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Abstract

:

This paper provides a review of the present status of the topic dealt with. The contact and non-contact methods used for rock joint roughness measurement are summarized including their salient features, advantages, and disadvantages. A critical review is given of the empirical, statistical, and fractal-based methods used for rock joint roughness quantification identifying their salient features, shortcomings, and strong attributes. The surface topography of rough rock joints is highly erratic. Fractional geometry is better suited than Euclidean geometry in representing highly erratic rock joint surfaces. The influence of non-stationarity on accurate quantification of roughness is discussed. The existence of heterogeneity of natural rock joint roughness and its effect on computed roughness parameters are well illustrated. The controversial findings that have been appearing in the literature on roughness scale effects during the last 40 years have resulted from neglecting the effect of roughness heterogeneity on scale effects. The roughness heterogeneity controls the rock joint roughness scale effect, and it can be either negative, positive, or no scale effect depending on the type and level of the roughness heterogeneity of the rock joint surface. The importance of consideration of the existence of possible anisotropy in the quantification of roughness is well illustrated. The indices available to quantify the level of anisotropy are given. Effects of sampling interval and measurement resolution on the accurate quantification of roughness are discussed. A comparison of results obtained by using different quantification methods is discussed. A few recommendations are given for future research to address the shortcomings that exist on the topic dealt with in the paper.
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1. Introduction


Rock joint roughness controls the mechanical properties of rock joints [1,2,3]. Hydraulic properties of rock joints depend on the aperture distribution between the two rough surfaces of the joints [4,5]. The hydro-mechanical behavior of rock joints depends on both the joint roughness and aperture distribution. Therefore, a reliable estimation of mechanical, hydraulic, and hydro-mechanical properties of rock joints requires accurate quantification of joint roughness. Most of the rock masses consist of intact rock and discontinuities such as joints, bedding planes, and faults. Therefore, a reliable estimation of rock mass mechanical and hydraulic properties depends very much on the accurate estimation of rock joint mechanical and hydraulic properties.



The methods available to measure rock joint roughness can be categorized broadly into contact [6,7,8,9,10,11,12,13] and non-contact [3,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28] methods. These measurement methods are summarized in this paper including their salient features, advantages, and disadvantages.



The surface topography of rough rock joints is highly erratic. Therefore, it is difficult to represent rough rock joint surfaces accurately using Euclidean geometry even though it has been used extensively in the rock mechanics/engineering geology literature. The statistical parameters used in the literature for rock joint roughness quantification [8,20,21,29,30,31,32,33,34,35,36] belong to the Euclidean geometry category. Fractional geometry [30,37,38] is better suited than Euclidean geometry in the representation of highly erratic rock joint surfaces. However, because it is more complex than Euclidean geometry, it has been used only by a few researchers in representing rough rock joint surfaces. The fractal-based parameters used for roughness quantification in the literature [17,18,24,39,40,41,42,43,44] belong to the fractional geometry category.



The third category of methods used for roughness quantification is the empirical method. The main metric under the empirical methods is known as the JRC (Joint Roughness Coefficient). The JRC neither belongs to the category of Euclidean geometry nor belongs to fractional geometry. The JRC is usually estimated by comparing a rough surface with Barton’s published ten standard profiles [45]. That means the procedure is visual and highly subjective and can provide results of high variability for the same rough joint. However, credit should be given for developing the JRC as the first roughness parameter. It may be used as a preliminary index of rock joint roughness. However, accurate quantification of roughness through JRC is highly questionable [3,8,15,46,47,48].



The roughness of most of the rock joint surfaces exhibits non-stationarities and significant heterogeneity. However, the majority of the research results appearing in the literature have not considered at all the effects of non-stationarities and heterogeneity in the quantification of rough rock joint surfaces. The aforementioned shortcomings have led to reporting controversial findings on the scale effects of rock joint roughness (roughness properties changing with the joint size) in the rock mechanics/engineering geology literature. The existence of non-stationarities and heterogeneity also leads to the presence of anisotropy of rock joint roughness. The type and level of roughness anisotropy seem to have a relation to the way the rock joints are formed. It is interesting to investigate this aspect. Perfectly smooth horizontal rock joint surfaces have no non-stationarities and heterogeneity. Such surfaces are homogeneous and should exhibit no scale effects and anisotropy. In the presence of non-stationarities and heterogeneity of rough rock joint surfaces, intuitively the values of the quantified roughness metrics should change according to the used measurement resolution and used sampling interval in the quantification procedure. Such results unfortunately appear in the literature. That means for each roughness metric the quantified value is not unique for the same rough surface. This is not a desirable feature. It seems that the variability level of roughness metrics depends on the type of metric. It is important to investigate the effect of the used sampling interval on the variability of each roughness metric.



This paper aims to provide a critical review of the current status of the aspects mentioned in the above paragraphs. A comparison of results obtained by using different quantification methods is discussed. A few recommendations are given for future research to address the shortcomings that exist on the topic dealt with in the paper.




2. Rock Joint Roughness Measurement Techniques


Roughness measurement techniques can be placed in two groups (contact and non-contact methods) depending on whether or not there is actual contact between a profiler and a surface to be measured or between the measuring equipment and the surface of interest.



2.1. Contact Methods


As the name implies, contact methods require real contact with the joint surface to take measurements. Such methods include the linear profiling method [6], straight edges and rulers [49], the compass and disc clinometer method [6], the shadow profilometry method [8], the tangent plane (equilateral tripod) sampling and pin sampling technique [10,50], needle profilometer [48], and mechanical or electronic stylus profilometry [7,9,11,12,51]. The use of traditional contact methods for surface measurements is time-demanding [24]. Additionally, because they normally are unable to capture minute elements of a roughness surface at such small intervals (typically less than 0.5 mm), they are typically not appropriate for roughness measurements of surfaces.




2.2. Non Contact Methods


As opposed to contact methods, non-contact methods do not require physical contact with a rough surface to obtain measurements. They are very accurate compared to contact methods and are generally capable of capturing tiny details (micro-features) on a joint surface at high resolutions. Non-contact methods include laser profilometry [3,17,18,20,25]; structured light techniques, for instance, laser scanning [23,24,36] and stereo topometric cameras [21,27,52]; and close-range photogrammetry [53,54].





3. Rock Joint Roughness Quantification Methods


Roughness is typically quantified using three approaches: empirical, statistical, and fractal. In this section, the aforementioned methods are covered.



3.1. Empirical Methods


Barton and Choubey [45] proposed the Joint Roughness Coefficient (JRC) for quantifying joint roughness. It is fundamental to the Barton–Bandis shear strength criterion [45]. Ten well-known standard profiles were provided by Barton and Choubey [45] for estimating JRC. Moreover, images of ten rock specimens corresponding to the JRC ranges were made available by Barton [55]. JRC has been accepted by the International Society of Rock Mechanics [56] and widely used for estimating roughness over the years. Bandis et al. [2] investigated scale effects associated with rock joint shear behaviour. In the study, JRC was found to decrease with the increasing length of joints. Recognizing the need to account for this negative scale effect associated with JRC, Barton et al. [4] put forward a correction factor for JRC.



The challenges associated with JRC are well documented [3,8,46,48,57,58,59,60]. Alameda-Hernández et al. [48], for instance, demonstrated the subjectivity of obtaining JRC through visual inspection by asking 90 respondents (students and academics in the field of rock mechanics) familiar with Barton’s profiles to assign JRC values to 12 profiles; as expected, for each profile a wide range of JRC values was obtained.




3.2. Statistical Methods


Various 2-D and 3-D statistical metrics have been suggested over the years for quantifying joint roughness (see Table 1). These roughness metrics are defined based on the general features of joint profiles or surfaces. Figure 1 [3,61] illustrates the basic elements of a joint profile that form the basis of defining statistical parameters.



In Figure 1,    z i    is the height of a roughness profile at    x i   ;   Δ x   is the distance between    x  i + 1     and    x i   ; L is the profile length; n is the number of measurements on the profile.



Statistical parameters fall into three categories: amplitude-based parameters, slope-based parameters, and combined slope and amplitude-based parameters. The various statistical parameters and their formulae are shown in Table 2.



