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The mechanisms of deformation and failure of the structures in and on the jointed
rock masses are often governed by the characteristics of the geometrical properties of
joints. Since the joint geometry properties have a range of values, it is helpful to
understand the distribution of these values in order to predict how the extreme values
may be compared with the values obtained from a small sample. This work studies
three datasets of joint systems (1652 joint data) from nine outcrops of igneous,
sedimentary, and metamorphic rocks in order to determine the probability distribution
function of the rock joint geometry properties. Consequently, the goodness-of-fit
(GOF) tests are applied to obtain the data. According to these GOF tests, the
Lognormal is the best probability distribution function representing the joint spacing,
aperture, and trace length. The Cauchy is the best probability distribution function for
the joint dip angle. It is found that the Cauchy distribution function is the best
probability distribution function to represent the joint dip direction of igneous rocks,
and the Burr distribution function is the best probability distribution function to define
the joint dip direction of the sedimentary and metamorphic rocks.

1. Introduction

The engineering properties of rock masses are
controlled by the characteristics of the
discontinuities and intact rocks [1]. In order to
predict the behavior of the structures in and on such
jointed rock masses, it is necessary to characterize
the geomechanical properties of the joints and
intact rocks. A joint is defined as a fracture in the
mesoscale dimension for which no shear offset or
dilation is detectable in the field [1, 2], which are
found in all the component rocks within about 1 km
of the Earth’s surface, at all orientations and sizes
ranging from a few millimeters to several hundred
meters [3]. Conclusively, we apply “joints” as a
field term to the mesoscale fractures that either
show tensile opening, and tensile surface features
(e.g., plumes) or do not have any evidence for the
shear/normal displacements observable in a single
continuous exposure. The joint systems in rock
masses are geometrically complex. The effect of
joint geometry properties to control the fluid-
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mechanical behavior and stability of the
constructed structures in and on jointed rock
masses has been extensively reported in the
literature [4-27]. Therefore, the joint geometry
properties must be measured precisely.

In rock engineering, determining the geo-
mechanical properties of jointed rock masses is
crucial, which restricts the project design,
construction, and operation decisions. However,
the statistical simulation is even more powerful. As
a result, the probabilistic simulation helps the
engineers develop more robust and economic
designs and solutions [28]. Thus, the properties of
joints typically vary over a wide range, and their
nature of random characteristics is required to be
appropriately described in the preliminary design
investigations [29]. Since the natural phenomena
occur with such variation, a definition of stochastic
rather than a deterministic system is more realistic
[30]. However, it is possible to consider the full
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range of data concerning the specific random
characteristic in a stochastic estimation. This can
be easily achieved with probability distributions
that give both the range of values that the variable
could take and the relative frequency of each value
within the range [31]. Consequently, the joint
geometry property distributions are directly
obtained from the sample histogram of the received
data from joint surveys. This work intends to
determine the distribution function of the joint
geometry properties.

2. A Review of Research on Geometric
Properties of Rock Joints

The rock joints most commonly measuring the
geometric properties are spacing (or density), trace
length, aperture, and orientation. Based on the
results obtained by many researchers, the statistical
distributions of the joint properties are described in
the following.

2.1. Joint spacing

Joint spacing is a measure of jointing intensity in
a rock mass, i.e., the number of joints per unit
distance normal to the orientation of the set. It is
taken as the perpendicular distance between the
adjacent joints [32]. This paper used the
intersection length (Iength along the scanline to the
intersection point with the joint) to describe the
joint spacing. Although the mean discontinuity
spacing provides a direct measure of the rock
quality, several researchers have found it
instructive to investigate the distribution of
discontinuity spacing by plotting the histograms of
the sampled values of the total spacing. The joint
spacing often follows an exponential distribution
based on the field measurements and the
distribution of the maximum discontinuity spacing
for various igneous, sedimentary, and metamorphic
rocks [33, 45]. Also, the field surveys using
window and scanline sampling have reported that
joint spacing follows lognormal distributions [32,
38, 40, 45, 46], even though Gama distributions
and bimodal distributions have also been reported
[39, 45, 47].

