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Abstract High‐viscosity fluids are often used during hydraulic fracking operations in georeservoirs. Here
we performed dedicated experiments to study the influence of fluid viscosity on fault reactivation and
associated induced earthquakes. Experiments were conducted in the rotary‐shear machine Slow to HIgh
Velocity Apparatus on experimental fault of Westerly granite saturated by fluids with increasing viscosity
(at room temperature) from 0.1 mPa s (water) to 1.2 Pa s (99% glycerol). Fault reactivation was triggered
at constant effective normal stress by increasing the shear stress acting on the fault. Our results showed
that independent of the viscosity, fault reactivation followed a Coulomb‐failure criterion. Instead, fluid
viscosity affected the fault weakening mechanism: flash heating was the dominant weakening
mechanism in room humidity and water‐saturated conditions, whereas the presence of more viscous
fluids favored the activation of elasto‐hydrodynamic lubrication. Independent of the weakening
mechanism, the breakdown work Wb dissipated during seismic faulting increased with slip U following a
power law (Wb ∝ U 1.25) in agreement with seismological estimates of natural and induced earthquakes.

Plain Language Summary One of the most alarming recent findings in solid earth sciences is the
worldwide exponential increase of human‐induced seismicity. This is due to engineering operations in
deep reservoirs for hydrocarbon production, CO2 storage, wastewater storage, and exploitation of
geothermal resources which result in the reactivation of faults hosted in the reservoirs. While the
reactivation of faults due to fluid pressure has been extensively studied, the influence of fluid properties
including its viscosity has been overlooked, even if the viscosity of injected fluids spans from the one of
water to that of honey. In this study, we discuss the influence of stress perturbations on the reactivation
of fluid‐permeated experimental faults and on induced earthquakes. Our experimental observations
suggest that the viscosity of the fluid does not influence the onset of fault reactivation. Instead, the
viscosity of the fluid controls the type of deformation mechanism activated during induced
earthquake rupture.

1. Introduction

Earthquakes rupture nucleating and propagating along faults result from the frictional response of fault
materials to local or far‐field ambient stress variations. In nature, stress can increase slowly due to tectonic
loading up to the critical strength of faults, or change suddenly due to (1) earthquake ruptures propagating in
the vicinity of the fault or (2) fluid migration (Gomberg et al., 1997; Harris, 1998; Kilb et al., 2000; Miller
et al., 2004; Sibson, 1992). In georeservoirs, induced earthquakes triggered by pore pressure variations
(i.e., effective stress variations) during engineering operations are a major issue for the future development
of hydrocarbon production, geothermal resources, CO2, and nuclear waste storage (Cornet et al., 1997;
Ellsworth, 2013; Guglielmi et al., 2015; Majer et al., 2007).

Faults respond to stress variations by either (1) remaining in a locked state or (2) slipping stably at low slip
rates (≪1 mm/s) or (3) accelerating toward seismic slip rates (≫1 mm/s, unstable regime), depending on the
initial stress conditions and wall rock stiffness (Scholz, 2019). The frictionally stable and unstable regimes
(Gu et al., 1984) can be described in the framework of the rate‐and‐state friction law (Dieterich, 1979;
Rice & Ruina, 1983) where the frictional response of a fault varies with the previous loading history, and
depends on both the instantaneous slip‐rate V and a state variable accounting for the evolution with time
of the sliding interface.
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To understand the effect of the fluid pressure on the rate‐and‐state friction law variables, velocity controlled
experiments under pore fluid conditions have been conducted (Ikari et al., 2009; Niemeijer & Collettini,
2014; Scuderi & Collettini, 2016). However, controlling the shear stress and the pore pressure (the pressure
of the fluid in saturated and drained condition) up to the onset of slip events rather than controlling the slip
rate and measuring the shear strength evolution is more representative to reservoir engineering and natural
conditions, where stress variations and frictional properties of the fault materials control the mechanical
response of the fault zone (Cornet, 2016; Goertz‐Allmann et al., 2011; Wu et al., 2018; Zoback & Harjes,
1997). A first step in this direction was recently achieved by studying the effect of pore fluid variations on
experimental fault reactivation (Giacomel et al., 2018; Passelègue et al., 2018; Scuderi et al., 2017; Ye &
Ghassemi, 2018). However, the composition of the fluid used in these studies was limited to pure water or
water and carbon dioxide mixtures and the role of fluid viscosity was neglected.

In geoengineering practice, the viscosity of the injected fluids varies over 4 orders in magnitude, from 1 mPa
s for liquid water to 10 Pa s for fracturing fluids (Economides & Boney, 2000), and recent experimental stu-
dies showed that fluid viscosity controls seismic source parameters, including stress drops, the weakening
distance, and the earthquake energy budget (Cornelio et al., 2019). Here, we discuss the role of fluid viscosity
on both the onset of fault reactivation and the associated slip events by exploiting a novel experimental tech-
nique. This consists of loading an experimental fault under realistic geoengineering effective stress and
environmental conditions (Giacomel et al., 2018), which span from room humidity to high‐viscosity fluid
pressurized conditions.