3.2.1. Amplitude-Based Roughness Parameters


Amplitude-based parameters are measures of the amplitude of a roughness profile. Examples include MSV [33], RMS [29,33], and CLA [33]. Based on the idea that the distribution of asperity heights of a joint profile could be regarded as a random occurrence, Tse and Cruden [33] defined MSV by Equation (1). RMS (see Equation (2)) is similar to MSV and can be obtained by taking the square root of MSV. CLA, like MSV and RMS, estimates the mean deviation of asperity heights and is defined by Equation (3).




3.2.2. Slope-Based Roughness Parameters


Slope-based parameters are measures of either the slope or spatial variation of the roughness profile or roughness surface. Examples include θP [20], Z2 [29,33,34], Z3 [29,33], SD θP [34], and Z4 [29,33]. θP is calculated based on the mean of both positive and negative slopes of a joint profile according to Equation (4). Belem et al. [20] defined two other parameters, (θP+ and θP−) which are similar to θP. θP+ is calculated based on the mean of positive slopes using Equation (5) while θP− is calculated based on the mean of positive slopes using Equation (6). θP+ and θP− are illustrated in Figure 2. The 3-D version of θP (θs) is obtained using Equation (7). Note that in Equation (7),    α k    denotes the true dip angle of the three-dimensional plane of each elementary triangle that constitutes the discontinuity surface.



Z2 (RMS of the slope) is arguably the most widely used statistical parameter because of its strong correlation with JRC; it is calculated using Equation (8). Modified versions of Z2 have been developed and used to quantify roughness in the literature. Kulatilake et al. [3], for example, used an improved version of Z2 referred to as Z’2 to estimate roughness. Another modified version of Z2 (Z’2) was suggested by Zhang et al. [63]. The 3-D version of Z2 is Z2S which is a measure of the slope in the diagonal direction of a surface.



Another widely used parameter, SF, is approximately the square of Z2 and can be calculated using Equation (9). Z3 is the RMS of the second derivative of the slope and is obtained using Equation (10).



The parameter Z4 is unique in that unlike Z2 and Z3, it is not a derivative of the slope. It is based on the actual distance of positive and negative inclinations along a joint profile. Z4 is defined by Equation (11). Z4 is not a good parameter for estimating joint roughness. Taking a saw-toothed rock joint into consideration, distances over which the slope is positive and over which the slope is negative will even out resulting in a Z4 value of zero. This clearly shows the inability of Z4 to accurately quantify roughness.



The parameter SD θP expresses the variability of the mean inclination angle of the profile (θP) or, the variability of the mean positive or negative inclination angles of the profile (θP+, θP−), respectively. SD θP can be obtained using Equation (12).



It is noteworthy that Mo and Li [64] conducted a study in which they reviewed 3-D joint roughness parameters and used a number of them to quantify joint roughness and to estimate JRC; the authors found slope parameters to be better quantifiers of roughness compared to amplitude parameters. This observation aligns with that of Ankah et al. [65] who found that the RMS (amplitude) parameter is not a reliable parameter for estimating the roughness of a joint surface. Note that all the slope and/or slope and amplitude parameters used in Ankah et al. [65] produced consistent results.




3.2.3. Amplitude and Slope-Based Roughness Parameters


This category of parameters includes measures of both the amplitude and slope of a profile or rough surface. Examples include Rp [8,30,34], RS [20,62], TS [20], and the metric θ*Max/[C + 1] [36].



The parameter Rp has been widely used in the literature [36,48,51,66]. It is defined as the ratio of the actual length of a roughness profile (Lt) to its projected length on the horizontal surface (Ln). Rp values range in increasing roughness from 1 to 2 for rock joint surfaces. It is calculated using Equation (13). The 3-D equivalent of Rp is Rs which is defined as the ratio of the actual area of a rough surface to its projected area on the horizontal surface; it can be obtained using Equation (14). The actual area of the joint surface (At) can be gotten by quadrangulation (wireframe) or by triangulation (for example Delaunay) while the nominal area (An) can be directly calculated. Similar to Rp, Rs ranges in value from 1 to 2. An Rs value of 1 implies that the joint surface is completely flat and smooth [20]. In effect, the closer the Rs value is to 1, the smoother the joint surface is, and the closer it is to the mean plane and vice versa. The relative advantage Rp (directional metric) holds over Rs (surface metric) is that it is suitable for investigating anisotropy while Rs is not. Three other roughness parameters derived from Rs are the specific roughness surface (SRs), the degree of relative surface roughness (DRr), and the degree of surface roughness degradation (Dw) [67]. SRs was suggested for estimating the evolution of the joint surface as shearing progresses. It ranges in increasing surface roughness from zero to one. DRw, defined as the ratio of SRs to Rs, estimates the potential evolution of the joint surface roughness from the very first state of the surface. Dw, on the other hand, is a measure of the extent to which surface roughness is degraded as a result of shearing.



The statistical parameter Ts is defined as the ratio of the actual area of the joint surface (At) to the area of the surface formed by the four outermost points on the joint surface (Ap). It can be obtained from Equation (15a). Ts is related to Rs by Equations (14) and (15). The ranges of Ts and   cos ϕ   are   0 < T s ≤ R s   and   0 < cos ϕ ≤ 1 ,     respectively.   cos ϕ   can be obtained by fitting a mean plane to the four outermost points on the joint surface through least square regression. When the value of Ts equals 1, Rs is either greater than 1, in which case the surface is rough or both Rs and   cos ϕ   values are 1 implying that the joint surface is completely smooth and flat [20].



Grasselli et al. [21] proposed a 3-D parameter, θ*Max/C, for quantifying anisotropic roughness. According to the study, the parameter was premised on the theory that during shearing, contact only occurs on the triangular elements which are parallel to or face the shear direction. The parameter was therefore designed such that at specific threshold values (inclinations), potential damage zones will be those areas with triangular elements inclined steeper than the threshold value; triangular elements whose inclinations are of the same value as the threshold will only be in contact with no damage. The parameter, therefore, relies on apparent dip angles (θ*), potential contact areas (Aθ*), and a fitting parameter (C). In 2009, θ*Max/C was modified into θ*Max/[C + 1]3D [52] to avoid a situation where C has a value of zero and the parameter value becomes undefined (see Equation (16)). Tatone and Grasselli [52] provided an elaborate procedure for quantifying 3-D roughness using θ*Max/[C + 1]3D. For an explanation of the computational procedure, the reader is also referred to Ankah et al. [65]. In 2010, Tatone and Grasselli [35] developed a 2-D version of the aforesaid metric.



It is interesting to note that Liu et al. [68] claimed that θ*Max/[C + 1]3D might not accurately estimate roughness; according to their paper, when they used the roughness indices reported by Grasselli [69], based on θ*Max/[C + 1]3D, to calculate peak shear strengths and JRC, they got results which seemed to show that θ*Max/[C + 1]3D might not have accurately quantified roughness. They, therefore, suggested modifications to θ*Max/[C + 1]3D.




3.2.4. Relations between JRC and Statistical Parameters


In light of the many challenges associated with the original JRC, some researchers have attempted to remedy this situation by resorting to the use of statistical parameters to quantify the roughness of joint surfaces. Some researchers have also sought to find objective and better ways of estimating JRC; such studies usually involved the use of statistical parameters. In this context, many empirical relations have been documented in the literature relating JRC to the same statistical parameters. Li and Zhang [70] for instance, listed as many as forty-seven different empirical relations relating JRC to various statistical parameters in the literature; a majority (19) of these relations were between JRC and Z2. It is interesting to note that Li and Zhang [70] suggested fifteen new empirical relations in their work. Thus, there are 62 empirical relations in all that relate JRC to statistical parameters in the aforementioned study alone. Some of these empirical relations relating JRC to statistical parameters are shown in Table 3. This places researchers in a difficult position as they are unable to objectively ascertain which of these relations is appropriate for accurately quantifying joint roughness. Jang et al. [61] attested to this by reporting that they obtained varying JRC values when they used some of the empirical relations available in the literature to estimate JRC. Another major drawback of most of these empirical relations is they do not satisfy the condition of JRC = 0 for a smooth joint. As an example, Z2 should be zero for a smooth joint. When Z2 equals zero is substituted for empirical relations 1 through 8 they do not produce JRC equals zero. Similar shortcomings exist with empirical relations 10 through 19. That means the reliability of these empirical relations is highly questionable.