2.2. Joint aperture

The mechanical aperture or opening of a
discontinuity is the distance between the opposing
interfaces measured along the mean normal to the
discontinuity surface [3, 48]. Also the apertures of
natural discontinuities are likely to vary widely
over the extent of the joint [49]. Once the gap has
been created, it can be increased naturally by the
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physical and chemical erosion processes induced
by the flow of water along the fracture. In certain
circumstances, the development of local tensile
stresses in a rock mass can lead to a dramatic
opening of fracture apertures to values exceeding 1
m in some cases, although the opening of fractures
in this way is usually limited to the zone of de-
stressed rock immediately adjacent to a free
surface. It can occur at depth due to the stresses
induced during hydraulic fracturing. Discontinuity
apertures in the stone immediately adjacent to a
free surface are also particularly susceptible to
opening due to blast-induced vibrations, erosion,
and the washing out of infill [3]. A research work
shows that aperture depends on the stress history,
normal displacement, shear displacement, and
study scale [50].

The above observations suggest that the physical
measurement of the discontinuity apertures at
exposed rock faces can provide, at best, only a
general guide to the mechanical apertures within
the rock mass [3]. Numerous studies at various
problem scales and in different geological settings
have shown that a widescale over-scale a wide
range since the variation in apertures can result
from the mechanical misfits of fracture walls and
chemical change action dissolution, mineral filling,
and normal stresses. Fracture apertures are
measured by various methods including direct
measurements in cores or outcrops and deduction
from flow data, and therefore, show wide scatters.

Power law distribution function of apertures has
been used in some applications [12, 47, 51, 52], as
confirmed by field measurements using the
techniques such as micro-scanner logs, borehole
televiewer, and direct measuring of outcrops [53 -
58]. In the literature, the fracture transmissivity,
which is related to the hydraulic aperture through
the cubic law, is usually found to follow either
lognormal or power-law distributions [59, 66],
even though normal distributions [40, 48, 65, 67,
50] and bimodal distributions [68] have also been
reported. It is now generally recognized that the
resolution and finite-size effects on a power-law
population can also result in distributions that
appear to be exponential or lognormal. It has been
reported that mapping the resolution effects
(known as truncation) imposed on a power-law
population can result in a lognormal distribution
since the aperture fractures with aperture values
smaller than the distribution mode are
incompletely sampled [69, 73]. Therefore, some
researchers have assumed that aperture distribution
in the fractured rocks follows a lognormal
distribution, as reported in the literature [16, 59, 52,
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63, 64, 66, 74]. Even though the previous
researchers have conducted aperture measurement
and its distribution analysis, the researchers have
not introduced a clear distribution function. This
study aims to determine, visualize, and interpret
aperture distribution under different sites of
various rock types.

2.3. Joint orientation

Joint orientation describes the attitude of the joint
in space. The plane of a joint in space is defined by
the dip of the line of steepest declination measured
from horizontal and by the dip direction measured
clockwise from true north. In the outset research, it
has been found that the joint orientation follows a
normal distribution [32, 75]. However, the
literature has recently reported that joint
orientation distribution in fractured rock masses
follows a Fisher distribution [16].

2.4. Joint trace length

As observed in an exposure, joint length is a
distance from the intersection point on the scanline
to the end of the joint trace. There will be two semi-
trace lengths associated with each discontinuity:
one to the left and one to the right of a scanline
along the maximum dip line of the face. It can be
helpful to keep a record of the nature of the
termination of each semi-trace. 1: The
discontinuity trace terminates in the intact rock
material, 2: termination at another discontinuity, 3:
termination is obscured. A trace can be obscured
by block rocks, scree, soil, vegetation or extend
beyond the exposure limits [3]. Several biases exist
in the sampling trace lengths and inferring joint
size. These have been discussed in [42, 76], and
will not be repeated here. The question of
censoring involves the joint traces that are not
entirely observable. The most common reason a
joint trace is not wholly observable is that it runs
off the outcrop or into a wall (Figure 1). Thus one
knows only that the actual trace length is longer
than observed for that observation. Since more
extended traces are more likely to be censored than
the shorter ones, these incomplete observations
cannot be ignored [33].

The stated distributions of joint trace length are
less reliable than those for other geometrical
properties, perhaps partly due to solid biases
implicit in many standard sampling plans and
partly due to the way the data is grouped into
histograms before analysis, although the physical
processes that control the other joint properties are
relatively easy to understand compared to the

283

Journal of Mining & Environment, Vol. 13, No. 1, 2022

physical mechanisms that control the joint length.
In theory, the differences in the observed
distribution of joint sizes result from differences in
the mechanical processes creating the joints; for
example, [73] argues that a uniform stress
distribution ~ would lead to  exponential
distributions, while the multiplicity processes such
as breakage may lead to a lognormal distribution.
Perhaps the most frequently reported distribution
functions are lognormal and exponential.

