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A B S T R A C T

Surface roughness and slip velocity play a critical role in determining the strength of crustal faults and their 
potential seismic response. We examine these controls through slide-hold-slide (SHS) experiments on bare 
sandstone fractures of variable roughnesses and slip velocities. These experiments explore the effects of frictional 
healing and frictional relaxation quantified through rate-and state-dependent friction law (RSF). Frictional 
healing rates (β) range between 0.0020 and 0.0074 and frictional relaxation rates (βc) between 0.0058 and 
0.0097. Increases in surface roughness and shear velocity each accelerate healing and relaxation, whereas 
elevated normal stresses promote accelerated healing but suppress relaxation. Fracture contact area is closely 
correlated with changes in frictional healing rate with the evolution of protrusion playing a key role in this 
frictional response. The number of time-binned AE ring-down counts increase with increasing strength as 
observed during reactivation – and therefore serve as a reliable indicator of increased strength gain. The loga-
rithmic relationship between hold-time and evolution in the contact area is confirmed by correlations with 
seismic moment independently measured from the absolutely calibrated AE data. This correlates with an 
observed increased RSF-b evocative of elevated frictional recovery during hold that translates to a more rapid 
and intense energy release.

1. Introduction

Fractures and faults as planes of weakness are widespread in the 
Earth’s crust. Sliding or rupture occurs when tectonic stress accumula-
tion is released on these fractures (faults). Such sliding or rupture 
typically occurs along pre-existing fractures (mature faults) and is often 
sudden and intense, releasing a substantial amount of energy and thus 
triggering earthquake.1–9 In addition to tectonic earthquakes, induced 
seismicity and fault reactivation have become critical in human activ-
ities such as oil and gas extraction, hydraulic fracturing, and geothermal 
development.10–16

Understanding frictional healing behaviour is crucial in under-
standing the earthquake cycle of pre-existing faults, as frictional 

strengthening is a prerequisite for the recurrence of earthquakes on the 
same fault.17–22 To gain deeper insights into the triggering mechanisms 
of earthquakes and fault activity during seismic events, we explore this 
frictional behavior, and in particular, the evolution of frictional strength 
in the repose period between sliding events. The rate at which a fault 
recovers the frictional strength lost during shear slip controls the 
recurrence interval and the maximum strength achievable before the 
next earthquake. This critical understanding has spawned many labo-
ratory studies to focus on the time dependence of frictional 
strength.18,23–26

Although measuring frictional characteristics under laboratory in 
situ conditions is challenging, observations indicate that, under specific 
circumstances, the rate of frictional strengthening measured in the 
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laboratory approximates seismologically determined values.23,27,28

Slide-hold-slide (SHS) tests are considered a reliable method to simulate 
the earthquake cycle in nature and are commonly used to evaluate the 
time dependence of friction.18,20,29–31

Various factors, including mineral composition,32–34 normal 
stress,35–37 temperature,36,38–40 and the presence of water41,42 influence 
the frictional healing or relaxation effects of fractures (faults).

Numerous studies have shown that the mineral composition of fault 
gouge plays a crucial role in controlling the rates of frictional 
strengthening, creep relaxation, fault zone dilation, and fault 
healing.34,43–48 Specifically, fault gouges rich in phyllosilicates typically 
exhibit low strength and slow healing characteristics, promoting stable, 
aseismic creep; most natural fault gouges display moderate frictional 
strengthening rates consistent with widespread fault slip behaviour; and 
fault rocks rich in calcite exhibit the highest frictional strengthening 
rates, low re-shear dilation rates, and high frictional strength, all of 
which contribute to seismic behaviour.34

The rate of frictional healing exhibits a complex dependence on 
normal stress. Experiments on shale and calcite mixed fault gouge under 
normal stress conditions ranging from 30 to 100 MPa49 show that the 
frictional healing rate in dry laboratory samples increased slightly with 
applied normal stress. However, the opposite trend was observed for wet 
100 % calcite samples, with the healing rate decreasing as normal stress 
increased.

Frictional healing lacks a clear correlation with temperature, which 
may be because prolonged static contact or elevated temperatures might 
activate other healing processes independent of effective normal stress, 
such as neck growth driven by capillary phenomena or cementation 
caused by the influx of supersaturated solutions.36

Water enhances frictional healing, likely due to fluid-assisted mass 
transfer promoting increased healing in fault gouges.50,51 Conversely, 
water interacts with wear debris generated by sliding, resulting in 
cementation that temporarily increases the frictional strength of the 
fracture (strength healing), which is more pronounced in wet samples 
than dry. However, this cementation is destroyed when the fracture 
re-activates, causing the frictional strength to eventually stabilize at a 
new steady state. Conversely, water flow can transport wear debris 
within the fracture, weakening the cementation, so as the flow rate in-
creases, the amount of frictional healing decreases slightly instead of 
increasing.52

Sandstone, characterized by its high porosity and permeability, is 
commonly serves as a reservoir for oil and gas,53,54 groundwater55,56

and CO2 geological storage.57 Previous studies have predominantly 
focused on the effects of mineral composition, normal stress, tempera-
ture and the presence of water on frictional healing, with velocity 
dependence primarily analyzed in terms of frictional stability.42,58–60

Research on the effects of shear velocity and frictional healing on fric-
tional strength, as well as the methods for studying fracture surface 
changes and actual contact area during the friction process, remains 
limited.

We conducted a series of slide-hold-slide tests on sandstone fractures 
under varying conditions of fracture roughness (JRC = 1.49, 3.05, 
11.72), normal stress (σn = 20, 30, 40 MPa), and slip velocity (v = 1, 3, 
10 μm/s) to better understand the coupled effects of compaction, shear 
dilation, and roughness on frictional healing and relaxation. We use bare 
fractures rather than gouge, emblematic of immature faults, specifically 
to understand controls of evolving contact area as an anticipated key 
control.

