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1. Introduction and literature review

The mechanical and hydraulic behaviour of discontinuous rock masses as well as rock slope stability
depend very much on the discontinuity geometry pattern of the rock masses (Kulatilake et al. 1993 and
1996). The discontinuity geometry pattern in a rock mass can vary from one region to another. The first
step in determining the discontinuity geometry pattern in a rock mass is the identification of statistically
homogeneous regions (Kulatilake et al. 1993 and 1996). It is also known as determination of structural
domains in the traditional rock mechanics literature. Once the statistically homogeneous regions are
determined, each one of these regions may be represented by a discontinuity geometry model. Such a
discontinuity geometry model can then be used to study the mechanical or hydraulic behaviour or the rock
slope stability of the rock mass. For complete statistical homogeneity of rock mass regions, the discontinuity
sets should have similar distributions for discontinuity intensity in three dimensions, orientation, spacing,
size, shape, roughness, and discontinuity constitutive properties. However, it is very difficult or almost
impossible to achieve the statistical homogeneity to this level in rock engineering practice. At present, in
practice, only the number of discontinuity sets and their orientation distributions are considered in
determining the statistical homogeneity of rock masses. In practice, mostly, such rock masses are
determined by visually comparing samples of geologic structure orientations, each of which consists of
discontinuity normal vectors (also known as poles) plotted on a polar equal-area net. When discontinuity
orientations do not show definite pole clusters, visual comparisons are often not sufficient to evaluate
statistical homogeneity between chosen regions. Even when discontinuity orientations show definite pole

clusters, in many cases it is difficult to compare the distribution of poles for a discontinuity set in the
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considered two regions only through visual inspection. In such situations, it may be desirable to use the
statistical procedures suggested by Miller (1983), Mahtab and Yegulalp (1984), Kulatilake et al. (1990)
and Martin and Tannant (2004), and the fractal procedure suggested by Kulatilake et al. (1997), in
addition to the visual examination of pole plots plotted on a polar equal-area net to investigate statistically
homogeneous regions in rock masses. Attempts have been made to investigate statistical homogeneity of
rock masses in a few sites in the world using discontinuity geometry data (Kulatilake et al. 1990, 1996
and 1997; Martin and Tannant 2004; Phi et al. 2012; Thanh et al. 2015; Li et al. 2015; Song et al.
2018). In these papers’ authors had to make subjective decisions on statistical homogeneity of rock masses
under significant uncertainty. The reason for that is the lack of a solid objective procedure in the current
rock mechanics or engineering geology literature to firmly demarcate between the statistical homogeneity
and non-homogeneity for real world rock masses. It is important to mention that decision making on
statistical homogeneity for real world sites is a very difficult, challenging assignment. It is not a trivial task
at all. It cannot be made in a firm, deterministic fashion. However, this aspect is not clearly shown through
detailed case studies in the literature. One of the main aims of this paper is to show this difficult and
challenging aspect through a very carefully performed detailed case study. Only joint orientation values are
required to obtain pole plots on a polar equal area net, and to apply Miller (1983), Kulatilake et al. (1990)
and Martin and Tannant (2004) procedures. On the other hand, discontinuity trace maps are required to
apply the fractal procedure given by Kulatilake et al. (1997). This paper first reviews the salient features
and the capabilities of the polar equal area pole plots and Miller (1983), Kulatilake et al. (1990) and
Martin and Tannant (2004) procedures. The paper then shows how modified versions of these procedures
are applied to 4189 orientation data to investigate statistical homogeneity of rock masses located along a
highway corridor in Vietnam. The obtained results very clearly show the difficult and challenging nature

of decision making on statistical homogeneity of rock masses.

Fig. 1. Trajectories of the maximum compressive stress within the Indochina Peninsula during (a) the
Oligocene and (b) at the present time (Kasatkin et al., 2014). The legend on the map in Figure 1 is described
as follows: 1. trajectories of the maximum compressive stress: (a) which are directly related to the Indo-
Eurasian plate collision and (b) its far-field effects; (2) faults and directions of displacement (arrows); (3)
zone of continental collision; (4) subduction zone; (5) extension structures; (6) spreading zones; (7) current
position of the land; Red River Fault System (RRFS); Cao Bang - Tien Yen fault (CB - TY).

2. Geological conditions of the considered site

The study area lies between two major fault zones (Red River fault zone and Cao Bang- Tien Yen fault
zone) with the faults striking in the NW-SE direction in the Xuat Hoa area, Bac Kan Province (northeast
region) of Vietnam (Fig. 1). Earlier studies (Nguyen, 1991, Phung et al. 1996) suggested that the study

