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Unloading processes are common in natural systems. Intense unloading
activities can alter the frictional equilibrium of faults and induce their instabilities.
Understanding the slip behavior of faults under stress unloading conditions is
helpful in guiding engineering practices. We conducted a series of direct shear
experiments under linear-unloading normal force conditions considering the
influences of initial normal forces, initial shear forces, and normal unloading rates
on planar and rough granite fractures. The experimental results showed that
planar fracture exhibits sudden slip events during normal unloading, while rough
fracturemostly displays stable sliding behavior. The planar fracture demonstrates
an exponential increase in sliding distance and velocity at the end of each
slip event. The rough fracture usually exhibits a quasi-static stage before rapid
slip events. In addition, the accumulative sliding distance at the slip activation
moment (at the first moment when sliding velocity is greater than 0.05 mm/s)
for the planar fracture decreases with lower normal unloading rate, larger
shear force and larger normal force, while its variation trend for rough fracture
is opposite. These findings provide valuable insights into fault slip behavior
under stress unloading, aiding in mitigating associated risks in engineering
applications.
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1 Introduction

The exploitation of underground resources often involves stress unloading. Particularly
in proximity to fault rupture zones, such unloading activities can perturb the stress field
surrounding fault planes and promote the development of defects, which may trigger
fault activation and secondary disasters such as earthquakes, thus posing a threat to the
personal safety of the operator (Foulger et al., 2018; Przyłucka et al., 2022; Luo et al., 2023;
Han et al., 2023). In recent years, several cases of fault slip and seismic disasters caused
by human-induced unloading activities have drawn attention. For example, during the
construction of the Jinping II hydropower station in China, tunnel excavation disrupted
the frictional equilibrium of the rock mass, leading to fault activation (Xu et al., 2016).
Similarly, in the case of the Gotthard Base Tunnel in Switzerland, excavation operations
induced reductions in both normal and shear stresses on the surrounding rock, thereby
promoting fault slip (Husen et al., 2013). These occurrences underscore the importance of
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TABLE 1 Rock composition and mechanical parameters.

Plagioclase Orthoclase Quartz Muscovite Biotite

33% 35% 25% 4% 3%

Young’s modulus (GPa) Tensile strength (MPa) Compressive strength (MPa)

101.9 7.51 151.77

FIGURE 1
(A) Rough fracture sample obtained by tension splitting, (B) planar fracture sample obtained by sawing, (C) side view of rough fracture, (D) side view of
planar fracture.

studying the patterns of fault slip induced by stress unloading,
which holds both theoretical and practical significance inmitigating
potential risks.

The shear characteristics of fault are influenced by surface
morphologies and boundary loading conditions (Singh and Basu,
2018). During the detachment of upper and lower blocks, the
adhesive force of contacts can significantly affect the contact
properties. The friction force of adhesive contact is related to
the contact area. Both the surface morphology and the normal
load can alter the contact area, thereby influencing the frictional
characteristics (Lyashenko et al., 2023; Lyashenko et al., 2024;
Liang et al., 2021). The stability of rock joints is affected by the
shape and structure of the joints and the principal stress direction
along the joint plane (Zou et al., 2024; Yang et al., 2022; Duan
et al., 2019). The rough fault exhibits continuous stable slip, which
can be divided into three stages: creep slip, quasi-static slip and
dynamic slip (Ji et al., 2023), while the planar fault exhibits

stick-slip rather than stable slip (Tao et al., 2023). In rate and
state friction constitutive equations (Dieterich, 1979; Ruina, 1983),
the friction coefficient of stick-slip is time-dependent, velocity-
dependent and state-dependent. The roughness of the surface
influences this dependency by altering the shear stress distribution
and the critical slip distance, thereby affecting the slip form of the
fault (Harbord et al., 2017; Selvadurai and Glaser, 2015; Candela and
Brodsky, 2016). Additionally, increasing the normal effective stress
can change the effective loading stiffness, leading to a transition from
stable slip to stick-slip (Leeman et al., 2016; Zhuo et al., 2020, 2021).
Stick-slip occurs only under sufficiently high normal stress, and the
duration of the sample’s sticky state can influence the dynamic stress
and sliding energy on the cross-section (Lyu et al., 2019; Okubo and
Dieterich, 1984).