2. Experimental methods

2.1. Sample preparation and surface characterization

The sandstone samples were obtained from Sichuan Province with 
mineral compositions identified using X-ray diffraction (XRD). As shown 
in Fig. 1(a), the sandstone samples were mainly composed of 49.5 % 

Quartz, 24.5 % Plagioclase, 1.7 % Potassium feldspar, and 24.3 % Clays 
(of which 8 % were Illite, 29 % Kaolinite, 59 % Chlorite, and 4 % mixed- 
layer Illite-montmorillonite). Average uniaxial compressive strength is 
92.9 MPa and modulus of elasticity (E) 14.3 GPa and Poisson’s ratio (ν) 
0.27. Samples were sourced from the same single block sample to 
eliminate compositional and grain size differences. To apply consistent 
moisture contents, all samples were dried in an oven at 105 ◦C for 48 h to 
eliminate the effect of water on the experimental responses.

As shown in Fig. 1(c), the sandstone samples were cored to 50 mm 
diameter then trimmed to a length of 100 mm. Whereafter, the polished 
cores were cut into two halves along the axis of the core to form a 
sandstone fracture. The sawcut surfaces were processed to form fracture 
surfaces with three different roughnesses. The grinding direction was 
always perpendicular to the future direction of shear (see Fig. 1(d)).

The roughness of rock fracture surfaces may be characterized 
through Joint Roughness Coefficient (JRC),61,62 mathematical-statistical 
parameters63,64 or fractal dimension. We quantify surface roughness 
through 3D topographic optical scanner and calculated to obtain the 
root mean square of the first-order derivatives of the profile curves (Z2). 
The relationship between Z2 and JRC shown in Equation. (1) was 
determined statistically through the empirical correlations developed by 
Tse and Cruden.63

Z2 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
M

∑M

i=1

(zi+1 − zi)2

(xi+1 − xi)2

√
√
√
√

JRC = 32.2 + 32.47 lg Z2

(1) 

where M is the number of samples taken along the axis, and xi and zi are 
the coordinates of the sampling points on the profile line. To avoid the 
interference of boundary effect on the calculation results, we use a 40 
mm × 80 mm window of the optically profiled surface shown in Fig. 1
(b). A total of 80 profile lines were selected along the y direction, with 
each profile line spaced 0.5 mm apart to obtain Z2. The average value of 
Z2 was used to calculate the JRC value, resulting in JRC values of 11.72, 
3.05, and 1.49 for three different roughnesses, respectively-the rough-
ness of each fracture surface was slightly different. The average value 
was taken as the standard value for comparison.

2.2. Experimental apparatus and procedures

Our experimental design utilized a high-pressure triaxial loading 
system capable of accommodating the split core samples in shear. The 
cell uses oil as a confining medium for the triaxial pressure chamber and 
utilizes two sets of servo control systems for loading and computer 
control and data acquisition. The servo control systems can apply axial 
and confining pressures to the sample with a control accuracy of ±0.01 
MPa. The deformation measurement device includes two axial linear 
variable displacement transducers (LVDT) with a resolution of 0.2 μm. 
The specimen is mounted in the shear device suitable for cylindrical 
specimens with a diameter of 50 mm. The device is fitted with a cylin-
drical stepped indenter with a height difference of 8 mm, with the gap 
between the indenter and the shear-offset specimen filled with an 8 mm 
thick bed of silicone putty-filler (see Fig. 1(f)). This putty infill allows 
shortening of the initially shear-offset sample with the applied axial 
stress, providing negligible additional resistance to axial deformation of 
the sample.60 The axial fracture configuration ensures that the normal 
stress acting on the fracture surface during the test is independent of the 
shear displacement and is always equal to the confining stress. During 
the assembly process, a layer of transparent heat shrink tube is used to 
fix the specimen, indenters, and silicone putty-fillers together to ensure 
that no positional shift occurs during the loading process. The specimen 
is then fixed in the core holder with heat shrink tube and secured by 
sealing clamps on both sides to prevent oil from penetrating during the 
shear process. The sample loading process and equipment schematic 
diagram are shown in Fig. 1 (g & h). Additionally, the experiment 
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incorporated a DS2 holographic AE signal analyzer to collect AE signals 
during the rock shear failure process (see Fig. 1(i)). The AE system has 8 
channels, and the AE sensors used are of the DS-54A model, with a 
threshold set at 40 dB. Due to the sealed nature of the experiment, two 
AE sensors were mounted on the triaxial apparatus’ loading plates for 
signal collection.

Slid-hold-slide (SHS) tests were conducted to determine the evolu-
tion of fracture friction and stability for these different samples and 
experimental characteristics of surface roughness, normal stresses and 
shear velocities. To reduce the cross-influence between different factors, 
each test series controlled a single variable in succession. Only one 
influencing factor was changed in each group of tests to reduce the 

interaction among different factors.
For sandstone fractures, a constant target confining pressure (σn =

20,30,40 MPa) was first applied. Subsequently, as the ‘run-in’ stage of all 
tests, samples with different roughnesses (JRC = 11.72,3.05,1.49) were 
sheared at a constant velocity (v = 1,3,10 μm/s) to steady-state friction. 
The average displacement of the ‘run-in’ step was ~1.5 mm. After 
reaching steady-state frictional strength, shear is arrested and locked 
before reactivation after the hold period. Hold times were set to 30 s → 
100 s → 300 s → 1000 s → 3000 s → 10000 s. The displacement applied 
for the reactivations between preceding and successive holds is constant 
at 0.5 mm. Experiments were terminated after total displacements of ~5 
mm to prevent slip-induced jacket rupture and reduce geometric effects 

Fig. 1. Schematic of samples and equipment used in the experiments. (a) XRD results on sandstone samples, (b) Reconstruction of fracture surfaces with three 
different roughnesses and selection of the JRC calculation area, (c) Intact sandstone sample, (d) Sandstone fractures with three different roughnesses, (e) 3D scanning 
of fracture surface morphology, (f) Sample assembly used in the direct shear experiment within the triaxial deformation apparatus, (g) Core holder, (h) High-pressure 
triaxial fault shear testing system, (i) AE equipment and sensors installation setup.
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contributing to stress and/or strain inhomogeneities. All experiments 
are completed at room temperature with the specific test suite shown in 
Table 1.

