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Rapid Normal Stress Oscillations Cause Weakening and
Anelastic Dilation in Gouge-Bearing Faults

Jianye Chen'*? ©©, Andre R. Niemeijer? (, and Christopher J. Spiers>

'State Key Laboratory of Earthquake Dynamics, Institute of Geology, China Earthquake Administration, Beijing, China,
’HPT Laboratory, Department of Earth Sciences, Utrecht University, Utrecht, The Netherlands, 3Faculty of Civil
Engineering and Geosciences, Technical University of Delft, Delft, The Netherlands

Abstract Fault normal stress (6,) changes dynamically during earthquakes. However, the impact of these
changes on fault strength is poorly understood. We explore the effects of rapidly varying o, by conducting
rotary-shear experiments on simulated fault gouges at 1 pm/s, under well-drained, hydrothermal conditions. Our
results show both elastic and anelastic (time-dependent but recoverable) changes in gouge layer thickness in
response to step changes and sinusoidal oscillations in o,,. In particular, we observe dilation associated with
marked weakening during ongoing o,-oscillations at frequencies >0.1 Hz. Moreover, recovery of shear stress
after such oscillations is accompanied by transient (anelastic) compaction. We propose a microphysically based
friction model that explains most of the observations made, including the effects of temperature and step versus
sinusoidal perturbation modes. Our results highlight that ¢,-oscillations above a specific frequency threshold,
controlled by the loading regime and frictional properties of the fault, may enhance seismic hazards.

Plain Language Summary Faults in the crust sometimes experience rapid stress changes, caused by
nearby or remote earthquakes, by seasonal impoundment and discharge of reservoirs, by hydrocarbon or
geothermal energy production, or by reservoir stimulation. The impact of these stress changes on the earthquake
potential of faults is poorly understood. This study explores such effects through laboratory experiments on
simulated faults under upper crustal PT conditions, perturbing the normal stress on the fault in various ways. Our
results show that the shear stress supported by the fault, and the fault thickness, respond instantly to normal
stress changes, followed by a transient evolution. In particular, we observed dilation (fault-normal expansion)
associated with marked weakening during fast oscillation. We propose a micromechanical model that can
qualitatively explain the general experimental observations. Our results indicate that varying the normal stress
on a fault at frequencies above a specific threshold may enhance seismic hazard.

1. Introduction

Tectonic fault zones are subject to variations in effective normal stress (¢;) over a wide range of spatial and
temporal scales. For example, stress can transfer between faults in the same system through elastic or viscoelastic
coupling. Remote large earthquakes, emitting elastic waves that propagate thousands of kilometers, can
dynamically trigger fault instability (Hill et al., 1993). Fluid pressures within a fault zone are expected to vary
spatially and temporally during the seismic cycle, due to compaction, cementation, and fluid-rock interactions,
which coupled with pressure diffusion and dilatant shearing can promote or delay fault failure (Nogl et al., 2019;
Segall & Rice, 1995; Sleep, 1997). External forcing by solid tides or seasonal impoundment and discharge of
reservoirs can also modify the temporal evolution and spatial pattern of fault zone stresses. Moreover, human
activities such as hydrocarbon and geothermal energy production, and injection of pressurized fluids such as CO,
or (waste)water into deep reservoir systems, can change the stress field around faults, through both fluid pressure
diffusion and poroelasticity, -potentially inducing earthquakes (e.g., Ellsworth, 2013). Resolving these scenarios
requires a better understanding of the frictional stability of a fault in response to perturbations in stress, in
particular in effective normal stress (defined as o, = 6, — ps, where ¢, and p, are the normal stress and fluid
pressure acting on and within the fault, respectively.)

