
1. Introduction
Fluid injection into the subsurface is known to potentially induce seismic activity, sometimes including 
large-magnitude earthquakes (e.g., Eyre et al., 2019; Goebel, et al., 2017; Grigoli et al., 2018; Healy et al., 1968; 
Lei et al., 2017). Injection-induced seismicity poses major challenges to the exploitation of geo-resources, such 
as shale gas and deep geothermal energy (e.g., Ellsworth et al., 2016; Elsworth, 2013; Ji, Hofmann, et al., 2022; 
Zang et al., 2014). For a uniformly pressurized fault, fault reactivation is predicted by the Mohr-Coulomb failure 
criterion and the effective stress law (Terzaghi, 1923). The increase of fluid pressure (p) reduces the effective 
normal stress (σn’) and thus the peak shear strength (τp) of the fault. Failure occurs when the shear strength is 
overcome by the resolved shear stress (τ) along the fault (e.g., Jaeger et al., 2009):

𝜏𝜏≥𝜏𝜏𝑝𝑝 = 𝜇𝜇𝜇𝜇
′
n = 𝜇𝜇 (𝜇𝜇n − 𝑝𝑝) (1)

where μ and σn are the friction coefficient and normal stress along the fault, respectively.

Industrial injection measures may induce large-magnitude earthquakes on large faults (Stein & Wysession, 2009; 
Zoback & Gorelick,  2012), where fluid pressure distribution is spatially and temporally heterogeneous. The 
Mohr-Coulomb failure criterion incorporating the effective stress law (Equation 1) may then only apply to esti-
mating the critical stress at failure and slip initiation of local fault patches (e,g., Gischig, 2015; Ji & Wu, 2020; 

Abstract We conducted fluid injection experiments on cylindrical low-permeability granite samples with a 
critically stressed sawcut fault at local injection rates of 0.2 and 0.8 mL/min and confining pressures of 31 and 
61 MPa. A local array of six strain gauges attached close to the faults allows us to estimate the nucleation length 
of each injection-induced dynamic slip event (i.e., laboratory earthquake). We find nucleation lengths decrease 
from approximately 90% to <15% of the fault length with higher injection rate and increased effective normal 
stress. Injection-induced laboratory earthquakes with smaller nucleation lengths show generally higher peak 
slip rates and larger fault slip displacements, signifying an intensified seismic hazard. Our results also indicate 
that initially stable fault patches may be reactivated to slip seismically by increasing injection rates. This study 
systematically demonstrates that higher injection rates constitute dynamic loading, which increase the seismic 
hazard by shrinking the earthquake nucleation length.

Plain Language Summary Earthquakes associated with fluid injection in various geo-energy 
settings, such as shale gas and deep geothermal energy, have shelved many projects with great potential. 
However, the injection-rate dependence of earthquake nucleation length, which characterizes the length of a 
slowly slipping (creeping) fault patch in preparation for a subsequent earthquake, remains to be studied. To 
this end, we performed fluid injection experiments on low-permeability granite samples containing a critically 
stressed sawcut fault. We demonstrate that the nucleation length of injection-induced laboratory earthquakes 
shrinks with higher effective normal stress and larger injection rate. We show that laboratory earthquakes 
induced by higher fluid injection rates are characterized by smaller nucleation lengths, faster peak slip rates, 
and larger fault slip displacements. Our results also suggest that a stable fault patch subject to low-rate injection 
may be induced to slip seismically by increasing injection rates. Our findings may explain the higher seismic 
hazards associated with higher injection rates as has been frequently documented in field cases.

JI ET AL.

© 2022. 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.

High-Rate Fluid Injection Reduces the Nucleation Length 
of Laboratory Earthquakes on Critically Stressed Faults in 
Granite
Yinlin Ji1  , Lei Wang2  , Hannes Hofmann1  , Grzegorz Kwiatek2  , and Georg Dresen2 

1Helmholtz Centre Potsdam GFZ German Research Centre for Geosciences, Section 4.8 Geoenergy, Potsdam, Germany, 
2Helmholtz Centre Potsdam GFZ German Research Centre for Geosciences, Section 4.2 Geomechanics and Scientific 
Drilling, Potsdam, Germany

Key Points:
•  The nucleation length of 

injection-induced laboratory 
earthquakes reduces with higher 
injection rate and greater effective 
normal stress

•  Injection-induced laboratory 
earthquakes with smaller nucleation 
lengths exhibit higher peak slip rates 
and larger fault slip displacements

•  Fast-rate fluid injection may cause 
initially stable fault patches of smaller 
sizes to slip seismically, leading to 
higher seismic hazards

Supporting Information:
Supporting Information may be found in 
the online version of this article.

Correspondence to:
Y. Ji and L. Wang,
yinlinji@gfz-potsdam.de;
wanglei@gfz-potsdam.de

Citation:
Ji, Y., Wang, L., Hofmann, H., Kwiatek, 
G., & Dresen, G. (2022). High-rate fluid 
injection reduces the nucleation length 
of laboratory earthquakes on critically 
stressed faults in granite. Geophysical 
Research Letters, 49, e2022GL100418. 
https://doi.org/10.1029/2022GL100418

Received 12 JUL 2022
Accepted 28 NOV 2022

Author Contributions:
Conceptualization: Yinlin Ji
Funding acquisition: Hannes Hofmann
Investigation: Yinlin Ji, Lei Wang
Methodology: Yinlin Ji
Software: Grzegorz Kwiatek
Writing – original draft: Yinlin Ji
Writing – review & editing: Yinlin Ji, 
Lei Wang, Hannes Hofmann, Grzegorz 
Kwiatek, Georg Dresen

10.1029/2022GL100418
RESEARCH LETTER

1 of 13

 19448007, 2022, 23, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
100418 by H

elm
holtz-Z

entrum
 Potsdam

 G
FZ

, W
iley O

nline L
ibrary on [31/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-9787-7164
https://orcid.org/0000-0001-6784-4572
https://orcid.org/0000-0003-0778-6141
https://orcid.org/0000-0003-1076-615X
https://orcid.org/0000-0002-3737-2858
https://doi.org/10.1029/2022GL100418
https://doi.org/10.1029/2022GL100418
https://doi.org/10.1029/2022GL100418
https://doi.org/10.1029/2022GL100418
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2022GL100418&domain=pdf&date_stamp=2022-12-09


Geophysical Research Letters

JI ET AL.

