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Abstract In this paper, the splitting testing for the

Yellow Rust Granite were performed to obtained 14

rock profiles. Based on the Barton’s method, the JRC

values of the rock profiles with four different direc-

tions were calculated, it is interesting to find that the

JRC values of rock profiles are different when tilt

directions are different, suggesting that the JRC values

presents the characteristics of anisotropy. The tradi-

tional empirical formula for estimating the JRC values

mainly focused on the two dimensional rock profile

and the anisotropy of JRC values are ignored in most

studies. For considering the anisotropy of the rock

surfaces, this paper presents an empirical formula to

evaluate the JRC values, the empirical formula is

JRC ¼ 1:319ð1þ 2:862 tan bÞDf .

Keywords JRC value � Yellow Rust Granite �
Direction � Anisotropy

1 Introduction

In rock engineering, the joints and faults have significant

influence on stability. Liu (2014) found that the joint

spacing, joint state and joints direction can affect the

rock mass stability. A new rock mass rating evaluation

method was carried out to evaluate the rock mass

stability. Wang’s study (2014) reckoned that the joints

weaken the intactness of the rock and the joints

distribution can influence the rock slope stability. Some

other researchers’ results indicated that the joints

influence the rock mass engineering stability greatly

(He et al. 2013; Zhang et al. 2012; Grenon and

Hadjigeorgiou 2012). Due to the important role of joint

in rock mass engineering stability, the study on char-

acteristics of joints have attracted much attention. The

roughness of rock joints has been one of the hot topics.

It is widely accepted that the shear strength of rock

joints is strongly influenced by the rock joint surface

morphology (Jang et al. 2015; Xia et al. 2014;

Grasselli 2006). In the earlier time, Barton and

Choubey (1977) estimated the joint roughness coef-

ficient (JRC) value by comparing the appearance of a

discontinuity surface with standard profiles. However,

it is subjective to determine JRC value of a profile by

visual comparison (Hsiung et al. 1993; Beer et al.

2002). To calculate the JRC value more accurately,

Tse and Cruden (1979) proposed an empirical formula

to estimate the JRC value of a rock profile by the

equation:
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JRC ¼ 32:20þ 32:47� log Z2 ð1Þ

where, Z2 ¼ 1
L

RL

0

dz

dx

� �2

dx

� �2
and sampling interval

dx in the Eq. (1) is 0.5 mm. From analysis of Eq. (1),

the empirical formula proposed by Tse and Cruden is

dependent on the sampling interval dx. To overcome

this problem, thereafter, Yu and Vayssade (1991)-

modified the empirical formula by considering the

influence of sample interval:

JRC ¼ 60:32 � Z2 � 4:51; dx ¼ 0:25 mm

JRC ¼ 61:79 � Z2 � 3:47; dx ¼ 0:50 mm

JRC ¼ 64:22 � Z2 � 2:31; dx ¼ 0:10 mm

8
><

>:
ð2Þ

Meanwhile, a useful tool was carried out to

determine the roughness of rock profile: fractal

dimension (Giri et al. 2013; Pi et al. 2010; Xie et al.

2011). The fractal geometry has been invented by the

French mathematician Benoit Mandelbrot (1982) and

it can be used to describe the phenomena of scale

invariance. The relationship between JRC values and

fractal dimensions was investigated and some empir-

ical formulas were proposed [Eq. (3) by Lee et al.

(1990), Eq. (4) by Wakabayashi and Fukushigi

(1992), Eq. (5) by Manouchehr et al. (2015)]:

