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Abstract Understanding the physical mechanisms governing fluid‐induced fault slip is important for
improved mitigation of seismic risks associated with large‐scale fluid injection. We conducted
fluid‐induced fault slip experiments in the laboratory on critically stressed saw‐cut sandstone samples with
high permeability using different fluid pressurization rates. Our experimental results demonstrate that
fault slip behavior is governed by fluid pressurization rate rather than injection pressure. Slow stick‐slip
episodes (peak slip velocity < 4 μm/s) are induced by fast fluid injection rate, whereas fault creep with slip
velocity < 0.4 μm/s mainly occurs in response to slow fluid injection rate. Fluid‐induced fault slip may
remain mechanically stable for loading stiffness larger than fault stiffness. Independent of fault slip mode,
we observed dynamic frictional weakening of the artificial fault at elevated pore pressure. Our observations
highlight that varying fluid injection rates may assist in reducing potential seismic hazards of field‐scale
fluid injection projects.

Plain Language Summary Human‐induced earthquakes from field‐scale fluid injection
projects including enhanced geothermal system and deep wastewater injection have been documented
worldwide. Although it is clear that fluid pressure plays a crucial role in triggering fault slip, the
physical mechanism behind induced seismicity still remains poorly understood. We performed
laboratory tests, and here we present two fluid‐induced slip experiments conducted on permeable
Bentheim sandstone samples crosscut by a fault that is critically stressed. Fault slip is then triggered by
pumping the water from the bottom end of the sample at different fluid injection rates. Our results
show that fault slip is controlled by fluid pressure increase rate rather than by the absolute magnitude of
fluid pressure. In contrast to episodes of relatively rapid but stable sliding events caused by a fast
fluid injection rate, fault creep is observed during slow fluid injection. Strong weakening of the dynamic
friction coefficient of the experimental fault is observed at elevated pore pressure, independent of
fault slip mode. These results may provide a better understanding of the complex behavior of
fluid‐induced fault slip on the field scale.

1. Introduction

Induced seismicity associated with fluid injection has been reported worldwide. For example, waste‐water
injection in Oklahoma resulted in induced seismicity with event magnitudes as large as M5 (Keranen
et al., 2014). Also, stimulation of enhanced geothermal systems (Deichmann & Giardini, 2009; Olasolo
et al., 2016) produced damaging earthquakes, and unconventional hydrocarbon reservoir
(Ellsworth, 2013) generated earthquakes large enough to be felt. Pore fluid pressure plays an important role
in triggering fault reactivation. Induced seismicity is understood as a manifestation of the effective stress
principle in Coulomb failure. At increasing pore pressure, onset of fault instability may occur once the shear
stress τ resolved along a fault plane exceeds the shear strength τp. This is commonly expressed by

τ≥τp ¼ C þ μ σn− Pp
� �

; (1)

where C is cohesion (C ≈ 0 is often assumed for fault planes), μ is a friction coefficient (0.6 ≤ μ ≤ 0.85 for
most crustal rocks), σn is the normal stress acting on fault planes, and Pp is the pore pressure. In this context,

the pore pressure build‐up results in a corresponding reduction of effective normal stress σ′n (σ′n ¼ σn− Pp)

© 2020. The Authors.
This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

RESEARCH LETTER
10.1029/2019GL086627

Key Points:
• Fluid‐induced fault slip experiments

have been conducted on critically
stressed sandstone samples with
saw‐cut fractures

• Fluid‐induced fault slip mode is
controlled by fluid pressurization
rate rather than by the magnitude of
fluid pressure

• Independent of fault slip mode, we
observed dynamic frictional
weakening of the artificial fault at
elevated pore pressure

Supporting Information:
• Supporting Information S1
• Movie S1
• Movie S2

Correspondence to:
L. Wang,
wanglei@gfz‐potsdam.de

Citation:
Wang, L., Kwiatek, G., Rybacki,
E., Bonnelye, A., Bohnhoff, M., &
Dresen, G. (2020). Laboratory study on
fluid‐induced fault slip behavior: The
role of fluid pressurization rate.
Geophysical Research Letters, 47,
e2019GL086627. https://doi.org/
10.1029/2019GL086627

