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ARTICLE INFO ABSTRACT
Keywords: Stress change in rock mass caused by human activities has the potential to cause the sliding and destruction of
Stress change faults and joints, resulting in induced seismicity. Laboratory experiments are conducted on a simulated fault with

Simulated fault
Shear behavior
Photoelastic
Induced seismicity

various teeth numbers and undulation angles to uncover the mechanism of stress change-induced seismicity. The
potential risk of induced seismicity is explained using three methods: the Mohr-Coulomb failure criterion,
localization of stress concentration regions, and visualization of maximum shear stress reduction through pho-
toelasticity. Experimental results indicate that the friction coefficient increases with the undulation angle, and
the form of stress change has an unignorable impact on frictional instability. The friction coefficient in the
vertical unloading process is slightly lower than that in the loading process and larger than that in the shear
unloading process. Loading is the stress change caused by shear displacement under constant normal stiffness
conditions and unloading is the process of reducing the stress by controlling the position of the boundary con-
straints in the corresponding direction. Meanwhile, unloading in the shear direction has both seismic and
aseismic features. Although the rapid drop of shear stress at the onset of shear unloading may induce fault
instability, the reduction of normal stress and the restoration of displacement prove that unloading in the shear
direction may also reduce the risk of fault failure in the subsequent process. In addition, the stress concentration
region is mainly distributed perpendicular to the contact surface rather than the entire fault. This research is
conducive to promoting the application of photoelasticity in studying induced seismicity and provides a practical
method for calculating the energy released during such events. Based on the morphological characteristics and
stress states of fault surfaces, the findings can be utilized in engineering practice to assess the risk of induced
seismicity under different stress change conditions.
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Es total radiated seismic energy 1, apparent stress
Ad incremental fault slip My moment magnitude
Ko, M1, the friction coefficient in the loading, unloading in the shear direction and
p2 unloading in the vertical direction
Pr the resolved friction coefficient

1. Introduction

Induced seismicity is earthquakes caused by human activities,
generally of a low magnitude. The root cause of induced seismicity is
that engineering activities break the original equilibrium state of the
underground stress field, and the process of seeking to rebalance induces
structure failure. Human activities that cause induced earthquakes
include wastewater injection,' > withdrawal of gas and fluid from the
subsurface,»® mining projects,"’7 reservoir impoundment,&9 and
geothermal energy extraction.' %!

Despite the enormous economic potential of exploring and utilizing
underground space resources,'>'° numerous governments have set
limits on the magnitude of the induced seismicity to protect the lives of
residents and reduce panic. Production and operation of the existing
project will cease when the magnitude exceeds the limiting value. The
local government stopped the enhanced geothermal system (EGS) in
Basel, Switzerland, due to the felt seismic events.'® Haring et al.'” took
micro-seismic events as an inherent feature within current reservoir
stimulation and tried to analyze the possible mechanism of the shearing
process. A magnitude 5.4 seismic event was reported in Pohang City,
Korea.'®!? Researchers explained that this shallow-depth earthquake
was induced by a local EGS project. Although some researchers”’
considered this event to be either a natural or triggered, but not an
induced seismic event, this project has been stopped by the local gov-
ernment, and the restart time is still uncertain. Induced seismicity can
also cause geo-hazards like rock avalanches, surface subsidence,
landside-dammed lakes and debris flows, which will lead to ecosystem
degradation and vegetation destruction.?! >

Due to the impact of induced earthquakes on human activities and
the environment, dealing with induced seismicity has become a world-
wide concern. Researchers make comprehensive reviews?*?° on
chains and mechanisms of induced seismicity. The recognized mecha-
nisms of induced seismicity include modifying the pore pressure and/or
stress, earthquake nucleation, and changes in friction coefficient.
Extensive research®*>° is conducted based on these mechanisms or to
explore other possibilities. With significant advancements in the appli-
cation of new experimental apparatus and simulation techniques, re-
searchers are getting closer to cracking the mechanism of stress
change-induced seismicity. Wu®° reviewed unloading-induced seis-
micity caused by developing underground space and extracting under-
ground sources and summarized some unusual cases that the
Mohr-Coulomb failure criterion cannot explain. Kang et al.?®
explained the fault slip caused by quarry unloading and reservoir
impoundment with Mohr circles. Wu et al.*” hold that induced earth-
quakes happen when human activities perturb the frictional equilibrium
of pre-existing faults. Mining activities could cause stress redistribution
and induce fault slip. Excavation of underground mineral resources
could change the stress and cause fracture initiation or fault slip adjacent
to the orebody. Sainoki and Mitri*® simulated mining-induced fault slip
with Flac-3D. They concluded that the friction angle and location of the
fault are critical factors, while the dilation angle and stiffness do not
have much effect. The fault slip caused by excavation was considered a
prominent type of rock burst.* The fault slip burst was defined as a rock
burst caused by the movement of the pre-existing fault or the formation
of earthquake-prone structural zones.’’ The frictional properties of
faults greatly influence induced seismicity caused by stress change and
depend on the blocks’ structural characteristics, physical properties, and
the filling material as fault gauge or fluid between them.*'** The di-
rection, magnitude, and evolution of the maximum compressive stress in
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the tectonic stress field also significantly impacted the friction property
of the fault.*> The water lubrication effect was experimentally studied,
and the result found that the fault in wet conditions has a lower friction
coefficient, which reduces both adhesive force and shear stress.*°
However, the process of stress redistribution which causes fault insta-
bility remains unclear. Li et al.*” used a biaxial Hopkinson pressure bar
to study the shear behavior of sawtooth-shaped rock joints. The influ-
ence of environment and temperature is also becoming an influential
subject.

Although many studies have examined induced seismicity under
various intrinsic structural characteristics and external loading condi-
tions, few attempts have been conducted to observe the stress concen-
tration regions and maximum shear stress variations along the fault
directly, which generally control fault failure. Also, the boundary con-
ditions for most experimental studies are limited to constant normal
stress conditions, which are inconsistent with many engineering prac-
tices. This research aims to uncover the seismic response when stress
conditions along the fault change and identify the factors that govern
fault behavior. The frictional experiments are conducted using a custom
direct shear machine that is combined with photoelasticity. The primary
parameters considered to affect fault frictional behavior during stress
change include the initial normal stress, shear displacement, unloading
mode and fault morphology (undulation angle and teeth number). Based
on the experimental results, the characteristics of induced seismicity
caused by the change of initial stress state can be recognized, and the
identification of the most hazardous regions is highly likely to be
realized.