10.1029/2022GL100418

2 of 13

Passelègue et al., 2018; Rutter & Hackston, 2017; Sáez et al., 2022). Fault reactivation induced by local fluid 
pressure perturbation has been reported over a wide range of spatial scales from lab (centimeters to meters), 
mine (decameters) to reservoir (kilometers) faults. In laboratory samples, fault slip induced by elevated and 
heterogeneous fluid pressure has been studied by regulating the injection rate, the prestresses applied to faults, 
and fault roughness (Cebry & McLaskey, 2021; Gori et al., 2021; Ji & Wu, 2020; Passelègue et al., 2018). Local 
fluid pressure perturbations due to fluid injection may directly induce aseismic slow slip, and then trigger seis-
mic events, as has been observed for the induced seismic slip of a carbonate fault zone at mine scale in the Low 
Noise Underground Laboratory in France (Cappa et al., 2018, 2019; Guglielmi et al., 2015), and the 2016 Mw 4.1 
earthquake initiated in the Duvernay shale's caprock at field scale in Canada (Eyre et al., 2019).

Investigating the nucleation phase of fault slip induced by local fluid pressure perturbations will advance our 
understanding of injection-induced seismicity, and potentially help identify seismic and/or aseismic precursors 
to unstable fault slip.  The characterization of the nucleation process during laboratory earthquakes has been 
reported extensively. Ohnaka and Shen (1999) and Latour et al. (2013) found that nucleation preceding dynamic 
rupture propagation is composed of two distinct stages, that is, a first quasi-static stage and a subsequent accel-
eration stage. The length scale along which rupture propagation becomes unstable is defined as the nuclea-
tion length, which may vary depending on many intrinsic (e.g., fault heterogeneity) and extrinsic parameters 
(e.g., loading conditions) (Kaneko & Lapusta, 2008). In accordance with theoretical predictions (Ampuero & 
Rubin, 2008; Rubin & Ampuero, 2005), the directly measured nucleation length for dry samples is found to 
decrease with higher normal stress (Latour et al., 2013; McLaskey, 2019) and larger loading rate (Guérin-Marthe 
et al., 2019). Similarly, the nucleation length calculated from rate-and-state frictional parameters obtained from 
velocity-stepping tests on wet fault gouges under a variety of boundary conditions is smaller at lower fluid 
pressures and higher slip rates (Cappa et al., 2019). More recently, Gori et al. (2021) demonstrated for the first 
time that the nucleation length of laboratory earthquakes on plastic polymers induced by high-rate local fluid 
injection is smaller than that in the low-rate cases, suggesting that higher injection rates may constitute dynamic 
loading and reduce the nucleation length. However, a systematic laboratory study characterizing the injection-rate 
dependence of earthquake nucleation length of faults in rock samples and its implications for injection-induced 
seismicity are lacking.

In this study, we aimed to explore experimentally the dependence of injection-induced earthquake nucleation 
length on local injection rate and effective stress acting on critically stressed faults in granite. To this end, we 
injected fluid locally through a small borehole to critically stressed sawcut faults in low-permeability granite 
samples at different injection rates and confining pressures while monitoring the precursory local strain changes, 
macroscopic fault slip and acoustic emission (AE) activity. We estimated the nucleation length of slip events 
using either premonitory local shear stress changes along the fault estimated from strain gauge data or precursory 
AE hypocenter locations.

2. Materials and Methods
The granite sample used in this study was cored from Odenwald basement rocks in Rimbach, Germany. The 
granite is mainly composed of homogenously distributed quartz, feldspar, and mica with grain sizes ranging 
from 1 to 3 mm (Kluge et al., 2020). The initial porosity and permeability of the granite are as low as ∼0.6% and 
∼1 × 10 −18 m 2 (measured at a hydrostatic confining pressure of 2 MPa), respectively. The uniaxial compressive 
strength of the granite ranges from approximately 120–142 MPa (Blöcher et al., 2019). In this study, a cylindrical 
sample with a diameter of 50 mm was first cut and ground flat to a length of 100 mm. An elliptical fault was then 
prepared in the sample by cutting the cylinder at 30° to the sample axis. Fault surfaces of both sawcut blocks 
were polished using sandpaper with a grit size of 201 μm. A 1.8-mm-diameter borehole was drilled near the short 
edge of each sample half to allow direct fluid access to the fault surface (Figure 1a). Two samples were prepared 
following the same procedure to make sure that they have similar initial surface roughness. The low permeability 
and high strength of the granite ensure that the rock matrix remains nearly intact and impermeable and thus fluid 
flow is confined within the fault during the experiments (Ji et al., 2021).

