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ABSTRACT

To better estimate the rock joint shear strength, accurately determining the rock joint roughness coefficient (JRC)
is the first step faced by researchers and engineers. However, there are incomplete, imprecise, and indeterminate
problems during the process of calculating the JRC. This paper proposed to investigate the indeterminate informa-
tion of rock joint roughness through a neutrosophic number approach and, based on this information, reported a
method to capture the incomplete, uncertain, and imprecise information of the JRC in uncertain environments. The
uncertainties in the JRC determination were investigated by the regression correlations based on commonly used
statistical parameters, which demonstrated the drawbacks of traditional JRC regression correlations in handling
the indeterminate information of the JRC. Moreover, the commonly used statistical parameters cannot reflect the
roughness contribution differences of the asperities with various scales, which induces additional indeterminate
information. A method based on the neutrosophic number (NN) and spectral analysis was proposed to capture
the indeterminate information of the JRC. The proposed method was then applied to determine the JRC values for
sandstone joint samples collected from a rock landslide. The comparison between the JRC results obtained by the
proposed method and experimental results validated the effectiveness of the NN. Additionally, comparisons made
between the spectral analysis and common statistical parameters based on the NN also demonstrated the advan-
tage of spectral analysis. Thus, the NN and spectral analysis combined can effectively handle the indeterminate
information in the rock joint roughness.

KEYWORDS

Rock joint roughness coefficient; uncertainty; indeterminate information; neutrosophic number; spectral
analysis

1 Introduction

Many major foundation projects have been constructed in complex geological conditions, and
numerous high rock slopes are formed. The rock joints in the rock slopes are affected by the
geological forces inside and outside the earth, making the slope easy to slip along the controlled
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joints [1,2]. Thus, the rock joint shear strength is crucial in determining the stability of rock slopes.
To better estimate the rock joint shear strength, accurately determining the rock joint roughness
is the first step faced by researchers and engineers [3–5].

The joint roughness coefficient (JRC) proposed by Muralha et al. [6] is closely related to
the rock joint shear strength and is widely used in engineering practice. Its value is commonly
obtained by visual judgment based on the proposed standard profiles [6]. Considering subjectivity
exists in the visual comparison process determining the JRC, many quantitative approaches,
i.e., experimental [7,8], statistical [4,9–11], and fractal methods [12–14] have been proposed to
determine the JRC objectively. Although these regression equations between JRC and roughness
parameters have high correlation coefficients, there are still deviations in the JRC calculation
results [15]. Two main reasons contributed to the calculation deviation. First, the mechanical prop-
erties of geological bodies contain much indeterminate information [16]. It is difficult to provide
exact JRC values in these cases. In addition, there are nonuniformity, anisotropy, inhomogeneity,
and scale effects on the rock joint roughness [17]. Second, the rock joint profile consists of low
and high-frequency asperities [18,19]. The commonly used roughness parameters have a deficiency
in capturing those kinds of asperities, which results in bias description of joint roughness [18].
Due to the above two limitations, finding a certain equation for accurately determining the JRC
based on the traditional approach is not easy.

Considering the contribution of different frequency components of the rock joint surface to
the roughness are generally different, Wang et al. [18] derived a spectral roughness parameter
to determine the JRC. This spectral roughness parameter considers the contribution differences
among various scales of asperity components. However, the spectral analysis can only provide
determinate expressions of the JRC but cannot express the indeterminate information of the JRC
data. Due to the incompleteness of observations and measurements, it is necessary to approximate
the JRC in indeterminate environments. Neutrosophy puts forward the concepts between true and
false: neutral, indeterminate, incomplete, etc. The neutrosophic number (NN) concept was first
introduced by Smarandache et al. [20–22], which has been proved to express determinate and
indeterminate information. Thus, the combination of the NN [20–22] and spectral analysis [18]
may overcome the limitations in determining the joint roughness mentioned above.