The joint trace length is often found to follow a
lognormal distribution [17, 18, 32-36, 42-46, 73-
81]. Also field surveys using the techniques such
as window and scanline sampling have reported
that joint trace length follows exponential
distributions [33, 36, 40, 45, 82, 83, 84] and power-
law distribution [16, 59-66]. However, some
investigations have reported Gama distributions
[39, 45].

Trace length indicates the size joint plane. It can
be approximately measured by detecting the joint
trace lengths on the surface exposures [85]. Often
rock exposures are small compared to the area or
length of joints, and the actual length can only be
guessed. This study introduces a new technique for
joint trace length estimation. The new approach
uses the support vector machine (SVM). SVM is an
excellent kernel-based tool for binary data
classification and regression [86-89]. This learning
strategy introduced by [90] is a moral and
compelling method in machine learning
algorithms. It may be possible to record other
geometrical  properties of exposed joints
accurately, and, at this moment, a trained SVM
model can estimate the trace length. We prepared
three datasets that included 1652 joints from the
igneous, sedimentary, and metamorphic rocks in
order to achieve the purpose of this study. The joint
properties such as intersection distance of the joint
on the scanline, aperture, orientation (dip and dip
direction), roughness, Schmidt rebound of the
joint’s wall, and sets a number of the joint that
could be measured accurately, and the surveyed
location of the exposure were used as an input para,
and joint trace length predicted as an output meter
parameter. The datasets were randomly divided
into the training and testing datasets. In each
model, 70% of datasets were considered for
training, and the rest was kept for testing the
models. Finally, obscured prepared was for each
rock type predicted joint trace length. The details
of this method to estimate the joint trace length are
explained by [77].
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3. Description of data collection

The geometric properties of jointing are inferred
primarily from the observations in outcrops and
openings. While advances in the statistical
techniques for inferring fracture patterns from drill
cores are made, these are yet found application
from a practical viewpoint. The observations made
in the outcrop are joint traces, i.e. of the
intersections of joint planes with the outcrop [91].

Joint surveys are an essential section of site
description studies in rock engineering. The
strength, deformation, and flow behavior of jointed
rock masses are strongly influenced by rock mass
joints' geometry and engineering properties [33].
Measuring the joint geometry parameters is
commonly determined by conducting surveys
along the exposed rock faces using line-sampling
or window-sampling techniques [83]. Both
methods have the disadvantage of mapping only
exposed surfaces. Thus they cannot determine the
structural behavior behind the exposed surface. In
scanline mapping, less judgment is required during
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geological mapping experience is required.
Although more data is collected over larger areas
in window mapping, the data from scanline
mapping represents more detailed information per
specific location [78]. The collected data reported
in this paper was obtained from the scanline
mapping technique only. The scanline mapping
technique has been described in more detail by
[92]. It involves a relatively simple, reproducible,
and systematic method for discontinuity mapping
on more prominent exposed rock faces (e.g. quarry
or road cuts). The technique enables the orientation
data, joint frequency, spacing, trace length, and
fracture termination estimates to be made and
treated statistically [93]. A measuring tape is
usually used as a scanline, and the properties of
only those joints that cross the tape are recorded.
Figure 1 shows the scanline sampling and the type
of joint terminations. The qualities and quantities
of the measured data of geometric properties
obtained from field mapping on outcrops of limited
areas and borehole logging of narrow borehole

: diameters and depths contain  significant
the actual data collection; hence not much . P g
uncertainty.
_.—="" Termination is obscured (Censored trace length)

~-= Termination at another joint

Termination at intact rock material

_.== One end visible

Scanline

A A

-

p

Truncated trace length

L . s -
Lower limit of exposure

Concealed trace length S\/

Figure 1. Scanline sampling and description of joint terminations [77].