Eight strain gauges were attached onto the sample surface to monitor the deformation of rock matrix and fault 
(Figure 1). The vertical deformation of the rock matrix was measured by two strain gauges (SV3 and SH4) glued 
close to the center of the upper and lower sample halves away from the fault (Figure 1b). The other six strain 
gauges (SGF1, SGF2, SGF3, SGF4, SGF5 and SGF6) were attached parallel to the sample axis and equally 
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spaced along the fault between the circumferential positions 45° and 135°. These six strain gauges were located 
near the fault on the lower sample half, allowing us to calculate local fault stresses and estimate the nucleation 
length of unstable fault slip events. In the additional series of experiments, we used alternative locations of strain 
gauges to constrain the nucleation length (see Text S1 and Figure S1 in Supporting Information S1). Eight pairs 
of piezoelectric transducers (PZTs, resonance frequency ∼1 MHz) embedded in brass housings were directly 
mounted to the sample surface to record AE events (Figure 1). AE signals were first amplified by 40 dB using 
preamplifiers with 100 kHz high-pass filters. Continuous waveforms were recorded at 10 MHz sampling rate 
with 16-bit amplitude resolution. AE hypocenters were located by automatic picking of P-wave onsets using the 
combined Akaike Information Criterion and a convolutional neural network (e.g., Ross et al., 2018) to obtain 
rough and then refined positions of P-wave onsets, respectively. The equivalent differential time method (e.g., 
Font et al., 2004) was applied to estimate hypocenter locations and the inverse problem was solved using grid 
search followed by simplex optimization techniques. To calculate phase travel times, we used a quasi-anisotropic 
velocity model composed of 5 horizontal layers and 1 vertical layer, as estimated from active ultrasonic transmis-
sion measurements performed every 10 s. This procedure allowed us to account for deformation-induced elastic 
anisotropy and changes in the velocity model. The average AE hypocenter location accuracy is ±2 mm (Stanchits 
et al., 2011).

The oven-dried samples and steel endcaps were jacketed in a neoprene sleeve and then placed in the MTS 
oil-medium triaxial cell. Samples were first subjected to 1 kPa vacuum. Subsequently the samples were fully 
saturated with distilled water at 2 MPa hydrostatic confining pressure and 0.2 MPa pore pressure. Prior to the 
experiments, all samples were preconditioned by cycling the confining pressure between 2 and 36 MPa to remove 
misalignment and plastic deformation (c. f., Ji, Kluge, et al., 2022; Kohli & Zoback, 2013).

On each sample we performed a series of fluid injection experiments. Two series of experiments were performed 
in this study, with the first at an initial shear stress (τc) of 85% peak shear strength (τp) and the second at 90% τp 
(Table S1 in Supporting Information S1). The first series of experiments (experiment series S1) were performed 
on the first sample consecutively. During the first fluid injection experiment S1-1 (Figure 2a), we measured the 
peak shear strength (τp) of the fault by advancing the axial piston at a constant rate of 1 μm/s at 31 MPa confin-
ing pressure and 1 MPa pore pressure (i.e., displacement-driven shear stage). We then reduced the shear stress 
to 85% of the peak shear strength by slowly retracting the axial piston. Subsequently, the axial piston was fixed, 
and the injection-driven shear stage was initiated by injecting distilled water from the bottom inlet borehole at an 
injection rate of 0.2 mL/min. Increasing pore pressure caused the critically stressed sawcut fault to slip and axial 
stress to relax at a fixed axial piston position. We terminated the experiment after two cycles of fast slip events 

Figure 1. Experimental configuration. (a) Schematic drawing of the sample assembly. (b) Detailed sensor map showing the locations of injection and monitoring ports, 
strain gauges and piezoelectric transducers. The eight transducers (half of the total amount) labelled blue serve as ultrasonic transmitters to measure and update the 
ultrasonic P-wave velocities at 10 s time interval throughout the experiments. The two sensors L15 and Z16 mounted inside the steel endcaps are not shown in (a).
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and one slow slip event. Subsequently, the pore pressure was reduced to the initial value of 1 MPa and differential 
stress was reduced to zero (i.e., only hydrostatic pressure was applied) preparing for the ensuing experiments. A 
second fluid injection experiment S1-2 (Figure 2b) was conducted on the same sample at a higher injection rate 
of 0.8 mL/min using the same procedure at the same confining pressure of 31 MPa as in the first fluid injection 
experiment S1-1. We observed five episodes of rapid slip events before the termination of fluid injection. After-
ward, the pore pressure was again reduced to the initial value of 1 MPa and the differential stress was removed, 
followed by the third fluid injection experiment S1-3 (Figure 2c) which was conducted at an injection rate of 
0.8 mL/min and a confining pressure of 61 MPa. Additionally, we performed a second series of experiments 
(experiment series S2, see Table S1 in Supporting Information S1) including three fluid injection experiments, 
that is, S2-1, S2-2, and S2-3 (Figures S2a–S2c in Supporting Information S1), on another sample at a slightly 
higher initial shear stress of 90% τp following the same procedure as in the first series of experiments.