JRC ¼ �0:878þ 37:7844� ðD� 1Þ
0:015

� 16:930

� D� 1

0:015

� �2

ð3Þ

JRC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

D� 1

4:413� 10�5

r

ð4Þ

JRC ¼ �37580D2 þ 77018D� 39438 ð5Þ

The related studies mentioned above are mainly

focused on the JRC values of two dimension rock

profiles. There are still many other researchers who

made contributions to the roughness of 2 dimensional

rock profiles (Li et al. 2015; Sanei et al. 2015; Zhang

et al. 2014). However, the natural rock surface is 3

dimensional. Therefore, the research on the JRC value

of 3 dimensional rock surfaces is more practical and

meaningful. Ge et al. (2014) used the modified 2-D

divider and variogram methods to quantify natural

rock joint roughness in 3-D and 2-D. Zhao et al. (2015)

proposed a model for the three-dimensional fractal

distribution of the number of rock-mass fracture

surfaces. While the anisotropy of JRC values were

ignored in the aforesaid empirical formula, namely,

the JRC values are different when the direction were

different. Kulatilake et al. (1995, 2006, 1997, 1999)

proposed some new approaches to study the aniso-

tropy characteristics of the 3-D dimensional surface

and some results were obtained. However, the corre-

sponding empirical formula of JRC values considering

anisotropy have not been reported so far. Thereof, the

study on the JRC anisotropy of 3 dimensional rock

surfaces and its empirical formula need to be further

studied.

In this paper, the splitting testing was applied to

obtain the Yellow Rust Granite surfaces. The tilt

testing of the 3 dimensional surfaces were performed

with four different directions. The rebound hammer

testing of the surfaces was conducted to determine the

joint compressive strength (JCS). Due to the difficulty

of determining the JRC values of the surfaces by the

traditional way, an empirical formula is established to

estimate the JRC values of surfaces by considering the

anisotropy.

2 JRC Values Calculation

2.1 Rock Surfaces Preparation

In the experiments, the splitting testing (shown in

Fig. 1) of 14 Yellow Rust Granite with size of

70 mm 9 70 mm 9 70 mm were conducted, and

these 14 specimens were marked as S1, S2,… S14.

The loading speed of the splitting testing was 100 N/s

in these experiments, which were performed by

adopting two small diameter steel rods (Komurlu

et al. 2016). The friction between these two steel rods

and the specimens were ignored. Therefore, totally 28

rock surfaces were obtained, as shown in Fig. 1.

2.2 JRC Values Calculation

Based on the study by Barton et al. (1985), the JRC

value can be denoted as:

JRC ¼ a� /r

log 10ðJCS=r0noÞ
ð6Þ

where a is the tilt angle when sliding occurs, /r is the

residual friction angle, JCS is the joint wall

1646 Geotech Geol Eng (2017) 35:1645–1655

123



compression strength, r0no is the corresponding value

of effective normal stress when sliding occurs.

To estimate JRC values of rock surfaces, the related

parameters tilt angle a, residual friction angle /r, JCS

and r0no should be calculated as follow.

2.2.1 Residual Friction Angle /r

The residual friction angle /r can be calculated by an

empirical formula (Barton and Choubey 1977):

/r ¼ ð/b � 20Þ þ 20
r

R
ð7Þ

where /b is the basic friction angle, which can be

obtained by the three cores testing that will be

introduced in the following; r is the weathered and

saturated joint wall rebound by using the Schmidt

hammer; R stands for the rebound of unweathered and

dry rock.

The Schmidt hammer (Fig. 2) was utilized to

obtained the rebound value of the rock or joint wall.

During the testing, the Schmidt hammer should be

vertical to the measured surface. Besides, to obtain

accurate the rebound value, more than 10 times

rebound hammer testing should be conducted for the

each measured surface, and the mean value is taken as

the final result.

100 Schmidt hammer rebound testing were con-

ducted on the unweathered, dry rock (rebound R) and

the weathered, saturated joint (rebound r) of Yellow

Rust Granite by using the Schmidt hammer, respec-

tively. The mean value of r/R was calculated. The

basic friction angle /b was determined by the three

rock cores testing (Stimpson 1977) (the size of rock

cores is U50 mm � 100 mm), illustrated in Fig. 3.

As shown in the Fig. 3, the core B and C are

contacted and fixed in the base. The core A located on

the top of core B and C. By keep increasing of the

rotation angle of the base, the core A will slide when

the tilt angle reaches a certain angle u.
The friction angle between A, B and C is the so call

basic friction angle /b. Based on the limit equilibrium

method, it can be concluded that:

w cos h cosu tan/b ¼ w sin h ð8Þ

where w is the weight of the rock core, h ¼ 30�.
Based on Eq. (8), the basic friction angle can be

written as:

/b ¼ arctanð1:155 tanuÞ ð9Þ

Based on the Eqs. (7), (8) and (9), the residual

friction angle /r of Yellow Rust Granite is 30:95�.

