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Abstract

The mechanical properties of rocks under cyclic and dynamic loading are
important research topics for solving the structural stability of large engi-
neering rocks. As underground mining in coal mines goes deeper, ground
stresses are increasing and instability damage of coal rocks by shear loading is
frequent. Therefore, in order to investigate the shear mechanical properties
and section morphological characteristics of intact coal samples in the direct
shear test, the RDS-200 rock direct shear instrument was used to carry out
direct shear tests on intact coal samples under different normal stresses, and
the shear section was scanned for three-dimensional morphology. The results
show that: 1) from the strength characteristics, the peak shear strength of the
coal samples increased linearly with increasing normal stress, and the residual
shear strength increased logarithmically. 2) In terms of deformation charac-
teristics, the peak shear displacement of the coal sample increases linearly
with increasing normal stress, the pre-peak shear stiffness increases logarith-
mically, and the residual normal displacement decreases linearly. 3) From the
morphological characteristics of the shear surface, with the increase of nor-
mal stress, the section transitions from high-order undulating to flattening
type. The maximum height of the fracture surface profile and kurtosis coeffi-
cient of the shear section decreased linearly, and the profile area ratio and
root mean square of slope decreased as a power function, Ze. the higher the
normal stress, the smaller the undulation of the section, the sharpness of the
roughness shape and the roughness coefficient JRC, and the flatter and
smoother the section. The findings of this study can help to provide some
reference for the evaluation of shear instability occurring in coal bodies under
different normal stresses.
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Morphology

1. Introduction

One of the main forms of damage to a rock body is through-joint damage due to
shear loading, such as landslides, fracture tectonic earthquakes, and high level
collapse of mountains [1]. In mining rock mechanics, the shear resistance of the
coal body is also important, as it is affected by the shear capacity of the coal rock
itself when sliding along a large structural surface of a fault or when sliding of
the coal block from the excavation boundary [2]. Therefore, it is important to
carry out experimental research on the effects of different normal stresses on the
shear mechanical properties and shear surface morphology of coal samples un-
der shear loading, in order to control the stability of the roadway surrounding

rock and achieve safe mine production.

2. Review of the Literature

2.1. Study of Shear Mechanical Properties of Rocks

In recent years, many scholars at home and abroad have conducted a large
number of experimental and theoretical studies on the shear mechanical proper-
ties of coal rock bodies and the morphological characteristics of jointed surfaces.
In terms of shear mechanical properties of coal rock, Li [3] conducted a shear
creep test study on weak structural surfaces of sandstone with different water
contents, and the results showed that the creep deformation of the weak struc-
tural surfaces of sandstone in a watery state compared with a dry state had a
large difference, and the water in the structural surfaces would weaken the shear
strength of the weak structural surfaces of sandstone due to the softening and
lubricating effects. Li [4] used artificial casting to produce regular serrated joint
faces for direct shear test research, and the results showed that the greater the
shear rate, the lower the shear strength of the rock; the greater the undulation
angle of the joint face, the higher the shear strength of the rock. Wang [5] con-
ducted a direct shear test study on red sandstone with different water contents
and explored the relationship between the shear characteristics of red sandstone
and the water content of the sandstone. Xiao [6] conducted shear tests on coal
samples using a variable angle shear mould and an acoustic emission system,
and the results showed that the shear angle showed a negative correlation with
the positive stress, shear stress, peak load and stiffness. Peng [7] carried out a
fine shear test on gas-bearing coal rocks using a self-developed shear test device,
and analysed the fractal characteristics of the crack distribution in the shear-
broken section. Xu [8] used a self-developed coal rock shear-percolation coupl-
ing test apparatus to conduct a shear-percolation coupling test on coal under
different normal stresses. Wang [9] conducted shear tests on rough rock joints at
different shear rates and found that the peak shear strength of the joints de-

creased with increasing shear rate, and proposed a shear strength model for
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rough joints considering shear rate. Li [10] investigated the shear behaviour of
the natural coal-rock interface by conducting indoor direct shear tests on coal-

rock specimens under constant normal stress conditions.