The NN and other neutrosophic theories such as neutrosophic statistics, neutrosophic proba-
bility, and neutrosophic distribution are major branches of the neutrosophic theory, which deals
with indeterminate data and indeterminate inference methods that contain degrees of indetermi-
nacy as well [23–25]. Many researchers have contributed to developing the neutrosophic theory in
recent years [16,23,24,26,27]. Karamaşa et al. [28] developed a new multi-criteria decision-making
method and ranked factors affecting outsourcing-related third-party logistics using neutrosophic
AHP. Aslam et al. [29] introduced the student t-test and F-test under neutrosophic statistics to
address the drawbacks of classical statistics. Ye et al. [16] established JRC and the shear strength
neutrosophic functions based on neutrosophic theory. Later on, Ye et al. [27] adopted neutrosophic
number functions to study the anisotropy and scale effect for the indeterminate JRC. Then, Chen
et al. [26] proposed neutrosophic interval statistical numbers to express JRC under indeterminate
environments. To utilize the current and previous data information, Aslam [30] presented a new
approach to determine roughness coefficient neutrosophic numbers based on the neutrosophic
exponentially weighted moving average. Du et al. [31] originally expressed the mixed information
of the simplified neutrosophic set and NN based on a simplified neutrosophic indeterminate
set. Additionally, Du et al. [24] proposed a multi-attribute decision-making approach based on
subtraction operational aggregation operators of simplified neutrosophic numbers. However, NN
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functions applied in the JRC determination mainly focus on the scale effect and anisotropy
properties; they have not been applied to determine the JRC for a specific rock joint based on
detailed spectral analysis. Hence, this original study will discuss the uncertainties in the existing
JRC determination correlations and propose NN functions of determinate and indeterminate JRC
based on the spectral analysis. This new approach to determine JRC can consider the contribution
of various scale asperity components in determining the rock joint roughness and approximate
indeterminate expressions of the JRC.

The structure of this paper is listed as follows. In Section 2, the basic concepts for neutro-
sophic number functions and spectral analysis are presented. Then, in Section 3, the uncertainties
in joint roughness coefficient determination are first discussed. A new method to calculate the JRC
based on neutrosophic number functions and spectral analysis is then proposed. In Section 4, the
comparisons between the new approach and commonly used statistical parameters to determine
the JRC are carried out based on experimental results of the rock joints collected from an actual
rock landslides area. Finally, the conclusion is presented in Section 5.

2 Concepts of Neutrosophic Number and Spectral Analysis

2.1 Neutrosophic Number
Generally, a NN Z is presented as:

Z= a+ bI (1)

where a and b are real numbers, and I denotes the indeterminate information, and I ∈ [IL, IU ].
The indeterminate range I ∈ [IL, IU ] can be statistically specified to satisfy practice requirements.
In this equation, a and bI are the determinate and indeterminate parts, respectively. Moreover, the
NN Z will degenerate to the real number a if b equals zero, which contains only the determinate
information. It will degenerate to a NN bI without a determinate part if a equals zero, containing
only the indeterminate information.

For example, let us assume that a NN is z= 2 + 4I , where I ∈ [0, 0.2]. Thus, its determinate
part is 2, and its indeterminate part is 4I . Then, there is z ∈ [2, 2.8] for I ∈ [0, 0.2].

2.2 Spectral Analysis
Generally, the rock joints in engineering practice consist of various scales of asperities. The

asperities with small inclinations but high amplitudes are low-frequency components, while
the asperities with big inclinations but low amplitudes are high-frequency components. Due to
the different frequencies, the various scales of asperity components have different influences on
the rock joint shear behavior. To quantitively describe the contribution of asperities with various
frequencies on the rock joint roughness, Wang et al. [18] proposed to adopt the spectral analysis
method to determine the JRC.

