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Abstract: Ore bodies incubating within fault zones are a common phenomenon in geological strata
and pose a huge challenge for underground mining. To effectively exploit mineral resources, the
layout of the mining roadway and the interaction between the roadway and geological fault must be
considered. In this paper, a bonding fracture was formed on granite samples to simulate a closed fault,
under which a circular hole was fabricated to simulate the roadway of the gold mine. We performed
a biaxial compression test at a true-triaxial electrohydraulic servo testing system for granite samples
with a combined fracture-hole structure. It is worth noting that the fracture inclination 8 and relative
distance between fracture and hole L were taken into account. The digital image correlation (DIC)
technique was used to observe the displacement and strain field evolution around the fracture-hole
structure. Our results demonstrate that (1) the strength of the granite sample decreases with increasing
bonding fracture dip angle 8, and the displacement drops between the hanging wall and foot wall
raised in both the horizontal and vertical displacement directions. Macroscopic cracks become dense,
and the failure degree becomes severe around simulated fault areas. (2) With the increase in the
distance L, the strength of the granite sample increases, the influence of the hole on the slip of the
fracture plane is weakened, and the discontinuity of displacement becomes less obvious. (3) The
maximum principal strain field quantitatively reveals the details of the crack initiation, propagation,
and coalescence around the fracture-hole structure, and displacement nucleation is observed in the
vertical displacement field.

Keywords: biaxial compression test; fracture-hole structure; crack propagation; strain evolution;
digital image correlation

1. Introduction

During underground engineering, many collapse accidents occur in the process of
roadway or tunnel excavation, which is generally caused by unreasonable construction and
excavation schemes, or imperfect support measures around the fault zone [1-3]. Usually,
accidents can be minimized by avoiding fault zones. However, when the ore body is to
be mined in the fault area, it is inevitable to arrange roadways near the fault [4], as shown
in Figure 1, Jiaojia Gold Mine is located in Laizhou City, Shandong Province, China. The
actual geological characteristics are extremely complex, as abundant gold resources are
detected underneath the fault zone, which poses a huge challenge for mineral resource
extraction. To ensure the safe and efficient mining practice of Jiaojia gold mine resources
and reduce roadway maintenance costs, it is necessary to pay attention to the interaction
between geological faults and roadways [5]. Meanwhile, the intersection angle and rela-
tive distance [6,7] between roadways and faults are significant factors affecting roadway
performance [8,9]. Hence, it is necessary to explore the influence of fault occurrence on
roadway layout.
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Figure 1. Jiaojia Gold Mine in Jiaodong Peninsula. (a) Geological conditions of the Jiaojia Gold Mine;
(b) failure zone of the roadway under the influence of the Jiao-Xin fault.

The surrounding rock stability and mechanical behavior of the roadway or tunnel
construction have been widely studied. Some researchers carried out model tests to study
the mechanical behavior of a circular tunnel with homogeneous strata [10,11] and analyzed
the failure characteristics and strain field of the tunnel surrounding rock [12-16]. Precast
cracks or faults have also been explored by a large volume of existing research [17-19].
However, due to the complex geological defects such as cracks and faults in the actual
stratum, it is necessary to take these natural rock defects with roadways or tunnels into
consideration to gain insight into their mutual effects. Among these existing studies, some
studied the deformation characteristics and fracture evolution laws of fractured sandstone
with prefabricated cavities [20,21]. Others used laboratory experiments and numerical
analysis to study the failure characteristics of samples with combined defects of a single
hole and oblique crack [8,21-23]. Many pieces of literature also studied the inclination of
the fault and the distance between the fault and tunnel [24-28]. The existing research on the
interaction between faults and roadways is limited to small-scale and numerical simulations.
For field engineering practice, it is necessary to extend to carry out experimental research
on large-scale structural planes.

Many researchers have conducted experiments on the impact of large-scale faults
on tunnels or roadways based on engineering examples [2,12,29]. Some researchers have
studied the influence of large faults on shallow tunnels and preventive measures [2,29,30],
and carried out large-scale simulation tests to study the impact of faults on tunnels [12,31].
Some have used engineering examples and numerical simulations to study the impact of
faults on mine shaft supports. Other studies have used numerical simulations to study
the impact of faults on the stability of tunnels [9,32]. Although the above studies have
considered the impact of large-scale structures on tunnels or roadways, which has certain
practical engineering significance, experimental variables such as fault inclination and
relative distance between fault and tunnel have not been considered, and have not been
well explored in large-scale laboratory tests. To study the interaction between geological
faults and roadways with varying fault occurrence, it is necessary to research the failure
behavior of roadways beneath the simulated fault.