2. Experimental setup
2.1. Sample preparation

The fault surfaces in nature are generally irregular in shape with
various numbers of convex and undulation angles. While laboratory
experiments aim to replicate natural conditions as closely as possible,
the irregular morphological parameters are simplified into different
numbers of teeth with various undulation angles because every natural
profile consists of various and large amounts of single teeth. Barton*®
proposed a joint roughness coefficient (JRC) to describe the surface
roughness scaled from O to 20. Although the scale of the joints and faults
vary, this research adopts the nominal JRC (nJRC) for surface
morphological description to facilitate grouping and comparison. As
JRC and nJRC are identical in values and calculation methods, JRC will
continue to be used in all subsequent descriptions in this paper. The JRC
is calculated by the revised Tse empirical formula*’:

JRC=32.69 + 32.981g Z, m
1 i 2

Zo=|—= i1 —Yi 2

2 \/m(Ax)2 ;(yﬂ ¥i) 2

In this equation, Z is the root mean square of the first derivative of the
profile, m is the number of sampling intervals, Ax is the sampling in-
terval, yi+1 and yj are the heights of the ith and i+1st sampling points,
respectively. A sampling interval of less than 1 mm is sufficient to
capture the micro-features of joint roughness.’® In this study, Ax is set to
0.5 mm and m is 200. Thus, the JRC of the samples (Fig. 1) ranges from
9.6 to 19.1, which is the most widespread in the natural rock mass."’
Test specimens used in the experiments are made of polycarbonate
with sensitive temporary birefringent properties, each consisting of two
plates. As shown in Fig. 1, seven groups of polycarbonate cuboid spec-
imens are prepared, including prefabricated fault with two teeth and
different JRC (9.6, 11.2, 13.2, 16.2), fault with three teeth and different
JRC (16.2 and 19.2), and a straight fault for reference. The dimension of
the sample is 100 mm*100 mm*10 mm, and the corresponding undu-
lation angle « is also listed. The two ends of the artificial fault are in the
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Fig. 1. Polycarbonate samples and relevant geometry parameters.

middle of opposite sides. Since the simulated fault surfaces in this
experiment are composed of relatively simple polygonal shapes, the
fracture surfaces are designed and machined using a lathe with a pre-
cision of 0.001 mm. This ensured smooth, well-fitted contact surfaces
without significant protrusions. 3D printing technology has also been
widely utilized in photoelastic experiments, particularly for joints with
complex morphologies.””> The samples are annealed to eliminate re-
sidual stress and avoid the stress concentration phenomenon when there
is no external force. Additionally, Under external loading, the specimen
should not fail due to asperities, and no residual stress should remain
after unloading. Polishing or other measures that may cause material
failure should be avoided. The basic physical and mechanical properties
of polycarbonate specimens are listed in Table 1.

Where, E denotes Young’s modulus, ¢ denotes the maximum
compressive strength, p denotes the density, ¢ denotes the phase ve-
locity, and v is the Poisson ratio. The fq is the material fringe value in N/
mm/fringe and will be described in detail in Chapter 2.3.

Finding model materials for photoelastic experiments that match the
physical and mechanical properties of natural rock mass is a significant
challenge. The polycarbonate material used in this experiment exhibits
linear elastic deformation characteristics, making it suitable for quan-
titative photoelastic stress analysis. Although there are differences in
mechanical properties such as plasticity, ductility, and fracture tough-
ness compared to natural rock mass, the model offers distinct advan-
tages in terms of internal structure transparency, stress field
visualization, and experimental reproducibility. We are also exploring
material modification methods to enhance the mechanical similarity
between experimental materials and natural rock mass. For example, we
are exploring the possibility of using 3D printing technology with
different chemical compositions of printing materials, as well as
randomly introducing micro-pores and micro-cracks,”” >* which are
believed to have the potential to better simulate typical jointed rock
masses.

2.2. Test setup

This test system (Fig. 2a) combines a photoelastic apparatus and a
customized direct shear machine. The photoelastic apparatus (TST-
300°>°%) contains an orange laser light source (600 nm wavelength), a
laser power adapter, two metal guide rails, a collimating lens, a polar-
izer, an analyzer, a field lens, and a high-speed camera (phantom
V2512). The metal guide rails (Fig. 2b) are customed to ensure the

Table 1
Mechanic properties of polycarbonate specimens.
E c p c v fq
2.1 GPa 78 MPa 1690 kg/m3 1033 m/s 0.28 7.466 N/mm/fringe

continuity of the optical path and the stability of the test. The specimen
is fixed on the plane perpendicular to the laser incidence direction, and
the front view is shown in Fig. 2c. It must be ensured that the light source
can pass through all devices completely and is not blocked. The exper-
imental materials used for photoelasticity generally have low strength
and can only be tested under low-loading conditions. The existing direct
shear apparatus for rock tests is with low accuracy under low-stress
conditions. Thus, this research designs a new direct shear machine for
photoelastic experiments. As shown in Fig. 2d, the servo control shear
apparatus is equipped with two force sensors and grating rulers on
normal and shear directions for displacement and force measurement.
The loading velocity in both directions can be set from 0 to 10 mm/s,
and the maximum value for the loading force ranges from 0 to 14 kN.
The sample fixing device (Fig. 2e) consists of the upper and lower shear
boxes. The shear box has no cover in front and back so that the
high-speed camera can record the deformation and sliding process of
specimens. Grooves are prefabricated inside of the shear box to ensure
that the sample will not mismove or slip during the test.

2.3. The principle of the photoelastic method

Photoelastic analysis is commonly used to study systems with com-
plex boundaries, such as underground excavations with irregular
shapes. Photographs of isochromatic, along with calculated stress tra-
jectories, provide valuable insights into the stress distribution and
highlight areas of stress concentration.”” Photoelastic stress analysis
experiments are also conducted to validate the accuracy of the stress
contours produced by the numerical method.”® °° Photoelastic tech-
niques have been widely used for transparent materials. In rock me-
chanic research, the photoelastic method has an irreplaceable advantage
in visualizing stress concentration.®’:°” The influence of joints on the
stress field with dynamic is investigated photoelastic equipment.®®
Although numerical simulations are very powerful, many experimental
conditions cannot be fully represented due to technical limitations and
photoelastic research cannot be completely replaced by numerical
simulations for detailed studies. For example, the setting of contact
characteristics is relatively simplistic in numerical simulations, whereas
in actual research, the characteristics of the contact surface change
during the shearing process, which cannot be captured in simulations.
Additionally, the increase in local stress may lead to changes in the
mechanical properties of the local material. In numerical simulations,
materials are usually set as homogeneous and do not account for
changes observed during the experimental process. The combination of
photoelasticity and high-speed cameras allows for detailed observation
of the failure process, which would require significant time and
computational resources in numerical simulations. Photoelastic experi-
ments provide a critical bridge between laboratory rock testing and
numerical simulation. By conducting experiments using photoelastic
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High speed camera
e

Fig. 2. (a) Schematics of the photoelastic testing system, (b) photo of the
experimental apparatus, and (c) front view of the loading device. (d) Photo and
schematic of the customed direct shear machine for photoelastic experiment
and (e) geometry of the shear box.
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stress analysis, researchers can compare the shape of the maximum
shear stress contours obtained from these experiments with those
derived from numerical methods.”®°° Thus, the photoelastic experiment
plays an important role in insuring that the stress contours produced by
the numerical method are correct. In addition, the method of mesh di-
vision in numerical simulations is crucial for improving the accuracy of
energy calculations in photoelastic tests. Specifically, this can be ach-
ieved by increasing the grid density in stress concentration regions and
reducing it in other areas.

