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Abstract: This study wants to give a contribution to the semi-automatic evaluation of rock mass
discontinuities, orientation and spacing, as important parameters used in Engineering. In complex
and inaccessible study areas, a traditional geological survey is hard to conduct, therefore, remote
sensing techniques have proven to be a very useful tool for discontinuity analysis. However, critical
expert judgment is necessary to make reliable analyses. For this reason, the open-source Python tool
named DCS (Discontinuities Classification and Spacing) was developed to manage point cloud data.
The tool is written in Python and is based on semi-supervised clustering. By this approach the users
can: (a) estimate the number of discontinuity sets (here referred to as “clusters”) using the Error Sum
of Squares (SSE) method and the K-means algorithm; (b) evaluate step by step the quality of the
classification visualizing the stereonet and the scatterplot of dip vs. dip direction from the clustering;
(c) supervise the clustering procedure through a manual initialization of centroids; (d) calculate the
normal spacing. In contrast to other algorithms available in the literature, the DCS method does
not require complex parameters as inputs for the classification and permits the users to supervise
the procedure at each step. The DCS approach was tested on the steep coastal cliff of Ancona town
(Italy), called the Cardeto—Passetto cliff, which is characterized by a complex fracturing and is largely
affected by rockfall phenomena. The results of discontinuity orientation were validated with the
field survey and compared with the ones of the FACETS plug-in of CloudCompare. In addition, the
algorithm was tested and validated on regular surfaces of an anthropic wall located at the bottom
of the cliff. Eventually, a kinematic analysis of rock slope stability was performed, discussing the
advantages and limitations of the methods considered and making fundamental considerations on
their use.

Keywords: rock mass characterization; discontinuity analysis; discontinuity spacing; discontinuity

orientation; point cloud; Terrestrial Laser Scanner; Markland’s test; machine learning;

semi-supervised clustering

1. Introduction

In rock mass characterization, a good understanding of the discontinuity network
within a rock mass, such as joints and bedding planes, is essential to control failure mecha-
nisms. To this aim, the description of discontinuity properties such as spacing, persistence,
roughness, weathering, infilling, etc. is important for engineering design [1,2] and can be
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performed in the field using standardized methods, such as scanline surveys [3,4] or more
recently, the use of remote sensing techniques such as Laser Scanning coupled with a semi-
automated discontinuity analysis [5-7]. Although the measure of discontinuity orientation
based on the geological compass is the most accepted, large errors may be introduced due
to sampling difficulties caused by the inaccessibility of the site, representativeness of the
data, and considerable safety risks due to unstable slopes [8]. The data collection based on
point cloud analysis has both advantages and disadvantages in rock slope engineering [6,7].
The main advantage is that the laser scanning surveys can be carried out rapidly and at
a distance that allows for safe surveying and permits obtaining a rapid and consistent
discontinuity properties database of inaccessible spots [7]. However, limitations and biases
related to the surface coverage and orientation of the laser beam must be considered [9-11].

A discrete number of algorithms are available in the literature for discontinuity extrac-
tion, such as Split-FX [7], COLTOP [12] and PlaneDetect [13], and from the 3D point cloud,
e.g., FACETS [14], RANSAC [15] SMRTool [16], in addition to several others working on
point clouds for rock mass characterization [17-30]. Within these approaches, it is possible
to discriminate between the ones working with raw point clouds and the ones in which
the surfaces are derived. Creating planar surfaces from point clouds leads, at first, to a
simplification and often to an erroneous interpretation of the original data. Moreover, the
quality of the results obtained with this method is strictly related to the parameters used
for the classification and to the criteria used to group the acquired points. Instead, working
with raw point clouds has the advantage of maintaining the original resolution without any
resample and avoiding polygonal surfaces derived from the triangular interpolation [22].
However, one disadvantage is that of having longer computation time, especially when
processing very large areas.

Our approach works exclusively on the point cloud, operating a classification based
on the Error Sum of Squares (SSE) method and K-means algorithm, aimed to derive the
proper number of discontinuity sets to be used (hereinafter referred to as “clusters”). The
code is available at: https://github.com/vrai-group/geospacing, (accessed on 1 May 2022).
The end-users can estimate the number of clusters with automatic or manual initialization
of centroids. End users can also manually specify the exact number of clusters by also
providing initial values for centroids. Then, it is possible to evaluate step by step the results
of the cluster classification by visualizing the stereographic projections.

