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a b s t r a c t

The distinctive characteristics exhibited by the aftershocks of Ms6.0 induced earthquakes in Changning,
Sichuan, China, have attracted significant attention. The prevalence of salt rock (halite) in this area is
closely associated with induced seismic events. The present study was conducted to examine the role of
halite in frictional properties. To this end, laboratory measurements were taken for simulated fault gouge
composed of halite. Slide-hold-slide (SHS) shear experiments were performed on gouges with grain size
<106 mm at constant normal stress from 5 MPa to 30 MPa and constant shear velocity in the range of 1
e10 mm/s. Halite gouge shows higher frictional strength and frictional healing rate than most minerals.
The results reveal that the fault within halite can potentially generate intense seismic events and more
significant aftershocks. An increase in normal stress leads to a reduction in frictional healing, with
frictional strength initially increasing and then decreasing. The elevated shear velocity following fault
activation facilitates fault dilation, diminishes the frictional strength of the fault, and contributes to fault
healing during the inter-seismic period. The aforementioned findings will contribute to a comprehensive
understanding of the potential for the healing property of induced seismicity on faults containing halite,
particularly in the Changning region of China.
© 2025 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The occurrence of induced seismicity, resulting from human
activities such as salt mining, unconventional resource recovery,
CO2 geological storage, waste and nuclear disposal, and geothermal
reservoir stimulation, has raised significant public concerns
(Ellsworth, 2013; Atkinson et al., 2020; Schultz et al., 2020;
Snæbj€ornsd�ottir et al., 2020; Li et al., 2024). In recent years, there
has been a marked increase in moderate to strong earthquakes in
southeastern Sichuan, China, culminating in an Ms6.0 earthquake
in Changning in 2019 e the largest induced earthquake recorded in
the region (Fig. 1). The epicenter of the Ms6.0 earthquake was
proximate to the Shuanghe Salt Mine in Changning County (Lei
et al., 2019). He et al. (2019) identified a salt rock layer approxi-
mately 240 m thick beneath the Lower Cambrian Dengying
ock and Soil Mechanics, Chi-
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Formation at a depth of around 3000 m, directly beneath the
operational area of the salt mine, which has been used for several
decades. Before the initiation of salt mining activities, seismic ac-
tivity in the region was relatively subdued. However, following the
onset of salt mining and associated water injection operations, a
noticeable increase in both the magnitude and frequency of
earthquakes was observed. This escalation in seismic activity was
strongly correlated with the volume of water loss during the salt
mining process (Sun et al., 2017). Further studies have identified
that the Changning Ms6.0 earthquake is linked with low VP, low VS,
and high VP/VS values in this area, indicating that the earthquake
may be attributed to water loss during the salt mining process
(Zhang et al., 2020; Anyiam et al., 2024). The diffusion of these
fluids may have augmented pore pressure in the shallow crust
layers, which, along with differential subsidence resulting from salt
mining activities and the presence of highly fractured, silica-
enriched, slip-prone rocks, precipitated these earthquakes (Li
et al., 2023; Anyiam et al., 2024). Consequently, a significant cor-
relation has been asserted between salt mining activities and
earthquakes in the area (Yang et al., 2020).

