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Abstract

The surface morphology of a rock joint is closely related to its mechanical properties. To reasonably characterize a rock surface,
two new roughness parameters were proposed in this paper. One is related to the average slope angle of asperities that contribute
to the shear strength, and the other reflects the frictional behavior of asperities that is defined as the maximum possible contact
area in the shear direction. Taking the standard joint roughness coefficient profiles as example, these two roughness parameters
can be applied to describe the directional characteristics of shear strength. Based on their relationships with initial dilation angles,
the proposed roughness parameters were incorporated into a peak shear strength criterion. It is shown that the predicted peak
shear strength is consistent with experimental data, and there is a power—law relationship. The application range of new
roughness parameters was determined, which may facilitate a measurement process.

Keywords Rock joints - Rectangular-shaped asperities - Rock surface morphology - Roughness parameters

Introduction

Prediction on the shear strength of rock joints is important for
safety of rock structures, such as the slope stability, tunnel
excavation, durability of dam foundations, and design of
rock-socketed piles (Wang et al. 2001; Salari-Rad et al.
2013). It is helpful to a better understanding of the triggering
mechanism of earthquakes that mainly occur between faults or
plate boundaries due to the stick-slip frictional instability
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(Scholz 1998). Shear tests of rock joints in laboratory are
usually performed with two methods (Olsson and Barton
2001). One is under a constant normal load with uncon-
strained normal displacement, and the other is under a con-
stant normal stiffness with constrained normal displacement.

Shear strength of rock joints depends on the mechanical
properties of an intact rock, normal stress, surface morpholo-
gy, and shear direction. Of all these factors, roughness of sur-
face morphology is closely related to the mechanical proper-
ties of rock joints. A number of statistical parameters have
been proposed to characterize surface roughness, such as the
average height (Zy), rms (Z;), the rms of its first derivative
(Z,), average roughness angle (i,ye), structure function, and
roughness profile indexes (R,) (Liu et al. 2017). However,
these parameters have limitation in establishing connection
with the directionality of shear strength of rock joints.
Especially, different morphologies might exhibit the same sta-
tistical parameters (Huang et al. 1992). Fractal has been ap-
plied to characterize the roughness of surface morphology
(Xie et al. 1997). The fractal dimension D may perfectly de-
scribe the fine surface such as in the situation of smooth metal
friction (Kang et al. 2005); however, it cannot be directly used
in evaluating the mechanical properties of rock surfaces with a
large-scale size of roughness (Yi et al. 2006). In addition,
fractal dimension cannot reflect the directionality of shear
strength of rock joints.
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Fig. 1 Two shear failure modes of (a)
rectangular asperities: a dilative
failure (m <m,) and b non-
dilative failure (m >m.), where N
is the normal force and 7'is the
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Patton (1966) firstly studied the influence of surface mor-
phology on the shear strength of rock joints and obtained a
bilinear criterion describing the shear strength of a plane sur-
face with regularly spaced teeth. However, it failed to take into
account the variation of peak dilation angles. Maksimovic¢
(1992) proposed a criterion to describe the relationship be-
tween the peak dilation angle and normal stress. Barton
(1973) suggested an equation for estimating the dilation angle
i=JRClog;o(JCS/a,), where JRC (joint roughness coeffi-
cient) is a parameter that reflects the roughness of rock joints
and JCS (joint compressive strength) is the compressive
strength of a joint surface. When the joint surface is fresh,
JCS is equal to the uniaxial compressive strength of intact
rock. Ten standard JRC profiles have been proposed to esti-
mate the roughness of a rock surface through visual compar-
ison, which is subjective and mainly depends on the experi-
ence of investigators. Although some limitation remains, JRC
was also suggested as a useful index for describing disconti-
nuities. To obtain an objective and quantitative method, the
relationship between the statistical parameters and JRC was
investigated (Tse and Cruden 1979; Maerz et al. 1990; Lee et
al. 1990). However, these approaches are ineffective in getting
the JRC value of rock surfaces. The JRC value can be only
accurately obtained by back-analysis of shear test results.

Shear direction

-
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Fig. 2 The two typical types of rectangular-shaped asperities. The shear
direction is from left to right
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However, it is shear strength rather than the JRC value that
we want to obtain. The shear strength should be deduced from
new roughness parameters with a clear physical meaning.