Laboratory and numerical experiments offer potential ways to move forward. Early experimental studies of how
fault strength and stability respond to o¢-perturbations were performed on bare, nominally-dry rock surfaces
(Bureau et al., 2000; Cochard et al., 2003; Linker & Dieterich, 1992; Olsson, 1988; Prakash, 1998). All of these
experiments involved step or frequent sinusoidal changes (<1 s in period) in external normal load (o,,) imposed on
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an already slipping fault. They showed that the frictional response to a rapid change in o, is a multistage (elastic/
transient) process. Based on such work, Linker and Dieterich (1992) extended the classical rate-and-state friction
(RSF) laws to describe the evolution of friction in response to o,-changes. Later studies have explored a variety of
experimental materials (bare-rock surfaces, gouges) and perturbation modes (steps, pulses, and oscillations)
(Boettcher & Marone, 2004; Dang & Konietzky, 2022; Griffa et al., 2013; Hong & Marone, 2005; Johnson
et al., 2012; Kilgore et al., 2012, 2017; Lockner & Beeler, 1999; Shreedharan et al., 2019). More recently, an
increasing number of experimental studies focus on the effects of varying fluid pressure (py) on fault stability
(Cappa et al., 2019; French et al., 2016; Noél et al., 2019; Passelegue et al., 2018; Scuderi & Collettini, 2016;
Scuderi et al., 2017), as an analogue for activation of fault slip by fluid injection into reservoirs or geothermal
systems. The results showed that slip acceleration on a fault is controlled by the effective normal stress on the fault
and sometimes by fluid injection rate (e.g., French et al., 2016; Wang et al., 2020). A more general finding is that
time-varying o, or pycan cause a transient response in friction, though promotion of unstable slip is not generally
observed (Beeler & Lockner, 2003; Boettcher & Marone, 2004; Chambon & Rudnicki, 2001), except in some
studies of bare surfaces (No€l et al., 2019). This is likely because all previous experiments were performed at
room temperature, where most rock-forming minerals exhibit velocity (v) strengthening friction (Johnson
et al., 2012; Xing et al., 2019), although other factors, such as apparatus stiffness, may also play a role (Boettcher
& Marone, 2004). In velocity-strengthening materials, faults are frictionally stable, since any perturbation fa-
voring slip acceleration is suppressed, even if the fault is critically-stressed. Progress into the unstable slip regime
has been impeded by the technical challenge of achieving fast ¢} -variations under crustal temperature conditions
where frictional fault slip is velocity weakening.

To provide the crucial data needed, we performed gouge-shearing experiments, at room and at in-situ crustal
temperatures, to determine how o¢-variations affect the frictional response of a fluid-saturated, gouge-filled
carbonate fault under velocity-weakening conditions. The results demonstrate that rapidly varying normal
stress causes a marked shear strength reduction, associated with a tendency for fault dilation, which may be key
for understanding earthquake triggering.

2. Material and Method
2.1. Material and Experimental Apparatus

We conducted friction experiments on two types of simulated calcite-dolomite fault gouge using a hydrothermal,
rotary-shear apparatus (Niemeijer et al., 2008). The materials used are described by Chen et al. (2015) and
Verberne et al. (2013). The piston-sample assembly is fluid-pressure-compensated within the hydrothermal
pressure vessel, so that the (Terzaghi) effective normal stress o}, acting on the sample layer, is obtained directly
from the externally applied normal load. The hydrothermal machine is housed inside a commercial Instron
loading frame that applies servo-controlled normal load via an electrically actuated ball-screw drive, which al-
lows precise and fast control using square, triangular and sinusoidal wave functions (Ac¢ <~0.2 MPa, response
time <0.01 s). The apparatus can apply not only fast changes in o7, but also high temperatures, normal stresses and
fluid pressures representative of upper-to-middle crustal conditions. For more details on the apparatus and ma-
terials, refer to Texts S1 and S2 in Supporting Information S1).

2.2. Experimental Conditions and Procedures

Previous studies have shown that the two gouge materials used exhibit closely similar frictional behavior; both
show a transition from v-strengthening to v-weakening with increasing temperate (7), that is, at around 80—-100°C
(Chen et al., 2015; Verberne et al., 2013). In this study, the temperatures used ranged from room-7 to 110°C,
leading to a transition in frictional behavior from stable sliding (v-strengthening regime) to self-sustained, small-
amplitude shear strength oscillations (v-neutral/weakening regime) at constant o%,. The base level of normal stress
(¢,) was set at 50, 100, 150 or 180 MPa. We applied a fixed fluid (water) pressure (py) of 15 MPa (vessel pressure
surrounding the unjacketed sample), except in one experiment where a 3 MPa fluid pressure was used to check its
effect on seal friction.