Fault healing is a process that incrementally accumulates energy
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Fig. 1. (a) Topographic map of the Changning area, with the five-pointed stars standing for earthquakes, the yellow four-pointed star denoting salt wells, and the black circles
representing the city. “CN”, “SH”, and “B-S” indicate Changning, Shuanghe, and BaixiangyaeShizitan, respectively (modified from Lei et al., 2019). (b) The Changning area is located
in the south of the Sichuan Basin, which is in the east of the Tibetan Plateau.
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and restores the shear strength during the inter-seismic period,
enabling the fault towithstand repeated earthquake failures (Brace,
1972; Dieterich, 1972). This process involves complex physical and
chemical interactions within the fault zone, significantly influ-
encing the magnitude and recurrence interval of sequential
earthquakes. Previous laboratory and field data suggest that faults
can heal rapidly, as evidenced by observations made approximately
7 months following the Wenchuan earthquake (Tadokoro and
Ando, 2002; Xue et al., 2013; Bedford et al., 2023). Notably, in
2019, numerous aftershocks with magnitudes exceeding Ms5.0
were recorded in Changning, likely influenced by the rapid healing
of the fault (Lei et al., 2019). This phenomenon deviates from Bath's
law, a well-established scaling law that typically predicts an
average magnitude difference of 1.2 between the shallow main-
shock and its significant aftershocks (Båth, 1965). It is imperative to
understand the dynamics of frictional healing to elucidate the
mechanism underlying the sequence of the Ms6.0 earthquake in
Changning.

Numerous factors within fault gouge critically affect the fric-
tional healing of faults, including mineral composition (Carpenter
et al., 2016), normal stress (Tao and Dang, 2023), temperature
(Karner et al., 1997; Yasuhara et al., 2005), and shear velocity
(Marone, 1998; Bedford et al., 2023). Halite is notable for its
extremely low permeability and damage self-healing characteris-
tics, with plastic deformation possible under relatively low tem-
peratures and pressures (Urai and Spiers, 2017). Extensive research
has demonstrated that halite plays a vital role in determining the
frictional strength and stability of faults (van den Ende and
Niemeijer, 2019; Ikari and Hüpers, 2021). Despite these insights,
the specific contributions of halite to fault healing remain
comparatively underexplored. The present study investigates the
effects of normal stress and shear velocity on the frictional healing
behavior of halite gouge by conducting slide-hold-slide (SHS) shear
experiments at room temperature and humidity. The objective is to
shed light on the healing mechanisms of halite faults across varying
normal stresses and shear velocities.

2. Experiment methods

2.1. Sample preparation and testing procedure

In our experiments, halite was used as the sample material, and
the X-ray diffraction (XRD) result shows that the halite has a purity
>99% (Fig. 2). To prepare the simulated gouge, halite was firstly
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crushed and then sieved to achieve particle sizes of less than 106 mm,
followed by drying the powders at 65 �C for ~24 h to reduce mois-
ture. The experimental setup involved the placement of the lower
half of the clamp, as depicted in Fig. 3, into a square mold. Salt rock
was evenly distributed on the clamp and leveled tomatch the height
of the mold, with the mass of the salt rock maintained at 15 g. This
setup ensured that the gouge was uniformly sandwiched between
the stainless steel clamps. Subsequently, the assembly was covered
with the upper half of the clamp and positioned in the instrument.
The wing edges of the upper clamp half guaranteed that the contact
area between the salt rock and the block consistently remained at
5 cm � 5 cm, thus maintaining a constant normal stress.

The shear experiments were performed using a biaxial defor-
mation apparatus (Fig. 3) located at the Key Laboratory of
Geotechnical and Underground Engineering of the Ministry of Ed-
ucation, Tongji University, Shanghai, China. This apparatus could
flexibly apply the horizontal and vertical loads via the pistons, with
the maximum vertical and horizontal forces reaching 100 kN and
an accuracy of 0.5 kN. The load cells were installed on the right and
upper pistons to record the force, with a sampling frequency of
100 Hz. The displacements could be recorded by the high-precision
grating displacement transducers installed on the piston. The
whole shear process for each test was controlled by the EDC222
digital controller. Before the shear experiments, the load cells and
grating displacement transducers were calibrated using standard
calibrators.