3.3. Fractals-Based Methods


Two types of fractals exist: (a) self-similar and (b) self-affine. The statistical properties of self-similar fractals do not change by various magnifications of viewing. In other words, the self-similar fractals provide scale-invariant values. To preserve statistical similarity, the self-affine fractals need to be scaled differently in different directions. Russ [38] stated that a section taken at any orientation other than parallel to the mean surface orientation would result in a self-affine object. Therefore, it is incorrect to consider natural rock joint profiles to be self-similar as treated by some investigators in the literature. Rock joint profiles should be treated as self-affine profiles. Self-similar techniques such as the original divider and original box-counting [37] methods provide accurate results only for self-similar objects. These techniques have produced erroneous fractal dimension values by applying those to self-affine rock joint profiles. Such erroneous results even appear in rock mechanics/engineering geology journals. The reasons for these erroneous results are explained in detail by Kulatilake et al. [17]. The original divider method has been modified to obtain correct fractal dimension values for self-affine profiles. This modified method is known as the modified two-dimensional (2D) divider method [73]. Kulatilake et al. [17] extended this modified 2D divider method to three dimensions (3D) and calculated the fractal dimension as well as another fractal parameter which is a measure of the amplitude of roughness for a few natural rock joint surfaces. For details of the calculation procedure, the reader is referred to Kulatilake et al. [17] or Ankah et al. [43]. This modified 3D divider method has been further applied in computing accurate fractal parameter values for several natural rock joint surfaces [24,43].



The variogram [74], spectral [75], and roughness length [76] methods have been identified as potential methods to quantify self-affine fractals. These three methods, which are based on self-affine fractals, have been used to quantify rock joint roughness [3,7,14,17,18,24,25,39,41,42,43,77,78,79,80]. To compute fractal parameters, each of these three methods uses an input parameter in a range of scales rather than one value. On the other hand, all the statistical parameters just use one input parameter value in quantifying rock joint roughness. Unfortunately, the results differ significantly based on the values used for the input parameter. Therefore, unique results are not possible through the use of statistical parameters. For fractal parameters too, the computed values may change based on the ranges of scales used for the input parameters; however, within each range of scale, the computed values are the same. Therefore, the changes resulting from using fractal parameters are much less compared to the changes resulting from using statistical parameters when the results are compared within the same range of scales for the two types of methods. Therefore, the roughness quantification results obtained through the self-affine techniques are superior to those obtained through statistical parameters.



In using fractal methods, some researchers have computed only the fractal dimension. A few researchers [14,39,41,42,46,77,81] have shown clearly that the fractal dimension itself is not sufficient to quantify rock joint roughness. Only the spatial variation of a profile is captured by the fractal dimension. In addition to the fractal dimension, another parameter is needed to capture the amplitude of a roughness profile [3]. Note that all the aforementioned self-affine techniques can compute the fractal dimension and another fractal parameter which is a measure of the amplitude of the roughness profile.



The fractal parameters computed by the aforementioned self-affine techniques may depend significantly on the input parameter values used in those methods as well as on the profile parameters such as the stationary/non-stationary nature of the profile, data density of the profile (the number of data per unit length), and profile length. After performing extensive investigations on the effect of input parameter values and profile parameter values on the computed fractal parameters, refined procedures have been suggested in the literature to quantify natural rock joint roughness accurately through the spectral [39], variogram [41], and roughness length [42] methods. These papers indicate that the input parameter values need to be chosen in a narrow range to obtain accurate fractal parameter estimates. That means accurate quantification of rock joint roughness using self-affine methods is not a trivial exercise. Some researchers have applied self-affine techniques without following these guidelines. Those have ended up with controversial findings. The suggested range of scale for each self-affine technique may have a connection to the self-similar scale of the rock joint profile or the surface. By using such a range of scale a possibility exists to obtain just one set of fractal parameter values using each of the self-affine techniques rather than ending up with a different set of results using different ranges of scale. For details of the calculation procedures for the roughness length method, the reader is referred to Kulatilake et al. [81] or Ankah et al. [43]. For details of the calculation procedures for the variogram method, the reader is referred to Kulatilake et al. [17] or Ankah et al. [43]. Several example applications of the said refined procedures of self-affine techniques to natural rough rock joints can be found in [17,80], Ge et al. [24], and Ankah et al. [43].





4. Effect of Non-Stationarity on Computed Roughness Parameters


The profiles that satisfy the following properties are known as second-order stationary profiles: (a) the mean surface height is a constant irrespective of the spatial location; (b) the variance of the surface height around the mean surface is a constant irrespective of the spatial location; (c) the covariance function of the surface height depends only on the lag distance irrespective of the spatial location. The profiles that do not satisfy at least one of the above three criteria are termed non-stationary profiles. Both stationary and non-stationary features exist on rock joint surfaces [3,17,24,36,43,65,80,82,83]. In the literature, little attention has been given to investigating the effect of non-stationarity on computed roughness parameters. At the lowest level, the non-stationarity arises due to the presence of an inclination or a declination of a rock joint roughness profile. Kulatilake et al. [3] incorporated the effect of non-stationary and stationary components in roughness in developing an anisotropic peak shear strength criterion for rough rock joints. The non-stationary roughness was represented by the average inclination angle along the direction of roughness measurement. The stationary roughness was quantified using two fractal parameters. Ge et al. [84] have observed the non-stationary effect to increase with the inclination angle. To make computed stationary roughness parameter results more reliable, it is necessary to remove the non-stationary features of rock joint profiles [36,81,83].



Recently, Kulatilake et al. [80] and Ankah et al. [43,65] performed a large number of roughness computations on a 1 m square rock joint to investigate the effect of non-stationarity on computed roughness parameters. The used rock joint surface is shown in Figure 3. Figure 3b shows the highly erratic nature and the roughness heterogeneity of the rough rock joint surface. The roughness computations have been performed using statistical parameters on raw roughness data as well as on residual roughness data after removing the first-order non-stationary features using regression analysis. The amplitude roughness parameters such as the mean square value (MSV) and root mean square (RMS) value have exhibited significant sensitivity to the presence of first-order non-stationary features. That means it indicated that the removal of non-stationary features is needed to obtain correct results in using amplitude roughness parameters. Slope-related roughness parameters such as the θP, θP−, θP+, θS, I, and θA automatically remove the linear trend or the first-order non-stationarity. Therefore, theoretically, the accuracy of slope-related roughness parameters should not be affected by the presence of a linear trend in the roughness profile. The numerator of the RP parameter is a length measurement along the roughness profile. The denominator of the RP parameter is the horizontal length of the roughness profile. Both these components are not affected by the presence of a non-stationary feature in the roughness profile. Therefore, the RP parameter is not affected by the presence of a non-stationary feature in the roughness profile. By the same token, the modified 2D divider fractal parameters should not be affected by the presence of a non-stationary feature of the roughness profile. The numerator of the RS parameter is an area measurement along the rough surface. The denominator of the RS parameter is the horizontal area of the rough surface. Both these components are not affected by the presence of a non-stationary feature on the rough surface. Therefore, the RS parameter is not affected by the presence of a non-stationary feature in the rough surface. By the same token, the modified 3D divider fractal parameters should not be affected by the presence of a non-stationary feature of the rough surface. Tatone and Grasselli’s 2D roughness parameter [35] is a combined measure of the slope and the actual length of the roughness profile. Tatone and Grasselli’s 3D roughness parameter [36] is a combined measure of the slope and the actual area of the rough surface. Therefore, both these parameters should not get affected by the presence of a linear trend of the rough surface. Variogram and roughness length methods automatically remove the first-order non-stationary roughness. Therefore, the fractal parameters obtained through the variogram and roughness length methods do not get affected by the presence of first-order non-stationary roughness. The results of Kulatilake et al. [80] and Ankah et al. [43,65] have confirmed the aforementioned statements made through intuition. However, it is not possible to say how some of the aforementioned parameters respond to the presence of a second-order non-stationarity feature.




5. Effect of Heterogeneity on Computed Roughness Parameters


In roughness quantification, almost no attention has been paid to investigating roughness heterogeneity until very recently. Statements made on scale effects without giving proper consideration for roughness heterogeneity have led to controversial conclusions in the literature for nearly 40 years. That will be addressed in Section 6. This section is focused on showing the existence of roughness heterogeneity of rock joints and its effect on computed roughness parameters.



