium
value of Ap/ Aoy = 0.5 — 1 is sufficient to trigger the instability of a neighboring fault with an inclination angle
of 54—60 deg and a medium friction coefficient y ~ 0.6 (Figure 8).

An off-fault coseismic pore pressure increase provides another possibility of triggering the instability of
neighboring faults and aftershocks located far away from the ruptured fault. However, cascade fault reactivation
seems unlikely: (a) The newly triggered instability presents a lower stress drop and pore pressure elevation. (b)
Only a more poorly oriented fault can be destabilized, which, on the other hand, requires a more significant pore
pressure elevation than that required by the previously destabilized faults. (c) Once triggered, the fault may slip
and dilate making it difficult to sustain the fluid pressure elevation. (d) Moreover, the newly formed surrounding
damage zone will contribute to a more drained condition by enhancing fluid diffusion.

It is worth noticing that most experiments characterized with an off-fault pore pressure elevation present a value
of Ap/Ac; = 0.11 — 0.14 with a significant stress drop Ac;/63 > 1. This pore pressure increase coupled with the
stress drop is insufficient to destabilize a neighboring fault with any arbitrary inclination based on the analysis
shown in Figure 8. However, the off-fault pore pressure elevation Ap/ Ao is probably lower in the experiments
than in nature due to an imperfectly undrained system and pressure perturbations by the pore pressure sensors. We
can therefore not completely rule out this off-fault pore pressure elevation as a possible mechanism to trigger the
instability of a neighboring fault originally at rest. Moreover, such a conclusion hinges on the assumption that all
faults are subjected to the same and uniform stress field. However, in nature, stress fields tend to be considerably
more intricate, often exhibiting substantial heterogeneity. As a consequence of fault instability, local stress
concentrations may form or relocate following a stress release. Such stress variations combined with the elevated
pore pressure reported in this study may potentially contribute to the occurrence of aftershock sequences.

4.5. Implications for Earthquakes in Nature

We have demonstrated that contrasting pore pressure changes on and off the fault occurred during earthquakes in
the laboratory. However, laboratory observations do not guarantee the occurrence of the same phenomena during
natural earthquakes. Whether the off-fault pore pressure elevation could manifest itself during earthquakes or
instability in nature still remains unanswered.

To address this question, we first examine the two essential conditions required for the presence of off-fault pore
pressure elevation, and then discuss the observations which could potentially capture the reported mechanism
during earthquakes.

4.5.1. Examination of the Conditions for Off-Fault Pore Pressure Elevation

The increase in off-fault pore pressure requires the porosity reduction from a relatively high stress level and
undrained conditions during shear failure or instability. Here, we aim to determine the specific circumstances
where such a phenomenon would favorably occur in nature.

The stress state of a pre-existing natural fault at rest is constrained by its sliding resistance, setting an upper limit
on the potential fault stress level. As previously discussed, this upper limit aligns closely with the onset of
dilatancy (Hadley, 1973), especially when the fault exhibits an orientation akin to that of a naturally formed shear
failure band. Consequently, the stress levels within most natural faults tend to approximate or fall below the onset
of dilatancy, unless they are not optimally oriented for slip. Additionally, the maximum shear stress drop asso-
ciated with natural earthquakes typically ranges in the order of a few to tens of MPa (Streit and Cox (2001), and
references therein), which leads to a differential stress change of the same order of magnitude. It is thus un-
common for natural faults to exhibit the same combination of a substantial stress drop and high stress level as
observed in laboratory experiments (Note that the corresponding differential stress drop in our laboratory ex-
periments is Ao;. This might not be the case during natural earthquakes). However, exceptions may arise in cases
of geometrical irregularities, such as rough, bent, or kinked faults. These irregularities can lead to stress levels
surpassing the threshold for dilatancy initiation, increasing the likelihood of observing the mechanism proposed
in this study, particularly in localized regions.

The off-fault pore pressure elevation also requires porosity reduction and undrained conditions during shear
failure. Not all types of rocks can accommodate these conditions. For most compact brittle polycrystalline ma-
terials, dilatancy associated with anisotropic microcracking prior to macroscopic failure in compression appears
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to be a general feature (Paterson and Wong (2005), Chapter 5 and references therein). Such dilatancy also occurs
in porous rocks, such as sandstone. However, the increase in pore volume may be counteracted by inelastic pore
collapse during deformation. Furthermore, the relatively higher porosity/permeability in these porous rocks
(Paterson and Wong (2005), Chapter 5) make them more likely to exhibit drained conditions, characterized by a
significantly smaller diffusion time scale. As a result, compact rocks such as granite and carbonate, compared
with sandstone, are more likely to experience an elevation in off-fault pore pressure upon stress drop and sustain
this increase over time.