Therefore, we took the Jiaojia Gold Mine in Jiaodong Peninsula as the research back-
ground. As the lithology of the surrounding rock was mainly granite, granite was selected
as the experimental material. The prefabricated hole and bonding fracture were used
to simulate the fault and roadway. To better observe the deformation around the hole,
a biaxial compression test was carried out, and the surface of the sample was observed



Minerals 2022, 12, 1328

30f22

by the DIC equipment. The failure behavior of roadways under a simulated fault was
explored. The fracture behavior and evolution were studied accordingly, which guided
engineering practice.

2. Methodology
2.1. Sample Preparation

The engineering background of this article is the Jiaojia Gold Mine in the Jiaodong
Peninsula, which is used to determine the basic mechanical parameters of the granite.
The uniaxial compression test was performed on cylindrical samples with dimensions of
@ 50 mm x 100 mm [33]. The basic mechanical parameters are listed in Table 1. Granite
samples for formal tests were made with a height of 150 mm, a length of 150 mm, and a
width of 40 mm. Before the test, the rock plate was cut in half with a high-pressure water
jet method and then glued together with high-strength epoxy resin to simulate a closed
fault. The strength of the epoxy resin herein was approximately 12 MPa. In addition, a
circular hole was fabricated beneath the oblique fracture to simulate the roadway, as shown
in Figure 2.

Table 1. Basic physical and mechanical parameters of the granite sample.

Properties Value
Young modulus E; (GPa) 47.01
Poisson ratio v 0.28
Uniaxial compressive strength o. (MPa) 125.87
Uniaxial tensile strength (MPa) 6.7
Longitudinal wave velocity V), (m/s) 3692.9
Density p (kg/m?) 2666.7

150
150

150
Figure 2. Schematic diagram of the granite sample in the biaxial compression test.

The purpose of this test is to study the influence of the fault dip angle and the distance
between the roadway and the fault on the induced instability and failure of the surrounding
rock by changing the variables f and L (as shown in Figure 1). Therefore, the samples can
be divided into the following groups (as shown in Table 2):

(1) A-0, A-15, A-30, and A-45 are granite samples with fault dip angles of 0°, 15°, 30°,
and 45°, and the distance L between the hole center and the fault is 40 mm.

(2) L-1,L-2, and L-3 are granite samples with distances L between the hole center and
the fault of 30 mm, 35 mm, and 40 mm, respectively, and the fault dip angle is 30°.
Considering the effect of the size effect, the hole bottom should not be too close to the
sample boundary.

(8) Cis the control group. The sample only contained a central hole without a prefabri-
cated fault.

(4) Ois the control group, the fault was not bonded with glue, and the fault dip angle
was 30°. Considering that the stress propagation of the unbonded fault might be
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blocked, the minimum distance L between the hole and the fault was 30 mm. The
details regarding different types of samples are listed in Table 2.

Table 2. Morphology and mechanical parameters of granite samples.

Distance between

Sample No. Length/mm Width/mm  Thickness/mm Hole Bonding Fracture  Angle Fracture and Hole/mm
A-0 151.95 149.96 41.03 v Vv 0° 40

A-15 149.45 149.66 40.56 Vv Vv 15° 40

A-30 150.36 151.30 40.35 Vv Vv 30° 40

A-45 153.12 152.22 41.02 Vv Vv 45° 40

L-1 152.23 151.28 42.34 Vv Vv 30° 30

L-2 149.36 150.34 39.86 Vv Vv 30° 35

L-3 151.42 152.03 40.16 Vv Vv 30° 40

C 151.42 151.30 41.12 Vv - - -

(@) 150.35 152.21 42.01 Vv X 30° 40

Moreover, the DIC technique was used to record the evolution process of the strain
field and displacement field on the surface of the granite sample. Before the test begins,
artificial speckle patterns should be printed on the surface of the sample to facilitate analysis
and processing. Meanwhile, the low-speed camera of the CMOS sensor was placed 60 cm
in front of the samples. The lamp was placed obliquely above the sample to supplement
the illumination (as shown in Figure 3).
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Figure 3. True-triaxial testing equipment and schematic diagram of the loading method for the sample.