Although the rock joint morphology in engineering practice is so complex that difficult to be
described by clear math equations, the spectral characteristics of the profile are readily analyzed
by the power spectral density (PSD) [18]. With the help of PSD, the amplitude distribution for the
joint profile can be effectively presented in the frequency domain. In this paper, the periodogram
method is used to obtain the PSD for a rock joint profile. Herein, the periodogram method
estimates the PSD by dividing the square of the joint profile Fourier transform modulus by its
sampling length. The detailed information about the spectral analysis on a rock joint profile can
be seen in the reference [18], and the calculation method is briefly described as follows.
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To simplify the calculation, the least-square fitting line of a rock joint profile is first aligned to
be horizontal, and the average straight line of the profile is shifted to coincide with the coordinate
axis x. After alignment, the profile can be presented as:

y (x)= yo (x)− 1
L

∫ L/2

−L/2
yo (x)dx (2)

where y(x) is the translated profile; yo(x) is the aligned profile, that the least square fitting line of
the profile is horizontal; L is the projection length of the profile on the x-axis.

The average power and Fourier transform of the aligned profile y(x) in the spatial frequency
domain are respectively shown as:

P2D = 1
L

∫ L/2

−L/2
y2 (x)dx (3)

Y (f )=
∫ L/2

−L/2
y (x) e−j2π fxdx (4)

where P2D is the average power of y(x); Y (f ) is the Fourier transform of y(x) in the spatial
frequency domain; f is the spatial frequency of the harmonic components of y(x), and its unit is
the reciprocal of length unit of the profile.

According to the Wiener–Khintchine theorem [32]:

P2D =
∫ fmax

fmin
PSD (f )df (5)

⎧⎪⎪⎨
⎪⎪⎩
PSD (f )= 1

L
|Y (f )|2

PSD (−f )=PSD (f )

(6)

where PSD(f ) is the power spectral density of the profile; fmin and fmax are the minimum and
maximum frequencies of harmonic components, respectively. Note that the negative frequency
range of the PSD has no physical meaning in actual engineering practice. From the aspect
of energy conservation, the PSD of the negative frequency range can be superimposed on the
corresponding positive range to obtain the single-sided power spectral density (PSD*) as:

PSD∗ (f )=
{
2PSD (f ) , f ≥ 0

0, f < 0
(7)

As indicated by Eqs. (5) and (7), the relation between P2D and PSD can be obtained as:

P2D =
∫ fmax

0
PSD∗ (f ) df (8)

Eq. (8) indicated that the average power of the profile (i.e., the mean square value of ampli-
tude heights of a rock joint profile) equals to the area enclosed by the PSD* of the profile and
the frequency axis. Thus, it is possible to quantitatively analyze the amplitude and height of the
joint profile in a certain frequency range.
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As the rock joint profile data collected in the engineering practice is discrete under a certain
sampling interval, the discrete form of the PSD is presented as follows to facilitate practical
applications.

PSD∗ (fm)= 2Ts
N

∣∣∣∣∣
n=N−1∑
n=0

y (n)e−j2πmn/N
∣∣∣∣∣
2

(9)

fm = m
NTs

{
m= 0, 1, 2, . . . ,N/2; N = 2k

m= 0, 1, 2, . . . , (N− 1) /2; N = 2k± 1
(10)

where Ts is the sampling interval; N is the number of discrete points; y(n) is the discrete form of
y(x); fm is the discrete form of the harmonic frequency f ; k is a positive integer.

3 Determination of JRC Based on Neutrosophic Number and Spectral Analysis

3.1 Uncertainties in the JRC Determination
Among the various quantitative JRC determination methods, the statistical and fractal meth-

ods are widely adopted by researchers and engineers. However, the joint profile in engineering
practice is self-affine; different users may get contradictory results with the fractal method [13].
The statistical parameters can be presented by consistent mathematical formulas and can be
readily calculated with the help of computer programs; therefore, it is a convenient way to use
statistical parameters to determine JRC. The commonly used statistical parameters are average
relative height (Rave), maximum relative height (Rmax), standard deviation of height (SDh), average
inclination angle (iave), the standard deviation of inclination angle (SDi), root mean square of
the first deviation of the profile (Z2), roughness profile index (Rp), structure-function of the
profile (SF) and so on [9,11,13,18,33–36]. The detailed calculation formulations of eight statistical
parameters can be seen in Tab. 1.