area has undergone two major phases of tectonic activity; an early phase compressive tectonic activity
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occurred in the E-W direction starting from the Eocene and extending to the Oligocene-Miocene period
followed by a late phase compressive tectonic activity in the N-S direction beginning from the Pliocene to
the present (Fig. 1). Based on results of an extensive analysis of fault plane striations, Thanh (2019)
identified four main compressive tectonic activity phases in the study area; the order and direction of
occurrence of these phases are (a) NW-SE, (b) E-W, (c) NE-SW, and d) N-S. The geological map of the
study area (Nguyen et al. 2000) along with the survey stations (SS) used to collect discontinuity orientation
data are shown in Fig. 2. Note that the survey stations are selected along a highway named as the 3B
Highway. As shown in Fig. 2, it is a highly winding road. It is very important to keep the rock slopes stable
along this highway corridor. The rock mass statistical homogeneity of the highway corridor is investigated
in this paper as the first step towards investigating rock slope stability. As explained above, the tectonic
condition of the study area is quite complex. Therefore, intuitively, a quite complex rock mass statistical
homogeneity can be expected along the highway corridor. The dominant lithologies in the study area are
Devonian sedimentary rocks. These rocks belong to three main formations as shown in Fig. 2: a) Tam Hoa
formation (D-.3¢h) consisting of polymictic conglomerate, gritstone, clayey shale and limestone; b) Mia Le
Formation (Dim/; and Dim/2) consisting of clayish siltstone and marlaceous shale; and ¢) Na Quan
formation (Di2ng: and Di.ng,) consisting of marlaceous shale and shale interbedded with limestone
respectively. Typical rock masses of each of these formations located at a few survey stations are shown in
Fig. 3.

Fig. 2. Geological map of the study area showing the survey stations (SS) used to obtain orientation data.

Fig. 3. Typical rock masses that exist at a few survey stations.

Discontinuity orientation data were collected from three formations at 32 survey stations located along
a 15 km stretch of the 3B Highway corridor. The location map of the survey stations and the lithologies of
the stations are shown in Fig. 2. The survey station SS-1, SS-4 through SS-11, and SS-13 through SS-32
are from the Diml, formation. The survey station SS-2 is from the Dm/; formation. The survey station SS-
3 is located at the boundary between the D..3th and Diong, formations. The survey station SS-12 is from
the Di.ong» formation. The survey stations SS-12 and SS-13 are on the opposite sides of a fault line. A very
good chance exists to have poor statistical homogeneity when rock masses from opposite sides of a fault
line are compared. If the formations are quite different, then there is a tendency to have a low level of
statistical homogeneity among the rock masses located in different formations. A total of 4189 discontinuity

orientation data were collected from the 3B Highway corridor as given in Table 1. A few details about each
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survey station and the number of discontinuity orientation data collected from each station are presented in

Table 1.

Table 1 Survey station locations, geologic age and the number of discontinuity orientation data collected

for the various stations.

3. Main features of the procedures used to evaluate statistical homogeneity
3.1. Polar equal area pole plot comparison

Polar equal area net is used to plot the discontinuity normal vectors (also known as poles) of orientation
data and to find the distribution of discontinuity poles for each discontinuity set belonging to a particular
rock mass site (Goodman 1976; Hoek and Bray 2004). The pole plotting can be done either using the
lower hemispherical projection or the upper hemispherical projection (Goodman 1976). In this study the
lower hemispherical projection was used in plotting the discontinuity poles. These plots show pole
concentrations. These pole concentrations can be used to determine the number of discontinuity sets that
exists in a rock mass site. In addition, these pole plots show the distribution of orientation data for each
discontinuity set. The polar equal area pole plots of two rock mass sites can be compared visually to assess
the statistical similarity of the two sites based on the number of discontinuity sets that exists in the two sites
and their orientation distributions. This statistical similarity is also worded as the rock mass statistical
homogeneity of the two sites in this paper.

In determining the rock mass statistical homogeneity between two sites, efforts were made to draw
visual conclusions about the strength of statistical homogeneity of two adjacent regions. This was achieved
by using only the polar equal area pole plots to assign qualitative ranks of the rock mass statistical
homogeneity. In investigating the statistical homogeneity between two rock mass sites, it is necessary to
first check whether the same number of discontinuity sets appear in the two sites. If so, then it is necessary
to check for each of the discontinuity sets, orientation wise, whether the same discontinuity set appears in
the two data sites being compared. If the same discontinuity sets exist in the data sites, a further check on
the similarity of their orientation distributions is conducted.

Generally, data sites which are in proximity in the same rock formation or similar rock formations tend
to have stronger statistical homogeneity compared to sites that are far apart in the same rock formation or
in different rock formations. First, the polar equal-area pole plots were compared among every two adjacent
stations along the highway corridor starting from SS-1 versus SS-2 to SS-31 versus SS-32. If any two
adjacent stations were found to be strongly statistically homogeneous, then the orientation data of those

two stations were combined to make a new polar equal area pole plot for each of the combined stations.
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Then the polar equal area pole plot of each of the combined stations was compared with the next adjacent
station to evaluate the statistical homogeneity among those stations. This process was continued for all the

adjacent stations along the highway corridor, which showed strong statistical homogeneity.