2.2. Study on the Morphology of Structural Plane

In terms of the morphological characteristics of coal rock joints, Xu [11] carried
out indoor shear tests and 3D scanning of sections on sandstone and explored
the morphological characteristics of sandstone shear sections. Xia [12] [13] [14]
studied a 3D rock morphology scanning device, developed a portable 3D rock
morphology scanner, and developed a calculation program for morphology in-
formation. Jiang [15] used the Gaussian filter method to study the variation of
joint surface morphology under shear loading. Fan [16] conducted multiple
shear tests on the same joint surface using different normal stresses. The study
showed that the complexity of the joint surface morphology decreased under
multiple shear effects, but the effect on the anisotropic nature of the joint surface
was relatively small. Liu [17] used the two-dimensional joint profile measured by
the measurement method to reconstruct the three-dimensional morphology of
rock joints. Huang [18] proposes a visualisation method for tracking the surface
morphology of joints, which can accurately describe the total shear area at dif-

ferent shear stages.

2.3. Problems and Summary

In summary, some results have been achieved in the study of the shear mechan-
ical properties and morphological characteristics of rock joints at this stage, with
most of the research results coming from rocks and coal, and relatively little re-
search has been carried out on the shear mechanical properties and section
morphological characteristics of raw coal under different normal stresses. In ad-
dition, the shear mechanical properties of coal rocks are usually studied by
means of artificially prefabricated through joints, which are still different from
the mechanical and morphological characteristics of natural non-through joints
in coal rocks subjected to compressive shear loads. Therefore, this paper pro-
poses to carry out a direct shear test study of intact coal samples under different
normal stresses, and to carry out a three-dimensional morphological scan of the
shear section to analyse the effect of the normal stress on the shear mechanical

and morphological parameters of the coal samples.

3. Test Overview
3.1. Sample Preparation

The coal samples used in the tests were taken from the Zhongma Village coal
mine in Jiaozuo City, Henan Province, where the coal was mostly brownish-
black in colour and the coal seams were fissured. All coal samples used in the
tests were taken from the same batch of mining, and coal samples were processed

from the test coal blocks using a rock corer, an automatic rock cutting machine
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and an automatic rock double-sided grinder equipment. A standard cylindrical
specimen of ®50 mm X 100 mm was processed by the drilling, sawing and grind-
ing processes, as shown in Figure 1.

Uniaxial, triaxial and Brazilian splitting tests were carried out on complete
standard cylindrical specimens using the RMT-150B rock mechanics servo tester
developed by the Wuhan Institute of Geotechnics, Chinese Academy of Sciences,
and the basic mechanical property parameters of the specimens were obtained as
shown in Table 1.

3.2. Test Equipment

The shear test system RDS-200, designed by GCTS, USA, was used to perform
the coal sample straight shear test, which has the advantages of high accuracy,
easy operation and simple programming of the test procedure. The test set-up
is shown in Figure 2. The shear actuator and normal actuator are capable of
providing a load of 10 t and 5 t respectively, with a shear stroke of 25 mm and a
normal stroke of 24 mm. a simplified diagram of the shear area is shown in

Figure 3 below.

Figure 1. Part of a complete specimen.

Table 1. Table type styles (Table caption is indispensable).

Sample type  o0.(MPa)  o,(MPa) E(GPa) H (%) C(MPa)

Coal 12.52 0.31 4.52 0.57 47.8° 4.65

In the table, o, is the compressive strength, o, is the tensile strength, u is the Poisson’s ra-
tio, £is the modulus of elasticity, ¢ is the angle of internal friction, and Cis the cohesive
force.

1—Upper shear ring
2—Metal gasket ring
3—Lower shear ring
4—Lower shear box
5—Upper shear box
6—Normal actuators
7—Shear actuators

Figure 2. RDS-200 straight shear test system.
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@ 1—Shear load
2—Pins
@ 3—Shear rings

T 4—Normal load
@ 5—Sample
@ _, @ 6—Cutter box
7—Quick-setting cement
® ® I :I:'—® ®  8—Structural aspects
1-® | 9—Base

A

Figure 3. Simplified diagram of shear area.

3.3. Cross-Sectional 3D Morphology Parameter Acquisition

The OKIO-400 laser scanner (Figure 4) jointly developed by Beijing Tianyuan
3D Technology Co., Ltd. and Tsinghua University was used to scan the three-
dimensional shape of the shear surface, with a measurement range of 400 x 300
mm - 200 x 150 mm, measurement accuracy of 0.03 mm - 0.02 mm, average
point distance of 0.31 mm - 0.15 mm, scanning method of non-contact surface
scanning, stitching method of fully automatic marker point. The accuracy con-

trol method is GREC global error control module.