Researchers have been working on statistical parameters to determine the JRC quantitatively,
and many regression correlations with high correlation coefficients have been proposed. However,
existing regression correlations can only address the determinate information of JRC but cannot
express and handle the indeterminate information. Therefore, there may exist deviations in the
JRC calculation results for rock joints. To demonstrate the deviations arise from ignoring the
incomplete, uncertain, and imprecise information in the JRC, two JRC regression relations based
on the widely used statistical parameters Z2 and SF proposed by Li et al. [33] with a 0.4 mm
sampling interval were adopted to calculate the JRC. The correlation coefficients for the two
regression relations based Z2 and SF are 0.8760 and 0.8725, respectively. The formulas are listes
as follows:

JRCZ2 = 98.718Z1.6833
2 (11)

JRCSF = 137.1739
√
SF − 3.9998 (12)

The ten standard profiles [8] shown in Fig. 1 are commonly used visual references to deter-
mine the JRC in engineering practice. First, the statistical parameters Z2 and SF for the ten
standard rock joint profiles were obtained. Then, the JRC values of the standard profiles were cal-
culated according to Eqs. (11), (12). The calculated results and true values of JRC for the standard
profiles were both presented in Tab. 2. As shown in Tab. 2, although the correlation coefficients
for the above two regression relations are high to 0.8760 and 0.8725, respectively, there are still
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significant deviations in calculated JRC values. Particularly, the absolute deviations are larger than
70% for the profiles with true JRC values 0.4 and 2.8. Thus, neither the determinate/crisp JRC
values based on SF nor Z2 can approximate the roughness of standard rock joint profiles very
well. Additionally, the deviations can also be found within other JRC regression correlations based
on statistical parameters.

Table 1: Calculation formulations for eight commonly used statistical parameters

Statistical
parameters

Formulations Notations

Rave (−)

Rave = have/L

have =
i=N−1∑
i=1

|yi+1+ yi| (xi+1−xi)
2L

L=
i=N−1∑
i=1

(xi+1 −xi)

N is the number of
evenly spaced
sampling points; L is
the projected length
of the rock joint
profile in the x-axis;
Lt is the true length
of the rock joint
profile trace; have is
the average height of
the rock joint profile;
hmax is the maximum
height of the rock
joint profile; xi is the
x-coordinate of the
ith point; yi is the
y-coordinate of the
ith point; hp is the
y-coordinate of the
highest point in the
rock joint profile;
and, hv is the
y-coordinate of the
lowest point in the
rock joint profile

Rmax (−)
Rmax = hmax/L

hmax = hp− hv

SDh (mm) SDh =
{
1
L

i=N−1∑
i=1

xi+1 −xi
2

[
(yi− have)

2+ (yi+1− have)
2
]}1/2

iave (◦) iave = tan−1

[
1
L

i=N−1∑
i=1

|yi+1− yi|
]

SDi (◦) SDi = tan−1

[
1
L

i=N−1∑
i=1

(
yi+1− yi
xi+1 −xi

− tan iave

)2

(xi+1 −xi)

]1/2

Z2 (−) Z2 =
[
1
L

i=N−1∑
i=1

(yi+1− yi)2

xi+1−xi

]1/2

Rp (−)

Rp=Lt/L

Lt =
i=N−1∑
i=1

[
(xi+1 −xi)2+ (yi+1− yi)2

]1/2

SF (mm2) SF = 1
L

i=N−1∑
i=1

(yi+1− yi)2 (xi+1−xi)
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Figure 1: Standard profiles with their back-calculated JRC values [6]

Table 2: Deviations in estimating the JRC based on the statistical parameters Z2 and SF