3.2. Linear correlation coefficient analysis

It is often difficult to evaluate the statistical homogeneity only by visually comparing the polar equal
area plots of different sites when definite pole clusters do not appear through the discontinuity orientation
data. Even when the pole clusters are visible, the qualitative nature of the polar equal area pole plot
comparison procedure makes the result subjective. Such difficulties can be avoided by adopting quantitative
methods such as the linear correlation coefficient, p, analysis and/or contingency table analysis in
identifying statistically homogeneous domains. This section covers the linear correlation coefficient
analysis. Section 3.3 covers the contingency table analysis. A polar equal area patch network was
constructed by dividing the horizontal circumferential 0 to 360 degrees into 10-degree cells and horizontal
radial 0 to 90 degrees on the polar equal area net into 10-degree cells. This created a 324-patch polar equal

area net as shown in Fig. 4.
Fig. 4. The constructed 324-patch polar equal area net.

Poles of the discontinuity orientation data of each of the 32 stations were plotted using the lower
hemispherical projection on the 324-patch polar equal area net. For each of the two station combinations
considered under polar equal area plot comparison method (see section 3.1), the linear correlation
coefficient, R (x, y), was calculated according to equation (1). The numerator of Eq. (1) is the covariance.
The two square root terms appearing in the denominator of Eq. (1) are the standard deviations of x and y.

L S -D(, -7
T S =1 A e 0
Vo 26— [ Ly B o=

i=l1

In Eq. (1), (x1, v1), (x2 ¥2), ...,(xn, yu) are n pairs of pole number observations coming from n 10 by 10

degree cells for each of the considered two stations. X and Y are the average pole numbers for a 10 by10-
degree cell from each of the two stations considered in the computation. x; is the pole number that appears
in cell i of the first station and y; is the pole number that appears in cell i of the second station. Because a
324-patch polar equal area net is used for the calculations, n = 324 for the conducted study. The sorting of
discontinuity poles was done in such a way that no single discontinuity pole falls into two cells in a polar

equal area net, which will result in double counting. R expresses the strength of the similarity or statistical
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homogeneity of the pole distributions among the considered two stations. R values range from -1 to +1 and
do not depend on the discontinuity data numbers of the considered two stations. The R value of +1 implies
perfect positive linear correlation while the R value of -1 implies perfect negative linear correlation. The R
value of 0 implies no correlation. Low R values imply weak linear correlation and high R values imply
strong linear correlation. Higher the magnitude of the R, better the linear correlation and better the chance
for the statistical homogeneity. Unfortunately, it is not possible to specify an objective R value which
demarcates between the statistical homogeneity and non-homogeneity. Therefore, in this paper, the
computed R value is used to assign a rank to the tested two regions to indicate the strength of the rock mass

statistical homogeneity.

3.3. Contingency table analysis

Application of contingency table analysis to polar equal area plots requires the division of the lower
hemisphere into patches that have equal areas either on the lower or upper hemisphere. In this paper, the
lower hemisphere is chosen. In this study, a modified version of Miller’s method (1983) reported by
Kulatilake et al. (1990) was used to perform contingency table analysis. Based on the modified Miller’s
method, a formulation is given to divide the lower hemisphere polar equal area net into equal surface area
patches after selecting the number of dip bands and the number of patches (cells) in each band. Most of the
discontinuities of the survey stations were found to be of sub-verticals giving high dip angles. Therefore,
most of the poles were expected to get plotted in the polar equal area net within 0-40 degrees from the
periphery towards the center of the patch network. That means it is better to have 4 bands rather than 3,
which is usually used, for the patch network and more patches or cells in the outer two bands for better
discrimination of pole sorting to perform contingency table analysis. Based on these concepts, for the first

time a 68-cell patch network as shown in Fig. 5 was designed to perform contingency table analysis.

Fig. 5. The designed 68-cell patch network used for the contingency table analysis.

Table 2 Contingency table for analyzing the polar equal area plots of different stations (after Miller, 1983).

Table 2 provides a contingency table for analyzing the polar equal area plots of different stations. Entry
of each patch (cell) in the table is the number of discontinuity poles that occur in that patch (f;). To test the
null hypothesis that the rock mass stations are statistically homogeneous, the following chi-square statistic

is calculated to perform the chi-square test.
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In Eq. (2), e;is the expected number of discontinuity poles in the ij cell and it is calculated through e; =

(RiC))/N (Miller 1983; Kulatilake et al. 1990). The symbols R; and C; are explained in Table 2. Under the

null hypothesis, to have a perfect fit, all f; should be equal to e;. In such a case y° = 0. Thus, large values
of )(2 tend to discredit the null hypothesis, and small values of ;(2 tend to confirm the hypothesis. If the
null hypothesis is true, then in general the calculated ;(2 is chi-square distributed with (r-1) (c-1) degrees

of freedom. According to the usual chi-square test procedure, the null hypothesis is rejected if the y* from

Eq. (2) exceeds the value from the chi-square table corresponding to (r-1) (c-1) degrees of freedom at the

chosen significance level of a. In statistical applications, the statisticians commonly use 0.05 or 0.10 for a.
Another possibility is to obtain the a value from the chi-square table corresponding to the calculated )(2

value from Eq. (2) using the degrees of freedom (r-1) (c-1). This value, termed as p, can be considered as
one’s confidence in accepting the null hypothesis and seems more appropriate to use in engineering
applications.