After discontinuity identification and classification, it is possible to analyze discon-
tinuity spacing. To this aim, a discrete number of algorithms and approaches already
exist: (a) the ones working similarly to the fieldwork approach using profile sections or
virtual scanlines [31,32] or analyzing two-dimensional fracture trace information [8]; (b) the
ones analyzing spacing using 3D spatial relations [22,31-33]. Our approach belongs to
the method of analyzing spacing using 3D spatial relations. The normal set spacing is
calculated as the average of normal distances between individual discontinuities within
a discontinuity set, as reported by [34]. Finally, the results obtained were compared with
those derived from the traditional geomechanical survey to make considerations on the
kinematic stability analysis carried out according to Markland’s test [35]. The main aim
of this paper is to propose a straightforward semi-supervised procedure for calculating
discontinuity mean set orientation and spacing, starting from the 3D point cloud, and to
discuss the advantages and disadvantages of this method, comparing it with the field data
and with the FACETS algorithm.

2. Geological Framework of the Area

The coastline of Ancona town (Marche Region, Central Italy) is characterized by steep
active cliffs with an average height of over 60-80 m, whose morphology is strictly related
to the lithological and structural characteristics of the incompetent Neogene marly for-
mations of the Umbria—Marche stratigraphic sequence. From a geological point of view,
the early-mid-Miocene represents the beginning of the Alpine-Himalayan orogenesis.
Synorogenic siliciclastic foredeep oriented NW-SE were filled by marly flysch and thick
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sandy deposits, as the orogenic front advanced eastward, accompanying extensive folding
and thrusting [36]. The coastal cliffs of the Ancona and Mt. Conero riviera are the results
of the easternmost part of the Umbria-Marche basin, where pelagic limestones and marls
continued to sediment until the Late Miocene [37,38]. During the late Burdigalian—early
Messinian time [39,40], an important extensional tectonic event affected the Apennines.
During this event, which was probably connected with the flexure of the Adriatic fore-
land lithosphere, pre-thrusting NW-SE striking normal faults developed, and they were
reactivated as back thrust faults during the compression phase, in which the Mt. Conero
anticline developed. The high geo-structural complexity of the area, coupled with the
steep morphology of the cliffs directly overhanging the sea and their poor geomechanical
characteristics make the whole coastal area (9 km long) between the promontory of the
Mt. Conero and the port of Ancona an active high coast [41,42]. As reported by several
studies [42-49], all the coastal area is characterized by rock falls, collapses—overturn, detrital
roto-translational slumps, and rock translational slumps.

In detail, the Cardeto-Passetto sea cliff is characterized by 60-70 m high outcrops
of the marly—clayey lithologies of the Schlier Formation (Lower Messinian-Burdigalian)
(Figure 1) made up of alternances of marlstones and calcareous marlstones with varying
percentages (35-80%). In the geological formation, the calcium carbonate content decreases
from the bottom to the top. The choice of this area was driven by several factors: (a) the
need to improve the know-how of the area, especially from a stability standpoint; (b) the
presence of both planar and rugged surfaces; (c) the irregular block shapes within the
rock mass. As reported by previous studies [50,51], rock slope instabilities mostly occur
in the calcareous—marly portion of the Schlier geological formation, while mudflows are
frequent where the rock matrix has a predominantly clayey—marly composition. The thick
debris covering the outcrops at the bottom of the cliff (Figure 1) is the main cause of the
inaccessibility of the site for a traditional geological survey.
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Figure 1. (a) Geological map of the study area (modified from [52]); (b) landslide map with indication
of the landslide type (modified from [43]).
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3. Methodology
3.1. Traditional Geomechanical Survey

To validate the machine learning approach proposed in this paper, two traditional
geomechanical surveys were conducted at the base of the sea cliff where only rock outcrops
are present (light blue stars in Figure 2), by performing 10-12 m one-dimensional (1D) scan
lines oriented perpendicular to each other. Orthogonal scanlines allow for measuring all
the sets of discontinuities present more accurately. The term “discontinuity”, as reported
by [53], refers to all the geological features of the rock mass that share the common char-
acteristics of low shear strength, negligible tensile strength and high fluid conductivity
compared to the surrounded rock materials. The term “discontinuity” includes bedding
planes, faults, fissures, fractures, joints, veins, stylolites, etc., avoiding any inferences
concerning their geological origins. All the discontinuity measurements were corrected
through the Terzaghi approach [54] and grouped into discontinuity sets by observing pole
concentration using a contour plot. The stereographic projections were made using the
Rocscience Dips software [55]. Is important to note that, although the scanline survey was
carried out in different locations than the laser scanner survey, at this scale of observation,
the orientation of the discontinuity surfaces is considered constant from a geological point
of view. As far as the spacing is concerned, it can undergo variations linked to the hardness
variation of the lithologies which constitute the Schlier geological formation. However, by
examining a large area with the laser scanner, the value of the spacing is averaged and is
therefore comparable with that derived from the classical geomechanical survey.