In each experiment, 0.65-0.80 g of gouge powder was distributed in the annular space between two grooved
pistons and contained by an outer and inner ring (see Figure 1-inset), producing a 1.0-1.4 mm-thick gouge layer.
After applying the target values of &, pfhence G;,), and T, we first sheared the sample at a constant load-point
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Figure 1. Results from NSS tests at room temperature (a—), 80°C (D-F), and 100°C (g—i) hydrothermal conditions. The steps were completed within 0.2 s or 0.2 pm
load-point displacement. In each test, the three panels show the evolution of normal stress, shear stress, and gouge layer thickness changes corrected for elastic
deformation of sample and machine with varying normal stress, respectively. The inset shown in panel (a) illustrates the sample-piston assembly used in the present
study. Note that the inner and outer superally rings prevent the gouge layer from extruding yet allow for well-drained sample conditions (i.e., easy pore fluid exchange
between the sample and enclosing pressure vessel).

velocity (v;,,,) of 1-10 pm/s through ~7.0 mm displacement (d), subsequently stepping v,,,, to verify the velocity
dependence of friction obtained for our sample materials in previous studies. Different modes of o -perturbations
were subsequently superimposed on the base level value &, including normal stress steps (NSS), triangular and
sinusoidal oscillations (NSO), while shearing at v,,,, of 1 um/s. For each perturbation mode, we systematically
varied the perturbation magnitude and period (where applicable). Following Richardson and Marone (1999), in
two experiments we also investigated the effects of ¢¢-oscillations on frictional healing (NSO/H), that is, slide-
hold-slide (SHS) tests were performed while oscillating o¢, during the hold periods. Table S1 in Supporting In-

formation S1 summarizes the key data for all five experiments performed.

2.3. Data Processing

All quantities measured were sampled at a rate of 30-900 Hz. To calculate shear stress (z), the externally-
measured torque was corrected for dynamic seal friction using displacement- and pore pressure-dependent cal-
ibrations following Den Hartog et al. (2013). Standard error propagation analysis showed that the error in shear
stress is <0.1%. The combined apparatus-sample shear stiffness (K) was determined from the shear stress versus
load point displacement curve obtained during unloading of each experiment. Axial displacement (L), was
measured externally using a high-resolution linear variable differential transformer (lvdt) attached to the lower
forcing block (0.1 pm resolution, response time <0.01 s) and varied significantly in the present study due to
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varying normal stress. Note that during fast variations in applied effective normal stress o, for example, in NSO
tests, L changed almost reversibly and in phase with o . Differentiation therefore gives the “apparent” elastic
stiffness of the system in the axial direction (i.e., of the apparatus and gouge layer), that is, K,, = do/dL (Figure
S3 in Supporting Information S1). For each experiment, we applied the K|, value obtained to correct L, thus
obtaining a combined measure of anelastic plus any permanent changes in gouge thickness (%), using

Ah = AL+ (% —75)/K,, )

where o, is the reference or pre-perturbation level of ¢¢. Data on the evolution of normal stress, shear stress, and
gouge layer thickness L (before correction) with shear displacement, are plotted for all the five experiments in
Figure S4 in Supporting Information S1.