The resolution of the camera is 4096 x 3000 pixels, with 8-bit gray digitalization. The
camera automatically captures images at a frame rate of 10 frames per second. After filming,
speckle images captured were analyzed using VIC-2D software. More details about the
DIC technique and artificial speckle pattern can be found in the references [17,34,35]. The
instrument used in this experiment is true triaxial equipment, which can realize loading
stresses in one direction, two directions, and true-triaxial conditions. It can control the load,
deformation, and displacement automatically. The experimental system is a digital closed-
loop control system composed of a computer, control software, testing machine frames,
and sensing element, as shown in Figure 3. The test device can apply a maximum force of
2000 kN in the X-axis and Y-axis directions and 3000 kN in the Z-axis direction [36-39].
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2.2. Experimental Procedure
2.2.1. Determination of In Situ Stress

The three principal stresses at the depth of the Jiaojia Gold Mine are as follows: the
maximum horizontal principal stress was up to 51.1 MPa (306.6 kN) and the vertical in-situ
stress reached 27 MPa (162 kN). The details of the initial stresses are listed in Table 3.
Loading to the initial set value at a loading rate of 1 kN/s was in the directions oy and
o, [40].

Table 3. Initial in situ stress at the depth of the Jiaojia Gold Mine.

Depth (m) Oz (MPa) Gymax (MPa) (Tymin (MPa)
1000 27 51.1 33.7

2.2.2. Loading Paths

To reduce the friction effect, petroleum jelly was smeared on four contact surfaces of
sample boundaries. Four clamps were placed between the sample and loading end regions
of the equipment to fix the granite sample, and one end region was fixed; the other end
region was the loading face. After placing the sample and adjusting the test equipment, a
preload of 2 kN was applied. When the preload reached 2 kN, the loading rate was fixed at
1 kN/s to a setting value [41].

The loading path is shown in Figure 4, and the specific loading procedure is described
as follows:

(1) The oy and o, directions were loaded to 162 kN at a loading rate of 1 kN/s. The o,
direction remained constant, and oy continued to be loaded to 306.6 kN.

(2)  After the preset in situ stress was reached, 0, maintained the stress level, and oy
carried out graded loading at a rate of 1 kN/s. When the stress reached 306.6 kN, the
stress was maintained for 2 min for every 60 kN increase. The purpose was to prevent
the sample from suddenly failing.

(38) There was obvious damage and severe damage to the hole wall, the load was removed,
the load of oy was first unloaded to 0, and then oy and o, were unloaded to 0.

g
i . . . Continuous
Initial loading - Different levels loading  loading
> > >
: A |
l 0, c0kN A ¢
Nzl /
06.6KN @ - - - - - e/ {Utlaading poini}
" 2min i
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162kN @—--—-- ! i
|
|
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Figure 4. Schematic diagram of the loading path.

3. Results
3.1. Mechanical Properties

Biaxial compressive strength reflects the resistance of samples with bonding fracture,
and it was represented by the peak strength of oy in this study. Take sample L-2 as
an example. oy and o, reached the set vertical in situ stress (162.6 kN) with the same
loading rate first. 0, maintained stability, while oy maintained the original loading rate.
Once the sample was damaged, Oymax (421.9 kN) was specified as the biaxial compressive
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strength. The biaxial strength of granite samples with different geometric fracture patterns
is summarized in Table 4.

Table 4. Mechanical parameters of different types of rock samples.

Initial Stress  A-0 A-15 A-30 A-45 L-1 L-2 L-3 C (@)
0,/MPa 27.03 28.07 27.08 28.27 28.32 28.46 27.70 27.92 28.60
oy/MPa 91.24 85.17 69.76 53.08 62.72 70.32 77.69 84.09 92.90

Biaxial compressive strength/ MPa

Furthermore, Figure 5 shows the relationship between the biaxial compressive strength
versus fracture dip angle (Figure 5a) and spacing distance L (Figure 5b). When the dip
angles of the fracture were 0°, 15°, 30°, and 45°, the biaxial compressive strength of the
rock sample was 91.24 MPa, 85.17 MPa, 69.76 MPa, and 53.08 MPa, respectively, which
demonstrated a decreasing trend. In addition, when the relative distance between the hole
and the fracture was 30 mm, 35 mm, and 40 mm, the biaxial compressive strength was
62.72 MPa, 70.32 MPa, and 77.69 MPa, respectively. The results demonstrated that with
increasing distance L, the interaction between the fracture and the hole was weakened, and
the strength of the rock sample increased.
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Figure 5. Biaxial compressive strength of different types of samples. (a) Fault dip angles-Biaxial
compressive strength curve; (b) Distance from fault to hole center -Biaxial compressive strength curve.