2.3. Parameter definition and analysis

Experimental variables of axial stress, confining stress, and axial 
(shear) offset were recorded at a frequency of 100 Hz. The raw data were 
processed to obtain the variation of shear stress τ (MPa) with load point 
displacement and hold time. Due to the short total slip distances in the 
tests, the shear stress was calculated based on a constant contact area of 
100 mm × 50 mm. The normal stress applied to the sandstone fracture 
during the test was constant and equal to the value of the confining 
stress. The impact of cohesion was ignored with frictional strength of the 
fracture surface characterized by the friction coefficient μ, defined as the 
ratio of shear stress (τ) to normal stress (σn).

Rate-and state-dependent friction law (RSF) constitutive relations 
are derived from the experimental results of evolution of friction with 
time/displacement.65 These equations have been widely applied due to 
their ability to successfully explain various stages of the seismic cycle, 
including preseismic slip nucleation,65 coseismic rupture,66 aftershocks 
and postseismic slip,67 as well as interseismic fault healing.23,24 As a 
refinement of Coulomb friction RSF faithfully accommodates important 
second order variations in friction that contribute to defining the seismic 
cycle. The general form for RSF is: 

μ = μ0 + a ln
(
V
V0

)

+ b ln
(
V0θ
Dc

)

dθ
dt

= 1 −
Vθ
Dc

(2) 

Temporal evolution is accommodated through a state variable, θ, 
defined here by the “slowness law”.68 In this equation, V0 is the refer-
ence velocity, μ0 is the steady-state friction value at V0, V is the sliding 
velocity, and θ is the state variable representing the memory of prior 
sliding on the contact surface. Thus, the state variable at any given time 
is influenced by its antecedent value. Parameters a and b are dimen-
sionless constants used to describe the direct and evolutionary effects 
induced by variations in shear velocity. Dc is the critical slip distance, 
which is the distance required to transition from steady-state sliding at 
one velocity to steady-state sliding at another, sometimes viewed as the 
lifetime of frictional contacts.

Slide-hold-slide experiments were initially conducted by Dieterich18

to investigate the time dependence of static friction in rock friction ex-
periments. In SHS, steady state sliding is arrested and displacement 
locked for a set duration – typically lengthening with each successive 
hold. Post-hold, the velocity is reloaded at the original rate. The change 
in friction coefficient observed upon reactivation is measured as an in-
dicator of interseismic strengthening. As shown in Fig. 2(a), the shear 

stress to normal stress ratio (a proxy for friction coefficient) drops 
gradually during the hold period as the sample relaxes. A new peak 
friction value is obtained after reloading and is typically higher than the 
peak friction value recorded in the previous sliding. The increase in the 
friction coefficient, Δμ, is approximately proportional to lnthold, indi-
cating a logarithmic relationship between Δμ and thold. Such measure-
ments are the basis for the evolution equation for the slowness 
constitutive law. According to the slowness law, when V = 0, the state 
variable θ is linearly related to the hold time thold, thus, Δμ is propor-
tional to lnthold.

The initial steady-state friction value on the fracture surface is 
defined as μss, the minimum friction value during the hold time as μmin, 
the maximum friction value achieved after recovery of velocity as μpeak, 
and the hold time as thold. The decrease in the friction coefficient during 
the hold period is defined as the frictional relaxation Δμc. The difference 
between the steady-state friction value before the start of the hold and 
the peak friction value after the hold is denoted as the frictional healing 
Δμ. The values of Δμ and Δμc are logarithmically related to thold, thus 
defining the frictional healing rate β19and the frictional relaxation rate 
βc

34 (see Fig. 2(b)) as: 

β = Δμ/lg thold
βc = Δμc/lg thold

(3) 

Thus, β and βc are two important parameters reflecting the time 
dependence of the rock friction coefficient.

3. Results

3.1. Evolution of frictional strength

Fig. 3 shows the variation in friction coefficient with load point 
displacement during the whole SHS test for different fracture surface 
roughnesses, normal stresses, and shear velocities. Within this range of 
parameters, it is evident that roughness and normal stress have a sig-
nificant influence on frictional strength. As roughness decreases and 
normal stress increases, friction strength also noticeably decreases and 
reduces only slightly with a decrease in shearing velocity.

Friction coefficient exhibits an increase in slip-hardening with an 
increase in load-point displacement; therefore, the friction coefficient at 
~3 mm of accumulated shear is taken as the steady-state friction coef-
ficient. As shown in Fig. 4 (a), the friction coefficients of all samples are 
stable in the range of 0.653–0.751, in accordance with Byerlee’s law.43

To quantitatively assess the individual effects of fracture surface 
roughness (JRC), normal stress (σn), and shear velocity (v) on the fric-
tional strength, we plot the trend of the frictional strength under the 
different influencing factors in Fig. 4 (a). Friction coefficient increases 
by 5.36 % when JRC increases from 1.49 to 3.05 and by 4.07 % from 
3.05 to 11.72 for σn = 40 MPa and v = 10 μm/s. Conversely, for JRC =
11.72 and v = 10 μm/s, friction systematically decreases by 1.73 % when 
σn increases from 20 MPa to 30 MPa and by 2.98 % when it increases 
from 30 MPa to 40 MPa. Similarly, for JRC = 11.72 and σn = 40 MPa, the 
friction coefficient increased by 0.85 % when v was increased from 1 
μm/s to 3 μm/s and by 0.7 % when it was increased from 3 μm/s to 10 
μm/s. Thus, from these results, it is inferred that fracture roughness had 
the greatest effect on the frictional strength, followed by normal stress, 
then shearing velocity.

