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Abstract: The morphology of the joint surface is multi-scale, and it can be divided into first-order
asperity (waviness) and second-order asperity (unevenness). At present, the joint roughness char-
acterization formula considers only the morphology contribution of waviness and unevenness
components and does not fully consider their mechanical contribution. At same time, the relationship
between the mechanical contribution and the morphology contribution is still unclear. Thus, the
characterization formula considering the mechanical contribution of waviness and unevenness needs
to be further studied. In this study, the standard joint roughness coefficient (JRC) profiles were first
decomposed into waviness and unevenness. Then, three types of joint specimens with different
asperity orders (flat, the standard JRC profile, and the profile containing only waviness) were pre-
pared by the 3D engraving technique. Finally, direct shear tests were carried out on 39 sets of red
sandstone joint specimens under three normal stresses. The mechanical contributions of waviness
and unevenness were studied, the relationship between the mechanical contribution and the mor-
phology contribution of waviness and unevenness was analyzed, and the characterization formula
considering the mechanical contribution of waviness and unevenness was established. The results
showed that the following: (1) the method combining the ensemble empirical mode decomposition
(EEMD) and the critical decomposition level could be used to separate the waviness and unevenness
from the joint surface; (2) the mechanical contribution of the waviness and unevenness decreased
with the increase in normal stress; (3) the relationship between the mechanical contribution ratio and
the statistical parameter ratio of the waviness and unevenness can be describe by power function; and
(4) the roughness characterization formula considering the mechanical contribution and morphology
contribution was established. This study will enhance the accurate evaluation of the roughness
coefficient and shear strength of the joint specimen.

Keywords: joint roughness coefficient; asperity order; mechanical contribution; shear test; 3D carving

1. Introduction

Rock mass contains a large number of discontinuities, such as joints, faults, bedding
planes, or any other planar defects. These discontinuities play a weakening role in the rock
mass. Under low normal stress, rock mass behavior is controlled by sliding along existing
discontinuities rather than failure of the intact rock material [1]. Thus, the shear behavior
of rock joints plays a key role in the safety and stability of underground mining [2–6]. The
roughness of rock joints is recognized as one of the most important parameters affecting
mechanical behavior [7–11]. Thus, quantitative characterization of discontinuity roughness
has recently become a research hotspot in the field of rock mechanics.

In 1973, Barton [12] first proposed a concept called the joint roughness coefficient
(JRC) to describe the joint surface morphology. In 1977, Barton and Choubey [13] proposed
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a method whereby the roughness of the joint specimen could be determined by visual
comparison. This method was suggested by the International Society for Rock Mechanics
(ISRM) [14] and is currently used in engineering applications. However, this method was
proven to be subjective [15,16] and affected by the experience of the engineer [17]. In
order to quantify joint surface roughness objectively, a series of objective quantification
methods by statistical parameters were gradually proposed. Tse [18] first calculated the
type-profiles’ statistical parameters and correlated them with the JRC. Then, a series of
statistical parameters (Z2, RP, SF, Z2s, θ∗max/(C + 1) [19]) were proposed to describe joint
roughness in two and three dimensions, and characterization formulas were established
based on these statistical parameters. The statistical parameters and the formulas are
shown in Table 1.

Table 1. The statistical parameter and characterization formula by single parameter.

Parameter Formula Ref.

Z2 =

[
1
L

n−1
∑

i=1

(yi+1−yi)
2

xi+1−xi

]1/2

JRC = 32.2 + 32.47 log Z2

JRC = 130.87(Z2)
2 − 2.73

JRC = 32.69 + 32.98lgZ2
JRC = 51.85Z0.6

2 − 10.37
JRC = 51.16Z20.531

2 − 11.44
JRC = 55.7376Z2 − 4.1166

JRC = 32.172 log Z2 + 32.202
JRC = 57.82[1− b(Z2)]

−0.26√a(Z2)− 13.5

[18]
[20]
[21]
[22]
[23]
[24]
[25]
[26]

SF = 1
L

n−1
∑

i=1
(yi+1 − yi)

2(xi+1 − xi)

JRC = 37.28 + 16.58 log SF
JRC = 16.67 log(SF) + 37.726

JRC = −3.28 + 121.13
√

SF
JRC = 37.63 + 16.5 log(SF)

JRC = 73.95(SF)0.266 − 11.38

[18]
[20]
[21]
[23]
[25]

RP = (Lt − L)/L

JRC = 77.06(RP − 1)0.172 − 29.27
JRC = 47.62 + 93.74(RP − 1)0.1235

JRC = 63.69
√

RP − 1− 2.31

JRC =
(

0.036 + 0.00127
ln(RP)

