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Abstract: With the increasing scale and depth of underground engineering, the geological environ-
ment that engineering is faced with is becoming more complex. As the weak position of rock mass,
the structural surface has a particularly great influence on the mechanical characteristics of the rock
mass. In order to obtain the shear strength characteristic of the structural plane and analyze the
influence of morphological parameters such as the undulating angle and bulge degree on shearing,
taking medium-low permeability tight sandstone as the research object, four kinds of structural
plane samples with different undulating angles (10, 20, 30 and 40°) were prepared with a Python
and high-precision engraving machine. Direct shear tests under different normal stresses (2, 4, 6
and 8 MPa) and shear rates (0.6, 1.2 and 2.4 mm/min) were performed, and the shear mechanical
properties were analyzed. The structural surfaces before and after shearing were scanned using a
high-precision three-dimensional scanner, so as to evaluate the roughness of the structural surface
and determine the influence from various factors on the shear characteristics. The test results showed
that for the structural plane with the same undulating angle, the peak shear stress increased approxi-
mately linearly with an increase in normal stress at a 0.6 mm/min shear rate and an increment speed
of approximately 0.82, while the peak shear stress negatively correlated with the shear rate at a value
of 4 MPa for normal stress. The larger the undulating angle was, the greater the influence of the shear
rate (the shear stress decreased by 2.31 MPa at a 40° angle). When the normal stress and the shear
rate were fixed, the peak shear stress corresponding to the structural surface gradually increased with
the increase in the undulating angle, and the maximum increment was 5.04 MPa at 4 MPa normal
stress and a 0.6 mm/min shear rate. An analysis of the morphological characteristics of the structural
plane showed that when the undulating angle (40°) and the normal stress (6 and 8 MPa) were larger,
the damage of the structural plane became more obvious, the shear point was closer to the tooth
valley position, and the mechanical bite force and friction force of the structural plane were better
utilized. When the shear rate was lower (0.6 mm/min), the friction characteristics of the shear surface
were more visible, the shear was increasingly sufficient, and the corresponding shear strength was
also greater.

Keywords: undulating angle; structural plane; normal stress; shear rate; shear characteristics

1. Introduction

Natural rock mass contains many structural planes, which are evolved and interlaced,
forming the weak surface of the rock mass and weakening the strength of the intact
rock [1-5]. Engineering practice in water conservancy and hydropower, the construction
of traffic tunnels, deep mining, salt cavern gas storage and other applications shows
that the characteristics and distribution of structural plane are among the key factors for
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determining safety in underground engineering, a field which brings many challenges to
the stability of engineering rock mass [6-12]. As the main factor affecting the mechanical
properties of natural rock mass, the most common failure mode of structural plane is shear
failure, and there are many factors affecting shear mechanical properties, including the
geometric characteristics, roughness and filler of the structural plane, as well as the rock
cohesion and internal friction angle [13-16]. Therefore, research on the shear characteristics
of structural planes with different fluctuation characteristics has a guiding significance
for engineering.

Scholars have conducted a series of shear characteristics research studies concerning
different kinds of structural planes and have achieved some results. In the area of theory
research, according to the principle of strain energy equivalence, Zhao et al. [17] established
an equivalent homogeneous model and an expression of the stress state for coal-rock mass
and derived the compression shearing damage criterion for this model. Through the spatial
modeling of the rock wedge sliding phenomenon, Deng [18] obtained the LE solution for its
stability and derived the formula for calculating its FOS. Based on shear creep experiments
from two different marble structural planes, He et al. [19] proposed a constitutive model
to describe time-dependent damage characteristics. Xiao et al. [20] presented a new shear
stress—shear displacement constitutive model based on the softening and strengthening
mechanism of structural plane during shear failure. After a detailed analysis of the existing
model’s limitations, Tang et al. [21] put forward an updated broad-sense constitutive model,
which could describe the changing characteristics of curves by using a function.

Regarding the research on numerical simulation, Tan et al. [22] conducted field direct
shear experiments on the structure planes with thick mud layers in the muddy interlayer of
Guizhou Expressway and used the UDEC program to establish a related numerical model,
which revealed the shear failure mechanism of the muddy structure plane. Naiji et al. [23]
studied the effect of the shear zone on the occurrence of rock burst near the tunnel by using
a FLAC(3D), revealing that the stress near the shear zone was more concentrated and the
rock near this area was displaced. Badika et al. [24] used the cohesive friction model to
verify the shear characteristics of the concrete-rock interface, which provided ideas for
robust statistical analysis. Zhang et al. [25] employed PFC(2D) to numerically simulate
shear mechanical tests on five kinds of structural plane samples with different roughnesses
and obtained the shear characteristics under different normal stresses. Liu et al. [26]
systematically studied the macroscopic and microscopic shear mechanical behavior of the
rock mass with through-serrated structural plane through a combination of laboratory
tests and numerical simulations. Ghazvinian et al. [27] and Sarfarazi et al. [28] also used
PFC(2D) to simulate the shear behavior of non-persistent joint models with different shapes,
indicating that tension was the dominant mode for fracturing.