The axial stress was measured using an internal load cell with an accuracy of ±0.05 MPa. The external linear vari-
able displacement transducer (outside the pressure vessel) was used to monitor the total axial displacement with 
an accuracy of ±0.5%. The fluid pressures in the inlet and outlet boreholes (i.e., injection and monitoring pres-
sures, respectively) were recorded by the two pressure transducers of Quizix Q6000-20K pumps. Because fluid 
pumps, tubing and fluid itself provide additional compliance (e.g., Ji, Kluge, et al., 2022; Proctor et al., 2020), to 

Figure 2. Time history of shear stress, fluid pressure and fault slip during the experiment (a) S1-1, (b) S1-2, (c) S1-3, as well as (d) average friction coefficient 
as a function of cumulative fault slip in the first series of experiments (color coded by the injection pressure). Each experiment is composed of three stages: 
displacement-driven shear stage, stress adjustment stage and injection-driven shear stage. Pc, τc, τp, IR, μ are the confining pressure, initial shear stress, peak shear 
strength, injection rate, and friction coefficient, respectively.
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better compare the pressure responses and injected volume measurements in different experiments, the external 
dead volume was minimized and kept similar in the two series of experiments. The far-field average shear and 
normal stresses on the fault were resolved from axial stress and confining pressure, which were also corrected 
for the contact area reduction of the fault surface associated with fault slip (e.g., Ji, 2020; Ji & Wu, 2020; Tembe 
et al., 2010; Wang, Kwiatek, Rybacki, Bonnelye, et al., 2020). Sample shortening associated with fault slip was 
first calculated by subtracting the deformation of rock matrix and MTS testing system (stiffness of machine 
plus assembly ≈700 kN/mm) from the total axial displacement. Fault slip induced sample shortening was then 
projected to the principal fault slip direction to derive the fault slip displacement (Ji,  2020; Wang, Kwiatek, 
Rybacki, Bonnelye, et al., 2020). The mechanical deformation and hydraulic data were recorded simultaneously 
at 10 Hz. In addition, high-frequency (5,120 Hz) recordings of mechanical and deformation data were taken 
shortly before, during and after each dynamic fault slip event. After the experiments, we used the injection and 
monitoring pressures recorded during fluid injection to estimate the spatial-temporal evolution of fluid pressure 
on the fault surface using a finite element model (Ji et al., 2020) (Text S2 in Supporting Information S1).

3. Results
3.1. Fault Stability and AE Activity

3.1.1. Displacement-Driven Shear Stage

The temporal history of shear stress, fluid pressure (including injection and monitoring pressures), and fault slip 
during the fluid injection experiments performed at 85% peak shear strength (experiment series S1) is presented 
in Figures 2a–2c. At 31 MPa confining pressure and 1 MPa pore pressure, peak shear strengths (τp) of the fault 
were measured as 21.7 and 25.3 MPa in the displacement-driven shear stages in experiments S1-1 (Figure 2a) 
and S1-2 (Figure 2b), respectively. It is conceivable that the fault hardened with increasing slip displacement 
between experiments (e.g., Ji & Wu, 2020; Noël et al., 2019; Tembe et al., 2010). Displacement-driven sample 
behavior also differs markedly between the two experiments S1-1 and S1-2. In the first experiment S1-1, the 
sample showed a well-defined yield point at about 19.1 MPa shear stress, which was related to the onset of stable 
sliding along the sawcut fault. This is in contrast to the second experiment S1-2, which displayed two pronounced 
unstable stick-slip events with abrupt shear stress drops of about 3.7 and 4.5 MPa, respectively. The transition 
from stable sliding in the displacement-driven shear stage in the experiment S1-1 to unstable slip in S1-2 may 
be caused by increasing effective normal stress from 20.7 MPa in S1-1 to 24.6 MPa in S1-2 due to hardening. 
Besides, the dependence of fault frictional properties on cumulative slip displacement may have shifted the 
system toward unstable behavior (Text S3 in Supporting Information S1), as often observed in previous studies 
(e.g., Noël et al., 2019; Tinti et al., 2018). In the subsequent experiment S1-3 conducted at 61 MPa confining 
pressure and 1 MPa pore pressure, the fault strength was measured as 59.1 MPa during the displacement-driven 
shear stage, and the fault showed two stick-slip events with stress drops of 21.6 and 30.3 MPa, respectively. The 
displacement-driven shear stages in the second series of experiments (experiment series S2, Figures S2a–S2c in 
Supporting Information S1) exhibited similar behavior as above. The mechanical results are summarized in Table 
S1 in Supporting Information S1.

3.1.2. Injection-Driven Shear Stage

After the displacement-driven loading to peak shear strength, the shear stress was reduced to and stabilized at 
85% (first experiment series S1) or 90% (second series S2) of the peak shear strength (corresponding to the 
stress adjustment stage in Figure 2a–2c and Figures S2a–S2c in Supporting Information S1, respectively). Subse-
quently, during the injection stage, we observed mostly stick-slip events (i.e., laboratory earthquakes exhibiting 
sudden macroscopic fault slip) with only two slow slip events (i.e., stable sliding) in the last stage of S1-1 and 
S2-2. Stick-slip instabilities and slow slip behavior have been reported in many previous laboratory studies on 
fault slip depending on weakening rate of the fault (fault stiffness) and unloading rate of the loading system 
(system stiffness) (Ji & Wu, 2020; Rice, 1983; Ruina, 1983). We estimated the stiffnesses of fault and system in 
terms of shear stress versus deformation along the principal fault slip direction (Text S3 in Supporting Informa-
tion S1). In our study, the fault stiffness in stick-slip events was estimated from 95.7 to 132.1 MPa/mm (Figure S3 
in Supporting Information S1) and larger than the system stiffness ranging from 85.9 to 92.8 MPa/mm (Text S3 
and Table S1 in Supporting Information S1), in agreement with the observed unstable fault behavior (Rice, 1983; 
Ruina, 1983). As expected, the fault stiffness (55.8 to 91.5 MPa/mm) in slow slip events was generally smaller 
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than the system stiffness (85.9 to 92.8  MPa/mm). Note that a sampling rate of 5,120  Hz used in this study 
may lead to underestimated peak slip rates (c. f., Ohnaka & Shen, 1999; McLaskey & Yamashita, 2017; Xu 
et al., 2018); however, relative magnitudes of peak slip rate were captured. Peak slip rates of injection-induced 
stick-slip events estimated from sample shortening ranged from 1.3 to 319.1 mm/s (Table S1 in Supporting Infor-
mation S1). It is generally larger for higher injection rates and larger confining pressures (Figure S4a and Table 
S1 in Supporting Information S1). Peak slip rates decreased significantly with progressive slip events (Figure S4a 
in Supporting Information S1), in agreement with the progressive decrease of shear and normal stresses at the 
onset of fault failure (c. f., Passelègue et al., 2020).