Experimental results showed that for the same rock type and
surface morphology, shear strength changes when the shear
direction is different (Jing 1990). Subjected to a shear load,
asperities with the slope facing to the shear direction contact
and deform, while ones with the slope opposite to the shear
direction separate from each other (Yeo et al. 1998; Gentier et
al. 1997). The local apparent dip of asperities with respect to
the shear direction contributes to the shear strength of rock
joints (Grasselli and Egger 2003). Reasonable roughness pa-
rameters should reflect the directionality of a rock surface.

In this paper, two new roughness parameters are proposed,
providing the possibility to objectively quantify the roughness
of rock joints. Moreover, these two roughness parameters can
predict the shear strength of rock joints in different directions.
To estimate the peak shear strength, a new equation is pro-
posed and further validated by experimental data (Xia et al.
2014).

The shear behavior of rock asperities

The asperities between joints can be replaced by equivalent
rectangular asperities (Kwon et al. 2010). When normal and
shear loads are applied, the rectangular asperity exhibits two
failure modes: dilative and non-dilative failure, as illustrated
in Fig. 1.

The aspect ratio m = h/l, where h and / are the height and
length of an asperity, and the critical aspect ratio m,. jointly
determine the failure mode. When m is less than m,, the mode
is dilative failure (see Fig. la), and the angle between the
failure plane and horizontal direction is 6 = 45°—pg2, where
©ris the peak friction angle of an intact rock. When m is more

Type 1

Climbing
region

Back slope
S region

Fig. 3 Illustration of two types of asperities
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Fig. 4 The value of Z, of each
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than m,, the mode is non-dilative failure (see Fig. 1b). The
failure plane is horizontal and there is no dilation in the whole
shear process.

The critical aspect ratio m,. is obtained as

c+ optangp ¢
me. =
¢ 27 tan(pp + 457) + optan?(¢, +457)

(1)

where o, is the normal stress and 7, is the cohesion of an intact
rock. The shear strength of a single rectangular asperity is
represented by

m < me
m > me

(2)

7= 2m7tan(pg + 45°) + moytan® (¢, +45°)
T=Tec + Untan@f

Given that a reasonable model relating the shear behavior
of the whole surface with that of a single asperity, the shear
strength of rock joints can be determined. However, the rough
surface involves reciprocal extrusion, shearing, friction, and
gap between asperities; it is difficult to determine the shear
strength of a whole joint surface by accurately calculating the
shear strength of every single asperity.

20

40

x (mm)

Fig. 5 The asperities of JRC = 16.7 profile with the sampling interval of
1 mm

60 80 100

As shown in Fig. 2(a), the height of asperities increases
along the shear direction. The reduced height of the n-th as-
perity can be represented by the height difference, i.e., 4, = H,
—H, _ 1. InFig. 2(b), the height of the n-th asperity is less than
that of the (n—1)-th asperity. Because the n-th asperity is
protected by the (n—1)-th asperity from participating in the
interaction between two asperities, the reduced height of the
n-th asperity is 0. However, if the height of the (n—2)-th as-
perity is less than that of the (n—1)-th and n-th asperities and
their protrusions are obvious, it is necessary to consider the
influence of the (n—2)-th asperity. Therefore, the reduced
height of the n-th asperity is taken as an average of p and ¢,
where p is the height difference between the n-th and (n—1)-th
asperities and ¢ is the height difference between the n-th as-
perity and the (n—2)-th asperity, and thus, 4, = max[(2H,— H,,
—1—H,_,)/2,0]. Based on the reduced height of a single as-
perity, the roughness parameter ¢ of the entire surface is pre-
sented as ¢ = 100 Y} h,/L, where L is the projection length
of a morphology profile and N is the total number of asperities
in the shear direction. Here, it is worth noting that ¢ is the
average slope angle in the shear direction. If the rock surface
contains a number of regularly spaced teeth with an equal
inclination angle (Patton 1966), c is equal to 100 tani, where
i is the inclination angle of teeth.