In terms of experimental studies, Meng et al. [10] used granite joints for shearing
tests, during which acoustic emission monitoring was performed, and finally, a prediction
method for fault-slip rockburst was obtained. Huang et al. [29] obtained the shear strength
characteristics of the structural plane of the multi-scale rock model through direct shear
tests; the samples were mixed with high-strength cement, silica fume, highly efficient
water reducer, standard sand and water. Dong et al. [30] proposed a calculation method
for obtaining the static displacement of a rock mass slope based on the cyclic simple
shear experiment of splitting the structural plane. Seidel and Haberfield [31] conducted
shear tests on regular saw-shaped structural plane using concrete samples and researched
the variation law for shearing strains with different normal stresses. Kwon et al. [32]
used gypsum materials to make rectangular structural planes with different undulating
heights. The relationship between the shearing strength, normal stress and convex height
was obtained by performing a direct shear test, and a rigid structural plane model was
established based on this relationship. In order to reinforce fractured rock mass, grouting
technology is applied, and its effect on rock mass is mainly reflected in the mechanical
properties of structural planes. Lu et al. [33] took red sandstone as their research object.
The structural plane was made by the splitting method, and the cement and the epoxy
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resin were selected as grouting materials. Direct shearing experiments under different
normal stresses were performed and compared with those for non-grouting structural
planes. Based on a shear-seepage experiment device, Xu et al. [34] conducted shearing tests
on structural planes with different filled conditions and studied the aperture evolution of
structural planes with the use of three-dimensional scanning technology. Gu et al. [35] used
natural rock mass interlayer as their research object and conducted a direct shearing test
after a dry-wet cycle in order to obtain the relevant damage evolution model.

In general, scholars mostly used static (cyclic) direct shearing tests and numerical
simulation methods as the main means with which to research the shearing properties of
rock structural plane, and the laboratory test samples were generally made with similar ma-
terials. Although some achievements have been realized, the results are barely satisfactory
considering the differences between similar materials and natural rocks.

In this study, medium-low permeability tight sandstone was taken as the research
object. Four kinds of structural plane samples with different undulating angles were
prepared by using Python and a high-precision engraving machine; direct shearing tests
under various normal stresses and shear rates were performed to obtain the shearing
mechanical properties. The structural surfaces before and after shearing were scanned
by a high-precision 3D scanner, and the roughness changes in the structural planes were
compared and analyzed to determine the failure behavior and the influence from various
factors on the shear characteristics. The achievements from this research could enrich
existing fundamental theory concerning the shear characteristics of natural rock structural
planes and aid in making reference values for stability analysis.

2. Experimental Design and Preparation
2.1. Preparation of Test Samples

The surface fluctuation characteristics of natural structural plane rock mass are diverse,
so it is difficult to collect samples with the same structural plane characteristics. If the direct
shear test is carried out using natural structural plane rock mass, a consistent law may not
be obtained.

In order to obtain the characteristic parameters of fault shear strength and analyze
the influence of morphological parameters such as the undulating angle and bulge de-
gree of the fault slip plane on the shearing effect, considering the representativeness of
the samples comprehensively, a medium-low permeability tight sandstone was chosen
to be used to process a 50 mm x 50 mm x 60 mm cuboid. Then, it was cut into two
50 mm x 50 mm x 30 mm cuboids along the center line of the 60 mm side. Using the same
sandstone, 24 groups of samples using these specifications were processed to meet the
requirements of the relevant experiments for different shear conditions.

In the process of making fault simulation samples, Python was first used to establish a
3D model of the fault surface in a square range of 50 mm x 50 mm; the fixed step size of the
sawteeth-shaped undulating body was 5 mm with a total of 10 steps, and the undulating
angles were set to 10°, 20°, 30° and 40°. The built model was output in an STL file. Then
the processed 50 mm x 50 mm x 30 mm sample was fixed on a carving panel, and a
numerical-controlled rock engraving machine automatically reconstructed the mesh and
generated a carving path according to the imported STL file content. Finally, the taper
ball-end cutter automatically completed the production of the structural plane according
to the tool path. The accurate modeling capability of Python and the fine engraving of
the high-precision engraving machine ensured that the undulating angles of the structural
surface were completely shaped in accordance with the design angle.