The accuracy of the chi-square test depends on the e; distribution in the patch network. Miller
recommends use of Lancaster’s (Lancaster, 1969) criterion for contingency table analyses of equal area
plots. To satisfy Lancaster’s criterion, it will be necessary to try out different patch networks. It is possible

to find equal area plots for which Lancaster’s criterion cannot be met. For such situations, p can be evaluated
using the approximation that ;(2 follows a normal distribution under the condition of degrees of freedom

greater than 30.

The value obtained for p depends on the following factors: (a) the number of patches in the patch
network; (b) the relative position of the patch network with respect to north; and (¢) whether the Lancaster’s
criterion was met or not. Therefore, for the same data, it is possible to get several different values for p.
Then one faces the almost impossible task of deciding on a value for p which demarcates between the
statistical homogeneity and non-homogeneity. Therefore, it is not possible to determine rock mass statistical
homogeneity uniquely through this method too as in the previous two methods. However, if the afore-
mentioned three factors are kept the same in testing different regions of the rock mass, then the obtained p
values can be used to rank the tested regions with respect to the strength of homogeneity. The chance for
statistical homogeneity increases with increasing p. In this paper, 18 contingency test results are obtained

for each tested two regions starting from the patch network aligned to north and then by rotating the patch

network using an increment of 10 degrees. For each of these test results ¥ and p values are obtained based
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on both the chi-square and normal distributions. These 18 sets of values were then used to compute average
;(2 and average p values based on both the chi-square and normal distributions. These average p values are

then used to rank each of the tested two regions with respect to the strength of statistical homogeneity.

4. Results
4.1. Use of polar equal area pole plot comparison to assign qualitative ranks of statistical homogeneity
Discontinuity orientation data collected from the 32 survey stations were plotted on the equal area polar
net using the Dips 7.0 software package (Rocscience Inc., 2019) and selecting the lower hemisphere
projection. The obtained lower hemispherical polar equal area pole plots are shown in Fig. 6. These plots
show about two sub-vertical discontinuity sets. In certain stations both sets appear prominent. In the
remaining stations only one prominent discontinuity set appears. For most of the stations, the orientation
distributions and mean orientation directions of these two discontinuity sets vary from one station to another
significantly. That weakens the strength of the statistical homogeneity among many stations. By looking at
the polar equal area pole plots it is difficult to firmly demarcate between the statistical homogeneity and
non-homogeneity between different stations. Therefore, an attempt was made to qualitatively rank the

stations with respect to the strength of statistical homogeneity.

Fig. 6. Lower hemispherical polar equal area pole plots of the 32 stations located along the highway

corridor.

The polar equal area pole concentration plots shown in Fig. 6 were used in making a judgement about
the strength of statistical homogeneity for each of the two adjacent stations located along the highway
corridor. For each case, a qualitative rank was assigned based on the procedure mentioned under section
3.1. Poor (P), Low (L), low to poor (L-P), medium (M), or high (H) ranks were assigned to the cases to
indicate the observed visual strength of statistical homogeneity. Note that this ranking procedure is
subjective. The obtained results are given in Table 3. The stations SS-12 and SS-13 showed a very poor
level of statistical homogeneity. Note that these two stations are located on the opposite sides of a fault.
This result was intuitively expected. Rock formation differences among the tested two stations exist for the
following cases: SS-1 versus SS-2, SS-2 versus SS-3, SS-3 versus SS-4 and SS-11 and SS-12. Note that all
those cases show either a P, L-P or L level of statistical homogeneity. Possibility of a such a result was

stated in section 3.1.

Table 3 Summary results for strength of statistical homogeneity based on different methods.
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The obtained results from the polar equal-area pole plot comparisons of the discontinuity data (Table
3) indicate that the stations SS-20 versus SS-21, SS-26 versus SS-27, SS-27 versus SS-28 and SS-31 versus
SS-32 have H level of statistical homogeneity among all the cases tested. These cases show existence of
similar discontinuity sets with quite similar orientation distributions. The following cases showed M level
statistical homogeneity based on existence of similar discontinuity sets and fairly similar orientation
distributions: SS-5 versus SS-6, SS-10 versus SS-11, SS-14 versus SS-15, SS-15 versus SS-16, SS-18
versus SS-19, SS-19 versus SS-20, SS-28 versus SS-29 and SS-30 versus SS-31. Orientation data of
locations that indicated existence of either H level or M level statistical homogeneity between adjacent
stations were then combined as follows to make comparisons among equal area pole plots of combined
stations: (a) SS-14 & 15 versus SS-16, (b) SS-18 versus SS-19 & 20, (¢) SS-18 & 19 versus SS-20 & 21,
(d) SS-26 & 27 versus SS-28, (e) SS-26 & 27 versus SS-28 & 29 and (f) SS-30 versus SS-31 & 32. Lower
hemispherical polar equal area pole plot comparisons made for the combined stations are shown in Fig. 7.
The qualitative rankings made through visual comparison are given in Table 3. These rankings were
assigned based on the rankings made earlier using P through H levels. Out of all the stations compared, the

stations 18 through 21 seem to indicate the highest level of statistical homogeneity.