In order to obtain a fracture system more
realistically, a clean, approximately planar rock
face is selected that is large relative to the size and
spacing discontinuities exposed [3]. Also the
sample zone should contain 150 to 350 joints,
about 50% of which should have at least one end
visible. Thus the outcrops of Sarshiw andesites
located 40 km from the Marivan city in the
Kurdistan province, west of Iran for igneous and
metamorphic rocks, and Tazare coal mine located
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70 km from Shahrood city, Semnan province,
north-east of Iran for sedimentary rocks were
selected for the research work, although the most
existing joints in the selected outcrops have one
end visible. Figure 2 shows a three-view of selected
outcrops of all surveyed rock types. In addition, the
summary of the conducted joint surveys and
statistical overview of the joint geometry
properties are shown in Table 1 and Table 2,
respectively.
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Figure 2. Views of rock exposures: (a) Sarshiw andesite, (b) Sarshiw metamorphic, and (c¢) Sedimentary rock of
Tazare coal mine.

The inability to discriminate the joints smaller
than the detection limits of the measurement is a
form of sampling bias known as truncation. The
upper bound of the joint trace length distribution is
affected by the exposure conditions. This
phenomenon represents another sampling bias
called censoring [69, 73]. In order to have a view
of the type of the joint trace length termination in
the outcrop, suppose the numbers to three types of
traces be p, m, and n for joints with both of the
traces censored, one end of trace censored, and

both ends of the trace observable, respectively (all
types are shown in Figure 1) [39]. Then Ro, R1, and
R» are defined as Equations 1a, 1b, and lc.

R°=%+m+n)
R :r%p+m+n)

Rl:%p+m+n)

(la)
(1b)

(lc)

For all joints of three rock types, Ro, R, and R, were
calculated and shown in Table 1.

Table 1. Summary of conducted joint surveys.

Rock type Site Nu'm.ber Nufnber of Type of termination
of joints joint sets Ry R; R,

SI1 195 5 0.12 0.21 0.67

Igneous SI2 201 4 0.20 0.23 0.57
SI3 160 3 0.13 0.18 0.69

SM1 165 3 0.40 0.17 0.43

Metamorphic SM2 210 3 0.37 0.21 0.42
SM3 143 4 0.34 0.10 0.56

SS1 173 4 0.27 0.17 0.56

Sedimentary SS2 224 3 0.23 0.25 0.52
SS3 181 4 0.19 0.19 0.62
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Table 2. Statistical summary of joint geometry properties.
joint geometry properties
. Aperture Orientation Trace length (m) .
sie  Spacing (m) (mm) Dip (degree) ~ D'P direction Obs.* SVM** SRH
(degree)

Ave. dsgv Ave. dS;v Ave. dS;v Ave. St.dev  Ave. dsetv Ave. dsetv Ave. c?etv

S11 0.79  0.83 6.43 9.52 66 23.0 194 1000 259 1.65 3.82 3091 60 11.0
S12 074 097 399 6.11 65 24.5 181 93.44 224 188 328 456 66 8.11
S13 1.41 1.09 1243 153.1 69 16.1 179 83.10 515 690 558 6.90 50 7.50
SM1  1.61 1.26 1739 156.7 73 8.80 155 7640 7.59 740 8.02 7.50 35 6.00
SM2 1.19 134 1838 326.6 66 18.5 108 4790 509 820 7.15 133 42 10.6
SM3 121 095 50.4  48.36 63 11.60 128 69.29 296 4.04 3.08 4.14 39 8.23
SS1 048 033 228 20.37 70 14.40 136 79.65 337 262 3.63 3.03 30 6.40
SS2 0.27  0.26 5.2 8.91 77 9.64 235  101.84 1.13 1.00 221 440 28 9.20
SS3 032 029 1421 11.25 72 1520 141 81.43 245 211 351 515 31 8.15

*Observation trace length

**Estimation trace length using SVM models (This method will be explained later.)

sekok

Schmidt Hammer Rebound

4. Goodness-of-Fit (GOF) Tests

The GoF tests measure the compatibility of a
random sample with a theoretical probability
distribution function. In other words, these tests
show how well the selected distribution fits the
measured data. In this work, three GoF tests,
namely Kolmogorov-Smirnov test, Anderson-
Darling test, and Chi-Squared test, were used to
evaluate the probability distribution of the rock
joint geometry properties data obtained in nine
outcrops of three rock type surveys.