A total of seven SHS experiments were carried out at normal
stresses of 5e30MPa, shear velocities of 1e10 mm/s, and hold times
of 10e3000 s. The experimental details are shown in Table 1. The
normal stress is appliedwithin approximately 10min, followed by a
5-min waiting period before conducting the shear test steps.
Approximately 3 h following the friction experiments, the selected
simulated fault gouge samples were scanned using a scanning
electron microscope (SEM) (ZEISS Gemini 300).
2.2. Data analysis

In our experiments, the friction coefficient (m) is defined as the
ratio of shear stress (t) to normal stress (sn), which is expressed as

m¼ t=sn (1)

The friction response during the SHS process can be assessed by
frictional healing and creep relaxation (Fig. 4). Throughout the



Fig. 2. (a) The photograph of halite samples; and (b) XRD result of the halite powders.

Fig. 3. (a) Schematic of the biaxial deformation apparatus; (b) Photograph of the apparatus; (c) Schematic of the simulated fault gouge assembly; and (d) Photograph of the
simulated fault gouge assembly.

Table 1
Experiment matrix.

Experiment No. Normal stress (MPa) Shear velocity (mm/s) Layer thickness (mm) Hold time (s)

H-5-1 5 1 5 10/30/100/300/1000/3000
H-10-1 10 1 5 10/30/100/300/1000/3000
H-15-1 15 1 5 10/30/100/300/1000/3000
H-20-1 20 1 5 10/30/100/300/1000/3000
H-30-1 30 1 5 10/30/100/300/1000/3000
H-10-3 10 3 5 10/30/100/300/1000/3000
H-10-10 10 10 5 10/30/100/300/1000/3000
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holding period, the friction coefficient gradually decreases due to
the elastic relaxation experienced by the machinery in conjunction
with the creep exhibited by the sample. Upon reloading, the friction
coefficient attains a maximum peak before a stable value due to
shear strength recovery. Frictional healing (Dm) is determined by
subtracting the maximum friction coefficient during re-shearing
from the steady-state friction coefficient at the end of the initial
shear. Creep relaxation (Dmc) is calculated as the difference between
the steady-state friction coefficient at the beginning of the hold
period and its corresponding valley using the following equation:

Dm¼mpeak � mss (2)

Dmc ¼mss � mmin (3)

where mpeak is the maximum friction coefficient during re-shearing,
mss is the steady-state friction coefficient at the end of the initial
shearing (Fig. 4), and mmin is the minimum friction coefficient
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during the hold time.
Previous studies have demonstrated a positive correlation be-

tween both frictional healing and creep relaxation with the loga-
rithm of time (Dieterich, 1972), as indicated by empirical evidence:

b¼ Dm
log10th

(4)

bc ¼
Dmc

log10th
(5)

where b is the frictional healing rate, and bc is the creep relaxation
rate.

The compaction (Dhc) of the fault gouge refers to the value of
layer thickness decrease during the holding period, while shear
dilation (Dh) denotes the subsequent increase in the layer thickness
of the fault gouge upon re-shearing.



Fig. 4. (a) Schematic of SHS test. Example determinations of (b) frictional healing rate
b and (c) frictional compaction Dhc and dilation Dh.

Fig. 5. Plots of the friction coefficient versus load point displacement for (a) H-5-1
(sn ¼ 5 MPa and v ¼ 1 mm/s), (b) H-15-1 (sn ¼ 15 MPa and v ¼ 1 mm/s1), (c) H-20-1
(sn ¼ 20 MPa and v ¼ 1 mm/s), and (d) H-30-1 (sn ¼ 30 MPa and v ¼ 1 mm/s), where v is
the shear velocity.

Fig. 6. Plots of the friction coefficient versus load point displacement for (a) H-10-1
(sn ¼ 10 MPa and v ¼ 1 mm/s), (b) H-10-3 (sn ¼ 10 MPa and v ¼ 3 mm/s), and (c) H-10-
10 (sn ¼ 10 MPa and v ¼ 10 mm/s). As the shear velocity increases, unstable friction
occurs after shear displacements above 11 mm; therefore, experiments at v ¼ 3 mm/s
and 10 mm/s will commence holding at 6 mm.
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3. Results