2.2.2 JCS Evaluation

Based on the study by Miller (Deere and Miller 1966;

Hardin 1965), the joint compression strength (JCS)

can be expressed as:

Fig. 1 Rock surfaces of Yellow Rust Granite obtained by the splitting testing

Fig. 2 The Schmidt hammer
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log 10ðJCSÞ ¼ 0:0088cRþ 1:01 ð10Þ

where c is the bulk density of rock, R is the Schmidt

rebound value of unweathered, dry rock.

On basis of this method, the JCS value of the rock

surface is 85.55 MPa (uniaxial compressive strength

(UCS) of the Yellow Rust Granite is 126.3 MPa). The

value of JCS/UCS is 0.67, which is in a good

agreement with the study by Barton and Choubey

(1977) (JCS/UCS values range from 0.53 to 0.71).

2.2.3 Laboratory Tilt Testing

In these experiments, the tilt testing of the rock

surfaces were performed with four different directions

in laboratory, displayed in Fig. 4. Before the tilt

testing, the four directions should be determined. In

this paper, the rock surfaces can be termed as a square

from the top view of the rock surfaces. For conve-

nience of the tilt testing, the four directions are

perpendicular to the square side (Fig. 4), the direction

1 is chosen randomly at the first, then the direction 2–4

can be determined on clockwise. And the direction

number and tilt testing direction were marked before

the tilt testing, hence the four directions for the rock

surfaces were determined.

As shown in Fig. 4, the four tilt testing with four

different directions for each surfaces were performed.

The corresponding tilt angles were recorded, shown in

Fig. 5.

Fig. 3 Three rock cores testing
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The corresponding value of effective normal stress

r0no when sliding occurs in the tilt testing were

calculated for each specimen with four directions,

which can be denoted as:.

r
0

no ¼ wup � cos a� Aj ð11Þ

where wup is the weight of upper sample, a is the tilt

angle, Aj is the measurement area of joint surface, the

measurement area of the joint surfaces were calcu-

lated, displayed in Fig. 6.

Based on the Figs. 5, 6 and Eq. (6), the JRC values

of the surfaces with four directions were calculated,

illustrated in Fig. 7.

From analysis of Fig. 7, it is interesting to note that

the JRC values for the rock surfaces are different when

the tilt directions are different. In other words, the JRC

Fig. 4 Tilt testing of the surfaces with four directions
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Fig. 5 Tilt angles of the surfaces when the tilt directions were

different
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values of the surfaces are not only influenced by the

geometry of rock surface but also the tilt direction,

which is can be described as the anisotropy of the joint

surface JRC values. For example, as for the specimen

S11, the tilt angles of the joint surface with four

directions are 52�, 61�, 66�, 57� and the corresponding
JRC values are 2.14, 3.03, 3.51 and 2.64, respectively.

It is observed that the same variation for the other

surfaces occurs as well. Obviously, the tilt directions

affect the JRC values of the surfaces greatly and the

influence of directions to JRC values cannot be

ignored. However, the anisotropy of JRC value of

rock surface has not been studied in most previous

researches. Through analysis of the experiments

results, it is indicated that the influence of the tilt

directions to the JRC value of rock joints surface

should be considered. Accordingly, an empirical

formula for calculating JRC values of surfaces should

take the anisotropy of the joint surfaces into account,

which would be illustrated in the following.

3 Empirical Formula of JRC Value

As mentioned above, the JRC value of the surfaces is

influenced by the tilt directions. Moreover, the tradi-

tional JRC calculation method of rock surface is

complicated and time-consuming. In this paper, an

improved empirical formula has been proposed for

calculating JRC value by considering the fractal

dimension and the tilt directions. The fractal dimen-

sion is utilized to quantify the fluctuation of surfaces

and the direction angle is used for quantifying the

anisotropy of the JRC values, which is demonstrated

detailedly in the following.