Profile ID 1 2 3 4 5 6 7 8 9 10

JRCtrue 0.4 2.8 5.8 6.7 9.5 10.8 12.8 14.5 16.7 18.7

Z2 0.075 0.169 0.149 0.227 0.206 0.210 0.266 0.285 0.332 0.439

SF 0.001 0.005 0.004 0.008 0.007 0.007 0.011 0.013 0.017 0.031

JRCZ2 1.3 4.9 4.0 8.1 6.9 7.1 10.6 11.9 15.4 24.7

JRCSF 0.1 5.3 4.2 8.4 7.3 7.5 10.6 11.6 13.8 20.2

Deviations
JRCZ2 225.0% 75.0% −31.0% 20.9% −27.4% −34.3% −17.2% −17.9% −7.8% 32.1%

JRCSF −75.0% 89.3% −27.6% 25.4% −23.2% −30.6% −17.2% −20.0% −17.4% 8.0%

3.2 NN Functions for JRC Based on Spectral Analysis
According to the spectral information presented by the rock joint profiles, Wang et al. [18]

derived a spectral roughness parameter, PZ. The inclination angle and the amplitude height of
rock joints as well as the shear direction can be considered by this spectral joint roughness
parameter. Additionally, the contribution differences on joint roughness of various scales of
asperities can also be presented. The formulation of the parameter PZ is listed as follows:

PZ=Z∗
2

√
Pf
L

(13)

Z∗
2 =

⎡
⎢⎣ 1
N∗

n=N−2∑
n=0

⎛
⎝ max(0,yn+1− yn)√

(xn+1−xn)2+ (yn+1− yn)2

⎞
⎠

2
⎤
⎥⎦
1/2

=
⎡
⎣ 1
N∗

n=N∗−1∑
n=0

sin2i∗
⎤
⎦
1/2

(14)
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Pf =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

m=N/2−1∑
m=0

Amf avem ; N = 2k

m=(N−1)/2−1∑
m=0

Amf avem ; N = 2k± 1

(15)

Am = Pm+Pm+1

2
(fm+1− fm)= Pm+Pm+1

2NTs
(16)

f avem = fm+ fm+1

2
(17)

where Pf is an average power index; Z*
2 is the modified root mean square of the first deviation

of the profile; N* is the number of asperities of the rock joint profile facing the shear direction;
i* is the inclination angle of asperities of the rock joint profile facing the shear direction; Am is
the average power from the frequency fm to fm+1; Pm is the value of the PSD* corresponding to
fm; f avem is the average frequency.

In the study [18], the PZ values were obtained from 112 rock joint profiles digitized by Li
et al. [33] at a sampling interval of 0.4 mm, and the correlations between JRC and the roughness
parameter PZ were established. The detailed procedure to establish the correlations can be seen
in the reference [18].

As suggested by the authors [18], the mean trend correlation JRCmean between the JRC
and PZ can be used to predict JRC values. However, as shown in Fig. 2, the JRC values have
significant variabilities around the mean trend correlation. Thus, the JRC values determined by the
parameter PZ have certain deviations, and the obtained regression correlations can only provide
the determinate information of JRC. It cannot express and handle the indeterminate information
of JRC. Thus, according to the concept of NNs and the limits of the JRC, the PZ-based NN
function for JRC can be written as:

JRC= (a1+ b1I)+ (a2+ b2I) lnPZ= (a1+ a2 lnPZ)+ (b1+ b2 lnPZ) I (18)

where a1 and a2 are the fitting parameters of the lower limit; b1 and b2 are the differences between
the upper bound and lower bound; I is the indeterminacy. In this NN function, a1 + a2 ln PZ
and (b1+ b2 ln PZ) I are the determinate and indeterminate parts, respectively.