)−1

JRC = 411(RP − 1)
JRC = 65.9(RP − 1)0.302 − 9.65

[21]
[22]
[23]
[25]
[27]
[28]

θp+ = tan−1

{
1

Mx+

Mx+

∑
i=1

[(
yi+1−yi
xi+1−xi

)
+

]
i

}
[29] JRC = −106.67(θp+ )

−0.363 + 55.34 [30]

Z′2 =

[
1

M(∆x)2

M
∑

i=1
(max(0, yi+1 − yi))

2
]1/2

[31] JRC = −9.43(Z′2)
−0.687 + 35.11 [30]

tan θ∗ = − tan θ cos α

Aθ∗ = A0

(
θ∗max−θ∗

θ∗max

)C [32] JRC = 3.95(θ∗max/[C + 1])2D
0.7 − 7.98 [22]

ri =
Ai

n
∑

i=1
Ai

, Ri = θ∗i ri, WPA =
i=m
∑

i=1
R+

i [33] JRC = 14.602 ln(WPA)− 12.536 [33]

With the development of scanning technology, three-dimensional (3D) statistical pa-
rameters were proposed. Based on the “local apparent inclination asperity dip”, a 3D
roughness parameter was proposed [32,34–36]. In addition, the joint roughness was stud-
ied from the perspective of a power spectrum [37,38]. Although increasing attention has
been given to 3D characterization of fracture surface roughness in recent years, the char-
acterization of linear profiles remains important for applications. The morphology of the
joint specimen is complex and multi-scale [39–43]. The ISRM has divided the morphology
into primary asperity (waviness) and secondary asperity (unevenness). At the same time,
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the contributions of different orders of asperity to the shear strength are different [44–47].
The joint roughness would be underestimated if it were characterized by a single statis-
tical parameter [48]. In order to solve this problem, multiple joint roughness formulas
characterized by two parameters have been proposed, as shown in Table 2. However, the
parameters proposed by previous researchers ([9,49–53]) do not quantify waviness and
unevenness. Liu et al. [54,55] characterized joint roughness with two statistical parameters
by decomposing the joint surface into waviness and unevenness. However, this formula
considers only the morphology contribution, and not the full mechanical contribution.

Table 2. The characterization formula by two statistical parameters.

Formula Ref.

JRC = 1979R0.92
d ε1.46 [49]

JRC = 15179W0.79
d (D− 1)1.46 [50]

JRC = 12.862R + 10.316arctan(100Ra)− 4.017
JRC = 2.719R + 0.585arctan(100Ra)

2 + 6.169
JRC = 10.544R + 0.327arctan(100Ra)

2 + 10.377

[51]

JRC = 41.14 log(Z2) + 4.93A1.53
nor + 26.72

JRC = 33.86 log(Z2) + 3.19A2.02
nor + 28.92

JRC = 26.31 log(Z2)+2.20A2.12
nor + 27.73

[52]

JRC = 69.23
√

Z2 − 28.17h−0.03
A

JRC = 64.75
√

Z2 − 20.45h−0.11
A

JRC = 58.92
√

Z2 − 15.74h−0.06
A

JRC = 57.62
√

Z2 − 13.73h0.08
A

[53]

JRC = 75.11Z1st
2 + 3.33Z2nd

2 − 2.79
JRC = 91.73SF1st − 57.13SF2nd + 3.89

JRC = 472.16(RP − 1)1st − 20.42(RP − 1)2nd + 3.32

[54]

JRC = A×∑
(

S2nd
up

)a
+ B×∑

(
S1st

up

)b
+ C

JRC = A×∑
(

V2nd
up

)a
+ B×∑

(
V1st

up

)b
+ C

[55]

JRC = 1.2θ2d + 867.5h2
1 − 2.9

θ2d = [θ∗max/(C + 1)]2d
h1 = h/L

[9]

At present, several methods, such as the Fourier series method [56–60], different
sampling interval methods [61–64], and the wavelet analysis method [65], are used for the
separation of waviness and unevenness from the joint surface. However, these methods
are limited by the characteristics of themselves [66]. The Fourier series method [67] and
wavelet analysis both need a priori function, and this function will affect the final result.
At the same time, a variety of methods have been proposed to identify waviness and
unevenness. Yang [56] proposed a method to distinguish waviness and unevenness by
visual observation. Ficker [61] proposed distinguishing waviness and unevenness through
the change law of joint surface area at different sampling intervals. Zou [65] proposed a law
to identify the cut-off level by the variance law of the approximate component. However, a
method with clear mathematical definition to judge the critical decomposition level has
not yet been proposed.