3.1.3. AE Activity During Fluid Injection

Fault slip induced by fluid injection produced very limited AE activity (cumulative AE number < 20) at 31 MPa 
confining pressure, while abundant AE events (cumulative AE number >250) were recorded at 61 MPa (Figures 
S5 and S6 in Supporting Information S1). The small number of AEs from our experiments at the low confining 
pressure of 31 MPa is possibly due to the combined effect of low effective stress on the smooth sawcut surface with 
the presence of water. Most AEs resulting from fluid injection were spatially distributed over the fault plane given 
the hypocenter location accuracy of ±2 mm (Figure S5 in Supporting Information S1). The injection-induced 
stable sliding of the fault in the later stage of S1-1 and S2-2 did not produce detectable AE events (Figure S6 in 
Supporting Information S1). In contrast, the cumulative number of AEs jumped with each rapid fault slip event, 
except the fourth and fifth stick-slip events in S1-2, presumably due to the smaller amount of stored elastic strain 
energy at the onset of these two later events (Passelègue et al., 2020). The increase of cumulative number of AEs 
generally decreased with progressive slip (Figure S6 in Supporting Information S1), positively related to the 
decreasing peak slip rate and fault slip displacement of dynamic slip events (Figure S4 in Supporting Informa-
tion S1). The observed larger peak slip rates and fault slip displacements of dynamic fault slip events at higher 
injection rates (Figure S4 in Supporting Information S1) correspond to larger increases in cumulative number 
of AEs compared to the low injection rates (Figure S6 in Supporting Information S1). This agrees well with the 
findings from past studies that higher injection rates or faster pressurization may enhance the seismic activity 
regardless of fault drainage conditions (e.g., Ji & Wu, 2020; Ji, Hofmann et al., 2022; Passelègue et al., 2018; 
Wang, Kwiatek, Rybacki, Bohnhoff, & Dresen, 2020; Wang, Kwiatek, Rybacki, Bonnelye et al., 2020). More-
over, in contrast to the quiescence before and after the injection-induced stick-slip events at 31 MPa confining 
pressure, preparatory fault slip and post-failure stage at 61 MPa confining pressure were associated with AE 
activity, which is mainly due to small slip induced asperity damages, consistent with previous studies on sawcut 
surfaces in granite at high confining pressures (c. f., Dresen et al., 2020; Goebel, Kwiatek et al., 2017; Kwiatek, 
Goebel et al., 2014).

3.2. Friction Coefficient Evolution

We observed a difference between injection and monitoring pressures (Figure 2a–2c and Figures S2a–S2c in 
Supporting Information S1) especially for high-rate injections at higher confining pressures. The pressure differ-
ence indicates heterogeneous fluid pressure distribution on the fault surface. Fluid pressure distribution during 
fluid injection was modeled numerically (see Test S2, Figure S7, and Table S2 in Supporting Information S1). We 
quantified the degree of fluid pressure heterogeneity using the standard deviation of fluid pressures on the entire 
fault surface (see Equation S2 in Text S2 in Supporting Information S1), which increases with higher injection 
rate and greater effective stress (Table S1 in Supporting Information S1). This observation agrees well with previ-
ous studies (e.g., Ji et al., 2020; Passelègue et al., 2018; Rutter & Hackston, 2017). The nonuniform fluid pressure 
distribution may cause heterogeneous stress and friction across the fault. The average effective normal stress is 
the difference between average normal stress and average fluid pressure derived from the numerical model. The 
ratio of average shear stress and average effective normal stress is the average friction coefficient, which changed 
with cumulative fault slip (see Figure 2d and Figure S2d in Supporting Information S1). In the fluid injection 
experiments performed at 31 MPa confining pressure, the average friction coefficient was generally between 
0.5 and 0.8 with some fluctuations, roughly consistent with Byerlee's rule for rock friction (Byerlee,  1978). 
In contrast, with increasing injection-driven fault slip displacement, the average friction coefficient at 61 MPa 
reduced dramatically to ∼0.07 and ∼0.3 in the first (Figure 2d) and second (Figure S2d in Supporting Informa-
tion S1) series of experiments, respectively, suggesting additional fault weakening processes (see discussion in 
Section 4.1).
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3.3. Nucleation Length of Injection-Induced Laboratory Earthquakes

In the present study, the nucleation length of the laboratory earthquakes induced by fluid injection was estimated 
from the local axial strain changes (converted to stress), which were recorded by the six local axial strain gauges 
placed along the sawcut fault (see Figure 1). Particularly, the local axial strain change was converted to local shear 
stress change (Passelègue et al., 2016, 2020) assuming a constant Young's modulus of rock matrix estimated from 
the respective displacement-driven shear stage in each experiment (Text S4 and Figure S8 in Supporting Infor-
mation S1). Here the transient change of confining pressure was assumed to be minor during fault slip events due 
to the relatively high compliance of the confining system (Acosta et al., 2018; Passelègue et al., 2016, 2020), and 
thus a constant Young's modulus of rock matrix was used to estimate the local shear stress.