Over the past few decades, extensive research has been
conducted on direct shear of rock fractures (Barton and Choubey,
1977; Wu et al., 2017; Zou and Cvetkovic, 2023). However, the
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FIGURE 2
The topographic map of the upper slider: (A) before and (B) after the experiment for the rough fracture; (C) before and (D) after the experiment for the
planar fracture.

FIGURE 3
The test loading mode. (A) Sample and sensors placement diagram: the normal and shear forces are applied to the sample by the vertical and
horizontal pistons, and the values of the forces and displacements are recorded by vertical and horizontal sensors. (B) Sample loading diagram: the
sheared granite fracture was subjected to a constant shear load and a linear-decreasing normal load.

research results have mainly focused on the evolution of peak
shear strength during the sliding process or under tangential
loading conditions. During the entire shear process of fractures,
the boundary conditions of normal stress or normal stiffness
generally remain unchanged (Mirzaghorbanali et al., 2014;
Indraratna et al., 2015;Thirukumaran et al., 2016), and few studies of

unloading-induced fault instability have been reported, particularly
normal stress unloading. Previous researches have investigated
the effects of normal stress perturbations on fault strength and
slip, which are not purely normal unloading (Kilgore et al., 2017;
Pignalberi et al., 2024). There are some normal unloading tests
to study the effects of morphological characteristics, stress levels,
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FIGURE 4
Force application plan. During the preloading stage, the normal force
and shear force are loaded to the set values; During the unloading
stage, the shear force remains unchanged, while the normal force is
unloaded at a constant rate.

and stress paths on the frictional strength and sliding behavior of
fracture surfaces. However, most of them focus on rough fractures
without comparison of planar samples (Yin et al., 2023b; Liu et al.,
2023). The experimental samples are also artificial saw-tooth ones,
which may not accurately reflect the real shear response of rock
fractures (Yin et al., 2023a; Yang et al., 2022).

Although many studies have shown that the slip characteristics
of the fault surface are closely related to surface roughness and
normal stress, research on how stress unloading activities induce
fault slip remains limited. Specifically, there is a dearth of research
on how rough and planar surfaces transition from static state to
stable and unstable slip, respectively, and how different levels of
normal and shear stress, as well as unloading paths, affect their
slip behavior, which needs to be further explored. Therefore, we
obtained two pairs of granite samples with rough and planar
fracture surfaces through splitting and sawing, respectively. A
series of direct shear tests under normal unloading conditions
were conducted to further analyze the instability mechanism of
unloading-induced fault slip, thereby enhancing understanding
of fault slip characteristics and providing guidance for practical
applications.

2 Laboratory set-up

2.1 Laboratory apparatus

Weutilized theDJZ-500 rock direct shear testing device (Dang et al.,
2022). By inputting instructions to the control system through PC,
the oil source provides power to the vertical and horizontal loading
systems to make the specimens in the shear box bear loads or slips
following the designed path. In addition, high-speed acquisition
of displacement, load, deformation, and other parameters can
be achieved through the LVDTs (Linear Variable Displacement
Transducers) and load cells.

2.2 Sample preparation

The granite used in the experiment was sourced from Sichuan
Province, China, and exhibits a medium-fine grain structure.
The predominant minerals present in the rock samples include
plagioclase, orthoclase, quartz, muscovite, and biotite. Mechanical
testing revealed that the rock samples have the Young’s modulus
of 101.9 GPa, a tensile strength of 7.51 MPa, and a compressive
strength of 151.77 MPa, as shown in Table 1.