3.2. Frictional healing and relaxation

Typical results for a hold time of 300 s are highlighted in Fig. 3 (d), 
depicting the change in the friction coefficient resulting from the tran-
sition between sliding and holding and vice versa. The friction coeffi-
cient decreases abruptly as the system transitions from sliding to holding 
– as the locked load frame and sample relax – then gradually diminishes 
over time during the hold period. Following shear re-activation, friction 
coefficient peaks, surpassing the prior steady-state friction coefficient 

Table 1 
Experimental protocol for slide-hold-slide tests.

Case JRC Normal stress 
(MPa)

Shear velocity (μm/ 
s)

1 Average 
JRC = 11.72

JRC =
10.85

40 10

2 JRC =
11.90

30 10

3 JRC =
11.52

20 10

4 JRC =
11.78

40 3

5 JRC =
12.55

40 1

6 JRC = 3.05 40 10
7 JRC = 1.49 40 10
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before the hold. Subsequently, the friction coefficient stabilizes at a 
value approximately equivalent to the previous steady-state. This 
behavior is characteristic of Dieterich-type frictional healing.18,69

Frictional healing reflects the shear stress recovery following the 
stress drop, and frictional relaxation is the result of both the creep of 
fault materials and the relaxation of the apparatus, both of which are 
vital in defining earthquake recurrence during interseismic slip.37,70 To 
analyze the effects of frictional healing and frictional relaxation under 
different influencing factors, we use the frictional healing parameter 
(Δμ) and frictional relaxation (Δμc) to fit the curves of friction versus 
holding time, as shown in Fig. 5. The results indicate a logarithmic 

correlation between each of Δμ and Δμc with thold in the range of 
30–10000 s, consistent with previous studies.20,50,71 Both frictional 
healing Δμ and creep relaxation Δμc scale with the logarithm of hold 
time for all three influencing factors studied (see Fig. 5). Higher fric-
tional healing and creep relaxation values are observed for rougher 
fractures, faster shearing velocities and longer hold times. In contrast, 
increased frictional healing and reduced creep relaxation are observed 
under higher normal stress.

The rates of frictional healing β and relaxation βc are obtained by 
least squares fitting of the healing/relaxation-hold time curves with 
these two parameters importantly associated with earthquake scaling.70

Fig. 2. (a) Schematic of idealized response to the slide-hold-slide (SHS) test, showing the variation of friction coefficient μ and shear velocity v over time. During each 
hold period (thold), the friction coefficient decreases (Δμc) due to specimen creep, before increasing again in subsequent reactivation until reaching a new peak after 
slip recovery (Δμ). (b) Determination of frictional relaxation (Δμc) and frictional healing (Δμ), with the logarithm of hold time (thold) and determination of frictional 
healing rate β and frictional relaxation rete βc.

Fig. 3. Typical results of SHS experiments conducted under different combinations of (a) Fracture roughness (JRC), (b) Normal stress (σn), and (c) Shear velocity (v), 
defining evolution of friction coefficient with load point displacement. Hold times in each sequence are for 30, 100, 300, 1000, 3000, and 10,000 s. Panel (d) shows a 
typical result for a shear velocity of 10 μm/s and hold time of 300 s.
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Fig. 4. (a) Friction coefficient measured under the experimental conditions conforms approximately to Byerlee’s law. (b) Variation in friction coefficient with 
fracture roughness, normal stress and shear velocity.

Fig. 5. Frictional healing (Δμ) and frictional relaxation (Δμc) as a function of the logarithm of hold time (thold) as obtained through SHS tests under different 
combinations of (a & b) Fracture roughness (JRC), (c & d) Normal stress (σn), and (e & f) Shearing velocity (v). Inset in panel (a) illustrates ideal outcomes of the 
SHS tests.
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The rate of frictional healing is an essential parameter controlling the 
features of fault rupture and interseismic stress drop.24,31 Higher healing 
rates imply that the frictional strength necessary to prime fault 
re-rupture is recovered rapidly during the interseismic period, with an 
important impact on repeated seismic cycles.72 Meanwhile, earthquake 
afterslip results from the stress relaxation, and thus, the creep relaxation 
during a certain hold is associated with earthquake afterslip.73

Within our test conditions, β ranged from 0.0020 to 0.0074, and βc 
ranged from 0.0058 to 0.0097. For varying fracture surface roughness 
(JRC), β increases with an increase in JRC, while βc diverges slightly 
without significant difference; for different normal stresses (σn), β and βc 
are close at 20 MP and 30 MPa but show an obvious increasing trend at 
40 MPa whereas βc decreases; for different shear velocities (v), both β 
and βc increase with increments of v.

Within the range of experimental conditions, these results demon-
strate significant effects of fracture surface roughness (JRC), normal 
stress (σn), and shear velocity(v) on frictional healing. In contrast, their 
impact on frictional relaxation remains less pronounced.

3.3. Slip weakening

After reaching peak frictional strength upon reloading, we observed 
a noticeable decrease in frictional force with increasing slip distance, 
defined as stress drop Δτ. This distance is referred to as the slip weak-
ening distance dw. The evolution of shear stress from peak to a new 
steady-state value with shear displacement is shown in Fig. 6(a).

Previous studies have reported a logarithmic correlation between dw 
and hold time.74 The data for all samples within the experimental range 
of Δτ and dw are depicted in Fig. 6(b)–(d). The results indicate a linear 
correlation between stress drop Δτ and slip weakening distance dw, both 
of which increase with prolonged holding time. Most data show stress 

drops within the 0.1–1.3 MPa range, corresponding to slip weakening 
distances of approximately ~0.025 mm. Under similar normal stress and 
shear velocity conditions, smoother fault surfaces exhibit reduced stress 
drops and slip-weakening distances. For JRC values of 3.05 and 1.49, the 
maximum stress drops and slip weakening distances are 1.15 MPa, 
0.023 mm, and 0.84 MPa, 0.016 mm, respectively. Similarly, at lower 
normal stress and shear velocities, stress drops and slip-weakening dis-
tances decrease. At σn = 30 MPa and σn = 20 MPa, the corresponding 
maximum stress drops and slip-weakening distances are 0.7 MPa, 0.022 
mm, and 0.45 MPa, 0.018 mm, respectively. For shear velocities v = 3 
μm/s and v = 1 μm/s, the maximum stress drops and slip weakening 
distances are 1.18 MPa, 0.021 mm, and 1.45 MPa, 0.011 mm, 
respectively.