Fig. 7. Lower hemispherical polar equal area pole plot comparisons made for the combined stations: (a)
SS-14 & 15 versus SS-16 (L level), (b) SS-18 versus SS-19 & 20 (H level), (c) SS-18 & 19 versus SS-20
& 21 (M level), (d) SS-26 & 27 versus SS-28 (L level), (e) SS-26 & 27 versus SS-28 & 29 (L level) and (f)
SS-30 versus SS-31 & 32 (L level).

4.2. Use of linear correlation coefficient analysis to assign quantitative ranks of statistical homogeneity
Using the procedure explained in section 3.2, the linear correlation coefficient, R, values were
calculated for the same station cases mentioned under section 3.1. The obtained R values are given in Table
3. Based on these R values, ranks were assigned to indicate the strength of statistical homogeneity for the
tested cases. Lower the rank number, the higher the strength of statistical homogeneity. Among every two
stations tested, SS-20 versus SS-21, SS-26 versus SS-27 and SS-31 versus SS-32 produced the highest R
values (0.50-0.58) indicating highest chance of statistical homogeneity. SS-5 versus SS-6, SS-10 versus
SS-11, SS-14 versus SS-15, SS-15 versus SS-16, SS-18 versus SS-19, SS-19 versus SS-20, SS-25 versus
SS-26, SS-27 versus SS-28, SS-28 versus SS-29 and SS-30 versus SS-31 produced moderate R values
(0.32-0.48) indicating moderate chance of statistical homogeneity. SS-2 versus SS-3, SS-3 versus SS-4,
SS-4 versus SS-5, SS-6 versus SS-7, SS-9 versus SS-10, SS-11 versus SS12, SS-16 versus SS-17, SS-22
versus SS23, and SS-24 versus SS-25 produced low R values (0.20-0.25) indicating low chance of statistical
homogeneity. SS-1 versus SS-2, SS-7 versus SS-8, SS-8 versus SS-9, SS-12 versus SS-13, SS-13 versus

10
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SS-14, SS-17 versus SS-18 and SS-21 versus SS-22 gave the lowest R values (less than 0.20) indicating
poor chance of statical homogeneity. Note that the selection of demarcation boundaries for high, moderate,
low, and poor was done subjectively based on the orientation distributions observed on the 324-patch
network and the magnitude of R value. Fig. 8 shows the pole plot comparisons obtained on the 324-patch
network for the cases of SS-7 versus SS-8, SS-2 versus SS-3, SS-5 versus SS-6 and SS-26 versus SS-27 on
R analysis as typical examples for poor, low, moderate, and high R values, respectively. Rankings seem to

agree very well with the visual orientation distributions seen on 324-patch networks.

Fig. 8. Pole plot comparisons on the 324-patch network for R analysis as typical examples for poor, low,
moderate, and high R values: (a) SS-7 versus SS-8 (poor R =-0.04), (b) SS-2 versus SS-3 (low R = 0.24),
(c) SS-5 versus SS-6 (moderate R = 0.38) and (d) SS-26 versus SS-27 (high R = 0.58).

Orientation data of locations that indicated existence of either high or moderate R values among
adjacent stations were then combined as follows to calculate R values for the combined stations: (a) SS-14
& 15 versus SS-16, (b) SS-18 versus SS-19 & 20, (¢) SS-18 & 19 versus SS-20 & 21, (d) SS-26 & 27 versus
SS-28, (e) SS-26 & 27 versus SS-28 & 29 and (f) SS-30 versus SS-31 & 32. The obtained R values are
given in Table 3. Based on these R values, rankings were assigned based on the rankings 1-31 made earlier
using the first 32 cases tested. If two numbers are used for the ranking, it means that the ranking is in-
between the two numbers. SS-18 versus SS-19 and 20, and SS-18 and SS-19 versus SS-20 and SS-21
produced the same R value of 0.57, which is higher than that obtained for SS-18 versus SS-19 (R = 0.37),
SS-19 versus SS-20 (R =0.45) and SS-20 versus SS-21 (R =0.50). R values obtained for SS-26 versus SS-
27, SS-27 versus SS-28 and SS-28 versus SS-29 were 0.58, 0.48 and 0.35, respectively. R values obtained
for SS-26 and SS-27 versus SS-28, and SS-26 and SS-27 versus SS-28 and SS-29 were 0.50 and 0.55,
respectively. That means for these cases, the combined stations have produced R values which are in-
between the R values obtained for the uncombined cases. SS-14 and SS- 15 versus SS-16 produced a R
value of 0.30, which is lower than that obtained for the uncombined stations SS-14 versus SS-15 (R =0.41)
and SS-15 versus SS-16 (R = 0.33). SS-30 versus SS-31 and SS-32 produced a R value of 0.38, which is
lower than that obtained for the uncombined stations SS-30 versus SS-31 (R = 0.43) and SS-31 versus SS-
32 (R = 0.56). The afore-mentioned examples show that different scenarios are possible by combining the
orientation data of adjacent stations. Out of all the combined stations compared, the stations SS-18 through
SS- 21 seem to indicate the highest level of statistical homogeneity. Stations SS-26 through SS-29 indicate
high level of statistical homogeneity. Stations SS-14 through SS-16 and SS-30 through SS-32 show

moderate level of statistical homogeneity.
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4.3. Use of contingency table analysis to assign quantitative ranks of statistical homogeneity