3.2. Failure Mode

To obtain an accurate and intuitive fracturing pattern on the sample surface, all
the experimental pictures collected during the test were further processed by the VIC
software. The deformation on the sample surface is outlined by black lines (as shown in
Figures 6 and 7). Dense areas of fine lines in the image indicate the microscopic deformation
concentrated area, whereas the bold lined areas indicate macroscopic cracks.

Figure 6 shows the images of the final crack transfixion mode of different types of
samples. Figure 6a,b show sample C with a hole and sample O with an unbonded fracture,
respectively. The generating crack amount in these two types was small and mainly
distributed at the footwall, indicating that the stress concentration generally occurred below
the hole. In addition, there were no visible cracks around the unbonded fracture plane,
indicating that the influence of the hole on the unbonded fracture plane was negligible.

The failure modes of granite samples with bonded fracture dip angles of 0°, 15°, 30°,
and 45° are shown in Figure 6¢c—f. When the fracture dip angle was 0°, newborn cracks
formed around the fracture plane end, and there were no obvious macrocracks generated
around the fracture-hole structure, indicating that the fracture plane of 0° had a relatively
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weak effect on the fracture-hole zone, which also helped verify the conclusion that the
A-0 type had the largest strength. When the fracture dip angle was 15°, a macroscopic
crack initiated from the middle of the fracture plane and extended to the hanging wall.
At the same time, the roof and floor of the hole fractured and formed a V-shaped groove.
When the fracture dip angle was 30°, the dominant crack was formed above the fracture
plane and spread to the upper left direction. Several macroscopic cracks generated at
the top of the hole extended continuously and tended to connect with the main crack
on the other side of the fracture plane. When the crack was 45°, numerous macroscopic
cracks were derived from the fracture plane toward the hanging wall. Among them, the
dominant crack expanded from the middle of the fracture plane, and many secondary
cracks were generated beside the main crack. A small number of cracks can be observed
in the footwall and extend horizontally. Cracks were formed at the top of the hole and
extended horizontally to the right.

(a) sample C (b) sample O

e

(c) sample A-0 (d) sample A-15

Around the hole

(e) sample A-30 (f) sample A-45

Figure 6. Fracture modes of granite samples with different bonding fracture dip angles.
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(a) sample L-1 (b) sample L-2

(c) sample L-3

Figure 7. Fracture modes of granite samples with bonding fracture at different spacing distances L.

The failure modes of rock samples with a spacing distance L ranging from 30 mm,
35 mm to 40 mm are shown in Figure 7a—c. It can be observed from Figure 7 that when the
spacing distance was 30 mm, there were small-scale cracks between the hole and fracture
plane, and they crossed the fracture plane. Finally, a divergent failure zone appeared on
the hanging wall. When the spacing distance L was 35 mm, some cracks initiated from the
fracture plane, and these cracks mainly gathered on only the hanging wall and extended
to the boundary. Finally, the expansion and connection of macroscopic cracks led to the
overall failure. When the distance between the hole and the fracture plane was 40 mm,
cracks formed at the right end regions of the fracture zone while fracturing below the
fracture plane. A crack was also formed under the hole and extended down to the bottom
boundary of the sample.

In conclusion, when the spacing distance L is closed, the hole has a great influence
on the fracture plane, and newborn cracks accumulate mainly in the middle region be-
tween the fracture and hole and further diffuse upward across the fracture plane. When
the spacing distance L is far (L = 35 mm, 40 mm), the interaction between the fracture
and hole is limited, and dominant macrocracks form in the hanging wall rather than
dense microcracks.

4. Discussion
4.1. Discontinuity Analysis of Displacement
4.1.1. Fracture Slip Behavior

Static loads were applied in the Y and Z directions, and an LS camera was placed
along the X direction to monitor the fracturing process. As shown in Figure 8 (A-0 and A-30
for examples), one platen was fixed, and the other end was subjected to axial static pressure.
Figure 8a shows that when the fracture dip angle was 0°, the loading platen transmitted
force to the granite sample from the upper and lower contact areas. Under such conditions,
the contact area remained the same for the upper and lower parts, but the hole that existed
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in the lower part resulted in different stress distributions. Two mass points along the
fracture plane were analyzed. The displacement of two mass points could be decomposed
into the slip distance along the fracture plane and vertical displacement resulting from the
decomposed normal force. For the cases of fracture dip angles not equal to 0° (Figure 8b),
the contact area of the upper part could be larger than that of the lower part, and the stress
in the footwall, therefore, could be greater than that of the hanging wall. Furthermore, the
footwall contained a hole, which further intensified the stress concentration around the
hole. The asymmetry of the stress distribution led to the displacement difference along the
fracture plane.