The rock samples were cut into cubes to match the dimensions
of shear box, which measures 100 mm × 100 mm × 100 mm.
Subsequently, one cube was divided into two rectangular cuboids
using diamond sawing and the other was split by a tension machine,
resulting in two pair of samples with man-made planar and rough
fractures as shown in Figure 1.

In order to improve the accuracy of experimental results and
ensure the consistency of experimental configuration, small normal
load levels were applied to the planar and rough surfaces to
avoid the roughness change. What is more, the planar fracture
was polished with sandpaper before each experiment to eliminate
any wearing produced from the previous experiment. Meanwhile,
an optical scanner was used to scan the fracture before and
after the experiment, obtaining spatial point cloud data of the
upper and lower rough fractures. Based on the coordinate
positions of each point after scanning, the topographic contours
are shown in Figure 2. Comparing the contours before and after
the experiment ensured that the roughness remained relatively
unchanged throughout the experimental process.

2.3 Experimental scheme

In the normal unloading-induced shear slip experiment, a
uniform vertical load was applied on the top of the upper shear box
which is fixed. A stable horizontal force was applied to the lower
part of shear box so that the fracture was subjected to both normal
and shear forces. When the normal load is large, the horizontal
force is less than the frictional strength, preventing the fracture
from slipping. As the normal load gradually reduced, the lower
rock block which was subjected to a constant shear load began to
slide at a certain moment, as shown in Figure 3. In this experiment,
the normal force FN was set to decrease linearly with time (t) at a
constant rate (a), as shown in Equation 1:

FN = F0 − at (1)

Each test included two stages (Figure 4): in the preloading stage,
first the normal force increased to the target in 2 min and later kept
at this initial value for 8 min.Then, the shear force was loaded to the
initial value (τini) in 2 min, and it was stabilized for 5 min later. The
preloading stage took 10 min totally. At this point, all forces in the
two directions were ready and the normal force started to unload.
In the unloading stage, the shear force was maintained at the initial
constant value, while the normal force was unloaded at a specified
rate. When the normal force decreased to a certain level, the shear
box began to slide as the recorded sliding distance began to rise.

To investigate the influences of initial normal force, initial shear
force, and normal unloading rate on the slip behavior of two kinds of
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TABLE 2 Experimental parameters under different normal unloading rates, initial shear forces and initial normal forces.

Groups Series Initial normal force FN,ini (kN) Initial shear force FS,ini (kN) Normal unloading rate a (kN/s)

A

A1

45 15

0.01

A2 0.02

A3 0.06

A4 0.1

A5 0.2

B

B1

45

10

0.06

B2 12

B3 15

B4 18

B5 20

C

C1 35

15 0.06

C2 40

C3 45

C4 50

C5 55

fractures, three groups of experiments were designed for the planar
and rough fracture samples. Group A kept the initial normal force
and initial shear force unchanged and set the normal unloading rate
ranging from 0.01 to 0.2 kN/s. Group B kept the initial normal force
and normal unloading rate unchanged and set the initial shear force
ranging from 10 to 20 kN. Group C kept the initial shear force and
normal unloading rate unchanged and set the initial normal force
ranging from 35 to 55 kN. Other parameters were kept consistent
during the experiment, as shown in Table 2.

3 Experimental results

3.1 Slip features of the planar fracture

Before the unloading stage, in the preloading stage of the direct
shear test under constant normal force, the displacement of the
shear box remains relatively stable. Consequently, this stage is not
analyzed, and the time at which the normal force starts to unload (at
600 s) is taken as the starting point as well as the coordinate 0 point
for graph plotting.

Taking the case of FN,ini = 45kN, FS,ini = 18kN, a = 0.06kN/s as
an example (Figure 5), the planar fracture does not immediately
slide when the normal force starts to unload, but starts to move
after the normal force drops to a certain level. The slip phenomenon
of the planar fracture sample shows a step-like unstable growth,
resembling stick-slip behavior, and we called it sudden slip event.

