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Abstract Accurate determination of joint roughness
coefficient (JRC) of rock joints is essential for evaluating
the influence of surface roughness on the shear behavior of
rock joints. The JRC values of rock joints are typically
measured by visual comparison against Barton’s standard
JRC profiles. However, its accuracy is strongly affected by
personal bias. In the present study, a new comparison
method is proposed for JRC evaluation to overcome the
drawback of conventional visual comparison methods
based on vector similarity measures (VSMs). The feature
vectors are obtained by analyzing the angular variation of
line segments of both standard JRC profiles and test pro-
files obtained from three kinds of natural rocks with a
sampling interval of 0.5 mm. The roughness similarity
degrees between test profiles and standard profiles are
evaluated by the Jaccard, Dice, and cosine similarity
measures. The JRC values of the test profiles are then
determined according to the maximum relation index based
on the similarity degrees. In the present study, a compar-
ative analysis between the VSMs method and the JRC
evaluation method using different roughness parameters
demonstrated that the VSMs method is effective and
accurate for JRC measurement.
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Introduction

It has long been recognized that rock joints play an
important role regarding mechanical properties and defor-
mation behavior of rock masses (Du et al. 2000; Andrade
and Saraiva 2008; Yong et al. 2013; Ozvan et al. 2014;
Chen et al. 2016). Generally, the shear resistance depends
on the frictional resistance and geometric irregularities
along rock joint surfaces, in which the irregularity or
roughness of rock joints is the hardest quantity to estimate
(Du 1999; Tang et al. 2016). In addition, joint surface
roughness has a significant impact on groundwater flow and
solute migration (e.g. Zimmerman and Bodvarsson 1996;
Boutt et al. 2006; Zhao et al. 2014). Over the past five
decades, various empirical methods (e.g. Barton and
Choubey 1977; Barton 1984; Du et al. 2009), statistical
methods (e.g. Maerz et al. 1990; Tatone and Grasselli 2010;
Zhang et al. 2014), and fractal methods (e.g. Lee et al. 1990;
Fardin et al. 2004; Shirono and Kulatilake 1997; Kulatilake
et al. 2006; Babanouri et al. 2013; Li and Huang 2015) have
been proposed to quantify the joint roughness.

According to Brown (1981), the joint roughness coeffi-
cient (JRC) proposed by Barton and Choubey (1977) has
been accepted by researchers and engineers all over the
world in rock engineering practices. Also, it has been
adopted by the ISRM Commission. It is the only quantity in
Barton’s empirical equation that must be estimated (Tse and
Cruden 1979). Maerz et al. (1990) and Fifer-Bizjak (2010)
pointed out that JRC is not a measure of the joint profile
geometry, but, more properly, is an empirical parameter
specifically functional to the Barton—Bandis shear strength
criterion for rock joints. Although JRC cannot be used to
characterize three-dimensional (3D) roughness (Grasselli
et al. 2002), it is still the most commonly used parameter for
quantifying joint roughness (6zvan et al. 2014; Maerz et al.
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1990). The tilt test (or self-weight gravity shear test) is
performed on a regular basis to characterize the roughness
of rock joints, and it requires transport of rock samples from
the site and cutting of rock samples in the laboratory. It is
difficult to collect rock joint samples of sufficient amount,
and the samples are easily broken in transport or cutting (Hu
and Cruden 1992). In addition, JRC evaluation by tilt test is
an inverse process of shear strength analysis based on JRC-
JCS model, and it is impractical to determine the rock joint
roughness via a large number of tilt tests in engineering
practice (Du 1994).

Barton and Choubey (1977) proposed a corresponding
JRC value for ten standard profiles ranging from 0 to 20. In
such methods, the JRC value of a sample can be deter-
mined by visually comparing its roughness to the standard
profiles. Yet this procedure is not entirely adequate for
quantifying the rock joint roughness profile in either the
field or laboratory study (Beer et al. 2002; Grasselli and
Egger 2003; Xia et al. 2014; Alameda-Hernandez et al.
2014; Gao et al. 2015). To analyze the reliability of this
traditional visual assessment method, Beer et al. (2002)
performed a survey based on three granite block profiles
with 125, 124, and 122 answers using an internet-based
survey system. The result from a sample of ten people
indicated that a wide range of JRC estimation values.
Indeed, the JRC mean value and standard deviation varied
significantly until the sample size exceeded 50 people.
Alameda-Hernandez et al. (2014) performed a similar
visual estimation survey in the consideration of the
knowledge and skill of the evaluators. Based on the same
12 test profiles, 74 undergraduate students showed standard
deviations of JRC values ranging from 1.6 to 3.5. Nine
post-graduate students showed standard deviations of
0.3-3.9, and six experts had standard deviations varying
from 0.6 to 3.4. The results clearly indicated the unrelia-
bility of the JRC visual evaluating method. If the JRC
values of joints are estimated inaccurately, large errors may
result in the estimating of the shear strength of joints,
especially when the normal stress is low.

To overcome the disadvantages of the visual comparison
method, several algorithms supported by the parameters
derived from digitized standard profiles have been pre-
sented for automated JRC calculations (Tse and Cruden
1979; Maerz et al. 1990; Yu and Vayssade 1991; Yang
et al. 2001a, b; Tatone and Grasselli 2010; Zhang et al.
2014). Furthermore, fractal dimension values have also
been reported to correlate well with JRC values (e.g. Lee
et al. 1990; Huang et al. 1992; Xu et al. 2012; Jang et al.
2014; Li and Huang 2015) and numerous empirical equa-
tions were proposed for estimating JRC using fractal
dimension. However, it is difficult to derive distinctive
fractal dimensions for roughness profiles with self-affine
characteristics and rank the suitability of these equations in
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engineering practice. In these quantitative assessment
methods, JRC values are typically back-calculated based
on a series of best-fitted roughness parameters. Although
there are numbers of empirical relations between JRC
values and roughness parameters with different definitions,
widely accepted equations for JRC have not been estab-
lished. Thus, it is necessary to develop an effective method
for JRC measurement, directly using the irregularity
characteristics of the standard profiles instead of curve
fitting via additional roughness parameters.