JZ
Viil&l&ll

/. mass point A
a1 2
‘;y,‘. mass point B

(a)

N

R

N

R

(b)

Figure 8. Loading mode diagram and sliding along the fracture plane for granite samples: (a) A-0;
(b) A-30.

Furthermore, the displacement field on the sample surface can explain the failure
mechanism. Taking the A-0 sample as an example, the displacement vector diagram was
drawn using speckle data from VIC-2D software, as shown in Figure 9. This result indicated
that the displacement vectors of the sample all inclined downward, which was related to
the loading mode specified in Figure 8. This section analyzes the fracture slip value for
different types of samples. The method to measure fracture slip is elaborated as follows:

(1) Determining the position of measurement points: points A and C were 2 cm away
from the left and right boundaries, respectively, and point B was located directly
above the hole.

(2) To analyze the fracture slip value of measurement points A, B, and C, reference points
for each measurement point were taken above and below the fracture plane, as shown
in Figure 9 (A1, Ay, By, By, Cy, C3). According to the displacement decomposition
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method shown in Figure 8, the slip value along the fracture plane was derived for
points A, B, and C.

Figure 9. Displacement vector diagram of granite sample A-0 (oy = 90% Oymax)-

After specifying the calculation method, the curves of the slip values for positions A,
B and C are shown in Figures 10 and 11. Negative values on the plots indicate a downward
slip along the fracture plane.
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Figure 10. Schematic diagram of the relationship between fracture slip at measurement points and
loading degree in group A. (a) sample A-0 slip values; (b) sample A-15 slip values; (c) sample A-30
slip values; (d) sample A-45 slip values.
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Figure 11. Schematic diagram of the relationship between fracture slip at points A, B, C, and loading
degree in group L. (a) sample L-1 slip values; (b) sample L-2 slip values; (c) sample L-3 slip values;
(a) sample A-45 slip values.

From Figures 10 and 11, it was concluded that for the A-0, A-15, and A-30 types, the
slip values of the same locations (A, B, and C) generally increased with the increasing
fracture dip angle (except for the measurement point B in Figure 10b-c, which were quite
close). The behavior of sample A-45 was inconsistent with that of the other types of samples.
The slip value of point B above the hole was significantly higher than that of points A and
C, which were quite small and close to 0.

Figure 11 shows the relationship between slip values along the fracture plane and
loading degree. The main characteristics were summarized as follows:

(1) When the fracture plane was close to the hole, the slip value at point B was the largest,
followed by point C, and the slip value at point A away from the loading platen was
the smallest. The slip values at points A and C of sample L-1 were similar, and the
slip value at point B above the hole was larger, reaching 0.48 mm at peak stress. The
slip value of point A at the left boundary of sample L-2 was the smallest, followed by
point C at the right end, and the slip value for point B was the largest (less than L-1).

(2) When the fracture was far from the hole, the influence of the hole on fracture slip
was reduced, the slip value of point B above the hole and point A away from the
loading platen were small and similar, and point A increased obviously when the
peak strength was reached. The slip value of position C near the loading platen was
the largest.
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0.0

4.1.2. Displacement Discontinuity

In the test process, fracture-dislocation occurred, and discontinuous displacement
occurred on both sides of the fracture. To study the discontinuity of displacement on both
sides of the fracture plane, a monitoring belt was arranged in the direction of the vertical
fracture plane. The vertical fracture plane monitoring zone was arranged in the center of
the opposite hole and perpendicular to both sides of the fracture plane, with a length of

10 mm.

Taking the sample A-0 as an example, the calculation method of the discontinuity of
fracture displacement was elaborated. To analyze the displacement drops along the fracture
at peak strength, the load-time curve of the granite sample A-0 was drawn in Figure 12 first,
and then the displacement in the middle period of 950 s~1088 s was taken for analysis.
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Figure 12. Load-time curve of sample A-0.
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First, the horizontal and vertical displacement drops of the monitoring belt at dif-
ferent times are shown in Figures 13 and 14, respectively. In Figure 13a, the horizontal
displacement line from M to N is depicted. The line breaking in the middle indicated the
discontinuity of displacement for a certain time. Then, a series of horizontal displacement
lines at a time range of 950 s~1088 s was deduced and drawn in Figures 13 and 14.
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Figure 13. The horizontal displacement drops of granite sample A-0 during 950 s~1088 s. (a) The
horizontal displacement drops when t=980 s; (b) The horizontal displacement drops when other