3.4. Test Programme and Procedures

The specimens need to be encapsulated before the test starts, and the encapsula-
tion of the specimens is crucial to the smooth running of the straight shear test
and the accuracy of the test results. The specimen encapsulation process is
shown in Figure 5 below.

Lower shear ring encapsulation (a-c): first in the silicone mould poured ce-
ment pad, pad in the lower side of the specimen placed in the middle, the pur-
pose is to control the shear fissure surface appears in the middle of the specimen;
two shear ring should be coated with a layer of butter inside it, to facilitate de-
moulding; then the quick-setting cement at 1:4 water-cement ratio mixed evenly
and injected into the lower shear ring, cement slurry added to the top of the
shear ring parallel to it, wait for the quick-setting Wait for the cement to set and
complete the encapsulation of the lower shear ring.

The upper shear ring is encapsulated (d-g); a layer of rubber cement is placed
on the surface of the solidified cement block in the lower shear ring, the purpose
of which is to isolate the cement from the upper and lower shear rings; a metal
gasket ring is placed on the lower shear ring to provide a suitable space for the
shearing process; the upper shear ring is placed on the metal gasket ring and the
gap between the upper and lower shear rings is sealed with rubber cement to
prevent the cement liquid from leaking out; after which the rapid setting cement
continues to be poured in the upper shear ring Afterwards, the cement is poured
into the upper shear ring until the cement level is parallel to the upper shear ring
and the cement sets.

Place in the shear box (h-i): after the cement has set, place the finished speci-
men in the lower shear box, align the upper shear box, fix the bolts and set up

the test program on the GCTS system computer to start the straight shear test.
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Lower rift surface
Scanners

Figure 4. OKIO-400 laser scanner (left),
3D model of nodal surface (right).

(b)

® (h)

Figure 5. Specimen encapsulation process.

The shear tests are conducted under normal stress (CNL) conditions with de-
sign values of normal stress of 0.5 MPa, 1 MPa, 1.5 MPa, 2 MPa and 2.5 MPa:

1) Apply the normal stress to the design value in a load-controlled manner;

2) Application of tangential load in a displacement-controlled manner with a
shear rate of 1 mm/min;

3) The normal stress is kept constant during shear and the straight shear test
is terminated when the shear displacement reaches 10 mm;

4) At the end of the straight shear test, the specimen is removed from the press

and the sample is taken out of the press and scanned using a three-dimensional
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profile scanner with marker points.

4. Straight Shear Test Results and Analysis
4.1. Strength Characteristics

The strength characteristics of the coal samples under different normal stresses
are shown in Figures 6-8. Figure 6 shows the shear stress-shear displacement
curves of the coal samples at different normal stresses, Figure 7 shows the fitted
relationship between the peak shear strength and the normal stress of the coal
samples, and Figure 8 gives the relationship between the shear strength value
(hereafter referred to as the residual shear strength) and the normal stress of the

coal samples at a shear displacement of 10 mm.
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= + = ]MPa
4 F 1.5MPa
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§ o 2. 5MPa
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Figure 6. Shear stress-shear displacement curves for coal samples.
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Figure 7. Relationship between peak shear strength and normal
stress.

DOI: 10.4236/wjet.2023.112024

341 World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2023.112024

S. H. Huang et al.

—_
(o)}
1

—
[\
T
( ]
.o
.-
.
“
o
[ ]

P
oo

3 =0.3983In(x) + 0.9792
° R>=0.9048

Residual shear strength ( MPa)
) =)
S [e]

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Normal stress ( MPa )

5
o

Figure 8. Relationship between residual shear strength
and normal stress.