Testers’ subjective judgment is the major reason for
assessment errors in visual comparison methods, which may
be improved by introducing the similarity measures into the
assessment. The effectiveness of similarity classification
methods depends on how well the similarity between the
standard profiles and the surface profiles for measurement is
estimated. In fact, the degree of similarity or dissimilarity
between the objects under study has played an important role
in various scientific fields, such as pattern recognition,
machine learning, decision making, and image processing
(Broumi and Smarandache 2013; Majumdar and Samanta
2014; Ye 2015). In vector spaces, the Jaccard, Dice, and
cosine similarity measures are often used in pattern recogni-
tion; this can effectively assess the similarity degree between
the studied objects. Significantly, such vector similarity
measures have not yet been applied to JRC evaluation.

In this study, the vector similarity measures were
applied and profile feature vectors calculated for an
objective estimation of JRC. In the vector similarity mea-
sures, the angular variations of line segments of profiles
were selected to represent the irregularity characteristics of
rough profiles. The feature vectors of Barton’s standard
profiles and test samples were obtained via inclination
distribution analysis. Based on the comparisons of Jaccard,
Dice, and cosine measures between the feature vectors, the
JRC values of the test profiles were determined using the
maximum relation index based on the similarity degree.

Preliminaries

Similarity measures are increasingly being used in various
fields including data analysis and classification, pattern
recognition, and decision making (Wu and Mendel 2008;
Ye 2011, 2012). Vector similarity measures (VSMs) are
especially useful in pattern recognition (Ye 2011). In pat-
tern recognition and machine learning, a feature vector is a
vector of numerical features that represent some object.
The profile of rock joint is considered as an irregular pat-
tern, and also can be described by the feature vector. The
difference between any two profiles can be quantitatively
shown by means of a similarity measure on their feature
vectors. The weaknesses of existing JRC comparative
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evaluation method can be eliminated by the similarity
measure between the standard profiles and the test surface
profiles. VSMs can be applied to JRC evaluation by
obtaining and comparing the feature vectors of the irreg-
ularity characteristics from the test samples and Barton’s
standard profiles.

Researchers (e.g. Barton 1973; Tse and Cruden 1979;
Maerz et al. 1990; Grasselli and Egger 2003) have presented
roughness parameters for describing the geometric irregu-
larities (waves) of rock joints. In addition, several algo-
rithms of those parameters for JRC calculation have been
established based on the roughness characterization analysis
of the standard profiles. Among those parameters, the best
results were achieved with Z, (Eq. 1) first-derivative root-
mean-square (Tse and Cruden 1979), R, (Eq. 2) roughness
profile index or profile sinuosity (Maerz et al. 1990; Hong
et al. 2008), and the roughness metric 0o/ (C + 1)ap pro-
posed by Tatone and Grasselli (2010), as follows:

i=1

L, \/xl-H —x, + (Vit1 _y1)
Ry=1"= T ; (2)
n
0r  _ o C
Lo = Lo (mg* ). 5

where x, y are the horizontal and vertical coordinates of the
points along the profile; (x;, 1, ¥i+1), and (x;, y;) represent
adjacent coordinates of the profile; N is the number of the
measurements over the profile with a total length L; L, is
the true profile length and L, is the nominal profile length;
C is deduced from a regression analysis considering that
Ly+ is the length of the fraction of the profile with a higher
inclination than a threshold value 6* divided by the total
profile length; L, is the normalized length of the profile
fraction with a positive slope and 0*,,,,, the highest slope
that appears in a fraction.

The irregularity of rock joint profiles can be reflected by
an angular variation of line segments with respect to each
small length (interval). If the horizontal interval between
the adjacent points of the standard profiles is p and the
angle of the line segment between two adjacent points is 6;,
the formulae (1) and (2) can be rewritten as

13- 1<y,+1 —yl> _ \/I Ai <Yi+l —y,-)z
— N\| 4 u
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where
tan 0; = Yitt = Vi _ Yit1 — Vi (6)
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As shown in formulae Z, (4), R, (5), these roughness
parameters largely depend on the inclination tan 0; of the
individual lines along the profiles. In Eq. (3), the inclina-
tion 6" of the individual line segments forming the profiles
are evaluated directly. Moreover, good relationships
between these related statistical parameters and JRC values
have been shown in previous studies. Thus, the angular
variation of line segments can be used to represent the
irregularity characteristics of the profiles as the feature
vector. The JRC value is determined by the similarity
measures of the feature vectors of the test and standard
profiles.

Let T= (1, to, ..., t,), and S = (sq, $o, ..., S,) be two
n-dimensional vectors, which represent the feature vec-
tors of the test object and the standard profile respec-
tively. Then, the similarity measures between the two
vectors 7 and § are calculated by the Jaccard similarity
measure, Dice similarity measure, and cosine similarity
measure.