The fringes caused by elastic deformation in the sample are pro-

portional to the internal shear stress field. The temporary birefringent
property of polycarbonate material enables us to observe and calculate
the stress concentration region around the fault. The stress concentra-
tion phenomenon becomes more obvious with higher fringe order. In
photoelastic analysis, light-field and dark-field isochromatic fringe
patterns are obtained to calculate the half-order and whole-order fringe.
In this research, the polarizer and analyzer are rotated to 45 and 315° to
form a dark field, which means the fringe orders are N = 0, 1, 2, and n.
The fringe order can be determined by the continuous loading method.
The first step is to choose a standard point in the model; the load then
increases from O to the rated value. Observing the extinction order on
this point and the fringe order can determine the order of other fringes,
which can then be calculated. The linear difference method will be
adopted to obtain the approximated intermediate fringe order for the
concerned points that are not exactly on the fringe. The stresses and
optical property satisfy the relation:
01— 02 :Nde (3)
where 67 and 05 denote the two main principal stresses, N denotes the
fringe order, f4 denotes the material fringe value in N/mm/fringe, and h
is the thickness of the sample (h = 10 mm in this case).

The value of f4 is determined by the disk radial compression test. The
stress state at the center of the disk sample is shown in Fig. 3a. Based on
elastic mechanics, the stress in the center is:

2P

7= 2dD @
—6P

%2= 2D )

Where P denotes normal pressure, D is the thickness of the disk. Then,
the value of fq can be determined by:

8P

=_DN (6)

fa

According to the fringe order determination method described in the
beginning, the fringe order in the center can be counted (Fig. 3b). Thus,

(@ (b)

Fig. 3. Determination of material fringe constant in the photoelastic experi-
ment (a) schematic of the stress state of the disk subjected to normal pressure
and (b) photo of fringe order in a dark field.
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fq = 7.466 N/mm/fringe in this research.
2.4. Test procedure

As shown in Fig. 1, the samples are annealed to eliminate residual
stress, and no fringe exists without external force. The samples are then
fixed into the shear box through prefabricated grooves separately.
Before taking the photoelastic experiment, all the optical apparatuses
are fixed on the metal guide rails. The polarizer and analyzer are rotated
to generate a dark-field polarized light.

During the loading test, the servo-controlled force sensor first applies
an initial normal force (Fy initial).- In this process, the normal load
continuously increases at a constant rate until the specified normal force
is attained. The initial normal stress at the top of the specimen (o initial)
can be calculated because the contact surface is 10~2 m> (Fig. 2e). The
normal and shear force sensors and shearing box (Fig. 2¢) are designed
to ensure that the normal and shear load are uniformly distributed over
the discontinuity. The constraints in normal and shear direction are
imposed on the specimen by the shear box and sensors. When the Fy
initial Teaches the target value, the displacement in the vertical direction
is constrained, which means the experiments are under constant normal
stiffness loading conditions (CNS). Then, the shear displacement (S4) of
the lower (driving) block in the horizontal direction increases at a
constant rate of 1 mm/s. Given that the specimen remains in the elastic
deformation state, the shear rate has limited influence on the photoe-
lastic test when the constraints do not disappear suddenly. In fact, the
authors conducted trials with different shear rates of 0.5, 0.75, and 1
mm/s during experiments, and the final stress state is only determined
by the shear displacement. In this test, the different shear displacements
are set to create varying initial stress states. If the shear displacement is
too long, overly dense fringes will appear in the stress concentration
region, making it extremely difficult to count fringe order. Conversely, if
the shear displacement is too short, the total amount of effective me-
chanical and optical data will be limited, preventing a convincing
analysis. After trial and error, loading distances of 2 mm and 4 mm are
selected as the optimal choices. The first non-zero value measured by the
shear force sensor is recorded as the starting point of loading. Different
stress states formed by loading represent various stress fields that faults
are located in and are the initial stress conditions for unloading exper-
iments. For shear unloading cases, the position of constraint in the
normal direction is fixed, and the constraint in the shear direction re-
treats at 1 mm/s. The shear unloading process stops when the shear
force (Fs) equals 0. For the vertical unloading case, the position of
constraint in the normal direction retreats at 1 mm/s, and the normal
unloading process stops when the normal force (Fy) equals 0. The forces
in normal and shear directions are measured by force sensors, and the
sampling rate is 10 data points per second (FPS). The high-speed camera
is triggered when the servo control system works, and all the loading or
unloading processes are recorded for the maximum shear stress (Tmax)
analysis. The acquisition resolution of the high-speed camera is 512 x
512 pixels, and the frame rate is 300 frames per second.

A total of 42 loading conditions are listed in Table 2. The final stress
state after the loading tests serves as the initial stress state for the
unloading tests. Therefore, this study includes 42 sets of loading to shear
unloading cycles and 42 sets of loading to vertical unloading cycles,
totaling 84 tests. The potential risk of induced seismicity will be
analyzed with the following methods. Firstly, fault failure conditions are
commonly expressed based on the Mohr-Coulomb failure crite-
rion.?>*%%” The relationship between normal and shear stress on the
simulated fault is measured by sensors and can be used to discuss the
potential occurrence of failure. Secondly, since photoelastic experiments
can only be conducted within the elastic stage, this study identifies the
potential risk of fault failure by confirming stress concentration regions,
where rupture failure is prone to occur.®*°® Even with very small dis-
placements, rapid stress variations in stress concentrations can exceed
the shear strength and lead to failure. The unreplaceable advantage of