2. Materials and Methods

We conducted seven shear‐stress controlled experiments on the rotary shear apparatus named SHIVA (Slow
to HIgh Velocity Apparatus; see Di Toro et al. (2010) and Niemeijer et al. (2011) for details on the machine
and the acquisition system). Experiments were performed on 50‐mm‐diameter full cylinders of Westerly
granite, selected as an analogous of the target lithology for geothermal reservoirs. Westerly granite is a
homogeneous, isotropic, fine grain size (<1 mm), low porosity (<2% measured using the triple‐weighing
method), and low permeability (~10−19 m2) rock (Nasseri et al., 2009). The low porosity and permeability
result in negligible fluid diffusion in the rock matrix during the experiments discussed here. The samples
were prepared following the procedure described by Nielsen et al. (2012) to ensure sample alignment and
parallelism of the opposite sliding surfaces once the cylinders were installed in the sample holders of
SHIVA. Sliding surfaces were roughened by using 80 SiC abrasive paper to produce small irregularities
called asperities. The three‐dimensional (3‐D) surface roughness was measured as the quadratic mean (root
mean square). The RMSwas determined on 10 × 16 mm rectangular area of the surface of theWesterly gran-
ite sample before the experiments (Figure 1) using an optical profilometer ContourGT‐I 3D Optical
Microscope, Bruker Nano surfaces Division. The scan of the surfaces was performed by stitching images
of 20 × 20 μm2 with an overlap of 20% between two adjacent areas. The RMS of the fault surface of

Figure 1. Initial surface and roughness of the Westerly granite samples. (a) Photo of the initial 50 mm in diameter sample
of Westerly granite. (b) The RMS surface roughness obtained using the optical profilometer.
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Westerly granite before sliding was around RMS = 25.18 μm so we assumed an initial average asperity
height of w0 = 25 μm (Figure 1).

Experiments were conducted at the same effective stress conditions σ′n = σn − Pf ≅ 10 MPa, where a
normal stress σn of ~13 MPa and a fluid pressure Pf of ~2.7 MPa (pressure of the fluid in the slipping
surface) were applied and maintained constant during the experiments (Table 1). To perform experi-
ments in the presence of fluids, SHIVA was equipped with a pressurizing system which consisted of a
fluid pressure vessel, a membrane pump (with a 30‐cm3 fluid capacity), a pressure multiplier that
imposed up to 15 MPa of fluid pressure, a pressure regulator, and valves and pipes (Violay et al.,
2013, 2014, 2015). The tests were performed under drained conditions; that is, the vessel was connected
to the fluid reservoir to keep the fluid pressure macroscopically constant during the entire experiment
(Figure 2b). The procedure for experiments performed in presence of fluids consisted in (1) applying
an initial axial stress σn = 0.8 MPa, (2) increasing the fluid pressure by injecting fluids radially in the
vessel up to 0.5 MPa, (3) increasing the axial stress σn up to the target value, and (4) increasing the fluid
pressure up to the target value.

Table 1
Summary of the Experimental Conditions

Experiment Condition η (mPa s) σn (MPa) Pf (MPa) σeff (MPa) τimp (MPa) μpeak

s1409 RH 9.847 9.847 6.364 0.646
s1487 RH 9.741 9.741 6.069 0.623
s1407 Water 1.002 12.109 2.702 9.407 6.822 0.725
s1488 60% glyc 10.8 11.861 2.641 9.220 7.321 0.794
s1781 85% glyc 108.4 12.463 2.473 9.990 6.977 0.698
s1596 99% glyc 1226 11.902 2.738 9.164 6.968 0.760
s1406 99% glyc 1226 12.080 2.729 9.352 6.538 0.699

Note. Shear stress at fault reactivation = τimp. Condition: normal stress σn, fluid pressure Pf, effective normal stress σeff,
and peak friction coefficient μpeak.

Figure 2. Experimental assembly. (a) Sketch of the apparatus SHIVA (modified from Passelègue et al., 2016). The approx-
imate position of the encoders and the S‐beam cell are reported and (b) zoom on the sample assembly and fluid pressure
vessel. The fluid pressure is kept constant during the experiments thanks to themembrane pump that is directly connected
to the pressure vessel.
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Once the target effective normal stress of ~10 MPa was achieved, the shear stress τ was gradually increased
by controlling the torque with stepwise increments corresponding to ~0.5 MPa (resolution of 0.1 MPa) and a
hold time ofΔt = 200 s for τ< 3MPa andΔt = 1,000 s for τ≥ 3MPa (Figure 3). The torque was controlled by
the engine via feedback control on the motor current with an update frequency of 16 kHz. The control sys-
tem is an open loop control on the shear stress which is measured downstream of the slip surface via an inde-
pendent measure on the S‐beam load cell (Figure 2a). This independent measure ensures the achievement of
spontaneous evolution of both shear strength and slip (and slip rate) of the experimental fault. Two encoders
recorded the spontaneous evolution of the slip in response to the applied torque. The torque stepwise
increase was applied up to the onset of a main frictional instability (see section 3 for full description) defined
as the spontaneous acceleration of the fault slip rate up to a target velocity of Vmax = 0.2 m/s (or
Vmax = 0.2 m/s for the experiment s1781; see supporting information). At this slip rate, the control system
automatically switched from constant shear stress to constant slip‐rate control maintaining Vmax = 0.1 m/
s (or Vmax = 0.2 m/s for experiment s1781) until either the spontaneous recovery of the imposed shear stress
or the manual arrest of the experiment. Normal stress σn, pore fluid pressure Pf, slip, slip‐rate V, and shear
stress τwere acquired at 125 Hz and determined using the procedure suggested in Niemeijer et al. (2011) and
Tsutsumi and Shimamoto (1997). The elastic and inelastic slip and the slip rate were corrected for the stiff-
ness of the apparatus (k = 0.07 MPa/μm; equation (1)):

Vsamp¼Vmeas−k
−1 dτ

dt
: (1)

The experimental conditions and the evolution of the shear stress and slip rate for all the explored conditions
are reported in Table 1 and Figure 3, respectively.