The carving process of the high-precision engraving machine and the carved fault
simulation sample are shown in Figure 1. Figure 2 shows the carved sample surfaces with
undulating angles of 10°, 20°, 30° and 40°. Six groups of samples were processed for each
undulating angle, as shown in Figure 3. It can be clearly observed from Figures 2 and 3 that
with an increase in the undulating angle, the undulating characteristics of the structural
plane become more obvious, and the upper and lower samples are closely fitted with almost
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no gaps, indicating that the processed fault simulation samples fully meet the accuracy
requirements of the test.

(b)

Figure 1. Machining process and carved rock sample of high-precision engraving machine.
(a) Engraving process; (b) Carved rock sample.

© . ()

Figure 2. Rock sample surfaces with different undulating angles. (a) Undulating angle of 10°;
(b) Undulating angle of 20°; (c) Undulating angle of 30°; (d) Undulating angle of 40°.
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() (d)

Figure 3. Summary of rock samples with different fluctuation characteristics. (a) Undulating angle of
10°; (b) Undulating angle of 20°; (¢) Undulating angle of 30°; (d) Undulating angle of 40°.

2.2. Testing Equipment and Methods

The direct shear test was completed using the RMT-150C rock mechanics experimental
system independently developed by the Wuhan Institute of Rock and Soil Mechanics at the
Chinese Academy of Sciences. The testing machine adopts a digitally controlled electro-
hydraulic servo system, which is mainly used to test the mechanical properties of rock
or concrete materials. During the test, the system can automatically record the tangential
force, normal force and displacement data. The maximum horizontal load is 500.0 kN, the
horizontal piston stroke limit is 50.0 mm and the deformation rate is 0.0001~1.0 mm/s. The
RMT-150C rock mechanics experimental system and direct shear test are shown in Figure 4.

RMT-150C

. | v

Shear
plane
o
0
Bedding
plane
B I N
(a) (b)

Figure 4. RMT-150C rock mechanics experimental system and principle of direct shear test. (a) RMT-
150C rock mechanics experimental system; (b) Principle of direct shear test.
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The normal stress 0, and shear stress s of the direct shear test can be expressed as:

On=
-
where N (kN) is the normal force, Q (kN) is the the shear force on the test sample and A
(m?) is the effective shearing area of the sample along the shear direction.
The uniaxial compressive strength of tight sandstone was measured to be 38 MPa~40 MPa
by using a standard cylindrical specimen with a diameter of 25 mm and a height of 50 mm.
The single shear test method recommended by the International Society of Rock Mechanics
(ISRM) was adopted, which refers to a direct shear test with a fixed shear rate on the
specimen under a certain normal pressure. The normal stress was set as 2, 4, 6 and 8 MPa.
In the test, the normal force was loaded to the predetermined value at the rate of 1 kN/s
and then kept constant, thereby fixing the upper shear test block. In order to apply the
shear load, the lower block moved with a constant horizontal shear displacement, the
shearing rate was 0.6 mm/min and the test was terminated when the shear stress reached
the residual strength. At the same time, for the purpose of studying the influence of
different shear rates on the shear characteristics of the structural plane, direct shear tests
with the same normal stress of 4 MPa and shearing rates of 0.6, 1.2 and 2.4 mm/min were
carried out. A total of 24 groups of experiments were carried out in combination with four
undulating angles of 10°, 20°, 30° and 40°. The experimental process is shown in Table 1.

@

20 a1z

Table 1. Statistical table of experimental parameters.

Sample Number Undulating Angle Normal Load  Normal Stress Shear Rate

©) (kN) (MPa) (mm/min)
10-1 10 5 2 0.6
10-2 10 10 4 0.6
10-3 10 15 6 0.6
10-4 10 20 8 0.6
10-5 10 10 4 1.2
10-6 10 10 4 24
20-1 20 5 2 0.6
20-2 20 10 4 0.6
20-3 20 15 6 0.6
20-4 20 20 8 0.6
20-5 20 10 4 1.2
20-6 20 10 4 24
30-1 30 5 2 0.6
30-2 30 10 4 0.6
30-3 30 15 6 0.6
30-4 30 20 8 0.6
30-5 30 10 4 1.2
30-6 30 10 4 24
40-1 40 5 2 0.6
40-2 40 10 4 0.6
40-3 40 15 6 0.6
40-4 40 20 8 0.6
40-5 40 10 4 1.2
40-6 40 10 4 24