Received 11 DEC 2019
Accepted 3 MAR 2020
Accepted article online 9 MAR 2020

WANG ET AL. 1 of 12

https://orcid.org/0000-0001-6784-4572
https://orcid.org/0000-0003-1076-615X
https://orcid.org/0000-0001-7383-635X
https://orcid.org/0000-0002-3737-2858
https://doi.org/10.1029/2019GL086627
https://doi.org/10.1029/2019GL086627
http://dx.doi.org/10.1029/2019GL086627
http://dx.doi.org/10.1029/2019GL086627
http://dx.doi.org/10.1029/2019GL086627
http://dx.doi.org/10.1029/2019GL086627
http://dx.doi.org/10.1029/2019GL086627
http://dx.doi.org/10.1029/2019GL086627
http://dx.doi.org/10.1029/2019GL086627
mailto:wanglei@gfz-potsdam.de
https://doi.org/10.1029/2019GL086627
https://doi.org/10.1029/2019GL086627
http://publications.agu.org/journals/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2019GL086627&domain=pdf&date_stamp=2020-03-20


that clamps the fault planes and thus promotes fault slip. Equation 1 above, however, is restricted to fault slip
initiation caused by fluid overpressure, and the subsequent stability issue of frictional sliding (unstable or
stable slip) still remains unknown.

To mitigate seismic hazard and risk associated with fluid injection, reduction of fluid injection rates or limit-
ing injected volume has been widely adopted. The successful control of seismic activity during fluid injection
in waste‐water disposal (Langenbruch & Zoback, 2016) and enhanced geothermal projects (Kwiatek
et al., 2019) by adjusting the injection parameters indicates that fault slip mode may be sensitive to volume,
rate, and pressure of fluid injections. However, many geophysical and geodetic observations have shown
that aseismic slip may contribute significantly to deformation during fluid injection, suggesting that faults
may slide slowly and stably with no seismicity detected (Cappa et al., 2018, 2019; Guglielmi et al., 2015;
McGarr & Barbour, 2018; Wei et al., 2015). The nucleation and evolution of induced fault rupture caused
by pore pressure perturbations have been studied using fracture mechanics (Galis et al., 2017; Garagash &
Germanovich, 2012; Viesca & Rice, 2012; Wang et al., 2016), rate and state friction (RSF)‐based models
(Heimisson et al., 2019), poroelastic coupling (Goebel et al., 2016, 2017; Segall & Lu, 2015), and earthquake
interactions (Catalli et al., 2016). However, the physical mechanisms governing fault sliding modes in
response to fluid pressurization are still a matter of debate.

A limited number of experimental studies were conducted to investigate fault sliding behavior induced by
controlled fluid overpressure. Injection‐induced slip experiments on granite with rough saw‐cut fractures
show that the occurrence of stepwise slip and temporal drops in pore pressure is associated with shear dila-
tion (Nemoto et al., 2008). From triaxial shear experiments on permeable and impermeable sandstones with
saw‐cut fractures, Rutter and Hackston (2017) demonstrated that dynamic slip may be easily generated by
fluid pressurization in the case of a less permeable rock matrix. Creep experiments conducted on
carbonate‐bearing and shale‐bearing fault gouges by increasing pore pressure under conditions of constant
shear stress indicate that dynamic slip instability may be triggered, even if fault friction is characterized by
rate‐strengthening behavior (Scuderi et al., 2017; Scuderi & Collettini, 2018). French Melodie et al. (2016)
performed axial compression and lateral relaxation tests on permeable sandstones with saw‐cut surfaces.
Their results illustrate that fluid pressurization is less effective than a reduction of confining pressure in initi-
ating accelerated fault sliding. By stepwise increasing fluid pressure into faulted granite samples with differ-
ent roughness at constant piston position (i.e., stress relaxation test), rapid slip is induced on rough fractures
(Ye & Ghassemi, 2018). Moreover, fluid injection into a saw‐cut granite sample in stress relaxation test
shows that the onset of fault activation may not be predicted by equation 1 at high injection rates. This is
presumably caused by a significantly heterogeneous distribution of fluid pressure on the fault plane (Noël
et al., 2019; Passelègue et al., 2018).

The objective of this study is to unravel the slip characteristics of a critically stressed fault associated with
fluid pressurization. We conducted injection‐induced fault slip experiments on saw‐cut permeable
Bentheim sandstones using different fluid injection schemes. We highlight that fluid pressurization rate
controls fault slip mode in addition to the magnitude of fluid pressure pulses.