3.1 Fractal Dimension Calculation

Due to the natural joints surface are three dimensional,

the related study on three dimensional rock joints can

be more practical and useful than the two dimensional.

In this study, the fractal dimension was used to

measure the fluctuation of the joints surface. The

fractal dimension is used to characterize and quantify

the complexity of rock profile, it is important that the

fractal dimension is not influenced by the scale effect

and sampling intervals, moreover it is widely used in

describing the 3-D rock profile (Xie et al. 1999; Jiang

et al. 2006).

In order to estimate the fractal dimensions of the

surfaces, both the Talysurf CLI 2000 scanner and

Talymap Gold software were utilized. The morphol-

ogy of the rock surfaces were scanned by Talysurf CLI

2000 testing machine (Fig. 8). This machine offers

both the advantages of high precision and good

repeatability (Chen et al. 2010, 2014). The maximum

measurement size of Talysurf CLI 2000 is about

200 mm 9 200 mm 9 200 mm and the maximum

mass of a specimen is 30 kg. The accuracy of this

machine is up to 0.5 lm (x, y and z directions), which

can guarantee the precision of results. In addition, the

maximum scanning speed is 30 mm/s and the scanner

can pick lots of points along the scanning direction by

manual setting.
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Fig. 6 The measurement area of joint surface
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Fig. 7 JRC values of the rock surfaces when tilt directions are

different
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By combining the scanning results from Talysurf

TLI 2000 scanner, the fractal dimensions of the

surfaces were estimated with the aid of Talymap Gold

software via the box counting method (Ai et al. 2014;

Liu et al. 2014; Jaya et al. 2014). The box counting

method consists of enclosing each section of a 3

dimensional profile by a box of width e and calculating
the area Ae of the boxes endorsing the whole profile,

this procedure is iterated with boxes of different

widths to build a graph ln(AeÞ= lnðeÞ, then the slope for
the line ln(AeÞ= lnðeÞ would be the fractal dimension

of the rock profile. Based on the box counting method,

the fractal dimension for the joint surfaces were

calculated, listed in Table 1. However, the anisotropy

of JRC values can not be reflected by the fractal

dimension (The JRC values are different when the tilt

direction are different), therefore, another variation

needed to describe the anisotropy.

3.2 Direction Angle Evaluation

To quantify the anisotropy the surface JRC values (the

JRC values of the surfaces were different when the tilt

directions were different), the direction angle was

introduced. The calculation of direction angles of the

surfaces were illustrated in the following.

1. The trend plane of the surfaces was obtained via

the regression method by using the x, y, z coordi-

nates of the picked points on the surfaces (these

coordinates of the points were obtained by the

Talysurf scanning machine), which can be

expressed by the following equation.

P
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P
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P
xi

P
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P
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P
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P
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>>>>>>>:

ð12Þ

where, a0, a1 and a2 are the fitting parameters; n is

the total number of the picked points of the joint

surfaces; z ¼ a0xþ a1yþ a2 is the trend plane.

2. The direction angles of different directions can be

calculated on basis of the trend plane and the tilt

directions, displayed in Fig. 9.

Fig. 8 Talysurf CLI 2000 scanning machine
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As illustrated in Fig. 9, the tilt direction vector

(CBd, CAd) was firstly confirmed, the tilt direction

vector is paralleled to the xy-plane and parallel to y-

axis or x-axis, which represents the directions. On the

other hand, the plane vector CBy and CAx are on the

trend plane, further these vectors are paralleled to the

yz-plane and xz-plane, separately. The direction angles

would be the angles \BdCBy (b1) and \AdCAx (b2).
When the tilt direction vector is up on the plane vector

(CAd is above CAx), the corresponding direction angle

is negative. On the contrary, while the direction vector

is below the corresponding plane vector (CBd is below

CBy), the corresponding direction angle would be

positive. According to the method mentioned above,

direction angles of the rock surfaces were calculated,

listed in Table 2. In Table 2, it is found that the

direction angles were different when the directions are

different, which can reflect the anisotropy of the rock

joints surface JRC values well.