The Kolmogorov-Smirnov test is used to decide
if a sample comes from a hypothesized continuous
distribution. It is based on the Empirical
Cumulative  Distribution  Function (ECDF).
Assume a random sample X, ..., X, from some
distribution with CDF F(x). The empirical CDF is
denoted by Equation 1.

F (x)

n

= l.[Number of observation < x] 2)
n
The Kolmogorov-Smirnov statistic (D) is based
on the largest vertical difference between the
theoretical and empirical cumulative distribution
function, as shown in Equation 2.

D:max[F(x,.)—i;l,;—F(x,.)j 3)

1<i<n

The Anderson-Darling procedure is a general
test for comparing the fit of an observed
cumulative distribution function with an expected
cumulative distribution function. This test gives
more weight to the tails than the Kolmogorov-
Smirnov test. The Anderson-Darling statistic (A?)
is defined as Equation 3.
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A =-n— li@i ~DInF@x)+In(-F(x, . )] (4)

n i=n

The Chi-Squared test is used to determine if a

sample comes from a population with a specific

distribution. This test is applied to the binned data,

so the value of the test statistic depends on how the

data is binned. The Chi-Squared statistic is defined
as Equation 4.

2 _ & (O/ _Ez)z

X’ = ZiE ,

i

)

where O is the observed frequency for bin I, and
E; is the expected frequency calculated by Equation
5.

E =F(x,) = F(x),

(6)

where F(x) is the CDF of the probability
distribution being tested, and x; and x, are the
limits for bin I [94].

The hypothesis regarding the distributional form
is rejected at the chosen significance level (« ) if
the tests statistic, D, 4%, and x’ for Kolmogorov-
Smirnov test, Anderson-Darling test, and Chi-
Squared test, is greater than their obtained critical
value. The fixed values of a (0.01, 0.05, etc.) are
generally used to evaluate the null hypothesis (Ho)
at various significant levels. A value of 0.05 is
typically used for most applications. Therefore, the
0.05 value was used in this work.

The GoF tests statistics of the Kolmogorov-
Smirnov, Anderson-Darling, and Chi-Squared tests
of related probability distribution functions of each
joint geometry properties will be calculated. If each
value is smaller than its critical value, it is the best
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probability distribution function to represent that
joint geometry properties distribution function.
However, in order to recognize the influences of
each one of these three GoF tests together well, it
is essential to normalize the difference values of
critical and statistic values of each test within the
range [0 1]. This normalization was performed
using Equation 7.

critical <} statistic

Normalized value=

(7
critical

Xcriticaland and  Xstatistic are critical, and the
obtained statistics values. In order to minimize the
weaknesses and amplify the strength of these three
methods, we summed the results together. Then
three normalized values of the three GoF tests for
each distribution function are calculated.
Consequently, the distribution function with a
greater value is the best probability distribution
function for representing the joint geometry
properties.

5. Distribution function of rock joint geometry
properties

Since this work deals with the collection and use
of the joint geometrical properties, it is appropriate
to graphically show some of the terms relevant to
this topic. In this research work, due to the
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published reports of the previous researchers, the
GoF test statistics were calculated for the normal,
lognormal, gamma, exponential, power function,
and Weibull distribution functions separately.
Eventually, the best probability distribution
function to represent the joint geometry properties
is determined from the functional form's best fit to
collect the field data.

5.1. Joint spacing distribution function

The calculated GoF test statistics of
Kolmogorov-Smirnov, Anderson-Darling, and
Chi-Squared tests of spacing are shown in Table 3.
Also the comparison views of the summed up
normalized GoF test statistics values for joint
spacing of all surveyed exposures are shown in
Figure 3. According to the calculated GoF test
statistics, the lognormal distribution was found to
be the best probability distribution function for
representing a joint spacing distribution; the
probability density function for a lognormal
distribution is defined as Equation 8:

oo 1 1 1nx—,u2
f(X)_xO'mexpl: 2( o )}

In addition, Figure 4 to Figure 6 show three
samples of the obtained lognormal distribution of
joint spacing data.