Using the procedure explained in section 3.3, the average p values were calculated for the same station
cases mentioned under section 3.1. The obtained average p values are given in Table 3. Based on these
average p values, ranks were assigned to indicate the strength of statistical homogeneity. Lower the rank
number, the higher the strength of statistical homogeneity. Among every two sites tested, SS-26 versus SS-
27, SS-20 versus SS-21, SS-10 versus SS-11 and SS-19 versus SS-20 produced the highest average p values
(0.37-0.66) indicating high chance of statistical homogeneity. SS-27 versus SS-28, SS-31 versus SS-32,
SS-5 versus SS-6, SS-30 versus SS-31, SS-16 versus SS-17, SS-14 versus SS 15, SS-15 versus SS-16 and
SS-18 versus SS-19 produced moderate average p values (0.16-0.33) indicating moderate chance of
statistical homogeneity. SS-22 versus SS-23, SS-4 versus SS-5, SS-28-versus SS-29, SS-11 versus SS-12
and SS-6 versus SS-7 produced low average p values (0.05-0.16) indicating low chance of statistical
homogeneity. The rest of every two stations tested gave the lowest average p values (0-0.05) indicating
poor chance of statistical homogeneity. Note that the demarcation boundary between poor and low
statistical homogeneity was selected based on the minimum significance level statisticians use for
acceptance of the null hypothesis of statistical homogeneity. Demarcation boundaries between low and
moderate, and moderate and high were selected subjectively based on the obtained average p values and

the visual observation of orientation distributions on the 68-patch network.

Orientation data of locations that indicated existence of either high or moderate average p values among
adjacent stations were then combined as follows to calculate average p values for the combined stations:
(a) SS-14 & 15 versus SS-16, (b) SS-18 versus SS-19 & SS-20, (c) SS-18 & SS-19 versus SS-20 & SS-21,
(d) SS-26 & SS-27 versus SS-28, (e) SS-26 & 27 versus SS-28 & SS-29 and (f) SS-30 versus SS-31 & SS-
32. The obtained p values are given in Table 3. Based on these average p values, rankings were assigned
based on the rankings 1-31 made earlier using the first 32 cases tested. If two numbers are used for the
ranking, it means that the ranking is in-between the two numbers. SS-18 versus SS-19 and SS-20 produced
a p value of 0.45, which is higher than that obtained for SS-18 versus SS-19 (p = 0.16) and SS-19 versus
SS-20 (p = 0.38). For this case, the statistical homogeneity has increased by combining the data of adjacent
stations. On the other hand, for all other combined station cases the obtained average p values were
significantly less than that obtained for the corresponding uncombined two station cases (see Table 3). This
indicates that the statistical homogeneity has decreased for these cases by combining the data from adjacent
stations. Based on the contingency table analysis results, out of all the combined stations compared, the
stations SS-18 through SS- 20 seem to indicate high level of statistical homogeneity. Stations SS-14 through
SS-16 indicate low level of statistical homogeneity. SS-26 through SS-29 and SS-30 through SS-32 show

poor level of statistical homogeneity. Note that the low and poor level statistical homogeneity results
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obtained for the combined stations through contingency table analysis results are very different to the results
obtained through R calculations. This is currently a puzzle. Note that the number of data increases when
we combine the stations. The afore-mentioned discrepancy between the R calculation results and
contingency analysis results might have resulted from increase of discrimination power of the contingency

table analysis procedure with the increase of the number of data of the tested cases.