International Journal of Rock Mechanics and Mining Sciences 182 (2024) 105893

Table 2
Geometric parameters of the fault surface and loading condition.
Specimen  Nominal Teeth Undulating Shear Initial
JRC number angle (°) displacement normal
(mm) stress
(MPa)
A1l-1 9.6 2 11.3 2 0.8
A1l-2 1
A1l-3 1.2
A2-1 4 0.8
A2-2 1
A2-3 1.2
B1-1 11.2 2 14.0 2 0.8
B1-2 1
B1-3 1.2
B 2-1 4 0.8
B2-2 1
B 2-3 1.2
C1-1 13.2 2 18.4 2 0.8
C1-2 1
C1-3 1.2
C2-1 4 0.8
C2-2 1
Cc23 1.2
D1-1 16.2 2 26.6 2 0.8
D1-2 1
D1-3 1.2
D21 4 0.8
D 2-2 1
D 2-3 1.2
E1-1 16.2 3 18.4 2 0.8
E1-2 1
E1-3 1.2
E 2-1 4 0.8
E 2-2 1
E 2-3 1.2
F1-1 19.1 3 26.6 2 0.8
F1-2 1
F1-3 1.2
F2-1 4 0.8
F2-2 1
F 2-3 1.2
G1-1 0 0 0 2 0.8
G1-2 1
G1-3 1.2
G2-1 4 0.8
G 2-2 1
G2-3 1.2

photoelastic lies in its ability to directly observe and determine the
location of stress concentration regions through observation of fringe
order variation. Additionally, this study determines the occurrence of
unloading induced seismicity through the sudden release of energy.
Research indicates that the energy released during an earthquake is
proportional to the shear stress drop.®” °° When a sudden relative slip
occurs on the simulated fault, a significantly shear stress drop occurs
within the specimen compared to subsequent slips, which can be verified
by observing the variation in fringe order in the photoelastic images.
All of the tests are repeated three times under the same condition.
The data is considered valid when the difference between the mean and
median is less than 5 %. R Reproducibility in the elastic stage is an
important advantage of photoelastic experiments. The polycarbonate
material used in this experiment is characterized by homogeneity and
isotropy and the fracture surfaces are designed and machined using a
lathe with a precision of 0.001 mm. The repeatability tests include the
processes of loading to unloading in shear direction and loading to
unloading in vertical direction. In the repeat tests, the measured
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parameters included the shear force and normal force obtained from the
pressure sensors, and the fringe orders at reference points. The median
and mean values of these data will be compared to confirm their val-
idity. In fact, for the same specimen under identical normal and shear
displacements, these parameters are nearly the same. Testing results can
also prove this.

3. Experimental result

To simulate the seismicity induced by loading and unloading con-
ditions and to investigate the influence of fault morphology in this
process, 84 tests with different oyinitiay and Sq are conducted. During
these tests, the forces in normal and shear directions are directly
measured by force sensors, and the high-speed camera completely re-
cords the isochromatic fringe patterns that appeared in the process.

Three possibilities for inducing earthquakes will be discussed in this
chapter. The first possibility is that shear failure occurs on the fault
surface due to the movement of the pre-existing fault, which can be
explained by the movement of Mohr circles (Fig. 4a). Fault instability
occurs when the shear stress on the fault exceeds the frictional strength.
The changes in normal stress and shear stress on the fault surface are
affected by factors such as morphology, boundary conditions, and form
of stress change. The second possibility is that shear failure occurs in the
stress concentration region when the maximum shear stress (T yax) €x-
ceeds the shear strength. Research has shown that stress concentration
regions play a crucial role in locating induced seismicity.°®”%”" During
the loading process, the increase in T pax in the stress concentration
region was significantly larger than other regions, which behaved as
rapid increase of fringe order. Since the fundamental premise of pho-
toelastic experiments is the elastic stage, this test can only identify po-
tential simulated fault failure regions rather than confirm actual
fractures. The third possibility involves a simulated fault in a critical
stress state undergoing stress changes, which can result in sudden slip

JUIR.IISUO0D PIxXI]
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along the fault surface. This sudden slip is characterized by a rapid
release of energy and can be directly observed through visualization of
stress drop of T max”/ *’ In these tests it manifests as a rapid reduction
in the fringe order in the stress concentration area at the moment of
instability compared to the subsequent sliding.

It is worth mentioning that despite the contact area changing during
sliding, the toothed model can be simplified (Fig. 4b). The resolved
normal force F} and shear force F} are calculated based on the undu-
lation angle of the teeth and the forces measured by sensors. The
measured forces are not decomposed for convenience of engineering
application in this chapter but will be discussed in Chapter 4.

3.1. Control group (group G)

Group G (Fig. 5) is set as the control group of this research to
distinguish the characteristics of fault slip and elastic deformation dur-
ing the experiment. Group G can be seen as a special case in which the
undulation angle a equals 0. Thus, the reference group is the most
simplified and has the fewest variables. The contact surface of this group
is straight and without teeth. The elastic deformation and slip in the
stress change process can be determined by optical, geometric and
mechanical characteristics.

3.1.1. Optical feature

Although the simulated fault for Group G is straight and smooth,
scratches produced by cutting make small invisible bumps. After
applying the initial normal force, the blocks are compressed, and the
bumps on the contact surface squeeze against each other. The normal
elastic deformation of blocks increases with the increasing normal force,
and a concentration of shear stress is generated around the contact
surface because of the interaction of bumps in the shear direction. From
Fig. 5, the fringe propagates perpendicular to the contact surface in this

‘ guide rails .

(b)

Fig. 4. Schematic of (a)Mohr-Coulomb failure criterion. The solid circle moves towards the failure curve when stress changes (b)the loading conditions in the

shear test.
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(a) F&=0, Fy=0 (b) Fg=0, F\=0.3kN

fringe propagation direction

Al
B 03

() Fg=0, F\=0.6kN _  (d) F=0, F\=0.8kN

fringe propagation direction

fringe propagation direction
N

K]

Bll Blz

Fig. 5. Fringe variation of sample G2-1 during normal loading (a)Fy = 0 kN,
(b)Fxy = 0.3 kN, (c)Fy = 0.6 kN, (d)Fy = 0.8 kN. The numbers represent the
fringe order.

process. The fringe order for reference points adjacent to the contact
surface increases with increasing normal force, which means the in-
crease of the maximum shear stress inside the block.

Then, the driving block controlled by the servo control system ad-
vances for 4 mm at 1 mm/s. Before sliding, Fy fluctuates slightly around
FN initial, and the Fg increases. Then the driving block starts sliding, the
normal force decreases slightly and eventually remains unchanged. As
recorded by the high-speed camera (Fig. 6), the fringe sway slightly from
side to side in the shear process and the fringe order for reference point
does not change. This phenomenon indicates that the maximum shear
stress along the simulated fault is nearly constant during sliding.