4.5.2. Possible Observations to Capture the Reported Mechanism in Nature

Although a few documented cases of aftershocks induced by pore pressure increase exist in earthquakes with
complex rupture geometries (Hamling & Upton, 2018; Shi & Wei, 2020; Taufiqurrahman et al., 2023), there is
currently no evidence showing that the reported elevated pore pressure resulted from the closure of the dilatant
microcracks associated with the mainshock stress drop. To our knowledge, the direct observation in nature
supporting the mechanism reported in this study is missing. Here, we highlight some observational approaches
that might reflect off-fault pore pressure elevation in natural settings.

The spatio-temporal evolution of shallow pore pressure variations during earthquake cycles is commonly tracked
through changes in groundwater levels within a network of wells (C. Wang et al., 2001; Chia et al., 2008). Despite
the limited depth of these groundwater wells, typically extending only a few hundred meters, they provide insights
into pore pressure variations near a hypocenter through fluid diffusion, reflecting processes like microcrack
opening or closure. However, these groundwater level changes may also be sensitive to shaking-induced diffu-
sivity increases or porosity and permeability changes in near-surface sediments or aqueducts (C.-y. Wang
etal., 2004; C. Wang & Manga, 2021). Particular caution is thus needed to rule out possibilities related to changes
in near-surface properties. Satellite radar interferograms (InSAR) (Zebker et al., 1994) offer an alternate method
to assess the pore pressure variation field by measuring surface displacements (Jonsson et al., 2003; Peltzer
etal., 1998) induced by groundwater flow and time-dependent strain (Roeloffs, 1996). Similar to the groundwater
level monitoring, this method calls for additional efforts to account for drainage effects (Jonsson et al., 2003) and
changes in properties of shallow rocks.

Seismic velocities provide a valuable avenue to unveil the temporal evolution of dilatant microcracks (Boness &
Zoback, 2004; Elsigood et al., 2023) and pore pressure (Christensen, 1984; Darot & Reuschlé, 2000; Todd &
Simmons, 1972). Depending on the dominant microcrack orientation, damaged rock may become anisotropic,
and shear wave splitting might occur (Crampin, 1987, 1994), which could be linked to orientation and magnitude
of differential stress (Zatsepin & Crampin, 1997). As a result, seismological analysis has the potential to capture
the off-fault pore pressure elevation during seismic activities by examining microcrack orientations and their
associated stress levels. In general, a comprehensive approach that combines multiple geophysical data sets
(geodetic, hydrological, seismological) would be required to detect in the field the effect observed in our labo-
ratory experiment. In practice, the main limitation is the space and time scales over which the pore pressure rise
occurs, which could be too small to have a direct detectable signature.

5. Conclusions

We conducted laboratory rupture experiments under triaxial conditions to investigate the evolution of pore
pressure heterogeneity around faults during slip. Our findings reveal notable pore pressure perturbations within
the fault zone and the adjacent bulk material, exhibiting opposite trends. This results in significant gradients in
pore pressure occurring over small distances.

The observed drop in pore pressure along the fault primarily stems from a porosity increase associated with
fracture growth, fracture coalescence, and fault dilation, consistent with previous measurements (Aben &
Brantut, 2021, 2023; Brantut, 2020). Conversely, the rise in pore pressure away from the fault is attributed to a
reduction in bulk porosity, a consequence of the closure of previously formed dilatant microcracks, which pre-
dominantly align parallel to the maximum compression axis.

Using a simplified analytical model, we demonstrate that off-fault pore pressure increase during rupture requires
relatively undrained conditions of fluid flow and a concurrent reduction in bulk porosity during shear failure or
fault instability. Achieving the former condition is feasible in nature, particularly in scenarios involving
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earthquakes propagating in low-permeability wall rocks. However, satisfying the latter condition calls for a high
stress level surpassing the onset of dilatancy. While such elevated stress levels may be uncommon in the context
of most natural faults, they may manifest locally, owing to the inherent irregularities in fault geometry.

Our measurements serve as an empirical foundation for understanding the marked heterogeneity in pore pressure
dynamics during seismic events, where the fault acts as a localized sink for pore fluids, in contrast to the sur-
rounding bulk material which acts as a dispersed source. This pronounced heterogeneity in pore pressure dis-
tribution may have a seismic signature through its effects on seismic wave velocities. Additionally, it could
contribute to the occurrence of afterslip (e.g., Aben and Brantut (2023)) and/or aftershock sequences when
coupled with stress field perturbations.

Appendix A: Fault Geometry and Location of Pore Pressure Transducers

WG17 and WGI18 presented planar fault planes while WG16 and WG21 showed more geometrical irregularities,
see Figure 3. Veins were found in WG16 and WG17. They were located in a different region than the fault and did
not seem to influence the position of the fault planes. When the fault geometry is complex, we approximate it as a
planar fault plane with an angle of y with respect to the maximum compression axis. The distances between the
different pore pressure sensors and the fault plane can be calculated and are shown in Table Al.