3.3 Empirical Formula of JRC Value

To establish the relation between JRC values, fractal

dimension and the direction angles, a set of experi-

mental data set should be confirmed. In this paper, JRC

values and the directions angles of four directions of a

rock are different when the tile directions are different,

but the fractal dimension are the same. For example,

the fractal dimension for the four directions of the rock

surfaces is 2.16, while the direction angles for the

direction 1, 2, 3 and four are -5.09�, 0.99�, 5.09� and
-0.99�, separately. Meanwhile, the JRC values of the

four directions for the rock surface S11 are 2.14, 3.03,

3.53 and 2.64, respectively. By this method, the fitting

data for establishing the relation between JRC values,

directions angles and the fractal dimension were

determined.

Combined the experimental data of Fig. 7 (JRC

values), Table 1 (fractal dimension) and Table 2

(direction angle), the empirical formula among JRC

values, fractal dimension and the directions angles

were constructed by the least square fitting. By

trying different fitting function, it is found that the

Eq. (13) has the best fitting effect. The correspond-

ing fitting parameter R2 is 0.8967, which is close to

1 (The closer the value of R2 to 1, the better the fit

of the empirical equation to the shear test data.).

To further investigate the validity of the fitting

equation, the Analysis of Variance (ANOVA) was

conducted, which is listed in Table 3. In the

Table 3, the Prob[ F equates 0, which indicates

that the fitting equation can be accepted.

JRC ¼ 1:319ð1þ 2:862 tan bÞDf ð13Þ

Table 1 The fractal dimension of the joint surfaces

Specimens number S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14

Fractal dimension 2.04 2.01 2.07 2.01 2.07 2.05 2.29 2.06 2.15 2.15 2.16 2.10 2.11 2.14

Fig. 9 Direction angles for different directions

Table 2 The direction angles for the surfaces

Direction

angle/8
Specimen number

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14

Direction

number

1 -0.85 -0.91 –2.23 1.83 -3.66 0.77 -2.89 -1.98 -1.89 -0.75 -5.09 2.01 -0.09 -0.82

2 -1.27 2.80 2.23 -2.34 0.12 -0.77 -0.91 -1.98 -0.44 -0.53 0.99 -4.55 0.09 -1.30

3 1.27 0.91 3.03 2.34 -0.12 -0.63 0.91 2.62 1.89 0.75 5.09 4.55 2.98 1.30

4 0.85 -2.80 -3.03 -1.83 3.66 0.63 2.89 -2.62 0.44 0.53 -0.99 -2.01 -2.98 0.82
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where JRC represents the JRC values of the joint

surfaces, b stands for the direction angle of the joints

surfaces and Df stands for the fractal dimensions of

joints surfaces.

From analysis of Eq. (13), it is suggested that the

JRC values of the surfaces are positively correlated

with the direction angle b and the fractal dimension

Df . Additionally, the empirical formula proposed by

this paper can reflect the influence of the tilt direction

to the JRC values of surfaces. It is indicated the JRC

value would increase as the direction angle b increases

for the same surfaces. The empirical formula, consid-

ering the influence of the tilt directions to the JRC

values, can present different JRC values when direc-

tions are different even for the same rock surface.

Moreover, the proposed empirical formula is much

simpler than Eq. (6). The previous studies (Lee et al.

1990; Wakabayashi and Fukushigi 1992; Manouchehr

et al. 2015) mainly focused on the relation between the

JRC values and fractal dimensions of the two dimen-

sional joints. However, the rock joint in nature are

three dimensional, the relation between JRC values

and fractal dimension were established in this paper,

and the results can be more reliable in practical use.

4 Discussion

According to previous research, the JRC values of

joints were mainly calculated by the empirical formula

for two dimensional joints, that is, the joints were

simplified as two dimensional problems. Regarding

the study of JRC value of two-dimensional joints, a

large number of empirical formula, based on labora-

tory testing, were proposed. Barton’s method has been

widely used practically in recent years, however, it is

noted that there are some disadvantages: complicated

procedure, hard-conducting and time-consuming. It is

necessary to propose a more simpler empirical

formula.