We estimated the nucleation length from the temporal evolution of local shear stresses converted from local 
axial strains prior to dynamic slip events (Figure 3). The strain gauges are labeled from one to six toward the 
sample top (i.e., SGF1 to SGF6, see Figure 1). High-frequency noise in the strain gauge data was removed using 
a Savitzky-Golay filter. In our experimental configuration, the rupture propagation could be a complex mixture 
of in-plane rupture (mode II) along the fault length and anti-plane rupture (mode III) along the fault width 
(Passelègue et al., 2016). However, in order to estimate the nucleation length, we projected the 2D elliptical fault 

Figure 3. Estimation of the dimensionless nucleation length Lc (sg)/Lf, that is, measured nucleation length Lc(sg) using strain gauge data divided by fault length 
Lf = 100 mm, in the (a) first event in S1-1, (b) second event in S1-1, (c) first event in S1-2, and (d) first event in S1-3. Strain gauge data were filtered with a 
Savitzky-Golay filter to remove high-frequency noise. The strain gauge index increases from 1 to 6 toward the sample top (i.e., SGF1–SGF6). Time is offset at zero, 
corresponding to the time of rapid fault slip in each event. Gray triangles indicate the time of local slip initiation. The scale bars indicate the magnitude of shear stress 
change. Local shear stress experiencing premonitory drop and indicating local patch creeping is displayed in red, while others beyond the creeping patch is displayed 
in black. Starting from the fault upper end (i.e., from strain gauge #6 to #1), the last strain gauge displayed in red and the first strain gauge in black define the lower 
and upper bounds of the nucleation length, respectively. The first macroscopic dynamic slip event in S1-3 occurred following a contained rupture near strain gauge #6 
showing a local shear stress drop of ∼1.5 MPa.
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(50 mm by 100 mm) to the principal fault slip direction with a 1D fault length of 100 mm (i.e., long axis of the 
fault). The distance between two adjacent strain gauges is about 14 mm projected along the long axis of the fault. 
Before the fast (dynamic) slip event (time offset at zero in Figure 3), noticeable premonitory drops in local shear 
stresses (displayed in red in Figure 3) were observed in the creeping patch while the local shear stress increased 
or remained almost unchanged beyond it (displayed in black). The gray arrows denote the time when local slip 
(local shear stress drop) initiated.

Our results demonstrate that slip nucleation sites were always near the sample top with nucleation lengths inde-
pendent of the nucleation site (see Text S5 and Figure S9 in Supporting Information S1 for more details). The 
length of the creeping patch preceding dynamic slip event is understood as the nucleation length for a slip insta-
bility (Kaneko & Lapusta, 2008). Therefore, starting from the fault upper end (i.e., from strain gauge #6 to #1, 
Figure 3), the last strain gauge displayed in red (creeping), and the first strain gauge in black (locked) define the 
lower and upper bounds of the nucleation length, respectively. The estimation of nucleation length from the strain 
gauge data is not affected significantly by potential errors in determining local slip onset, since nucleation length 
is defined solely by strain gauges displaying premonitory stress drops. The ratio of nucleation length to fault 
dimension is found to affect fault slip dynamics (e.g., Cattania, 2019), and thus we obtained the dimensionless 
nucleation length Lc(sg)/Lf, which is the measured nucleation length Lc(sg) using strain gauges divided by the 
fault length (Lf = 100 mm). For example, Lc(sg)/Lf ratios of the first (Figure 3a) and second (Figure 3b) events in 
experiment S1-1 are about 0.71–0.85, and 0.85–1, respectively. The larger Lc(sg)/Lf in the second event is likely 
due to the reduced effective normal stress. For the first event of experiment S1-2, we estimated 0.29 ≤ Lc(sg)/
Lf < 0.43 (Figure 3c), which is smaller compared to the first event in S1-1 (0.71–0.85, Figure 3a) possibly caused 
by the higher injection rate used in S1-2 at otherwise similar stress conditions. Interestingly, after increasing the 
confining pressure to 61 MPa, a local shear stress drop of ∼1.5 MPa near the sample top was captured by strain 
gauge #6 before the first injection-induced macroscopic dynamic slip event at time zero (Figure 3d), indicating a 
contained rupture with 0 < Lc (sg)/Lf ≤ 0.15. A similar contained rupture was again observed in the third exper-
iment S2-3 (Figure S10c in Supporting Information S1) of the second series of experiments. Injection-induced 
contained ruptures have been previously reported in laboratory studies on much larger faults (40 cm by 200 cm) in 
granite (Lockner et al., 1982). Our estimates of dimensionless nucleation lengths determined by the strain gauge 
data are supported by results obtained from 2D spreading of AE clusters (Text S6 and Figure S11 in Supporting 
Information S1).

4. Discussion
4.1. Nucleation Process of Injection-Induced Laboratory Earthquakes

The two nucleation phases from quasistatic to accelerating slip as described in many previous studies (e.g., Latour 
et al., 2013; Ohnaka & Shen, 1999) were not well resolved by the strain gauge array before the injection-induced 
dynamic slip events at 31 MPa confining pressure (Figures 3a–3c). We attribute this to a mixed-mode (mode II 
and mode III) rupture propagation associated with the fault geometry (Passelègue et al., 2016), which differs 
from the mode II rupture propagation along a long fault with a narrow width as often used in previous studies 
(e.g., Guérin-Marthe et al., 2019; Latour et al., 2013; McLaskey, 2019; McLaskey & Yamashita, 2017; Ohnaka 
& Shen, 1999; Xu et al., 2018). Unlike the experiments at 31 MPa confining pressure, the events at 61 MPa were 
preceded by much more pronounced premonitory local shear stress drops (>0.2 MPa/s) in the creeping patches 
observed in the first (see strain gauges #5 and #6 in Figure 3d) and second (see strain gauges #2–#6 in Figure 
S12 in Supporting Information S1) events in the experiment S1-3. For the second event in S1-3 (Figure S12 in 
Supporting Information S1), the precursory local shear stress drops initiate much earlier associated with an appar-
ent quasistatic rupture velocity of about 2.9 mm/s. Our strain gauge array only allows us to estimate an apparent 
rupture velocity, which may differ from the true value due to the mixed-mode 2D rupture propagation across the 
elliptical fault. Such quasistatic rupture propagation with pronounced local shear stress drops in the creeping 
patches was also well monitored before later injection-induced stick-slip events at 61 MPa confining pressure.