The shear stress 7 and normal stress o, of the inclined fault can be approximated as follows.

T= gsin(Zy/),
(A1)
6, =P, + g(l — cos(2y)).

The slip 6 along the fault is corrected with the elastic deformation of the loading column.
8= (s —qA/k)/cos(y), (A2)

where k = 480 kN/mm is the stiffness of the loading column, s is the axial shortening measured by external
LVDTs, and A is the section area of the cylindrical sample.

Table A1
Distances (in mm) of the Pore Pressure Sensors to the Approximated Planar Fault

Sample WG16 WG17 WG18 WG21

v (deg) 30 30 27 27.5
Transducer (1) ~0 0 0 ~0
Transducer (2) 0 0 0 19.9
Transducer (3) 0 19.1 7.2 $29.6
0 30.0 13.0 ~14.2
Transducer (5) 1.7 35.7 18.6 -
Transducer (6) 21.0 - 24.4 -

Transducer (4)

Note. The locations of the numbered transducers are illustrated in Figure 3. When the pore pressure sensors are in direct
hydraulic connection with the fault via fractures, we consider that their distance to the fault plane is zero. “Indicates the
distance between the transducer to the nearest horizontal fracture which is hydraulically connected to the fault.
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Appendix B: Estimation of the Bulk Porosity Change

We approximate the porosity change upon shear stress drop using the volumetric strain variation measured from
cyclic loading tests in dry Westerly granite. The bulk porosity change following the main failure can be estimated
using samples that experienced a maximum differential stress very close to the peak failure stress. Some of the
bulk porosity changes can be reversible, and some are not. In this paper, we assume that the porosity change is a
combination of reversible and irreversible changes (Brantut & Petit, 2023; Stanchits et al., 2003) and approximate
it using the volumetric strain evolution during the unloading from the maximum differential stress in each cycle of
the loading tests (Brantut & Petit, 2023).

q

e (B1)

#g) —plg=0)~ €, — ) —

where €, is the volumetric strain at the peak stress containing the contribution of elastic crack opening, inelastic

slip and crack growth, and the elastic volumetric deformation of the solid matrix. €}, can be obtained from the

res
v

indicates the residual volumetric strain after unloading, which is reported in the unloading branch of the data in
figure 3 of Brantut and Petit (2023). The last term ¢/ (3K,,) represents the elastic volumetric strain induced by the

volumetric strain measured during the unloading phase as shown in figure 12 of Brantut and Petit (2023). €

matrix deformation, where ¢ is the differential stress and K, the bulk elastic modulus of the solid matrix (K,, = 45
GPa for Westerly granite (Jaeger et al., 2009)).

In the following, we define the porosity change inside the bulk A¢ as the change of the porosity with respect to its
value ¢ (gmay) at the peak differential stress gy

A¢ = ¢ref (qmax) - ¢(C]) (BZ)
We plot in Figure B1 the estimated porosity change as a function of the differential stress in dry Westerly granite

under a constant confining stress of 40 MPa, which corresponds to the same effective confining pressure in this
study. The bulk porosity change can be approximated as a power-law function of the differential stress drop.

A = A, (AG/ Gmar)” (B3)

0.010
—&— P.=40MPa

0.008 1

0.006 A = APy (Aq/ Gmax)*

Ad

0.004 +

0.002

0.000 , , , ; ,
0.0 0.2 0.4 0.6 0.8 1.0

Aq/qmax

Figure B1. Estimated porosity change during unloading for dry Westerly granite under an effective confining stress of
40 MPa (Brantut & Petit, 2023). The gray dashed curves correspond to the expression of Equation B3 with A¢, = 0.0086
and a = 0.449.
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where A¢, represents the porosity variation upon complete unloading (Aq/ Gmax = l) which depends on the
material and effective confining stress. a is a material-dependent parameter to describe the power-law-like
dependence of porosity changes on the differential stress. For Westerly granite under an effective confining
stress of 40 MPa, we obtain Ag, = 0.0086 and a = 0.449 by fitting the experimental data (Figure B1).

Appendix C: Effect of the Sample Size

For a finite-size sample in the laboratory, the effect of the sample size 2L can not be disregarded when
L/ Ly < 1. We investigate this effect by performing numerical simulations with a 1-D fluid diffusion model. We
assume an instantaneous shear failure and porosity change #;; — 0. In this case, we simulate the step-wise
evolution of the shear stress drop and the porosity variation by changing the initial conditions. The dimension-
less governing equations can be simplified as follows.

op 0*p
T i D

ap|z=0 -G 6_])
ot "oz,

=0, (C2)

pz=1,1) =G (C3)
Initial conditions read
p(z=0,0")=p(z=0,07)—1, (C4)
p(0<z<1,0") =p(0<z<1,07)+G,, (C5)
with

_ Aply ¢ = 2L G =P,
Apon wa ’ Apéjn

Gy (Co)

We compute the pressure rate in the fault by solving the full diffusion problem using finite differences in space
and the method of lines following the same procedure as in Aben and Brantut (2021). We discretize space into
N + 1 nodes at positions z,...,zy uniformly spaced with spacing Az, and use centered finite differences to
evaluate spatial derivatives. z;, represents the fault position and z, the sample end. For all numerical results shown
in this study, we use N = 501.