In summary, the morphology of the joint specimen is multi-scale. The joint roughness
will be underestimated if it is characterized by a single statistical parameter. At same time,
the mechanical contribution and the morphology contribution of each asperity order are
different. At present, the joint surface roughness characterization formula considers only
the morphology contribution of the waviness and unevenness, and not their full mechanical
contribution. In this study, the standard JRC profiles were taken as the initial morphology
and were decomposed into waviness and unevenness by the method combining the ensem-
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ble empirical mode decomposition (EEMD) and the criterion of critical decomposition level.
Three types of joint specimens with different asperity orders were prepared with the 3D
carving method. Shear tests were carried out on 39 groups of red sandstone joint specimens
with seven roughness degrees (5#~10# standard JRC profiles and flat joint planes) and two
asperity orders (one including only waviness and one including waviness and unevenness)
under three normal stresses. The mechanical contribution of each asperity order was
analyzed, and the relationship between the mechanical contribution of each asperity order
and its statistical parameter was explored. Finally, the characterization formula of joint
roughness that considers the mechanical contribution of each asperity was established.

2. Decomposition of the Standard JRC Profile

In the field of mathematics, any complex curve can be regarded as a superposition of
sine waves and cosine waves (partial waves) of different wavelengths and amplitudes [38].
The standard JRC profile is no exception. Empirical Mode Decomposition (EMD) has been
widely used in the trend item extraction of signals [68]. This method does not require any
prior knowledge in its application and is suitable for various types of signals.

2.1. Standard JRC Profile Decomposition Method
2.1.1. Empirical Mode Decomposition Method

Empirical Mode Decomposition (EMD) is a signal decomposition method based on the
characteristic timescale of the signal itself. It does not need a fixed a priori basis function,
and it is self-adaptive. It decomposes the fluctuation or trend at different scales in the
signal, step by step, and generates a series of data sequences with different characteristic
scales, namely, the intrinsic mode function (IMF).

IMF is a function satisfying the following two conditions [69]:

(1) In the entire data set, the number of crossing zero points and extreme value points is
the same or the difference between them is 1;

(2) At any point on the signal, the mean value of the upper envelope defined by the local
maximum and the lower envelope defined by the local minimum are 0, which means
that the signal is locally symmetric about the time axis.

The following three assumptions need to be satisfied when the EMD method is used
to signal decomposition:

(1) The signal has at least two extreme points: a maximum point and a minimum point;
(2) The characteristic timescale is defined as the time interval between adjacent extreme

points;
(3) If the signal does not have an extreme point and has only an inflection point, it

should be differentiated one or more times to obtain the extremum point before
decomposition, and then the corresponding component can be obtained by integrating
the obtained result.

EMD is a method of decomposing signals through the sifting process. The sifting
process can be divided into three steps:

Step 1: First, determine all extreme points for a target signal X(t). The upper envelope
is obtained by connecting all the maximum points with a cubic spline function, and the
lower envelope is obtained by connecting all the minimum points with a cubic spline
function. The difference between the signal X(t) and the mean of the upper and lower
envelopes is denoted as h1, as follows:

h1 = X−
(
E+(t) + E−(t)

)
/2 (1)

Then, h1 is regarded as the new X(t), and Step 1 is repeated until hi meets the two
limiting conditions of the IMF; the first-order IMF, called IMF1, is then sieved from the
signal.
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Step 2: Separate IMF1 from X(t) to obtain a different signal called RES1 with the IMF1
component removed.

RES1 = X(t)− IMF1 (2)

RES1 is taken as a new signal, and Step 1 is repeated until the nth order residual
sequence (RESn) becomes a monotone function, and the IMF component cannot be further
sieved.

RESn = RESn−1 − IMFn (3)

Step 3: From a mathematical perspective, regard the initial signal X(t) as the sum of
the IMF component and residual component RES [42]:

X(t) = ∑n
i=1 IMFi + RESi (4)

where IMFi represents the detail component, and RESi represents the approximate compo-
nent.

Its flowchart is shown in Figure 1 [70].

Figure 1. The flowchart for Empirical Mode Decomposition [70].

2.1.2. Ensemble Empirical Mode Decomposition (EEMD)

In the application of EMD, we see the mode mixing defined as the characteristic
component of different timescales decomposed into one IMF, or the same timescale compo-
nent appearing in different IMFs. The mode mixing causes the IMF component to lose its
original single characteristic scale, forming a mixed-scale oscillation. In order to avoid the
phenomenon of mode mixing, the EEMD is proposed to decompose the signal. The EEMD
takes advantage of the uniform distribution of the white noise spectrum, adding white
noise to the signal so that the signals of different time scales can be automatically separated
into the corresponding reference scale. As this method mainly supplements missing scales
by adding white noise to the signal, it displays good performance in signal decomposition.