3. Results
3.1. Normal Stress Step (NSS) Tests

Figure 1 presents the results of all NSS tests performed at different temperatures with roughly the same step size
(20%). At room temperature, the gouge showed v-strengthening, stable sliding behavior, consistent with previous
work (Verberne et al., 2013). In response to a (quasi-)instantaneous upstep in effective normal stress (o), the
shear stress (7) showed a small instantaneous increase followed by a gradual increase, at decreasing rate, to a new
steady state (Figure 1b). At 80°C, the shear stress showed similar evolution, but with the early response being
close to linear (Figure le). At 100°C, small-amplitude oscillations in shear stress (<0.5 MPa) occurred during
constant-o;, sliding, consistent with v-weakening. In response to an upstep, the shear stress increased nearly
linearly with displacement, then abruptly transitioned toward a new mean level with superimposed small-
amplitude oscillations (Figure 1h). We note that the (nearly-)linear increase in T at 80 and 100°C follows the
elastic loading path, corresponding to the combined apparatus-sample shear stiffness. At 80 and 100°C, the shear
stress showed a small instantaneous decrease upon applying the o7 -step, followed by a rapid increase (i.e., faster
than elastic stressing rate) until reaching the linear elastic stage. Upon a downstep, the shear stress at the three
temperatures showed an abrupt decrease followed by a gradual decrease to the original level. Corrected layer
thickness data at all the temperatures showed transient compaction/dilation after the upstep/downstep, with an
evolution distance similar to that of shear stress (Figures 1c, 1f, and 1i). At a fixed temperature, the relative
response in shear stress magnitude and transient thickness change were not sensitive to step size (10%—-40%,
Figure S5 in Supporting Information S1).

3.2. Normal Stress Oscillation (NSO) Tests and Effects on Healing (NSO/H)

Figure 2a shows the results when a fault sliding under hydrothermal conditions is subjected to sinusoidal changes
in o}, with a fixed relative amplitude (Ac;/5;, = 10%) and varying periods (7},,, = 0.1-1,000 s). For long (>50s)
and short (<2 s) periods, the 7-response was also sinusoidal and almost in phase with the o¢-changes. For in-
termediate periods (2 s < T, < 50 s), the shear stress response became irregular in shape and for some periods
(520 s) two cyclic components appeared in one period of of-change (Figure 2b). Interestingly, as the imposed
oscillation period decreased from 20 to 0.2 s, we observed an increasing reduction in mean shear stress (7) with
respect to the preceding steady-state level (z,,), defined

Az, =14 —T7, @)

and hereafter referred to as “dynamic weakening.” At a fixed short period (i.e., 1 s), increasing the amplitude of
o¢-oscillations caused increased dynamic weakening, increased oscillation amplitude in the shear stress, and an
increase in corrected gouge thickness (dilation) — Figure 2c. Notably, the reduction in shear stress is reversible,
that is, strength recovers when the oscillations stop (see red dashed lines and rectangle in Figures 2a and 2¢). The
dilation observed is unlikely to be caused by the Poisson effect of shear stress reduction, since reducing shear
stress tends to cause compaction of a gouge layer (Karner & Marone, 2001, Texts S3 in Supporting
Information S1).

In the NSO/H tests, shear stress showed a rapid reduction at the initiation of hold periods with simultaneously
imposed NSO, followed by a gentle, on-going relaxation see first SHS-sequence in Figure 2d. Upon re-shearing,
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the shear stress showed a rapid linear increase to a peak. The difference in peak and steady-state friction, or so-
called frictional healing, is ~1/2 that gained in a subsequent, conventional SHS-sequence, employing the same
hold period (Figure 2d). Imposing fast NSO during hold periods also caused sudden dilation followed by gentle
compaction, while in the conventional SHS sequence there was no dilation phase. Similar results were obtained in
our second NSO/H test, which adopted the reverse perturbation sequences (o¢-oscillations were imposed in the
second hold period, Figure S6 in Supporting Information S1).