The entire slip process repeatedly demonstrates the behavior of
“locking-sliding-locking”. After the sample slides a certain distance,
the upper and lower fractures will “re-locked”, and after the normal
force is unloaded for a certain period of time, the sample starts
to slide again. Each slip event results in a decrease in shear force,
and then quickly returns to the set value. As the normal force
gradually decreases, the distance the sample slides each time is
longer than before, and the sliding velocity also becomes faster, and
each time it is “locked” becomes shorter and shorter. In addition,
the sliding distance curve of the planar fracture can be bounded
by two exponential curves, and the maximum value of sliding
velocity also shows an exponential increase, as shown by the green
dashed line in Figure 5.

According to the time history of the normal
displacement (Figure 5), the slip of the sample has a small impact
on normal displacement, which is mostly influenced by the normal
force. As the normal force decreases, the compression weakens,
causing the upper and lower surfaces to separate, thereby reducing
the normal displacement. At the same time, this also means that the
normal displacement will not change significantly, so the sample
dilation velocity is close to zero.

Figure 6 shows the variation of sliding distance and sliding
velocity under different normal unloading rates, initial shear forces
and initial normal forces. Under the same conditions, the larger the
unloading rate, or the larger the initial shear force, or the smaller
the initial normal force, the earlier the planar fracture slides, and the
shorter the time required to slide to 5 mm.The coefficient of friction
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FIGURE 5
The unloading-induced planar fracture slip results for the case of B4 (shown in Table 2) which show the time history of (A) normal force, shear force,
(B) sliding distance, normal displacement and (C) sliding velocity, dilation velocity. The decrease in normal displacement indicates an upward
movement of the upper surface. The green dashed line represents the fitted exponential curve. The pentagram marker indicates the first moment when
the sliding velocity exceeds 0.05 mm/s.

at the beginning of slip is 0.45–0.55 and the peak sliding velocity is
0.4–1.6 mm/s in the slip process.

3.2 Slip features of the rough fracture

Consistent with the observations for the planar fracture, the
rough fracture exhibits earlier slip when subjected to larger
unloading rates, higher initial shear forces, or lower initial normal
forces, as shown in Figure 8. However, its slip form is completely
different from the planar fracture. Although the rough fracture also
experiences fluctuations in shear force when the sliding velocity
varies significantly, most slip still exhibits continuous and stable
slip rather than sudden slip. Liu et al. conducted unloading-induced
slip experiments on rough-walled sandstone, and observed that
the sample undergone a quasi-static slip stage before dynamic slip
(Liu et al., 2023). Similarly, we also found that some rough fracture
groups such as B3, B4, C1, and C2 exhibit significant and drastic
fluctuations in sliding velocity before quasi-static slip and rapid slip,
which are considered as the symbol of the beginning of quasi-static

slip stage (indicated by the triangle symbol in Figures 7, 8). However,
under other conditions, such symbols are almost imperceptible,
suggesting that when the sample is in a state that is unfavorable
to slip (smaller normal unloading rates, lower initial shear forces,
and larger initial normal forces), the beginning symbol of quasi-
static slip stage is less conspicuous. Therefore, if using this as an
indicator to determine whether rapid slip will occur in reality in
order to provide early warning for disasters such as landslides and
earthquakes, it should be noted that it is difficult to observe that
symbol in rough faults when the slip is strongly suppressed.

In cases where the rough fracture exhibits sudden slip behavior,
the quasi-static slip stage does not occur either. Although the rough
fracture mostly exhibits stable sliding, this does not mean that they
cannot show sudden slip like the planar fracture. When the initial
normal force applied to the rough fracture is 5.0 and 5.5 MPa (as
shown by the green and purple lines in Figure 8C), the slip form
becomes sudden slip and there is no quasi-static slip stage. This
indicates that whether sudden slip occurs not only depends on the
surface roughness (Dieterich, 1978; Hoskins et al., 1968), but also on
the magnitude of the normal stress (Byerlee and Summers, 1976).
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FIGURE 6
Variation curves of sliding distance and sliding velocity under different (A) normal unloading rates, (B) initial shear forces, (C) initial normal forces for
planar fracture. The pentagram markers indicate the first moments when the sliding velocity exceeds 0.05 mm/s. Fixed parameters of experiment
are shown in Table 2.