We also observed that observations for different roughness faults and 
normal stresses fall on a single trend line, while data under different 
shearing velocities are more scattered. Thus, within the experimental 
range, roughness and normal stress tend to elicit variations in stress 
drop, whereas shearing velocity tends to alter slip-weakening distances.

Additionally, we utilized the stiffness ratio κ = ks/kf to estimate the 
stability of fault sliding.75 If the ratio is less than 1, indicating that the 
loading system stiffness ks is less (softer) than that of the fault kf. In this 
case, if the experimentally obtained a-b < 0, unstable sliding may occur. 
The loading system stiffness ks is determined from the series stiffness of 
the apparatus (load frame) km and rock matrix kr, evaluated as ks =

1/(1/kr + 1/km). Estimated stiffness for the rock matrix is kr = E/L, 
where, for the sandstone sample, Young’s modulus E obtained from 
experiments is 14.3 GPa, and the sample length L is 100 mm, for a kr of 
143 MPa/mm. The equipment stiffness km is approximately 460~560 
MPa/mm, resulting in a range for the loading system stiffness ks as 
109.09–113.91 MPa/mm. Furthermore, we determined the fault stiff-
ness kf by reloading stiffness, with values ranging from 43–72 MPa/mm. 

Fig. 6. (a) Schematic representation of SHS test with parameter definitions, showing shear stress as a function of load point displacement. After shear reactivation, 
the shear stress peaks before asymptotic to a steady magnitude. Stress drop is defined as Δτ and slip weakening distance as dw. (b) Experiment results of stress drop Δτ 
and slip weakening distance dw measured during shear reactivation following hold periods of 30, 100, 300, 1000, 3000, and 10,000 s under different combinations of 
fracture roughness (JRC), (c) Normal stress (σn), and (d) Shear velocity (v).
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Thus, the stiffness ratio κ = ks/kf > 1, indicating that stable fault sliding 
is favored despite the slip-weakening response of all samples.

3.4. Mechanistic description of frictional evolution

The frictional strength and healing effects of fractures are closely 
related to the contact area and contact strength during frictional sliding. 
Due to the limitations of the experimental setup, direct measurement of 
changes in contact area is not feasible. To quantify the influence of 
fracture roughness on frictional strength and sliding behavior, a 3D 
morphology scanner was employed to map the fracture surfaces before 
and after shearing. Fig. 7 presents the changes in surface topography and 
the histograms of asperity heights both before then after shearing for 
different fracture roughnesses.

As shown in Fig. 7, asperity heights before and after shearing follow a 
normal distribution, with the mean centered around zero. The rougher 
the fracture surface, the larger the standard deviation before shearing. 
Under high normal stress, asperities undergo intense crushing during 
shearing, with wear debris filling the intervening depressions, leading to 
a smoother post-shear surface and evidenced by a reduced standard 
deviation of the normal distribution. Conversely, for smooth surfaces, 

the changes in surface topography before and after shearing are 
negligible.

Additionally, the post-shear surface becomes smoother under higher 
normal stress and for faster shearing velocities and is evident as the 
standard deviation of the normal distribution reduces over that of the 
original data (Fig. 8).76 Moreover, there is a significant difference in pre- 
and post-shear asperity height at the shearing-front, attributed to 
plowing of the shearing front and the higher part from the accumulation 
of wear products.

Fig. 9 illustrates the changes in JRC values before and after shearing, 
as well as the JRC reduction ratio. The JRC reduction ratio decreases 
more with increasing normal stress, faster shearing velocities, and 
rougher fracture surfaces - with normal stress having the most signifi-
cant influence. These observations are consistent with stronger 
compaction resulting in greater deformation of asperities, thereby 
manifesting as a reduced roughness contrast from the shear response.

By integrating the variations in the frictional healing rate during the 
sliding process with the JRC reduction ratio, we can infer that higher 
normal stress, faster shearing velocities and rougher fractures result in a 
larger contact area during shearing, thereby inducing increased creep 
during the hold period.

Fig. 7. Optical images of fracture surfaces both before (top left) and after (bottom left) experiments for three different roughness levels: (a) JRC = 11.72, (b) JRC =
3.05, and (c) JRC = 1.49. The research area on the fracture surface is indicated within the black dashed box. Arrows indicate shear direction of the fracture surface. 
Corresponding surface elevation distribution maps for the asperities are shown in panels to the right.

Q. Gan et al.                                                                                                                                                                                                                                     International Journal of Rock Mechanics and Mining Sciences 188 (2025) 106076 

8 



4. Discussion

4.1. Experimental observations

Present observations indicate that the frictional strength of the 
fractures in sandstone ranges from 0.653 to 0.751. These values are 
consistent with friction coefficients of sandstone previously obtained at 

room temperature.77 Previous observations have extensively shown that 
the friction coefficient increases with fracture roughness. Additionally, 
all samples exhibited a trend of decreasing friction coefficient with 
increasing normal stress and increasing friction coefficient with 
increasing shearing velocity. Similar dependencies on normal stress and 
shear velocity have been observed in other samples.78–80 The phenom-
enon of friction coefficient decreasing with increasing normal stress and 
increasing with increasing shear velocity can be explained by the theory 
of frictional adhesion and the competitive mechanisms between rough 
surface deformation and microscale asperity sliding.80 Under conditions 
of lower normal stress and higher shear velocity, the friction coefficient 
is primarily influenced by the dilation resulting from asperity contact 
deformation and the friction angle of the surface. However, as the 
normal stress increases and shear velocity decreases, the friction 
mechanism shifts predominantly towards asperity rupture, leading to a 
reduction in the friction angle and a consequent decrease in frictional 
strength on the fracture.