Since the rock joints in nature are usually in type of

three dimensional, the study on the JRC value of two

dimensional rock joints has limited use for rock

engineering. Hence, it is necessary to investigate the

JRC values of three dimensional rock joints surface.

For the 3D rock joints surface, the fractal dimension

and the direction angles were utilized to measure the

JRC values in this paper.

In order to research the JRC values of three

dimensional joints surfaces, Yellow Rust Granite

were used in this study, the three dimensional joints

surfaces were obtained by the splitting testing. Sub-

sequently, the JRC values were calculated based on

the experiments results: the tilt angle a when sliding

occurs, the residual friction angle /r, the joint wall

compression strength JCS, et al. It is interesting to note

that the tilt angles for the joints surface are different

when the tilt directions are different, and the JRC

values of joints surface are different as well. The

testing results indicate that the JRC values are

influenced by the directions, the JRC values of the

rock joint surfaces have the characteristics of aniso-

tropy. Nevertheless, the anisotropy of the JRC values

were ignored in most references. Thus, it is meaning-

ful to consider the influence of anisotropy to the JRC

values. Moreover, due to the influence of the direction

to the JRC values of the rock surfaces, hence, to obtain

the JRC values of the rock surfaces, the tilt directions

can not be selected randomly but should be carefully

chosen based on the engineering practice, which is

important to obtain the proper JRC values of the rock

surfaces.

To consider the anisotropy of JRC values of the

three dimensional joints rock surface, the direction

angle was used in this paper. Furthermore, the

fluctuation of the rock joints surface was measured

via the fractal dimension. Combined the JRC values of

the joints surface from four different directions

obtained by the Barton’s method, a new JRC empirical

formula was proposed by using the fractal dimension

Table 3 Analysis of variance

DF Sum of squares Mean square F Value Prob[F

Regression 2 434.114 217.057 16,928.192 0

Residual 54 0.692 0.012

Uncorrected total 56 434.806

Corrected total 55 6.704
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and the direction angle via the least square method.

This proposed empirical formula can be used to

estimate the JRC values with fractal dimension and

direction angle, and the calculation procedure is quite

simple. The R-square for the fitting results is 0.8967

(close to 1), which suggests that the empirical formula

can predict the laboratory testing results well.

5 Conclusions

In this paper, 14 Yellow Rust Granite specimens were

utilized to perform a series of laboratory testing. The

rock surfaces were obtained by the splitting testing and

the JRC values were calculated accordingly. Further-

more, an empirical formula was proposed, which can

reflect the anisotropy of the JRC values of rock

surfaces. The main conclusions in this paper are as

follows.

1. Based on the study by Barton, the JRC values of

the Yellow Rust Granite surfaces were calculated.

It is interesting to note that, for the same surface,

the JRC values are different when the tilt direc-

tions are different. As matter of fact, the study on

influence of directions to the JRC values is less.

Hence, it is meaningful to investigate the

anisotropy of the JRC values of surfaces. By

adopting the fractal dimension and direction

angle, an empirical formula for calculating the

JRC values of the surfaces was proposed. The

proposed formula can verify the original data

well. Both the experimental data and the empirical

formula results indicate that the JRC values are

positively correlated with the fractal dimension

and the direction angle. Moreover, for the same

rock surface, the JRC values of the surfaces

increases as the increasing direction angles.

2. In the experiments, only the Yellow Rust Granite

was used in the experiments. Whether the pro-

posed empirical formula is suitable for other kinds

of rock surfaces need to be further investigated.

There may be some errors when the proposed

empirical formula is applied to measure the JRC

value of the joints surface for other kinds of rock.

It is necessary to perform the experiments of the

other kinds of rock joints surface, which can make

the results more accurate and practical. In brief,

this paper suggests that the anisotropy of the JRC

values cannot be ignored, and the empirical

formula for estimating the JRC value should

include the influence of the direction.
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