Four different % weight/% weight mixtures of distilled water and glycerol were used as pressurized fluids:
100% distilled water, 40% water/60% glycerol, 15% water/85% glycerol, and 99% glycerol (the remaining
1% being impurities). Viscosity values of 1.002 mPa s (distilled water), 10.9 mPa s (40% water/60% glycerol),
108.4 mPa s (15% water/85% glycerol), and 1,226.0 mPa s (99% glycerol) were measured using calibrated
Ubbelohde capillary viscometers (Cannon Instrument Company) at a temperature of 20 °C.

3. Results

The evolution of shear stress and slip rate during the experiments can be described by three stages (I, II, and
III; Figure 4).

Stage I. Single slip pulses under shear stress‐step loading. In all the experiments and independent of the
presence and viscosity of fluids, from the beginning of the experiment (i.e., τ = 0 MPa) to τ = 2.5 MPa, the
experimental fault remained locked (elastic loading) and no slip was measured. From 2.5 < τ < 6 MPa, each
increment of shear stress resulted in a single slip pulse with a total slip distance ΔUtot <0.3 mm and maxi-
mum slip‐rate V~10−5 m/s (Figure 4b). These short‐lived slip pulses did not induce any measurable drop
in shear stress, suggesting that the experimental fault recovered quickly from the stress perturbation.

Stage II: Series of spontaneous slip bursts under shear stress‐step loading.With increasing shear stress
and independent of the presence and viscosity of the fluid, we observed spontaneous but isolated slip events
with total slip distances between 0.3 mm < ΔUtot < 0.25 m occurring at V < 0.1 m/s (this was the maximum
allowed spontaneous slip rate; see section 2). Differently to the slip pulses of stage I, these slip bursts were
associated to shear stress drops of less than 10% of the imposed shear stress τimp (Figures 3, 4c, and 4d).

Stage III. Unstable slip behavior (achievement of a critical unstable frictional behavior): For τ> 6MPa,
and in particular for an apparent friction coefficient μ = τ

σn;eff
¼0.71 ± 0.07 (Figure 5), the frictional macro-

scopic behavior of the fault became unstable, independent of the presence and viscosity of the fluids. The
unstable frictional behavior initiated with the occurrence of tens of short‐lived slip events with ΔUtot < 0.25
m at V ≤ 0.1 m/s ending with a long‐lived slip event with ΔUtot > 0.25 m at the maximum allowed V = 0.1
m/s (Figure 4d). The threshold slip rate of 0.1m/s was selected because large enough to allow for the frictional
weakening of the fault and, approaching the slip rate, multiple slip events were induced in our experimental
configuration as the fault is running in a marginally stable behavior (Spagnuolo et al., 2016). Each short‐lived
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slip event consisted in a shear stress drop Δτ (difference between the imposed shear stress τimp and the
minimum value of the shear stress τmin) and in the spontaneous recovery to a peak shear stress (τpeak)
slightly higher than the imposed shear stress (see in Figures 4d and 12a for a zoom on the first short‐lived
slip event of s1488). In the long‐lived slip event at the maximum allowed V = 0.1 m/s, U increased with
increased fluid viscosity from 0.36 m for 100% distilled water to 0.72 m for 99% glycerol. The experiment
was then manually stopped once the shear stress recovered (spontaneously) the τimp (Figure 4d).

To understand the influence of fluid viscosity on the fault weakening mechanism active during stage III
(especially during the last long‐lived slip event), we analyzed the evolution of the apparent friction

Figure 3. Recorded shear stress τ (measured at the S‐beam load cell), fluid pressure Pf, and slip‐rate V evolution versus
time in the experiments (see main text for description). All the experiments were conducted at an effective normal
stress of approximately 10 MPa. (a) Experiment s1487, room‐humidity (RH) conditions. (b) Experiment s1407, distilled
water (1 mPa s). (c) Experiment s1488, mixture of 40% water/60% glycerol (η = 10.8 mPa s). (d) Experiment s1781 =
mixture of 15% water/85% glycerol (η = 109 mPa s). (e) Experiment s1596, pure glycerol or 99% glycerol (η = 1,226 mPa s).
(f) Experiment s1406, pure glycerol or 99% glycerol (η = 1,226 mPa s). The ocher‐in‐color arrows mark the slip bursts
(see description of stage II in the main text) and the cyan rectangle the achievement of a critical unstable frictional
behavior (see description of stage III in the main text).
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coefficient μ with the evolution of the slip‐rate V (Figure 6) performing comparative analyses of the
system (fault + apparatus) behavior at the onset of unstable frictional (slip) events. For the
experiments performed under room‐humidity conditions and in presence of 100% distilled water
(Figure 6a), we observed an exponential decay of μ with V once a critical slip‐rate Vw of 0.040 m/s
for room humidity conditions and 0.042 m/s for pressurized water was overcome (Figure 6a). Instead,
in the experiments performed with fluids with higher viscosities, the slip rate for weakening scattered
from 0.04 m/s to the maximum target V of 0.1–0.12 m/s and the decay of μ had a poor dependence
with V (Figure 6b). These differences in the critical (weakening) slip rate and μ decay imply that
the fluid viscosity affects the type of fault weakening mechanism during the experimental
seismic sequence.