The Jaccard index (Jaccard 1901) is defined as

T-S " s

J(T,S) = Doii lisi :
HTH2+HS||2 T-S Zz 14 +Zz 15i *25:1 1s;
(7)
where T - S = Z;’:, t;S; is the inner product of the vectors T

and S, =yt and |S|l,= />, s are the

i=1"i
Euclidean norms of T and S.
The Dice similarity measure (Dice 1945) is defined as

2T - S 22?:1 t;S;
D(TaS): T2 Szzzn t2+zn 2 (8)
IT15+1IS]3 i=1 1 i—1 5

The cosine similarity measure (Salton and McGill 1987)
is defined as the inner product of two vectors, which pre-
sents the cosine of the angle between two vectors. This
similarity measure can be defined as follows:

T-§ o tisi
HTH ||S||2 \/El 1 l\/ZI 1 1

These three formulae (7), (8), (9) are similar in the sense
that they take values in the interval [0, 1], and J(T, S),
D(T, S), C(T, S) are equal to 1 when T = §.

C(1,$) =

©)
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Determination of feature vectors for the standard
profiles

Feature vectors of the standard profiles are extremely
important for the JRC evaluation through VSMs, which
determines the accuracy of the JRC evaluation result. In
order reasonably to determine the feature vector, it is
necessary to study the standard profiles (Fig. 1), as intro-
duced by Barton and Choubey (1977), separately.

In the present study, a grayscale image processing
method was used for digitizing the standard profiles. Ima-
ges, also known as black and white, are composed exclu-
sively of shades of gray, varying from black at the weakest
intensity to white at the strongest. The intensity of the
grayscale image ranges from O to 255. The cells with low-
intensity values in the gray matrix were highly correlated
with the center line of the profile curve. The grayscale data
of the imported profile images were extracted by Matlab
and saved in matrix forms. Figure 2 illustrates an example
of a magnified profile in the size of 1.00 mm
(L) x 1.22 mm (H). It consists of 99 pixel grids, n, =9
pixels in width and n, = 11 pixels in height. Then, the
length p of each pixel equals to L/n, = 0.11 mm. The x; and
y; coordinates of the center point line can be determined by
xj=pu( — 1) and y; = u(i — 1), where j € [1, 9] is the

JRC=0-2

JRC=2-4

- JRC=4-8

—~——— JRC=6-8

— T JRC=8-10

N~ JRC=10-12

—~———— T T JRC=12-14

~—~— JRC=14-16

—rre T T JRC=16-18

— T — T JRC=18-20
0 5cm 10

Fig. 1 Ten standard roughness profiles and corresponding JRC
values by Barton and Choubey (after Hoek 2000)
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column of the grayscale matrix I, and i is the average value
of the row of grayscale matrix /. By doing so, the original
digitized data of both joint profiles was obtained.

The original ten images of the standard profiles by Bar-
ton and Choubey (1977) were saved in JPG format, sized in
112 x 906 pixels (profile 1), 114 x 906 pixels (profile 2),
108 x 905 pixels (profile 3), 86 x 903 pixels (profile 4),
95 x 905 pixels (profile 5), 103 x 906 pixels (profile 6),
80 x 905 pixels (profile 7), 77 x 906 pixels (profile 8),
81 x 903 pixels (profile 9), and 113 x 907 pixels (profile
10). The original image digitization ratio of these profiles
was approximately 100 mm/900 ~ 0.11 mm. In previous
research, the digitization interval y = 0.5 mm was often
used for analyzing roughness profiles (Yu and Vayssade
1991; Tatone and Grasselli 2010; Jang et al. 2014). In this
study, ten standard profiles by Barton and Choubey (1977)
were also digitized with a sampling interval of 0.5 mm, as
shown in Fig. 3. Each standard profile was composed of 201
(x;, y;) dots. The local apparent asperity dips angle 0,0f the
line segment between two adjacent points along the stan-
dard profile was calculated as

2
0; = arctan (M)

Xitl — X

2
= arctan (M) (10)
U

As shown in Fig. 4, the inclination distributions of the
individual line segments were plotted in histograms with a
bin size of 2°. The maximum frequency counts of local
apparent asperity dips were basically in 0°-2° range. The
maximum value of the asperity dips in the ten standard
profiles increased with the JRC value, from the minimum
value 23.12° in the standard profile 1, to 48.55° in the
standard profile 10. The inclination distributions of the
frequency counts of the standard profiles approximately
met the exponential distribution,

y=a-x" (11)

The frequency count x of apparent local asperity dips
with higher values increased in the standard profiles that
had higher JRC values. The coefficients of exponential
fitting curves of the standard profiles had corresponding
variant relations with increased JRC values. Also, R-
square, the coefficient of determination, decreased. For
instance, the standard profile 1 had the highest frequency
count value (0.61) in the range of 0° to 2°, which was more
than two times larger than the standard profile 5 (0.27) and
almost four times standard profile 10 (0.16). Coefficients
a and b of the exponential fitting curve of standard profile 1
were 0.60 and —1.40. However, coefficient a was 0.27 and
b was —0.73 in standard profile 5, and coefficient a was
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Fig. 2 Schematic diagram of (a)
principle of the joint roughness

profile digitization method on

the basis of image pixel

analysis. a Grayscale image of

the joint profile; b magnified

Grayscale Image
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0.15 and b was —0.49 in standard profile 10. R-square
decreased from 0.94 in standard profile 1 and to 0.66 in
standard profile 10. The frequency counts of local apparent
asperity dips in standard profile 10 varied from 0° to 50°,
but the counts of the standard profile 1 were mainly in the
range of 0°-24°. The results indicated that the ten standard
profiles had distinctly different inclination distributions.
Moreover, they illustrated the geometric irregularities
(waves) differences between Barton’s standard profiles.