The EEMD algorithm processing steps are as follows [71]:

(1) Adding white noise to the target signal;
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(2) Decomposing the added white noise signal into the IMF;
(3) Repeating Steps 1 and 2, but adding a different white noise sequence each time;
(4) Obtaining the mean value of each IMF by decomposition as the final result.

2.1.3. Criterion of Critical Decomposition Level

Accurate decomposition of the waviness and unevenness from the joint surface is the
premise for analyzing their mechanical contribution. This is significant to establish the
roughness characterization formula which considering their mechanical contribution. The
EEMD method only decomposes the standard JRC profile into the approximate component
and detail component. In order to obtain the waviness and unevenness from the joint
surface, the criterion of critical decomposition level is still needed. According to the
qualitative description of waviness by the ISRM, it reflects the macroscopic fluctuation
of the joint surface, which contains the main characteristics of the initial standard JRC
profile. We speculated that the similarity between the waviness and the initial standard
JRC profile would be high. With the increase in decomposition level, more and more
detail components are separated from the initial standard JRC profile, which leads to a
decrease in the similarity between the approximate components and the initial standard
profile. Before reaching the critical decomposition level, the approximate components
still contain waviness, and the approximate components can represent the macroscopic
fluctuations of the initial standard JRC profile. Therefore, the approximate component has
high similarity with the initial standard JRC profile. When the critical decomposition level
is exceeded, part of the waviness component is decomposed into the detail component,
which suddenly leads to the decrease in similarity between the approximate component
and the initial standard JRC profile. Therefore, the similarity between the approximate
component and the initial standard JRC profile can be treated as a parameter to determine
the critical decomposition level. There are many methods to measure the similarity between
two profiles; the cosine similarity criterion was chosen to evaluate the similarity in this
study. The unevenness [57] can be regarded as a stationary random process following the
Gaussian distribution. The Kolmogorov–Smirnov (K-S) test [72] was chosen to check the
distribution characteristics of unevenness at the critical decomposition level.

2.2. Decomposition Result of the Standard JRC Profile
2.2.1. The Digitization Result of the Standard JRC Profile

The standard JRC profile was selected as the initial morphology in this study, and the
coordinate value of the standard JRC profile (Figure 2a) was obtained with the gray image
processing method [73]. This method results in less error, compared with the data cursor
method and the high-resolution scanner method. After obtaining coordinate data, ten
standard JRC profiles were reconstructed in Origin software, and the reconstructed results
are shown in Figure 2b. By comparing Figure 2a,b, we found that they were basically
consistent with each other.
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Figure 2. Standard JRC profile (a) Before reconstruction, (b) After reconstruction.

2.2.2. The EEMD Results

The EEMD of ten standard roughness profiles is realized by Matlab software. Figure 3
shows the decomposition result of the 6# standard JRC profile. The EEMD results of the
other standard JRC profiles were similar to this one, so only the decomposition results of
the 6# standard JRC profile are shown here.

Figure 3. The EEMD results of the 6# standard JRC profile (a) Approximate component, (b) Detail
component.

The approximate component was characterized by large amplitude and low frequency,
which reflected the macroscopic fluctuation of the joint surface, and the detail compo-
nent showed small-scale fluctuation with small amplitude and high frequency when the
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decomposition level was lower than 3 (as shown in Figure 3a). With the increase in the
decomposition level, some features of the approximate components were extracted as detail
components, so the approximate components were no longer able to reflect the macroscopic
fluctuation of the joint surface, as shown in Figure 3b.

2.2.3. Critical Decomposition Level

In order to determine the critical decomposition level, the similarity between the
approximate component and the initial standard JRC profile was calculated, and the
calculated results are shown in Figure 4.

Figure 4. The coefficient of similarity between the approximate component and the initial profile.

The similarity coefficient decreased gradually with the increase in the decomposition
level, and the similarity decreased significantly when the decomposition level was large.
When the decomposition level was greater than 3, the similarity coefficient began to drop
sharply, as shown in Figure 4. Therefore, the 3rd decomposition level was taken as the
critical decomposition level; the 3rd level of the approximation component was determined
to be the waviness; and the sum of levels 1–3 of the detail components were used to form
the unevenness.

The height distribution of the unevenness components was statistically analyzed,
and the Kolmogorov–Smirnov (k-s) test was used to check the distribution of the detail
components. The statistical results are shown in Figure 5.

The p values of all ten standard JRC profiles were greater than 0.05, as shown in
Figure 5. We concluded that the unevenness components of all ten standard JRC profiles
met the Gaussian distribution.
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Figure 5. Histogram of the unevenness component.
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2.2.4. Decomposition Result of the Standard JRC Profile

The ten standard JRC profiles were decomposed by the method combining the EEMD
and the critical decomposition level criterion. The decomposition results are shown in
Figure 6.