3. Test Results and Analysis
3.1. Effect of Normal Stress under Different Undulating Angles

The shear stress—displacement curves for the structural planes with different fluc-
tuation characteristics under different normal stress levels are shown in Figures 5-8. It
can be seen that the shear stress—displacement curve of a non-flat structural plane has
obvious peak characteristics. In the initial stage of shearing, the shear stress increased
approximately linearly and rapidly with the increase in shear displacement. After the shear



Energies 2022, 15, 7563 7 of 17

stress reached the first peak point, the shear stress showed obvious drop characteristics as
the displacement continued to increase. Then, the second peak of shear stress appeared,
which was smaller than the first peak in value.

14 4 ——10-1-2MPa
o ——10-2-4MPa
——10-3-6MPa

=——10-4-8MPa

Shear Stress/MPa

(=)

0 2 4 6 8 10 12
Shear displacement/mm

Figure 5. Shear stress—displacement curves under different normal stresses at a 0.6 mm/min shear
rate with a 10° undulating angle.

14 4 ——20-1-2MPa
b ——20-2-4MPa
==20-3-6MPa
%c: 10 - ——20-4-8MPa
2 81
=
Z 6
B
g 4
2 -
0 1 T T T T T 1

0 2 4 6 8 10 12
Shear displacement/mm

Figure 6. Shear stress—displacement curves under different normal stresses at a 0.6 mm/min shear
rate with a 20° undulating angle.

16 -
——30-1-2MPa
14 - ——30-2-4MPa
12 - ——30-3-6MPa
——30-4-8MPa

10

Shear Stress/MPa
o0

(=S )

0 2 4 6 8 10 12
Shear displacement/mm

Figure 7. Shear stress—displacement curves under different normal stresses at a 0.6 mm/min shear
rate with a 30° undulating angle.
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Figure 8. Shear stress—displacement curves under different normal stresses at a 0.6 mm/min shear
rate with a 40° undulating angle.

An analysis shows that the first shear stress peak was caused by the undulating angle
between the structural planes. At the beginning of the shearing, the mechanical bite force
between the undulating angles prevented the occurrence of shear displacement, so that the
shear stress quickly rose to the shear strength of the structural plane. When the undulating
angle was destroyed, it reached the first peak point, then the shear stress dropped rapidly.
With the advance of shear displacement, the rock particles produced by the shear failure
generated a certain friction force between the structural planes. According to the principle
of force balance, with the increase in damaged particles, the second shear stress peak
appeared when the friction force accumulated to a certain value.

The morphological characteristics of the shear stress—displacement curves with the
same undulating angle were similar under different normal stresses, the difference being
that the peak shear stress corresponding to the shear slip was different. With an equal
undulating angle under the same shear rate conditions (0.6 mm/min), which is manifested
as the larger the normal stress, the greater the shear strength and it is almost linear growth.
The shear strength increased by 5.25, 5.41, 4.63 and 4.36 MPa at the undulating angles of
10°, 20°, 30° and 40°, respectively, from 2 to 8 MPa normal stress with an increment speed
of approximately 0.82. Specific references are found in Table 2 and Figure 9.

Table 2. Shear strength of structural planes with different undulating angles under different normal
stresses at a 0.6 mm/min shear rate (MPa).

Undulating Normal Stress (MPa) Shear Rate
Angle (°) 2 4 6 8 (mm/min)
10 6.42 7.45 9.34 11.67
20 7.36 8.76 11.24 12.77
30 9.44 10.63 13.51 14.07 0.6
40 10.54 12.49 14.22 149

Through further comparative analysis, it was found that when the normal stress and
shear rate were fixed, the peak shear stress corresponding to the structural surface gradually
increased with the increase in the undulating angle, and the maximum increment of the
shear stress was 5.04 MPa from a 10° to 40° undulating angle at 4 MPa normal stress and a
0.6 mm/min shear rate.
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Figure 9. Relationship between normal stress and peak shear stress with different undulating angles

at a 0.6 mm/min shear rate.