time points.
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Figure 14. The vertical displacement drops of granite sample A-0 during 950 s~1088 s. (a) The vertical
displacement drops when t=980 s; (b) The vertical displacement drops when other time points.
Second, calculate the displacement drops for every time point. Each displacement
line is shown in Figures 13b and 14b. The scatter diagram of the drop values versus time
range in 950 s~1088 s was plotted (as shown in Figure 15a,b). Figure 15a shows that
the discontinuity of horizontal displacement slowly rises with time. In Figure 15b, an
obvious linear relationship was not shown, but the displacement drops were maintained at
0.022-0.025 mm before the sample reached failure. To ensure accuracy, the mean value of
the scattered points within this range was taken as the vertical displacement discontinuity
value for sample A-0, as shown in Figure 15b.
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07 o [# displacement drop value]
E 1 002 |
£ 64 ; T ]
2 - - . g i Final displacement drop value | _\ .
= i Final slip displacement value ! = , {
S 05 i | g oo e A
g = ie @8
g5 g 0,
8 04 S § e
: GOV R I TES
5 034 o 1 3 o L i
= g ..‘ ..' ‘
= T * L L
€ 02- g 00207 .o"'".‘ . ¢ .o
5 . . Yo J
T 01 .
[+ displacement drop value] 0.018 4
0‘0 --\/\I T T T T T T T -\/\ T T T T T T T T
950 970 990 1010 1030 1050 1070 1090 950 970 990 1010 1030 1050 1070 1090
Time/s Time/s
(@) (b)

Figure 15. Final displacement drops value. (a) Final vertical drops in the horizontal direction in
950 s~1088 s (b). Final vertical drops in the horizontal direction in 950 s~1088 s.

Finally, the displacement drop value of the granite sample was calculated and com-
pared. The relationship between the horizontal and vertical displacements dropped and
different angles were obtained and are shown in Figure 16. As shown in Figure 16a, with
increasing fracture dip angle, the displacement drops increased as well. The horizontal
displacement drop value of the unbonded fracture (sample O) was 0.221 mm, while the
horizontal displacement drop values of the 0°, 15°, 30°, and 45° bonded fractures were
0.393 mm, 0.554 mm, 1.282 mm, and 1.344 mm, respectively. According to Figure 16b,
the vertical displacement drop value of the unbonded fracture was 0.051 mm, while the
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displacement drop values of the 0°, 15°, 30°, and 45° bonded fractures were 0.024 mm,
0.248 mm, 0.594 mm, and 0.611 mm, respectively. Except for the unbonded fracture type O,
the vertical displacement drop value generally demonstrated a rising trend with increasing
angle. However, compared with the horizontal displacement, the drop value of the vertical
displacement was reduced by half. This may be caused by the vertical direction Z being
loaded to 162 kN and remaining at this level, but the Y-axis loading continues until the
sample reaches failure, so the displacement drop in the horizontal direction is significantly
greater than that in the vertical direction. Furthermore, Figure 16b shows that the vertical
displacement drop of sample O is between sample 0° and sample 15°, mainly because the
fracture dip angle of control group O was 30°, and the influence of the vertical load on the
fracture displacement drops was lower than that of the fracture dip angle (30°).
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Figure 16. The displacement truncation difference of different types of rock samples of group A;
(a) Horizontal displacement; (b)Vertical displacement.

Figure 17 shows the displacement drop of different types in group L. The closer the
distance between the fracture and the hole was, the more obvious the discontinuity of
the displacement was, except for the unbonded type O (displacement drops value was
0.221 mm). The horizontal displacement drop values of the samples with spacing distances
of 30 mm, 35 mm, and 40 mm were 0.555 mm, 0.265 mm, and 0.234 mm, respectively. The
drop value characteristics for vertical displacement were similar to those of group A, with
nearly half reduction for horizontal displacement. The drop values of the vertical displace-
ment were 0.238 mm, 0.167 mm, and 0.150 mm, respectively. The distance between the
fracture and hole was close, and the discontinuity of horizontal and vertical displacement
was significantly greater than that of other granite types.

4.2. Evolution of the Deformation Field
4.2.1. Evolution of the Major Principal Strain Field

To analyze the major principal strain field on the sample surface under biaxial compres-
sion, several typical samples in groups A, L, and O were selected to discuss the evolution
of fracturing for different sample types.