100 m

Figure 2. Point cloud obtained by the TLS surveys, with the position of the traditional geomechanical
survey (light blue stars) and TLS survey (green triangles).



Remote Sens. 2022, 14, 2365

50f22

3.2. Terrestrial Laser Scanner Data Acquisition

In addition to the traditional geological fieldwork, a geomatic survey was carried out
using a Terrestrial Laser Scanner (TLS) to obtain a three-dimensional (3D) model of the rock
face. The TLS was positioned on a pier in front of the rock face of interest (green triangles
in Figure 2), at a distance of approximately 100 m, to have a greater acquisition and reduce
orientation bias in both the horizontal and vertical planes. The TLS RIEGL VZ-400i was
able to acquire a dense, georeferenced point cloud consisting of 30 million points, each with
the following information: position (X, Y, Z), color (RGB), and reflectance (i). During the
scanning setup phase, the photography data were also set regarding exposure time and
aperture to connect the images to the point cloud.

The images were appropriately calibrated according to the light conditions and the
proximity of the object of investigation. In the end, a detailed scan of the targets was
performed, which allowed the scanner to locate and record 7 installed reflectors (Figure 3).
The choice of the instrument had good technical characteristics that largely satisfy the detail
requirements such as: (a) the possibility of selecting the area to be surveyed by manually
identifying it through the instrument’s control monitor; (b) the ability to reduce the shadow
zones due to vegetation; (c) the 800 m operating range (100 kHz laser pulse); (d) the high
acquisition speed of 240 lines/s (vertical scan) [56]; (€) the high metric performance, which
is confirmed by the high level of accuracy achieved in georeferencing the targets through
the topographic survey carried out (Figure 4, Table 1).

Table 1. TLS point cloud alignment information.

Final RMS [m] 0.0164765
0.999 0.043 0.000 —61.794
_— . . ~0.043 0.999 0.000 113.865
ransformation matrix ~0.000 ~0.000 1.000 47.718
0.000 0.000 0.000 1.000
Scale [m] 0.999695

(b)

Figure 3. Reflector for the georeferencing of TLS point cloud: (a) Detail; (b) Identification in the point
cloud (different value of intensity scale).
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(a) (b)

Figure 4. Position of the reflectors in the surveyed scene: (a) general view from the east; (b) detail of
the red box shown in a.

To achieve greater completeness in the definition of the surfaces in the 3D model of
the cliff, it would have been necessary to perform other scans from different viewpoints.
Unfortunately, there are no other suitable points to satisfy this need because, in the area,
only one pier is available as a suitable place to place the laser scanner. This was the
main cause of occlusion. Based on this, some portions of the rock wall are oriented in the
opposite direction from that of the laser beam, which causes blind zones in the point cloud,
which can partially affect the results of the discontinuity characterization [57]. The tested
area has an extension of 25 m x 13 m. The data acquired via TLS were then processed
using Cloud Compare software. The same software allows for a cleaning operation that
removes the vegetation. Thanks to the CANUPO plug-in, a supervised classification is
possible to discriminate between the vegetation and the rock faces (Figure 5c). The classifier
was obtained automatically with a linear SVM (Support Vector Machine) [58]. Through a
statistical representation, based on the number of scales used to train the classifier, a plane of
maximal separability (boundary) divides the points into the two classification components.
The more scales you set, the more discriminative the result might be, but also the longer
the computations. The overall balanced accuracy is 97%. Through the stratigram obtained,
it is possible to identify the points that are close to the threshold values or that have not
been well classified in the two categories (representing the residual component) (Figure 6).
The latter will partly influence the subsequent procedure of discontinuity classification,
but due to the results obtained through the traditional geomechanical survey, these will be
easily identified and discarded. Figure 7 shows the result of a filtered point cloud of a rock
surface after the removal of vegetation coverage.
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()

Figure 5. Vegetation filtering operation through supervised classification with CANUPO plug-in:
(a) rock data set; (b) vegetation data set; (c) classified point cloud, in red the rock surface, in blue the

vegetation coverage.