5. Conclusions

As shown in this paper, no solid objective method is available at present in the engineering geology or
rock mechanics literature to firmly demarcate between the statistical homogeneity and non-homogeneity of
rock masses. Each of the available methods can only be used to rank rock masses with respect to the strength
of statistical homogeneity. Three different methods, (a) polar equal area pole plot comparison, (b) linear
correlation coefficient analysis and (c) contingency table analysis, were applied in this paper to evaluate
the statistical homogeneity of rock masses that exist along a highway corridor in Vietnam. The quantitative
ranks obtained from the linear correlation analysis and the contingency table analysis have some similarities
as well as some differences (see Table 3). Analysis performed for every two sites have provided
quantitative rankings within 5 for 21 out of 31 tested cases, which is a significant similarity. For 2 out of
31 cases, the ranking difference is more than 12, which is a major difference. For 8 out of 32 cases, the
ranking difference is between 6 and 8, which is a significant difference. For the calculations conducted on
the combined stations through the two quantitative methods, only one case out of six has given a similar
result; the rest of the five cases show drastic differences. Comparison of the results from the two quantitative
methods clearly show that SS-26 versus SS-27 and SS-20 versus SS-21 indicate high chance of rock mass
statistical homogeneity; SS-10 versus SS-11, SS-19 versus SS-20, SS-27 versus SS-28 and SS-31 versus
SS-32 indicate medium to high statistical homogeneity. Comparison of the results from the two quantitative
methods for SS-5 versus SS-6, SS-30 versus SS-31, SS-14 versus SS-15, SS-15 versus SS-16, SS-18 versus
SS-19, SS-28 versus SS-29 and SS-16 versus SS-17 indicate medium level of rock mass statistical
homogeneity. The compared results from the two quantitative methods for SS-22 versus SS-23, SS-4 versus
SS-5, SS-11 versus SS-12 and SS-6 versus SS-7 show low level of rock mass statistical homogeneity.
Comparison of the results from the two quantitative methods for the rest of the cases show poor level of
statistical homogeneity. According to the quantitative ranking results, SS-26 versus SS-27 can be declared
as the stations that show the highest chance of rock mass statistical homogeneity; SS-7 versus SS-8 can be
declared as the stations that show the poorest chance of rock mass statistical homogeneity. For majority of
the cases, the conclusions obtained through comparison of the rankings obtained from the two quantitative
methods seem to agree reasonably well with the subjective qualitative rankings obtained through visual

comparison of polar equal area pole plots of the orientation data. The study clearly illustrates that
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application of different methodologies can produce different ranking orders with respect to the strength of
statistical homogeneity of rock masses. This finding clearly indicates that decision making on statistical
homogeneity of rock masses is a difficult task using results coming from just one method. This case study
indicates that comparison of results coming from several methods allow one to make better judgement on

rock mass statistical homogeneity.
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Fig. 1. Trajectories of the maximum compressive stress within the Indochina Peninsula during (a) the
Oligocene and (b) at the present time (Kasatkin et al., 2014). The legend on the map in Figure 1 is described
as follows: 1. trajectories of the maximum compressive stress: (a) which are directly related to the Indo-
Eurasian plate collision and (b) its far-field effects; (2) faults and directions of displacement (arrows); (3)
zone of continental collision; (4) subduction zone; (5) extension structures; (6) spreading zones; (7) current
position of the land; Red River Fault System (RRFS); Cao Bang - Tien Yen fault (CB - TY).
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Fig. 2. Geological map of the study area showing the survey stations (SS) used to obtain orientation data.



(a) Tam Hoa (D».3th) formation at SS-11

(c) Mia Le Formation (D1ml) at site SS-19 (d) Mia Le Formation (Dim/>) at site SS-27

Fig. 3. Typical rock masses that exist at a few survey stations.
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Fig. 6. Lower hemispherical polar equal area pole plots of the 32 stations located along the highway

corridor.
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Fig. 7. Lower hemispherical polar equal area pole plot comparisons made for the combined stations: (a)
SS-14 & 15 versus SS-16 (L level), (b) SS-18 versus SS-19 & 20 (H level), (¢) SS-18 & 19 versus SS-20

& 21 (M level), (d) SS-26 & 27 versus SS-28 (L level), (e) SS-26 & 27 versus SS-28 & 29 (L level) and (f)
SS-30 versus SS-31 & 32 (L level).
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Fig. 8. Pole plot comparisons on the 324-patch network for R analysis as typical examples for poor, low,
moderate, and high R values: (a) SS-7 versus SS-8 (poor R =-0.04), (b) SS-2 versus SS-3 (low R = 0.24),
(c) SS-5 versus SS-6 (moderate R = 0.38) and (d) SS-26 versus SS-27 (high R = 0.58).



Table 1 Survey station locations, geologic age and the number of discontinuity orientation data

collected for the various stations.

Survey .

station Longitude Latitude Geologleal . Num'b er' (tf
number age discontinuities
SS-1 105°52°56.8” 22°04°46.5” Diml; 73
SS-2 105°53°52,2” 22°5°37,6”; D2sth 127
SS-3 105°53°53.7” 22°05°09.2” D2sth 103
SS-4 105°53°56.2” 22°05°55.8” D2.sth 116
SS-5 105°53°59.8” 22°05°59.1” D2.ath 122
SS-6 105°54°03.9” 22°05°59.4” D2.3th 96
SS-7 105°54°07.0” 22°05°58.2” Da.3th 137
SS-8 105°54°19.5” 22°06°02.5” Da2.sth 119
SS-9 105°54°23.1” 22°06°03.9” D2.sth 105
SS-10 105°54°46.9” 22°06°15.1” D2.3th 188
SS-11 105°52°21,8” 22°06°15.6” D2sth 136
SS-12 105°55°28.2” 22°06°09.3” Di2ng: 113
SS-13 105°55°30.8” 22°06°04.6” Di2ng: 135
SS-14 105°55°44.7” 22°05°53.4” Duml: 71
SS-15 105°55°48.1” 22°05°53.1” Diml: 167
SS-16 105°55°49.8” 22°05°44.6” Diml: 165
SS-17 105°55°54.6” 22°05°41.4” Diml: 141
SS-18 105°56°00.5” 22°05°42.3” Duml: 104
SS-19 105°56°03.5” 22°05°38.2” Diml; 120
SS-20 105°56°06.2” 22°05°34.7” Duml; 103
SS-21 105°56°14.8” 22°05°32.1” Duml: 119
SS-22 105°56°26.0” 22°05°28.8” Di2ng: 99
SS-23 105°56°31.8” 22°05°27.7” Di-2ng: 128
SS-24 105°56°38.1” 22°05°27.2” Di-2ng: 152
SS-25 105°56°41.8” 22°05°27.3” Di2ng: 155
SS-26 105°56°44.1” 22°05°24.7” Di2ng: 158
SS-27 105°56°45.6” 22°05°20.6” Diml; 172
SS-28 105°56°49.2” 22°05°18.6” Diml; 215
SS-29 105°56°52.1” 22°05°15.9” Duml; 102
SS-30 105°56'55.5" 22°05'19.3" Duml; 205
SS-31 105°57'02.8" 22°05'37.2" Diml: 103
SS-32 105°57'01.3" 22°05'41.4" Di-2ng: 140