Figure 4. Experiment s1409 performed under room‐humidity conditions. (a) Shear stress τ and slip‐rate V versus time.
(b) Zoom of the slip pulse associated to a shear stress perturbation during stage I. (c) Zoom on the slip bursts (ocher arrows)
during stage II. (d) Zoom of the series of short‐lived slip events and single long‐lived slip event corresponding to stage III.
The red stars indicated the minimum shear stress reached at each event τmin.
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4. Discussion

According to mechanical data and regardless of the viscosity of the
fluid, fault reactivation occurred at μ ≈ 0.71 (Figure 5) compatible
with the Byerlee friction law (Byerlee, 1978).

To understand the influence of fluid viscosity on the first two stages,
we compared the mechanical results in terms of recorded slip‐rate V
and slipU. For stage I, the number of the slip pulses is directly linked
to the number of shear stress steps performed during the experiment.
Indeed, every shear step triggered a single slip pulse (Table 2). The
maximum slip rate reached during the pulse is independent of the
fluid viscosity. During stage II the number of the slip bursts is
independent of the number of shear steps required to reach the fault
reactivation. Indeed, several slip bursts happened during a shear step.
However, both the number of slips burst and the maximum slip
velocity reached during these events at stage II are independent of
the fluid viscosity (Table 2).

4.1. Fault Weakening Mechanisms

Given the presence of fluids, the low imposed effective stresses, the
room temperature experiments, the possible fault weakening
mechanisms that can be activated in these experiments are flash
heating (FH), thermal pressurization (TP), and elastohydrodynamic

(EHD) lubrication (see also Cornelio et al., 2019 for the discussion). In the discussion below we also included
the dependence of viscosity with temperature for the cases where viscosity is explicitly involved, TP
and EHD.

The FHmechanism is a weakening process acting on a fault surface due to the local increase of the tempera-
ture of the asperities populating the sliding surface with consequent reduction of the frictional strength
(Beeler et al., 2008; Goldsby & Tullis, 2011; Passelègue et al., 2014; Rice, 2006). The macroscopic evolution
of the shear stress τ can be written as a function of the slip velocity following:

τ ¼ μpeak−μw
� � Vw

V
þ μw

� �
σn (2)

where μpeak= 0.71 is the friction coefficient (Figure 5), μw is the friction coefficient at the weakened state, Vw

is the critical weakening velocity allowing thermal degradation of asperities during their contact lifetimes,
and σn is the normal stress. If the predicted minimum shear stress (or friction coefficient) from equation (2)
is similar to the measured one, the weakening mechanism is likely FH. For Westerly granite, μw = 0.1 − 0.2
(Cornelio et al., 2019; Goldsby & Tullis, 2011; Passelègue et al., 2014) and, based on our experimental evi-
dence, Vw slightly increased from Vw=0.040 m/s under room humidity conditions to Vw = 0.042 m/s in
the presence of pressurized fluids (Figure 6a). This result is in agreement with the experiments conducted
on silicate rocks in the presence of water that demonstrated a cooling effect of water on the asperities which
delayed or even buffered the activation of flash heating and weakening mechanisms (Acosta et al., 2018;
Passelègue et al., 2016; Violay et al., 2014, 2015). Based on the flash heating model (Rice, 2006) we can esti-

mate the asperity diameterD ¼ πα
Vw

ρC Tw−T0ð Þ
τc

h i2e13 μm, whereα = 1.25 10−6m2s−1 is the thermal diffusivity,

ρ = 2650 kg m−3rock density, C = 900 Jkg‐1K‐1is the heat capacity, Tw = 900 ° C is the weakening tempera-
ture, T0 = 25 °C is the initial temperature, and τc = 5.6109 Pa is the contact stress (data for Westerly granite;
Passelègue et al., 2014). According to equation (2), the fast decrease in shear stress measured during experi-
ments conducted under room‐humidity and water‐saturated conditions can be well explained by flash heat-
ing and weakening theory (Figures 7a and 7b). However, the poor fit of the estimated minimum shear stress
due to the activation of FH with respect to the measured one in the experiments conducted with fluids with
higher viscosities than distilled water (Figures 6b and 7c–7e) suggests the activation of other fault lubricating
mechanisms as discussed below.