Figure 6. Decomposition results of the standard JRC profiles.

The waviness component met the characteristics of large amplitude and low frequency,
which basically reflected the macroscopic fluctuation characteristics of the standard JRC
profile. The unevenness component satisfied the characteristics of small amplitude (fluctu-
ation around 0, basically) and high frequency, as shown in Figure 6. The characteristics of
the waviness and unevenness satisfied the definition of the ISRM.

3. The Mechanical Contribution of Waviness and Unevenness
3.1. Shear Test
3.1.1. Joint Specimen Preparation and Test Schemes

As no two natural rock joint specimens are truly identical, it is difficult to obtain
a large number of specimens with the same morphology [74]. Therefore, when testing
schemes require multiple specimens, joint specimens with natural surfaces are produced
mainly by copying techniques, such as creating fractures by splitting, sawing flat joints with
undulated or irregular surfaces, and casting natural or stylized joints with silicon or rubber
molds. However, the mechanical properties of casting material [75] are different from rock
material. Thus, it is difficult to reflect the mechanical properties and failure mechanisms of
joint specimens. Three-dimensional engraving technology [76] can produce a large number
of joint specimens with the same morphology using rock as the raw material, thus avoiding
the use of casting materials and rock materials that have different mechanical properties.
In this study, a 3D engraving machine (MK-6060) was used to prepare joint specimens. The
engraving system is composed of a control system, spindle, operating floor, cooling water
circulation system, and milling cutter, as shown in Figure 7. The control system is used to
control the movement of the spindle. The precision is 0.1 mm, which meets the accuracy
requirement. The raw material used in the test was red sandstone, which was collected
from Dawu County, Hubei province, China. It is a medium coarse quartz sandstone with
an average grain size of 0.25~0.5 mm. The mineral composition of this red sandstone
was identified by XRD test (Figure 8), showing the main mineral composition to include
feldspar (39.25%), quartz (43.14%), calcite (7.7%), kaolinite (3.17%), illite (1.98%), chlorite
(3.76%), and mixed-layer illite/montomrillonite (0.1%). Figure 9 shows the structure of the



Appl. Sci. 2021, 11, 6734 11 of 22

red sandstone. The mechanical properties of the red sandstone were tested by compression
and shear tests, as listed in Table 3.

Figure 7. The MK-6060 rock engraving machine.

Figure 8. The mineral composition (a) XRD result, (b) Proportion of various mineral components.

Figure 9. Enlarged apparent structure of the red sandstone (original magnification 200×).

Table 3. Basic mechanical properties of red sandstone.

Uniaxial Compressive Strength (UCS)
/MPa

Cohesion Stress
/MPa

Friction Angle
/◦

E
/GPa

48 7.03 47.23 16.27

The engraving consisted of four basic steps, as follows:

1. Importing the digitization data into CAD software to generate the profile;
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2. Stretching the profile onto the surface using the stretch command in CAD software
and exporting the surface in .igs format;

3. Importing the surface file into JD-Paint software and generating an engraving path
file;

4. Fixing the standard sandstone on the operating floor, then turning on the engraving
machine.

In order to analyze the mechanical contribution of waviness and unevenness to the
shear strength of the joint specimen, three kinds of joint specimens were prepared (the
Standard JRC profiles 5#~10#, the profile containing only waviness, and the profile with the
flat surface). A total of 39 groups of joint specimens were prepared. Three normal stresses
were applied in this shear test, and the test schemes are shown in Table 4.

Table 4. Shear test schemes.

Joint Roughness Coefficient Asperity Order Normal Stress

Flat (0) 0.6 MPa, 2.4 MPa, 4.8 MPa
(0.0125UCS, 0.05UCS, 0.1UCS)