3.1.2. Mechanical feature
The forces in normal and shear directions can be directly measured
by force sensors located in two directions. Test results of the reference

(a) Fg=0.086kN, F\=0.8kN  (b) Fs=0.086kN, F\=0.78kN

fringe propagation direction fringe propagation direction
3

Fig. 6. Fringe variation of sample G2-1 in the shear process (a)Sq = 0 mm, (b)
Sq =1 mm, (c) Sg = 2 mm, (d) Sq = 3 mm. The numbers represent fringe order.
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group are shown in Fig. 7. The force-displacement curve includes two
stages: when Fy initial = 0.8 kN, OA in Fig. 7a refers to the shear force
accumulation phase, in which the shear force increases monotonically
up to the maximum shear force. AB in Fig. 7a is the slip phase, where the
shear displacement increases while the shear force is almost unchanged.
In the slip phase, with various Fy initial, the coefficient of sliding friction
p= % is almost the same. From Fig. 7b, when Fy initial = 0.8 MPa, Fg =

0.086 MPa, Fy = 0.778 MPa, and p = 0.086/0.778 = 0.110. Similar,
when Fy jnitial = 1 MPa, p = 0.111/0.979 = 0.113, and when Fy injtial =
1.2 MPa, p = 0.136/1.184 = 0.114.

For shear unloading cases, when the constraint in the shear direction
retreats, the sliding stops immediately. Fy is slightly reduced, Fs = 0 and
the fringe stops shaking at once. There is no rebound in the shear di-
rection. For vertical unloading cases, the constraint in the vertical di-
rection retreats, the fringes disappear gradually, and the shear
displacement first increases slightly and then remains unchanged
(Fig. 8).

3.2. Characteristics for loading phase

Test result of D1-1, which is recorded by a high-speed camera, is used
to illustrate the loading process. The two blocks are pressed and fully
interlocked by applying a servo-controlled Fy jnitia] On the upper block. A
certain amount of elastic energy is stored, and no slip appears. As shown
from Fig. 9a- 9d, the fringes develop along the loading direction and are
approximately symmetrical during this process, which is consistent with
the reference group. Then, the driving block is advanced for 2 mm with a
shearing rate of 1 mm/s. The shear process is shown from Fig. 9e-9h.
The normal force and shear force are both increasing because the normal
displacement is constrained. The increasing direction of the fringe order
changes from vertical to perpendicular to the contact surface, and the
fringe sways parallel to the contact surface simultaneously. The com-
parison of contour for sample D1-1 before and after shearing is shown in
Fig. 10a, in which the slip distance (S41) is much larger than the elastic
deformation (Vq41), and the length of the contact surface decreases with
increasing shear displacement. As shown in Fig. 10b, the measured
forces are decomposed in directions along and perpendicular to the
contact surface. This displacement-force curve includes three stages:
shear force accumulation, slip and deformation slip. The shear force
accumulation stage is the phase in which shear force gradually reaches
the first peak, the shear deformation increases and the friction type
changes from motionless to sliding. The slip stage refers to the stage in
which the shear force changes slightly while the shear displacement
continuously increases. The length of the slip stage is decided by the
undulation angle. The deformation slip stage is the stage in which the
normal deformation increases with increasing shear displacement. The
normal force increases with increasing normal deformation, and the
required shear force also increases as sliding friction still occurs at the
contact surface. The deformation slip stage ends when the shear stress
exceeds the shear failure strength of the fault. According to the optical,
mechanical and geometric features, elastic deformation and relative
displacement of simulate fault simultaneously occur in the loading
process.

The shear displacement in this study are 2 mm and 4 mm. Since the
mechanical curves for the 4 mm are very similar to the 2 mm, and the
2-4 mm section is merely a linear extension, only the measurement
results for the 2 mm shear distance are presented here to save space.
When the shear displacement is 2 mm, as shown in Fig. 11, the forces are
redistributed during the initial stage of the loading process, corre-
sponding to the shear force accumulation and slip stage. The shear force
increases with increasing shearing displacement, while the normal force
fluctuates at the beginning and then increases with increasing shear
displacement. This is caused by the change in friction type and the in-
crease in shear deformation. Additionally, as seen in Fig. 12, at the onset
of loading, the fringe along the fault, whose order represents maximum
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Fig. 7. (a)Measured forces in normal and shear directions, and (b) friction coefficient for samples G2-1, G2-2, and G2-3 in the loading process.

(a) F=0.086kN, F\=0.8kN  (b) Fs=0, F\=0.4kN (¢) F=0, F\=0

vertical unloading vertical unloading
displacement = 0 displacement = 0.7mm
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Fig. 8. Fringe variation of sample G2-1 in the vertical unloading process, in which vertical unloading displacement = (a) 0 mm, (b)0.7 mm, (c)1.46 mm.
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Fig. 9. Fringe variation of sample D1-1, (a) to (d) application of Fy initia1, (€) to (h) shear process.

shear stress, does not have order change but oscillates from side to side.
The driving block slips along the contact surface when the shear force
and normal force along the fault reach a specific ratio. The shear and
normal forces then increase proportionally as shear displacement in-
creases, corresponding to the deformation slip stage. The contact surface
length continues to decrease, and the stress concentration phenomenon

occurs perpendicular to the contact surface.

Though the undulation angle, teeth number, and contact area of each
experiment group are different during sliding, the measured forces
(Fig. 13) indicate that all the sliding friction models can be simplified to
the model mentioned above (Fig. 4b). When the driving block is
continued to slide, F§ and Fy, increase proportionally, corresponding to
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Fig. 10. (a)Comparison of contour of sample D1-1 before and after shear. The blue line is the contour of the contact surface before shearing. The green line is the
contour of the upper block, and the red line is the contour of the lower (driving) block. The Sy, is the relative shear displacement parallel to the contact surface, and
the Vy; is the relative deformation perpendicular to the contact surface. (b) The resolved force of sample D1-1 in the loading process. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

the deformation slip stage mentioned above. The sliding friction coef-
ficient of the simplified model for different groups is calculated by po =
% and listed in Table 3. The theoretical coefficient of sliding friction is
calculated by

u=tan (a+ @) 7

where ¢ denotes the friction angle of a flat and straight joint (Group G).
According to Table 3 and Fig. 13, g is not influenced by oy initial and Sq
but affected by undulation angle. Due to the cumulative elastic defor-
mation, the teeth number has a small effect on the friction coefficient.
The pg increased with increasing JRC, and the effect of the undulation
angle is greater than the number of teeth. The y is higher for samples
with the same JRC when the teeth number is small.

The fault slip burst is defined as a rock burst caused by the movement
of the pre-existing fault or the formation of earthquake-prone structural
zones. "’ Fault slip burst is prone to occur at stress concentration regions.
To analyze stress concentration region and maximum shear stress, the
change of fringe order is captured with the high-speed camera. In
Fig. 14a, six reference points (OA=0B=01A; = 01B1=03A3 = 03B, =
10 mm) are selected from group A for stress concentration analysis.