The frictional behavior of rock asperities

The maximum possible contact area reflects the degree of
roughness of a rock surface (Grasselli and Egger 2003). The
joint surface can be divided into two regions (see Fig. 3). One
is the climbing region involving extrusion, wear, and shearing

Table 1
directions

The value of ¢ for standard JRC profiles in two different

JRC 28 58 67 95 108 128 145 167 187

3.11 4.64 706 723
352 7.83 9.19 594

9.43
11.88

11.97
12.64

13.38
16.16

13.67
13.64

16.84
18.65

Cp

CrR
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Fig. 6 A set of profiles with the same Z, and Z; (Yi et al. 2006), where the value of c is a 7.19, b 11.99, ¢ 16.79, d 21.58, e 26.38, and £ 31.11

between contact asperities, which mainly affects shear
strength. The other is the back slope region, which has little
effect on shear strength. Therefore, it is necessary to establish
a roughness parameter reflecting the friction behavior of the
surface morphology according to the climbing region.

Grasselli and Egger (2003) proposed that the maximum
possible contact area ratio A is that of A4 to A;, where A4 is
the total climbing area facing to the shear direction and A, is
the actual area of the joint surface, namely

Aq

A:
0 A,

(3)

For a three-dimensional grid, we have

N,—1N,~1 Zin1 —Zi i\ 2 Zi 12 1\ 2
A = (AxA 1 (H'IJ t-,.l) (l,.1+ lﬁ./)
¢ = (AxAy) i; j; + Ax + Ax

Ax and
Ay
7.

g is the height of the sampling point (7, ) (Belem et

al. 2000).

The maximum possible contact area ratio A, reflects the
initial characteristics of the surface morphology, with a range
of 0<Ay< 1. However, Ay does not take into account the
conditions with the same climbing area but different back
slope areas.

Because the back slope regions do not affect the shear
mechanical properties (see Fig. 3), the shear mechanical prop-
erties of the two types of asperities are the same. Here, a
reasonable roughness parameter should be identical.
However, the roughness parameter A, is different, which can-
not link with the shear strength. Therefore, the parameter A in
Eq. (3) was amended as the nominal area A,,, which is defined

(4) as the projection of the joint surface on its mean plane.
A new roughness parameter A; is proposed as
where
. . . Aqg
N, is the number of points along the x-axis, Ay =— (3)
. . . Ay
N, is the number of points along the y-axis,
are the sampling steps along x and y axes, and with
. _ 2
Fig. 7 The thle JRC=6.7 . JRC =6.7 Shear direction
profile and the line segments with A _
an apparent dip angle more than 0477 d oS p,
0° \‘;f\ /’,l f/f// MY o -~ /’J
-2+ T T T T v T \ T T 1 x(mm)
0 20 40 60 80 100
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Table 2
directions

The value of A, for standard JRC profiles in two different

JRC 28 58 67 95 108 12.8 145 167 187

A 019 028
Ajg 020 053

034 042 031 043 041 050 043
053 035 047 047 050 042 0.6l

A, = NN, AxAy (6)

where the roughness parameter A; >0 shows the initial char-
acteristics of the surface morphology and stresses the impor-
tance of the climbing region.

Roughness parameters c and A,
Acquisition of ten standard JRC profiles

The image segmentation technology was adopted to obtain the
coordinate information of the ten standard JRC profiles. With
the help of Matlab software, the image information of the JRC
profile was transformed into a matrix that stores the gray value
of each pile. The pixel whose gray value is smaller than a
given threshold was transformed to 0, and such pixels are
the points on the standard JRC profile. The coordinates of
the JRC profile were obtained after the length of a profile
being scaled up to the standard length of 10 cm. In the printing
process, due to the problem of typesetting, the profile and the
10-cm scale bar may not be aligned parallel. If the best-fitted
line of points lying on each standard profile is not parallel to
the scale bar, the corresponding angle should be adjusted. The
roughness parameter Z, is usually applied to demonstrate the
roughness of the surface profiles (Tse and Cruden 1979).
Compared with those given by Tse and Cruden (1979), Yu
and Vayssade (1991), and Yang et al. (2001), the results ob-
tained are well consistent with the previously published results
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Fig. 8 The relationship between i,y and w

W
(e}

—Eq.(7)
Eq. (8)
® Barton 1973

N
[l

W
o
1

(el
1

Peak dilation angle (° )
[}
()
|

=l

0 5 10 15 20
on (MPa)

Fig. 9 Comparison between testing and theoretical results

(Fig. 4), indicating that the extracted data in this method can
well reflect the roughness of standard JRC profiles.