The inclination distributions are presented as the feature
vectors S~ with the interval of 2°. For convenient evalua-
tion of the similarity measures, the inclination distributions
were normalized by the following equation:

A
Si — fl min , (12)
Smax - Smin

where the element s; is the result after normalizing vector

S”, s; is the count value of local apparent asperity dips in
every 2 degrees, S:,in and S:,ax are the minimum value and
the maximum value of local apparent asperity dips in the
vector S°, respectively. It is important to clarify that
additional local apparent asperity dips ranging between 0°
and 2° may appear due to the low image accuracy of the
standard profiles; these asperity dips have not been con-
sidered in the feature vector of the inclination distribution.
The normalized feature vector S is tabulated in Table 1.

Similarity measures for JRC evaluation

Determination of feature vector for test profiles

The test sample profiles were obtained from natural
rock joints with different surface characteristics using

the mechanical hand profilograph (Du et al. 2009;
Morelli 2014). The rough and irregular profiles were
obtained from the bedding joints of Granite. The rough
and undulating profiles were obtained from the tectonic
joints of Limestone. The smooth, planar profiles were
obtained from the cleavage joints of slate. These
sample profiles were 10 cm long, identical to the
standard profiles of Barton and Choubey (1977). The
sample profiles were digitized using a similar grayscale
image processing method as described in Sect. 3 for
the standard profiles.

Furthermore, the inclination distributions were pre-
sented as a 15-dimensional feature vector 7 with the
interval of 2°. For a convenient evaluation of the similarity
measures, the feature vectors of the inclination distribu-
tions were expressed by the following equation:

=S
P min ) (]3)
S;Fnax - Smin

For the test profiles, tf represents the count value of
asperity dips in every 2°. The feature vectors of the test
profiles are listed in Table 2. The similarity values were
obtained by similarity measures between the feature vec-
tors Sy (1, 2,..., 10) of the standard profiles and test profiles
T,G=1,2,..,9).

JRC evaluation result

The similarity measure values of v, = J(Sk, 1), D(Sg, T)),
ClSw, T) (k=1,2,...,10;j=1, 2, ..., 9) were obtained
by Egs. (7), (8), (9) and the range of the v, was normalized
from [0, 1] into [-1, 1] for convenient evaluation by the
following relation index:

@ Springer
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Fig. 3 Digitized standard
profiles obtained by grayscale
image processing method
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Fig. 4 Inclination distributions of the individual line segments of each standard profile
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Fig. 4 continued

2Vk — Vmin — Vmax
ry = —Vmax ~ Vi . (14)
where the v, and vy, are the maximum and minimum
values of the similarity measure value vy.

If the relation index r; has the negative value of —1, the
test profile for 7; does not have identical roughness with the
k-th standard JRC profile. But, if the relation index r; has
the positive value of 1, the test profile for 7; has identical
roughness with the k-th standard JRC profile. By using
Eq. (14), the relation indices are shown in Table 3. The
JRC values can be confirmed according to the maximum
relation index. The JRC evaluation process by VSMs and
relation indices is shown in Fig. 5.

For rough and irregular profiles, the JRC values of test
profiles 1 and 3 are 14-16 according to the maximum
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relation index (1.00). This indicates that these two profiles
have identical roughness with the 8th standard profile from
the irregularity characteristics. The JRC value of test pro-
file 2 is 18-20 according to the maximum relation index
(1.00). This indicates that this profile has identical rough-
ness with the 10th standard profile. The irregularity char-
acteristics of this test profile are quite different from
standard profile 1-3, and negative relation indices are
obtained by VSMs method.

For rough and undulating profiles, Table 3 shows that
the JRC values of profiles 4 and 6 are 10-12. This indicates
that they have identical roughness with standard profile 6.
The test profile 5 has a JRC value in the range of 6-8. This
indicates that it has an identical roughness with standard
profile 4. The JRC values of 0-2, 24, 12-14, 16-18,
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Table 1 Normalized feature vectors of the inclination distribution for ten standard profiles

Feature vector Sy

JRC value

No.

[0.00,0.29,0.60,0.89,0.09,0.11,0.20,0.06,0.00,0.00,0.00,0.03,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00]
[0.00,0.69,0.49,1.00,0.17,0.23,0.34,0.11,0.11,0.03,0.00,0.03,0.03,0.06,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00]
[0.00,0.34,0.63,0.89,0.26,0.37,0.49,0.11,0.06,0.14,0.06,0.03,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00]
[0.00,0.37,0.66,0.89,0.49,0.40,0.43,0.17,0.20,0.14,0.23,0.06,0.09,0.09,0.06,0.03,0.00,0.00,0.03,0.00,0.00,0.00,0.00,0.00,0.00]
[0.00,0.26,0.60,0.91,0.49,0.43,0.57,0.29,0.20,0.17,0.06,0.14,0.03,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.03,0.00,0.00,0.00]
[0.00,0.29,0.69,0.46,0.43,0.17,0.69,0.17,0.17,0.34,0.26,0.17,0.14,0.17,0.03,0.00,0.06,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00]
[0.00,0.23,0.46,0.57,0.26,0.29,0.60,0.40,0.20,0.31,0.29,0.23,0.29,0.20,0.09,0.14,0.03,0.00,0.03,0.06,0.00,0.00,0.00,0.00,0.00]
[0.00,0.43,0.46,0.57,0.43,0.49,0.57,0.23,0.31,0.14,0.20,0.20,0.23,0.14,0.17,0.11,0.09,0.03,0.03,0.00,0.00,0.03,0.00,0.00,0.00]
[0.00,0.26,0.49,0.77,0.23,0.34,0.37,0.23,0.51,0.29,0.40,0.17,0.40,0.17,0.00,0.11,0.00,0.06,0.03,0.00,0.03,0.00,0.00,0.00,0.03]

[0.00,0.34,0.26,0.49,0.23,0.26,0.49,0.26,0.29,0.46,0.34,0.26,0.14,0.11,0.20,0.06,0.17,0.17,0.09,0.03,0.03,0.11,0.03,0.00,0.03]

0-2

Standard profile 1

24
4-6
6-8

Standard profile 2

Standard profile 3

Standard profile 4

8-10

Standard profile 5

10-12

Standard profile 6

12-14
14-16

16-18

Standard profile 7

Standard profile 8

Standard profile 9

18-20

Standard profile 10

18-20 show very low possibility due to the negative
relation indices.