JRC = 9.5
Waviness + Unevenness 0.6 MPa, 2.4 MPa, 4.8 MPa

Waviness 0.6 MPa, 2.4 MPa, 4.8 MPa

JRC = 10.8
Waviness + Unevenness 0.6 MPa, 2.4 MPa, 4.8 MPa

Waviness 0.6 MPa, 2.4 MPa, 4.8 MPa

JRC = 12.8
Waviness + Unevenness 0.6 MPa, 2.4 MPa, 4.8 MPa

Waviness 0.6 MPa, 2.4 MPa, 4.8 MPa

JRC = 14.5
Waviness + Unevenness 0.6 MPa, 2.4 MPa, 4.8 MPa

Waviness 0.6 MPa, 2.4 MPa, 4.8 MPa

JRC = 16.7
Waviness + Unevenness 0.6 MPa, 2.4 MPa, 4.8 MPa

Waviness 0.6 MPa, 2.4 MPa, 4.8 MPa

JRC = 18.7
Waviness + Unevenness 0.6 MPa, 2.4 MPa, 4.8 MPa

Waviness 0.6 MPa, 2.4 MPa, 4.8 MPa

3.1.2. Test Equipment

The direct shear tests were performed with a YZW-30A rock mechanics test system,
which is a computer-controlled electronic testing machine (Figure 10). Its maximum axial
(tangential) load is 250 kN, and its loading methods include displacement control and
stress control. The loading test was carried out in two steps: normal stress loading and
shear stress loading. When the normal stress reached the target value, it was held, and the
shear stress loading was started. When the shear displacement reached the target value, the
test was stopped. The loading mode of normal stress and shear stress was the displacement
control mode. The loading process was evenly divided into two steps. First, the loading
was carried out at a higher loading rate (0.6 mm/min) to realize the rapid contact between
the pressure head and the surface of the shear box. When the stress reached the initial target
value (0.2 kN), the loading rate decreased to 0.3 mm/min (ISRM 2014 [77]). The maximum
shear displacement of the loading system was 10 mm. In order to prevent damage to
the test equipment caused by excessive shear displacement, the shear test automatically
stopped when the shear displacement reached 8 mm.
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Figure 10. YZW-30A microcomputer-controlled electronic shear system for joint specimens.

3.2. Contribution of Waviness and Unevenness to the Shear Strength
3.2.1. Shear Test Result

According to the test scheme, a series of shear tests were carried out with the red
sandstone joint specimens, and the shear stress–shear displacement curves are shown in
Figure 11.

Figure 11. Shear stress–shear displacement curves.
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The strength difference between the joint specimen that contained two-order asperity
and the specimen whose surface was flat gradually increased with the normal stress
increase. The strength difference between the joint specimen that contained two-order
asperity and the joint specimen that contained only waviness gradually decreased with the
normal stress increase, as shown in Figure 11.

3.2.2. Contribution of Waviness and Unevenness to the Shear Strength

In order to quantify the mechanical contribution of waviness and unevenness, the
parameter Kasperity was defined as a coefficient to represent the mechanical contribution of
the asperities to the joint’s shear strength (Equation (5)).

Kasperity =
τp_Wa+Ue − τp_Flat

τp_Wa+Ue
(5)

where τp_Wa+Ue and τp_Flat are equal to the shear strengths of the joint specimen with
two-order asperity and the specimen with the flat surface, respectively.

The values of Kasperity under different normal stresses with different roughness were
calculated and are plotted in Figure 12. The parameter Kasperity values gradually decreased
with increasing normal stress (as shown in Figure 12), which indicated that the mechanical
contribution of asperity to the joint specimen’s strength decreased with the normal stress
increase. Under the normal stress, the parameter Kasperity increased with the roughness
increase. The above results showed that there was a relationship between the contribution
degree Kasperity and the roughness coefficient of the joint surface.

Figure 12. Mechanical contribution of asperity to the shear strength of the joint specimen.

In order to further investigate the contribution of waviness and unevenness to the
joint’s shear strength, Kasperity_Wa and Kasperity_Ue were defined as coefficients representing
the mechanical contribution of waviness and unevenness to the joint’s shear strength
(Equations (7) and (8)), respectively.

τp_Ue = τp_Wa+Ue − τp_Wa (6)

Kasperity_Wa =
τp_Wa − τp_Flat

τp_Wa+Ue − τp_Flat
× Kasperity (7)

Kasperity_Ue =
τp_Ue − τp_Flat

τp_Wa+Ue − τp_Flat
× Kasperity (8)

where τp_Ue equals the shear strength of the joint specimen containing only waviness.
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The values of Kasperity_Wa and Kasperity_Ue under different normal stresses with different
roughness were calculated and are shown in Figure 13a,b, respectively. The values of
Kasperity_Wa and Kasperity_Ue decreased with the increase in normal stress. The values of
Kasperity_Wa and Kasperity_Ue increased with the increase in joint roughness, as shown in
Figure 13a,b. This result was different from Hong’s research [64], which showed that the
mechanical contribution of the unevenness was independent of the statistical parameters
of the unevenness. Thus, it was necessary to carry out further research on the correlation
between the mechanical contribution and the statistical parameter.
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4. Characterization of the Joint Surface Roughness Coefficient
4.1. Relationship between the Mechanical Contribution and Statistical Parameter
4.1.1. Statistical Parameters of Waviness and Unevenness

In order to study the relationship between the asperity’s mechanical contribution and
its statistical parameters, the parameters Z2 and RP-1 of the standard JRC profile and the
waviness component (1st order) and unevenness component (2nd order) were calculated,
and the results are shown in Figure 14.

