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Scanline observation is known to introduce an angular bias into the probability distribution of
orientation in three-dimensional space. In this paper, numerical solutions expressing the functional
relationship between the scanline-observational distribution (in one-dimensional space) and the
inherent distribution (in three-dimensional space) are derived using probability theory and calculus
under the independence hypothesis of dip direction and dip angle. Based on these solutions, a novel
method for obtaining the inherent distribution (also for correcting the bias) is proposed, an approach
which includes two procedures: 1) Correcting the cumulative probabilities of orientation according to
the solutions, and 2) Determining the distribution of the corrected orientations using approximation
methods such as the one-sample Kolmogorov-Smirnov test. The inherent distribution corrected by the
proposed method can be used for discrete fracture network (DFN) modelling, which is applied to such
areas as rockmass stability evaluation, rockmass permeability analysis, rockmass quality calculation
and other related fields. To maximize the correction capacity of the proposed method, the observed
sample size is suggested through effectiveness tests for different distribution types, dispersions and
sample sizes. The performance of the proposed method and the comparison of its correction capacity
with existing methods are illustrated with two case studies.

. Rockmass is a discrete medium composed of rock material and discontinuities including faults, fractures, joints,

: veins, bedding planes, cleavage planes, and schistosity planes, among others. Such discontinuities dominate the

- kinematical and mechanical behaviour of engineering rockmass!~>, with the analysis of this behaviour extending
to various applications in such areas as rockmass stability evaluation, rockmass permeability analysis, rockmass
quality calculation and other related fields, using three-dimensional rockmass models frequently generated via
discrete fracture network (DFN) modelling with input geometrical variables including orientation®'°. These ori-
entations are primarily measured on fresh rock exposures, with previous studies reporting various representative
techniques'¢~'°. More recently, a circular window sampling has been used to measure geometrical features®, and
a careful window mapping was used for geometric fracture measurement at a surface outcrop in Kilve on the
southern margin of the Bristol Channel Basin?', while a Lidar scanning technology was applied to determine the
discontinuity orientation along a highway in Canada*>*.

However, some studies have used a line sampling technique, the most common being scanline sampling
or borehole sampling. For example, scanlines were fixed on the rock faces of the San Manual copper mine in
Arizona, USA, to collect orientations*!. Boreholes were also used to obtain the orientation sample of a trending
anticline at an anonymous field?. Both a single scanline and a multiple scanline method were used at Big Quarry
site in northeast Wisconsin on the Door Peninsular between Lake Michigan and Green Bay?. These studies have
shown that line sampling introduces a bias because a scanline preferably samples those discontinuities having
large intersection angles, meaning the sampled probability increases with the intersection angle. To illustrate this
bias, Supplementary Fig. S1(a) arbitrarily supposes two sets of discontinuities, where (1) the intensities of the
two discontinuity sets are equal and (2) the intersection angle between the scanline and the Discontinuity Set 1 is
smaller than that between the scanline and Set 2, that is, 8, < 6,. Consequently, fewer discontinuities in Set 1 are
sampled by the scanline than for Set 2. In the extreme case, none of Set 1 is sampled if 6, = 0°, and consequently
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no orientation is observed in this set (Supplementary Fig. S1(b)). As this example suggests, it is easy to see that
this angular bias exists in orientation observation using scanline, especially with small intersection angles.

The first approach for correcting this bias, the Terzaghi method which appeared in 1965, obtained the cor-
rected frequency by dividing the observed frequency by the sine of intersection angle?. A detailed explanation
of this method can be found in past research?. Since its introduction, most orientation corrections have adopted
this method or one of its improved versions. For example, this method was applied to discontinuity orientation
data obtained from scanline and borehole sampling in road cuts®. Subsequently, the application of this method
was extended to curved scanlines and boreholes®’, with a modification being applied to the sampling of frac-
tures with a borehole and the sampling with the surface of a borehole?!. A revision of this method, the Fouché
method, which adds the discontinuity sample size into the original equation was developed to improve correction
capacity®?. The work reported here found that the correction of the Fouché method still results in a considerable
error as mentioned in the Results Section. To address this issue, this paper proposes a more effective correction
method. Firstly, the solutions for expressing the functional relationship between the distribution observed by a
scanline (in one-dimensional space) and the inherent distribution (in three-dimensional space) are derived using
probability theory and calculus (shown in the Supplementary Information). Secondly, based on these solutions,
a novel method for correcting the bias is proposed, one which includes a hypothesis and two procedures (shown
in Methods). Thirdly, the effect of the observed sample size on the correction capacity of the proposed method
is examined based on 84 artificial datasets. Then, the optimal sample size, defined as that which can achieve the
maximum correction capacity with few observations, is determined (shown in Results). Finally, the correction
capacity of the proposed method is compared with the existing Fouché method using two discontinuity orienta-
tion samples, one from a lithic arkose exposure at Wenchuan, Sichuan, and a second from a dacite tunnel wall in
Mankang, Tibet, China (shown in Results).

Results
The effect of sample size on correction capacity. When preparing a discontinuity survey, it is impor-
tant to know the sample size required for maximizing the capacity of the bias correction, referred to as the optimal
sample size. To analyse the effect of sample size on the capacity and to select the optimal sample size for the pro-
posed method, we compared the accuracies of the correction results of 84 artificial datasets from 4 distribution
types, 3 dispersions and 7 sample sizes.

The accuracy is expressed by the root square error between the true and the corrected probability densities.
For dip direction this value is represented by

5(a) = \/f“ b, (@) — p,(a) Pdar, o

where p () is the corrected probability density function of the dip direction, p,(r) the true probability density
function of the dip direction, ay,;, the lower limit of the definition domain, oy, the upper limit of the definition
domain, and §(«) the root square error between the true and the corrected probability densities of the dip direc-
tion. For dip angle the root square error is calculated using the formula below,

7!1’13){
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where p.(5) is the corrected probability density function of the dip angle, p,(3) the true probability density func-
tion of the dip angle, 3, the lower limit of the definition domain, (3, the upper limit of the definition domain,
and () the root square error between the true and the corrected probability densities of the dip angle. The lower
the root square errors 6(cv) and 8(3), the more accurate the correction is.

The investigation method is shown in the Methods Section. The result (Fig. 1) shows:

(a) Normal distribution: The error curve of N (180, 10?) dip direction decreases from 4.1 X 1072 to 4.4 x 1073
with an average descent rate of 8.1 X 107> per sample size in the sample size interval of 50 to 500. For N
(45, 10?) dip angle, the error curve decreases from 3.6 x 1072 to 1.5 x 1072 with an average descent rate of
7.7 x 107> per sample size in the same interval. In the adjacent interval over a sample size of 500, the curve for
dip direction is approximately horizontal at 5.0 x 107> with an average ascendant rate of 1.2 x 107° per sam-
ple size; and the curve for dip angle is approximately horizontal at 7.3 x 10~* with an average descent rate of
1.5 x 107° per sample size. This result reveals that the increase in sample size can improve correction capacity
up to a sample size of 500. Similar trends can be found in the cases with more disperse dip directions/angles
N (180, 15%)/N (45, 15%) and N (180, 20%)/N (45, 20%) although there exists a local minimum point at a sample
size of 200 for N (180, 20%). So the sample size should be constrained below 500 for normally distributed
orientations.