2. Materials and Methods

To eliminate the potential influence of heterogeneous pore pressure distribution due to a local gradient in
fluid pressure on induced fault slip, two isotropic and homogeneous Bentheim sandstone samples with
initial porosity of ~23% and high permeability of ~1 Darcy were used (Wang et al., 2020). The estimated dif-
fusion time tc < 5 × 10−3 s (see Text S1 of the supporting information) suggests that fluid pressure within the
sample equilibrates rapidly compared to the duration of the tests. Bentheim sandstone is mainly composed
of quartz minerals (96.5%) with an average grain size of ~200 μm. Cylindrical samples with dimensions of
50‐mm diameter × 100‐mm length were prepared with a saw‐cut fracture oriented at θ = 30° to the cylinder
axis, displaying an elliptical fault interface of 50 mm in width and 100 mm in length along strike. Fault sur-
faces of two samples were then polished with the same surface grinder, ensuring that they have the similar
surface roughness (see Figures S1 and S2 and Table S1).

Two pairs of orthogonal strain gages were attached at the center of upper and lower sample blocks for
measurement of vertical and horizontal strain of the rock matrix. We also glued four strain gages
(SGF1‐SGF4) at ~3 mm distance to the saw‐cut fault to monitor the deformation during sliding
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(Figure S3). Subsequently, the saw‐cut sample was encapsulated by a rubber jacket to avoid the intrusion
of confining oil. To simultaneously record acoustic emission (AE) events, 16 piezoelectric transducers
(PZTs, resonance frequency ~1 MHz) contained in brass cases were directly mounted to the surface of sam-
ples, ensuring full azimuthal coverage for AE events (Figure S3). AE waveforms were amplified first by
40 dB using preamplifiers equipped with 100‐kHz high‐pass filters and then recorded at a sampling rate
of 10 MHz with 16‐bit amplitude resolution. Ultrasonic P‐wave velocities along different traveling paths
were also measured repeatedly throughout the experiment using a periodic ultrasonic transmission techni-
que in which a rectangular electrical pulse with 100‐V amplitude and 3 μs duration was emitted by PZTs at
10 s time interval and the remaining sensors served as receivers. P‐wave arrival time is automatically
picked using a series of picking algorithms including the Akaike information criterion (Stanchits
et al., 2011). Considering the potential stress‐induced anisotropy, an updated anisotropic velocity model
consisting of five horizontal layers and one vertical layer was used to locate AE activity by minimizing
travel‐time residuals using a downhill simplex algorithm, resulting in a hypocenter location accuracy
of ±2 mm.

Experiments were conducted at room temperature using a servo‐hydraulic triaxial deformation apparatus
(MTS, stiffness of machine plus assembly≈ 0.65 × 109 N/m or ~330MPa/mm) equipped with a pore pressure
system (Quizix 6000) (see Figure S4). Tests were performed in consecutive steps as follows. First, samples
were loaded hydrostatically up to the desired confining pressure (σ3) of 35 MPa while pore pressure (Pp)
was maintained constant at 5 MPa, allowing for sample compaction. Subsequently, axial load was applied
at a displacement rate of 1 μm/s to obtain the shear strength (τss) along the fault plane. Next, axial load
was reduced slowly with a displacement rate of 0.05 μm/s, so that the calculated shear stress (τ) equals
0.92 × τss. From this point on, we kept the position of the axial hydraulic cylinder constant, and finally
pumped distilled water into the samples to induce fault slip. Note that confining pressure σ3 remained con-
stant at 35 MPa throughout fluid injection.

Pp was applied from the bottom end of the sample by advancing the down‐stream syringe pump while the
top end of the sample was connected to a closed reservoir, resulting in undrained boundary condition
(Figure S5). To investigate the correlation between fault slip and fluid pressure, we applied two different
fluid injection schemes (hereafter tests “SC1” and “SC2”, respectively). Pp was increased stepwise from 5
to 29 MPa with a rate of 2 MPa/min in test SC1 and 0.5 MPa/min in test SC2 (Figure S6). Each fluid injection
phase lasted for 10 min. For tests SC1 and SC2, fluid pressure was increased stepwise by 4 MPa, with each
step lasting 2 and 8 min, respectively. Subsequently, Pp was held constant for 8 and 2 min for tests SC1
and SC2, respectively.

We measured axial stress (σ1) using an internal load cell with an accuracy of ±0.05 MPa. In addition, total
axial displacement was determined using an external linear‐variable displacement transducer (LVDT)
located outside of the pressure vessel. Throughout the experiment, mechanical and hydraulic data were
all synchronously monitored with a sampling rate of 10 Hz.