Recently, Ankah et al. [65] have performed a large number of roughness computations on a 1 m square rock joint to investigate the effect of roughness heterogeneity on several statistical 2D and 3D roughness parameters.



In the investigation of 2D statistical roughness parameters, computations have been conducted on roughness profiles selected in two perpendicular directions, X and Y (on Z-X profiles and Z-Y profiles). For 2D statistical parameters, a part of the obtained results are given in Table 4 and Table 5, respectively, for the following two sets: (a) eight cases of one hundred and one 125 mm Z-Y profiles (0–125 mm, 125–250 mm, 250–375 mm, 375–500 mm, 500–625 mm, 625–750 mm, 750–875 mm, and 875–1000 mm sections) spaced at 10 mm in the X direction; (b) eight cases of fifty-one 125 mm Z-X profiles (0–125 mm, 125–250 mm, 250–375 mm, 375–500 mm, 500–625 mm, 625–750 mm, 750–875 mm, and 875–1000 mm sections) spaced at 20 mm in the Y direction. A comparison of the results between Table 4 and Table 5 shows that the level of roughness and heterogeneity of the Z-Y profiles is higher than that of the Z-X profiles. For 125 mm Z-Y profiles, the highest and the second-highest values for the statistical parameters appear for the 750–875 mm and 875–1000 mm sections, respectively. The values obtained for the aforementioned roughness parameters for those two sections are significantly higher than that given for the rest of the 125 mm sections for Z-Y profiles. Therefore, the aforementioned observations imply that irrespective of the X values, the 0–750 mm section in the Y direction may be considered relatively homogeneous out of the whole rock joint.



In the investigation of the effect of heterogeneity on 3D statistical roughness parameters, Ankah et al. [65] have performed roughness computations on three sizes of square surface areas of the aforementioned 1 m square rock joint as follows: (a) sixty-four 125 mm square surfaces, (b) sixteen 250 mm square surfaces, and (c) four 500 mm square surfaces. Two 3D statistical parameters have been used to study the effect of heterogeneity: (a) θS and (b) θ*max/[C+1]3D. The roughness index θ*max/[C+1]3D is a directional roughness parameter. Therefore, it has been computed along the two perpendicular directions X and Y. The obtained results for the two 3D statistical parameters for the sixty-four 125 mm square surfaces are depicted in Figure 4 to show the effect of heterogeneity. The effect of roughness heterogeneity is clearly shown in Figure 4 for both 3D statistical roughness parameters. For θS and (b) θ*max/[C+1]3D-Y direction, the maximum values have occurred on the surface with X between 625 and 750 mm, and Y between 875 and 1000 mm. For θ*max/[C+1]3D-X direction, the maximum value has occurred on the surface with X between 625 and 750 mm, and Y between 625 and 750 mm. For the roughness parameter θ*max/[C+1]3D, the value as well as the variability in the Y-direction is significantly higher compared to that in the X-direction (compare the scales in Figure 4b,c). As for the 2D statistical roughness parameters, the values obtained for the 3D statistical roughness parameters for the two sections 750–875 mm and 875–1000 mm are significantly higher than that given for the rest of the 125 mm sections in the Y direction. Therefore, the aforementioned observations imply that irrespective of the X values, the 0–750 mm section in the Y direction may be considered relatively homogeneous out of the whole rock joint.



Recently, Kulatilake et al. [80] have performed a large number of roughness computations on the same 1 m square rock joint to investigate the effect of roughness heterogeneity on 2D fractal roughness parameters based on the variogram method. Similar computations have been performed by Ankah et al. [43] on the same rock joint to investigate the effect of roughness heterogeneity on 2D fractal roughness parameters based on the roughness length method. These computations have been conducted on roughness profiles selected in two perpendicular directions X and Y (Z-X profiles and Z-Y profiles). A part of the obtained results for the variogram method is given in Table 6.



It can be seen that the DV × KV (the product between DV and KV) values obtained for the Z-Y profiles are much higher than that obtained for the Z-X profiles. That indicates higher roughness in the Y direction compared to that in the X direction. Moreover, the DV × KV value obtained for the Z-Y profiles in the 750–1000 mm section is much higher than that obtained for other sections of the Z-Y profiles. This indicates that the 750–1000 mm section is much rougher compared to the 0–750 mm section in the Y direction. Table 7 shows a part of the results obtained for the roughness length method. It can be seen that the DRL × A (the product between DRL and A) values obtained for the Z-Y profiles are much higher than that obtained for the Z-X profiles. That indicates higher roughness in the Y direction compared to that in the X direction. Moreover, the DRL × A value obtained for the Z-Y profiles in the 750–1000 mm section is much higher than that obtained for other sections of the Z-Y profiles. This indicates that the 750–1000 mm section is much rougher compared to the 0–750 mm section in the Y direction. Therefore, the aforementioned observations imply that irrespective of the X values, the 0–750 mm section in the Y direction may be considered relatively homogeneous out of the whole rock joint.



The effect of heterogeneity on 3D fractal roughness parameters has been investigated by Ankah et al. [43] by performing roughness computations using the 3D modified divider method on three sizes of square surface areas of the same 1 m square rock joint as follows: (a) sixty-four 125 mm square surfaces, (b) sixteen 250 mm square surfaces, and (c) four 500 mm square surfaces. The obtained results for the 3D modified divider method for the sixty-four 125 mm square surfaces are given in Figure 5 to show the effect of heterogeneity. The effect of roughness heterogeneity is clearly shown in Figure 5 for the surface fractal dimension DS varying between 2.081 and 2.201. Figure 5 shows that the surface with X(375–500 mm) and Y(875–1000 mm), and the surface with X(750–875 mm) and Y(750–875 mm) with DS values ranging between 2.181 and 2.201 are the roughest regions of the 125 mm square surfaces. The results obtained for DS seem to agree with the results obtained for 2D fractal parameters. In addition, DS results show that the joint surface is heterogeneous with the Y(750–1000 mm) section being significantly rougher than all other sections of the joint surface, irrespective of the X values. In other words, it implies that irrespective of the X values, the 0–750 mm section in the Y direction may be considered relatively homogeneous out of the whole rock joint.




6. Effect of Joint Size on Computed Roughness Parameters


Up until 1985, only the negative scale effect of rock joint roughness (a decrease of roughness with increasing joint size) appeared in the literature [2,45]. Since then, from their studies on rock joint roughness, researchers have reported the existence of the positive scale effect (an increase of roughness with increasing joint size), negative scale effect, and no scale effect [8,18,23,36,44,79,82,85,86,87,88,89]. However, the reasons for these contradictory findings have not been explained in the literature until 2021. Theoretically, no joint size effect should exist on a perfectly homogeneous very smooth rock joint. Unfortunately, it is uncommon to find highly homogeneous fracture surfaces on natural rock joints. Most probably the research results on scale effects reported before 2021 are based on research performed on heterogeneous rock joint surfaces. Unfortunately, in these reported results, in making conclusions on scale effects, the effect of heterogeneity has been completely ignored. Therefore, these contradictory findings might have resulted partly due to not considering the effect of heterogeneity of rock joint surfaces on the scale effects of rock joint roughness. Furthermore, these contradictory findings might have occurred due to using inappropriate or inconsistent sampling intervals in the case of statistical parameters (or range of sampling intervals in the case of fractal parameters) or/and measurement resolutions in studying the scale effect of rock joint roughness. The recent research results reported in the literature to reveal the reasons for the contradictory findings on the roughness scale effect are summarized in the following paragraphs in this section.