3.3. A Control Test

To check the robustness of the observed dilation and its correlation with dynamic weakening, we performed a
control test at 100°C (u828) in which we imposed oscillating normal stress bursts (Ao, = 30 MPa, T}, = 1 s) with
different final phases (i.e., positive-vs. negative-going final half-cycles, Figure 3a). Again, imposing fast o -
oscillations caused rapid weakening accompanied by sudden dilation; and when oscillations were terminated, =
recovered gradually to the original level, via a linear initial loading phase followed by a transient, non-linear stage
(Figure 3b). Interestingly, the evolution of corrected thickness (h-value) strongly depends on the final half cycle
of o¢-oscillations. When oscillations were terminated after a positive of-excursion (o; > o), the compacted
gouge showed dilation as sliding proceeded, closely resembling the behavior seen at the end of varying-amplitude
NSO test u829, due to a final positive o, -excursion (Figure 2c). In contrast, when oscillations were terminated
after a negative o, -excursion (o, <0, ), the gouge was in a dilated state and showed compaction upon further
sliding. In both cases, the thickness evolution distances were similar to those for z. Similar behavior was seen
when using different vibration periods (Figure S7 in Supporting Information S1), but the effect was less prom-

inent when 7}, was greater than 10 s, consistent with the results in Figure 2a.

imp

Combining results from different NSO experiments, we found that the amplitude of shear stress variations (Ar)
and dynamic weakening (Az,) at a fixed short oscillation period is linearly proportional to the As! imposed
(Figures 2e and 2f). The amplitude of dynamic weakening is also proportional to the elastically corrected dilation
(Ah) observed (Figure 2g).

4. Discussion
4.1. Different Responses at Room-T Versus Hydrothermal Conditions

NSS is the most widely-used test to investigate the effects of varying o, on friction. The previous study by Linker
and Dieterich (1992) recognized a three-stage response to an upstep in o,,. This includes an “instant response”
during which shear stress increases simultaneously with the o,-step, an “elastic response” during which shear
stress evolves with load-point displacement along the system's elastic loading path, and a final “transient
response” occurring over a shear displacement similar to that seen in typical v-step tests. Another type of behavior
was first reported by Prakash (1998), who instead observed only a gradual z-change. The “three-stage evolution”
and “gradual change” have been observed in both fault gouges (e.g., Hong & Marone, 2005) and bare-rock
surfaces (e.g., Kilgore et al., 2017). The key difference between these two behaviors is whether a linear
loading stage can be distinguished. Employing new techniques to monitor fault-normal deformation, recent
studies by Kilgore et al. (2012, 2017) revealed a gradual z-response to various sizes of o,-steps, similar to the
observation by Prakash (1998). Their fault-normal displacement (sample + machine) followed a two-stage
response consisting of a large instantaneous and a smaller, gradual response with shear displacement, which is
consistent with our uncorrected thickness change data (i.e., our elastic and transient changes, Figure 1). However,
our NSS tests showed a gradual, nonlinear increase in shear stress at room-7, while at 100°C it increased primarily
along the elastic loading path (Figure 1), with intermediate behavior occurring at 80°C where calcite is more or