According to Saint Venant’s Principle, for reference points in stress
concentration region (A, By, and Ajp), the fringe order, which is pro-
portional to maximum shear stress, increased with increasing shear
displacement (Sq) and Fy injtial. For reference points located in other

regions (B, A;, and B»), the fringe order is slightly influenced by Sq and
FN initial (Fig. 14c). Besides, the maximum shear stress in the middle
region is generally larger than that at other places. Experiment results
indicate that the stress concentration regions are the mini slopes
distributed perpendicular to the contact surface rather than the entire
fault (Fig. 14b). The value of maximum shear stress and area of stress
concentration region is controlled by the teeth number and undulation
angle. Data from other groups show the same regularity.

Research indicate that each fracture can be considered as a seismo-
genic element.”” The Coulomb failure criterion is used to determine
whether a defect or small fault will transform into a seismic event.”*
Based on the experimental results, potential risk of induced seismicity
exists during the loading process. The first potential possibility of
induced seismicity is the occurrence of shear failure in the stress con-
centration regions. For deep underground engineering or rock masses
supported by anchor bolts, the dilatant deformation during fault shear
slip is constrained by the surrounding rock and the anchoring structure.
Even with small shear displacement, the T 5« in the stress concentration
regions can significantly increases, which may exceed the shear strength
of the rock mass and causing fractures. The second possibility can be
explained by the Mohr-Coulomb failure criterion (Fig. 15). When the
fault is subjected to external loads in the shear direction, the upper rock
mass or soil is compressed, producing shear elastic deformation, and the
contact surface becomes fully interlocked. With increasing shear
displacement, the Mohr circle moves towards the failure envelope,
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Fig. 11. Measured forces in normal and shear directions for all samples in the shear loading process when Sq = 2 mm (a) shear force, 6y initial = 0.8 MPa, (b) normal
force, o initial = 0.8 MPa, (c) shear force, 6y initiat = 1 MPa, (d) normal force, oy initiat = 1 MPa (e) shear force, 6y initias = 1.2 MPa, (f) normal force, 6y injtias = 1.2 MPa.

indicating that shear failure may occur along the fault. It is important to
note that K is not the reciprocal of the friction coefficient, as the length
of the contact surface (Table 3) decreases with Sq. Another possibility of
instability is also noted: when the fault is in a critical stress equilibrium
state where the normal stress and shear stress on the fault reach a certain
ratio, a sudden external disturbance can disrupt this balance, leading to
sudden slip and instability. Although this experiment determined the
stress ratio under critical conditions, the current equipment could not
apply disturbance loads. Related disturbance experiments will be con-
ducted after the experimental equipment’* is upgraded.

10

3.3. Unloading in shear direction

Experiment results indicated that unloading in the shear direction
can induce both seismicity and aseismic slip. Based on the stress state of
the loading situation, i.e., Fy initial iS applied, and the driving block
advanced for 2 or 4 mm. The position of the constraint in the vertical
direction is fixed, and then the constraint in the shear direction retreats
at 1 mm/s. The unloading process stops when Fg = 0.

The experimental results for shear unloading after a 4 mm shear
displacement are similar to those after a 2 mm shear displacement. To
save space, the explanation uses the experimental results for a shear
displacement of 2 mm (Fig. 16). In the shear unloading process, the
variation trend of Fg is three-stage for samples with lower JRC and
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Fig. 12. The variation of the isochromatic fringe pattern of sample C1-1 (a) oy
initial = 0.8 MPa is applied (b) the driving block is about to slide.

undulation angle. The Fg decreases rapidly in the very beginning, and
then the Fg slightly increases and decreases slowly in the last stage. With
increasing JRC, the variation trend turns into two stages, i.e., Fs de-
creases rapidly in the first stage and decreases slowly in the second
stage. The variation trend for Fy is different from shear force. Fy de-
creases slowly in the first stage and decreases rapidly in the second
stage. The friction coefficient in the shearing stage is different from the
unloading stage (Fig. 17) despite the contact area being the same most of
the time. A potential explanation is that the normal and shear defor-
mation varies during the loading and unloading due to different
boundary constraints. Another possible explanation is that the direction
of the relative displacement of loading and shear unloading is opposite.
Many researchers believed JRC has anisotropy as the strength and fail-
ure features are completely different when shear directions vary.”>’®
Barton el al.”” has taken shearing direction into consideration in the tilt
test, and Huan et al.”® has considered the contribution of shear direction
and proposed a new parameter WPA for the estimation of JRC. Although
this study is based on the elastic stage and does not involve actual
fracture, the potential risk of shear unloading-induced seismicity can be
illustrated using a Mohr circle (Fig. 18). When the lateral constraint
removal occurs on the simulated fault where normal stress is larger than
shear stress, the solid circle moves towards the failure curve at the
beginning of the shear unloading process, and shear failure may happen
under these circumstances.

Despite the possibility of triggering seismicity, the reduction of sur-
face normal stress and restoration of displacement proves that unloading
in the shear direction also has aseismic features. The high-speed camera
records the shear unloading process (Fig. 19), and the maximum shear
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stress is slightly decreased compared to the stage when the oy initial iS
applied. The shear displacement caused by loading recovers stepwisely
and is eventually restored to the initial state. When shear unloading
ends, the contact area increases, and the residual normal stress is less
than the oy injtial. When the oy initial increases, the amount of compres-
sion and the elastic energy stored in the loading process increases.
Experimental results indicate that the attenuation of normal stress be-
comes more significant with increasing oy initial (Fig. 20), suggesting that
higher historic in situ stress may release more energy. This conclusion,
which has essential practical engineering implications, has not been
mentioned by other researchers. For instance, the risk and magnitude of
induced earthquakes can be reduced by removing shear constraints
adjacent to the faults in highly stressed areas.