For smooth and even profiles, there is little difference in
JRC values of test profile 7 among the results using the
Jaccard similarity measure, Dice similarity measure, and
cosine similarity. According to the results obtained through
the cosine measure, the JRC value of this profile roughness
is 4-6 according to maximum relation index (1.00), the
second maximum relation is 0.95 (JRC 6-8). The maxi-
mum relation index (1.00) obtained through the Jaccard
similarity measure and Dice similarity measure have
identical roughness with the JRC 6-8, and the second
maximum relation is 0.93 and 0.94 (JRC 4-6), respec-
tively. The difference between the maximum and the
second maximum relation index was observed to be min-
imal and insignificant for the overall results. This agrees
with Ye (2014) who has pointed out that the Jaccard and
Dice similarity measures are better than the cosine method
in the similarity identification. The JRC values of test
profiles 8 and 9 are 2—4 due to maximum relation index
(1.00). This indicates that these profiles have identical
roughness as the 2nd standard profile, and the JRC values
of 8-10, 10-12, 12-14, 14-16, 16-18, and 18-20 have
very low possibility due to the negative relation indices.

Comparisons with other measures for JRC

It has long been recognized that sampling interval plays an
important role in obtaining accurate estimations for
roughness parameters (Yu and Vayssade 1991; Yang et al.
2001a, b; Tatone and Grasselli 2010; Jang et al. 2014;
Fathi et al. 2016). However, to date, there are no widely
adopted methods or suggested guidelines to determine the
reasonable resolution for the measurement of discontinuity
roughness (Tatone and Grasselli 2013). To solve this
problem, the empirical equations for estimating JRC are
generally studied by a certain sampling interval. In engi-
neering practice, the joint profiles are usually measured by
the profile comb which is only capable of obtaining mea-
surements at a certain horizontal interval between 0.5 and
I mm. The sampling interval of 0.5 mm could indicate
more detailed geometric irregularities of joint surfaces and
the correlations between statistical parameters and JRC
values were studied using the same sampling interval in
previous literature (e.g. Yu and Vayssade 1991; Yang et al.
2001a, b; Tatone and Grasselli 2010). Therefore, a sam-
pling interval of 0.5 mm was used in this study and the
JRC values can be calculated by following equations:

JRC = 61.79 - Z, — 3.47, (15)
JRC = 32.69 4 32.98 - log,, Z, (16)
JRC = 51.85(Z,)"® — 10.37. (17)
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Table 2 Normalized feature vectors of the inclination distribution of the test profiles

Test Profile

NO Description Digitized roughness profile (cm) Feature vector 7;
1
Granite: rough. irresular 05 1 [0.00,0.23,0.29,0.31,0.49,0.54,0.29,0.26,0.
1 e ding e [Sg g \\ﬁ 34,0.29,0.34,0.26,0.09,0.11,0.11,0.09,0.03
) 0 y ,0.09,0.06,0.00,0.00,0.00,0.03,0.00,0.00]
05 : ‘ ‘
0 2 4 6 10
0.5
/\«/
Granite: roueh. irresular 0 1 [0.00,0.09,0.17,0.20,0.60,0.17,0.06,0.20,0.
2 o B e 60,1.43,0.17,0.11,0.23,0.17,0.11,0.09,0.06
) 05 1 ,0.03,0.00,0.03,0.03,0.03,0.06,0.00,0.03]
-1 . . ,
0 2 4 6 10
15 T T r
Granite: rough. irresular 1 P [0.00,0.40,0.49,0.20,0.54,0.94,0.06,0.31,0.
3 bod ding v [Sg ’ 17,0.34,0.09,0.23,0.09,0.11,0.06,0.11,0.03
& Jomts 05 1 ,0.09,0.06,0.00,0.00,0.03,0.00,0.03,0.03]
0 ‘ ‘ ‘
0 2 4 6 10
1
4«_/“—’_'\'/_/_/
Limestone: roush 05 1 [0.00,0.26,1.00,0.09,0.60,0.54,0.17,0.17.0.
4 1  rough, J 09,0.11,0.06,0.03,0.03,0.06,0.06,0.03,0.03
undulating, tectonic joints 0 ] 0.00,0.03,0.00,0.00,0.00,0.00,0.00,0.06]
05 ‘ ‘ ‘
0 2 4 6 10
0.4 \/kﬁ
Limestone: rough. planar —W\/M [0.00,0.34,0.74,0.26,1.37,0.14,0.20,0.03,0.
5 oo A(g)m*lf ’ 02 1 29,0.14,0.09,0.03,0.09,0.00,0.03,0.00,0.03
Joints ,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00]
0 ‘ ‘ ‘
0 2 4 6 10
0.4 T T T
Limestone: rough 02 M [0.00,0.26,1.00,0.09,0.60,0.54,0.17,0.17,0.
6 ndulatio e o cg'(;ints M 09,0.11,0.06,0.03,0.03,0.06,0.06,0.03,0.03
& J ° 1 ,0.00,0.03,0.00,0.00,0.00,0.00,0.00,0.06]
02 ‘ ‘ ‘
0 2 4 6 10
0.2 T T T
[0.00,0.31,1.51,0.37,0.20,0.63,0.20,0.1 1.0.
: H [T M A —]
7 Slatcelezgf‘;‘l?;)ipnli“a‘ 0 Sl 11,0.03,0.06,0.03,0.03,0.00,0.00,0.00,0.00
8¢ jomnts ,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00]
0.2 - - -
0 2 4 6 10
0.2
Slate: smooth, planar: wa\ [0.00,1.91,1.03,0.54,0.34,0.11,0.26,0.09,0.
8 Lo .;)].l:m : ] S P 1 00,0.03,0.03,0.00,0.00,0.00,0.00,0.00,0.00
8¢ Jomts ,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00]
-0.2 " . .
0 2 4 6 10
0.2 4
Slate: smooth. planar: [0.00,1.57,0.83,0.97,0.40,0.06,0.09,0.03,0.
9 o ,;)iﬁ’ns : 0 1 00,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00
8¢ s | ,0.00,0.00,0.00,0.00,0.00,0.00,0.00,0.00]