Statestios

Class 1! vegetation -
Total 10,000
Truly classified 9,045
Falsely classified 55

Dist. 10 boundary

833359 «/- 396772

Total

Truly classihed
Falsely classified
Dist 1o boundary

10,000
92771
229

68478+ 2 26026

M et vegetation Balanced accuracy (ba) 09708 (97%)

B Class 2 rock Ficher Disciminant Ratio (fdr) 106206

Figure 6. Stratigram with classifier definition in the plane of maximum separability between points
belonging to the two categories, vegetation samples (blue) and rock (red). Overall balanced accuracy
is 97%.
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Figure 7. Filtered rock surface after removal of the vegetation coverage.

3.3. Extraction of Discontinuity Orientation and Their Classification in Clusters

The first stage of our processing pipeline is represented by the calculation of dip and
dip direction starting from the data set. The point cloud was pre-processed using the Cloud
Compare software to generate the normal vectors for each point, then, the normal vectors
are used to calculate the dip and dip direction.

The sets of dip and dip direction are used to perform clustering using the K-means
algorithm, aimed at group points with similar dip and dip directions. We used a custom
distance to cluster data instead of a classical L2-norm. When we evaluate the distance
between two angles, 6; and 65, it is necessary to consider the following expression:

d(61,6,) = min(27 — |6, — 651, |61 — 62))

Then, the distances between pairs of dip and dip direction values were evaluated
using the following formula:

distf(txl, a2, B1, ﬁz) = \/dist(le, 042)2 + dist(ﬁl, ‘32)2

where a« and j are dip and dip direction values related to different points. This kind
of formulation enables the clustering of angles that are close, avoiding issues of simple
L2-norm that could lead to wrong results (e.g., the classical distance between two values as
27 — ¢ and ¢ leads to 271 — 2¢; the real distance is instead 2e.

The number of clusters was estimated using the Error Sum of Squares (SSE) method
that evaluates the sum of the squared distance between the centroid and each member
of the cluster [45]. In this way; it is possible to derive the proper number of clusters for
the data under test. A key point of our procedure regards the possibility for the users
to supervise the procedure once the algorithm has classified the point cloud. In such a
case, semi-supervised learning is built on the output of the unsupervised learning process.
Especially when dealing with a high-resolution point cloud, the density of points with a
certain value of dip and dip direction can influence the clustering result. In this way, areas
of low density can be classified by the algorithm as part of another cluster, although the
dip and dip direction values are considerably different. This aspect can be very important
from a slope stability point of view, since less common surfaces may produce failures. On
this premise, starting from values collected in situ regarding dip and dip direction (values
derived from direct measurements or direct observation), it is possible to replace random
centroid initialization with a manual ones.

The results of the DCS approach were compared to the FACETS/Fracture detection
plug-in of Cloud Compare [14]. It is important to remark that, in contrast to the approach
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proposed in this study, which is based on a classification of the point cloud, the kd-tree
algorithm of FACETS starts from the normal vector of the point and then merges the
adjacent cells into facets [14]. The facets must share a common dip and dip direction
specified by the max angle parameter and if their distance along their common normal
vector is smaller than the max distance that has been set. After that, facets are aggregated
into polygons, progressively, according to a planarity threshold. Taking into account the
residual noise left by the vegetation removal process, families with a number of facets less
than 3% over the total were not considered.

3.4. Spacing Calculation

The spacing of discontinuities is defined as the distance measured perpendicularly
between two discontinuity planes belonging to the same set [53], and it is calculated by
averaging the modal spacing of values measured for discontinuities of the same set. The
spacing is an important parameter in rock mass characterization because it determines the
block size, which is relevant to the mechanical behavior of rock masses. In the field, spacing
is determined from the scanline survey, choosing a length of the tape that is sufficiently
representative of the frequency of discontinuities (at least three meters). As reported by
De Vallejo [53], the general rule is that the measurement length should be ten times higher
than spacing.