3.1. Frictional strength

Figs. 5 and 6 present schematically the results of seven series of
SHS tests under varying normal stresses and shear velocities. Dur-
ing the run-in phase, the friction coefficient initially rises to a first-
peak value, then decreases, and stabilizes. And some experiments
exhibit pronounced strain hardening behavior during the steady-
state sliding stage. In each shear experiment, the first-peak fric-
tion coefficient consistently increases with normal stress (Fig. 7a).
Conversely, the first-peak friction coefficient exhibits a negative
correlationwith shear velocity, as illustrated in Fig. 7b and outlined
in Table 2. Furthermore, the disparity between the pre- and post-
hold steady-state friction coefficients becomes increasingly pro-
nounced under higher normal stresses, as depicted in Figs. 5 and 6.
The testing sequence for normal stress variations revealed stable
friction coefficients ranging from 0.6501 to 0.9104. Specifically, as
7175
the normal stress increases from 5 MPa to 10 MPa, the stable fric-
tion coefficient increases (Fig. 7a). However, a further increase in
normal stress from 10 MPa to 30 MPa results in a decrease in the
stable friction coefficient, which aligns with the findings of



Fig. 7. Variation of the first-peak and stable friction coefficient with (a) normal stress and (b) shear velocity. The black line represents the fluctuation range of error.

Table 2
Experimental data.

Experiment
No.

First peak friction
coefficient

Stable friction
coefficienta

Healing rate,
b

Relaxation rate,
bc

Total compaction (13 mm)
(mm)b

Total compaction (11 mm)
(mm)b

H-5-1 0.6775 0.8051 0.0724 0.1188 3.2099 e

H-10-1 0.7648 0.9104 0.0602 0.0974 3.2083 3.0862
H-15-1 0.7683 0.8957 0.0491 0.0895 3.9202 e

H-20-1 0.8193 0.8005 0.0429 0.0575 3.6986 e

H-30-1 0.8463 0.6501 0.039 0.0446 4.3947 e

H-10-3 0.7013 0.907 0.0608 0.0893 e 3.0932
H-10-10 0.6482 0.8633 0.0759 0.0615 e 2.77304

a Stable friction coefficient is calculated as the average of the coefficients measured at 8 mm, 9 mm, and 11 mm, where friction remains relatively stable.
b Total compaction (11 mm) and total compaction (13 mm) indicate the compression amounts corresponding to shear displacements of 11 mm and 13 mm, respectively.

Table 3
Frictional healing and creep relaxation for each holding segment.

Experiment No. Dm at different hold times Dmc at different hold times

10 s 30 s 100 s 300 s 1000 s 3000 s 10 s 30 s 100 s 300 s 1000s 3000 s

H-5-1 0.002 0.005 0.011 0.044 0.068 0.123 0.02 0.041 0.092 0.16 0.235 0.304
H-10-1 0.002 0.009 0.008 0.026 0.058 0.097 0.019 0.039 0.08 0.119 0.178 0.267
H-15-1 0 0.007 0.007 0.018 0.047 0.079 0.008 0.022 0.052 0.101 0.179 0.216
H-20-1 0.001 0.002 0.011 0.021 0.044 0.074 0.011 0.023 0.044 0.069 0.106 0.158
H-30-1 0 0.002 0.008 0.021 0.041 0.066 0.008 0.159 0.034 0.055 0.085 0.118
H-10-3 0.007 0.01 0.019 0.03 0.059 0.109 0.025 0.046 0.08 0.122 0.177 0.249
H-10-10 0.01 0.017 0.032 0.059 0.1 0.144 0.037 0.054 0.08 0.107 0.144 0.191
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previous studies on halite and other minerals (Saffer et al., 2001;
Saffer and Marone, 2003; Ikari and Hüpers, 2021). Concerning
shear velocity, the stable friction coefficients ranged from 0.8368 to
0.9104 as the shear velocity increased from 1 mm/s to 10 mm/s.
These findings are also consistent with previous research (Fig. 7b)
(Marone, 1998; Marone and Saffer, 2015; van den Ende and
Niemeijer, 2019).
3.2. Frictional healing and creep relaxation