Furthermore, we observed that within the range of experimental 
conditions, the frictional healing rate β of the sandstone samples ranged 
from 0.0020 to 0.0074, and the frictional relaxation rate βc ranged from 
0.0058 to 0.0097. These results are higher than those obtained from SHS 
experiments on sandstone fault gouges under similar stress and shear 
velocity conditions.32 In the following discussion, we analyze how the 
observed trends in frictional healing and frictional relaxation effects 
depend on various factors explored in this work, namely fracture surface 
roughness, normal stress, and shear velocity.

4.2. Factors influencing frictional healing

During sliding, the asperities on the fracture surface may shear off, 

Fig. 8. Surface morphology post-experiment for saw-cut fractures under different conditions of (a) normal stress and (b) shearing velocity. The research area on the 
fracture surface is indicated within the black dashed box. Arrows indicate the shear direction of the fracture surface. Corresponding surface elevation distribution 
maps for the asperities are shown in panels to the right.

Fig. 9. JRC values for the various fracture surfaces pre- and post-experiment, 
together with change (reduction) in JRC due to shearing.
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wear down, and compact. Over the hold phase, the apparent friction 
coefficient of the fracture surface gradually decreases with time despite 
the absence of significant macroscopic sliding. This may be attributed to 
the creeping deformation of the contacting asperities, including plastic 
flow of the material around the contact points, the unfolding and closing 
of microcracks, and the slip of grain boundaries all of which lead to a 
change in the actual contact area or weakening of local contact 
points.75,81,82 At the same time, the hold phase may also lead to 
compaction of the wear products on the fissure surface, due to the 
prolonged exposure to normal stresses. This compaction can increase the 
contact area and contact strength,83–85 which accumulates the defor-
mation and elastic strain energy required for the next slip and facilitates 
the frictional healing process. Upon slip re-activation, the bonded par-
ticles and asperities need to overcome the contact adhesion so that the 
friction coefficient is greater than the steady state coefficient formed 
during the previous shear.

As roughness of the fracture surface increases, the stress concentra-
tion between the contact points (or microscopic projections) becomes 
more pronounced. This stress concentration results in localized stresses 
exceeding the strength of the rock asperities during arrest, which in turn 
results in microdamage, plastic deformation, or microcrack extension 
These localized deformation and damage processes promote the redis-
tribution of stresses across the contact surfaces, which leads to frictional 
relaxation. The rougher the fracture surface, the more deformation and 
remolding may occur at the contacting asperities point during arrest. 
These effects then lead to changes in the contact area, promoting fric-
tional relaxation due to creep and other effects. Although the macro-
scopic contact area of the rough surface remains constant, the localized 
increase in roughness results in an increase in the real microscopic 
contact area.86 During retention, these contact points may undergo 
chemical transformation, formation of material bridges, or enhanced 
mechanical occlusion, thus increasing the degree of frictional healing.

As the normal stress increases, the real contact area between the rock 
contact surfaces increases. Since more microscopic projections are 
involved in the shear process, the contact surfaces distribute the stresses 
more uniformly. Under these conditions, even though plastic flow or 
creep deformation on the microscopic scale occurs, the stress distribu-
tion on individual contact points becomes more uniform due to the in-
crease in the number of contact points. This correspondingly reduces the 
local stress concentration, leading to a reduction in the frictional 
relaxation effect. Higher normal stresses promote closer contact be-
tween the contacting fracture surfaces and compaction of wear material 
on the fissure surfaces. This increases mechanical interlocking and 
possibly chemical bonding, thus increasing frictional strength, an effect 
that contributes to increased frictional healing.

At higher shear velocities, the adjustment of stress at the contact 
interface occurs more rapidly, which may result in increased heteroge-
neity in the stress distribution, thereby promoting frictional relaxation. 
Under high shearing velocities, the microstructure on the contacting 
fracture surface may undergo rapid changes, including rupture and re- 
compaction. During high-velocity slip, the temperature increase 
caused by shear heating may enhance frictional healing by strength-
ening chemical bonds at the rough contact interface.87 We quantita-
tively compared the effect of increasing shear velocity by an order of 
magnitude on temperature rise using Equation. (4), 

θw =
παth

V2

(
ρc(Tw − T)

τc

)2

(4) 

where αth is the thermal diffusivity, c is the heat capacity per unit vol-
ume, ρ is the density, τc is the shear strength, V is the shear velocity, T is 
the initial temperature, and Tw is the temperature reached by the rough 
interface at a given time θw. The ratio (Tw1-T)/(Tw2-T) was calculated, 
and by substituting the parameters under different shear velocity con-
ditions, the ratio was found to be approximately 1.61. This indicates that 
when the slip velocity increases by an order of magnitude, the 

temperature on the fracture surface increases by a factor of 1.61. This 
rapid re-compaction process, together with the elevated temperature, 
aids in the “healing” of micro-damage on the contact surface, increasing 
the actual contact area, thereby enhancing frictional healing. In 
contrast, the temperature increase due to shear heating is minimal under 
low-velocity slip.

4.3. Characteristics of acoustic emission

Rock is a typical brittle material, and when asperities on rough 
surfaces are sheared off or worn down during the shear process, they 
release elastic strain energy in the form of elastic waves, recorded as 
acoustic emission (AE) signals. Each AE signal released during the shear 
process corresponds to a damage or fracture event. Therefore, mecha-
nisms of shear failure may be recovered by analyzing the AE signals 
during shearing.