Figure 2. Results from the NSO tests conducted at hydrothermal conditions. (a) Normal stress and shear stress versus load-point displacement for calcite gouge sheared
atv,,,, = 1 pm/s, T=110°C, and G, of 180 MPa. Sinusoidal perturbations in normal stress were imposed with a fixed amplitude Ac¢ = 18 MPa and a range of vibration
periods (7,,,,) from 200 to 0.2 s. (b) Rescaling of the results at short periods (20-1 s). (c) Normal stress, shear stress, and elastically-corrected gouge layer thickness vs.
displacement for calcite gouge sheared at v,,,, = 1 pm/s, T=80°C, and 5, of 150 MPa. Sinusoidal perturbations in 6, were imposed with a fixed T},,, of 1 s and varying Aoy,
from 3 to 60 MPa. (d) Normal stress, shear stress, and corrected gouge layer thickness versus time, for two sequences of slide-hold-slide tests, both with a hold period of
600 s. In the first sequence, normal stress oscillations were imposed during the hold period (other conditions than c). Due to the hysteresis effect, the elastic changes in
thickness cannot be fully corrected, so we applied a moving average smoothing with a window size of 20 data points. (e—g) Extracted data from different experiments with
the same oscillation period of 1 s, showing the amplitudes of shear stress drop (A7) and the weakening (Az,) as a function of imposed Ag,,, as well as the relation between
Ar,, and the anelastic dilation (A#). In each case, a linear fitting was conducted.
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= less v-neutral (Figure S1 in Supporting Information S1). As indicated earlier,
g 701A) 1.0 Hz 1.0 Hz u828 . : . .
s last phase at fixed temperature, the behavior of our samples was not sensitive to imposed
= “+g”
@ o ? step size (Figure S5 in Supporting Information S1). The key question thus
[
£ 150~ becomes: after a 6, upstep, what causes the occurrence of a linear (stick) stage
Ei N before sliding restarts?
5 Iast“ph"ase
Z 130 ‘ ‘ : ‘0 Based on our observations of thickness changes, we propose that the two
1 12 1.3 distinct behaviors can be explained by a dilation- and velocity-dependent
% B) friction model. It is well established that in the frictional regime shear
& resistance of a granular fault gouge consists of two components (ignoring
% 75+ cohesion), namely friction due to intergranular sliding and that due to inter-
@ granular dilation (Chen et al., 2017; Marone et al., 1990; Makedonska
2 704 et al., 2011; Nakatani, 1998; Zaloj et al., 1999), which can be written as,
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< ere, 7,; expresses the shear strength required to overcome the slidin
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. 750 L 760 Lé) resistance offered by a compact (lower porosity) gouge under given condi-
=
g before elastic correction (L) 5 tions; dilation causes an increase in porosity, resulting in a more loosely
€ 650 | 755 g compacted gouge and thus a decrease in 7,; (Nakatani, 1998; Sleep, 1997).
§ W E Grain boundary (gb) friction is usually described to be v-strengthening in the
_g ” 3 logarithmic form (Nakatani, 2001),
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Figure 3. A pair of control NSO tests using the same vibration amplitude
= 1), but finished with different phases
(“40” means o, > 6, in the last half period of the oscillations, while “—¢”
means o, < 6,). (a) Normal stress, (b) shear stress, and (c) original and the
corrected thickness versus time. The experiment (u828) was performed at

(Ao, = 30 MPa) and period (7

111

Load-point displacement (mm)

mp

‘
112 113

In Equation 4, v, is the relative v between two contacting grains, u,," is the gb
friction at a reference velocity v¥, and a is the rate sensitivity. As widely
recognized from laboratory experiments, an increase in v causes dilation and
thus a reduction in 7, (e.g., Marone et al., 1990). The competing, opposite
dependences of 7., and 7, determine the sign of the total v-dependence of

shear strength of the material (Chen et al., 2017; Sleep, 1997).

Vip = 1 pm/s, p,=15 MPa and T = 100°C.

Our NSS results show a gradual increase in shear stress in the v-strengthening

regime (T < 80°C) when a fault is subjected to an upstep in o, while in the v-
weakening regime (7 > 80°C) shear stress shows primarily linearly elastic loading (Figure 1, see also schematic in
Figure S8 in Supporting Information S1). The former evolution can be simply explained by an increase in 7, in
Equation 3, caused by the observed gouge compaction. In the latter case, the competing v-dependencies of z,, and
741> described above, play an important role. This is because, in general, for any perturbation, a v-weakening fault
undergoes a larger excursion in sample slip velocity than a v-strengthening fault (Gu et al., 1984, Figure S8 in
Supporting Information S1). In response to a o, -upstep, the slip rate (v,) on a v-weakening fault (v) can drop
instantaneously by a few orders of magnitude (e.g., Kilgore et al., 2017; Shreedharan et al., 2019). Taking the

spring-slider analogue of an experimental fault, when v is much smaller than v,

imp» the elastic equation for shear

stress evolution 7 = K(v;,,, — v,) reduces to 7 = Kv;,,,. We infer that the 7-evolution after a o}-upstep tends to
follow the elastic-loading curve in our NSS tests at 80—100°C, because the fault becomes v-weakening (more
unstable conditions) at these temperatures (Figure 1). At the same time, effects of other factors, such as slip
localization and plasticity, will also change with temperature, and may play some role in affecting normal stress
dependence of friction.