Shear stress (τ) and effective normal stress (σ′n) resolved on the saw‐cut fault plane are estimated by

τ ¼ σ1− σ3ð Þsinθcosθ; (2)

σ′n ¼ σ3−Pp
� �þ σ1− σ3ð Þsin2 θ: (3)

Note that τ and σ′n were corrected for the reduction of elliptical contact area between the two saw‐cut blocks
during axial deformation (see Text S2). In addition, fault slip (s) was determined from total axial displace-
ment measured by the LVDT (ΔlLVDT) minus deformation of the loading frame (ΔlMTS) and rock matrix
(ΔlRM), as given by

s ¼ ΔlLVDT−ΔlMTS−ΔlRM
cosθ

: (4)

ΔlRM was estimated using ΔlRM = ε1L in which ε1 is the mean axial strain of two vertical strain gages glued to
the rock specimen surfaces and L is sample length.
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3. Results
3.1. Mechanical Stability of Fault Slip

During the initial loading stage, shear stress τ resolved on the fault plane first shows an almost linear
increase with progressively faster fault slip (Figures 1a and 1d). Between a clearly visible yield point and peak
shear stress (shear strength τss), slip increased linearly. For a confining pressure of σ3 = 35 MPa and pore
pressure of Pp = 5 MPa, the values of τss are very similar for both tests (i.e., τss ≈ 36 MPa and
τss ≈ 34 MPa in tests SC1 and SC2, respectively). τ was then reduced to about 0.92×τss prior to injection.
We observed an initial linear increase in τ preceding injection‐induced slip initiation (Figures 1a, 1d, 2a,
and 2e), likely indicating expansion of the sample due to injection at undrained conditions. Interestingly,

Figure 1. Time history of fluid pressure, shear stress, fault slip, and slip velocity measured in test SC1 (a) and test SC2 (d) at a constant confining pressure of
35 MPa. After the shear strength (τss) at steady state was achieved (Stage I), shear stress was then reduced to about 0.92 × τss (Stage II). Finally, fluid pressure
was applied to saw‐cut samples at a fluid pressurization rate of 2 MPa/min in test SC1 and of 0.5 MPa/min in test SC2, respectively (Stage III). Note that the scale
bars for slip velocity in (a) and (d) are different. Measured shear stress vs. fault slip from Stage I to Stage III in test SC1 (b) and SC2 (e). Using the linear‐regression
technique (broken lines), the estimated values of fault stiffness (kf) during fluid injection for both saw‐cut samples are equal to about 60 MPa/mm. Relation
between shear stress and effective normal stress from Stage I to Stage III in test SC1 (c) and SC2 (f). Note that the curves are color coded by the applied pore pressure
(Figures 1b, 1c, 1e, and 1f).
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both critically stressed saw‐cut samples started to slide towards the end of the first fluid injection stage (at
Pp ≈ 8.5 MPa), suggesting that the magnitude of fluid pressure controls fault slip initiation, as predicted
by equation 1. Slow stick‐slip episodes (slow stick‐slip events are defined as having peak slip velocities
<1 mm/s) occur at the fast fluid pressurization rate applied in test SC1. Slip abruptly accelerated to peak
velocity and then decelerated slowly. In contrast, almost continuous fault creep was observed at fluid
injection rates that were four times slower in test SC2. This suggests that fluid pressurization rate controls
fault slip mode.

Seismic (unstable) slip for natural faults generally shows high slip velocities (≥0.1m/s) (Bürgmann, 2018). In
test SC1, episodic slow stick‐slip events were observed with slip velocities <4 μm/s over long slip durations
>60 s (Figure S7). Slip remained episodic at low pressure rates in test SC2 with similar total fault