®)
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Table 2. Test statistic of Kolmogorov-Smirnov, Anderson-Darling, and Chi-Squared tests of spacing.
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Test statistic The best
. . . probability
Site Lognormal Exponential Gamma Power Function distribution
D D. A A X X S D D. A A% x* X% S D D. A A X X% S D D. A A% X X% S function
+ ¥ o o o o o —~ ¥ <+ o T —= v v o »n o v T © . =~ »v o —~ = o
SI1 - 4 ® @©n o «® 9 g4 a4 = n G R N1 q o & wn < «© & a4 = < e Lognormal
S © S a -~ N & o o S a &6 N ~ & oo @~ a8 da &6 &8 0o S8 o wvwoA o= o~ g
®» o~ 2 2 9@ o B ¥ - a4 2 9 - © © &> =z 2 = ©v = ¥ &~ o 2 4 4 4
S12 < - ~ \n ~ I = — = &~ \n a — = = = < \n *® I N N = < N Lognormal
S S S A N 4 = 3 S 44 a 68 = S S I = a v = 4 o5 3 & o & Z& 2
© T v o Vv —~ & ©v T O o ¥ —~ ¥ w T o o =~ o &~ o T & o < o o
SI3 < o - e N ® 8 - i v x ® S A ~ v~ SO @ o v <2 Lognormal
S o S a ©o N &N 8 o S da ©o N A & & &8 o S v o d o o a da & @ 9wooo
+ <+ ®© © ®w =~ =~ o0 T © © ‘e o v —~ T = © = —= & — <+ $ o a —= o
SM1 — N < \n N % a - N Q \ < ) ] — N 0 ) < Q < N N ] g — 0 S Gamma
S © S da d N A~ S8 &8 &8 a4 &S v o~ &8 oo o da &6 N & o o 0~ 9da 9= 9~ T
N 2 v 2 o ¥ = ® 2 ¢ 2 ¥ Q@ v ® 2 © o » ¥ © = O ® O L 4
SM2 —= @ AN e 0 ®© - <« < w9 o < - o« \n 9 S TS T & Lognormal
S S S A S @€ & S S S A S v a8 o8 S a a4 B o408 S Y8 o & ZA 2
v o + o &~ ¥ I 0o o © o v T v ~ a4 @.n o o o 0w = o wv o & T oo
SM3 - @« 4 w©w »v «®© © —= «© & ¥ 5 % = — @6 = »n < & o <% o« N Lognormal
S S a A - S o a4 S = <~ S S ada d »W»vwown s S o < & 8 e g
2 2 v 2 9 9~ W ®» 2 9 2 Q@ = § Q@ 2 o 2 F = @« =2 o © O L 4
SS1 < N < \n Nl — N - N o \ ) o s < N N \n \ — N < N o ) Lognormal
S © S da =~ @~ & S S 0d a8 9w 0o~ T S S S a da = a4 &8 & = «a & Z Z
© = ® 2 v = = ® & Y 2 o = © % & 2 9 o = & o =~ ¥ o 4 4
SS2 =2 = - v 5 4 w 2~ = o »n »n I - 9 = Y v —= 2 & o = o \n Lognormal
S S S A S 4 &N S S S A 0w\m o= 408 3d S da 0&n = 4 05 S 8 o & ZA 2
© o v © @ —~ ¥ o0 T > © .o a4 o —~ >~ |\ o o —= 0 wv ©~ v o = < o
SS3 S N — g = — w, — N 0 g ! o O\. - - o 08! = — o 8] N ) g v ] = Lognormal
S S S aA - @~ & S S 0 S dad—=- N o= & S S A Ff = —~ S S & o o\ 7
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Figure 3. Comparison views of summed up normalized GoF test statistics values for joint spacing of all surveyed
exposures.
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Figure 6. Lognormal distribution of joint spacing of SS1 outcrops.

The result is correct since the rock mass is
considered soil if the existing joints are too close.
As seen in Figure 4 to Figure, the relative
frequency increased by reducing 6, the spacing
size. Still, the relative frequency was reduced too
by decreasing the spacing size from a specific
value. Since we are dealing with rock masses, the
relative frequency must be increasing until a
certain amount, which describes the lognormal
distribution function.

Aperture

2.50

2.00

1.50

1.00

0.50

Summed up normalized GOF tests
statistics

0.00 m—m—m———"—"7—

4.2. Joint aperture distribution function

The calculated GoF test statistics of
Kolmogorov-Smirnov, Anderson-Darling, and
Chi-Squared tests of aperture are shown in Table 4.
The comparison views of the summed up
normalized GoF test statistics values for a joint
aperture of all surveyed exposures are shown in
Figure 7. According to the calculated GoF test
statistics, the lognormal distribution was the best
probability distribution function for representing a
joint aperture, established in Equation 8. Also
Figure 8 to Figure 10 show three samples of the
obtained lognormal distribution function of the
joint aperture.