Finally, ee note that previous NSS experiments showing the multi-stage behavior were mostly performed on
quartz-rich gouges or granitic surfaces (Hong & Marone, 2005; Linker & Dieterich, 1992). Quartz can show v-
weakening at room temperature (Beeler et al., 1996; Leeman et al., 2016). Therefore, previous results on quartz
gouges are not in conflict with our results or interpretations.
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4.2. Dynamic Weakening and Dilation Associated With Fast Oscillations

Our study shows marked frictional weakening of a shearing fault gouge (i.e., Az,/Ac <0.256) when subjected
to fast o, -oscillations (i.e., T;,,,<10 s, Figure 2f). A similar but smaller reduction in friction was also observed in
NSO tests on powdered quartz gouges at room-T/humidity conditions (Az,,/Ac <0.1) by Boettcher and Mar-
one (2004). This type of weakening effect is also of interest in other fields, especially in mechanical engineering,
where imposing vibrations in the normal direction has been used to manipulate the friction of interfaces filled with
lubricants (Skare & Stahl, 1992). However, the vibration frequencies used to induce weakening in these other
fields are much higher than used here (120-6,000 Hz, Bureau et al., 2000; Drummond, 2012; Heuberger
et al., 1998; Vidal et al., 2019). Friction experiments performed on dry glass bead layers has also shown that
vibrating the sharing layer by passing seismic waves (center frequency ~40 kHz) can cause dynamic weakening
followed by shear stress recovery, resembling our observations (Johnson et al., 2012). As previously noted present
friction theories (and mechanisms) cannot satisfactorily account for such weakening behavior (Boettcher &
Marone, 2004; Bureau et al., 2000; Heuberger et al., 1998; Lastakowski et al., 2015; Vidal et al., 2019). Based on
the following three arguments, we propose that the weakening might be linked to the anelastic dilation we
observed.

First, systematic thickness changes in our control experiment provide a robust observation of dilation caused by
fast o -oscillations (Figure 3). A similar amount of dilation was observed at different fluid pressures but otherwise
similar conditions (3 vs. 15 MPa, Figure 2g), which rules out the possibility that weakening is due to hysteresis in
apparatus seal friction or to fluid pressurization of the gouge layer (different fluid pressures result in varying seal
friction and pore water compressibility). Pore fluid pressurization is further excluded as the weakening mecha-
nism because it cannot account for the dilation observed after oscillations cease (Figure 3).

Second, the NSO/H (normal stress oscillation/hold) tests showed that imposing fast ¢4 -oscillations during a hold
period resulted in faster and larger shear stress relaxation than a conventional hold sequence (Figure 2d), which is
consistent with previous experiments under nominally dry conditions (Richardson & Marone, 1999). However,
the magnitude of frictional healing that we obtained under vibrating o7, is less than in our conventional SHS test,
which is opposite to the finding by Richardson and Marone (1999). Moreover, our NSO/H tests showed a small
net dilation, due to immediate dilation followed by gradual compaction over the hold period (Figure 2d), while
Richardson and Marone reported larger continuous compaction (~7X larger strain) during the same hold duration.
This all suggests that the shear stress evolution is strongly tied to the compaction/dilation state of the gouge layer
(Figure S8 in Supporting Information S1).

Third, the dilation- and velocity-dependent friction model (Equation 3) used in explaining our step tests can be
applied to our oscillation tests. Specifically, in the NSO tests, dynamic weakening upon imposing oscillations,
and the recovery of shear stress after terminating oscillations, can be attributed to the instant dilation and the
subsequent transient compaction observed, through Equation 3. Whether a sticking (elastic loading) stage
emerges after oscillation will be determined by the excursion of v, (Equation 4). Following the same rationale, in
the NSO/H tests, oscillations reduce compaction during hold and thus lead to reduced healing upon reshear
(Figure S8 in Supporting Information S1). Qualitatively, the weakening and anelastic thickness change seen in
both NSO and NSO/H tests are roughly linearly related (Figure 2g), agreeing with insights from existing friction-
dilation models (Chen & Spiers, 2016; Sleep, 1997).

