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The closure behavior of rock joints is of critical importance to the study of hydromechanical behaviors and geophysical properties
of jointed rock masses. Theoretical contact models, used to predict the relations of normal stress versus closure deformation, rely
on morphology parameters of rock joint as the input parameters. The relevance of the contact models depends on the inherent
assumptions and the accuracy with which the input parameters are determined. In the present study, morphology parameters of
three rock joints are determined by the spectral moment approach and peak identiﬁcation method, respectively. The diﬀerences
are found to vary signiﬁcantly depending on the selected method. The phenomenon would be related to the deﬁnition of an
asperity peak on joint proﬁle. The spectral method only considers the so-called asperity peaks, while the deterministic approach
further accounts for the asperity shoulders. Finally, the morphology parameters determined by the two methods are treated as the
input parameters of a validated theoretical model. The comparisons between the theoretical curves and the experimental results
indicate that parameters determined by the deterministic method would be more reliable.

1. Introduction
Rock joints aﬀect the mechanical properties of rocks, so do
the morphology parameters of joints [1, 2]. Topography of a
solid surface has small-scale geometric features with random
shapes and sizes, usually called “asperities.” Distribution of
asperities over the surface forms a random geometric
structure which is in general known as “roughness,” playing
an important role in the mechanical behaviors of two contact
rough surfaces, e.g., shear strength, closure deformation, or
contact stiﬀness of rock joint. Various parameters have been
proposed to describe rock joint topography based on different characterizing approaches. For rock joint, the application of available morphology parameters can fall
broadly into three categories: (1) describing the geometrical
features, such as Tse and Cruden [3], International Society
for Rock Mechanics [4], Xie et al. [5], Belem et al. [6], Zhang
et al. [7], and Li and Zhang [8]; (2) establishing the peak
shear strength criteria, such as Barton and Choubey [9],
Tatone and Grasselli [10], and Rasouli and Harrison [11];

and (3) serving as input parameters for theoretical contact
models, such as Greenwood and Williamson [12], Brown
and Scholz [13], Misra [14], Lanaro and Stephansson [15],
and Xia et al. [16]. Here, we pay special attention to the last
one, mainly including average peak radius of curvature (β),
peak density (η), and standard deviation of peak height (σs).
As such, the relevance of the theoretical models is dependent
on their inherent assumptions and the accuracy with which
the input parameters are determined.
Commonly, two methods are used to determine the
mentioned morphology parameters. According to Nayak
[17], a random and isotropic surface with a Gaussian height
distribution can be adequately characterized by zeroth (M0),
second (M2), and fourth (M4) moments of the power spectral
density function. To better capture the topography of a
natural solid surface with anisotropic roughness nature,
average values of spectral moments obtained from a ﬁnite
number of cross sections in a surface were used [18]. Essentially, the spectral moment approach is in a statistical
sense [19], rather than a method based on the real asperities
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randomly distributed on the rough surface. The other
method to determine the morphology parameters is based
on individually identiﬁed asperity peaks as local maxima
[20], and the above three parameters can then be calculated
directly from these identiﬁed peaks, called as peak identiﬁcation method (deterministic method). The deterministic
method can avoid the averaging treatment inherent to the
previously described spectral moment approach and is based
on the actual 3D surface topography. Both the methods,
suﬀering from varied sources of uncertainty, can serve as
input parameters to theoretical models to describe the
contact behaviors of a rock joint [21]. However, there is no
analysis available in the literature to comprehensively
compare the diﬀerences of the two methods for “real” rock
joint (not numerically generated surfaces). Accordingly, the
main objective of the present study is to provide a comprehensive understanding towards the quantiﬁcation of
morphology parameters of rock joints by the spectral moment approach and the deterministic method.

2

dz ⎤⎦
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M2 � AVG⎡⎣

2.1. Morphology of Rock Joint. The topography of a rock joint
is usually composed of small-scale unevenness and largescale waviness [4], which have diﬀerent inﬂuences on the
joint closure behaviors [16, 21]. Three rock joints with
nominal length of 300 mm are selected for the analysis of
peak spatial features, as shown in Figure 1. Rock joint J-I is
composed of only unevenness component and J-II is
composed of both unevenness and waviness components,
while J-III is mainly composed of waviness component [22].
To suﬃciently characterize the morphology, sample interval
of 1.0 mm is used in x and y directions (generally, sample
interval is within the range from 0.3 to 1.0 mm). Average
heights (m) of the three rock joints are 1.65, 3.58, and
8.70 mm, respectively. Gaussian distribution function,
equation (1), is used to analyze the distribution of asperity
height, and all the ﬁtting results are listed in Table 1 [23]. The
high correlation indicates that the morphologies of the three
rock joints exhibit Gaussian distribution. Hence, the spectral
moment approach can be used to evaluate the morphology
parameters.
(1)

where f(∙) is the symbol of Gaussian function, z is the surface
height, σ is the standard deviation of height, and μ is the
expectation of height.
2.2. Spectral Moment Approach. For a given rough proﬁle
with a Gaussian height distribution, the asperity height
denoted by Z(x), the spectral moments, M0, M2, and M4, can
be determined by the following [17]:

(2)

2

d2 z
M4 � AVG⎡⎣ 2  ⎤⎦,
dx
where AVG represents the arithmetic average.
Once M0, M2, and M4 are known, the morphology
parameters, β, η, and σs, can then be calculated by [17]
���
π
β � 0.375
,
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2. Methodology

1
1 z−μ 2
f(z) � √��� exp− 
 ,
2 σ
2πσ

M0 � AVGZ2 ,

(3)

0.8968 0.5 √���
m0 ,

α

where α � (m0 m4 )/m22 , which is called the bandwidth
parameter.
According to McCool [18], the value of the three parameters may vary signiﬁcantly when calculated for an arbitrary single 2D trace. To overcome the limitations, 9
sectional proﬁles with equal spacing of 15 mm parallel to the
analysis direction (x direction in the present study) are
extracted (Figure 2). The spectral moments for each proﬁle
are calculated, and the averaged value is used to determine
the corresponding morphology parameters.
2.3. Deterministic Method. As schematically shown in Figure 3, a peak on a proﬁle is deﬁned as a point with height
higher than its N adjacent points (N � 3, 5, 7, . . .). An N-PP
criterion identiﬁes a point as a peak if its height exceeds that
of its (N − 1) nearest neighbor points, resulting in 0.5(N − 1)
points on each side of the peak. Compared to 5PP and 7PP
criteria, 3PP criterion would be more reliable to identify the
peaks on a rock joint proﬁle, which was also widely used
[21, 22, 24–27]. The peak density and standard deviation of
peak height can be directly calculated as all the peaks are
identiﬁed. The radius of curvature for each peak is accurately
and uniquely determined by its circumcircle. Then, the
arithmetic average value of all the asperity peak radii is
treated as the overall curvature of the proﬁle.

3. Analysis of Morphology Parameters
3.1. Average Peak Radius of Curvature. Figure 4 shows the
variations of the average peak radii of curvature for the three
rock joints. We can clearly observe that with the increase of
roughness (denoted by the average asperity height, similarly
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Figure 1: Morphology of the three rock joints. (a) J-I. (b) J-II. (c) J-III.
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Table 1: Parameters for Gaussian distribution obtained by equation (1).
Fitting parameters

Sample

μ
0.33
1.12
0.27

J-I
J-II
J-III

Correlation coeﬃcient

σ
2.21
1.86
1.57

0.994
0.928
0.909
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Figure 2: Method to select joint proﬁles. (a) Position of joint proﬁles for morphology analysis. (b) Selected joint proﬁles (J-II is taken as an
example).
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Figure 3: Schematic plot for 3PP, 5PP, and 7PP criteria on rock joint proﬁle.
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Figure 4: Average peak radius of curvature for the three joint proﬁles.
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3.2. Peak Density. Figure 5 shows the variations of peak
density for the three rock joints. In the present study, the peak
density means the linear density that is calculated by the peak
number divided by the proﬁle nominal length. The peak
density determined by the peak identiﬁcation method decreases with the increase of roughness. However, there is an
onward trend throughout the whole roughness range for the
one determined by the spectral moment approach. As the
average asperity heights increase, the peak density determined
by the spectral moment approach increases from 0.39 to 0.46,
with an increase of about 17.9%, while the one determined by
the peak identiﬁcation method decreases from 0.28 to 0.15,
with a reduction of about 46.4%. The peak density is also
reported to decrease with the increase of roughness, as is the
case for the peak identiﬁcation method which is in line with
many theoretical and experimental observations for rough
surfaces [28, 29]. As such, it can be inferred that the results for
the peak identiﬁcation method have a much more trustworthy
physical background than the ones for the spectral moment
approach. Essentially, the deterministic method imposes a
stricter deﬁnition of an asperity peak and results in a lower peak
density, while the spectral moment approach does not necessarily trace the real asperity peaks, but possibly the shoulder
of an asperity [19], thus resulting in a higher peak density.
3.3. Standard Deviation of Peak Height. Figure 6 shows the
variations of the standard deviation of peak heights for the
three rock joints with varied roughness. The peak identiﬁcation method always results in a higher standard deviation
throughout the roughness range. The absolute diﬀerence and
the ratio, σ s_SMA/σ s_PIM, increase as the roughness increases,
where σ s_SMA and σ s_PIM are the values determined by the
spectral moment approach and peak identiﬁcation method,
respectively. For the spectral moment approach, the standard
deviation of peak height increases almost linearly with the
increase of roughness (R2 � 0.89), while the other shows an
exponential relation (R2 � 0.96). The peak identiﬁcation
method accounts for the strictly determined asperity peaks on
a proﬁle (Figure 3), whereas the spectral moment approach
may rely on peak shoulders, rather than the real peaks,
resulting in a lower standard deviation of asperity peak
heights.
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Figure 5: Peak density for the three joint proﬁles.
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Standard deviation of peak height (mm)

hereinafter), the radii determined by the peak identiﬁcation
method exhibit small volatility, while the ones determined
by the spectral moment approach are signiﬁcantly lower and
exhibit an obvious downward trend throughout the whole
roughness range. As the average asperity heights increase
from 1.65 to 8.70 mm, the average peak radii of curvature
determined by the spectral moment approach decrease from
0.386 to 0.182 mm, with a reduction of about 52.8%, while
the ones determined by the peak identiﬁcation method
decrease from 0.55 to 0.44 mm, only with a reduction of
about 18.5%. With consideration of the nature of the two
methods, it can be inferred that the spectral moment approach would underestimate the average peak radius of
curvature and there is a more pronounced trend as surface
roughness increases.
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Figure 6: Standard deviation of peak height for the three joint
proﬁles.