® Lognormal
® Exponential
1 Gamma

® Power Function

SI1  SI2 SI3 SM1 SM2 SM3 SS1 SS2 SS3

Surveyed Sites

Figure 7. Comparison views of summed up normalized GoF test statistics values for a joint aperture of all
surveyed exposures.
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Table 3. Test statistic of Kolmogorov-Smirnov, Anderson-Darling, and Chi-Squared tests of aperture.
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Figure 8. Lognormal distribution of joint aperture of SI1 outcrops.
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Figure 9. Lognormal distribution of joint aperture of SM3 outcrops.
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Figure 10. Lognormal distribution of joint aperture of SS1 outcrops.
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As explained in the description of the spacing, it
was concluded that the joint spacing must follow a
lognormal distribution function. A Large opening
must have a low frequency, and a small space must
have a high frequency. From the inherent nature of
the rock, masses can be concluded that by reducing
the size of the aperture, the relative frequency
increased. Still, from a specific value, the relative
frequency must be reduced by reducing the size of
the aperture. Since we study the rock mass in macro
de, if the opening is too s, mall, it cannot be seen as
opening in macro mode, and are not measured.
Therefore, the joint aperture must follow the
lognormal distribution function.

5.2. Joint orientation distribution function

The calculated GoF test statistics of
Kolmogorov-Smirnov, Anderson-Darling, and
Chi-Squared tests of dip and dip direction are
shown in Table 5 and Table 6. In addition, the
comparison views of summed up normalized GoF
test statistics values for joint orientation of all
surveyed exposures are shown in Figure 11 and
Figure 15. The surveyed sites except for the SM3,
SS1, and SS2 areas showed the best fit to the
Cauchy distribution function according to the
calculated GoOF test statistics, and it was also found
that the Cauchy distribution function was the best
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probability distribution function to represent the
joint dip direction of igneous rocks whose
probability density function is defined as Equation
9.

{2

where o is the continuous scale parameter (o > 0)
and u is the continuous location parameter [95].
Also the Burr distribution functions are the best
probability distribution functions to represent the
joint dip direction of sedimentary and metamorphic
rocks whose probability density function is defined
as Equation 10:

)

JS(x) = (10)

X

'B[H[ﬂ
where k and a are the continuous shape parameter
(k and a > 0), and B is the continuous scale
parameter (3 > 0) [95]. Figure 12, Figure 13, and
Figure 14 show three samples of the obtained
Cauchy distribution function of joint dip. In
addition, Figure 16, Figure 17, and Figure 18 show

three samples of the obtained Cauchy and Burr
distribution function of dip direction.

® Normal
m Cauchy
Pert

® Power Function

L e—————— e ———— e ————

SI1 SI2  SI3 SMlI

SM2 SM3

Surveyed Sites

Figure 11. Comparison views of summed up normalized GoF test statistics values for a joint dip of all surveyed
exposures.

SS1 SS2  SS3
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Table 4. Test statistic of Kolmogorov-Smirnov, Anderson-Darling, and Chi-Squared tests of dip.
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Table 5. Test statistic of Kolmogorov-Smirnov, Anderson-Darling, and Chi-Squared tests of dip direction.
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Figure 12. Cauchy distribution of joint dip angle of SI1 outcrops.
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Figure 13. Cauchy distribution of joint dip angle of SM1 outcrops.
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Figure 14. Cauchy distribution of joint dip angle of SS2 outcrops.
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Figure 15. Comparison views of summed up normalized GoF test statistics values for joint dip direction of all
surveyed exposures.
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Figure 18. Burr distribution of joint dip direction of SS1 outcrops.

5.3. Joint trace length distribution function

The calculated GoF test statistics of the
Kolmogorov-Smirnov, Anderson-Darling, and
Chi-Squared tests of observed trace length and
estimated trace length by SVM are shown in Table
7. By comparing the GoF test statistic values for
the obtained trace length in all sites, it is essential
to determine which GoF test statistic value of
estimated trace length by SVM is smaller than the
observed trace length for the lognormal
distribution function. The comparison of these
results shows that if most of the existing joints in
the exposure are obscured, the distributions will
not be determined from the best fit of a functional

form to the observed, collected field data. This
clearly shows that it is essential to consider the
trace length prediction by the learning models such
as SVM when estimating the actual trace length
distribution function. The comparison views of
summed up normalized GoF test statistics values
for joint trace length of all surveyed exposures are
shown in Figure 19 and Figure 20.