Figure 5. Peak friction coefficient versus viscosity of the fluid on the slipping
surface. For the experiments performed under room humidity conditions, the
viscosity of the air (η = 1.88 × 10−5) trapped in the slip zone was used. The
unstable behavior of the experimental fault occurred at an effective friction
coefficient of 0.71 ± 0.04, independently of the viscosity of the fluid.
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To quantify the mismatch (Figure 7) during stage III between the minimum shear stress measured in the
experiments and the estimated shear stress due to FH (equation (2)), we computed the percent error between
the two shear stresses. The percent error is computed as the average of the absolute difference between the
estimated values of shear stress τmin,pred and the experimental values τmin,meas divided by the experimental
values τmin,meas for each short‐lived slip‐event “i”:

Figure 6. Apparent friction coefficient μ versus slip‐rate V normalized by the maximum imposed slip rate Vmax
(Vmax = 0.1 m/s for all experiments with the exception of s1781 where Vmax = 0.2 m/s). (a) For the experiments performed
in room‐humidity conditions (black and grey in color stars) and in presence of distilled water (blue dots), we observed
an exponential decay of μwith V. (b) For the experiments performed with fluids with higher viscosities than water (orange
diamonds for experiment performed in presence of mixture 60% glycerol/40% water, green triangles for experiment
with 85% glycerol/15% water, and pale and dark purple squares for the two experiments with 99% glycerol), we did not
recognize a systematic relationship between μ and V.

Table 2
Slip Pulse and Slip Burst Analysis

Stage I Stage II

Experiment Condition N.steps No. of slip pulses
Maximum slip
rate (10−5 m/s) No. of slip bursts

Maximum slip
rate (m/s)

s1409 RH 14 11 8.24 13 0.048
s1487 RH 13 11 5.07 3 0.058
s1407 H2O 14 12 5.45 1 0.021
s1488 glyc60 15 12 6.01 4 0.012
s1781 glyc85 15 13 4.74 2 0.014
s1596 glyc99 14 10 3.24 2 0.173
s1406 glyc99 14 12 1.21 0 ‐

Note. N.steps are the shear stress step before stage III. For each experiment, the number of recorded slip pulse during
stage I, the maximum recorded slip rate, the number of slip bursts during stage II, and the related maximum slip rate
are reported.
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Percent error ¼
∑
n

i¼0

τmin;pred−τmin;measj j
τmin;meas

� �
i

n
; (3)

where n is the number of short‐lived slip events for each experimental condition.

In the case of FH, the mismatch between the minimum shear stress estimated with equation (2) and the
measured shear stress increases from approximately 4% for the experiments conducted with water to
approximately 52% for the experiments conducted with 99% glycerol (see summary in Figure 11 below).

The TP mechanism assumes that fluids present in the fault have an expansion coefficient higher than that of
rocks (Rice, 2006; Sibson, 1973). Because of the temperature increase due to frictional heating, the fluid pres-
sure increases and induces a reduction of the effective normal stress acting on the fault. If this mechanism
was triggered in our experiments, it would localize on the slipping zone (= between the two sliding surfaces
of Westerly granite), since we performed our experiments under drained conditions and no fluid overpres-
sure was recorded at the pump during testing (Figure 3).

Thermal pressurization can be described by the following equations (Rice, 2006):

∂T
∂t

¼ 1
ρcð Þef f

μ0 σn−Pf
� 	 v

2w

� �
þ αth

∂2T
∂y2

(4a)

∂Pf

∂t
¼ λf−λr

βf þ βr

∂T
∂t

þ αhy
∂2Pf

∂y2
(4b)

where y is axes perpendicular to the fault plane, ρ is the rock density, c is the rock specific heat, μ0 is the peak
friction coefficient (τimp/(σn − Pf,imp)), V is the slip rate, αth is the thermal diffusivity of the fluid, λ is the iso-
baric thermal expansion coefficient, and β is the compressibility (subscripts f and r stand for fluid and rock,

Figure 7. Comparison between measured minimum shear stress during stage III and the estimated minimum shear stress according to flash heating and weaken-
ing mechanism (equation (2)) under (a) room humidity conditions and in the presence of (b) 100% distilled water, (c) 60% glyc/40% water, (d) 85% glyc,15% water,
and (e) 99% glycerol. The fit between measured and estimated shear stress is very good in (a) and (b), suggesting the activation of FH in the case of experiments
performed under room humidity and 100% water conditions. Instead, the poor fit in the case of experiments performed with the more viscous fluids (c–e) suggests
the activation of other fault lubricating mechanism than FH (see discussion and Figures 8, 9, and 11).
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respectively). The hydraulic diffusivity of the fault is expressed as a
function of the fault's permeability (K) and the fluid viscosity (η)
with αhy = K/(η(T) βf). We compared the measured minimum shear
stress of each slip event triggered in the presence of viscous fluids
in our experiments with the theoretical estimated minimum shear
stress associated to the TP mechanism via equations 4a and 4b. The
minimum shear stress due to TP was estimated using a coupled
Finite Element Analysis 2‐D time‐dependent model in @Matlab. In
this model, we computed both the heat source and its dissipation in
time and space. We considered a 2‐D sample (50 × 55 mm, or the dia-
meter versus height of each cylinder of Westerly granite), an initial
effective normal stress of 10 MPa (the one imposed the experiments)
and a friction coefficient equal to the μpeak (Figure 5) and included
the presence in the slipping zone of a viscous fluid. Fluid viscosity
coincides with the experimental one (see Table 3). Two different
materials were used to simulate the slipping zone and the bulk mate-