(b) Lognormal distribution: The error curve of InN (5.19, 0.06%) dip direction decreases approximately linearly
from 6.8 X 1072 to 3.1 x 10~* with an average descent rate of 6.7 x 10~* per sample size in the sample size
interval ranging from 50 to 150. For InN (3.78, 0222) dip angle, the error curve decreases approximately
linearly from 5.2 X 1072 to 6.9 x 10> with an average descent rate of 4.5 x 10~* per sample size in the same
interval. In the adjacent interval over sample size 150, the error fluctuates and ultimately becomes stable. Sim-
ilar overall trends are exhibited in the more disperse data of dip directions/angles InN (5.19, 0.08%)/InN (3.75,
0.32%) and InN (5.19, 0.11%)/InN (3.72, 0.42%), meaning that increasing the sample size can greatly improve the
correction capacity up to a sample size of 150.
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Figure 1. Root square error versus sample size curves: (a) Orientation follows normal distribution. Left is
dip direction and right is dip angle. (b) Lognormal distribution. (c) Uniform distribution. (d) Exponential

distribution.

(¢) Uniform distribution: The error curves of U (160, 200) dip direction/U (25, 65) dip angle are almost horizon-
tal at 1.0 X 107%/1.0 x 10~* Similarly, in the cases of U (150, 210)/U (15, 75) and U (140, 220)/U (5, 85), the
error curves are approximately horizontal at 2.9 X 107%/2.0 x 107 and 2.1 x 107%/3.2 x 1073. These results
suggest that the change in sample size has little effect on the correction capacity. Furthermore, these errors are
close to 0, suggesting that the proposed method is quite effective for uniformly distributed orientations.

(d) Exponential distribution: The error curves of Exp (180) dip direction/Exp (45) dip angle reach up to more
than 1.1 X 107%/2.9 x 1072. In particular, the error is more than 2.1 x 1072 and 3.6 x 1072 when the sample
size is between 300 and 1000. Similarly, in the cases of Exp (185)/Exp (50) and Exp (190)/Exp (55), the errors
are fairly large, more than 0.0177/0.0134 and 0.0111/0.0116. This shows the proposed method is unsuitable

for exponentially distributed orientations.

The actual distribution type and dispersion of orientations of any of the samples are not known until the
correction is calculated. Thus, taking into account these findings, the optimal sample size, if possible, is 150 for
the proposed correction method. However, this optimal sample size is applicable for each discontinuity set rather
than for the entire sample of multiple discontinuity sets, and it may vary depending on the correction method.
In other words, the optimal sample size may be a different value or may not exist for various correction methods.

Case l. This case of natural discontinuities is used to compare the correction capacities of the proposed and
the existing methods. The existing methods for correcting orientation bias include the Terzaghi method!”1827-2
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Figure 2. Two-tailed significance returned by the two-sample Kolmogorov-Smirnov test (Case IT).
This significance is used to quantify the distribution difference between the observed and the “modelled”
orientations. The orientation is comprised of two components: (a) Dip direction. (b) Dip angle.

and its modified versions®"*2. The Terzaghi method obtains the corrected frequency by weighting the observed
frequencies using the bias-compensatory factor:

1
sin (3)

where w is the bias-compensatory factor, 6 the intersection angle between the scanline and the discontinuity
defined at each cell centre.

A modification of this method, the Fouché method, adds the discontinuity sample size to the original Terzaghi
equation to improve the correction capacity*:

w(0) =

win) = —"— )

where 7 is the sample size of observed discontinuities and (K| denotes the largest integer less than or equal to K. It
was found that the original Terzaghi method is more applicable to the case # — oo while this modified method is
applicable to an arbitrary value of #. The comparison conducted here is limited to the Fouché method.

Case I involves joints. The background and test method for Case I are shown in the Methods Section. The test
returned two-tailed significances corresponding to the Fouché method of 0.739 for the dip direction and 0.782
for the dip angle, and for the proposed method of 0.913 for the dip direction and 0.918 for the dip angle. The
significances for the proposed method are higher than that for the Fouché method, indicating that the proposed
method performs more effectively than the Fouché method.

Case ll. To support the comparison result above, a case with natural discontinuities, Case IL, is used. In addi-
tion, this case is further used to check the optimal sample size previously determined from the artificial data. Case
IT involves bedding planes. The background and test method for this case are shown in the Methods Section. The
result (Fig. 2) indicates that for the proposed method, the highest correction capacity is achieved at a sample size
of approximately 150; when the sample size is over 150, the correction capacity does not significantly improve as
the sample size increases. This result is in good agreement with the optimal sample size previously determined
from the artificial data. Additionally, the comparison of significances corresponding to the Fouché method and
the proposed method in this figure reveals that the proposed method provides a more accurate correction result
than the Fouché method.

Discussion

As suggested in the Results Section, the method proposed here is more effective than the Fouché method because
of its higher correction capacity. The reason for this is that the Terzaghi method is based on the assumption that
all of the discontinuities in each counting cell are parallel®® (see Supplementary Appendix A). Because all discon-
tinuities are not parallel, this discrepancy between the assumption and the fact leads to an error. The revised ver-
sion of this method is also based on this assumption, meaning the Fouché method includes the same error. Unlike
the Fouché method, the proposed method does not make this assumption and, thus, does not introduce this error.

The proposed method is derived from Supplementary Equation (11) based on an implicit assumption that the
sampling tool is 0 m in diameter, an assumption fulfilled by a scanline. However, it is not clear if this method can
be applied to diameters greater than 0 m, for example a borehole/well. We believe that the applicability of this pro-
posed method in this situation could be determined if adequate fracture data from boreholes can be obtained, or
more importantly, a revised method could be derived as long as the underlying Supplementary Equation (11) can
be rewritten to address a diameter greater than 0 m. While this study did not include these data, future research
can investigate the borehole/well case.

The proposed method is based on probability theory, which assumes that discontinuity orientations fol-
low probability distributions, an assumption also made by numerous geologists. More specifically, many geol-
ogists have assumed or verified that the orientations of fractures investigated by the line sampling technique
follow several theoretical random distribution types, such as the uniform distribution®*?, exponential distri-
bution?®, normal distribution®’-*°, Fisher distribution*-*, Kent distribution**~¥7, Weibull distribution*®, and
Bingham distribution*->*. In addition, engineers who have found that these theoretical distribution types do
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Figure 3. Orientation distribution parameters before and after correction using the proposed method:
(a) Mean of dip directions. (b) Standard deviation of dip directions. (c) Mean of dip angles. (d) Standard
deviation of dip angles.

not fit the orientation sample have concluded that the data may follow empirical probability distributions not
yet reported®*>%; some observed orientation samples may fit a lognormal distribution. Hence, the probability
distribution assumption is reasonable for most observed fractures. Unlike fractures, another type of discontinuity,
bedding planes, are nearly parallel. In fact, the orientation of bedding planes can be considered as a special case
following a probability distribution defined within a narrow domain, for instance from 132 to 141° in dip direc-
tion and from 68 to 76° in dip angle shown here in Case I. From this perspective, such a special case of sub-parallel
discontinuities, thus, belongs to a probability distribution, where the proposed method can be applied.