However, in the point cloud, once the clustering is performed it is possible to calculate
the normal spacing for each cluster. In particular, the spacing requires a point decimation
that is performed by evaluating the distance among points using the mean normal vector
for that class. The distance is evaluated using points and a normal vector (mean normal
one for the chosen class) according to the following formula:

e e
N-(Pz—Pl)

d(N, Py, P1) = =
y
where N is the normal, P, is a given (3d) point and P; is a reference point.

Points that are inside a given threshold T are merged and this enormously reduces
the amount of data to process. The threshold can be chosen by the users. Starting from
the decimated points, it is possible to calculate the spacing. For each class, we apply the
following procedure. We select a point P that we use as a reference; then for each pair
(P, P;) with j = 1,..., N; with N; equals the number of a point belonging to a class i, we
calculate the distances using the normal vector equation considering N as the average of all
normal vectors of points that belongs to the considered class. The distances are then sorted,
and a gradient operator (first derivative) is then applied.

We applied a filter to reduce the noise on the gradient values; the filter excludes
points that are too close. This situation, if not managed, could lead to a wrong evaluation
of spacing. Values are then processed and it is possible to derive basic statistics as the
minimum, average, and standard deviations that could be correlated with data collected
in situ.

3.5. Kinematic Analysis of Slope Failure

When dealing with geomechanical data of rock slopes, one of the most important
applications is kinematic analysis. The kinematic analysis is the first step in rock stability
assessment and involves the interpretation of spatial relations of the geological disconti-
nuities concerning the rock slope to determine the potential for the various kinematics,
such as planar sliding, and wedge or toppling sliding [57,59]. For the Cardeto-Passetto
cliff, a kinematic analysis of planar failure and toppling failure was conducted using the
Rocscience DIPS v. 7.0 program [55], with the aim to identify the main slope kinematics of
this area and to compare the results with the TLS survey. The analysis, called Markland’s
test [35], follows the procedure described in [55], plotting and analyzing the orientation
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Trend of SSE over the number of classes

pattern on stereonet, and calculating the probability of any failure mode considering the
relationship between the geometry of the slope and the friction angle. Discontinuity data
were plotted on equal-area projections (Lambert-Schmidt equatorial nets).

In rock mechanics, few types of friction angles or discontinuities such as peak, residual,
and basic friction angles of discontinuities are considered. They can be estimated from the
triaxial test, uniaxial compressive test, direct shear test and tilt testing. In this framework,
the peak friction angle acting on sliding planes is a common input in estimating the mode
of failure, and it is used to represent the friction cone trace [60]. In this study;, the friction
circle was drawn assuming a value of 31°, based on the laboratory geotechnical test results
obtained by [47], which correspond to the peak friction angle of the Schlier geological
formation sampled in the same area. Fracture poles falling both outside the friction circle
and inside the daylight envelope are susceptible to planar sliding. Flexural toppling failure
occurs where the discontinuities dip steeply away from the slope, striking parallel or sub-
parallel to it. The stability of the blocks is strictly conditioned by the shear strength of the
discontinuity. Based on [61], the key elements of flexural toppling kinematical analysis are
the slope plane, the slip limit plane (based on the slope angle and the friction angle), and
the lateral limits.

4. Results
4.1. Identification of Discontinuity Sets in the Tested Area

The results of the DCS approach were compared with the field measurements and the
results of the FACETS algorithm. In the first step of the DCS approach, the optimal number
of clusters was defined using the SSE method (Figure 8). Using automatic initialization of
centroids, the algorithm could generate a set of clusters that do not correspond with the
on-site measurements (see Figure Al left) leading to over-clustered areas and also a wrong
number of classes. Using manual initialization user controls, the starting values and the SSE
method puts in evidence that four classes are representative of our study area (see Figure A1l
right). In order to supervise this step of discontinuity classification is important to consider
the expert fieldwork observations, which should guide the appropriate evaluation of the
number of clusters. After the evaluation of the criterion, it is possible to select the number
of classes that will be used to perform the clustering using the K-means algorithm. In our
case, based on what was observed in the field, the more appropriate number of clusters
(including the bedding) is four, matching the SSE method with the manual initialization of
centroids.