The occurrence of quasi-static slip stage is also influenced by the slip
form of the sample.

It can be observed that the peak velocity of stable sliding on
the rough fracture typically ranges between 0.1 and 0.5 mm/s,
which is significantly lower than the planar fracture. When sudden
slip occurs on the rough fracture, the peak sliding velocity is
notably higher than that of stable sliding. For instance, when the
initial normal force is 50 kN, the peak sliding velocity reaches

0.8 mm/s, which is similar to the peak sliding velocity on the planar
fracture.

The fracture of the split sample is rough with asperities
distributed on the surface. Sample slip affects not only horizontal
shear displacement but also normal displacement.When the sample
does not slip at the beginning, the normal displacement decreases
slightly due to the decrease in normal force. During sample slip,
the change in normal displacement is very similar to that of shear
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FIGURE 7
The unloading-induced rough fracture slip results for the case of B4 (shown in Table 2) which show the time history of (A) normal force, shear force,
(B) sliding distance, normal displacement and (C) sliding velocity, dilation velocity. The increase in normal displacement indicates a downward
movement of the upper surface. The triangle indicates the beginning of quasi-static slip stage. The pentagram marker indicates the first moments
when the sliding velocity exceeds 0.05 mm/s after the quasi-static slip stage.

displacement due to the influence of surface topography, so the trend
of the change in sample sliding velocity and dilation velocity curves
is consistent, as shown in Figure 7. After the quasi-static slip stage,
the sliding velocity of the sample first increases and then decreases,
corresponding to the slip acceleration and slip deceleration stages.
The acceleration of sample slip is attributed to the decrease in normal
force, which leads to a decrease in frictional resistance, causing
accelerated slip. The deceleration of sample slip is related to the
increase of the slope in the lower surface. When the upper surface
encounters this slope after a certain distance, the slip slows down.

4 Discussion

The activation of natural faults is highly affected by the normal
stress state. Here we define the first moment when fracture slip
velocity is greater than 0.05 mm/s as “slip activation moment”.
Before this moment, the fracture remains static or the sliding
velocity has fluctuated in a low range, while after that, the sliding
velocity increases rapidly. For rough fracture sample, this moment

can be regarded as the critical point at which the quasi-static slip
transforms into dynamic slip. Figure 9 shows that the slip activation
moment is delayed with the decrease of normal unloading rate, the
decrease of initial shear force, and the increase of initial normal
force. The difference of slip activation moment between rough and
planar fractures decreases with larger normal unloading rate, and
the initial shear and normal forces have little influence on it. When
the unloading rate is small (equal to 0.001–0.002 MPa/s), the normal
force decreases slowly.The rough fracture is in a slowquasi-static slip
state for a long time before the slip activation, so the strain energy is
also released slowly, resulting in a shorter time for the planar fracture
to slip over 0.05 mm/s than the rough fracture. When the unloading
rate is large (equal to 0.006–0.02 MPa/s), both the planar and rough
fractures slip rapidly after a very short time, so their difference in slip
activation moment is small, even when the initial normal and shear
forces are different.