As discussed in Section 5, it is reasonable to consider the 0–750 mm section of the Z-Y profiles of the rock joint considered by Ankah et al. [65] as a relatively homogeneous section. To be on the conservative side, Ankah et al. [65] considered the 0–500 mm section of the Z-Y profiles of the rock joint as a relatively homogeneous section. This 0–500 mm section was used to test the null hypothesis that no joint size effect exists on the roughness of relatively homogeneous rock joint surfaces. To test the null hypothesis, the roughness was quantified by applying 2D statistical parameters on the following Z-Y profile sections that exist on the 0–500 mm relatively homogeneous section: (a) 500 mm Z-Y profiles in the 0–500 mm section, (b) 250 mm Z-Y profiles in the 0–250 mm and 250–500 mm sections, and (c) 125 mm Z-Y profiles in the 0–125 mm, 125–250 mm, 250–375 mm, and 375–500 mm sections. The mean values of the 2D statistical parameters given in Table 8 are almost the same for different joint sizes that exist in the relatively homogeneous 0–500 mm section. This confirms the null hypothesis that the relatively homogeneous sections of different joint sizes do not show scale effects on roughness due to the joint size. Ankah et al. [65] performed similar studies for the 3D statistical parameters on the same 0–500 mm relatively homogeneous section of the same rock joint. The results of those studies too confirmed the aforementioned null hypothesis. Studies similar to the above performed using fractal 2D and 3D parameters on the same 0–500 mm relatively homogeneous section of the same rock joint by Kulatilake et al. [80] and Ankah et al. [43] too confirmed the aforementioned null hypothesis.



Ankah et al. [65] also performed roughness computations by applying 2D statistical parameters on the following Z-X and Z-Y profile sections that exist on the 1 m square whole rock joint: (a) 1000 mm Z-X profiles in the 0–1000 mm section, (b) 500 mm Z-X profiles in the 0–500 mm and 500–1000 mm sections, (c) 250 mm Z-X profiles in the 0–250 mm, 250–500 mm. 500–750 mm, and 750–1000 mm sections, and (d) 125 mm Z-X profiles in the 0–125 mm, 125–250 mm, 250–375 mm, 375–500 mm, 500–625 mm, 625–750 mm, 750–875 mm, and 875–1000 mm sections, (e) 1000 mm Z-Y profiles in the 0–1000 mm section, (f) 500 mm Z-Y profiles in the 0–500 mm and 500–1000 mm sections, (g) 250 mm Z-Y profiles in the 0–250 mm, 250–500 mm. 500–750 mm, and 750–1000 mm sections, and (h) 125 mm Z-Y profiles in the 0–125 mm, 125–250 mm, 250–375 mm, 375–500 mm, 500–625 mm, 625–750 mm, 750–875 mm, and 875–1000 mm sections. Note that in this investigation the high-roughness areas have been combined with the low-roughness areas in comparing the results between different joint sizes. In each direction, the quantified roughness values of all the profiles of the same joint size have been averaged; in other words, the quantified roughness value for each joint size is the mean value of the lumped sections of the same joint size. Note that the mean roughness and variability of the Z-Y profiles were significantly higher than that of the Z-X profiles. That means the heterogeneity level of the Z-Y profiles was higher than that of the Z-X profiles. This study was purposely done to evaluate the effect of the level of heterogeneity on the scale effect. Table 9 provides the reported results. The computed mean values of θP, and θP− given in Table 9 are only slightly different with increasing joint size for Z-Y profiles, indicating a slight joint size effect; however, the computed values of the Rp parameter are the same. The CV values of all three parameters decrease with increasing joint size, indicating a decrease in variability of the roughness with increasing joint size. Results given in Table 9 show higher mean and CV values compared to that given in Table 8. This has occurred due to combining the higher roughness 750–1000 mm Z-Y section with the lower roughness 0–750 mm Z-Y section in computing the mean values for Z-Y profiles. That means the computed results have reflected the increase in roughness heterogeneity due to combining the aforesaid profiles. Note that Table 8 provides results only for the 0–500 mm relatively homogeneous section of the Z-Y profiles. The computed mean values of Rp, θP, and θP− of the Z-X profiles are nearly the same or only slightly different with increasing joint size, indicating negligible joint size effect (Table 9). In summary, the Z-Y profiles of the relatively homogeneous 0–500 mm section indicated no joint size effect; the low-level heterogeneous Z-X profiles of the 0–1000 mm section showed negligible joint size effect; the moderate level heterogeneous Z-Y profiles of the 0–1000 mm section provided slight joint size effect. These results show the possible occurrence of roughness scale effects as the roughness heterogeneity increases. Ankah et al. [65] performed similar studies for the 3D statistical parameters on the heterogeneous whole rock joint. The results of those studies too turned out to be similar to what was observed for the 2D statistical parameters. Studies similar to the above performed using fractal 2D and 3D parameters on the whole rock joint by Kulatilake et al. [80] and Ankah et al. [43] too ended up providing conclusions similar to the ones obtained through 2D and 3D statistical parameters. Therefore, it is possible to say that the roughness heterogeneity has played an important role concerning the contradictory findings appearing in the literature on roughness scale effects.




7. Roughness Anisotropy


Evidence abounds in the literature that joint surface anisotropy has been of interest to researchers. Kulatilake et al. [3] and Kulatilake et al. [81] investigated joint surface anisotropy using statistical and fractal (roughness length) methods, respectively, and developed peak shear strength criteria for anisotropic rock joints. Aydan et al. [9] demonstrated that rock joint surfaces can be quantified for anisotropy by using roughness profiles along their Eigendirections. Belem et al. [20] suggested an anisotropy classification scheme for rock joints based on the mean inclination angle of the profile. Ge et al. [24] studied roughness anisotropy using the variogram method and the normal vector to the surface. Grasselli et al. [21] and Tatone and Grasselli [36] used the metric θ*Max/[C + 1]3D to study directional (anisotropic) roughness. Tatone and Grasselli [35] also characterized anisotropy using θ*Max/[C + 1]2D. Ge et al. [90] suggested an index, Brightness Area Percentage (BAP), for quantifying joint roughness; the authors claimed that the index took into consideration joint surface anisotropy. Chen et al. [91] studied joint roughness anisotropy using a digital image processing technique and a fractal method (variogram); two indices (SRV and b) which depend on the variogram sill and range, were suggested in the study for characterizing anisotropic roughness and joint aperture respectively. Bao et al. [92] suggested a parameter (M) for quantifying joint roughness; the authors asserted that the suggested roughness parameter, which was based on the root mean square of the profile, was suitable for characterizing anisotropy of joint surfaces. Moreover, Chen et al. [93] proposed the roughness metric, R, (a simpler version of θ*Max/[C + 1]3D) for characterizing roughness anisotropy. It is worth noting that JRC varies with direction (exhibits anisotropy) [63].



Other recent research that has studied roughness anisotropy includes Ankah et al. [65], Kulatilake et al. [80], and Ankah et al. [43]. Results given in Table 6, Table 7 and Table 9 show that the values obtained for the roughness parameters for the Z-Y profiles are higher than that for the Z-X profiles. Figure 4b,c shows that the results obtained for θ*Max/[C+1]3D are higher in the Y direction compared to that in the X direction. These results indicate the anisotropy very well. In these three studies, the authors believed that although anisotropic roughness had been assessed in the literature no study had looked at the impact of anisotropy on the scale effect. According to the authors, it made sense to include anisotropy’s impact on the scale effect as a component of heterogeneity’s impact. Results given in Table 9 and Figure 4b,c show through a unique approach the existence of anisotropic roughness on the joint surface and the linkage to roughness heterogeneity.




8. Effect of Sampling Interval and Resolution on Computed Roughness Parameters


Sampling interval and measurement resolution are crucial in the accurate quantification of joint roughness. Researchers such as Tatone and Grasselli [36] found that measurement resolution had a greater influence on roughness compared to the sample size. Tatone and Grasselli [36] hypothesized based on their study that certain prior researchers’ observations of a decrease in roughness with increased sample size may have been caused by the use of different measurement resolutions. Jang et al. [61] used four different sampling intervals, ranging from 0.1 mm to 2.0 mm, to study the effect of sampling interval on JRC values; the authors found that all the roughness parameters used for the study showed a sampling interval effect. Additionally, in a study conducted by Ge et al. [90], the sampling interval effect was investigated by digitizing a natural rock joint in situ at sampling intervals ranging from 0.01 m2 to 3.61 m2; roughness was found to decrease with the sampling interval. Tang et al. [94], as well, studied the sampling interval effect on roughness using the parameter θ*Max/[C + 1]3D. The study considered six sampling intervals ranging from 0.1 mm to 4.0 mm; the results showed that θ*Max/[C + 1]3D values decreased as the sampling interval increased. Pickering and Aydin [95] also reported a great sampling interval influence on Z2 and suggested a signal analysis approach as a potential solution to this problem. Similarly, Li et al. [96] and Yong et al. [28] observed that the sampling interval greatly influenced the roughness metrics they used.