Trend of SSE over the number of classes

\
810’ ‘
7-10' [
610’ |
&
n 510 1
410 |
3-10' {
= 10 J
3 4 s 6 7 ] 9 10 2 3 4 S 6 7 8 9
Number of classes Number of classes
(a) (b)

Figure 8. (a): estimation of number of clusters on data ranging from 2 to 10 classes using automatic
initialization of centroids. (b): estimation of number clusters ranging from 2 to 10 classes using
manual initialization.
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The K-means algorithm considers a set of features in the dip and dip directions. In
Figure 9a, an overview of the photogrammetric images is reported, together with the
classified point cloud. The colors of Figure 9a refer to the stereonet in Figure 9c. Figure 9b
shows the stereonet of the results of K-means applied to our data set considering K = 4.

Figure 9. (a) Photogrammetry image of the rock cliff with the classified point cloud (represented with
colors); (b) Stereonet of the unsupervised clustering using K-means with K = 4 derived from the DCS
approach; (c) results of the semi-supervised clustering in which a specific cluster was re-classified in
two clusters; (d) overview of the discontinuity clusters identified from the DCS approach with K = 4
(cluster j1 is not clearly visible so is not reported).

Starting from the results of the unsupervised clustering (Figure 9b) with K = 4, it is
possible to re-classify cluster 3 (red poles) into two different clusters, respectively, the light
blue and red poles of Figure 9c. This can be performed by running the clustering on a
specific cluster again and selecting K = 2. The accuracy of the orientation estimation by DCS
was compared with that of the FACETS plug-in of Cloud Compare and with the field results
(Table 2). Pictures showing the discontinuity sets derived by the DCS approach are reported
in Figure 9d. In addition, the orientation of all the sampled point normal vectors are plotted
on the stereographic projection (lower hemisphere), together with mean set planes and a
contour plot, the fieldwork results (Figure 10a), the DCS results (Figure 10b) and FACETS
results (Figure 10c). With regards to the Cloud Compare FACETS plug-in, a combination
of parameters such as maximum angle, maximum relative distance, minimum points per
facet and maximum edge length are required. The parameter setting is not straightforward
and thus, many iterations were made in order to test their influence on the classification
results (not shown). With FACETS, twelve clusters were identified, a higher number with
respect to the DCS approach and the field results. However, after discarding the clusters
with a number of polygons less than 2% over the total, eight clusters were considered for
analysis. Comparing the RMSE values in Table 2, the DCS method provides similar results
with respect to FACETS, which displays similar RMSE values. Considering the Root Mean
Squared Error value (RMSE = 9.01/15.2), a good correspondence between field data and
the DCS results is shown. The greatest dip direction discrepancy between the DCS and
field data is obtained for cluster j3, with Amc = 29 (Table 2). However, the same behavior
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is evidenced by comparing the FACETS results with the field results for the same cluster
(cluster j3 displays ADCS-FACETS = —1). Moreover, it is important to highlight that the
discontinuity sets j2 and j4 are identified as statistically different sets by the DCS algorithm,
although the difference in the dip direction/dip and dip angle values is negligible from a
geological point of view. This is the reason why j4 has no field correspondence in Table 2.
In this case, our approach permits users to manage the procedure and to group redundant
clusters, such as j2 and j4, and then calculate the spacing. With regards to the dip value, the
greatest difference between DCS and the field results is for the bedding, with Amc = —12.
As well as for cluster j3, the FACETS results for the bedding are close to the ones of FACETS.

M N

a) b)

[
|

EERRREERES

SRARRRERRREY

Figure 10. Stereographic projections (lower hemisphere, equal angle) of fieldwork data (a) field data;
(b) DCS approach; (c) FACETS plug-in.
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Table 2. Dip direction and dip angles of the poles of each identified discontinuity set. The relating
number of points over the total number of points is reported in percentage.

Field Survey

Orientation DC.S FACET.S
Cluster ID ® Algorithm Orientation
DA/DD [°] DA/DD [°] Amc (DA/DD) [°] Amc ADSC-F
j1 76/203 78/211 2/-8 75/211 1/-8 -3/0
2 66/36 73/38 -7/2 73/32 —7/4 0/6
j3 80/290 79/261 1/29 79/262 1/28 0/-1
j4 n.d./n.d. 56/40 n.d./n.d. 49/31 n.d./n.d. 7/9
Bedding (B) 36/212 52/208 n.d./n.d. 48/209 —12/3 4/-1
5 n.d./n.d. n.d./n.d. n.d./n.d. 73/344 n.d./n.d. n.d./n.d.
j6 n.d./n.d. n.d./n.d. n.d./n.d. 47/76 n.d./n.d. n.d./n.d.
i7 n.d./n.d. n.d./n.d. n.d./n.d. 74/76 n.d./n.d. n.d./n.d.
RMSE n.a 9.01/15.2 7.0/14.8 19.8/14.7

Where n.a. = not available; n.d. = not detected; DA = dip angle; DD = dip direction; Amc = difference between

measured and calculated dip and dip direction. ADCS-F = difference between dip/dip direction calculated by
DCS and FACETS.