The sliding distance the rough fracture reached at slip activation
moment is larger than the planar fracture under different normal
unloading rate, initial shear force and initial normal force. This
is because the rough fracture experiences a long period of slow
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FIGURE 8
Variation curves of sliding distance and sliding velocity under different (A) normal unloading rates, (B) initial shear forces and (C) initial normal forces for
rough fracture. The triangle markers indicate the beginning of quasi-static slip stage. The pentagram markers indicate the first moments when the
sliding velocity exceeds 0.05 mm/s after the quasi-static slip stage. Fixed parameters of experiment are shown in Table 2.

quasi-static slip before activation, while the planar fracture easily
slips more than 0.05 mm/s suddenly after a long period of rest.
When the normal unloading rate is changed (Figure 9A), the sliding
distance at slip activation moment of the planar fracture increases
with the increase of the normal unloading rate. If the normal
unloading rate is large, the inhibition of slipmotionweakens rapidly,
so the planar fracture slides a larger distance in a short time and
is less restricted. However, the rough fracture experiences a longer

timespan of slow quasi-static slip before activation at a smaller
normal unloading rate, resulting in a longer accumulated sliding
distance at slip activation moment.

When the initial shear force is changed (Figure 9B), the sliding
distance at slip activation moment of the planar fracture decreases
with the increase of the initial shear force. This is because with
larger initial shear force, the occurrence of fast slip events is much
earlier, resulting in shorter accumulated sliding distance; while for
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FIGURE 9
Slip activation moment and sliding velocity of planar and rough fractures under different (A) normal unloading rates, (B) initial shear force, and (C) initial
normal force. Fixed parameters of experiment are shown in Table 2.

the sample with small initial shear force, the sliding velocity can only
reach 0.05 mm/s after a number of slip events, so the accumulated
sliding distance at slip activation moment is larger. However, the
sliding velocity of the rough fracture subjected to high initial shear
force in the quasi-static slip stage is significantly faster than that
under small initial shear force. Therefore, the rough sample with a
larger initial shear force has a longer accumulation of sliding distance
before activation.

With larger initial normal force, the sliding distance at slip
activation moment of the planar fracture decreases but it increases
for the rough fracture (Figure 9C). For planar fracture, the inhibition
of sample slip is weakened under lower normal force, and the
cumulative distance of slow sliding before slip activation is larger.
Therefore, the sliding distance at slip activation moment of the
planar fracture under small normal force is large. Under larger
normal force, the planar fracture experiences several slow slips

Frontiers in Earth Science 10 frontiersin.org

https://doi.org/10.3389/feart.2024.1443192
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Tao et al. 10.3389/feart.2024.1443192

before the rapid slip whose sliding distances are very small. The
strain energy is slowly released in this process, so the cumulative slip
distance before slip activation is not high. For the rough fracture,
the larger the normal force, the longer the time of the quasi-static
slip stage. The cumulative displacement for a long time leads to
an increase in the sliding distance of the slip activation moment
of the rough fracture, especially when it suddenly slips (when the
initial normal force is equal to 5.5 MPa), the rapid increase of sample
velocity results in a sharp increase of slid distance.

5 Conclusion

To investigate the unloading-induced slip behavior of rock
fracture, two kinds of granite fractures (planar and rough) were
sheared in the shear box device subjected to constant shear force
and linear-unloading normal force. The temporal variation of shear
distance and normal displacement were recorded.The experimental
findings were derived as follows:

During the normal unloading process, planar fracture always
exhibits sudden slip behavior, while the rough fracture tends to
slide steadily. However, when the applied normal force is large
enough, sudden slip also occurs on the rough fracture, indicating
that the occurrence of sudden slip on the fracture surface is related
to both surface roughness and normal force. Additionally, the slip
velocity of sudden slip events is significantly higher than that of
stable sliding process. As the normal force linearly decreases, the
maximum sliding velocity for each slip event increases exponentially
with experimental time. The slip motion of the rough fracture
undergoes three stages: quasi-static slip stage, slip acceleration stage
and slip deceleration stage. However, when the rough fracture is in
the unfavorable condition of slip, the beginning of the quasi-static
slip stage becomes difficult to observe. The slip activation moment
of fracture is influenced by the normal unloading rate, initial shear
force, and initial normal force. A higher unloading rate, higher
initial shear force, or lower initial normal force leads to earlier slip
activation. The sliding distance at slip activation moment of the
planar fracture is always smaller than that of the rough fracture.
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