Frictional healing is a process that has been widely recognized
as the restoration of a fault's shear strength during the inter-seismic
period. The findings of this study demonstrate that the frictional
healing rate for hold times greater than 100 s is significantly higher
than that for hold times less than 100 s, which aligns with the re-
sults of previous research on quartz fault gouge at 65 �C (Yasuhara
et al., 2005). Additionally, it is observed that the disparity in healing
rate before and after 100 s diminishes with increasing normal stress
(Fig. 8a and b). Considering the extended duration required for fault
healing, the present analysis primarily focuses on hold times
exceeding 100 s. The experimental findings on normal stress
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variations have shown a frictional healing rate ranging from 0.039
to 0.0724. The variations in shear velocity yielded a healing rate of
0.0602e0.0759 (Table 2). The frictional healing rate decreases as
the normal stress increases from 5 MPa to 30 MPa, exhibiting a
progressive decline until it stabilizes at a nearly constant value
(Fig. 9a). In contrast, the healing rate linearly increases with the
shear velocity ranging from 1 mm/s to 10 mm/s (Fig. 9b). In summary,
the process of frictional healing in salt rock faults is governed by
both normal stress and shear velocity. (Figs. 8 and 9).

Creep relaxation refers to the progressive reduction in stress
following the cessation of fault slip after an earthquake (Marone,
1991). The phenomenon occurs when the strain energy accumu-
lated within the sample and testing apparatus is released, resulting
in a reduced shear stress. The findings of this study indicate that the
creep relaxation value diminishes as the normal stress increases
from 5MPa to 30 MPa. Furthermore, an increase in shear velocity is
associated with a decrease in the creep relaxation value (Fig. 8). In
contrast to the trend observed for frictional healing value versus
logarithmic hold times, creep relaxation exhibits a linear increase
with logarithmic hold times, aligning with previous measurements
conducted on other minerals (Carpenter et al., 2016; Zhang et al.,



Fig. 8. The frictional healing (Dm) and creep relaxation (Dmc) plotted against hold time under varying normal stresses (a, c) and shear velocities (b, d). The detailed data are
presented in Table 3.

Fig. 9. Variation of frictional healing rate (b) and creep relaxation rate (bc) with (a) normal stress and (b) shear velocity.
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2019). In our tests, creep relaxation rates for changes in normal
stress ranged from bc ¼ 0.0446 to bc ¼ 0.1188, while rates for
changes in shear velocity spanned from bc ¼ 0.0615 to bc ¼ 0.0974
(Table 2). The rate of creep relaxation decreases with the increase of
the normal stress, ranging from 5 MPa to 30 MPa. Similarly, it de-
creases as the shear velocity increases from 1 mm/s to 10 mm/s
(Fig. 9).
3.3. Dilation and compaction

The compaction and dilation of fault zones are critical for un-
derstanding the seismic cycle (Segall and Rice, 1995). The trend of
normalized compaction, when subjected to varying normal stresses
and shear velocities, bears a notable resemblance to the normalized
dilation trend (Fig. 10). Notably, both compaction and dilation
decrease as normal stress increases from 5 MPa to 30 MPa.
Furthermore, both trends show an increase with higher shear
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velocities (Fig. 10). The generated data indicate that compaction
and shear dilation approximately follow a linear increase with the
logarithm of the hold times, aligning with results from previous
studies (Carpenter et al., 2016; Zhang et al., 2019). Total compaction
increases proportionally with the normal stress, whereas an in-
crease in shear velocity leads to a reduction in overall compaction
(Fig. 11).
3.4. Microstructural observations

SEM is used to investigate the correlation between compaction
and lithification with normal stress. As shown in Fig. 12aec, at
sn ¼ 5 MPa, the halite particles are loosely packed and exhibit
relatively larger sizes. Only a minute fraction of the particles dis-
plays indications of pressure solution attributable to normal stress,
and the porosity is at its highest at this stage (Fig. 11a). As the
normal stress increases to 10 MPa, the pressure solution effect



Fig. 10. Volumetric strain data for different hold times at various normal stresses and shear velocities: (a, b) Normalized dilation (Dh/h) upon re-shearing; and (c, d) Normalized
compaction (Dhc/h) during holds.