The evolution process of the major principal strain field of sample A-15 is shown in
Figure 18. According to Figure 18, when the load reached 84.7% of the peak strength, strain
concentration did not occur around the hole, only a slender crack appeared at the bottom
boundary of the sample, and stress concentration occurred on the fracture plane. When
the load reached 92.32% of the peak strength, there was no high strain around the hole,
but strain began to concentrate at the left fracture end. While the load reached 98.39%
of the peak strength, a high-strain concentration formed at both the roof and floor of the
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Figure 17. The displacement drops of different types of granite samples in group L. (a) The Horizontal

displacement of samples; (b) The vertical displacement of samples.
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Figure 18. Evolution process of the major principal strain field of sample A-15. (a) 84.7%oy;
(b) 92.3%0y; (c) 98.4%0y; (d) 100%0y.

The evolution process of the major principal strain field of sample A-30 is shown in
Figure 19. When the load reached 84.2% of the peak strength, a high-strain concentration
appeared in the lower left area of the footwall. A high-strain band initiated from the hole
floor, which expanded along the loading direction. When the load reached 85.2% of the
peak strength, the original high-strain zone expanded further. When the load reached 90.4%
of the peak strength, the high-strain zone at the hole floor extended to the left boundary,
and the strain zone appeared at the hole crown and tended to connect with the fracture
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plane. When the sample reached its peak strength, the strain concentrated at the top and
bottom of the hole, forming a V-shaped groove. The crack initiated from the hole crown
and connected with the cracks formed at the left end of the fracture plane.

cl[*]-engr el[%]-engr

.% |
(b)

(c) (d)

436 458
4.03 425

Figure 19. Evolution of the major principal strain field of sample A-30. (a) 84.2%0y; (b) 85.2%0y;

() 90.4%0y; (d) 100%0y.
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The evolution process of the major principal strain field of sample L-2 is shown in
Figure 20. When the load reached 87.4% of the peak strength, little high strain appeared
on both the top and bottom of the hole, and a crack initiated from the fracture plane and
extended to the hanging wall. When the load reached 92.2% of the peak strength, the
original high-strain zone around the hole expanded further, and a new crack was formed
at the sample boundary and extended to the hole floor. Scattered high-strain zones are
concentrated at the lower right end of the fracture plane. When the load reached 96.5% of
the peak strength, the original crack extended further, and a new crack was generated at
the bottom boundary of the sample. Meanwhile, a stress concentration area appeared at
the upper right of the fracture plane. When the sample reached the peak strength, regional
failure appeared on the upper right of the fracture plane, and a crack directly penetrated
the fracture.

Figure 21 shows the evolution process of the major principal strain field of sample L-3.
Figure 21 shows that when the load reached 87.7% of the peak strength, an obvious high-
stress concentration occurred in the fracture plane, and small-scale high strain appeared
above the hole. When the load reached 91.0% of the peak strength, ejection occurred at the
hole floor, and a weak surface tangent to the hole crown appeared, which almost penetrated
through the whole sample. When the load reached 95.7% of the strength, new cracks were
generated from the hole floor and extended to the left boundary of the sample. When the
load reached its peak strength, regional failure and cracks appeared in the right part of the
hanging wall. The spalling phenomenon could be observed on the hole floor, accompanied
by tensile cracks. The hole top and fracture surface formed a wedge block.
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Figure 20. Evolution process of the major principal strain field of sample L-2. (a) 87.4%0y;

(b) 92.2%0y; (c) 96.5%0y; (d) 100%0y.
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Figure 21. Evolution process of the major principal strain field of sample L-3. (a) 87.7%0y;

(b) 91.0%0y; () 95.7%0y; (d) 100%07y.

The evolution process of the major principal strain field of control group O is shown
in Figure 22. Figure 22 shows that when the load reached 87.30% of the peak strength,
slender cracks along the vertical direction appeared at both the roof and floor of the hole,
and an obvious high-stress concentration was observed at the fracture plane. When the
load reached 89.36% of the peak strength, the granite sample was in a state of compression,
and a floccule-like high-strain zone appeared on the right side of the footwall. When the
load reached 93.28% of the strength, the cracks generated from the roof and floor of the
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hole began to vanish gradually, and small-scale high strain began to appear at the right
corner of the hanging wall. When the load reached 100% of the peak strength, the cracks
initiated from the roof and floor of the hole closed completely, leaving only a belt crack
derived from the oblique bottom of the hole. The high-strain concentration zone in the
upper part of the fracture plane was enlarged and accompanied by the formation of several
horizontal macrocracks, and the high-stress concentration also occurred in the left end of
the fracture plane.

el[%]-engr

1.54
< 1100%o,

1.33
1.2
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1.00
0.89
0.79
0.68
0.57
0.46
035
0.24
0.14
0.03
-0.08

(©) (d)

Figure 22. Evolution process of the major principal strain field of sample O. (a) 87.3%0y; (b) 89.4%0y;
() 93.3%0y; (d) 100%0y.