According to Fig. 2, a1 and a2 are 35.80 and 4.84, respectively. The indeterminacy I is set
to the interval [0, 0.5] through the statistical analysis of all collected rock joint profiles. Thus, b1
and b2 are twice the differences between the upper bound and lower bound. Obviously, b1 is 9.6,
and b2 is 0. Then, the PZ-based NN function for the JRC can be presented as:

JRC= (35.8+ 4.84 lnPZ)+ 9.6I , I ∈ [0, 0.5] (19)

The PZ-based NN function expressed in Eq. (19) has two advantages: (1) the spectral rough-
ness parameter PZ is adopted to capture the rock joint profile spectral characteristics, which
can effectively reflect the contribution of various scales of asperity components of joint profiles
in determing the JRC; (2) the NN function for JRC can determine the JRC in indeterminate
environments, which are very suitable to determine the JRC with vague, incomplete, imprecise, and
indeterminate information.
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Figure 2: Correlations between the JRC and PZ at a sampling interval of 0.4 mm [13]

4 Experimental Results and Discussion

4.1 Samples Preparation and Experimental Results
Five well-matched sandstone joint samples were collected from the Majiagou landslide. The

Majiagou landslide is in Guizhou Town, Zigui County, Yichang City, Hubei Province, China. It
is located at the foot of Woniu Mountain on the left bank of the Yangtze River, on the left bank
of the Zhaxi River, a tributary of the Yangtze River, and 2.1 km from the mouth of the Yangtze
River. The bedrock stratum in the landslide area is the Upper Jurassic Suining Formation (J3S),
which belongs to the middle of the Guizhou Group. The lithology is mainly gray-white feldspar
quartz sandstone and fine sandstone, with purple-red silty mudstone and mudstone. The sandstone
joint samples collected in this paper are mainly gray-white feldspar quartz sandstone joints.

These collected five well-matched sandstone joint samples were cut into standard samples
with a length and width of 10 cm and height of 5 cm. Then, a laser scanner was used to
scan the surface of these samples with an accuracy of ±35 μm and a sampling interval of
0.2 mm. A photograph of the laser scanner and data acquisition system can be seen in Fig. 3.
After the scanning tests, these samples were encapsulated into blocks of cement and cured for
21 days. Finally, these joint samples were subjected to direct shear tests under constant normal
stresses. Particularly, the shear velocity was set as 0.4 mm/min, which is consistent with the ISRM
suggestions [6]. The direct shear test results for these sandstone joint samples are presented in
Tab. 2. In addition, Schmidt hammer rebound tests and direct shear tests performed on planar
joint samples were conducted, from which the obtained JCS is 45.9 MPa, and the obtained ϕb is
26.8◦. Then, the true JRC values for the collected sandstone joint samples were back-calculated
from the JRC-JCS model [8] and tabulated in Tab. 3.

4.2 Validation of the Proposed Method
The 3D surfaces of the collected five sandstone joints were also constructed with the same

sampling interval (i.e., 0.4 mm), which is consistent with the PZ-based NN function for JRC
determination. Since the samples had been placed parallel to the direct shear plane, these three-
dimensional (3D) surfaces were also aligned by setting their corresponding least-square planes to
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be horizontal, consistent with the direct shear tests. The aligned 3D morphology surfaces for the
collected sandstone joints were shown in Fig. 4. Then, two-dimensional (2D) profiles in the shear
direction were uniformly extracted for roughness evaluation (the interval between the extracted
profiles was set to 0.8 mm). As a result, 117, 116, 116, 118, and 114 2D sprofiles were evenly
obtained from MJ1-5, MJ1-6, MJ1-7, MJ1-8, and MJ1-9.