When sampling interval is 0.5 mm, the equation for
estimating JRC from R;, is

1.27 x 1073717

JRC = [3.36 x 1072
) " In(R,)

(18)

The equation by Tatone and Grasselli (2010) to estimate
JRC for sampling interval of 0.5 mm is expressed as

JRC = 3.95(0%,../1C + 1],,)"7 — 7.98. (19)

max

@ Springer

Table 4 presents the roughness parameters Z,, Ry, O;ax/
[C + 1],p, and the results of JRC validation through the
Egs. (15)—(19). For test profile 1, the minimum JRC values
and maximum value by roughness parameters are 14.26
and 15.51, respectively, which is within the JRC 14-16
range by similarity measures. For test profile 2, the JRC
values obtained by Egs. (15)—(19) are 21.96, 19.98, 20.08,
19.30, 25.40, respectively. However, according to the JRC
evaluation method by Barton and Choubey (1977), the
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Table 3 Results of JRC evaluation by vector similarity measures

Test Method Relation indices (ry) JRC diagnosis
(profile) no. result
JRC JRC JRC JRC JRC JRC JRC JRC JRC JRC
0-2) (24 (“4-6) (6-8) (8-10) (10-12) (12-14) (14-16) (16-18) (18-20)

1 Flaccard —-1.00 -0.64 —0.15 040 0.27 0.41 0.70 1.00 0.58 0.87 JRC (14-16)
Dice —-1.00 -0.55 -0.01 0.51 0.40 0.53 0.77 1.00 0.67 0.90 JRC (14-16)
Feosine —1.00 —0.51 0.00 0.57 0.48 0.52 0.74 1.00 0.71 0.85 JRC (14-16)

2 Flaccard —-1.00 -0.73 —-0.42 0.02 0.00 0.49 0.50 0.24 0.66 1.00 JRC (18-20)
Dice —1.00 —-0.66 —0.29 0.16 0.14 0.59 0.60 0.37 0.73 1.00 JRC (18-20)
Feosine —-1.00 -0.72 -035 0.06 0.03 0.52 0.55 0.29 0.62 1.00 JRC (18-20)

3 Flaccard —1.00 -0.50 0.02 0.52 0.41 0.12 0.28 1.00 0.18 0.23 JRC (14-16)
Dice —1.00 -0.40 0.14 0.61 0.50 0.24 0.39 1.00 0.30 0.35 JRC (14-16)
Feosine —1.00 -045 0.12  0.59 0.49 0.22 0.38 1.00 0.27 0.37 JRC (14-16)

4 Flaccard —-0.83 —-0.94 0.33 093 0.54 1.00 -0.17 0.71 —0.56 —1.00 JRC (10-12)
Dice —-0.80 —0.93 040 094 0.59 1.00 —0.10 0.75 —-0.50 —1.00 JRC (10-12)
Feosine -0.75 —-0.96 0.39 0.96 0.61 1.00 —0.11 0.74 —0.52 —1.00 JRC (10-12)

5 Flaccard —-1.00 -0.62 -0.07 1.00 0.69 0.89 —0.35 0.61 —0.31 —0.67 JRC (6-8)
Dice —1.00 -0.56 0.02 1.00 0.74 0.91 —0.26 0.66 —-0.22 —0.62 JRC (6-8)
Feosine —-1.00 -0.73 —-0.03 1.00 0.69 0.99 —-0.32 0.69 —0.37 —0.65 JRC (6-8)

6 Flaccard —-1.00 -0.76 0.07 092 0.67 1.00 —-0.25 0.52 —0.55 —0.82 JRC (10-12)
Dice —-1.00 -0.72 0.16 094 0.71 1.00 —0.16 0.59 —0.49 —0.78 JRC (10-12)
Feosine -097 -1.00 0.05 0.79 0.52 1.00 —0.27 0.50 —-0.76 —0.85 JRC (10-12)

7 Flaccard 0.34 0.08 0.93 1.00 0.69 0.59 —0.17 0.29 —0.06 —1.00 JRC (6-8)
Dice 0.42 0.17 094 1.00 0.74 0.65 —0.08 0.38 0.04 —1.00 JRC (6-8)
Teosine 0.73 0.11 1.00  0.95 0.66 0.69 —0.07 0.36 —0.05 —1.00 JRC (4-6)