3.4. Unloading in the vertical direction

Based on the stress state of the loading conditions, i.e., Oy initial iS
applied, and the driving block advances for 2 or 4 mm. The position of
the constraint in the vertical direction retreats at 1 mm/s. The normal
unloading process stops when Fy = 0 (unloading rate = 1 mm/s). In the
vertical unloading process (Fig. 21), the driving block continued to
advance, and the maximum shear stress decreased. The slip velocity is
relatively fast at the beginning because the normal and shear deforma-
tion stored in the interdigitation region is released. The energy accu-
mulated due to concentration is gradually released, and the fringe is
nearly eliminated except for some marginal points. The measured force
in normal and shear directions (Fig. 22) indicates that unloading in the
normal direction will cause stress redistribution. The Fy and Fg change
rapidly from the initial state to the line where the sliding friction

Table 3
The sliding friction coefficient of the equivalent model.
Group  Nominal undulation angle  contact length o tan
JRC ©) (mm) (0+¢o)
A 9.6 11.3 51 0.348 0.317
B 11.2 14 41.2 0.385 0.371
C 13.2 18.4 31.6 0.493 0.461
D 16.2 26.6 22.4 0.704 0.648
E 16.2 18.4 47.4 0.524 0.461
(3teeth)
F 19.1 26.6 33.5 0.735 0.648
(3teeth)
G 0 0 100 0.11 0.11
4.5 T T T T T
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Fig. 13. Measured forces in loading process when Sq = 2 mm (a) Oy initias = 0.8, 1, 1.2 MPa, JRC = 9.6 (b) JRC ranges from 9.6 to 19.2, 6y initiar = 0.8 MPa.
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Fig. 15. Schematics of the Mohr circles showing the fault slip burst attributed
to the loading process before (blue solid circle) and after (red dashed circle).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

coefficient pp = % is constant. The i is not influenced by 6y initial OF Sd
but is mainly controlled by the undulation angle. Nonetheless, i in the
vertical unloading process is slightly lower than pi; in the loading process
and is larger than the shear unloading process (Fig. 23). According to the

12

results recorded by the high-speed camera, the direction of the relative
displacement between the upper and lower test blocks during the ver-
tical unloading process is consistent with that during the loading pro-
cess, but opposite to the direction of relative displacement during the
shear unloading process. This also verifies that JRC has anisotropy
feature when shear directions vary.

Although the samples with different teeth numbers have a close
sliding friction coefficient when the undulation angle is the same, the
reduction rate of vertical stress has a significant difference. The stress
reduction rate refers to the rate at which the normal stress on the
simulated fault surface decreases when the normal constraint on the
sample is removed at a constant rate. The difference in reduction rate
significantly affects the buffer distance and safety factor. The simulated
fault surface is more prone to instability when the stress reduction rate is
high. As shown in Fig. 24, it is more susceptible to sliding when the
simulated fault surface is relatively flat. The reduction rate decreases
with increasing undulation angle when the number of teeth is the same.
Additionally, the number of teeth significantly affects the stress reduc-
tion rate. Although the samples with different numbers of teeth have a
close sliding friction coefficient when the undulation angle is the same,
the reduction rate of normal stress has a significant difference. The two-
tooth specimen with a JRC of 13.2 and the three-tooth specimen with a
JRC of 16.2 have the same undulation angle, as well as the two-tooth
specimen with a JRC of 16.2 and the three-tooth specimen with a JRC
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Fig. 16. Measured forces in normal and shear directions for all samples in the shear unloading process when Sq = 2 mm (a) shear force, oy initias = 0.8 MPa, (b)
normal force, oy initiat = 0.8 MPa, (c) shear force, 6y initiat = 1 MPa, (d) normal force, oy initiat = 1 MPa (e) shear force, 6y initias = 1.2 MPa, (f) normal force, 6y initial =

1.2 MPa.

of 19.1, the reduction rate of surface normal stress increases as the
number of teeth increases.

Vertical unloading-induced seismicity includes two possibilities.
Unlike typical simulations of unloading-induced seismicity,”” this
simulation started with a critical stress state. The decrease of normal
stress disturbed the frictional equilibrium of the fault, leading to sudden
slip. Based on the changes in fringe order, a significant amount of energy
was released within the first 0.2 s of normal unloading, which corre-
sponds to segment AB on the stress path (Fig. 23). The visualization
study of energy release during induced seismicity is currently limited by
the observation methods. We are still working on developing software
for automatic recognition and calculation of fringe orders to enhance
accuracy and reliability for subsequent studies. Another possibility of

13

induced seismicity can be explained by the Mohr circle (Fig. 25). In
engineering activities such as quarrying operation, artificial excavation
can alter the stress distribution within the strata, causing shear stress to
exceed normal stress in localized areas. This can induce shallow fault
slip when vertical stress is reduced. On April 7, 1981, a diatomite quarry
near Lompoc, California, experienced an My, 2.5 earthquake, which was
evidently triggered by crustal unloading.”® The decrease in normal stress
caused by this removal of diatomite is larger than the stress drops in
shear stress, which show certain similarities to the case in this simula-
tion. it should be noted that, due to the lack of firsthand data, this can
only be considered a possible explanation.
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Fig. 18. Schematics of Mohr-Coulomb circles showing the fault slip burst
attributed to the shear unloading process (phase I in Fig. 17) before (blue solid
circle) and after (red dashed circle). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

4. Disscussion
Although predicting the occurrence of induced seismicity and
measuring the energy of induced seismic events have long been difficult,

given the complexity of underground space, the results of this study
provide the possibility of identifying hazardous regions and controlling

(a) F¢=0kN, Fy=1.0kN

(a) (b)

Fig. 19. The isochromatic fringe pattern for sample A2-2 (a) under oy initia, and shear unloading for (b)0 mm, (¢)2 mm, (d)4 mm.

(b) Fs=1.568kN, Fx=4.950kN  (c) F¢=0.902kN, Fy=2.567kN
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the maximum magnitude of stress change-induced seismicity. For
injection-induced seismicity, researchers have made progress in pre-
dicting and controlling the magnitude of induced seismicity. McGarr and
Barbour®* concluded that the cumulative seismic moment response to
fluid injection is limited according to ) Mp(max) = 2GAV when
injecting volumes ranging from 1 ml to 12 million m%, where G is the
shear modulus and AV is the volume of fluid injected. Kwiatek et al.%’
controlled a series of induced earthquakes in a 6.1-km-deep geothermal
project near Helsinki, Finland. The injection rate and amount were
controlled by monitoring the earthquake rate, magnitude, hydraulic
energy, and seismic evolution. Zhu et al.®” conducted laboratory ex-
periments and found that increasing water injection cycles can control
the magnitude and energy of injection-induced earthquakes.

Since the simulated fault in photoelastic experiments is planar and
no fractures form during photoelastic testing, resulting in no fracture
energy, this study is suitable for simple model.®”®® The total radiated
seismic energy and the moment magnitude released at stress change
induced seismicity can be calculated using maximum shear stress drop,
fault area, and incremental fault slip with the following equations:

Es=r,AdA ®
fa = 0.25Tmax = 0.25%A N * f4 )
log,oEs =1.5My + 4.8 (10)

Where E; is the total radiated seismic energy, r, is the apparent stress
and equal to a quarter of the maximum shear stress drop, Ad is the in-
cremental fault slip, A is the fault area, AN is the extinction order, f4 is
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Fig. 20. Attenuation of surface normal stress (AcN) when Sq = 2 mm.