Note that Ankah et al. [65] also investigated the influence of sampling interval on six statistical roughness metrics using a very large dataset of joint profiles. Apart from the amplitude parameter which was shown not to be reliable, the calculated roughness metric values at the lower sampling interval were observed to be significantly higher than that obtained at the higher sampling interval. This is clearly in line with the observations of other studies on the subject. The foregoing discussion highlights a major shortcoming of the statistical parameters.




9. Comparison between the Values Obtained for some of the Roughness Parameters


It is not possible to compare the values obtained for all the roughness parameters mentioned in this paper because they are based on different concepts. However, the slope roughness parameter values expressed in degrees (parameter numbers 4 through 7 and 16 in Table 2) can be compared. Ankah et al. [65] have made a comparison among the values obtained for those roughness parameters by applying those parameters to the same rock joint surface. Good comparisons have been obtained between θP, θP−, and θ*Max/[C + 1]3D. θs values represented the mean true dips of the selected surfaces of the rock joint. θP, θP−, and θ*Max/[C + 1]3D represented apparent dips of the rock joint surface in the chosen directions. The true dips need to be higher than the apparent dips. This fact was very well reflected in the values obtained by Ankah et al. [65].



Kulatilake et al. [80] have applied the variogram fractal method, and Ankah et al. [43] have applied two 2D fractal methods and one 3D fractal method to the same rock joint surface. As one of the fractal parameters, they have calculated the fractal dimension in 2D and 3D. To make a comparison, it is necessary to add 1 to the 2D fractal dimension values to arrive at 3D fractal dimension values. They have obtained a very good comparison between the 2D fractal dimension values and 3D fractal dimension values for the three fractal methods reported in the paper.




10. Discussion and Conclusions


The non-contact methods are more accurate and faster than contact methods in measuring rock joint roughness. Even though JRC may be used as a preliminary roughness index, it is not suitable for accurate quantification of rock joint roughness due to the subjective nature of its estimation. Rock joint roughness has two major characteristics: (a) amplitude and (b) autocorrelation structure. Research results appearing in the literature have shown that the amplitude-based statistical roughness parameters are not suitable for accurate quantification of rock joint roughness most probably because they cannot capture the autocorrelation structure of rock joint roughness. Out of the slope-based roughness parameters, based on the explanations given in the paper, Z4 is not a suitable parameter for roughness quantification. Based on the explanations given in the paper, the relations appearing in the literature between JRC and statistical roughness parameters have no reliability. Among the statistical roughness parameters, the combined amplitude and slope-based roughness parameters theoretically seem to have better potential than only the slope-based roughness parameters in the accurate quantification of rock joint roughness.



Due to the highly erratic nature of the rock joint roughness, fractional geometry is more suitable than Euclidean geometry in quantifying rock joint roughness. Note that all the statistical roughness parameters are based on Euclidean geometry and all the fractal roughness parameters are based on fractional geometry. In the quantification of rock joint roughness, each statistical parameter uses a single sampling interval. In general, all the statistical roughness parameters provide several values or non-unique values based on the different values used for the sampling interval. This is a major drawback of the statistical roughness parameters. On the other hand, each of the fractal methods stated in the paper uses a range of sampling intervals in computing fractal roughness parameters. Due to the aforementioned reasons, the fractal roughness parameters seem more reliable than statistical roughness parameters in the accurate quantification of rock joint roughness.



For accurate quantification of rock joint roughness, it is necessary to remove the non-stationary features of rock joint profiles. Results given in the literature have indicated that the removal of non-stationary features is needed to obtain correct results in using amplitude roughness parameters. Slope-related roughness parameters automatically remove the linear trend or the first-order non-stationarity. Therefore, the slope-based roughness parameters are not affected by the presence of first-order non-stationarity in the roughness surfaces. As explained in the paper, based on the definitions and structures, the combined amplitude and slope-based roughness parameters listed in the paper are also not affected by the presence of first-order non-stationarity in the roughness surfaces. Variogram and roughness length fractal methods automatically remove the first-order non-stationarity of roughness profiles. Therefore, variogram and roughness length roughness parameters are not affected by the presence of first-order non-stationarity in the roughness surfaces. Based on the definitions and structures, the modified 2D and 3D divider roughness parameters are also not affected by the presence of first-order non-stationarity in the roughness surfaces. At present, it is not possible to say how some of the aforementioned parameters respond to the presence of the second-order non-stationary roughness features.



Until 2021, roughness heterogeneity has been neglected in the literature in making decisions on the roughness scale effects. Theoretically, no joint size effect exists on 100% smooth homogeneous rock joints. Unfortunately, the roughness of natural rock joints is heterogeneous. Based on these facts and the recent results reported in the literature on rock joint scale effects, it is possible to say that the contradictory findings that have been appearing in the literature on roughness scale effects during the last 40 years have resulted from neglecting the effect of roughness heterogeneity on scale effects. It means that the roughness heterogeneity controls the rock joint roughness scale effect, and it can be either negative, positive, or no scale effect depending on the type and level of the roughness heterogeneity of the rock joint surface.



Natural rock joint surfaces usually show anisotropic roughness. The type and level of anisotropy depend on how the rock joints were formed. The roughness heterogeneity contributes to the roughness anisotropy. Rock joints formed from shearing usually indicate lower roughness and heterogeneity in the shearing direction and higher roughness and heterogeneity in the direction perpendicular to the shearing direction. Therefore, rock joints formed through shearing tend to show orthogonal roughness anisotropy. Rock joints formed through tensile failures tend to show non-orthogonal anisotropic roughness.



Comparisons made between several 2D and 3D slope-based statistical roughness parameter values utilizing the same rough surface have shown consistent results for the different roughness parameters. For the three fractal methods reported in the paper, very good comparisons have been obtained between the 2D fractal dimension values and 3D fractal dimension values computed for the same rough rock joint.




11. Recommendations for Future Research


It is important to investigate the effect of second-order non-stationary roughness on the accurate quantification of statistical and fractal roughness parameters. Further investigations on the effect of roughness heterogeneity on the roughness scale effects should be conducted by making roughness computations on different types of roughness surfaces. Future research is recommended on studying the effect of different ranges of sampling intervals on the fractal parameters. Differently formed fracture surfaces (under the shearing mode, tensile mode, combined shearing and tensile mode, etc.) should be subjected to accurate quantification of roughness to study the relation between fracture formation mode and roughness anisotropy. The same roughness quantification procedure should be applied to the measured roughness data obtained from different non-contact methods applied to the same rock joint to compare the accuracy of the data obtained from different non-contact measurement methods.
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Figure 1. The basic elements of a used roughness profile to define statistical parameters, after Kulatilake et al. [3]. 
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Figure 2. Slopes and angles in a typical joint profile, after Belem et al. [20]. 
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Figure 3. The visual roughness of the 1 m × 1 m joint surface: (a) a scanned image of the joint surface, (b) the digitized joint surface with roughness exaggerated by 10 times approximately to show the highly erratic roughness spatial variation, after [43,65]. 
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Figure 4. 3D statistical parameter results for: (a) θs; (b) θ*max/[C + 1]3D (X-direction); (c) θ*max/[C + 1]3D (Y-direction), after [65]. 
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Figure 5. The obtained results for the 3D modified divider method for 125 mm square surfaces [43]. 






Figure 5. The obtained results for the 3D modified divider method for 125 mm square surfaces [43].



[image: Geotechnics 03 00008 g005]







[image: Table] 





Table 1. Statistical metrics suggested in the literature to quantify rock joint roughness.






Table 1. Statistical metrics suggested in the literature to quantify rock joint roughness.