The quasistatic rupture propagation at the later stage of fluid injection at 61 MPa confining pressure indicates that 
the slowly expanding rupture area reached the outer boundary of the fault and induced local shear stress drops 
detectable by local strain gauges attached to the sample outer surface. This agrees with a broader distribution of 
AE events (Figure S5 in Supporting Information S1). Slip at 61 MPa confining pressure may be mainly caused by 
additional weakening mechanisms at the high confining pressure, which may result in rapid reduction of average 

 19448007, 2022, 23, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
100418 by H

elm
holtz-Z

entrum
 Potsdam

 G
FZ

, W
iley O

nline L
ibrary on [31/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

JI ET AL.

10.1029/2022GL100418

9 of 13

friction during the later stage of fluid injection (Figure 2d and Figure S2d in Supporting Information S1). We 
examined the fault surface morphology before and after the second series of experiments and found that the root 
mean square asperity height was reduced by 20 μm, suggesting asperity damage after the experiments (Figures 
S13a and S13b in Supporting Information  S1). Our AE results indicate that the asperity damage at 61  MPa 
confining pressure is more severe compared to the experiments at 31 MPa. Possibly gouge material resulting 
from severe asperity damage associated with surface smoothing may have contributed to powder lubrication at 
61 MPa confining pressure (e.g., McLaskey & Lockner, 2014; Reches & Lockner, 2010). Importantly, we also 
identified melt structures on the fault surface after the first series of experiments (Figures S13c and S13d in 
Supporting Information S1), suggesting that melting and thermal pressurization (e.g., Acosta et al., 2018) may 
have also contributed to the observed dramatic weakening of the fault at 61 MPa. The effect of these additional 
weakening mechanisms on the nucleation process needs to be systematically studied in future work, which likely 
requires resolving the nucleation process in more detail. Nonetheless, we successfully estimated the nucleation 
length as the length of the fault patch experiencing premonitory slip right before a dynamic slip event (Kaneko 
& Lapusta, 2008).

4.2. Injection-Rate Dependence of Nucleation Length

We evaluate the controlling factors on the nucleation length of injection-induced laboratory earthquakes by 
summarizing the results of all experiments. Because of the significant drop of average friction coefficient at 
61 MPa confining pressure with continuing fault slip, we exclude most of the results obtained from experiments 
performed at 61 MPa, while the two contained ruptures before the first injection-induced macroscopic dynamic 
slip events are included since the average friction coefficients upon rupturing are still compatible with Byerlee's 
rule (Byerlee, 1978). As shown in Figure 4a, the dimensionless nucleation length Lc(sg)/Lf, that is, measured 
nucleation length Lc(sg) using strain gauges divided by fault length Lf = 100 mm, decreases significantly from 
∼0.9 to <0.15 as average effective normal stress increases from ∼19 to ∼87 MPa (Figure 4a). This is in good 
agreement with theoretical predictions (e.g., Ampuero & Rubin,  2008; Rubin & Ampuero,  2005) and previ-
ous experimental results (e.g., Latour et  al.,  2013; McLaskey,  2019). Because of this inverse dependence of 

Figure 4. Nucleation length is affected by average effective normal stress and injection rate. (a) Dimensionless nucleation length Lc (sg)/Lf as a function of average 
effective normal stress, and (b) normalized nucleation length (σn−p)Lc(sg)/Lf as a function of injection rate. Lc(sg) is the nucleation length measured by strain gauges; Lf 
is the fault length (100 mm); and σn−p is the average effective normal stress. The error bar is defined by the distance between two adjacent strain gauges projected along 
the long axis of fault. The data from two series of experiments are compiled in this figure and show that the nucleation length shrinks with greater average effective 
normal stress and higher injection rate. The data points are color coded by the degree of fluid pressure heterogeneity upon fault reactivation, which is quantified by the 
standard deviation of fluid pressure over the fault surface derived from the numerical model (Equation S2 in Text S2 in Supporting Information S1). Injection-induced 
earthquakes with smaller nucleation lengths are characterized by higher degrees of fluid pressure heterogeneity (also see Figure S14 in Supporting Information S1), 
indicating that localized fluid pressure perturbation may have induced the earthquake nucleation over smaller sizes.
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dimensionless nucleation length on effective normal stress and in order to assess the injection-rate dependence 
of nucleation length, we plot the normalized nucleation length (σn−p)Lc(sg)/Lf, that is, the product of average 
effective normal stress (σn−p) and dimensionless nucleation length Lc (sg)/Lf (Guérin-Marthe et al., 2019), as 
a function of injection rate. The normalized nucleation length (σn−p)Lc(sg)/Lf reduces significantly with higher 
injection rate (Figure 4b). This observation is similar to the effect of loading rates in displacement-driven shear 
friction experiments (Guérin-Marthe et al., 2019; Xu et al., 2018). We find that the events showing smaller nucle-
ation  lengths often occur at higher degrees of fluid pressure heterogeneity (Figure 4 and Figure S14 in Supporting 
Information S1, also see Equation S2 in Text S2 in Supporting Information S1). Both smaller nucleation length 
and higher degree of fluid pressure heterogeneity are favored by higher injection rate and greater effective normal 
stress. Therefore, it is conceivable that the stress heterogeneity caused by local fluid pressure perturbation may 
have caused nucleation of injection-induced laboratory earthquakes over smaller fault patches. More specifically, 
the local fluid pressure perturbation may have induced the spatio-temporally varying rate-and-state frictional 
parameters during fluid pressure diffusion (Cappa et al., 2019; Ji et al., 2020), affecting the nucleation length. 
However, we would expect the injection rate effect to be smaller for a high-permeability fault, where fluid pres-
sure reaches equilibrium rapidly (Wang, Kwiatek, Rybacki, Bohnhoff, & Dresen, 2020, Wang, Kwiatek, Rybacki, 
Bonnelye et al., 2020).