As can be seen from Figure 6, the shear stress-shear displacement curve of the
coal sample can be roughly divided into five stages: 1) Initial compacting stage.
The curve at this stage is slightly convex downwards, the fracture pores inside
the coal sample are compacted, the primary microfractures are gradually closed
and the specimen is gradually compacted. It is worth noting that the coal sample
is not homogeneous and some of the internal primary microfracture pores are
more numerous and experience a longer time at this stage. 2) Linear stage. As
the test proceeds, when the shear force increases to a certain value, it enters the
linear stage, the curve at this stage is nearly straight, the shear stiffness is almost
constant, and the shear stress increases rapidly with the increase in shear dis-
placement. 3) Yield stage. Mechanical properties from the elastic to plastic, the
coal sample internal shear stress due to the role of micro-fractures, and gradually
formed a local fracture, with the shear stress reaches the peak, the coal sample
internal local fractures continue to develop and expand, accompanied by a
"thunk" sound, the formation of penetration near the intended shear surface. 4)
Softening stage. At this point, the shear stress falls rapidly, the projection of the
shear surface is gradually cut off, and the overall roughness of the shear surface
gradually decreases. 5) Residual stage. The curve at this stage is approximately
horizontal, and the shear stress value does not drop significantly.

From the above variation characteristics of shear stress, the shear strength
characteristics of coal samples have a certain relationship with the magnitude of
normal stress. From Figure 7, Figure 8, it can be seen that the peak shear
strength of the coal sample increases with the increase of the normal stress in a
good linear relationship, and the goodness of fit & value reaches 0.99. The resi-
dual shear strength of the coal sample increases approximately as a logarithmic
function of the normal stress, and the goodness of fit & value reaches 0.90. In
the residual stage, the tiny convex body of the coal sample section is ground flat
under the normal stress, and the curve is approximately horizontal. The higher

the normal stress, the greater the friction generated by the closer contact be-

DOI: 10.4236/wjet.2023.112024

342 World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2023.112024

S. H. Huang et al.

tween the sections and the greater the residual shear strength.

4.2. Deformation Characteristics

The deformation characteristics of the coal samples under different normal
stresses are shown in Figures 9-12. The normal displacement-shear displace-
ment curves of the coal samples are shown in Figure 8, where the negative val-
ues of the vertical coordinates indicate shear contraction and the positive values
indicate shear expansion. Figure 10 shows the shear displacement at the peak
shear strength of the coal sample (hereafter referred to as the pre-peak shear
stiffness) versus the normal stress. Figure 11 shows the slope of the curve at the
point where the shear stress is equal to 50% of the peak shear strength (hereafter
referred to as the pre-peak shear stiffness) versus the normal stress. Figure 12
shows the normal displacement of the coal sample at a shear displacement of 10
mm (hereinafter referred to as the residual normal displacement) versus the

normal stress.

LO r— .. 05MPa

o
=)
T
—
W
£
Il
o

=}
o
T
N
n
=4
n=l
o5
\

o
~
T
C-—
| )
i
\

Normal displacement (mm)
(e
[\S]

0.0 :T.:fé ' ) * - '
<Twip 4 6 8 10

02 F

04

0.6 Shear displacement (mm) "o

Figure 9. Normal displacement-shear displacement curves for coal samples.
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Figure 10. Relationship between peak shear displace-
ment and normal stress.
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and normal stress.
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As can be seen from Figure 9, the normal displacement-shear displacement
curves all show a relatively slight trend of shear contraction followed by shear
expansion in the initial stages. 1.5 MPa, 2 MPa and 2.5 MPa normal stresses
show an obvious phenomenon of normal shear expansion before normal shear
contraction near the peak shear displacement, while this phenomenon is not ob-
vious at 0.5 MPa and 1 MPa, which is due to the fact that the irregular micro-
convexity of the shear surface is heavily crushed from the root and the stripping
of the joints is misaligned under the higher normal stress. This is due to the large
number of irregular micro-convex bodies in the shear surface being crushed
from the roots and the stripping misalignment of the joint surface under the ac-
tion of higher normal stresses. In general, the shear swelling effect of the samples
is related to the normal stress, with the deformation characteristics of the sam-
ples exhibiting normal shear swelling after shearing at low normal stresses, while

at high normal stresses, the shear swelling effect is limited and the samples exhi-
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bit normal shear shrinkage after shearing.

As can be seen from Figure 10, the peak shear displacement of the coal sam-
ple tends to increase linearly with increasing normal stress. The distribution of
peak shear displacement ranged from 2.4 mm to 3.1 mm. For the peak shear dis-
placement, Barton [19] considered the Joint Roughness Coefficient (/RC) as the
main factor affecting the peak shear displacement and proposed an empirical
equation to predict the peak shear displacement, while Wibowo [20] considered
the normal load as the main factor affecting the peak shear displacement. Asa-
dollahi [21] argued that JRC and normal stress jointly influenced peak shear dis-
placement, and that peak shear displacement was positively related to normal
stress and negatively related to JRC. In this paper, there is no prefabricated joint
surface, so the roughness coefficient JRC of the joint surface before shearing is
not known, but from the test results, the fitted curves of peak shear displacement
and normal stress are highly linearly correlated, and the & value of the goodness
of fit is 0.90, indicating that normal stress is the main influencing factor of peak
shear displacement.