Figure 2. Time history of fault slip, shear stress, pore pressure, accumulative AE events, and effective normal stress since fluid injection in test SC1 (a) and SC2 (e).
Time history of slip velocity, frictional coefficient, AE rate, and axial stress in test SC1 (b) and SC2 (f). Time history of injection rate, injection fluid volume,
hydraulic power, hydraulic energy, and volumetric strain (compaction is negative) of rock matrix in test SC1 (c) and SC2 (g). Enlarged view of shaded area in
Figure 2b shows that one slow stick‐slip event during fast fluid pressurization may be divided into three phases (d). Enlarged view of shaded area in Figure 2f shows
fault creep behavior during slow fluid pressurization in detail (h).
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displacement (Figures 1a and 1d), but slip rates increased and decreased more slowly with maximum value
<0.4 μm/s. After injection‐induced slip initiates, τ progressively decreased with increasing fault slip s
(Figures 1b and 1e). The estimated fault stiffness is kf ≈ 60 MPa/mm (kf = − Δτ/Δs) for both tests, irrespec-
tive of slip mode. For unstable fault slip to occur, the unloading stiffness of the loading system ks needs to be
smaller than the fault stiffness kf (i.e., ratio κ = ks/kf < 1) (Rice & Rudnicki, 1979). Additionally, 2D analysis
of the instability nucleation of a linear slip‐weakening fault (Uenishi & Rice, 2003) suggests a critical nuclea-
tion length (Lc) of Lc ≈ 1.158G/kf, where G is the shear modulus of Bentheim sandstone (~11 GPa; see Text
S3). The estimated Lc is about 220 mm, exceeding the sample size. Since ks (≈330 MPa/mm) is larger than kf,
fault slip behavior for both tests is mechanically stable, in agreement with previous in situ and laboratory
experiments in which fluid pressure may promote stable and slow slip (Cappa et al., 2019; French
Melodie et al., 2016; French & Zhu, 2017; Guglielmi et al., 2015).

3.2. Frictional Behavior of Fault Slip

From the different progressive slip episodes at stepwise increased fluid pressure, we can estimate the evolu-

tion of friction coefficient μ ¼ τ=σ′n . Our results indicate that μ varies slightly between slip episodes and
between tests SC1 and SC2 but is generally between 0.6 and 0.85 (Figures 1c, 1f, 2b, and 2f), in agreement
with Byerlee's law (Byerlee, 1978). During fluid pressurization in test SC1, μ appears to slightly increase up
to a static friction coefficient (μs) just before onset of sliding (Phase 1 in Figure 2d). μ then dropped rapidly
as fault sliding accelerated to maximum sliding velocity (Phase 2 in Figure 2d). After sliding velocity decel-
erated to relatively steady value of about 0.6 μm/s followed by a slight growth with a duration of about 20 to
30 s, friction coefficient μ shows a slight rise (Phase 3 in Figure 2d). In test SC1, injection was stopped
shortly after the onset of fault slip during the first and second fluid injection stages, and thus, there was
no sufficient time to enter Phase 3, which was observed in the remaining four fluid injection stages
(Figure 2b). Finally, after shut in, μ was reduced gradually, coinciding with a slower slip velocity
(Figure 2b). From the relation between a relatively steady‐state slip velocity and the corresponding dynamic
friction coefficient in Phase 3 and the subsequent shut‐in stage (Figure S8), we may infer that the samples
initially exhibit rate‐strengthening behavior. During the first four fluid injection stages, friction is not
affected by slip (Figure S8). In contrast, friction shows a dramatic decrease with fault slip in the last fluid
injection stage.

In contrast to test SC1, in SC2 initial friction coefficient of μ ≈ 0.65 increased to μs ≈ 0.7 towards the end of
the first fluid injection stage when fault slip started. μ then remains almost constant during continuous
fault creep (Figures 2f and 2h) at a slip velocity of <0.4 μm/s. Friction is only slightly modulated by increas-
ing or decreasing slip velocity. Similar to test SC1, slip weakening was observed towards the end of
test SC2.

3.3. Acoustic Emission Characteristics

The produced AE events are primarily distributed along the fault planes with a layer thickness of <5 mm
(Figure S9), reflecting grain fracturing adjacent to the fault surfaces during ongoing sliding. Cumulative
AE activity is clearly correlated with sliding, independent of slip mode (Figures 2a and 2e). The AE rate
scales with slip velocity (Figures 2b and 2f). Slip requires breaking grain‐scale asperities along the sliding
surface, resulting in the generation of AE activity. We analyzed AE source types using average first motion
polarities (pol) of P‐wave first motion Ai recorded by a total of n sensors for one AE event (Zang et al., 1998),

as given by pol ¼ 1
n
∑
n

i¼1
sign Aið Þ. AE event types are separated into tensile (T‐type, −1 ≤ pol < −0.25), shear

(S‐type,−0.25≤ pol≤ 0.25), and collapse (C‐type, 0.25 < pol≤ 1) events, respectively. S‐type events are domi-
nant for the two faulted samples, accounting for about 70% of all events (Figures 3a and 3d).