Fig. 10 (a) and (b) respectively present the evolution curves of the AE 
ring-down counts and cumulative ring-down counts at a shear rate of 1 
μm/s (Case5), as well as time-binned AE energy and cumulative AE 
energy throughout the entire process of frictional sliding. During the 
slow increase phase in the friction coefficient, AE ring-down counts are 
relatively low. Thus, the energy generated by AE is minimal, leading to a 
slow increase in both cumulative ring-down counts and cumulative AE 
energy. In this phase, only minimal damage occurs on the asperity 
surfaces, with some asperities being abraded and sheared, emitting AE 
signals and releasing energy. During the linear growth phase of the 
friction coefficient, the AE ring-down counts and energy increase 
significantly, showing natural variability in time. Under peak shear 
stress conditions, the inferred extent of damage and failure, as well as 
the damage occurring on the asperities of the rough surfaces, increases 
markedly. This severe abrasion and shearing of asperities result in 
maximum AE ring-down counts and energy. Fig. 10 (e) and (f) respec-
tively present the variation curves of the AE ring-down counts and cu-
mulative ring-down counts for Case 1 and Case 3, revealing trends 
identical to those observed in Case 5. As shown in Fig. 10 (c), during the 
hold phase of the SHS test, only a few AE ring-down counts and little AE 
energy are detected, and the growth of cumulative ring-down counts and 
AE energy is very slow. This stage likely involves damage recovery and 
crack closure. However, during the sliding re-activation phase, the AE 
ring-down count and AE energy surge along with the sudden drop in the 
friction coefficient post-peak, possibly due to the disruption of damage 
recovery during the hold phase. Interestingly, the AE ring-down count 
and AE energy generated during each sudden drop in the friction coef-
ficient increase with longer hold times, indicating that prolonged hold 
periods lead to more significant damage recovery.

Next, the relationship between sliding displacement and cumulative 
AE energy is explored (Fig. 10 (d)) From the magnified inset in Fig. 10 
(d), it can be observed that during the slow increase in shear stress, the 
interface is in a static frictional state, with an average sliding displace-
ment near zero and a low cumulative AE energy value. In the early stage 
of linear shear stress increase, the interface transitions between static 
friction and stable sliding, with nearly linear growth in both average 
shear displacement and cumulative AE energy. During the sliding phase 
of the SHS test, the cumulative AE energy and sliding displacement 
exhibit similar trends; cumulative AE energy increases during sliding, 
but shows no significant change during the hold phase (excluding noise 
effects).

From the analysis of the relationship between shear displacement 
and cumulative AE energy, a strong correlation exists between the 
evolution of shear displacement and cumulative AE energy. This sug-
gests that cumulative AE energy can be used to qualitatively assess the 
trend of frictional sliding displacement on rock interfaces.

To directly obtain the seismic moment M0 for re-activation in the 
SHS experiments, we absolutely calibrated the AE sensors. We con-
ducted ball drop tests, correlating the seismic moment M0 induced by 
internal seismic sources (such as earthquakes and acoustic emissions) 
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with the impulse or momentum change Δp of an externally applied 
seismic source (ball impact).88 This method utilizes a small ball that 
impacts the sample surface as a reference source, thereby linking the 
absolute amplitude of seismic waves to the momentum of the deceler-
ating ball. The momentum of the ball can be directly measured or readily 
estimated based on its mass and drop height.

In the ball drop experiment (as shown in Fig. 11(a)), the sample was 
placed on a platen made from the same material and of the same height 
as in the experimental setup. Two AE sensors positioned on the platens 
recorded the acoustic emission conditions during the SHS tests. Cali-
bration was with a 5.16g glass ball free-falling from a height of 34 cm, 
with its momentum Δp estimated to be 0.0172 J (based on mass and 
drop height). The surface of the sample was marked with a lattice of five 
points (P1–P5), with 10 ball drop tests performed at each point. The 
amplitude data of the acoustic emissions recorded showed minimal 
variation (as shown in Fig. 11(b)), with an average amplitude A from 50 
tests of 159.85 mV in recorded units. The relationship between ampli-
tude A and momentum Δp is constant with the ratio, k, given by k = Δp/ 
A = 1.076 × 10− 4.

Using this absolute calibration, we can approximate the cumulative 
seismic moment corresponding to the AE amplitude generated during 

each sliding event in the SHS test. The specific results are presented in 
Table 2. Extensive seismic observations indicate a relationship between 
the cumulative seismic moment ΣM0 and the slip area, as follows: 

ΣM0 =GAΔu (5) 

where ΣM0 represents the cumulative seismic moment, G is the shear 
modulus, A is the slip area, and Δu is the slip distance, fixed at 0.5 mm. 
The shear modulus G is determined by the product of the shear stiffness 
and the thickness perpendicular to the shear plane (50 mm), with the 
shear stiffness calibrated based on the elastic stiffness of the fault before 
the peak (as shown in Fig. 11(c)).

The slip area for each sliding event was calculated using Equation. 
(5) (as shown in Fig. 11(d)). The slip area increases logarithmically with 
the hold time, further validating the time-dependent nature of friction 
healing.

4.4. Fitting experimental data and inversion for RSF frictional parameters

To validate whether the experimental data can be accurately modeled 
using RSF, we employed RSFit300089 to fit the SHS experiments. We 

Fig. 10. (a) Evolution of AE ring-down counts and cumulative ring-down counts during frictional sliding for Case 5. (b) Evolution of AE energy and cumulative AE 
energy during frictional sliding for Case 5. (c) Enlarged view of the gray-shaded region in (a), shows a small number of AE counts during the hold phase, with a sharp 
increase as the coefficient of friction drops suddenly during slip reactivation during the slip phase, followed by fluctuating changes post-peak. (d) Cumulative AE 
energy with sliding displacement. (e) Evolution of AE ring-down counts and cumulative ring-down counts during frictional sliding for Case 1. (f) Evolution of AE ring- 
down counts and cumulative ring-down counts during frictional sliding for Case 3.
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inverted the data to obtain the best-fitting constitutive parameters a, b, 
and Dc by applying an iterative least-squares method. The aging law was 
selected to simulate the evolution of the state variable.