From Figure 11, it can be seen that the peak front shear stiffness of the coal
sample increases with increasing normal stress in a roughly logarithmic rela-
tionship, with a goodness of fit & value of 0.81. The higher the normal stress,
the flatter the trend of increasing peak front shear stiffness. The data points
fluctuate, possibly due to the inhomogeneity of the coal sample.

As can be seen from Figure 12, the residual normal displacement and the
normal stress in general tend to decrease roughly linearly, the higher the normal
stress, the shear surface climbing shear expansion effect is limited and the sec-
tion projection is transformed from tip damage to root, thus leading to the phe-

nomenon of lower residual normal displacement.

5. Shear Surface Morphological Characteristics

5.1. 3D Morphological Scan Results

The surface morphology of coal rock joints is closely related to their mechanical
properties, so a correct description of the surface morphology of coal rock joints
is the only prerequisite for studying the damage characteristics of coal rock bo-
dies.

Combined with the data in Table 2, it can be concluded from Figure 13 that
when the normal stress of the coal sample is 0.5 MPa, the undulation of the en-
tire section profile is high, and the maximum height of the fissure surface profile
reaches 0.85 as the maximum value, which is a high-order undulating section;
secondly, when the normal stress of the coal sample is 1.5 MPa, the undulation
of the entire section profile is relatively small, and the maximum height of the
fissure surface profile is reduced by 25% compared with the maximum value,
which is a low-order undulating section. At a normal stress of 2 MPa, the entire
section is generally flat, with a large number of small concave and convex bodies

in the section, but no large bumps or depressions, and the maximum height of
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(b) 1 MPa

(c) 2 MPa (d) 2.5 MPa

Figure 13. Visualisation of the shear section of a coal sample under different
normal stresses.

Table 2. 3D morphological scan results.

a, S, St R, %
0.5 0.85 5.70 1.25 2.87
1 0.77 4.30 1.17 1.21
1.5 0.64 3.62 1.09 0.97
2 0.23 2.87 1.08 1.06
2.5 0.59 5.22 1.23 2.03

In the table, o, is the normal stress, S, is the maximum height of the fissure face profile,
Sw: is the kurtosis factor, R, is the profile area ratio and Z, is the root mean square of the
slope.

the fracture surface profile reaches a minimum of 0.23, which is a flat type of
section. Therefore, it can be seen that as the normal stress increases, the intuitive
shape of the shear surface of the coal sample transitions from a higher order
undulating type to a flat type, indicating that the higher the normal stress, the
more the main projection of the shear surface of the specimen is restricted in its
climbing shear expansion behaviour, and the main projection of the shear sur-
face is more likely to undergo tooth-cutting damage and be sheared off from the

root, resulting in a flatter section shape.

5.2. Discrete Analysis

The three-dimensional morphological parameters of the coal sample under 2.5
MPa normal stress are obviously discrete. Wang Wei [1] concluded that the
anisotropy of the sandstone does not fundamentally change the morphological
information of the shear section by analysing the three-dimensional morpho-

logical characteristics of the sandstone shear section under different normal
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stresses. Figure 14 shows the shear section of a coal sample at 2.5 MPa normal
stress, from which it can be seen that there are a large number of laminations
and joints within the sample, the presence of which not only affects the shear
behaviour, but also has a different degree of influence on the morphological pa-
rameters of the sample. Combined with Figure 6 and Figure 9, it can be seen
that compared to the other four specimens, the 2.5 MPa normal stress coal sam-
ple did not have a sudden drop in stress near the peak shear strength as the other
four samples, which may be due to the fact that after the initial shearing, the
roughness of the section morphology formed by the presence of laminae and
joints was relatively high and still provided part of the shear strength; the 2.5
MPa normal stress coal sample had a higher shear strength compared to the the
2.5 MPa normal stress coal sample was more pronounced than the other four
specimens in that the normal shear expansion followed by normal shear con-
traction occurred in the section. This may be due to the influence of the complex
laminae and joints within the coal sample when shearing occurred.