3.2. Effect of Shear Rate under Different Undulating Angles

In order to study the effect of shear rate on fault, the shear stress—displacement curves
for different fluctuation characteristics under the same normal stress and different shear
rates are given, as shown in Figures 10-13, where the normal stress was fixed at 4 MPa, and
the shear rates were 0.6, 1.2 and 2.4 mm/min. It can be seen that when the undulating angles
were 10°, 20° and 30°, the morphological characteristics of the shear stress—displacement
curves under different shear rates were similar; when the undulating angle reached 40°, the
characteristic curve fluctuated greatly under the action of a high shear rate (2.4 mm/min),
indicating that the high fluctuation angle was more sensitive to the shear rate reaction.

(o) | o]
1

(9]
1

= ().6mm/min

Shear Stress/MPa
w A

2 A ——1.2mm/min

1 1 2.4mm/min

O _‘I‘ T T T T T 1
0 2 4 6 8 10 12

Shear displace me nt/mm

Figure 10. Shear stress—displacement curves under different shear rates at 4 MPa normal stress with

a 10° undulating angle.
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Figure 11. Shear stress-displacement curves under different shear rates at 4 MPa normal stress with

a 20° undulating angle.

Shear Stress/MPa
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Figure 12. Shear stress—displacement curves under different shear rates at 4 MPa normal stress with

a 30° undulating angle.
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Figure 13. Shear stress—displacement curves under different shear rates at 4 MPa normal stress with

a 40° undulating angle.
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Combined with the comprehensive analysis in Table 3 and Figure 14, it can be seen
that when the structural plane with the same undulating angle was under the fixed normal
stress of 4 MPa, the peak shear stress showed a decreasing trend on the whole as the
shear rate increased. Among these, the peak shear stress almost linearly decreased at a
structural plane with a lower undulating angle (10°) and exponentially decreased at a
structural plane with a higher undulating angle (40°). The shear strength decreased by
0.37,0.37, 1.14 and 2.31 MPa at the undulating angles of 10°, 20°, 30° and 40°, respectively,
from a 0.6 to 2.4 mm/min shear rate, which further indicated that the shear strength of a
structural plane with a high undulating angle was greatly affected by the shear rate. In
particular, when the angle was 20°, the shear strength corresponding to the shear rate of
1.2 mm/min was greater than that of the 0.6 mm/min shear rate, which was caused by the
heterogeneity of the rock. This experimental error does not affect the analysis of the overall
shear characteristics.

Table 3. Shear strength of structural planes with different undulating angles under different shear
rates at 4 MPa normal stress (MPa).

Shear Rate (mm/min)

Undulating Normal Stress
Angle (°) 0.6 1.2 2.4 (MPa)
10 7.45 7.28 7.08
20 8.76 9.03 8.39 4
30 10.63 10.01 9.49
40 12.49 10.83 10.18
14 -~
12 1 x
X
& 10 A X
= u " n
2 87
£ ¢ ¢ .
= O
D
z 4 410° m20° A30° x40°
2 -
0 T T T T T 1
0 0.5 1 1.5 2 2.5 3
Shear rate/mm/min

Figure 14. Relationship between shear rate and peak shear stress with different undulating angles at
4 MPa normal stress.

It was also found that under the same normal stress and shear rate, the shear strength
increased with the increase in the undulating angle. When the shear rate was 0.6, 1.2
and 2.4 mm/min, the shear strength increased by 5.04, 3.55 and 3.10 MPa, respectively,
indicating that the undulating angle has a great influence on the shear strength under the
action of a small shear rate.

3.3. Failure Analysis of Structural Plane

For the purpose of further clarification of the shear-slip characteristics and the un-
derstanding of the influence of different undulating angles on the failure of the structural
plane, four groups of samples with a normal stress of 4 MPa and a shear rate of 0.6 mm/min
were selected. A high-precision morphological scanning system was used to extract the
morphological features of the fault plane after the direct shear test, and a the otherness
under different fluctuation characteristics was analyzed by comparison with the scanning
results before the experiment. Based on digital quantitative characterization processing
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(Wu et al. [36] and Han et al. [37]), the structural plane images before and after the experi-
ment were obtained, as shown in Figure 15, where the 10-2, 20-2, 30-2 and 40-2 samples
represent the undulating angles of 10°, 20°, 30° and 40°, respectively. It is especially note-
worthy that, in order to make the images more intuitive for interpretation, a change in
the elevation difference of the structural plane was used to reflect its roughness. Different
colors represent the distinctions in the elevation difference, in which red (positive value)
represents the convex part and blue (negative value) represents the concave position. The
shear direction of all the structural planes is from left to right.