To examine the effect of slip mode on the spatial distribution of generated AE hypocenters, we calculated the
fractal dimension D for a set of N AE hypocenters using rD∝C rð Þ ¼ 2

N N− 1ð ÞNr R < rð Þ, where Nr (R < r) is the

number of hypocenter pairs separated by a distance R lower than r (Hirata et al., 1987) (see Figure S10). A
planar random point cloud hasD= 2whileD< 2 indicates the localized damage patches (Hirata et al., 1987).
Estimated D values for both tests are similar throughout fluid injection (D < 2), reflecting the spatial locali-
zation of AE event clouds (Figures 3b and 3e). This observation is supported by their accumulated AE hypo-
center density distributions (Figures 3c and 3f), characterized by AE clusters concentrated at the upper right
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and lower parts of the fault plane. For both tests, the areas with highest AE density have similar locations,
about 30 mm downward from the center. The AE hypocenters in test SC1 display a broader distribution than
in test SC2, but this difference is not significant.

Figure 3. Time history of AE source type fraction (S‐type, T‐type, and P‐type) evaluated using a moving window containing a constant number of 400 events with a
running step of 80 events (80% overlap) in test SC1 (a) and SC2 (d). Time history of D value estimated by a moving window of 400 events with a running step
of 80 events in test SC1 (b) and SC2 (e). The density distribution contour of accumulative AE hypocenters on the fault plane since fluid injection in test SC1 (c) and
SC2 (f).
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3.4. Microstructural Observations

The postmortem microstructures of fault zone damage show that shear slip is accommodated by signifi-
cant grain size reduction due to comminution and cataclasis (Figures 4a, 4b, and 4c), resulting in the gen-
eration of fault gouge (Figure S11). The original quartz grains are about 200 μm in diameter and are
crushed into a powder composed of microsized to nanosized grains. The fine powder observed in test
SC2 suggests that the comminution process occurs also during fault creep, supported by the appearance
of the postmortem fault gouges generated in test SC2. The gouge patches are elongated along the sliding
direction with a maximum layer thickness of <0.2 mm (Figures S1, S2, and S11). The patches are hetero-
geneously distributed on the bare surfaces, suggesting heterogeneous frictional properties across the faults
(Guglielmi et al., 2015). The formation of this very thin gouge layer is expected not to significantly affect
the permeability of the entire sample. We observed no melting structures in both tests, likely due to the
low slip velocity.

Figure 4. Microstructures of the fault surface before and after testing obtained by scanning electron microscopy (SEM). Initial bare fault surface characterized
by distributed large quartz grains with an average diameter of about 200 μm and the abundant void space between grains (a). The formation of fault gouge fea-
tured by striking striation and dramatic reduction of grain size after test SC1 (b) and SC2 (c). The development of microscopic grooves indicate the sliding
direction (orange arrows). Measured change of strain (compaction is negative) along fault sliding direction determined from the four local strain gages (SGF1 to
SGF4) after start of fluid injection in test SC1 (d) and SC2 (e). Black solid lines show the strain change predicted from recordings from the two pairs of
orthogonal strain gages glued on rock matrix and broken orange lines show pore pressure history. Shaded area shows the deviation of the signals from each
other, indicating the onset of localized deformation nearby the fault. Note that for test SC2, the signals of SGF1 and SGF2 are not shown here because they failed at
the onset of testing.
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3.5. Localized Deformation

We used four local strain gages to monitor localized deformation close to the fault. The measured strain is
heterogeneous with deviations up to 40% (Figures 4d and 4e). The bulk deformation measured by two pairs
of orthogonal strain gages attached to the rock matrix at larger distance from the fault plane may be treated
as a benchmark to examine localized deformation occurring close to the fault zone. Assuming that the rock
matrix (host rock in the fault architecture) deforms homogeneously, the strain change along fault sliding
direction (Δεfault) may be predicted by Δεfault = Δεijninj = Δε1cos

2θ+Δε2sin
2θ (Jaeger et al., 2009) where

εij and ni are the strain tensor and unit direction vector, respectively, and Δε1 and Δε2 are the changes of
vertical strain and horizontal strain of rock matrix, respectively. Comparing the strain gage measurements
suggests that strain and likely stresses close to the fault zone are heterogeneous, resulting in different
amounts of local slip (Figures 4d and 4e). Strain relaxation near the fault plane is more pronounced
compared to the host rock, possibly associated with accumulated damage in the vicinity of the fault zone.
This is consistent with the field‐scale observation for natural faults (Brenguier et al., 2008; Gao
& Crampin, 2004).