	Roughness Metric Number
	Roughness Metric
	Abbreviation
	Reference(s)





	1
	Centerline average value of the profile
	CLA
	Tse and Cruden [33]



	2
	The mean square value of the profile
	MSV
	Tse and Cruden [33]



	3
	Root mean square value of the profile,
	RMS
	Myers [29]; Tse and Cruden [33]



	4
	The mean inclination angle of the profile
	θP
	Yu and Vayssade [34]; Belem et al. [20]



	5
	The mean positive inclination angle of the profile
	θP+
	Belem et al. [20]



	6
	The mean negative inclination angle of the profile
	θP−
	Belem et al. [20]



	7
	The standard deviation of the inclination angle of the profile
	SD θP
	Yu and Vayssade [34]



	8
	Root mean square of the slope of the profile
	Z2
	Myers [29]; Tse and Cruden [33]; Yu and Vayssade [34]



	9
	Root mean square of the first derivative of the slope of the profile
	Z3
	Myers [29]; Tse and Cruden [33]



	10
	Percentage excess distance measured along the profile where the slope is positive over the distance where the slope is negative
	Z4
	Myers [29]; Tse and Cruden [33]



	11
	Autocorrelation function
	ACF
	Myers [29]; Wu and Ali [32]



	12
	Structure-function
	SF
	Myers [29]; Sayles and Thomas [31]; Yu and Vayssade [34]



	13
	Spectral density function
	SDF
	Wu and Ali [32]



	14
	Mean inclination angle for the surface
	θS
	Belem et al. [20]



	15
	Root mean square of the slope of the surface
	Z2S
	Belem et al. [20]



	16
	Maximum apparent dip angle in the shear direction/an empirical roughness parameter +1
	θMax/C + 1
	Grasselli et al. [21]; Tatone and Grasselli [36]



	17
	Roughness profile index
	RP
	Mandelbrot [30], Maerz et al. [8]; Yu and Vayssade [34]



	18
	Surface roughness coefficient
	RS
	El-Soudani [62];Belem et al. [20]



	19
	Surface Tortuosity coefficient
	TS
	Belem et al. [20]
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Table 2. Statistical parameters and their formulae.






Table 2. Statistical parameters and their formulae.





	
No.

	
Parameter

	
Formula

	
Equation

No.

	
Reference(s)






	
1

	
   M S V   

	
   M S V =  1 M    ∑  i = 1  M    z i    2      

	
(1)

	
Tse and Cruden [33]




	
2

	
   R M S   

	
   R M S =    [   1 M    ∑  i = 1  M    z i    2     ]    0.5     

	
(2)

	
Myers [29]; Tse and Cruden [33];




	
3

	
   C L A   

	
   C L A =  1 M    ∑  i = 1  M    |   z i   |      

	
(3)

	
Tse and Cruden [33]




	
4

	
    θ P    

	
    θ p  =   tan   − 1    (   1  N − 1     ∑  i = 1   N − 1     |     z  i + 1   −  z i    Δ x    |     )    

	
(4)

	
Belem et al. [20]




	
5

	
    θ  P +     

	
    θ  p +   =   tan   − 1   (  S  p +   ) =   tan   − 1    [   1   M  x +       ∑  i = 1    M  x +         (     (    Δ z   Δ x    )   +   )   i     ]    

	
(5)

	
Belem et al. [20]




	
6

	
    θ  P −     

	
    θ  p −   =   tan   − 1   (  S  p −   ) =   tan   − 1    [   1   M  x −       ∑  i = 1    M  x −         (     (    Δ z   Δ x    )   −   )   i     ]    

	
(6)

	
Belem et al. [20]




	
7

	
    θ S    

	
    θ s  =  1 m    ∑  i = 1  m     (  α k  )  i      

	
(7)

	
Belem et al. [20]




	
8

	
    Z 2    

	
    Z 2  =    1 M    ∑  i = 1  M      (     z  i + 1   −  z i     x  i + 1   −  x i     )   2        

	
(8)

	
Myers [29]; Tse and Cruden [33]; Yu and Vayssade [34]




	
9

	
   S F   

	
   S F =  1 L    ∑  i = 1   N − 1      (  z  i + 1   −  z i  )  2   (   x  i + 1   −  x i   )      

	
(9)

	
Myers [29]; Sayles and Thomas [31]; Yu and Vayssade [34]




	
10

	
    Z 3    

	
    Z 3  =    [   1 n    ∑  i = 1  n      (     d 2  z   d  x 2     )   i 2     ]    0.5     

	
(10)

	
Myers [29]; Tse and Cruden [33]




	
11

	
    Z 4    

	
    Z 4  =    ∑    ( d  x i  )  p    −  ∑    ( d  x i  )  n       ∑    ( d  x i  )  p    +  ∑    ( d  x i  )  n        

	
(11)

	
Myers [29]; Tse and Cruden [33]




	
12

	
   S D ,  θ P    

	
   S D ,  θ P  =   tan   − 1      [   1  N − 1     ∑  j = 1   N − 1       (     (    Δ z   Δ x    )   j  − tan  i  a v e    )   2     ]    0.5         i  a v e   =  1  N − 1       ∑  j = 1   N − 1      tan   − 1    (    Δ z   Δ x    )     j    

	
(12)

	
Yu and Vayssade [34]




	
13

	
    R p    

	
    R p  =    L t     L n    =     ∑  i = 1   N − 1       [     (   x  i + 1   −  x i   )   2  +    (   z  i + 1   −  z i   )   2   ]    0.5        L n      

	
(13)

	
Mandelbrot [30]




	
14

	
    R s    

	
    R S  =    A t     A n      

	
(14)

	
Belem et al. [20]




	
15

	
    T S    

	
    T S  =    A t     A p      

	
(15a)

	
Belem et al. [20]




	
    T S  = R s cos ϕ   

	
(15b)




	
16

	
      θ  m a x  *    [ C +  1  3 D       

	
    A   θ ∗    =  A 0     (     θ  max  *  −  θ *     θ  max  *     )   C    

	
(16)

	
Tatone and Grasselli [26]
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Table 3. Some relations between JRC and Statistical parameters appear in the literature.
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	No.
	Equation
	R
	Reference





	1
	   J R C = 32.69 + 32.98 log (  Z 2  )   
	0.993
	Yang et al. [71]



	2
	   J R C = 61.79  Z 2  − 3.47   
	0.973
	Yu and Vayssade [34]



	3
	   J R C = 65.18 tan (  Z 2  ) − 3.88   
	0.975
	Yu and Vayssade [34]



	4
	   J R C = 130.87   (  Z 2  )  2  − 2.73   
	0.934
	Yu and Vayssade [34]



	5
	   J R C = 54.42    Z 2    − 14.83   
	0.973
	Yu and Vayssade [34]



	6
	   J R C = 25.57 log (  Z 2  ) + 28.06   
	0.954
	Yu and Vayssade [34]



	7
	   J R C = 51.85   (  Z 2  )   0.60   − 10.37   
	----
	Tatone and Grasselli [35]



	8
	   J R C = 55.7376  Z 2  − 4.1166   
	0.884
	Li and Zhang [70]



	9
	   J R C = 98.718  Z 2     1.6833     
	0.876
	Li and Zhang [70]



	10
	   J R C = 37.63 + 16.5 log ( S F )   
	0.993
	Yu and Vayssade [34]



	11
	   J R C = 121.13   S F   − 3.28   
	0.972
	Yu and Vayssade [34]



	12
	   J R C = 12.64 log ( S F ) + 35.42   
	0.954
	Yu and Vayssade [34]



	13
	   J R C =    (  0.036 +   0.00127   ln (  R p  )    )    − 1     
	------
	Tatone and Grasselli [35]



	14
	   J R C = 559.73    R p    − 597.46   
	0.945
	Yu and Vayssade [34]



	15
	   J R C = 92.07  δ  − 3.28   
	0.974
	Yu and Vayssade [34]



	16
	   J R C = 1.14  σ i  − 3.88   
	0.975
	Yu and Vayssade [34]



	17
	   J R C = 7.36    σ i    − 15.08   
	0.970
	Yu and Vayssade [34]



	18
	   J R C = 3.95    (     θ  max  *   /  [ C + 1    ]  2 D    )    0.7   − 7.98   
	0.971
	Tatone and Grasselli [35]



	19
	   J R C = 145.5  σ θ    
	0.900
	Gravanis and Pantelidis [72]
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Table 4. Influence of heterogeneity on 2D statistical parameter results (Z-Y profiles) (after [65]).
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Case