8 Flaccard —0.36 1.00 0.01 0.14 —-0.33 -0.36 —0.93 —0.19 —0.85 —1.00 JRC (2-4)
Dice —0.28 1.00 0.10 024 —-024 -0.27 —-0.92 —0.09 —0.83 —1.00 JRC (2-4)
Feosine 0.11 1.00 0.13  0.09 —045 —0.28 —0.95 —0.13 —1.00 —0.91 JRC (2-4)

9 Flaccard —0.03 1.00 0.09 0.18 —-0.20 —0.60 —0.93 -0.37 —-0.70 —1.00 JRC (2-4)
Dice 0.10 1.00 0.22  0.30 —-0.08 —0.51 —0.91 —-0.25 —0.63 —1.00 JRC (2-4)
Feosine 0.43 1.00 0.22  0.17 —-0.26 —0.59 —1.00 —-0.33 —0.80 —1.00 JRC (2-4)

maximum JRC value should be in the range of 18-20.
Thus, the suggested JRC value by similarity measures in
this paper is 18-20. For the test profile 3, the JRC values
based on roughness parameters are 14.51, 15.01, 14.35,
14.97, and 17.49. The JRC value of this profile roughness
suggested by this paper is 14-16 due to maximum relation
index (1.00). The results by Egs. (15), (16), (17), and (18)
are in the suggested range and JRC through O;ax/ [C + 1]p
is little higher. Because feature vectors refer to the absolute
angle of the line segment between two adjacent points
along the standard profile, the same part in roughness
parameters Z,, R;,. But the angle value is considered to be
positive or negative in roughness parameter O,/
[C + 1],p according to the shear directions. For test profile
4, the JRC values by roughness parameters are 9.43, 10.26,
9.88, 10.20, 9.10, which are in the value range 10-12 due
to maximum relation index (1.00) by similarity measures.
For test profile 5, the JRC value by similarity measures has

identical roughness with the 4th standard JRC profile (6-8).
The JRC values through Z,, R, are 7.10, 7.40, 7.60, and
8.09. The JRC values of test profile 6 are 9.68, 10.53,
10.13, 10.795, 15.62 through roughness parameters. How-
ever, the suggested JRC value of test profile 6 is between
10 and 12, which is the same as test profile 4. For test
profile 7, the JRC values by roughness parameters are
4.726, 3.76, 5.06, 5.52, and 3.43, respectively. As we
know, the JRC value suggested by the cosine measure is
4-6, due to maximum relation index (1.00). Therefore, the
JRC values by Egs. (15), (17) and (18) were also within
this range. However, the results using the Jaccard and Dice
similarity measure range between JRC 6 and JRC 8, which
are higher than the values obtained by roughness parame-
ters. Nevertheless, different methods of measurement may
indicate the difference in the evaluation results. The Jac-
card and Dice similarity measures imply stronger identifi-
cation than the cosine measure (Ye 2014). For test profile
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Feature vectors of Feature vectors of
standard profiles test profiles

A 4

| Calculation of similarity measures

v

| Collating simiarity measure values

v

| Calculation of relation indices |

v

| Relation index equals to 1 |

!

| JRC value |

Fig. 5 Block diagram of JRC evaluation using the similarity
measures of profile inclination

8, JRC values are 3.15, 0.70, 3.20, 3.88 through Z,, R;, , and
7.483 through Ormax/[C + 11op. There are obvious differ-
ences in JRC values through Z,, which may explain JRC
values even through the same roughness parameter.
Moreover, the JRC value of the test profile 8 by Eq. (16) is
—1.82, the solution is obviously wrong. The JRC values by
Eqgs. (15), (18), (19) are 2.08, 2.85, and 2.15, which are in
the value range 2—4 according to maximum relation index
(1.00) by similarity measures.

The JRC value is governed by how well the similarity is
estimated between the standard profiles and the measured
surface profile. Based on the range of JRC obtained by
Eq. (14), the JRC value can be confirmed according to the
relation index of two adjacent standard JRC profiles, and its
value is determined by the following equation:

Table 4 JRC values of the test profiles calculated by Eqgs. (15)-(19)

JRC; = JRcfmn(

re—1+1
Tkl + 11 +2

1
+ JRCF M1 +

- 20
XN Fe—1 + g1 +2 (20)

where JRCy is the certain value of the tested joint profile;
JRCK,, and JRCE . are the minimum and maximum values
of k-th standard JRC profile respectively; r,_ and ;| are
the relation indexes of the two adjacent standard JRC
profiles respectively.

Let us take the tested profile No.l in Table as an
example, and the similarity measures show that this profile
well matches of k£ = 8th standard JRC profile and JRC
value should be in the range of 14-16 (JRC,,;, = 14 and
JRC,.x = 16). Then, JRC value can be determined by how
close is the test profile to 7th and 9th standard JRC profiles.
If r; is higher than ro, that means the JRC value is more
close to the JRC,;, rather than JRC,,. Instead, if r; is
lower than ro, the JRC value should be closer to JRC,,.«.
According to the result of vector similarity measures, we
can obtain the JRC values by VSMSs:

0.70+1 0.58+1
IRCjaccara = 14 16 = 14.96
Jaccard (O,70+O,58+2> + (0.704’0‘58 +2> ?