The distribution after correction in Case I is altered slightly relative to the raw distribution, while that in Case
II is altered more significantly as seen in Fig. 3 even though the averages of the intersection angles between the
scanline and the discontinuities (48.1° for Case I and 51.7° for Case II) are similar. The dispersion of the orienta-
tions of the non-parallel discontinuities (e.g. 12.1° and 10.0° standard deviations corresponding to dip directions
and dip angles, respectively, of the 1,016 joints in Case II) is responsible for this observational bias. Compared
with joints, sub-parallel discontinuities are less dispersed in orientation (e.g. 2.9° and 2.2° standard deviations
corresponding to dip directions and angles of bedding planes, respectively, in Case I), meaning that the observa-
tional bias is smaller, even negligible at times. Consequently, the correction for bedding planes seems less signifi-
cant than for joints. In particular, for extremely parallel bedding planes, the correction may not be required due to
two primary reasons. The first is that, to our knowledge, the observational bias is so small that the data sufficiently
approximate the distribution in three-dimensional space which is just required for DFN modelling. The second
is that the improved accuracy will be very limited even using the proposed method, owing to the appropriately
high approximation of the raw data in relation to the three-dimensional distribution as mentioned previously.
Our next study will analyse this issue more fully.

The proposed method uses dip direction/dip angle to delineate orientation. This linear delineation is limited
because when a discontinuity cluster crosses the 0° dip direction, the statistics of dip direction will break down.
However, the conversions of the dip direction in Supplementary Appendix B can be used to avoid this statistical
break. A similar limitation may appear with a discontinuity cluster close to the 0° dip angle, where the same con-
version of the dip direction is also required before correction.

In addition to the orientation focused on in this paper, another geometric element of discontinuity, volume
intensity, sometimes referred to as volume density, is important in DFN modelling. Three aspects are needed
to calculate volume intensity, scanline or borehole orientation, the orientation probability distribution, and the
diameter or radius probability distribution. As a prerequisite for this calculation, the orientation probability dis-
tribution corrected by the proposed method may contribute to a more accurate intensity calculation.

Conclusions

This paper presents a novel method for correcting the scanline-observational bias of discontinuity orientation.
This method includes two steps that 1) correct the cumulative probabilities of orientation based on numerical
solutions of orientation probability density in three-dimensional space and 2) determine the distribution of the
corrected orientations using approximation methods. The numerical solutions in the first step were derived using
probability theory and calculus under the distribution independence hypotheses of dip direction and dip angle.
The approximation in the second step can be easily implemented using the one-sample Kolmogorov-Smirnov
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test. The results corrected by the proposed method, the probability distribution function of orientation in
three-dimensional space, can be used as one of the parameters for discrete fracture network (DFN) modelling.
As is known, DFN can be applied in various research areas, including the evaluation of rockmass stability, the
analysis of rockmass permeability, the calculation of rockmass quality and other such related fields.

To maximize the correction capacity of the proposed method with few observations, the optimal sample size is
determined from capacity comparisons of different sample sizes, distribution types and dispersions of orientation
data. The results revealed that the highest correction capacity is achieved at an approximate sample size of 150;
once it exceeds this value, the correction capacity does not significantly improve with a larger sample size, mean-
ing the optimal sample size tends to be this value. However, this optimal sample size is only applicable for each
discontinuity set, not the entire sample comprised of multiple discontinuity sets, and the determination of the
optimal sample size depends on the correction method. In other words, the optimal sample size is approximately
150 for the proposed method, but may take different values or even not exist for other correction methods. This
optimal sample size determined from artificial data is supported by an actual orientation sample of dacite joints
exposed on a tunnel wall in Mankang, Tibet, China.

The proposed method was subsequently compared with the existing Fouché method using two observed ori-
entation samples from both the tunnel wall and a second case involving lithic arkose beddings exposed on an
outcrop in Wenchuan, Sichuan, China. The results demonstrate that the proposed method provides a more accu-
rate corrected orientation distribution for DFN modelling than the Fouché method. The reasons for this higher
correction capacity of the proposed method were discussed as well as the low correction capacity when applied
to bedding planes.

Methods

The proposed method. The proposed method is based on numerical approximate solutions and includes
one hypothesis and two procedures. Supplementary Appendix C presents a detailed derivation of the functional
relationship between the observed distribution by scanline (in one-dimensional space) and the inherent distribu-
tion (in three-dimensional space). The derived result shows that it is difficult to obtain the exact analytic solutions
of the inherent distribution because of an unsolved integral. Thus, numerical approximate solutions are derived in
terms of piecewise functions (see Supplementary Equations (33) for dip direction and (34) for dip angle).

Hypothesis. As shown in Supplementary Appendix C, the numerical approximate solutions are derived under
the hypothesis that the observed dip direction and dip angle are independent of each other. The proposed method
uses these solutions and accordingly relies on this hypothesis. Although the dip direction and dip angle are
dependent for some discontinuities like bedding planes in plunging folds®, there are several cases that consider
them as independent variables!7-34-36:42-4457-60_ Eor this reason, it is necessary to check whether the observed ori-
entation sample meets the independence hypothesis before using the proposed method. Only if the independence
test is met, can the proposed method be applied.

There are many methods for checking for independence, one of which is the Pearson’s chi-square (x ?) test.
This method assesses whether paired observations of two variables are independent of each other as expressed in
a contingency table. It returns a two-tailed significance characterizing the independence ranging from 0 to 1; the
greater the value, the more significant is the independence. It is generally believed that the independence hypoth-
esis can be accepted if the significance is above the confidence level of 0.05. Its properties were first investigated in
the last century®! and further details can be found in recent literature®¢,

Procedure. 'The procedure for the proposed method is as follows.

1. Correct the cumulative probabilities of the dip direction and angle based on the numerical solutions Sup-
plementary Equations (33) and (34), respectively.

2. Determine the distribution of the corrected orientations using approximation methods such as the
one-sample Kolmogorov-Smirnov test. This nonparametric test was developed to compare a sample with
a hypothesized probability distribution®%. It returns a two-tailed significance quantifying the distance
between the empirical distribution function of the sample and the cumulative distribution function of the
hypothesized distribution. This test is usually applied to approximating the distribution of a sample with
a hypothesized distribution typeS¢’. It allows for various hypothesized distribution types to be selected to
obtain the fittest distribution.

Investigation of the effect of sample size. This investigation focuses on the effect of sample size on the
correction capacity of the proposed method. It contains the following four steps.

Firstly, the true distribution of the orientations is arbitrarily hypothesized, in addition to other geometric
parameters that are necessary for the modelling as listed in Table 1. This hypothesized orientation includes 4
common probability distribution types: normal, lognormal, uniform and exponential. For each distribution type,
dispersion is set at 3 different values, while for each dispersion, the sample size is assigned 7 different values: 50,
100, 150, 200, 300, 500 and 1,000.

Then, entering these parameters into discrete fracture modelling as described in the previous literature
results in the construction of 12 models of discontinuity networks, corresponding to the 12 combinations of the
4 distribution types and the 3 dispersions. Supplementary Fig. S2 shows only the model for the uniform distribu-
tion (i.e., Groups 43-49 in Table 1) due to space constraints.