4. Discussion

The spectrum of faulting behavior may be separated into stable creep, slow slip, and dynamic seismic slip
(Ide et al., 2007; Ikari et al., 2013). Slow slip and fault creep are commonly thought to be aseismic. The slow
stick‐slip and fault creep due to fluid pressurization reproduced in our experiments may provide a better
understanding of the main aseismic slip induced in the large‐scale field hydraulic stimulation (De Barros
et al., 2016; Guglielmi et al., 2015) and of slow slip events occurring in the regions of elevated fluid pressure
at the plate boundary (Kodaira et al., 2004; Perfettini & Ampuero, 2008).

4.1. Effect of Fluid Injection on Frictional Behavior

Although we did not perform velocity‐stepping experiments, the rate strengthening for Bentheim sandstone
at initial conditions is inferred (see section 3.2), as widely observed on quartz‐rich fault gouges (Tembe
et al., 2010). Recent velocity‐stepping experiments reveal that frictional property parameters of
gouge‐bearing experimental faults may vary with increasing fluid pressure (Scuderi & Collettini, 2016;
Xing et al., 2019). Initial rate‐strengthening (a − b > 0) behavior of carbonate fault gouge was observed to
evolve during slip to rate weakening (a − b < 0) accommodated by a gradual reduction of critical slip dis-
tance Dc (Scuderi & Collettini, 2016). Conversely, Xing et al. (2019) found that the stabilizing effect is
enhanced by increasing fluid pressure, characterized by a gradual increase in value of a − b for four gouge
materials. In our experiments, however, a rate dependence of friction tends to decrease with increasing fluid
pressure. Instead, the fault displays slip‐weakening behavior after sliding for >1.3 mm at elevated fluid pres-
sure (Pp > 25 MPa) (Figure S8). Slip weakening is believed to be one potential mechanism for slow slip (Ikari
et al., 2013). Dynamic frictional weakening may be explained by localized flash heating (FH) of asperity con-
tacts, thermal pressurization (TP) of pore fluid, and/or elastohydrodynamic lubrication (EHL). In contrast to
EHL, the mechanisms of FH and TP often occur at high slip velocities (> 1 mm/s) and at high normal stress
(Di Toro et al., 2004; Viesca & Garagash, 2015). This indicates that FH and TP may be not the reason for the
dynamic weakening observed in our tests, as supported by the absence of melting structures in the fault
gouge. Fault weakening at elevated fluid pressure may be related to the combined effects of evolving fault
gouge structure with sliding distance and decreasing effective normal stress associated with fluid pressuriza-
tion. With larger the sliding distance, more fine‐grained gouge particles were generated. The generation of a
thin layer fault gouge in the presence of water potentially forming a gel or suspension resembling a highly
viscous fluid may partly support normal stress acting between fault walls (Brodsky & Kanamori, 2001).
This lubrication process is expected to result in a drop of friction beyond the critical slip distance
(Cornelio et al., 2019; Di Toro et al., 2011; Reches & Lockner, 2010), as observed in wet gouges (Orellana
et al., 2019; Sammis et al., 2011). Additionally, the real contact area between fault planes is expected to be
reduced due to the gradual decrease of effective normal stress during fluid pressurization (Rubinstein
et al., 2004). This suggests that frictional sliding at grain contacts may be dominated by rolling friction,
exacerbating the frictional weakening at elevated fluid pressure.
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4.2. Strain Energy Release Due to Fluid Injection

Hydraulic power (Qi) supplied by a pump is given by Qi = Pp(t)U(t) where Pp and U are measured injection
fluid pressure and injection rate, respectively. In addition, hydraulic energy (Ei) is determined by integrating

Qi over injection time interval [t1, t2], as written byEi ¼ ∫
t2
t1
PpUdt. During tests SC1 and SC2, a total hydraulic

energy Ei ≈ 0.14 J was injected (Figures 2c and 2g). However, hydraulic power applied in test SC1 was about
two to four times larger compared to the test SC2. The onset of accelerated slip is accompanied by a spike in
Qi because the associated stress relaxation results in an abrupt increase in pore volume for sample SC1. In
contrast, the linear increase of Qi in test SC2 is due to a gradual increase of pore volume associated with
stable fault creep. For a faulted sample, the abrupt accumulation of energy characterized by Qi due to fast
pressurization is expected to be quickly released in the form of accelerated slip whereas slow energy release
by fault creep occurs in the case of slow fluid pressurization.