4.2. Validation of the Algorithm for the Clusters Determination

To validate the procedure for classifying the point cloud into clusters, three portions
of the retaining wall located at the base of the tested area were examined (Figure 11).
Three portions of the wall characterized by different dip directive values were selected and
compared with the field measurement made with the geologist’s compass. The stereonets
of the classified clusters are reported in Figure 11b. As expected, three different clusters
were identified by the algorithm and excellent correspondence exists between them and
the field measurements.
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Figure 11. Validation of the procedure for discontinuity clusters identification. (a) position of the
tested and the validation areas; (b) Location of the three selected portions of the retaining wall located
at the top of the cliff examined, and identified with W1, W2 and W3.

4.3. Spacing Calculation

The mean normal spacing computed for each cluster is reported in Table 3, together
with standard deviation and minimum values. The results of the K-means are consistent
with the field survey for all the clusters, with a maximum difference between DCS and field
data of 0.08 for cluster j3.

Table 3. Descriptive statistics of the calculated spacing values (expressed in meters) for each disconti-

nuity set.
Set ID j1 j2 i3 j4 B
Max 0.23 0.67 1.94 0.14 1.04
Mean 0.07 0.34 0.18 0.04 0.13
st. dewv. 0.06 0.27 0.32 0.03 0.21
n points
Field value 0.06 0.30 0.10 - 0.17

Amc 0.01 0.04 0.08 - 0.04
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4.4. Kinematic Analysis of Rock Slope Failure

With the aim to test the influence of the discontinuity orientation determination on
the feasibility of planar and toppling failure, a kinematic analysis was set up using the
DIPS software. In the stereographic projections (Figure 12), the following elements are
respectively reported: the polar friction cone, the slope plane, the planar friction cone, the
daylight envelope, and the lateral limit. In general, there is a significantly high risk of
both toppling and planar sliding failure, considering the very steep slope of the cliff (>70°).
Cluster j2 results in a high-risk planar sliding failure, with 57.88% of risk derived from the
fieldwork analysis. Although the DCS approach subsamples the poles of planes located
in the SW sector of the stereonet (Figure 12b) into two different clusters called j2 and j4,
which share similar DA /DD values, 97.37% of the risk associated with planar sliding is
related to j2. With regards to the kinematic analysis made using the FACETS classification
results (Figure 12f) as the input, more than 97% of the risk associated with planar sliding is
accommodated to cluster j2, while cluster j4 displays around 24% of the risk. Considering
30° of lateral limit, a risk of less than 8% is associated with the oversampled clusters such
asj3,j5, and j6. For the flexural toppling, a very high risk is evidenced by all the approaches
for cluster j1 (Figure 12d-f). Based on the field results (Figure 12d), the bedding planes are
not associated with flexural toppling while from the point cloud processing through DCS
and FACETS, more than 47% of the bedding planes B (the most inclined) are subjected to
flexural toppling kinematics. An interesting aspect driven by the DCS clustering is that
cluster j3 is subjected to 14.74% of toppling risk. The toppling kinematics is not evidenced
by the FACETS analysis and by the field analysis.
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Figure 12. Kinematic analysis of rock slope failure. (a) planar sliding from traditional geological
survey; (b) planar sliding from the DCS approach; (c) planar sliding from FACETS algorithm;
(d) flexural toppling from traditional geological survey; (e) flexural toppling from DCS approach;
(f) flexural toppling from FACETS algorithm.