Thirdly, the observations for each of the 12 models are conducted under 7 different sample sizes, so that a
total of 84 samples of orientations of discontinuities are derived. Supplementary Fig. S3 shows only the observed

68-70
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1 N (180, 10%) N (45,10%) Exp (1.5) 50
2 N (180,10%) N (45,10%) Exp (1.5) 100
3 N (180, 10%) N (45,10%) Exp (1.5) 150
4 N (180,10%) N (45,10%) Exp (1.5) 200
5 N (180, 10%) N (45,10%) Exp (1.5) 300
6 N (180,10%) N (45,10%) Exp (1.5) 500
7 N (180, 10%) N (45,10%) Exp (1.5) 1000
8 N (180, 15%) N (45,15%) Exp (1.5) 50
9 N (180, 15%) N (45, 15%) Exp (1.5) 100
10 N (180, 15%) N (45,15%) Exp (1.5) 150
11 N (180, 15%) N (45,15%) Exp (1.5) 200
12 N (180, 15%) N (45,15%) Exp (1.5) 300
13 N (180,15%) N (45, 15%) Exp (1.5) 500
14 N (180, 15%) N (45,15%) Exp (1.5) 1000
15 N (180, 20%) N (45,20%) Exp (1.5) 50
16 N (180,20%) N (45,20%) Exp (1.5) 100
17 N (180, 20%) N (45,20%) Exp (1.5) 150
18 N (180, 20%) N (45,20%) Exp (1.5) 200
19 N (180, 20%) N (45,20%) Exp (1.5) 300
20 N (180, 20%) N (45,20%) Exp (1.5) 500
21 N (180, 20%) N (45,20%) Exp (1.5) 1000
22 InN (5.19, 0.06%) InN (3.78,0.222) Exp (1.5) 50
23 InN (5.19, 0.06?) InN (3.78,0.22%) Exp (1.5) 100
24 InN (5.19, 0.06%) InN (3.78,0.22%) Exp (1.5) 150
25 InN (5.19, 0.06%) InN (3.78,0.22%) Exp (1.5) 200
26 InN (5.19, 0.06%) InN (3.78,0.22%) Exp (1.5) 300
27 InN (5.19, 0.06%) InN (3.78,0.22%) Exp (1.5) 500
28 InN (5.19, 0.06%) InN (3.78,0.22%) Exp (1.5) 1000
29 InN (5.19, 0.082) InN (3.75,0.322) Exp (1.5) 50
30 InN (5.19, 0.08%) InN (3.75,0.32) Exp (1.5) 100
31 InN (5.19, 0.08%) InN (3.75,0.322) Exp (1.5) 150
32 InN (5.19, 0.08?) InN (3.75,0.32) Exp (1.5) 200
33 InN (5.19,0.08%) InN (3.75,0.32) Exp (1.5) 300
34 InN (5.19, 0.08?) InN (3.75,0.32) Exp (1.5) 500
35 InN (5.19, 0.08%) InN (3.75,0.322) Exp (1.5) 1000
36 InN (5.19,0.11%) InN (3.72,0.42%) Exp (1.5) 50
37 InN (5.19,0.11%) InN (3.72,0.42) Exp (1.5) 100
38 InN (5.19,0.11%) InN (3.72,0.42%) Exp (1.5) 150
39 InN (5.19,0.112) InN (3.72,0.42%) Exp (1.5) 200
40 InN (5.19,0.11%) InN (3.72, 0.42?) Exp (1.5) 300
41 InN (5.19,0.11%) InN (3.72,0.42%) Exp (1.5) 500
42 InN (5.19,0.11%) InN (3.72,0.42) Exp (1.5) 1000
43 U (160, 200) U (25,65) Exp (1.5) 50
44 U (160, 200) U (25,65) Exp (1.5) 100
45 U (160, 200) U (25,65) Exp (1.5) 150
46 U (160, 200) U (25,65) Exp (1.5) 200
47 U (160, 200) U (25,65) Exp (1.5) 300
48 U (160, 200) U (25,65) Exp (1.5) 500
49 U (160, 200) U (25,65) Exp (1.5) 1000
50 U (150, 210) U(15,75) Exp (1.5) 50
51 U (150, 210) U(15,75) Exp (1.5) 100
52 U (150, 210) U(15,75) Exp (1.5) 150
Continued
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53 U (150, 210) U (15,75) Exp (L.5) 200
54 U (150, 210) U (15,75) Exp (1.5) 300
55 U (150, 210) U (15,75) Exp (1.5) 500
56 U (150, 210) U (15,75) Exp (1.5) 1000
57 U (140, 220) U (5,85) Exp (1.5) 50

58 U (140, 220) U (5,85) Exp (1.5) 100
59 U (140, 220) U (5,85) Exp (1.5) 150
60 U (140, 220) U (5,85) Exp (1.5) 200
61 U (140, 220) U (5,85) Exp (1.5) 300
62 U (140, 220) U (5,85) Exp (1.5) 500
63 U (140, 220) U (5,85) Exp (1.5) 1000
64 Exp (180) Exp (45) Exp (2.5) 50

65 Exp (180) Exp (45) Exp (2.5) 100
66 Exp (180) Exp (45) Exp (2.5) 150
67 Exp (180) Exp (45) Exp (2.5) 200
68 Exp (180) Exp (45) Exp (2.5) 300
69 Exp (180) Exp (45) Exp (2.5) 500
70 Exp (180) Exp (45) Exp (2.5) 1000
71 Exp (185) Exp (50) Exp (2.5) 50

72 Exp (185) Exp (50) Exp (2.5) 100
73 Exp (185) Exp (50) Exp (2.5) 150
74 Exp (185) Exp (50) Exp (2.5) 200
75 Exp (185) Exp (50) Exp (2.5) 300
76 Exp (185) Exp (50) Exp (2.5) 500
77 Exp (185) Exp (50) Exp (2.5) 1000
78 Exp (190) Exp (55) Exp (2.5) 50

79 Exp (190) Exp (55) Exp (2.5) 100
80 Exp (190) Exp (55) Exp (2.5) 150
81 Exp (190) Exp (55) Exp (2.5) 200
82 Exp (190) Exp (55) Exp (2.5) 300
83 Exp (190) Exp (55) Exp (2.5) 500
84 Exp (190) Exp (55) Exp (2.5) 1000

Table 1. Parameters for discontinuity modelling. Some of technical terms and notations used in this table are
defined as follows: volumetric intensity = number of discontinuity centres per rock volume; N(i, /) = normal
distribution, where i represents the mean and j the standard derivation; Exp(k) = exponential distribution,
where k represents the mean; InN(J, m?) = lognormal distribution, where [ represents the location parameter
and m the scale parameter; and U(n, p) = uniform distribution, where n represents the lower limit and p the
upper limit.

samples from Groups 7, 28, 49 and 70 in Table 1. A Pearson’s chi-square (' ?) test is then executed to check the
independence of the observed dip directions and dip angles, with results listed in Supplementary Table S1. As this
table shows, the two-tailed significances are all above the confidence level of 0.05, indicating that the observed
orientations meet the independence hypothesis, meaning the proposed method can be used.

Finally, the 84 observation samples were corrected using the proposed method, with results being listed in
Table 2. Then, the root square errors between the corrected and the true distributions are calculated based on
Equations (1) and (2), with results being shown in Fig. 1.