4.3. Poroelastic Coupling of Stress and Pore Pressure

We noticed that at the beginning of fluid injection, axial stress σ1 and shear stress τ continuously increased
prior to slip initiation in test SC1 (Figures 2a and 2b). This may result from dilation of pore space associated
with fluid pressurization under undrained conditions, leading to expansion of the sample. During all fluid
injection stages, the ratio Δσ1/ΔPp was found to be in the range between 0.2 and 0.3 for sample SC1
(Figure S12). The observed increase of stress due to fluid injection may be quantified by “pore
pressure/stress coupling” (PSC). For uniaxial compaction of a laterally infinite reservoir, the steady‐state
expression of PSC (Engelder & Fischer, 1994; Wang et al., 2016) is given by Δσ1/ΔPp = α(1 − 2ν)/(1 − ν)
where α and ν are Biot coefficient and Poisson's ratio, respectively. Based on our measured ν ≈ 0.17 and
α ≈ 0.6 for Bentheim sandstone (see Text S3), the predicted ratio Δσ1/ΔPp is about 0.47, slightly larger than
our measured values. This is possibly because constant axial displacement (rigid constraint) is assumed in
the equation above, which is not strictly valid in our tests, considering the finite stiffness of the loading
frame. In contrast to test SC1, in sample SC2, we did not observe a striking increment of τ and σ1 during
the fluid overpressure stages, except for the occurrence of Δσ1/ΔPp ≈ 0.28 during the first fluid overpressure
stage preceding fault slip initiation (Figure S13). This may be because stress relaxation associated with con-
tinuous fault creep compensates for stress amplification caused by fluid pressurization.

4.4. Fluid Pressurization Rate Versus Fluid Pressure Diffusion

The spatiotemporal variation in fluid pressure within the fault zone may result from heterogeneous hydrau-
lic conductivity, causing fault slip behavior during fluid pressurization to vary in space and time (Bachmann
et al., 2012; Brodsky & Lajoie, 2013; Martínez‐Garzón et al., 2014). In situ observations of fault displacement
during fluid injection indicate that the fault permeability is enhanced as a result of the opening and dilation
of fractures (Guglielmi et al., 2015). The increase of hydraulic fault conductivity during fluid injection facil-
itates fast fluid pressure diffusion and leads to fast spatial dissipation of energy. Furthermore, hydromecha-
nical modeling illustrates that the enhancement of fault permeability favors the growth of an aseismic slip
zone (Cappa et al., 2018). For less permeable fault structures, fault slip zone may outpace the pore fluid
migration (Bhattacharya &Viesca, 2019; Cappa et al., 2019; Guglielmi et al., 2015). However, the spatial fluid
pressure distribution is seldom monitored accurately in the field, making it difficult to distinguish the influ-
ence of fluid pressurization rate on induced fault slip from effects related to the magnitude of fluid pressure
and the fluid diffusion process. In our experiments, fluid cannot escape into the far field and fluid pressure is
expected to diffuse rapidly. This suggests that the fluid pressure distribution within the entire faulted sample
remains homogenous, as supported by the observed almost equal fluid pressures monitored at the two ends
of samples (maximum differential pressure < 2 × 10−3 MPa; see Figure S5).

5. Conclusions

We examined fluid‐induced slip behavior for permeable faulted samples under different fluid pressurization
rates on a laboratory scale. Fault slip is initiated by increasing fluid pressure. We find that the mode of fault
slip is primarily controlled by fluid pressurization rate, in particular for permeable fault structures.
Repeating slow stick‐slip events (peak slip velocity < 4 μm/s) are induced by fast fluid pressurization rates
in contrast to fault creep with slip velocity < 0.4 μm/s induced by low fluid pressurization rates. Both slow
stick‐slip and fault creep are found to be mechanically stable in our experimental setup. Independent of fault
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slip modes, we observed dynamic frictional weakening of the artificial fault at elevated pore pressure.
Polarity analysis of acoustic emission events indicates that shear failure is dominant (about 70% of all events)
for both fault slip modes. Strain relaxation in the vicinity of fault zone is observed during fluid‐induced
fault slip.
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