Calculation of roughness parameter ¢

It is shown that the size of the damaged asperities is on the order
of millimeters (Tatone and Grasselli 2010), so the sampling in-
terval was chosen as 1 mm. Then, the coordinate information of
the JRC = 16.7 profile was obtained, which is equivalent to con-
tinuous rectangular asperities. As shown in Fig. 5, if the local no.
1 asperity is the first asperity of the whole profile, its reduced
height is 0. There is only one single asperity in front of no. 2
asperity, and then the reduced height is obtained as /1, = max[H,

— H;, 0]. There are two asperities in front of no. 3 asperity, con-
sidering the influence of the two front asperities; the reduced
height of no. 3 asperity is obtained as /; = max[(2H; — H, —

H7)/2, 0]. Similar to no. 3 asperity, the reduced heights of the rest
of asperities are all calculated as /1, = max[(2H, — H,— 1 — H,,—»)/
2,0]. The parameters ¢ obtained from the ten standard JRC pro-
files with the sampling interval of 1 mm are listed in Table 1. The
value of JRC was determined through back-analyzing of shear
test results on standard JRC profiles (Barton 1973). ¢ and cg
denote the parameter ¢ for shearing in forward and reverse direc-
tion, respectively. The roughness parameter ¢ can distinguish the
roughness of the same standard JRC profile in different direc-
tions, which provides the possibility to propose a new shear
strength equation reflecting the direction-dependency of shear
strength of rock joints.

The six sets of morphology profiles with horizontal and
vertical coordinates being normalized by the same scale in
Fig. 6 cannot be distinguished from each other using the
roughness parameters of Z, and Z; (Yi et al. 2006).
However, these profiles can be distinguished well with the
parameter c.

Calculation of roughness parameter A,

The JRC = 6.7 profile can be approximated by fragments that
are formed by linking the adjacent points extracted from the

@ Springer
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Fig. 10 Comparison of testing results and the calculated values by using Eq. (9) for each standard JRC profile

JRC =6.7 profile with the sampling interval of 1 mm (see
Fig. 7). Based on Eq. (5), the roughness parameter A; of
JRC = 6.7 profile is the ratio of the length of all the red lines
(with dip angle more than 0°) to the horizontal projection
length of the profile. The parameter A; of the standard JRC
profiles with the sampling interval of 1 mm is listed in Table 2.
Aqp and AR denote the parameter A; for shearing in forward
and reverse direction, respectively. Similar to the parameter c,

180

20— e ]

y (mm)

J T T T T 1

0 100 200 300
x (mm)

Fig. 11 The map of rock surfaces (Xia et al. 2014)
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when JRC is the same, the parameter A; obtained in different
directions is different.

A new shear strength criterion

According to the Mohr—Coulomb criterion, 7= o, tan(py, +
ip), where ¢y, is the basic friction angle and i, is the peak
dilation angle. The basic friction angle is constant while the
peak dilation angle varies with the normal stress. Therefore,
the key to study the peak shear strength is how to determine
the peak dilation angle reasonably.

The peak shear strength equation proposed by Maksimovic¢
(1992) is represented as

Ap

1+ (ou/Px) )

T = optan | @y +
where Ay is the inclination of the steepest asperities and is
equal to the initial dilation angle and py is the median angle
pressure when the peak dilation angle is equal to Ap/2. In Eq.
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Table 3 The value of new

roughness parameters of nine Num. 1 2 3 4 5 6 7 8 9 Ave.
profiles (Xia et al. 2014)
c 13.97 10.62 11.33 10.45 9.33 11.37 9.87 15.86 21.83 12.74
Ay 0.45 0.44 0.43 0.42 0.39 0.45 0.45 0.48 0.54 0.45
A4 15.00 11.62 12.32 1143 10.22 12.40 10.89 16.97 23.09 13.77

(7), there is no singular point when the normal stress is zero;
however, it is necessary to get at least three dilation angle-
normal stress data points to calculate Ap. Therefore, how to
reasonably determine Ay is the key to improve the applicabil-
ity of Eq. (7).