Casel. The study area of this case is located near Yingxiu town in Wenchuan, Sichuan Province, China, about
1,800 m east of the epicentre of the 2008 Wenchuan earthquake. The specific roadcut is 11 m long, 5 m wide and
6 m high, and consists of Upper Triassic lithic arkose of the Xujiahe Formation. The rockmass has two primary
discontinuity sets, one of which comprises the bedding planes seen in Fig. 4.

A scanline with the trend/plunge 108/15° was fixed on the outcrop to sample these bedding planes. Their
orientations were measured with a geologic compass. As geologists have reported”!~’>, a single measurement by a
geologic compass will introduce a large measurement error to the bedding plane orientation data. Because of this
error, the data are frequently unable to represent the natural distribution. To reduce such an error, ten repeated
measurements were conducted here and their average was considered as the observed orientation. Supplementary
Fig. S4(a) shows the orientations of 121 observed bedding planes. A Pearson’s chi-square (x?) test was used to
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1 N (178.3,8.0%) N (46.1,8.1%) 43 U (160.3,200.2) | U(25.0,64.9)
2 N (178.8,8.5%) N (46.5, 8.9%) 44 U(160.4,199.9) | U(25.0,64.9)
3 N (179.3,8.5%) N (45.6, 9.4%) 45 U(160.3,199.9) | U(25.0,64.9)
4 N (179.0,9.2?) N (45.3,9.0%) 46 U(1603,199.9) | U(25.0,64.9)
5 N (178.9,9.4%) N (45.5,9.4%) 47 U (160.1,199.9) | U(25.0,65.0)
6 N (179.5,10.1) N (45.0,10.1%) 48 U (160.1,200.1) | U(25.0,65.0)
7 N (179.7,10.22) N (45.0,10.1%) 49 U (160.0,200.1) | U(25.0,65.0)
8 N (176.9,13.72) N (46.2,11.6%) 50 U(154.5,217.6) | U(13.0,72.1)
9 N(177.6,14.9?) N (45.9,11.5%) 51 U(1535,212.9) | U(11.4,71.7)
10 N(178.2,15.12) N (45.8,12.7%) 52 U(151.7,211.8) | U(12.9,72.0)
11 N (178.6,15.3?) N (45.2,13.9%) 53 U(1522,211.4) | U(125,71.2)
12 N (178.9,15.3?) N (4.8, 14.1%) 54 U (150.7,209.9) | U(13.6,73.2)
13 N (178.8, 14.72) N (45.2,14.3%) 55 U (150.8,209.5) | U(14.2,74.1)
14 N (179.4,15.3?) N (45.4,14.7%) 56 U(1503,210.2) | U(15.2,73.7)
15 N (185.2, 16.6%) N (43.5,15.7%) 57 U(1459,215.2) | U(2.0,82.0)
16 N (184.4,18.9?) N (40.2, 18.2%) 58 U(1413,2189) | U(1.4,78.5)
17 N (184.0,19.9?) N (43.2,19.8%) 59 U(142.4,219.5) | U(2.7,80.4)
18 N (182.5,19.22) N (43.2,18.9%) 60 U(1424,213.6) | U(3.0,80.6)
19 N (181.9, 18.6?) N (4.5, 18.0%) 61 U(1413,219.0) | U(3.8,81.6)
20 N (180.9, 18.9?) N (43.1,18.4%) 62 U(142.8,214.0) | U(5.7,82.7)
21 N (180.2,19.8?) N (4.5, 18.9%) 63 U(140.1,218.8) | U(6.2,84.1)
22 InN (5.203,0.038%) | InN(3.819,0.166%) 64 Exp (355.5) Exp (87.4)
23 InN (5.198,0.050) | InN (3.803,0.1972) 65 Exp (311.6) Exp (83.1)
24 InN (5.200,0.055%) | InN (3.795,0.222?) 66 Exp (107.3) Exp (79.1)
25 InN (5.199,0.0562) | InN(3.797,0.2082) 67 Exp (133.1) Exp (72.6)
26 InN (5.198,0.055%) | InN (3.796,0.211?) 68 Exp (102.6) Exp (82.5)
27 InN (5.196,0.057) | InN(3.796,0.220%) 69 Exp (104.5) Exp (81.7)
28 InN (5.194,0.056%) | InN (3.796,0.216?) 70 Exp (109.0) Exp (82.2)
29 InN (5.210,0.055%) | InN(3.869,0.2422) 71 Exp (81.7) Exp (71.7)
30 InN (5.199,0.070>) | InN(3.831,0.256%) 72 Exp (104.6) Exp (85.8)
31 InN (5.194,0.077) | InN(3.752,0.310%) 73 Exp (118.4) Exp (62.9)
32 InN (5.199,0.075) | InN (3.764,0.295%) 74 Exp (110.9) Exp (61.9)
33 InN (5.197,0.077%) | InN (3.752,0.306?) 75 Exp (102.5) Exp (70.6)
34 InN (5.194,0.0773) | InN(3.757,0.296%) 76 Exp (99.9) Exp (73.2)
35 InN (5.194,0.078%) | InN (3.755,0.3022) 77 Exp (99.1) Exp (76.5)
36 InN (5.210,0.076) | InN (3.845,0.3492) 78 Exp (116.3) Exp (69.5)
37 InN (5.197,0.088%) | InN(3.801,0.376%) 79 Exp (141.4) Exp (68.1)
38 InN (5.196,0.103%) | InN(3.757,0.3942) 80 Exp (114.6) Exp (66.7)
39 InN (5.192,0.101) | InN(3.768,0.3882) 81 Exp (107.0) Exp (72.9)
40 InN (5.192,0.099%) | InN (3.755,0.398?) 82 Exp (117.6) Exp (71.7)
41 InN (5.193,0.098%) | InN(3.759,0.3932) 83 Exp (117.9) Exp (76.9)
42 InN (5.191,0.1022) | InN (3.763,0.391?) 84 Exp (118.7) Exp (77.4)

Table 2. Probability distribution of orientations corrected using the proposed method.

calculate the independence of the dip direction and dip angle. The two-tailed significance obtained from this
test was 0.86, above the confidence level of 0.05, indicating that the observed orientations met the independence
hypothesis of the proposed method, meaning it can be used for these observed orientations.

Firstly, the sampling bias of the observed orientations was corrected using both the Fouché method and the
proposed method. The result corrected by the Fouché method is shown in Supplementary Fig. S4(b); the result
corrected using the proposed method indicated that the dip direction follows the normal distribution N(140.9,
5.02) and the dip angle, the normal distribution N(77.4, 4.0%). Moreover, other essential parameters for modelling,
specifically the volumetric intensity, the diameter and the aperture, were calculated, with the results being listed
in Table 3.

Secondly, using these corrected geometric parameters, two three-dimensional models of the rock were con-
structed (see Supplementary Fig. S5). A scanline with the same orientation as the field scanline was applied to
the model outcrop, and the discontinuities intersected by this scanline were then “measured”. Here, the sample
size of these “measured” discontinuities was set equal to that of the observed discontinuities in the field. To
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= Scanline — Bedding planes

Figure 4. Field outcrop, scanline and discontinuities (Case I). The outcrop is the surface of a rock cut slope
located near Yingxiu town in Wenchuan, Sichuan Province, China, about 1,800 m east of the epicentre of the
2008 Wenchuan earthquake and consists of Upper Triassic lithic arkose of the Xujiahe Formation. Two primary
sets of discontinuities, i.e. bedding plane and joint, have developed in the rock.