We also compare the measured nucleation length with theoretical predictions. In addition to the quasistatic crit-
ical nucleation length Lb−a = Gdc/[(b−a) (σn−p)] (Scholz, 2019), the critical nucleation length could shrink to a 
minimum dynamic value Lb = Gdc/[b(σn−p)] in a fast nucleation process (Rubin & Ampuero, 2005). To constrain 
(σn−p)Lb−a and (σn−p)Lb, we take shear modulus G as 31.3 GPa for Odenwald granite, characteristic length dc as 
1 μm, friction evolution parameter b as 0.028 and friction rate parameter b−a as 0.004 for bare sawcut surface 
of granite faults (Marone et  al.,  1990; McLaskey & Yamashita,  2017). Further, we estimate the normalized 
nucleation lengths (σn−p)Lb/Lf and (σn−p)Lb−a/Lf as ∼11.2 and ∼78.3 MPa, respectively, roughly consistent with 
our laboratory measurements ranging from 6.5 to 37.0 MPa. Our laboratory measurements of nucleation lengths 
using strain gauges agree with theoretical predictions within one order of magnitude.

4.3. Implications for Injection-Induced Seismicity

Our results clearly demonstrate that the nucleation lengths of injection-induced stick-slip events along sawcut 
faults in granite reduce with higher effective normal stress and higher injection rate, within experimental uncer-
tainties (Figure  4). The observed reduction in nucleation length with higher injection rate in this study may 
help to explain higher seismic hazards at enhanced fluid injection rates and/or faster pressurization as observed 
in field projects (e.g., Cuenot et al., 2008; Goebel & Shirzaei, 2020; Healy et al., 1968; Kwiatek et al., 2019; 
Langenbruch & Zoback,  2016; Weingarten et  al.,  2015), analytical/numerical modeling (e.g., Alghannam & 
Juanes, 2020; Rudnicki & Zhan, 2020), and laboratory experiments (e.g., Ji & Wu, 2020; Passelègue et al., 2018; 
Wang, Kwiatek, Rybacki, Bohnhoff, & Dresen, 2020, Wang, Kwiatek, Rybacki, Bonnelye et al., 2020). With the 
reduction of nucleation length, the peak slip rates during dynamic slip become larger, and the resulting fault slip 
displacements also increase given the same injected fluid volume (Figure S4 in Supporting Information S1). Fault 
patches may be stable at low fluid injection rates if critical nucleation sizes are larger than the seismogenic patch 
sizes. However, the slip of these smaller-sized fault patches could accelerate up to seismic velocities if the oper-
ational fluid injection rate is increased, resulting in injection-induced seismic events. Therefore, higher injection 
rates may increase the injection-induced seismic hazard by promoting the transition from aseismic to seismic 
slip and causing events with larger magnitudes. Our results thus highlight the role of injection rate on regulating 
injection-induced seismicity in addition to injected fluid volume (McGarr, 2014; McGarr & Barbour, 2018).

The data presented here may suggest that for a given fracture network, fluid injection rates could be optimized 
to enhance the permeability while maintaining large nucleation lengths and thus promote aseismic slip. More 
specifically, fracture/fault permeability in granitic rocks may be enhanced by self-propping of asperities 
accompanying increasing shear displacement, that is, shear stimulation (e.g., Ye & Ghassemi, 2018), and such 
self-propping shear process could be achieved aseismically by adjusting fluid injection rates. Practically, near 
real-time high-resolution seismic monitoring (Kwiatek et al., 2019) and implementation of an auto-adjustment 
procedure may help to limit seismic hazards during hydraulic stimulation.
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5. Conclusions
We explored the dependence of nucleation length of laboratory earthquakes on fluid injection rate by conducting 
fluid injection experiments on critically stressed sawcut faults in low-permeability granite samples at different 
local injection rates and confining pressures. An array of local strain gauges and AE hypocenter locations were 
used to monitor the precursory slip of critically stressed faults in granite before injection-induced stick-slip fail-
ure. A smaller nucleation length associated with larger injection rates at higher effective normal stresses has been 
systematically observed, suggesting that high-rate fluid injection constitutes dynamic loading. Particularly, we 
find that the injection-induced slip events characterized by smaller nucleation lengths exhibit higher peak slip 
rates and larger fault slip displacements. Our results may also suggest that smaller-sized fault patches could be 
promoted to slip seismically at higher fluid injection rates. Our data provide plausible explanations for the causal 
link between higher fluid injection rates and higher seismic hazards in the presence of critically stressed large 
faults.

Data Availability Statement
This manuscript is accompanied by Supporting Information S1. The experimental data presented in this study are 
available at GFZ Data Services online: https://doi.org/10.5880/GFZ.4.8.2022.011.
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