The initial dilation angle only depends on the roughness of
a rock surface (Ghazvinian et al. 2010). The two roughness
parameters reflect shear strength and the characteristics of
friction, and then, the shearing action can be comprehensively
reflected by a parameter, w=c +2.3A;, where 2.3 represents
the proportion of friction. The relationship between the rough-
ness parameter w and the initial dilation angle iy is proposed
as

ipo = 1495, 10w

(8)

where o is in the unit of megapascals.

The predicted results of i, based on Eq. (8) are compared
with the test results in Fig. 8. The data of i,y are obtained based
on Barton’s criterion when o, =25, 50, and 100 MPa, and the
parameter w is obtained from the standard JRC profiles. The
numbers 2.5, 2.8, and 3.1 stand for 1.490.%' in Eq. (8) when
0.=25,50, and 100 MPa.

Combining Eq. (7) with Eq. (8), we can obtain

1.490,%16w

T+ (0u/Pn) ®)

T = optan |, +

where py is 0.1 JCS (Maksimovi¢ 1996) and o is in the unit
of megapascals. The peak dilation angle is determined by

1.495,0-10yy
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Fig. 12 Comparison of calculated and testing results (Xia et al. 2014)

According to Schneider (1976) and Jing (1990), the peak
dilation angle is individually represented as

ip = fpoe < (1)

and

. . On k

Iy = Ipo (1_0_) (12)
C

For the standard JRC = 10—12 profile, the test and predicted
results are compared in Fig. 9, where o, is 25 MPa. The co-
efficients & in Egs. (11) and (12) are 0.25 and 5.64, which are
obtained by regression analysis. Though the result obtained by
Eq. (10) is slightly more than test rest, the trend is better than
that fitted by Egs. (11) and (12).

In Fig. 10, the results based on Eq. (9) are compared with
the shear test results of nine standard JRC profiles, where o, =
25 MPa and the basic friction angle is 30°. For JRC < 12, Eq.
(9) can accurately predict the test results. For JRC > 12, the
results are slightly different from the test results under a high
normal stress, but a high degree of coincidence is seen in the
range of 0—0.50.. This range is also the stress state of most
shear tests in engineering (Maksimovi¢ 1996).

For the standard JRC profiles, the calculation results of
Barton’s equation represent the test results. Inability of accu-
rately determining the JRC values may lead to the lose effica-
cy of Barton’s equation (Kulatilake et al. 1995; Xia et al.
2014). To further explain the applicability and validity of
Eq. (9) for an arbitrary rock surface morphology, the predicted
results are compared with the test results (Xia et al. 2014),
where the shear direction is from left to right. The surface
morphology is represented by nine parallel profiles with an
equal distance of 15 mm (see Fig. 11).

3.0 -
® Forward analysis
®  Reverse analysis
2.8
~ _..--:_-:; Best-fit lines
© >
=4 2.6
241 ——(R°=0.9959)
—— (R =10.9654)
2.2

T T T T T
-0.8 -04 0.0 04 08 1.2
In(A) (mm)

Fig. 13 The relationship between In(A) and In (c,)
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Substituting the average value of w (see Table 3), the uni-
axial compressive strength 27.5 MPa, and the basic friction
angle 35° (Xia et al. 2014) into Eq. (9), we can obtain the shear
strength. As shown in Fig. 12, Eq. (9) can accurately predict
the shear strength of rock joints, where Barton 1 stands for
Barton’s equation in which JRC is determined by a straight
edge method (Barton and Bandis 1990), Barton 2 stands for
Barton’s equation in which JRC is determined by Z, (Tse and
Cruden 1979), and Barton 3 stands for Barton’s equation in
which JRC is determined by visual comparison with the ten
standard JRC profiles (Xia et al. 2014). The JRC values ob-
tained by these methods are smaller than the test values.