0.77+1 0.67+1
TRCpice = 14 (0.77 10.67+ 2) +16 (0.77 10.67+ 2> = 14.97

0.74+1 16 0.71+1
0.744-0.71+2 0.744+0.7142

JRCeosine = 14( >: 14.99

In addition, if the test profile is confirmed to be in the
range of 0-2 or 18-20, the JRC values can be approxi-
mately estimated by using the following equation

2
JRC, = IRCK, 5L (o — 1)
1 + Fk+1 (21)
2}”/{,1
JRC, =JRCF  — = (k=10
k max 1 + rk—] ( )

Test profile no. Roughness parameters JRC value

Z> R, 0:1.(1,(/[C + 1l,p Through Z, (15) Through Z, (16) Through Z, (17) Through R, (18) Through 9:1.(“/

[C + 1]2p(19)
1 0.300 1.042 11.808 15.067 15.445 14.808 15.511 14.259
2 0412 1.072 21.093 21.975 19.982 20.078 19.295 25.401
3 0.291 1.039 14.336 14.511 15.009 14.352 14.972 17.494
4 0.209 1.020 8.100 9.432 10.255 9.888 10.196 9.101
5 0.171 1.014  8.895 7.098 7.397 7.602 8.086 10.259
6 0.213 1.022 12.853 9.686 10.534 10.126 10.795 15.619
7 0.133 1.009 4.553 4.726 3.756 5.059 5.520 3.434
8 0.107 1.006  7.026 3.150 0.697 3.204 3.878 7.483
9 0.090 1.004 3.839 2.082 —1.823 1.844 2.853 2.149
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Fig. 6 JRC values of the test
profiles calculated by Eqgs. (15)— 25 -
(19) and VSMs methods

No.1 No.2

Base Line

W

Generation Level 1

Generation Level 2

Generation Level 3

“““““““““““ Profile for generation level 0 (base line)

X ——* Profile for generation level i

Fig. 7 Generation of the digitized profiles by various sampling
intervals (after Kulatilake and Um 1999)

The distribution of the JRC values calculated via the
statistical methods and VSMs are shown in Fig. 6. The
predictions of JRC values from Eq. (20) agree well with
the calculated values based on the relations with roughness
parameters.

Discussion

The roughness profile of a natural rock joint surface is
continuous, the digitized roughness profile data obtained
through measurement devices are available only at a cer-
tain interval of horizontal spacing. Figure 7 shows an
example of generating profiles in different resolutions, and
three processed profiles generated via the random midpoint
displacement method (Kulatilake and Um 1999). The

Il JRC by Z, through Eq.(15)
[ JRC by Z, through Eq.(16)
I JRC by Z, through Eq.(17)
[ URC by R, through Eq.(18)

I JRC by 6,,,/[C+1],, through Eq.(19)
I JRC by VSM-Jaccard

I JRC by VSM-Dice

I JRC by VSM-Cosine

No.3 No.4 No.5 No.6 No.7 No.8 No.9

profile becomes smoother under larger sampling interval,
and the subprime irregular undulations between smaller
horizontal spacing were neglected. Hence, the JRC values
of test profiles depend on the chosen sampling interval,
which means the calculated JRC values vary according to
the used sampling interval.

Three different sampling intervals including 0.5, 1.5,
and 2.5 mm are used to indicate the angular variation of
line segments along the test joint profile No.l. The
asperity dips were calculated by Eq. (10), and the fre-
quency counts were grouped by angularly spaced dips. As
shown in Fig. 8, the percentage of the asperity dips in
range of 0°-10° increase with the sampling interval, but
the percentage of high asperity dips reduces. By 0.5 mm
sampling interval, there are 1.34% asperity dips large than
40° and 6.04% in range of 30°-40°. The percentage of
asperity dips in range of 30°—40° decreases to 1.75% and
no asperity dip exceeds 40° when using the sampling
interval of 1.5 mm. All of asperity dips are smaller than
30° by 2.5 mm sampling interval. According to the sim-
ilarity theory, the feature vectors should represent the
characters of object exactly. The feature values corre-
spond to the distributions of the asperity dips here. The
distributions under 0.5 mm sampling interval show much
more detailed geometric irregularities (waves) of rock
joints. However, the larger sampling interval makes the
feature vector less accurate.

Conclusions

JRC is one of the most important parameters utilized in
calculating shear strength of rough joints in rock masses. In
this study, VSMs are suggested for estimating the JRC
value on the basis of the standard profiles introduced by
Barton and Choubey (1977). The angular variation of line
segments was used to represent the irregularity
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S1=0.5mm -5 mm

31.58%
40.27%

56.14%
30.87% ’

(a)

(b)

Fig. 8 Pie chart for the percentages of asperity dips under different sampling intervals

characteristics of the profiles as the feature vectors. The
feature vectors of the standard profiles were obtained based
on the profile reproducing method and inclination distri-
bution analysis. The feature vectors of a group of nine test
profiles were determined according to the undulate shapes
of the ten standard profiles and test samples themselves.
Additionally, we proposed the Jaccard, Dice, and cosine
similarity measures between the feature vector sets of test
profiles and ten standard profiles. By the calculations of the
similarity measures and the relation indices, we obtained
the JRC value of test profiles according to the maximum
relation index (1.00). Finally, the comparative analysis was
provided between the VSMs methods and the JRC evalu-
ation methods introduced by roughness parameters of Z,,
R, , and GI*MX/[C + 1],p. The results of the proposed
methods in this paper agreed well with previous methods.
In addition, JRC evaluation methods based on VSMs were
applicable and effective in the JRC evaluation. The vector
similarity measure methods can overcome the drawback of
the existing visual evaluation methods and indicate its
rationality for JRC evaluation.

Joint surface roughness is scale dependent, so it is
necessary to characterize surface roughness with multiple
scales. For future work, more efforts will be made to
finding a suitable VSMs for determining JRC values of
different sized rock joints.
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