Figure 14. Statistical parameters of the standard JRC profile at critical decomposition levels (a)
Statistical parameter Z2, (b) Statistical parameter RP-1.

The statistical parameters (Z2 and Rp-1) increased with the increase in roughness (as
shown in Figure 14). There were some profile’s statistical parameters that did not obey this
law, however. As shown in Figure 14a, the statistical parameter Z2nd

2 showed a decreasing
trend from profile 4# to 5#, while the statistical parameter Z1st

2 showed an increasing trend
at this position; the statistical parameter Z2nd

2 showed an increasing trend from profile 8#

to 9#, while the statistical parameter showed a decreasing trend at this position (as shown
in Figure 14a). According to the analysis, compared with the 5# profile, the 4# profile
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contained more unevenness and less waviness. Compared with the 9# profile, the 8# profile
contained more unevenness and waviness. Gao [52] also found this trend.

In order to analyze the mechanical contribution difference between the waviness com-
ponent and the unevenness component, KW−U was defined as the parameter representing
the mechanical contribution ratio of the waviness and the unevenness. The value of KW−U
was calculated and is shown in Figure 15. KW−U barely changed with the normal stress
increase.

Figure 15. Mechanical contribution ratio of waviness and unevenness.

In order to further establish the relationship between the mechanical contribution
and the statistical parameters, the ratio of the statistical parameters of waviness to un-
evenness was calculated, and the calculated results are shown in Figure 16. Comparing
Figures 15 and 16, we found that the mechanical contribution ratio of the waviness and un-
evenness and the statistical parameter ratio of the waviness and unevenness showed
an opposite trend. KW-U and the statistical parameter ratio of the waviness and un-
evenness showed different change laws. The larger the KW-U, the smaller the statistical
parameter ratio of the waviness and unevenness. In Figure 15, KW-U-9.5 > KW-U-12.5 >
KW-U-10.8 > KW-U-16.7 > KW-U-18.7; at the same time, (Z2

1st/Z2
2nd)9.5 < (Z2

1st/Z2
2nd)12.5 <

(Z2
1st/Z2

2nd)10.8 < (Z2
1st/Z2

2nd)16.7 < (Z2
1st/Z2

2nd)18.7. Zhu [78] also found this trend in
his research.

Figure 16. Statistical parameter ratio of waviness and unevenness.
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4.1.2. Relationship between the Mechanical Contribution and Statistical Parameter

In order to further explore the relationship between the mechanical contribution ratio
and the statistical parameter ratio, the relationship between them was fitted; the fitting
results are shown in Figure 17a,b. It can be seen in Figure 17 that there is a relationship
between the mechanical contribution ratio and the statistical parameter ratio. This relation
can be described by the power function.

Figure 17. The relationship between the mechanical contribution ratio and the statistical parameter
ratio (a) KW−UVS.Z1st

2 /Z2nd
2 , (b) KW−UVS.(R1st

P − 1)/(R2nd
P − 1).

4.2. Roughness Characterization Formula Considering the Mechanical Contribution

The mechanical contributions of different asperity orders are different. There is a
relationship between the mechanical contribution and the statistical parameters. Therefore,
it was necessary to establish a formula representing the joint roughness that accurately
considered the mechanical contributions of different asperity orders. The shear strength
can be divided into three parts [48]: the basic frictional resistance, the resistance provided
by the waviness, and the resistance provided by the unevenness, as shown in Equation (9).

τ = τWa + τUe + τb (9)

Hong [56] divided the joint surface into waviness and unevenness by different interval
methods and established a formula representing the joint surface roughness, considering
the statistical parameters of waviness and unevenness (Equation (10)).

JRC = a×
(

P1st
)m

+ b×
(

P2nd
)n

+ c (10)

Inserting Equations (11) and (12) into Barton’s formula, it is rewritten as Equation (11).

τp = τp_Wa+Ue = σn tan
[(

a× (P1st)
m
+ b×

(
p2nd

)n
+ c
)
· log10

(
JCS
σn

)
+ φb

]
(11)

By decomposing c in Equation (13) into two parts, c1 and c2, Equation (13) is rewritten
as Equation (12).

τp = τp_Wa+Ue = σn tan
[(

a× (P1st)
m
+ c1 + b×

(
p2nd

)n
+ c2

)
· log10

(
JCS
σn

)
+ φb

]
(12)

where a× (P1st)
m
+ c1 represents the waviness’s roughness, and b×

(
p2nd)n

+ c2 represents
the unevenness’s roughness.

Therefore, Equation (14) is transformed into Equation (13).

τp = τp_Wa+Ue = σn tan
[(

JRC1st + JRC2nd
)
· log10

(
JCS
σn

)
+ φb

]
(13)
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For joint specimens that contain only waviness, the shear strength equation is ex-
pressed as Equation (14).