Discussion
The influence of a sampling interval

Natural joint surface has a self-affine fractal character, and its
area can be represented as (Xie et al. 1997):

Ar(8) = App8* P (13)

where At (9) is the area of the rough surface measured by the
scale of 0, Arg is the area measured by the scale of 1 mm, and
D is the fractal dimension of the rough surface. However, the
measured surface area with different scales cannot well reflect
the shear strength of rock joints, and the fractal dimension D
obtained is independent of the shear direction. Referring to the
above method, a power—law relationship is proposed as

ca = AT (14)
where

ca  1s the parameter of ¢ obtained with the sampling interval
of A,

co is the parameter of ¢ obtained with the sampling interval
of 1 mm, and

D, 1is the fractal dimension of the morphology profile.

Then, we have

c(A)
D, = l—ln(ln??> (15)

The roughness parameters can be obtained with best-fitting
lines based on Eq. (15), where the slope is 1-D,, and the
intersection point with vertical coordinate is In(cy). When
the sampling interval is 0.5, 1, 1.5, 2, 2.5 and 3 mm, the
relationship between the parameter ¢, and the sampling inter-
val A of JRC =16.7 profile with forward and reverse analysis
is shown in Fig. 13. The distribution of In (c,)-In(A) is linear
with a relatively high correlation, indicating that the surface

@ Springer

Table 4 The value of D, for each standard JRC profile

JRC profile Back-analyzing of D,
shear test results
Forward analysis Reverse analysis

0-2 0.3 1.46 1.35
2-4 2.8 1.18 1.20
4-6 5.8 1.35 1.33
6-8 6.7 1.28 1.24
8-10 9.5 1.29 1.36
10-12 10.8 1.10 1.15
12-14 12.8 1.15 1.25
14-16 14.5 1.10 1.22
16-18 16.7 1.22 1.18
18-20 18.7 1.18 1.13

profile is fractal. The fractal dimensions in forward and re-
verse directions of each standard JRC profiles are listed in
Table 4.

The range of roughness parameter ¢

The roughness parameter ¢ of the JRC = 16.7 profile was cal-
culated from the scale of 0.5 to 10 mm with the step 0of 0.5 mm
(see Fig. 14). The data of In (cp)-In(A) has an obvious linear
character in the scale range of 0.5—3 mm, in which the profile
has a stable fractal dimension. However, the fractal dimension
changes greatly when the scale is larger than 3 mm. Yi et al.
(2006) also found that the fractal dimension changes with the
scale, and when the scale is less than a certain degree, the
fractal dimension is stable. The scale of 0.5-3 mm is also
the scale of joint failure, and this range can be regarded as
the application range of the proposed roughness parameter. In
the measurement process, the measurement scale needs not be
fixed. The roughness parameter ¢y can be obtained by linear
fitting only by knowing two values of ¢ with two different
sampling intervals in this range. This approach reduces the
difficulty of obtaining the parameter and is beneficial to a wide
application in engineering.

3.0 S

Linear ':=

204~ =

| ® Forward analysis
m  Reverse analysis

U T | I —

-0.8 0.0 038 1.6 24
In(A) (mm)

Fig. 14 The data of In (c5)-In(A) in the range of 0.5 to 10 mm
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Conclusions

In this paper, two roughness parameters of ¢ and A, are pro-
posed. Parameter ¢ reflects the shear behavior of the rock
asperity with the physical meaning being the average slope
angle of the rock surface in the direction of shear deformation.
Parameter A reflects the frictional behavior of the rock asper-
ity with the physical meaning being the maximum possible
contact area in the shear direction. The proposed parameters
have advantages in considering surface roughness anisotropy
and showing clear mechanical meaning relative to the statis-
tical parameters, and relative to the JRC method, they can be
applied to objectively quantify the roughness of rock surface
morphology.

The proposed roughness parameters can be incorporated
into a new peak shear strength criterion, which are correlated
well with the standard JRC shear test results. Furthermore, the
predicted values show good agreement with those obtained
experimentally. In addition, it is shown that the Mohr—
Coulomb criterion is more easily accepted in an engineering
point of view. With two different sampling intervals in the
sampling interval of 0.5-3 mm, the roughness parameter ¢
can be obtained by linear fitting. This approach reduces the
difficulty of obtaining the new parameter and is beneficial to a
wide application in engineering.
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