The above analyses demonstrate the internal consistency of the thickness and shear stress responses between
different modes of perturbations. Recent gouge friction experiments without o} -perturbations have documented
highly time-resolved dilation accompanying fast and slow stress-drop procedures (Hu et al., 2023). One
remaining question is which process causes the dilation accompanying NSO in our tests. As discussed above,
oscillation-induced fluidization or pressurization is unlikely to be the mechanism. Up to now, oscillation-induced
dilation has not been documented in macroscopic gouge-type friction experiments. Boettcher and Marone (2004)
did report minor dilation induced by normal stress oscillations, but it was believed to be a transient response as the
fault weakened. However, both dilation and accelerated slip have been induced by fast vibrations in microscale
experiments on glass beads and quartz sands, using the shear force apparatus at nominally dry conditions
(Heuberger et al., 1998; Nasuno et al., 1998). In the physics literature, dilation (increase in effective thickness or
reduction in coordination contact number) of the frictional layer, along with dynamic weakening, have also been
reported for sliding nanoscale contacts in computer simulations—using atomistic molecular dynamics as well as
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discrete element and other modeling approaches (Capozza et al., 2009; Ferdowsi et al., 2015; Gao et al., 1998;
Thompson & Grest, 1991; Zaloj et al., 1999). A future study will seek a physics-based explanation for, and
conduct numerical simulations of, the anelastic dilation and weakening that we have observed, taking into account
previous work by, for example, Bureau et al., 2000; Chen & Spiers, 2016; Perfettini et al., 2001; Sleep, 1997.

4.3. Implications for Triggered and Induced Seismicity

Our results show that fast o7 -variations can cause marked fault weakening, which may be highly relevant to the
triggering of earthquakes or avalanches by stress changes induced by seismic waves. The associated dilatant
effect may be of great importance not only for understanding the weakening process but also in providing a key
observable that might be used in monitoring.

We have shown that the weakening effect depends on both vibration amplitude and period: it occurs only at
periods below a critical value. Our results thus support the notion that the dynamics are controlled by the
(maximum) rate of change of normal stress (do,,/dt, cf. Lastakowski et al., 2015; Wang et al., 2020). More ex-
periments are required to confirm this. The present experiments give a critical period of ~10s for a carbonate fault.
This value is expected to vary with fault conditions, such as driving velocity (Boettcher & Marone, 2004; Bureau
et al., 2000). Simply applying a linear scaling and a background driving rate of 10™° m/s (~30 mm/year), the
critical period increases to 5.5 hr. In future, it will be important to establish any critical oscillation period that may
induce weakening of, and seismic slip on, faults in geo-energy/storage reservoirs, to guide safe injection/pro-
duction operations.

5. Conclusions

We explored the effects of rapidly varying effective normal stress (¢¢) on fault strength by conducting rotary-
shear friction experiments on simulated carbonate fault gouges under well-drained hydrothermal conditions,
maintaining fluid pressure nearly constant. Upon imposing step changes in o;, the gouge thickness showed an
instantaneous response followed by a transient evolution. The shear stress responses for different temperatures
and perturbation sizes showed that there is no strict boundary between the three- and single stage behaviors
observed by Linker and Dieterich (1992) and Prakash (1998), but that the response depends on v-dependence of
friction. The occurrence of an elastic loading (stick) stage is favored by more unstable (v-weakening friction)
conditions, that is, >80°C in our tests. We also observed marked weakening and dilation upon imposing fast o -
oscillations. The larger the amplitude, the larger the dilation and weakening. We proposed a theoretical argument
that qualitatively captures both the present and previous observations, including the behavior seen in o¢-step tests
and the dynamic weakening during fast oscillations. Our results highlight that when o is affected by human
activities in the subsurface, caution should be exercised regarding the amplitude and period of the changes or
cycles imposed.

Data Availability Statement

Experimental raw data are all freely available online at Chen and Niemeijer (2022).
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