τp = τp_Wa = σn tan
[

JRC1st· log10

(
JCS
σn

)
+ φb

]
(14)

In order to calculate JRC1st and JRC2nd, Equations (13) and (14) are deduced backward,
and the results are shown in Equations (15) and (16).

JRC1st + JRC2nd =

(
arctan

(
τp_Wa+Ue

σn

)
− φb

)
/log10

(
JCS
σn

)
(15)

JRC1st =

(
arctan

(
τp_Wa

σn

)
− φb

)
/log10

(
JCS
σn

)
= a× (P1st)

m
+ c1 (16)

The second-order roughness coefficient JRC2nd is obtained by subtracting Equation (16)
from Equation (15), as shown in Equation (17).

JRC2nd =

(
arctan

(
τp_Wa+Ue

σn

)
− arctan

(
τp_Wa

σn

))
/log10

(
JCS
σn

)
= b×

(
p2nd

)n
+ c2 (17)

Equations (16) and (17) are fitted according to the statistical parameters given in
Figure 12; the fitting results are shown in Figure 18.

Figure 18. The relation between joint roughness and statistical parameter (a) JRC1stVS.Z1st
2 ,

(b) JRC2ndVS.Z2nd
2 , (c) JRC1stVS.(R1st

P − 1), (d) JRC2ndVS.(R2nd
P − 1).

According to the fitting result, the formula considering the mechanical contribution of
the waviness and unevenness was established, as shown in Equations (18) and (19).

JRC = 379.6
(

Z1st
2

)1.162
+ 3.223× 10−10

(
Z2nd

2

)−8.205
+ 0.596 (18)

JRC = 4853
(

R1st
P − 1

)2.06
+ 9.427× 10−5

(
R2nd

P − 1
)−2.475

+ 7.969 (19)
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The correlation coefficients (R2) of the characterization formula based on the statistical
parameters Z1st

2 and Z1st
2 are 0.8491 and 0.8531, respectively; The R2 of the characterization

formula based on the statistical parameters R1st
P − 1 and R2nd

P − 1 are 0.9504 and 0.9046,
respectively. According to R2, we can conclude that Equations (18) and (19) can be used to
characterize joint roughness. Compared with the formula shown in Table 1, the formula
proposed in this study (Equations (18) and (19)) considers the contribution of waviness
and unevenness. Compared with the formula shown in Table 2, the formula proposed in
this study not only considers the morphology contribution of each asperity order, but also
considers the mechanical contribution of each asperity order.

5. Conclusions

In order to establish a formula that characterizes joint roughness, considering the
mechanical contribution of each asperity order, shear tests were carried out on 39 groups
of red sandstone joint specimens with seven different roughness degrees (5#~10# standard
JRC profile and flat) and two asperity orders under three different normal stresses. The
mechanical contribution of each asperity order was analyzed, and the relationship between
the mechanical contribution of each asperity order and its statistical parameters was
explored. The conclusions are as follows:

(1) A new decomposition method of joint surface roughness is proposed. The ensemble
empirical mode decomposition (EEMD) in this method does not require an a priori
basis function, and the critical decomposition level criterion in this method has a clear
mathematical definition. The standard JRC profile can be decomposed into waviness
and unevenness by the method combining the EEMD and the critical decomposition
level.

(2) The mechanical contribution of waviness and unevenness is related to normal stress.
The ratio between them is less affected by normal stress. The mechanical contribution
of the waviness and the unevenness decreases with the increase in normal stress,
which means that as normal stress increases, the influence of the joint surface mor-
phology on the shear strength gradually decreases. At the same time, the mechanical
contribution ratio of waviness and unevenness hardly changes with the change in
normal stress.

(3) The mechanical contribution of waviness and unevenness is related to their statistical
parameter contribution. The relationship between the mechanical contribution ratio
of waviness and unevenness and its statistical parameter ratio can be describe by
the power function. The mechanical contribution ratio of waviness and unevenness
decreases with the increase in their statistical parameter ratio, which means that it is
difficult to accurately characterize the roughness of the joint surface by considering
only the contribution of the statistical parameter. In order to characterize the rough-
ness of the joint surface accurately, we should consider not only the contribution of
the statistical parameter, but also the mechanical contribution.

(4) A formula for characterizing the roughness of the joint surface is established that con-
siders the morphology contribution of waviness and unevenness and their mechanical
contributions at the same time. Compared with the formula that only considers the
statistical parameters of the joint surface, this formula fully considers the mechanical
contribution of each asperity order. This formula is of great significance for accurately
characterizing the roughness of the joint surface and evaluating the shear strength of
the joint.
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