4 Exp(0.5) Exp(1.2) 10 10 10

Table 3. Volumetric intensity, diameter, aperture and size of simulated zone.

50 N (276.4,18.2%) N (74.9,16.9%)
100 N (277.0,17.5%) N (75.6,16.0%)
150 N (279.0,17.5) N (76.0,15.6%)
200 N (278.5,17.8?) N (76.9,15.2%)
300 N (277.3,18.0%) N (76.8,15.2%)
500 N (277.3,17.8%) N (76.7,15.3%)
1,000 N (277.6, 18.0%) N (76.0,15.3%)

Table 4. Probability distribution of orientations corrected using the proposed method (Case II).

distinguish them from the discontinuities observed, these “measured” discontinuities generated artificially were
named “modelled” discontinuities. Supplementary Fig. S6 shows these “modelled” discontinuity orientations.

Finally, the distribution difference between the observed and the “modelled” orientations was tested using
the two-sample Kolmogorov-Smirnov test, a nonparametric hypothesis test that evaluates the difference between
the cumulative distribution functions of two sample data vectors’®-8. This test returns a two-tailed significance
characterizing the difference. The significance ranges from 0 to 1, with the higher the significance, the lower the
difference. The result is shown in the text of the Results Section.

Case ll.  This case involves the Rumei Dam slope on the Lancang River, located in Mankang, Tibet, China
(29°34/ 30.0" N, 98° 20" 49.2” E). The study area is primarily composed of two exposed strata: one is a light-gray,
ash-black or dark-green dacite originating from the Zhuka Formation, Triassic, and the other is a fuchsia or
lime-green sandstone from the Huakai Formation, Middle Jurassic. Three primary sets of discontinuities (bed-
ding, Joint 1 and Joint 2) can be found in the rockmass. We conducted a geometrical measurement of the discon-
tinuity orientation, spacing, aperture and trace length along a scanline with a trend/plunge of 243/4° on a tunnel
wall. This paper considers only Joint 1; the orientations observed with a compass are shown in Supplementary
Fig. S7(a). To check the independence of the dip direction and dip angle, a Pearson’s chi-square test was executed
on the orientation sample, resulting in a significance of 0.56, above the confidence level of 0.05, suggesting that
the observed orientation sample satisfies the independence hypothesis of the proposed method, meaning it can
be applied to this sample.

Similar to the steps used in Case I, the orientations corrected using the Fouché method (see, for example,
Supplementary Fig. S7(b) showing the corrected result from the sample of the first 1,000 observed orientations)
and that using the proposed method (in terms of probability functions; see Table 4) were obtained, as well as the
“modelled” orientations derived from the corrected results of these two methods (see Supplementary Fig. S7(c)
and (d)). Then, the significances of 7 sample sizes (the first 50, 100, 150, 200, 300, 500 and 1,000 of 1,016 observed
orientations) were tested, with the results being shown in Fig. 2.

SCIENTIFICREPORTS | 6:22942 | DOI: 10.1038/srep22942 10



www.nature.com/scientificreports/

References

1.

2

(-]

10.

11.

12.

13.
14.

15.

16

19.
20.

21.

22.

23.

24.

25.

36.

37.

38.

39.
40.

41.
42.

43.

44,

45.
46.

47.

Perino, A. & Barla, G. Resonant column apparatus tests on intact and jointed rock specimens with numerical modelling validation.
Rock Mech. Rock Eng. 48, 197-211 (2015).

. da Silva, B. G. & Einstein, H. H. Finite element study of fracture initiation in flaws subject to internal fluid pressure and vertical

stress. Int. J. Solids Struct. 51, 4122-4136 (2014).

. Singh, G. & Zimmerman, R. W. Modification of Griffith-McClintock-Walsh model for crack growth under compression to

incorporate stick-slip along the crack faces. Int. J. Rock Mech. Min. Sci. 72, 311-318 (2014).

. Alejano, L. R. & Bobet, A. in The ISRM suggested methods for rock characterization, testing and monitoring: 2007-2014 (ed R. Ulusay)

Ch. Drucker-Prager criterion, 247-252 (Springer, 2015).

. Zhang, P,, Hu, L., Meegoda, J. N. & Gao, S. Micro/nano-pore network analysis of gas flow in shale matrix. Sci. Rep. 5 (2015).
. Singhal, B. B. S. & Gupta, R. P. Applied hydrogeology of fractured rocks. (Springer, 2010).
. Twiss, R. J. & Marrett, R. Determining brittle extension and shear strain using fault length and displacement systematics: part II: data

evaluation and test of the theory. J. Struct. Geol. 32, 1978-1995 (2010).

. Laubach, S. E., Reed, R. M. & Lander, R. Photograph of the month: Fracture with crack-seal texture and porosity, depth 6274 m,

Wyoming. J. Struct. Geol. 32, 1865 (2010).

. Laubach, S., Eichhubl, P, Hargrove, P, Ellis, M. & Hooker, J. Fault core and damage zone fracture attributes vary along strike owing

to interaction of fracture growth, quartz accumulation, and differing sandstone composition. J. Struct. Geol. 68, 207-226 (2014).
Olson, H. C. & Damuth, J. E. in Advances in natural and technological hazards research (eds David C. Mosher et al.) Ch. Submarine
mass movements and their consequences, 607-617 (Springer, 2010).

Gale, J. E, Lander, R. H., Reed, R. M. & Laubach, S. E. Modeling fracture porosity evolution in dolostone. J. Struct. Geol. 32,
1201-1211 (2010).

Gale, J. E, Laubach, S. E., Olson, J. E., Eichhubl, P. & Fall, A. Natural fractures in shale: A review and new observations. AAPG Bull.
98, 2165-2216 (2014).

Gudmundsson, A. Rock fractures in geological processes. (Cambridge University Press, 2011).

Gudmundsson, A., De Guidi, G. & Scudero, S. Length-displacement scaling and fault growth. Tectonophysics 608, 1298-1309
(2013).

Hooker, J., Laubach, S. & Marrett, R. A universal power-law scaling exponent for fracture apertures in sandstones. Geol. Soc. Am.
Bull. 126, 1340-1362 (2014).

. Chiles, J. Fractal and geostatistical methods for modeling of a fracture network. Math. Geol. 20, 631-654 (1988).
17.
18.

Priest, S. D. Discontinuity analysis for rock engineering. (Springer Science & Business Media, 1993).

Priest, S. D. in Comprehensive rock engineering: principles, practice & projects: rock testing and site characterization (eds E. T. Brown,
C. Fairhurst & J. A. Hudson) Ch. The collection and analysis of discontinuity orientation data for engineering design, with examples,
167-192 (Pergamon Press, 1993).

Hoek, E. Practical rock engineering. (Rocscience, 2000).

Mauldon, M., Dunne, W. & Rohrbaugh, M. Circular scanlines and circular windows: new tools for characterizing the geometry of
fracture traces. J. Struct. Geol. 23, 247-258 (2001).