Table 2 Contingency table for analyzing the polar equal area plots of different stations (after

Miller, 1983).

Columns
Rows Patch 1 Patch 2 Patch 3 Row totals

Equal area plot

a 1 P A1 fi2 frc R
Equal area plot

a 5 P b1 ) H1 R>
Equal area plot

a ’ P fi fo fe R,
Column totals

Ct G Ce N

jj= number of discontinuity poles observed in cell §j ; NV = total number of discontinuity poles

from all equal area plots.



Table 3 Summary results for strength of statistical homogeneity based on different methods.

Avg. Avg.
Avg. Rank based Qualitative
max. sig. max. sig. Rank
Tested value value based max. sig. value o based rank based on
combinations based on on based on contingency on R R value equal area and
normal chi- square chi- square and table analysis value pole plot
dist. dist. normal dists. results comparisons
SS1-SS2 0.0216 0.0351 0.0283 18 23 0.18 P
SS2-SS3 0.003 0.0112 0.0071 23 16 0.24 L-P
SS3-SS4 0.0007 0.0054 0.0062 24 21 0.21 L-P
SS4-SS5 0.1711 0.1222 0.1467 14 20 0.22 L
SS5-SS6 0.3214 0.184 0.2527 7 9 0.38 M
SS6-SS7 0.1199 0.0921 0.106 17 22 0.20 L
SS7-SS8 0 0 0 31 31 -0.04 P
SS8-SS9 0 0.0002 0.0001 30 29 0.08 P
SS9-SS10 0.0078 0.0156 0.0117 20 14 0.25 L-P
SS10-SS11 0.5002 0.2708 0.3855 3 5 0.47 M
SS11-SS12 0.1508 0.114 0.1324 16 16 0.24 L
SS12-SS13 0.005 0.0131 0.0091 22 30 0.04 P
SS13-SS 14 0 0.0008 0.0004 27 28 0.11 P
SS14-SS15 0.2076 0.1365 0.1721 10 8 0.41 M
SS15-SS16 0.1965 0.14 0.1683 11 12 0.33 M
SS16-SS17 0.2172 0.1383 0.1778 9 16 0.24 L
SS17-SS18 0 0.0003 0.0002 29 27 0.15 P
SS18-SS19 0.1909 0.1353 0.1631 12 10 0.37 M
SS19-SS20 0.4857 0.2701 0.3779 4 6 0.45 M
SS20-SS21 0.5792 0.5048 0.542 2 3 0.50 H
SS21-SS22 0.0046 0.0168 0.0107 21 23 0.18 P
SS22-SS23 0.1959 0.1214 0.1586 13 19 0.23 L
SS23-SS24 0.0182 0.0088 0.0135 19 23 0.18 P
SS24-SS25 0 0.0005 0.0003 28 14 0.25 P
SS25-SS26 0 0.001 0.0005 26 13 0.32 L-P
SS26-SS27 0.8679 0.4426 0.6553 1 1 0.58 H
SS27-SS28 0.4129 0.2343 0.3236 5 4 0.48 H
SS28-SS29 0.1607 0.1117 0.1362 15 11 0.35 M
SS29-SS30 0.0002 0.002 0.0011 25 26 0.16 P
SS30-SS31 0.2147 0.1428 0.1788 8 7 0.43 M
SS31-SS32 0.3998 0.2297 0.3148 6 2 0.56 H
SS14&15-SS16 0.0526 0.0601 0.0564 17-18 13-14 0.30 L
SS18-SS19&20 0.5658 0.3348 0.4503 2-3 1-2 0.57 H
SS18&19-S520&21 | 0.0517 0.0527 0.0522 17-18 1-2 0.57 M
SS26&27-S528 0.0036 0.0095 0.0066 23-24 3 0.50 L
SS26&27-S528&29 | 0.001 0.0051 0.0031 24-25 2-3 0.55 L
SS30-SS31&32 0.0006 0.0096 0.0051 24-25 9 0.38 L
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