The state variable was computed using the highly accurate ode45 
solver, a built-in MATLAB function based on the 4th-order Runge-Kutta 
method, with adaptive time-stepping. The detailed solution process is 
presented in Equation. (6): 

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

K1 = 1 −
vt+Δtθt
Dc

K2 = 1 −
vt+Δt

Dc

(
θt +

Δt
2
K1

)

K3 = 1 −
vt+Δt

Dc

(
θt +

Δt
2
K2

)

K4 = 1 −
vt+Δt

Dc
(θt + ΔtK3)

θt+Δt = θt +
Δt
6
(K1 + 2K2 + 2K3 + K4)

(6) 

In Equation. (6), θt represents the state variable at time t, and Ki (i = 1–4) 
are intermediate variables. Fig. 12(a)–(g) show the specific fitting re-
sults, presenting only the cases with a hold time of 30 s. From the figures, 
it is evident that the experimental data closely align with the simulated 
results, confirming that the experimental results can be effectively 
modeled using RSF.

Additionally, the simulated values of direct, a, and evolutionary, b, 
effects were compared with the experimentally obtained values of fric-
tional relaxation Δμc and frictional healing Δμ, respectively, under the 
influence of three different factors, as shown in Fig. 12(h) and (i). The 
figures indicate that the trends in a and b correspond closely with those 
of Δμc and Δμ, suggesting a strong physical relationship between these 
two frictional characteristics and the direct and evolutionary state ef-
fects described in the RSF model. This is consistent with the findings of 
previous studies.90

During the interseismic period, the fault slip rate is relatively low, 
allowing the fault to undergo compaction through creep, thereby 
enhancing its strength. This process governs stress accumulation during 

Fig. 11. (a) Schematic of ball drop experimental setup with AE sensors attached to the indenter surface. Inset illustrates the target of five marked points for suc-
cessive ball-drops (P1-P5). (b) AE amplitudes from 50 ball drops. (c) Shear stress versus loading time (top), load point displacement versus loading time (middle), and 
shear stress versus load-point displacement curves (bottom) during initial shear stress loading. (d) Variation in slip area with logarithm of hold time.

Table 2 
Cumulative AE amplitudes, cumulative seismic moment and slip areas at various 
hold times.

Case 
NO.

Hold 
time (s)

Cumulative AE 
amplitude (mV)

Cumulative 
seismic moment 
(N⋅m)

Slip area ( ×
10− 8m2)

Case1 30 459.25 0.0494153 7.200772313
100 574.25 0.0617893 9.003905282
300 662.33 0.0712667 10.38494834

1000 753.58 0.0810852 11.81569515
3000 883.61 0.0950764 13.85448976

10000 975.33 0.1049455 15.2926059
Case3 30 372.48 0.0400789 5.84026929

100 453.62 0.0488095 7.112497195
300 541.23 0.0582363 8.486170929

1000 665.85 0.0716452 10.44013989
3000 743.92 0.0800458 11.66423199

10000 878.23 0.0944975 13.7701345
Case5 30 288.11 0.0310008 4.51664

100 397.66 0.0427884 6.23403
300 444.07 0.0477822 6.96159

1000 571.09 0.0614496 8.95286
3000 689.19 0.0741572 10.8043

10000 744.43 0.0801011 11.6703
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the interseismic period and determines when sufficient stress has built to 
exceed strength and to trigger the next seismic event. The longer the 
interseismic period, the greater the energy accumulated by the fault. 
When the fault experiences seismic slip, the frictional force rapidly re-
covers, exhibiting healing behavior. The magnitude of frictional healing 
immediately prior to an earthquake controls the resistance during fault 
slip and the rate of energy release. A larger b value indicates stronger 
frictional recovery during slip, leading to a more rapid and intense en-
ergy release, which may result in a larger event.

5. Conclusions

We conducted SHS experiments on fractures in sandstone at room 
temperature to investigate the frictional strength, post-slip strength re-
covery, reactivation, and subsequent sliding behavior of these materials. 
The effects of roughness (JRC = 11.72, 3.05, 1.49), normal stress (σn =

20, 30, 40 MPa), and shear velocity (v = 1, 3, 10 μm/s) on frictional 
strength and time dependence were examined, with the hold times 
ranging from 30s to 10000s. Data fitting was performed using RSF via 
matching in time with a fourth-order Runge-Kutta method.

Our observations revealed that the frictional strength (μ =

0.653–0.751) of the fractures was primarily influenced by the surface 
roughness, followed by normal stress, with the shearing velocity having 
the least impact. Friction coefficient increased with surface roughness 
and shearing velocity but decreased as normal stress increased. Fric-
tional healing was found to be significantly dependent on surface 
roughness, normal stress, and shear velocity. Under the same hold time, 
increases in surface roughness, normal stress and shear velocity accel-
erated friction healing, while higher normal stress inhibited friction 
relaxation.

Evolution of the contact area was the main contributor to frictional 
healing on the exposed surface. By comparing fracture surface 
morphology between pre- and post-shear and quantitatively analyzing 
changes in damaged asperities, the change in contact area depended on 
fracture surface roughness, normal stress and shear velocity. The JRC 
reduction ratio was greater with increasing normal stress, shear velocity 
and fracture surface roughness, which also corresponded to the changes 
in friction healing.

Real-time AE monitoring was also conducted during the experi-
ments. It was observed that during the sliding phase, AE ring-down 
counts and energy increased sharply with the sudden drop in shear 
stress, fluctuating after reaching a peak. As the hold time increased, the 
AE ring-down counts and energy generated by each shear stress drop 
also increased. Measuring actual seismic moments using absolutely 
calibrated AE sensors allowed changes in microscopic contact area to be 
inferred from prescribed seismic moments - quantitatively determining 
the change in contact area during the slip cycle. Contact area was shown 
to evolve with the logarithm of hold time, corroborated with the time- 
dependent evolution of healing obtained from the SHS experiments.
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