We then obtain the discretized form of the governing equations.

dpu _ Prt1 = 2Pn + Pai
dt AZ?

dpy _[m —Po] 11
4o _ — 4+ -A
a ~ | az g t2%) €8

,0<n<N, ((e7))]

dpy
—=0 C
dt ’ ©)

Equations C7, C8 and C9 form a system of N + 1 ODEs in time for unknowns {po, . .,pN} . We solve this system
using a fifth order, A-L stable, stiffly accurate, explicit singly diagonal implicit Runge-Kutta method with
splitting (see Kennedy and Carpenter (2003), method implemented as KenCarp5() in the DifferentialEquations.jl
package, see Rackauckas and Nie (2017)).

We illustrate the boundary effect in Figure C1 for the case of ApY/ ApY, = 0.5,p(z, 07) = p ;= ApY considering
various values of G; = 2SL/Syw = L/ Lgjjy. As shown in the figure, the boundary effect becomes negligible when
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L/ Ly > 5. In this scenario, the near-fault region exhibits an initial drop in pore pressure, succeeded by an increase
attributed to bulk compaction, and finally a gradual return to the equilibrium state with uniform pressure distri-
bution. Conversely, the off-fault region experiences an initial rise in pore pressure, followed by a gradual return to
equilibrium. When the sample size comes into play (L/ Ly, < 5), the near-fault region initially experiences a pore
pressure drop after the failure, which is then followed by a gradual increase back to the equilibrium state. The off-
fault region first sustains elevated pore pressure for a while and eventually transitions to the equilibrium state at
large time. This sustained elevation is maintained for a duration of at least 0.1514¢ = 0.157SL?/k as shown in
Figure C1. This suggests that the maximum response time of the pore pressure sensors should not go beyond
0.15t4;¢; in order to detect the off-fault pore pressure elevation in small-size laboratory samples.

N
n
L

3.0 3 1.0 1
L/ Lgilat = 0.01,
J ~

0.6 1

0.4

2/ Lgitat
—_ )
n o
\\
—_— [ ]
z/L

o
L

0.2

' 4 L/Lgia= 0.5
10
0.0 4 . 45 . 0.01 "MOMS M 3.45
1 2 3

4 5 0.0 0.1 0.2 0.3 0.4 0.5
t/trecharge t/tgigy

(=1
W
L

Figure C1. Contours of the zero pore pressure perturbation (Ap = 0) for ApY/ Aps, = 0.5, 2% ApY = 1.0 with different
material properties and sample sizes L/ Lg;,;. The parametric space below the contours is characterized by a pore pressure
drop.

Appendix D: Mohr-Coulomb Fault Instability Analysis

We assume that the faults are purely frictional with zero cohesion and share the same friction coefficient
u = tan B. The stresses on the fault satisfy the following relation at the onset of instability.
o; _1+sinp

or_l+sing D1
o5 1—sing (0D

where 6] and o} are effective principal stresses (Figure 8). The inclination angle of the fault with respect to the
direction of the minimum confining stress thus corresponds to z/4 + /2. We assume that there is a differential
stress drop of As; (Ass = 0) due to fault instability and it will not change the direction of the maximum
compression Ac; <204 sin /(1 — sin 8). We obtain the pressure increase Ap necessary to destabilize a neigh-
boring fault having an inclination angle of y; (y; <y, see Figure 8).

01— Aoy +6; o] — Acy — o4 o1 — Aoy —
> > cos 2y; —

Ap(y;) = % sin 2y, cot . (D2)

Substituting Equation D1 into Equation D2, one obtains

Ap(y/,-) _ 11— cos fsin2y; + cos 2y; sin f
AO'] A01/63 1- Sinﬁ
cot f#sin 2y; — cos 2y; — 1
+ ) .

(D3)

By setting y; = z/4 + /2, we obtain the corresponding pore pressure elevation necessary to destabilize the fault
with the same inclination as that of a naturally formed shear band.
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Erratum

The originally published version of this article contained some typographical errors. In Table 2, the Ly (fr,11)
value of sensor number 5 should be 0.5. In Table A1, the WG21 value of Transducer (3) should be $29.6. The
errors have been corrected, and this may be considered the authoritative version of record.
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