	
No. of Data

	
Rp

	
θP

	
θP−




	
Mean

	
CV *

	
Mean

	
CV *

	
Mean

	
CV *






	
125 mm

Z-Y profiles

(0–125 mm)

	
101

	
1.0166

	
0.0046

	
7.8842

	
0.1240

	
−8.7253

	
0.1466




	
125 mm

Z-Y profiles

(125–250 mm)

	
101

	
1.0186

	
0.0058

	
8.2994

	
0.1238

	
−8.9835

	
0.1511




	
125 mm

Z-Y profiles

(250–375 mm)

	
101

	
1.0195

	
0.0067

	
8.6479

	
0.1630

	
−9.3509

	
0.1576




	
125 mm

Z-Y profiles

(375–500 mm)

	
101

	
1.0177

	
0.0059

	
8.2288

	
0.1528

	
−8.7103

	
0.1902




	
125 mm

Z-Y profiles

(500–625 mm)

	
101

	
1.0191

	
0.0049

	
8.4616

	
0.1039

	
−7.2657

	
0.1783




	
125 mm

Z-Y profiles

(625–750 mm)

	
101

	
1.0179

	
0.0049

	
8.4051

	
0.1401

	
−8.5723

	
0.1574




	
125 mm

Z-Y profiles

(750–875 mm)

	
101

	
1.0529

	
0.0260

	
10.7150

	
0.1734

	
−10.4767

	
0.1933




	
125 mm

Z-Y profiles

(875–1000 mm)

	
101

	
1.0416

	
0.0157

	
10.6827

	
0.1431

	
−10.8429

	
0.1764








CV *—Coefficient of variation.
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Table 5. Influence of heterogeneity on 2-D statistical parameter results (Z-X profiles) (after [65]).
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Case

	
No. of Data

	
Rp

	
θp

	
θP−




	
Mean

	
CV *

	
Mean

	
CV *

	
Mean

	
CV *






	
125 mm

Z-X profiles

(0–125 mm)

	
51

	
1.0056

	
0.0041

	
4.0701

	
0.2572

	
−4.1471

	
0.3755




	
125 mm

Z-X profiles

(125–250 mm)

	
51

	
1.0059

	
0.0029

	
4.3144

	
0.2328

	
−4.5201

	
0.2972




	
125 mm

Z-X profiles

(250–375 mm)

	
51

	
1.0044

	
0.0021

	
3.8270

	
0.2222

	
−3.9846

	
0.2871




	
125 mm

Z-X profiles

(375–500 mm)

	
51

	
1.0060

	
0.0081

	
3.8499

	
0.3014

	
−3.3280

	
0.3162




	
125 mm

Z-X profiles

(500–625 mm)

	
51

	
1.0046

	
0.0025

	
3.9029

	
0.2484

	
−3.6263

	
0.2583




	
125 mm

Z-X profiles

(625–750 mm)

	
51

	
1.0045

	
0.0029

	
3.7001

	
0.2966

	
−3.2946

	
0.3377




	
125 mm

Z-X profiles

(750–875 mm)

	
51

	
1.0042

	
0.0025

	
3.6848

	
0.2718

	
−3.3629

	
0.3017




	
125 mm

Z-X profiles

(875–1000 mm)

	
51

	
1.0036

	
0.0022

	
3.3642

	
0.2694

	
−3.0815

	
0.3524








CV *—Coefficient of variation.
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Table 6. Influence of heterogeneity on 2D variogram fractal parameter results (after [80]).
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Case

	
No. of Data

	
Dv

	
Kv

	
Dv × Kv




	
Mean

	
Mean

	
Mean






	
250 mm

Z-X profiles

	
0–250 mm

	
51

	
1.1220

	
0.0108

	
0.0121




	
250–500 mm

	
51

	
1.1598

	
0.0092

	
0.0107




	
500–750 mm

	
51

	
1.1249

	
0.0085

	
0.0096




	
750–1000 mm

	
51

	
1.1515

	
0.0071

	
0.0082




	
250 mm

Z-Y profiles

	
0–250 mm

	
101

	
1.1287

	
0.0352

	
0.0397




	
250–500 mm

	
101

	
1.1183

	
0.0368

	
0.0412




	
500–750 mm

	
101

	
1.1284

	
0.0370

	
0.0418




	
750–1000 mm

	
78

	
1.3780

	
0.0812

	
0.1119
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Table 7. Influence of heterogeneity on 2D roughness length fractal parameter results (after [43]).
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Case

	
No. of Data

	
DRL

	
A

	
DRL × A




	
Mean

	
Mean

	
Mean






	
250 mm

Z-X profiles

	
0–250 mm

	
101

	
1.0720

	
0.0088

	
0.0094




	
250–500 mm

	
101

	
1.1213

	
0.0089

	
0.0100




	
500–750 mm

	
101

	
1.0807

	
0.0081

	
0.0088




	
750–1000 mm

	
101

	
1.1299

	
0.0082

	
0.0093




	
250 mm

Z-Y profiles

	
0–250 mm

	
101

	
1.0881

	
0.0188

	
0.0205




	
250–500 mm

	
101

	
1.0746

	
0.0189

	
0.0203




	
500–750 mm

	
101

	
1.1234

	
0.0215

	
0.0242




	
750–1000 mm

	
101

	
1.1851

	
0.0318

	
0.0377
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Table 8. Effect of joint size on computed 2-D statistical parameter summary statistics through comparison of roughness analyses results between the following homogeneous lumped sections: (a) 0–125, 125–250, 250–375, 375–500 mm sections of Z-Y; (b) 0–250, 250–500 mm sections of Z-Y and (c) 0–500 mm section of Z-Y (after [65]).






Table 8. Effect of joint size on computed 2-D statistical parameter summary statistics through comparison of roughness analyses results between the following homogeneous lumped sections: (a) 0–125, 125–250, 250–375, 375–500 mm sections of Z-Y; (b) 0–250, 250–500 mm sections of Z-Y and (c) 0–500 mm section of Z-Y (after [65]).





	
Case

	
No. of Data

	
Rp

	
θP

	
θP−




	
Mean

	
CV *

	
Mean

	
CV *

	
Mean

	
CV *






	
500 mm

Z-Y profiles

(0–500 mm)

	
101

	
1.0181

	
0.0032

	
8.2674

	
0.0919

	
−8.9498

	
0.0921




	
250 mm

Z-Y profiles (0–500 mm) lumped

	
202

	
1.0181

	
0.0045

	
8.2666

	
0.1145

	
−8.9367

	
0.1267




	
125 mm

Z-Y profiles (0–500 mm) lumped

	
404

	
1.0181

	
0.0059

	
8.2650

	
0.1466

	
−8.9425

	
0.1646








CV *—Coefficient of variation.
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Table 9. Effect of joint size and anisotropy on 2-D statistical parameter results (after [65]).






Table 9. Effect of joint size and anisotropy on 2-D statistical parameter results (after [65]).





	
Case

	
No. of Data

	
Rp

	
θP

	
θP−




	
Mean

	
CV *

	
Mean

	
CV *

	
Mean

	
CV *






	
1000 mm Z-X profiles

	
101

	
1.0049

	
0.0016

	
3.8429

	
0.1061

	
−3.8056

	
0.1164




	
1000 mm Z-Y profiles

	
101

	
1.0255

	
0.0043

	
8.9285

	
0.0652

	
−9.1881

	
0.0604




	
500 mm Z-X profiles

	
402

	
1.0048

	
0.0022

	
3.8386

	
0.1582

	
−3.7534

	
0.1968




	
500 mm Z-Y profiles

	
202

	
1.0255

	
0.0092

	
8.9211

	
0.1105

	
−9.2025

	
0.0920




	
250 mm Z-X profiles

	
804

	
1.0048

	
0.0029

	
3.8393

	
0.2117

	
−3.7265

	
0.2632




	
250 mm Z-Y profiles

	
404

	
1.0255

	
0.0144

	
8.9181

	
0.1570

	
−9.1591

	
0.1596




	
125 mm Z-X profiles

	
408

	
1.0048

	
0.0040

	
3.8392

	
0.2716

	
−3.6682

	
0.3438




	
125 mm Z-Y profiles

	
808

	
1.0255

	
0.0174

	
8.9156

	
0.1874

	
−9.1160

	
0.2074








CV *—Coefficient of variation.
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