Lei, Q. et al. Effects of geomechanical changes on the validity of a discrete fracture network representation of a realistic two-
dimensional fractured rock. Int. . Rock Mech. Min. Sci. 70, 507-523 (2014).

Lato, M. J., Diederichs, M. S. & Hutchinson, D. J. Bias correction for view-limited Lidar scanning of rock outcrops for structural
characterization. Rock Mech. Rock Eng. 43, 615-628 (2010).

Lato, M. J. & Voge, M. Automated mapping of rock discontinuities in 3D lidar and photogrammetry models. Int. J. Rock Mech. Min.
Sci. 54, 150-158 (2012).

Klose, C., Seo, S. & Obermayer, K. A new clustering approach for partitioning directional data. Int. J. Rock Mech. Min. Sci. 42,
315-321 (2005).

Tran, N. H. Fracture orientation characterization: Minimizing statistical modelling errors. Comput. Stat. Data An. 51, 3187-3196
(2007).

. Manda, A. K. & Mabee, S. B. Comparison of three fracture sampling methods for layered rocks. Int. J. Rock Mech. Min. Sci. 47,

218-226 (2010).

. Terzaghi, R. D. Sources of error in joint surveys. Geotechnique 15, 287-304 (1965).

. Einstein, H. H. & Baecher, G. B. Probabilistic and statistical methods in engineering geology. Rock Mech. Rock Eng. 16, 39-72 (1983).
. Park, H. & West, T. Sampling bias of discontinuity orientation caused by linear sampling technique. Eng. Geol. 66, 99-110 (2002).

. Peacock, D., Harris, S. & Mauldon, M. Use of curved scanlines and boreholes to predict fracture frequencies. J. Struct. Geol. 25,

109-119 (2003).

. Mauldon, M. & Mauldon, J. Fracture sampling on a cylinder: from scanlines to boreholes and tunnels. Rock Mech. Rock Eng. 30,

129-144 (1997).

. Fouché, O. & Diebolt, J. Describing the geometry of 3D fracture systems by correcting for linear sampling bias. Math. Geol. 36,

33-63 (2004).

. Tang, H. et al. Identification and mitigation of error produced when using Terzaghi’s bias correction. Strength Mater. (in the press).
. Berkowitz, B. Characterizing flow and transport in fractured geological media: A review. Adv. Water Res. 25, 861-884 (2002).
. Borghi, A., Renard, P,, Fournier, L. & Negro, F. Stochastic fracture generation accounting for the stratification orientation in a folded

environment based on an implicit geological model. Eng. Geol. 187, 135-142 (2015).

Li, Y., Wang, Q., Chen, J., Xu, L. & Song, S. K-means algorithm based on particle swarm optimization for the identification of rock
discontinuity sets. Rock Mech. Rock Eng. 48, 375-385 (2015).

Long, J., Remer, J., Wilson, C. & Witherspoon, P. Porous media equivalents for networks of discontinuous fractures. Water Resour.
Res. 18, 645-658 (1982).

Ivanova, V. M, Sousa, R., Murrihy, B. & Einstein, H. H. Mathematical algorithm development and parametric studies with the
GEOFRAC three-dimensional stochastic model of natural rock fracture systems. Comput. Geosci. 67, 100-109 (2014).

Li, X. & Konietzky, H. Time to failure prediction scheme for rocks. Rock Mech. Rock Eng. 47, 1493-1503 (2014).

Bertrand, L. et al. A multiscale analysis of a fracture pattern in granite: A case study of the Tamariu granite, Catalunya, Spain. J.
Struct. Geol. 78, 52-66 (2015).

Fisher, R. A. Dispersion on a sphere. Proc. R. Astron. Soc. A 217, 295-305 (1953).

Ko, N. Y., Ji, S. H,, Koh, Y. K. & Choi, J. W. Evaluation of two conceptual approaches for groundwater flow simulation for a rock
domain at the block-scale for the Olkiluoto site, Finland. Eng. Geol. 193, 297-304 (2015).

Xia, L., Li, M., Chen, Y., Zheng, Y. & Yu, Q. Blockiness level of rock mass around underground powerhouse of Three Gorges Project.
Tunn. Undergr. Sp. Tech. 48, 67-76 (2015).

Havaej, M., Coggan, ], Stead, D. & Elmo, D. A combined remote sensing-numerical modelling approach to the stability analysis of
Delabole Slate Quarry, Cornwall, UK. Rock Mech. Rock Eng. (in the press).

Kent, J. T. The Fisher-Bingham distribution on the sphere. J. R. Stat. Soc. B, 71-80 (1982).

Kent, J. T., Ganeiber, A. M. & Mardia, K. V. A new method to simulate the Bingham and related distributions in directional data
analysis with applications. arXiv preprint arXiv:1310.8110 (2013).

Carmichael, T. & Ailleres, L. Method and analysis for the upscaling of structural data. J. Struct. Geol. (in the press).

SCIENTIFICREPORTS | 6:22942 | DOI: 10.1038/srep22942 11



www.nature.com/scientificreports/

52.
53.
54,
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
. Carvalho, L. An improved evaluation of Kolmogorov’s distribution. J. Stat. Softw. 65, 1-7 (2015).
67.
68.
69.
70.
71.
72.

73.
74.

75.
76.

77.

78.
79.

80.

. Shamekhi, E. & Tannant, D. Probabilistic assessment of rock slope stability using response surfaces determined from finite element

models of geometric realizations. Comput. Geotech. 69, 70-81 (2015).

. Bingham, C. Distributions on the sphere and on the projective plane PhD thesis, Yale University (1964).
. Bingham, C. An antipodally symmetric distribution on the sphere. Ann. Stat. 2, 1201-1225 (1974).
. Yamaji, A., Sato, K. & Tonai, S. Stochastic modeling for the stress inversion of vein orientations: Paleostress analysis of Pliocene

epithermal veins in southwestern Kyushu, Japan. J. Struct. Geol. 32, 1137-1146 (2010).

Yamaji, A. & Sato, K. Clustering of fracture orientations using a mixed Bingham distribution and its application to paleostress
analysis from dike or vein orientations. J. Struct. Geol. 33, 1148-1157 (2011).

Sato, K., Yamaji, A. & Tonai, S. Parametric and non-parametric statistical approaches to the determination of paleostress from
dilatant fractures: Application to an Early Miocene dike swarm in central Japan. Tectonophysics 588, 69-81 (2013).

Kulatilake, P. H., Um, J.-g., Wang, M., Escandon, R. F. & Narvaiz, ]. Stochastic fracture geometry modeling in 3-D including
validations for a part of Arrowhead East Tunnel, California, USA. Eng. Geol. 70, 131-155 (2003).

Wu, Q. & Kulatilake, P. REV and its properties on fracture system and mechanical properties, and an orthotropic constitutive model
for a jointed rock mass in a dam site in China. Comput. Geotech. 43, 124-142 (2012).

Koyama, T., Yamaji, A. & Sato, K. Bias correction for the orientation distribution of slump fold axes: Application to the Cretaceous
Izumi basin. Comput. Geosci. 46, 24-30 (2012).