rial (Westerly granite). The thermal and hydraulic properties of the slipping zone were defined as a linear
combination of the thermal properties of the fluid and of the rock. Except for temperature dependency on
fluid viscosity, the fluids and rock properties were considered constant during the modeled experiments
and are reported in Table 3. We applied the empirical formulation proposed by Cheng (2008) to correct
the lubricant viscosity with the temperature estimated in the model (note that glycerol acts as a
Newtonian fluid at the investigated slip rates). The permeability evolution of the slip zone cannot be mea-
sured in the experiment and it was considered constant and equal to K = 10−13 m2/s (Ye & Ghassemi,
2018). This assumption is considered valid since negligible shortening (and consequently dilation) variation
was measured during the experiments and no off‐fault damage was observed on postmortem samples. The
permeability of the bulk material K = 10−19 m2/s (Acosta et al., 2018; Nasseri et al., 2009). The bulk material
was regarded as very low porous media (3% porosity, measured with the helium pycnometer), whereas the
initial porosity on the fault plane is defined as ϕ= 1 − Ar/A = 0.95, where Ar is the real contact area and A is
the nominal area of the slip surface. In the model, the experimental fault is sheared at the recorded slip‐rate
V (t, r) over a thin slip zone of thickness 2w= 50 μm equal to the initial height of the asperities (see Figure 1).
We assumed that all the mechanical energy is dissipated as heat and no heat is lost by radiation, so the heat
fluxQ(r,t) = 0.5 · τ(t) · V(r,t) is function of time t and the the radial distance r from the center of the sample. A
Neumann boundary condition was applied to the bottom external edge of the model (i.e., slip zone in Figure
8a) to consider the flux of heat due to shearing and the coupled increase of fluid pressure. On the other three
external boundaries, a constant temperature T= 293.15 K as the initial temperature of the two materials and
a constant pressure P = 0.1 MPa for the bulk material and an initial fluid pressure P = 2.7 MPa for the slip-
ping zone were imposed. At the inner boundary between the slip zone and the wall rock, the continuity of
the solution was granted.

According to our simulations, the estimated minimum shear stress associated to TP mechanism at 2/3 of the
sample radius (maximum effect) is not consistent with the minimum shear stress measured in the experi-
ments (Figure 8c). Indeed, TP mechanism would result in (1) larger shear stress drops and (2) smaller mini-
mum shear stress compared to the measured ones (Figure 9). Importantly, the mismatch between the
minimum shear stress estimated with the thermal pressurization model and the measured minimum shear
stress is at least 35%, independently of the viscosity of the fluid (see Figure 11b). According to the Finite
Element Analysis 2‐D model, the activation of TP is not consistent with the experimental evidence.

Instead, the minimum shear stress measured in the experiments conducted with fluids with higher visc-
osities than water could result from the activation of EHD. EHD is a weakening mechanism induced by
overpressure generated by the shearing of a thin viscous fluid between two subparallel and rough sur-
faces (e.g., the experimental faults). Here we test this hypothesis using the model proposed by Brodsky
and Kanamori (2001) and refined by Bizzarri (2012). The model is parameterized using the
Sommerfeld number, which is a measure of the lubrication pressure normalized by the normal stress.
The fault shear strength dependence with the Sommerfeld numbers S0 can be expressed as (Bizzarri,
2012; Brodsky & Kanamori, 2001)

Table 3
Thermal and Hydraulic Properties Used in the Thermal Pressurization Model and
in the Heat Diffusion Model

Watera glyc60b glyc85b glyc99b WGc

κ [W/(mK)] 0.6 0.38 0.31 0.25 3.07
λ [10−3] 1.21 1.93 2.23 2.41 0.02
β [10−10 Pa−1] 5.1 3.37 2.65 2.1 14.9
η0 [Pa s] 0.001 0.01 0.109 1.226 ‐

ρ [kg m−3] 1000 1151 1219 1255 2650
C [J (kg K)−1] 4180 3121 2678 2430 900

Note. κ = thermal conductivity, λ = thermal expansion coefficient, β = com-
pressibility coefficient, η0 = initial viscosity, ρ = density, C = specific heat,
WG = Westerly granite.
aThermal properties of water from Goranson (1942). bThermal properties of
water/glycerol mixtures from Bates (1936). cThermal properties of Westerly
granite from Eppelbaum et al. (2014).
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τ Sð Þ ¼
μstaticσeff þ

w
u
Plub; S0<1

w
u
Plub; S0≥1

8><
>: (5)

where S0 = (Pf− Plub)/σn is the Sommerfeld number, Plub = 6η r U2V/(2w)3 is the lubricant pressure, η is the
viscosity of the fluid, r = 0.001 (Brodsky & Kanamori, 2001) is the dimensionless roughness,U is the slip dis-
tance, w is the average thickness of the slurry film, and V is the measured slip rate. The Sommerfeld number
describes the transition between three lubrication regimes (boundary, mixed, or fully lubricated regimes)
which are associated to the evolution of the strength of the fault. Unfortunately, a key parameter of the
EHDmodel is the evolution of w with time and slip which is poorly constrained because it can only be mea-
sured before and at the end of the experiment. For this reason, differently to previous studies (Bizzarri, 2012),
we assumed w proportional to the measured shortening δ, following the relation: w = w0 + δ. We performed
a 2‐D Finite Element diffusion analysis to estimate the average temperature of the fluid trapped between the
slip surfaces and the viscosity was corrected for temperature increase as described in Cornelio et al. (2019). In
particular, we used the sample geometry (Figure 8a) and the same fluid properties (Table 3) of the model
used for the TP but in the EHD model the fluid pressure is considered constant and equal to the imposed
one measured by the fluid pressure transducers (Table 1). Using the average estimated temperature in the
slip zone at 2/3 R (R = 25 mm is the external radius of the sample), we corrected the initial viscosities (at