According to the calculated GOF test statistics,
the lognormal distribution was the best probability
distribution to represent a joint trace length
distribution, shown in Equation 8. Also Figure 21,
Figure 22, and Figure 23 show three samples of the
obtained lognormal distribution of estimated joint
trace length by the SVM model.

Trace Length(obs)
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Figure 19. Comparison views of summed up normalized GoF test statistics values for joint trace length (obs) of
all surveyed exposures.
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Table 6. Test statistic of Kolmogorov-Smirnov, Anderson-Darling, and Chi-Squared tests of observation trace length.
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Table 7. Test statistic of Kolmogorov-Smirnov, Anderson-Darling, and Chi-Squared tests of estimated trace length by SVM.
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Figure 20. Comparison views of summed up normalized GoF test statistics values for joint trace length (SVM) of
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As mentioned earlier, it was concluded that the
joints' spacing and aperture due to their inherent
nature must follow a lognormal distribution
function. Similar to the spacing and aperture of
joints, it is clear that a considerable trace length of
joints must have a low frequency, and a small trace
length must have a high frequency. Also from the
inherent nature of the rock masses, it could be
concluded that by reducing the size of trace length,
the relative frequency increased. Still, the relative
frequency must be reduced from a specific value by
reducing the size of the trace length. Since we study
the rock mass in the macro mode, if the trace length
is too small, it cannot be seen as a trace length in
the macro mode, and they are not measured.
Therefore, similar to the spacing and aperture, the
joint trace length must follow a lognormal
distribution function.

6. Conclusions

Since the properties of the joints typically vary
over a wide range, their nature of random
characteristics is required to be appropriately
described in the preliminary design investigations.
Therefore, due to the existence of vast areas of the
potential application of probabilistic methods in
geo-sciences, the natural phenomena occur with
such a variation that a stochastic rather than a
deterministic system definition is more realistic.
However, it is possible to consider the full range of
data concerning the specific random characteristics
in a stochastic estimation. This can be easily
achieved with the probability distributions, which
give both the range of values that the variable could
take and the relative frequency of each value within
the range.

Due to the inherent statistical nature of the joint
properties, its geometry should be characterized
statistically. The joints have short lengths but are
many, and have not been displaced previously.
Henceforth, in this work, efforts have been made in
order to determine the probability distribution
function of the rock joint geometry properties.
Thus for this purpose, a scanline sampling was
surveyed on the rock exposures, and the joint
geometry properties (spacing, aperture, orientation
(dip and dip direction), roughness, Schmidt
rebound of the joint’s wall, type of joint
termination, joint trace lengths in both sides of the
scanline and joint sets) was measured. The
Goodness-of-Fit (GoF) tests were applied on the
joint geometry properties data obtained in nine
outcrops of three rock-type surveys. The GoF test
statistics of the Kolmogorov-Smirnov, Anderson-
Darling, and Chi-Squared tests of the related
probability distribution functions of each joint
geometry properties were calculated. In order to
minimize the weaknesses and amplify the strength
of these three methods, we summed the results
together. Then three normalized values of the three
GoF tests for each distribution function were
added. Consequently, the distribution function with
a greater value is the best probability distribution
function for representing the joint geometry
properties. According to the conducted analyses,
the main conclusions of this work are as follow:

i. It could be concluded that the GoF tests satisfied
the compatibility of the obtained joint aperture,
spacing, and trace length data with a theoretical
lognormal probability distribution.

ii.  If most of the existing joints in the exposure are
obscured, the observed mean trace length will not
be a good indicator of the mean trace length of
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the joints, and the distributions will not be
determined from the best fit of a functional form
the observed, collected field data.

iii.  Thesurveyed sites except for SM3, SS1, and SS2
showed the best fit to the Cauchy distribution
function to represent the joint dip distribution
function. The Cauchy distribution function is the
best probability distribution function to represent
the joint dip direction of igneous rocks. The Burr
distribution functions are the best probability
distribution function to define the joint dip
direction of sedimentary metamorphic rocks.
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