Angelier, J., Tarantola, A., Valette, B. & Manoussis, S. Inversion of field data in fault tectonics to obtain the regional stress—I. Single
phase fault populations: a new method of computing the stress tensor. Geophys. J. Roy. Astr. S. 69, 607-621 (1982).

Park, H.J,, Lee, J. H., Kim, K. M. & Um, J. G. Assessment of rock slope stability using GIS-based probabilistic kinematic analysis.
Eng. Geol. (in the press).

Wu, J., Zhang, Z. & Kwok, C. Stability analysis of rock blocks around a cross-harbor tunnel using the improved morphological
visualization method. Eng. Geol. 187, 10-31 (2015).

Guo, L,, Li, X,, Zhou, Y. & Zhang, Y. Generation and verification of three-dimensional network of fractured rock masses stochastic
discontinuities based on digitalization. Environ. Earth Sci. 73, 7075-7088 (2015).

Pearson, K. X. On the criterion that a given system of deviations from the probable in the case of a correlated system of variables is
such that it can be reasonably supposed to have arisen from random sampling. Philos. Mag. 50, 157-175 (1900).

Lin, J. J., Chang, C. H. & Pal, N. A revisit to contingency table and tests of independence: bootstrap is preferred to Chi-Square
approximations as well as Fisher’s exact test. J. Biopharm. Stat. 25, 438-458 (2015).

Brereton, R. G. The chi squared and multinormal distributions. J. Chemom. 29, 9-12 (2015).

Kolmogorov, A. N. Foundations of probability. (Chelsea Publishing Company, 1933).

Smirnov, N. Table for estimating the goodness of fit of empirical distributions. Ann. Math. Stat. 19, 279-281 (1948).

Bulstra, G. H., van Rheenen, T. A. & Scholtes, V. A. Can we measure the heel bump ? Radiographic evaluation of Haglund’s deformity.
J. Foot Ankle Surg. 54, 338-340 (2015).

Brzovic, A. & Villaescusa, E. Rock mass characterization and assessment of block-forming geological discontinuities during caving
of primary copper ore at the El Teniente mine, Chile. Int. J. Rock Mech. Min. Sci. 44, 565-583 (2007).

Dowd, P. A., Xu, C., Mardia, K. V. & Fowell, R. J. A comparison of methods for the stochastic simulation of rock fractures. Math.
Geol. 39, 697-714 (2007).

Xu, C. & Dowd, P. A new computer code for discrete fracture network modelling. Comput. Geosci. 36, 292-301 (2010).

Cruden, D. & Charlesworth, H. Errors in strike and dip measurements. Geol. Soc. Am. Bull. 87, 977-980 (1976).

Rondeel, H. E. & Storbeck, F. Errors in geological compass determinations of the attitude of planar structures. Geol. Rundsch. 67,
913-919 (1978).

Herda, H. Strike standard deviation for shallow-dipping rock fracture sets. Rock Mech. Rock Eng. 32, 241-255 (1999).

Borradaile, G. J. Statistics of earth science data: their distribution in time, space and orientation. (Springer Science & Business Media,
2003).

Groshong Jr, R. H. 3-D structural geology. (Springer, 2006).

Senger, O. & Celik, A. K. A Monte Carlo simulation study for Kolmogorov-Smirnov two-sample test under the precondition of
heterogeneity: upon the changes on the probabilities of statistical power and type I error rates with respect to skewness measure. J.
Stat. Economet. Methods 2, 1-16 (2013).

Ozgomak, M. S., Kartal, M., Senger, O. & Celik, A. K. Comparison of the powers of the Kolmogorov-Smirnov Two-Sample Test and
the Mann-Whitney Test for different kurtosis and Skewness coefficients using the Monte Carlo simulation method. J. Stat. Economet.
Methods 2, 81-98 (2013).

Corder, G. W. & Foreman, D. I in Nonparametric Statistics for Non-Statisticians: A Step-by-Step Approach (eds Gregory W Corder &
Dale I Foreman) Ch. Comparing two unrelated samples: The Mann-Whitney U-test, 57-78 (Wiley, 2009).

Duscher, D. et al. Aging disrupts cell subpopulation dynamics and diminishes the function of mesenchymal stem cells. Sci. Rep. 4
(2014).

Giiler, S., Caylan, A, Turan, F. N., Dagdeviren, N. & Celik, Y. The prevalence of restless legs syndrome in Edirne and its districts
concomitant comorbid conditions and secondary complications. Neurol. Sci. 36, 1805-1812 (2015).

Acknowledgements

This work was funded by the National Basic Research Program of China under grant No. 2011CB710600 and the
National Natural Science Foundation of China under grant No. 41230637. We would like to thank Doctor Weida
Ni, Master Wei Xu, Doctor Rui Yong and Doctor Zongxing Zou for the orientation observations.

Author Contributions

L.H. and H.T. proposed the method and wrote the paper. Q.T. and D.W. partially performed the study of Cases I
and II. L.W. provided and partially analysed the data for Case II. M.A.M.E.E., C.L. and Q.-W. took part in the data
analysis of Case II. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Huang, L. et al. A novel method for correcting scanline-observational bias of
discontinuity orientation. Sci. Rep. 6, 22942; doi: 10.1038/srep22942 (2016).

SCIENTIFICREPORTS | 6:22942 | DOI: 10.1038/srep22942 12


http://www.nature.com/srep

www.nature.com/scientificreports/

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G oy other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:22942 | DOI: 10.1038/srep22942 13


http://creativecommons.org/licenses/by/4.0/

	A novel method for correcting scanline-observational bias of discontinuity orientation

	Results

	The effect of sample size on correction capacity. 
	Case I. 
	Case II. 

	Discussion

	Conclusions

	Methods

	The proposed method. 
	Hypothesis. 
	Procedure. 

	Investigation of the effect of sample size. 
	Case I. 
	Case II. 


	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Root square error versus sample size curves: (a) Orientation follows normal distribution.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Two-tailed significance returned by the two-sample Kolmogorov-Smirnov test (Case II).
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Orientation distribution parameters before and after correction using the proposed method: (a) Mean of dip directions.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Field outcrop, scanline and discontinuities (Case I).
	﻿Table 1﻿﻿. ﻿  Parameters for discontinuity modelling.
	﻿Table 2﻿﻿. ﻿  Probability distribution of orientations corrected using the proposed method.
	﻿Table 3﻿﻿. ﻿  Volumetric intensity, diameter, aperture and size of simulated zone.
	﻿Table 4﻿﻿. ﻿  Probability distribution of orientations corrected using the proposed method (Case II).



 
    
       
          application/pdf
          
             
                A novel method for correcting scanline-observational bias of discontinuity orientation
            
         
          
             
                srep ,  (2016). doi:10.1038/srep22942
            
         
          
             
                Lei Huang
                Huiming Tang
                Qinwen Tan
                Dingjian Wang
                Liangqing Wang
                Mutasim A. M. Ez Eldin
                Changdong Li
                Qiong Wu
            
         
          doi:10.1038/srep22942
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep22942
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep22942
            
         
      
       
          
          
          
             
                doi:10.1038/srep22942
            
         
          
             
                srep ,  (2016). doi:10.1038/srep22942
            
         
          
          
      
       
       
          True
      
   