For the failure process of the unbonded fracture O, the phenomenon that was different
from other types of samples was that cracks were not generated near the fracture plane,
and cracks still occurred around the hole. The failure of the sample was caused by the
high-strain concentration at both ends of the fracture plane. The appearance of macroscopic
cracks led to the fracturing and final failure of the granite material.

4.2.2. Displacement Field Characteristics

It was found that displacement nucleation existed in the vertical displacement field.
More specifically, the vertical displacement between the fracture plane and the hole was
nucleated, and the displacement value gradually decreased from the inside to the outside,
as shown in Figure 23.
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Figure 23. Cont.
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Figure 23. Nucleation phenomena of different types of granite samples; (a) Sample C (99.2%);
(b) Sample O (97.5%); (c) Sample A-0 (96.2%); (d) Sample A-15 (99.3%); (e) Sample A-30 (94.6%);
(f) Sample A-45 (96.6%); (g) Sample L-1 (99.8%); (h) Sample L-2 (98.9%); (i) Sample L-3 (98.3%).

The vertical displacement image of the granite sample with a hole is shown in
Figure 23a. The phenomenon of displacement nucleation appeared below the hole, indicat-
ing that the microunits below the hole all moved downward. The vertical displacement
images of granite samples with bonded fractures of 0°, 15° and 30°, 45°, and unbonded
fractures are shown in Figure 23b—d. The red to purple in the legend indicates that the
displacement value increased downward. Figure 23 shows that there was a purple nuclear
displacement zone between the fracture and the hole, which meant that the vertical dis-
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placement of the micro units within the fracture-hole structure demonstrated a downward
movement under loading. Nucleation occurred when the vertical displacements reached
0.318 mm, 1.128 mm, 0.990 mm, and 0.184 mm. In group A, nucleation was more difficult
to occur when the angle of the fracture was 15° and was most likely to occur when the
angle of the fracture was 45°.

Figure 23g—i show the vertical displacement images of granite samples L-1, L-2, and
L-3, respectively. The nucleation types of rock samples were centered on the region between
the fracture and hole. Extending toward the left region of the footwall rather than spreading
out similar to the types in group A, the nucleation types of the granite samples occurred
when the vertical displacement reached 0.260 mm, 0.525 mm, and 0.726 mm. This indicated
that with the increase in the spacing distance L, the micro units needed to move downward
further in the vertical direction to form the nucleation.

5. Conclusions
The main conclusions are summarized as follows:

(1) Failure mode: With the increase in fracture dip angle, the number of macroscopic
cracks also increases, and the failure degree is more severe. When the spacing distance
L decreases, the circular hole has a great influence on the fracture plane, and the newly
formed cracks accumulate in the middle region and further spread upward across the
fracture plane. Therefore, to avoid roadway engineering accidents, it is necessary to
avoid faults with large dip angles and keep a long distance from the fault as far as
possible during roadway construction

(2) Fracture slip: when the fracture dip angle changes from 0° to 30°, the slip value at
the measurement points (point A is far from the loading platen, point B is located
above the hole, and point C is near the loading platen) along the fracture demonstrates
less correlation. When the fracture dip angle is 45°, the slip value at the ends of the
fracture plane (points A, B) is quite small, and the slip value of point B above the hole
is significantly higher than that of the fracture ends. When the fracture is close to the
hole, the slip value above the hole (point B) is the largest, and the slip value at point A
far from the loading position is the smallest. When the fracture is far from the hole,
the influence of the hole on fracture slip is reduced.

(3) Discontinuity of displacement: the displacement drops between the hanging wall
and footwall increase with increasing fracture dip angle for both horizontal and
vertical displacement. Furthermore, the displacement drop in the vertical direction
is relatively small and is almost 50% lower than that in the horizontal direction. The
closer the spacing distance between the fracture and the hole is, the more obvious the
discontinuity of displacement. The closer the hole is to the fracture, the more likely
the sample will be destroyed and the more serious the damage degree will be.

(4) The major principal strain field reveals the initiation, propagation, and coalescence of
crack processes for different types of granite samples, and the displacement nucleation
phenomenon is observed in the vertical displacement field.
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