4. Theoretical Application
In this section, the eﬀectiveness of determining the morphology parameters is illustrated by comparing predictions
by an available theoretical closure model with experimental
results.
4.1. Theoretical Model. Recently, a theoretical closure model
with the inclusion of asperity interaction was developed by
the ﬁrst author and his co-workers [27], which can partly
capture the closure behaviors between a “waviness” surface
and an “unevenness” surface based on static equilibrium and
deformation compatibility. As shown in Figure 7, the
waviness is simpliﬁed by a periodic function and has
identical amplitude. When an external load P is applied to a
waviness surface, the pressure distribution of contact area
for waviness (r) can be determined by equation (4). Then, the
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Figure 8: Comparison between experimental results and calculated curve. (a) J-I. (b) J-II. (c) J-III.
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waviness deformation (r) and the asperity deformation (r)
can be determined by equations (5) and (6), respectively.

p
1
1
−

,
πc r2 + 4b2 a2 + 4b2

(4)

w(r) �

�����������
�����������
π/2
2P
1
2b
2
2
2
a2 − r2 sin2 φ dφ,

a
tan
−
r
sin
φ
−
a



2b
π2 E′ bc 0
a2 + 4b2

(5)

u(r) �

a2 − r2
+ w(a) − w(r),
2R

(6)

qw (r) �

where r is the distance from the contact center; R is the
curvature radius of waviness; a, b are the radii of circular
contact area and a special curve, respectively; φ is the angle
shown in Figure 7; and c � ln(a2 + 4b2 /4b2 ) − a2 /a2 + 4b2 .
The eﬀect of deformed asperity interaction on the overall
closure deformation of a rock joint is considered by a
simpliﬁed approach as a uniform displacement on the
surface caused by a mean pressure, pnom, which can be
directly estimated by the Greenwood and Williamson model
[8] by the ﬁrst iteration. As the pressure distribution of
asperity contact is relevant to the asperity deformation (r),
the asperity pressure (r) at the contact area can be given by
the following equation:
√�� 3/2
√�� u(r)
4
A ⎤⎦
⎣
⎡
qa (r) � ηE′ B 
u(r) + pnom
f(z)dz,
3
E −z
0

′

(7)
where E′ � E/2(1 − v2 ) in which E is Young’s modulus and v
is Poisson’s ratio; A is the nominal contact area.
The steps to solve the model are as follows: (1) assign
non-zero initial values for a, b and calculate the waviness
deformation, w(r) and w(a), by equation (5); (2) calculate
the asperity deformation, u(r), by equation (6); (3) calculate
the contact force by using equation (7) on the basis of the
asperity deformation determined by equation (6); and (4)
repeat the above procedures until the following equilibrium
conditions are satisﬁed: qa (0) � qw (0) and qa (a/2) � qw
(a/2).
4.2. Comparisons. Tang et al. [22] and Tang [23] performed a
series of closure tests on artiﬁcial rock joints with Young’s
modulus E � 6.1 GPa and Poisson’s ratio v � 0.16. The
morphologies of the three rock joints are shown in Figure 1.
Figure 8 illustrates the comparison between experimental
and theoretical results for the three joints. Generally, the
theoretical curves solved by the model with morphology
parameters determined by the peak identiﬁcation method
are closer to the experimental data than the case of the
spectral moment approach. Thus, it seems to be more reliable to use the peak identiﬁcation method to analyze the
contact behaviors of rock joint as it includes all available
information of the surface rather than relying on a statistical

sense. However, it should be noted that the contact spots are
three-dimensional for any real contact between rough rock
joints, leading to the discrepancy between the testing curve
and theoretical curve.

5. Conclusions
Due to the fact that the relevance of theoretical contact models
is dependent on the peak identiﬁcation assumptions and the
determination accuracy, the present study provides a comparison for determining the input parameters of these theoretical models by using two methods. The peak identiﬁcation
method follows a stricter deﬁnition of an asperity peak on a
surface and can avoid the statistical averaging, while the
spectral moment approach is based on 2D traces that may
probably trace peak shoulders rather than the peaks. As such, a
larger peak density and a lower standard deviation of peak
height can be observed for the spectral moment approach. In
addition, the spectral moment approach underestimates the
average peak radius of curvature for the three rock joint
proﬁles, which would be more pronounced as the roughness
increases. The eﬀectiveness of determining morphology parameters is veriﬁed by comparing the curves determined by a
theoretical model with the experimental results. It would be
more reliable to use the morphology parameters obtained by
the deterministic method to predict the contact behaviors of
rock joint.
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