Figure 8. Thermal pressurization (TP) model geometry and results. (a) Mesh and boundary conditions of the model with
zoom on the slipping zone. (b) Temperature and fluid pressure distribution for the experiment s1596 (glyc 99%) during
stage III on the point X (r,y) = (16.7, 0 mm). (c) Measured shear stress (blue curve) and modeled shear stress (green curve)
using the TP model.
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20 °C) from the increase of temperature of the fluids due to frictional heating exploiting the empirical law
proposed by Cheng (2008) for water/glycerol mixtures. The dynamic viscosity η of the mixture is

η ¼ ηζw·η
1−ζ
glyc (6)

where ζ is the weighting factor, function of the concentration of glycerol Cm and of two empirical factors a
and b which are dependent of the temperature T

ζ ¼ 1−Cm þ a Tð Þ·b Tð Þ· 1−Cmð Þ
a Tð Þ·Cm þ b Tð Þ· 1−Cmð Þ (7)

Our model estimates of the minimum shear stress induced by EHD matched well the measured ones in the
case of the experiments performed with mixtures of 40% water/60% glycerol and 15% water/85% glycerol for
all the slip events occurring at cumulated slips larger than 0.25 and 0.015 m (after the main first event),
respectively (Figures 10b and 10c). In particular, the misfit between measured and modeled minimum shear
stress decreases from approximately 52% for the experiments conducted with 100% distilled water to approxi-
mately 9% for the experiment conducted with 99% glycerol (Figure 11c). Moreover, EHD explains well all the
stress drops recorded during the two experiment performed in the presence of a highly viscous fluid (99%
glycerol; Figure 10d). We conclude that FH is probably favored for low‐viscosity (<1 mPa s) fluids and
room‐humidity conditions, whereas EHD is the dominant weakening mechanisms in the case of fluids with
higher viscosities than water.

Figure 9. Comparison between experimental minimum shear stress and the predicted minimum shear stress by TP mod-
els in presence of (a) water, (b) 60% glyc/40% water, (c) 85% glyc/15% water, and (d) 99% glycerol. The poor fit of the
experimental data with the estimates of minimum shear stress according to the Finite Element Analysis 2‐Dmodel suggest
that TP mechanism was never activated in the experiments discussed here.
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4.2. Estimation of the Breakdown Work

The main outcome of the modeling and analysis presented in the previous section is that two mechanisms
(FH and EHD) are activated during our experiments depending on the presence of fluids and their viscosities
(Figure 11). Here we question if the type of weakening mechanism influences the amount of breakdown
work dissipated during earthquake rupture propagation. Indeed, the activation of FH and EHDmechanisms
have been invoked to estimate the breakdown work (Wb or energy dissipated in the breakdown zone during
seismic rupture propagation) in earthquake energy budgets (Brantut & Viesca, 2017; Cornelio et al., 2019;
Rice, 2006). Therefore, we computed the breakdown work dissipated during both the short‐ and the long‐
lived slip events of stage III (Figure 4c). The Wb was calculated by integrating the evolution of shear stress
with slip (Palmer & Rice, 1973):

Wb ¼ ∫
Umin

Uin
τ Uð Þ−τminð Þ dU (8)

whereUmin is the slip distance at which the measured shear stress is equal to τmin andUin is the slip distance
at the beginning of the short‐ or long‐lived slip events. For each slip event and independent of the presence
and the viscosity of the fluid,Wb increased with slip following a power law relationship (Figure 12). A similar
trend between Wb and slip distance has been attributed to thermal pressurization by Viesca and Garagash
(2015), suggesting that TP could be an effective weakening mechanism under conditions of low fluid viscos-
ity and high normal stress. However, EHD is more efficient for high viscous fluids and at low normal stres-
ses. This trend is very similar to the one measured in experiments performed on Westerly granite either

Figure 10. Comparison between minimum shear stress measured in the experiments and estimated in Finite Element
Analysis 2‐D EHD models in the presence of (a) 100% distilled water, (b) 60% glyc/40% water, (c) 85% glyc/15% water,
and (d) 99% glycerol. The viscosity of the fluids was corrected for its temperature dependence (see main text). Note the
good fit between measured and estimated minimum shear stress in the case of the experiments performed with the more
viscous fluids. The good fit (b–d) and quantified in the diagram of Figure 11c, suggests that EHDmechanism could operate
in these experiments.
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Figure 11. Misfit or percent error (see equation (3)) between the measured minimum shear stress and the estimated one
for (a) Flash heating (FH), (b) Thermal pressurization (TP), and (c) elastohydrodynamics (EHD) (see main text for dis-
cussion). According to this analysis, FH occurred only in the experiments performed with 100% distilled water, and EHD
in the experiments performed with glycerol. Instead, modeling suggests that TP was never activated in the experiments.