Figure 3: A photograph of the laser scanner and data acquisition system

Table 3: Direct shear test results and obtained JRC values

Sample IDs MJ1-5 MJ1-6 MJ1-7 MJ1-8 MJ1-9

Normal stress (MPa) 1 2.5 2 1.5 0.5

Shear strength (MPa) 1.035 2.172 1.527 1.341 0.415

JRCback-calculated 11.5 11.2 7.8 10.1 6.6

JRCpredicted

PZ [9.0, 13.8] [8.3, 13.1] [5.9, 10.7] [8.6, 13.4] [4.3, 9.1]
iave [5.3, 14.3] [4.2, 13.2] [1.6, 10.6] [4.8, 13.8] [1.4, 10.4]
SDi [6.1, 14.1] [4.8, 12.8] [3.1, 11.1] [6.0, 14.0] [3.4, 11.4]
Rave [8.4, 15.4] [7.7, 14.7] [6.0, 13.0] [8.6, 15.6] [5.1, 12.1]
SDh [7.9, 15.9] [7.9, 15.9] [5.2, 13.2] [8.3, 16.3] [3.9, 11.9]
Rmax [10.2, 17.7] [11.8, 19.3] [6.9, 14.4] [10.2, 17.7] [7.2, 14.7]
Rp [7.8, 15.8] [6.0, 14.0] [3.8, 11.8] [7.8, 15.8] [3.7, 11.7]
SF [6.1, 15.1] [4.1, 13.1] [1.8, 10.8] [6.1, 15.1] [1.9, 10.9]
Z2 [6.4, 14.9] [4.4, 12.9] [2.2, 10.7] [6.4, 14.9] [2.3, 10.8]

The roughness parameter PZ of each extracted rock joint profile was first calculated along
with the shear direction; then, the JRC value was calculated with the PZ-based NN function
presented in Eq. (19). Then, the arithmetic mean of all 2D profiles extracted from the same
sandstone sample was adopted to represent the 3D JRC values. This method has been confirmed
to be effective by researchers [37–39]. The calculated JRC values of the collected sandstone joint
samples based on the PZ-based NN function are presented in Tab. 3.
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Figure 4: Three-dimensional surface models of sandstone joint samples (a) MJ1-5 (b) MJ1-6 (c)
MJ1-7 (d) MJ1-8 (e) MJ1-9

For comparison purposes, the commonly used statistical parameters, i.e., the Rave, Rmax, SDh,
iave, SDi, Z2, Rp, and SF, were also calculated for the collected 112 rock joint profiles. The
formulations for these statistical parameters can be seen in Tab. 1. Then the regression correlations
between the JRC and selected statistical parameters are derived and shown in Fig. 5. Then, the
NN functions based on the above-mentioned statistical parameters were also derived and listed as
follows:

JRC= (11.09 ln iave− 20.09)+ 18I , I ∈ [0, 0.5] (20)

JRC= (0.60SDi− 4.00)+ 16I , I ∈ [0, 0.5] (21)

JRC= (622.45Rave+ 1.89)+ 14I , I ∈ [0, 0.5] (22)

JRC= (5.11 lnSDh+ 10.74)+ 16I , I ∈ [0, 0.5] (23)

JRC= (134.20Rmax+ 1.60)+ 15I , I ∈ [0, 0.5] (24)
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JRC=
(
e3.21−0.03/(Rp−0.99)− 3.5

)
+ 16I , I ∈ [0, 0.5] (25)

JRC= (5.96 lnSF + 33.50)+ 18I , I ∈ [0, 0.5] (26)

JRC= (11.70 lnZ2+ 22.55)+ 17I , I ∈ [0, 0.5] (27)

Figure 5: (Continued)
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Figure 5: Correlations between the JRC and commonly used statistical parameters (a) iave (b) SDi
(c) Rave (d) SDh (e) Rmax (f) Rp (g) SF (h) Z2

According to the derived statistical parameter-based NN functions, i.e., Eqs. (20)∼(27), the
JRC of the collected five joint samples were obtained. The calculated results are presented in
Tab. 3 and plotted in Fig. 6. The results in Tab. 3 show that the PZ-based NN function and
statistical parameters-based NN functions can approximate the JRC values for joint samples.
However, the JRC values calculated by the commonly used statistical parameter-based NN func-
tions are located in a much larger JRC range than the PZ-based NN function, which means
the PZ-based NN function is much more sensitive and effective than the traditional approaches
in determining the rock joint roughness. Especially, Fig. 6 shows that the statistical parameters
may not present a correct JRC range for the sandstone joints. For example, the JRC ranges
calculated by the Rmax based NN function for the sandstone joints MJ1-6, MJ1-8, and MJ1-9
deviate significantly from the experimental back-calculated JRC values. These differences in the
JRC calculation results are that the PZ-based NN function comprehensively considers the effect of
the shear direction, amplitude height, and inclination angle and effectively reflects the contribution
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of various scales of asperity components on the roughness. In contrast, the statistical parameters
based NN functions only present one-sided characteristics of rock joint roughness (e.g., iave and
Z2 only present the inclination angle of a joint profile), which contains more uncertainties in the
JRC determination. Thus, the proposed approach, that is, the PZ-based NN function, can present
much more effective JRC calculation results for natural rock joints.