Fig. 11. Variation of total compaction (a) at different normal stresses at a shear displacement of 11 mm and (b) at different shear velocities at a shear displacement of 13 mm.
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becomes increasingly pronounced. The fault gouge undergoes
tighter compaction, and a cohesive mass is progressively formed.
Additionally, more particles show signs of fragmentation
(Fig. 12def). Under the application of 30 MPa normal stress, both
mechanical compaction and pressure solution phenomena become
evident, and particles gradually coalesce and bond tightly, even-
tually forming a structure resembling solid rock. Additionally, shear
process induces significant breakage of simulated fault gouge, with
the most particle sizes being reduced to below 1 mm (Fig. 12gei).

4. Discussion

4.1. The effect of lithification

Lithification is a fascinating geological process that transforms
loose sediments into solid rock, influenced by factors such as
temperature and pressure (Spray, 2016). This process is
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acknowledged as a driving mechanism for earthquake nucleation
(Moore and Saffer, 2001) and facilitates frictional instability
(Trütner et al., 2015; Ikari and Hüpers, 2021). The lithification
process encompasses physical and chemical mechanisms and plays
a crucial role in fault healing (Lisabeth et al., 2024). Both mechan-
ical compaction and pressure solution are significant contributors
to fault healing within the lithification process (Angevine et al.,
1982; Tao and Dang, 2023). Furthermore, salt rock, notable for its
exceptional plasticity and solubility, undergoes lithification even
under low temperatures and pressures (Urai and Spiers, 2017). Our
experiments indicate the occurrence of mechanical compaction
and pressure solution, as evidenced by porosity reduction and
inter-particle indentation observed in Fig. 12 (Hafidz et al., 2022).

As the normal stress increases, the salt rock lithification process
intensifies, driven by enhanced mechanical and chemical
compaction (Evans et al., 1999). Consequently, the simulated fault
gouge transforms from a powdered state to a cohesive mass and



Fig. 12. Microstructures (secondary electron images) of the halite simulated fault gouge after shearing at (aec) sn ¼ 5 MPa, (def) sn ¼ 10 MPa, and (gei) sn ¼ 30 MPa.
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ultimately lithifies into a more complete rock mass (Fig. 12). This
transformation resembles the observation reported by Niemeijer
et al. (2008), who found that salt rock fault gouge transitions
from a clastic state to a cohesive state under the influence of water.
Furthermore, it was observed that the post-peak friction coefficient
exhibited a more pronounced decrease under higher normal
stresses, with a reduction of up to 25% at 30 MPa (Fig. 5d). It is
hypothesized that the reduction may be attributed to the fault
gouge persisting in a clastic state under lower pressures, resulting
in distributed cataclastic flow during shearing (Fig. 12a). As the
normal stress increases, the fault gouge undergoes compaction and
pressure solution, resulting in the formation of a cohesive mass or a
more complete rock mass (Fig. 12d and g). This process subse-
quently leads to localized frictional sliding after shearing (Giorgetti
et al., 2015; Chang et al., 2024). The cohesive mass caused by
increasing pressure requires greater resistance to sliding friction
during shearing, resulting in a gradual rise in the first-peak friction
coefficient. Conversely, an increase in shear velocity reduces the
contact time for fault gouge, which subsequently decreases the
shear strength of cohesive materials and ultimately results in a
diminished first-peak friction coefficient (Fig. 7).