By observing Figure 15a,c,e,g, it can be found that with the increase in the undulating
angle, the blue at the tooth valley deepened, indicating that the sawteeth of the structural
plane became more obvious, which made the structural plane possess greater mechanical
bite force and increased the contact surface of the upper and lower specimens. Under the
same normal stress and shear rate, the structural planes after direct shear test are shown
in Figure 15b,d,fh. It can be clearly observed that there were chopped and pulverized
materials on the damaged structural plane, and with the increase in shear displacement,
the debris and powder slipped along the shear direction. Therefore, when the structural
plane was subjected to a horizontal shear force, the convex undulating angle underwent
shear failure due to the force. With the increase in the undulating angle, the damage of
the structural plane became more obvious. When the shear wear particles increased, the
friction coefficient between the structural surfaces increased indirectly, so the mechanical
bite force and friction force between the structural planes with the larger undulating angle
jointly promoted the increase in its shear strength. The analysis results were consistent
with the Table 2.

Based on the results from the previous analysis, it was determined that the rupture
form was the most obvious when the undulating angle was 40°. For the purpose of ana-
lyzing the effect of different normal stresses and shear rates on the fracture characteristics
of the structural plane in a more detailed and intuitive way, the structural surfaces of the
six groups of samples with a 40° angle were processed by the same scanning method after
experiment. The images of the damaged structural planes are shown in Figure 16, and the
normal stress and shear rate corresponding to each sample are shown in Table 1.
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Figure 16. Shear fracture characteristics of a structural plane with a 40° undulating angle. (a) 40-1;

(b) 40-2; (c) 40-3; (d) 40-4; (e) 40-5; (£) 40-6.
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Through comparing and analyzing Figure 16a—d, which represents the structural
planes with a 40° undulating angle under the same shear rate (0.6 mm/min), it can be
found that, when the normal stress was a lower value (2 MPa), the friction bandwidth of
the undulating wave crest of the structural surface was relatively smaller. When the normal
stress was higher (6 and 8 MPa), the shearing position of the structural plane was closer
to the tooth valley, the shear area was larger and the destructiveness was stronger. The
application of a normal load ensured that the structural planes of the upper and lower
specimens could contact better. With the increase in normal stress, the friction force of the
structural planes increased when the shear movement occurred, which led to the increase
in the peak shear stress, indicating that the normal load played a positive role in the shear
strength of the structural plane. The analysis results are consistent with Table 2.

Further analysis of Figure 16b,e,f shows that under the same normal stress (4 MPa),
when the shear rate was lower (0.6 mm/min), the shearing action was increasingly sufficient,
the friction features of the shear surface were more obvious, and the corresponding shear
strength was also greater. When the shear rate was larger (2.4 mm/min), the shear failure
mainly occurred in the initial stage, the undulating angle was relatively less damaged, the
residual friction powder on the structural plane was also reduced, and the corresponding
shear strength was also lessened. The analysis results are consistent with Table 3.

4. Conclusions

This paper took tight sandstone as the research object, used Python and a high-
precision engraving machine to prepare four kinds of structural plane samples with dif-
ferent undulating angles, conducted direct shear tests under different normal stresses and
shear rates, and analyzed the shear mechanical properties. Finally, a high-precision 3D
scanner was used to describe the morphological changes in the structural planes before
and after shearing. The conclusions are as follows:

(1) The shear stress—displacement curve of the non-flat structural plane had obvious
peak characteristics. The first shear stress peak was caused by the mechanical bite
force between the undulating angles, and the second shear stress peak was mainly
determined by the friction force between the structural planes.

(2) For a structural plane with the same undulating angle, the shear strength increased
approximately linearly with the increase in normal stress. The increment speed was
approximately 0.82, while the shear strength w negatively correlated with the shear
rate, and which with a high undulating angle, was greatly affected by the shear rate
(the shear stress decreased by 2.31 MPa at a 40° angle).

(3) As the normal stress and the shear rate were fixed, the shear strength corresponding
to the structural surface gradually increased with the increase in the undulating angle,
and the maximum increment was 5.04 MPa at 4 MPa normal stress and a 0.6 mm/min
shear rate.

(4) With an increase in the undulating angle, the mechanical bite force of the structural
plane increased, and its shear failure became more obvious. The shear wear particles
further increased the friction force between the structural planes, thereby increasing
the shear strength.

(5) When the undulating angle was 40°, the shear point was closer to the tooth valley
position, while the normal stress was higher (6 and 8 MPa), and the shear process was
increasingly sufficient as the shear rate became lower (0.6 mm/min). These conditions
made the friction features of the shear surface more visible and the corresponding
shear strength also increased.
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