Figure 6: Comparisons of JRC values calculated by different NN functions (a) MJ1-5 (b) MJ1-6
(c) MJ1-7 (d) MJ1-8 (e) MJ1-9
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Figure 7: (Continued)
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Figure 7: JRC values calculated for ten standard profiles based on mean trend correlations (a) JRC
= 0.4 (b) JRC = 2.8 (c) JRC = 5.8 (d) JRC = 6.7 (e) JRC = 9.5 (f) JRC = 10.8 (g) JRC = 12.8
(h) JRC = 14.5 (i) JRC = 16.7 (j) JRC = 18.7

4.3 Discussion
Generally, the JRC values have good correlations with commonly used statistical parameters.

However, the indeterminate information of the JRC leads to variabilities in the predicted results of
JRC regression correlations. Researchers usually adopt the mean trend of correlations to predict
JRC values, while this subjected approach may result in biased results. Here, the mean trend
correlations of the above-mentioned statistical parameters and the proposed PZ were used to
present this information. As indicated in Fig. 7, all the predicted JRC values deviated from the
true JRC values to some extent. Especially for the first standard profile with JRC = 0.4, negative
JRC values were obtained by the mean trend correlations based on PZ, Z2, SF, and iave. This
phenomenon once again shows that the traditional regression correlations cannot deal with the
indeterminate information of the JRC.
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5 Conclusions

Incomplete, imprecise, and indeterminate problems are generally encountered for the complex
surface of rock joints. The NNs are preferred compared to fuzzy, rough, grey sets due to efficiency,
flexibility, and easiness for expressing determinate and/or indeterminate information. Additionally,
various scales of asperities are displayed on joint surfaces. The spectral analysis was adopted
to simultaneously capture the contributions of the high and low-frequency asperity components
in determining joint roughness. Through the combination of the NNs and spectral analysis,
this paper proposed a new method to determine the JRC for rock joints accurately. The main
conclusions are drawn as follows.

The JRC regression correlation based on commonly used statistical parameters could not
handle the indeterminate information of the JRC. As a result, there were still significant devi-
ations in calculated JRC values, although the JRC had a good correlation with the commonly
used statistical parameters. Particularly, the absolute deviations for the calculated JRC results
based on the Z2 and SF were larger than 70% for the profiles with true JRC values 0.4 and
2.8. These deviations can be attributed to the indeterminate information that exists in the joint
roughness determination and the contribution differences of various scales of asperities on the
joint roughness.

To overcome the limitations of the traditional JRC determination approaches, NN functions
based on the spectral roughness parameter were derived based on 112 rock joint profiles collected
from the literature. Then, the derived NN function was applied to determine the JRC values of
5 well-matched sandstone joint samples collected from the Majiagou rock landslide area. The
comparison between the JRC results obtained from the proposed method and experimental results
validated the effectiveness of the spectral analysis based NN functions. Additionally, comparisons
made between the spectral analysis and common statistical parameters based on NN also demon-
strated the advantage of spectral analysis. The combination of the NNs and spectral analysis
can effectively address the indeterminate information that exists in the joint roughness and the
contribution differences of various scales of asperities on the joint roughness.

In addition to the NN, the neutrosophic theory contains many other methods, such as neu-
trosophic sets, neutrosophic interval statistical numbers, and neutrosophic interval functions. They
can also address the indeterminate information in the JRC determination process. In future work,
we will further develop and investigate JRC determination approaches through other neutrosophic
theories and compare the differences and efficiencies between different neutrosophic approaches.
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