In summary, due to the obvious anisotropic nature of the 2.5 MPa normal
stress coal samples, the 2.5 MPa normal stress coal samples can be excluded
from the analysis of the relationship between normal stress and the characteris-
tics of each morphological parameter, so that the regularity of the relationship
between normal stress and the four main 3D morphological parameters will be

more obvious.

5.3. Relationship between 3D Morphological Parameters and
Normal Stress

The maximum height of the fracture surface profile (S,) refers to the absolute
value of the distance between the highest point of the peak curve of the fracture
surface profile and the lowest point of the valley curve of the fracture surface
profile within the sampling area, the larger this value is the greater the undula-
tion of the fracture surface. As can be seen from Figure 15, the maximum height
of the fissure surface profile and the normal stress are linearly decreasing, when
the normal stress is small, the creeping effect of the shear surface is more ob-
vious, when the normal stress is larger, the creeping effect of the shear surface is
limited, and the damage form of the bulge is gradually transitioned from tip

damage to central shear and root shear.

Figure 14. 2.5 MPa normal
stress coal sample shear section.
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The value of the contour area ratio R, can reflect the roughness of the fracture
surface, the greater the absolute value of its value deviation from 1, the rougher
the fracture surface, and conversely, the smoother the fracture surface. It can be
seen from Figure 16 that the contour area ratio decreases as a power function
with the increase in normal stress and gradually approaches 1.

The peak coefficient S, can reflect the concentration degree of the distribu-
tion probability of crack surface height, and the roughness shape sharpness can
be judged by its value. The S, value is 3 as the dividing line. S, < 3 indicates that
the height distribution of the fractured surface is relatively discrete, that is, the
roughness shape of the fractured surface is relatively flat. S, > 3 indicates that
the height distribution of the crack surface is concentrated, that is, the roughness
shape of the crack surface is sharp. As can be seen from Figure 17, with the in-
crease of normal stress, the height distribution of shear section of coal sample
transitions from centralized to discrete, that is, the larger the normal stress is,
the smoother the joint surface morphology will be.

The root mean square of slope decreases as a power function with the increase
of normal stress. The correlation coefficient between slope root-mean-square 2,
and JRC is the highest compared with the other three 3D morphologic features
[22] [23], and the relationship between the two is as follows:

JRC,, =32.69+32.98l0g,, Z, 1)

Its value is positively correlated with the fracture surface roughness coefficient
JRC, so the root mean square of the slope can be used to reflect the trend of the
shear surface roughness coefficient /RC with the normal stress. From Figure 18,
it can be concluded that the higher the normal stress, the smaller the root mean
square of the shear surface slope Z, and the lower its positively correlated

roughness coefficient /RC, the smoother the shear surface.
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6. Conclusions

In this paper, by carrying out straight shear tests and shear surface scans of coal
samples under different normal stresses, the following main conclusions were
drawn:

1) Based on the characteristics of the shear stress-shear displacement curve,
the damage of coal samples under shear loading is divided into five stages: com-
pression-density stage, linear stage, yield stage, softening stage and residual
stage. The peak shear strength of the coal sample increases linearly with increas-
ing normal stress, and the residual shear strength of the coal sample increases
logarithmically with increasing normal stress.

2) The normal stress has a limiting effect on the shear swelling effect in the
section. At low normal stresses, the deformation of the shear section is characte-
rised by normal shear expansion; at high normal stresses, it is characterised by
normal shear contraction.

3) The higher the normal stress, the greater the peak shear displacement of the
coal sample increases linearly, the residual normal displacement decreases li-
nearly and the peak front shear stiffness increases logarithmically.

4) The higher the normal stress, the higher the normal stress, the more the
shear surface transition from a higher order undulating profile to a flat profile.
As the normal stress increases, the maximum height of the fracture surface pro-
file and the kurtosis coefficient of the shear surface decrease linearly, and the
area ratio of the profile and the root mean square of the slope decrease as a pow-
er function, Ze. the higher the normal stress, the lower the undulation of the
shear surface, the lower the sharpness of the roughness shape, the smaller the
shear surface roughness coefficient JRC value, and the flatter and smoother the

section.
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