(d) F¢=0kN, F\=0.83kN

(c) (d)
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(2) F¢=1.913kN, F\=5.259kN  (b) F=0.85IN, F\=2.226kN  (c) F¢=0, Fyx=0.049kN

ke

vertical unloading
displacement = 0

(a) (b) (c)

Fig. 21. The variation of isochromatic fringe pattern for vertical unloading of sample C2-2 after retreating for (a)0 mm, (b)0.8 mm, and (c)1.5 mm.
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Fig. 22. Measured forces in normal and shear directions during vertical unloading (a) 6y initias = 0.8 MPa and Sq = 2 mm, (b) JRC = 11.2.

improving the accuracy of energy calculations in photoelastic tests. This

' ' ' ' ' can be achieved by increasing the grid density in stress concentration
35T & A ] regions and reducing it in other areas. For example, the area of the
computational unit is set as 0.2 cm x 0.2 cm in stress concentration
regions, while in other regions the computational unit issetas 1 cm x 1
cm. By using Equation (8) to calculate the energy for each computational
1 unit area and summing them up, the total energy released by the entire
E fault surface at the moment of the earthquake can be obtained. Subse-
- quently, using Equation (10), the maximum magnitude of the fault
. surface can be estimated. In addition, induced seismicity involves
instantaneous release of a large amount of energy, during which the rate
of fringe order changes should be significantly higher than during stable
slip processes. This characteristic can be used to determine the occur-
rence of induced earthquakes. The visualization study of energy release

—=— Loading

@ Unloading in shear direction during induced seismicity is currently limited by the observation
—a— Unloading in vertical direction 7] methods. We are still working on developing software for automatic
1 recognition and calculation of fringe orders to enhance accuracy and

. L . L . L . L reliability for subsequent studies.
1.0 1.5 2.0 2.5 Our experiments directly observed the evolution of maximum shear
FS (kN) stress and identified the stress concentration region, which has the po-
tential to localization of the hazardous regions. Additionally, the
Fig. 23. Force path of loading, unloading in shear direction and unloading in simplified model proposed in this research can be used to predict the
vertical direction for sample D1-2. possibility of stress change-induced seismicity with Mohr-Coulomb
failure criterion. The measured forces are not decomposed in most
the material fringe value in N/mm/fringe, and M,, is the moment cases to facilitate the arrangement of measuring instruments and engi-
magnitude. neering applications. Nevertheless, the external forces are dissolved into
The method of mesh division in numerical simulations is crucial for directions perpendicular and parallel to the contact surface as a contrast

in this part. When Fg and Fy are resolved in directions that are
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Fig. 24. The reduction rate of surface vertical stress in the vertical unloading process.
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perpendicular and parallel to the contact surface, the resolved sliding
friction coefficient is calculated by:

__Fysina+Fscosa

= 11
Fy cos a — Fg sina an

.

The sliding friction coefficient for the reference group (JRC = 0)
ranges from 0.111 to 0.114. For samples with different morphology, the
resolved friction coefficient mainly depends on the form of stress vari-
ation and undulation angle (Fig. 26). The friction coefficient in the
vertical unloading process is close to the loading process and is larger
than the shear unloading process. The friction coefficient increases with
increasing undulation angle, while the teeth number has an opposite
effect on the friction coefficient when the form of stress variation differs.
For example, during shear unloading, the friction coefficient of the
specimen with 2 teeth at 18.4° is larger than that of the specimen with 3
teeth at 18.4°. Conversely, the results are opposite during loading and
normal unloading conditions.

The experimental results indicate that the reduction rate of vertical
stress is very sensitive to fault morphology and initial stress state in
vertical unloading cases. Thus, for human activities like quarry
unloading or reservoir discharge that reduce the vertical stress, the
mining or discharge velocity should be strictly controlled when the fault
has slip-prone morphology or is in a high-stress field. Optimizing the
unloading strategies can reduce the risk related to vertical unloading-
induced seismicity. Also, based on the aseismic feature in shear
loading experiments, drilling holes adjacent to the fault can release the
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Fig. 26. The resolved friction coefficient for all samples.

stress concentration and reduce the magnitude of induced seismicity.
Installing sensors and enhancing monitoring is of great importance to
guarantee the stable operation of the project, protect the existing
building structure, and reduce the possibility of induced seismicity.

Although the photoelastic experiments simulate the process of fault
slip and identify the risk regions, they do not reflect fracture occurrence
and the cutting of rough asperities. Rock samples with the same
dimension will be used in further research. Also, the induced seismicity
always occurs under a complex coupling effect. The impact of environ-
mental factors (e.g., water, temperature, moisture, fault gouge) on
induced seismicity will be investigated in subsequent studies.

5. Conclusions

Using a custom direct shear machine coupled with photoelastic
observation techniques, this study investigates the potential risks of
induced seismicity under three different forms of stress changes:
loading, shear unloading, and vertical unloading. The conclusions ob-
tained include.

1. All forms of stress variation have the potential to induce shear failure
in the simulated fault, which can be explained using the Mohr-
Coulomb failure criterion. Based on sliding friction characteristics,
shear failure is more likely to occur during continuous loading and
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vertical unloading. In the case of shear unloading, induced seismicity
caused by shear failure tends to occur at the very beginning.

2. The undulation angle has a decisive effect on the sliding friction
coefficient, and the friction coefficient is affected by the form of
stress variation. Due to the anisotropy of JRC and differences in
boundary conditions, the friction coefficient in the vertical unload-
ing process is close to the loading process and is larger than the shear
unloading process.

3. Stress concentration regions pose a risk of induced seismicity due to
shear failure. These regions can be directly identified utilizing the
visualization advantages of photoelasticity and are mainly distrib-
uted perpendicular to the contact surface rather than the entire fault.

4. The reduction of surface normal stress and restoration of displace-
ment proves that unloading in the shear direction has aseismic fea-
tures. The attenuation of normal stress becomes more significant
with increasing initial normal stress, suggesting that higher historic
in situ stress may release more energy. This conclusion, which has
essential practical engineering implications, has not been mentioned
by other researchers. shear unloading also exhibits aseismic features

5. The possibility of fault slip inducing seismicity during vertical
unloading can be determined through the sudden release of energy,
identifiable through a rapid change in fringe order. Visualizing and
calculating the energy release during induced seismicity is feasible,
though current accuracy is limited by observation methods. The
accuracy and reliability will be enhanced after developing software
for automatic recognition and calculation of fringe orders.

6. In vertical unloading cases, the reduction rate of surface vertical
stress decreases with increasing undulation angle when the teeth
number is the same and increases with the number of teeth when the
undulation angle is the same. The difference in reduction rate greatly
influences the buffer distance and safety factor in human activities.
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