The data presented herein indicate a change in the frictional
healing rate at approximately 100 s, aligning with the findings
from previous studies on pressure solution in quartz and halite
experiments (Yasuhara et al., 2005; Niemeijer et al., 2008). This
alteration in the healing rate at 100 s implies a transition in the
dominant mechanisms of fault healing. Initially, "Dietrich-type"
healing prevails through mechanical compaction, which gives rise
to fault closure. Beyond 100 s, the predominant mechanism shifts
to pressure solution, which enhances the contact area and
bonding strength among particles, thereby facilitating fault heal-
ing (Niemeijer et al., 2008). Furthermore, our experimental find-
ings confirm a progressive decrease in the difference between the
healing rate before and after 100 s as the normal stress increases
(Fig. 8a). It is hypothesized that the impact of pressure solution is
minimal during the run-in phase at lower stress. Therefore, during
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the holding period, this enables fault gouge to have an increased
number of contact points, thereby facilitating the pressure solu-
tion process. This, in turn, provokes a more significant change in
the healing rate (Fig. 12). Conversely, variations in shear velocity
do not affect the change in healing rate, maintaining consistency
with no evident trend (Fig. 8).
4.2. The relationship between thickness and frictional strength and
healing

In our experiments, the simulated fault gouge at 5 MPa remains
relatively loose, with only a minor proportion of halite particles
undergoing mechanical compaction and pressure solution
(Fig. 12b). Consequently, when the normal stress is increased to
10 MPa, both mechanical compaction and pressure solution
significantly improve the contact area, triggering a rise in the stable
friction coefficient. However, further increases in normal stress
only marginally expand the contact area and form a local shear
zone, resulting in a decrease in the stable friction coefficient
(Fig. 12). The reduction in the stable friction coefficient with
increasing shear velocity may be ascribed to the greater shear
dilation at higher velocities, which reduces compaction and sub-
sequently diminishes the contact area (Carpenter et al., 2016).
Moreover, a faster shear velocity reduces the time required to
achieve a given shear distance, which further decreases compaction
and reduces the stable friction coefficient (Fig. 11b).

Frictional healing is determined by several factors, including an
increase in the contact area between particles, strengthened inter-
particle contact, and the effects of dilation work (Bos and Spiers,
2002; Yasuhara et al., 2005; Niemeijer et al., 2008; Carpenter
et al., 2016). The first two factors are a consequence of fault
gouge compaction, while the latter is associated with overcoming
dilation through shear stress during fault re-shearing. Previous
studies have indicated that up to half of the strength gain in halite
can be attributed to dilation work (Niemeijer et al., 2008). The
findings of this study establish a direct correlation between



Fig. 13. (a) Relationship between normalized compaction and frictional healing, as well as creep relaxation; and (b) Relationship between normalized dilation and frictional healing.
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frictional healing and the normalization of compaction and dila-
tion, underscoring the concurrent influence of these three mech-
anisms in halite (Fig.13a). The reduction in compaction and dilation
values induces a decrease in frictional healing values during the
variation of normal stress from 5 MPa to 30 MPa (Fig. 10a and c).
Additionally, an increase in shear velocity from 1 mm/s to 10 mm/s
enhances dilation during re-shearing, which in turn increases the
frictional healing rate (Marone, 1998). Creep relaxation occurs due
to the compaction of fault gouge, which induces creep within the
sample and subsequently alleviates stress. Our experiments further
demonstrate a proportional relationship between normalized
compaction and creep relaxation (Fig. 13b).
4.3. Implications for induced earthquakes