Figure 12. Breakdown work versus the ΔU = Umin − Uin for short‐lived and long‐lived events under (a) room humidity
conditions (black and grey stars), (b) in the presence of water (blue dots), and (c) in presence of 60% glycerol/40% water
mixtures (orange diamonds), 85% glycerol/15% water mixtures (green triangles), and 99% glycerol (purple squares).
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under room‐humidity conditions in triaxial configuration (Ohnaka, 2003; Passelègue et al., 2016), or in the
presence or absence of pressurized fluids in high‐velocity rotary shear configuration (Cornelio et al., 2019;
Nielsen, Spagnuolo, Violay, et al., 2016), as well as estimated for natural earthquakes (Abercrombie &
Rice, 2005; Malagnini et al., 2014; Rice, 2006), man‐induced earthquakes (Jost et al., 1998), and for
dynamic source modeling of natural earthquakes (Spagnuolo, 2006; Tinti et al., 2005; Venkataraman &
Kanamori, 2004; Figure 13). In particular, our new data set fits well with the theoretical estimates of the
Wb associated with fault slip due to flash heating processes (Brantut & Viesca, 2017), and consistent with
the Wb estimated for the earthquakes at the KTB deep drilling project (Jost et al., 1998), independently of
the activated mechanism in our experiments. Caution should be taken when comparing energies at
different scales. On one hand, Wb is a quite robust seismological estimate as bias effects are reduced
(Guatteri & Spudich, 2000) but suffers of strong uncertainties related to the signal treatment, to the
assumptions made and blurred effects due to rupture‐related processes including off‐fault damage. On the

Figure 13. Energy budget and breakdown work in experimental and natural earthquakes. (a) Schematic representation of
the shear stress versus slip distance and energy partitioning during the first short‐lived slip events of the experiment s1488
performed in presence of a mixture 60% glycerol/40% water. The area indicated by inclined segments below the curve
connecting (τimp, 0) and (τmin, Umin) corresponds to the breakdown work Wb. The light grey area between (τmin, Umin)
and (τpeak, Umax) is the restrengthening work Wr (not discussed in this study). The dashed lines area (τmin, 0) × (τmin,
Umax) is the minimum frictional heat dissipated during sliding (Kanamori & Rivera, 2006). (c) Experimental and seis-
mological estimates of breakdown work. The red symbols correspond to the Wb for the short‐ and long‐lived slip events
during stage III (see Figure 4) presented in this study. Blue symbols correspond to seismological estimates of Wb for
natural (Abercrombie & Rice, 2005; Malagnini et al., 2014; Rice, 2006) and induced earthquakes (Jost et al., 1998). Green
symbols correspond to seismological estimates ofWb from numerical (inversion)models of earthquakes (Spagnuolo, 2006;
Tinti et al., 2005; Venkataraman & Kanamori, 2004); teal‐blue symbol are for laboratory estimates of Wb (Cornelio et al.,
2019; Ohnaka, 2003; Passelègue et al., 2017). Dashed black line indicates the best fit proposed by Nielsen, Spagnuolo,
Smith, et al. (2016) with E = 5.25 × 106 U1.28, where U is the slip distance in meter, and the purple line indicates the
solution of the FH model proposed by Brantut and Platt (2017).
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other hand theoretical models used to estimate the breakdown energy for natural and induced seismicity are
often oversimplified as many variables like the work dissipated in the surrounding volume through grain
crushing, off‐fault damage (Cocco et al., 2006; Shipton et al., 2006) is often neglected, considering only the
energy necessary to slip on the fault plane. Despite these limitations, the agreement of data across scales
as shown in Figure 13 suggests that on average our experiments are pertinent and describe at least some
of the frictional instabilities that may occur in nature. In particular, our results suggest that, at least for
the experimental conditions discussed here, although two different weakening mechanisms (FH and
EHD) trigger and control the evolution of dynamic fault strength in laboratory earthquakes, the energy
required to weaken the fault for a given earthquake magnitude is independent of the lubrication processes.

5. Conclusions

The experiments presented here recognize that, at least at the investigated loading and ambient conditions
(room temperature), the viscosity of the fluid does not influence the onset of fault reactivation in fluid‐
permeated faults (Figure 5). On the other hand, once the fault is frictionally unstable and slip rates acceler-
ate, the fault weakening mechanism that is activated is a function of the fluid viscosity. In particular, under
the investigated loading conditions and for the particular roughness of the studied experimental faults, flash
heating is active at room humidity conditions and in the presence of low (1 mPa s) viscous fluids (100% dis-
tilled water). Thermal pressurization, as modeled here, is not clearly activated during our experiments.
Indeed, EHD is dominant in the presence of high fluid viscosity where EHD prevails over FH. The activation
of a particular weakeningmechanism does not result in differences in themagnitude of the breakdownwork
(Figure 12). This might imply that changes in the viscosity of fluids that can be present in fault zones due to
previous injection in reservoirs during hydraulic fracturing should not influence the static reactivation of a
fault and the breakdown work (if the fluid pressure remains constant), but they might influence the evolu-
tion of the associated earthquake sequences in terms of stress drops. A similar analysis in the case of natural
earthquake sequences suggest that the activation of preexisting fault due to a quasi‐static tectonic load is not
influenced by the presence of a viscous fluid that only intervenes to control the way the same amount of
energy is released.
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