Our findings signify that when considering only the effect of
effective normal stress, the increase in fault depth of salt rock and
the reduction in fluid pressure caused by fluid diffusion lead to an
increase in effective normal stress, consequently decreasing the
frictional healing rate. However, once the effective stress reaches a
certain threshold, such as 20 MPa in this study, further increases in
effective normal stress only result in a slight reduction in the fric-
tional healing rate (Giorgetti et al., 2015). Previous studies have
indicated that when considering only fault slip velocity, the healing
effect of the fault will be countered by post-seismic slip when the
shear velocity exceeds critical sliding velocity (Marone, 1998).
Meanwhile, during fault activation, an increase in shear velocity
contributes to rapid healing of the fault during inter-seismic pe-
riods (Bedford et al., 2023). This phenomenon is consistent with the
experimental results of this study (Fig. 9b).
Fig. 14. Variation of (a) stable friction coefficient and (b) frictional healing rate (b) with norm
and friction healing rate of various minerals in previous studies, it can be found that halite
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Faults containing minerals with higher frictional strength,
greater shear dilation, and stronger healing are more prone to ve-
locity weakening, making themmore likely to experience repeated
earthquakes (Ikari et al., 2011; Trütner et al., 2015; Ikari and Hüpers,
2021). When a higher frictional strength fault slips, it encounters
greater resistance, resulting in enhanced stress accumulation. Once
this stress exceeds the fault's friction strength, it may release more
energy, leading to larger earthquake magnitudes. As illustrated in
Fig. 14a, the stable friction coefficient of halite surpasses that of
other minerals (Carpenter et al., 2016; Zhang et al., 2019; Cao et al.,
2024). Furthermore, its unique property of being readily lithified
further increases this friction coefficient, thereby contributing to
fault instability. Near the epicenter of the Ms6.0 earthquake in
Changning, a notable presence of salt rock was observed, probably
increasing the friction strength of the fault (He et al., 2019). This
could result in a more pronounced accumulation of energy, thereby
facilitating the occurrence of the Changning Ms6.0 earthquake.

A comparison of our data with previous findings on the healing
rates of variousminerals reveals that the healing rate of halite during
the initial mechanical compaction-dominated phase aligns with the
healing rates of other minerals. However, under prolonged pressure
solution-dominated conditions, the healing rate of halite is signifi-
cantly greater than that of other minerals in previous studies
(Fig. 14b) (Yasuhara et al., 2005; Carpenter et al., 2016; Zhang et al.,
2019; Cao et al., 2024). This reveals that the healing rate of halite
during the inter-seismic period is relatively high, enabling faster
energy accumulation. Consequently, faults containing salt rock can
accumulate energy more quickly after an earthquake, resulting in
larger aftershock magnitudes. Following the Ms6.0 earthquake in
Changning, multiple aftershocks of Ms � 5.0 occurred, a
al stress. Comparing the data obtained in this study with the stable friction coefficient
has a stronger friction coefficient and friction healing rate.
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phenomenon that does not align with traditional Bath's law (Båth,
1965). The presence of salt rock and its elevated healing rate may
offer a plausible explanation for this observed behavior.

5. Conclusions

A systematic study of the SHS experiment in halite is performed
to investigate the effect of normal stress and shear velocity on
frictional strength and frictional healing properties of halite gouge.
The following conclusions were drawn in this experiment.

(1) The frictional strength and rate of frictional healing in halite
gouge exceed those of other minerals, suggesting a signifi-
cant influence of halite on the Changning Ms6.0 earthquake.
Faults containing halite are more susceptible to larger
induced earthquakes, resulting in aftershocks with magni-
tudes exceeding those typically observed in induced
seismicity.

(2) As the normal stress increases from 5 MPa to 30 MPa, the
first-peak friction coefficient exhibits a gradual upward
trend, whereas the stable friction coefficient initially in-
creases and then decreases. Furthermore, the friction healing
rate shows a progressive decline with the rise in normal
stress.

(3) The increase in shear velocity from 1 mm/s to 10 mm/s facil-
itates fault healing during hold times and reduces the shear
strength.

(4) The healing of halite faults involves both mechanical
compaction and pressure solution mechanisms, with a shift
in the dominant mechanism occurring at 100 s. Furthermore,
the lithification of halite significantly influences the frictional
strength, frictional healing, and creep relaxation.
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