5. Discussion

The proposed method proved useful in determining rock discontinuity mean set
values and the mean normal spacing for each discontinuity set through a semi-automatic
classification of TLS point clouds. Those parameters are particularly important in rock
mechanics because they influence the block volume and are the input for the kinematic
test of rock slope failure. As reported by [16], the analysis performed using point clouds
provides more clusters within the same area. This fact is also evidenced in this study;,
comparing the orientation results of DCS with that of the CloudCompare FACETS plug-in.
As evidenced by Table 2 and Figure 9c, FACETS classifies the point cloud in 12 clusters,
which was reduced to eight when discarding those clusters with less than 3% of facets over
the total. Although there are some clusters with very similar results between DCS and
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FACETS, many of them are redundant. The first important difference between FACETS
and the DCS approach is that the former relies on a kd-tree to recursively divide the cloud
into planar patches [14] that need to be re-organized in clusters based on their orientation
and relative distance, while the latter works exclusively on the original point cloud. The
advantage of working on a raw point cloud is it maintains all the original information,
avoiding simplification due to the creation of surfaces from the point cloud such as using
the FACETS algorithm. In addition, although a very large data set is used, the Python
algorithm processing times are about 5-10 s. This shows that it is still possible to work on
the entire data set without slowing down the computation too much.

Compared with the FACETS plug-in of CloudCompare, the DCS approach (Disconti-
nuity Classification and Spacing) is straightforward. In fact, the Cloud Compare plug-in
requires defining parameters such as maximum angle, maximum relative distance, mini-
mum points per facet, and maximum edge length, making the analysis not immediate.

Another aspect to highlight is the importance of validating the point cloud classifica-
tion with fieldwork, which is essential and fundamental to guide any machine learning
procedure. In fact, the example of the case study proposed here indicates how the high
density of points with similar orientations can impact the clustering results (Figure 10).
With the SSE method, it was possible to identify an optimal number of clusters. Pure
automatic clustering with random initialization of centroids could lead to over-clustered
areas reducing the matching with in situ measurements. Manual initialization of centroids
embeds the knowledge of experts, generating clusters with higher adherence to the ground
truth. In our case, we evaluated that four or five classes are representative of our data
set. However, as shown in Figure 9a, the cluster (red poles) can be subsequently divided
into two clusters. As demonstrated, the users can supervise the procedure by running the
algorithm again on this specific cluster to segment it into two new clusters. For this reason,
the classification can be considered semi-supervised.

It is essential to stress that although this case study is far from simple and thus
the proposed methodology is applied to a non-ideal case, the results obtained applying
our methodology are promising. In fact, the Schlier geological formation outcropping in
the Cardeto—Passetto sea cliff is characterized by both planar and rugged surfaces, with
irregular block shapes within the rock mass (Figure 13). Moreover, within the same cluster,
the sub-vertical discontinuities are frequently characterized by the dip direction change
from one quadrant to its opposite. This is the case of cluster j3, in which the shift in dip
direction derived by the field survey is not clearly evidenced by the DCS approach results
(Figure 10a,b). From the field analysis, the highest density belongs to the planes striking
N-NE to S-SW and dipping towards the W. On the contrary, using the DCS algorithm, the
highest density of planes dipping towards the E is observed. This fact could be probably
attributed to the fieldwork acquisition and the representativeness of the data acquired by
it. In fact, with the laser scanner, more than 163,000 points are examined, a number that is
several orders of magnitude more than that of the field survey (less than 200). In accord
with [38], during fieldwork, several small fractures were not identified, were inaccessible,
or considered as random isolated discontinuities, affecting the mean set orientation, as
evidenced for cluster j3 in Table 2. Considering the high complexity of the cliff morphology
due to a fracture mechanism that creates anastomosing planar features often characterized
by curved surfaces (Figure 13), the DCS algorithm permits us to visualize and evaluate
the more appropriate number of clusters in the first stages of the classification and thus,
to supervise the procedure. This characteristic of the DCS approach makes it easy to use
and, unlike other algorithms such as FACETS, does not require multiple input parameters.
For these reasons, the authors emphasize that, especially in such complex morphological
situations, a preliminary analysis of the optimal number of clusters coupled with an expert
fieldwork acquisition is essential.
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Figure 13. Complex fracturing of the Schlier formation with rugged surfaces and complex shapes of
the blocks.

Another fact that deserves to be discussed regards the bedding identification from the
point cloud. The bedding planes identified in the field have lower values of dip with respect
to the DCS and FACETS classification results (Table 2, Figure 10b,c). We can attribute this
failure in classification to the unfavorable orientation of the bedding planes concerning
the laser scanner line of sight and the presence of eroded surfaces close to the bedding
(Figure 14). Due to the ability of our method to manage the number of classes and later
display the results, an option to solve this problem could be to supervise the procedure
through a manual setting of the centroid value (mean cluster value) related to the bedding.
In this way, the algorithm adjusts the classification based on this value.

a)

Figure 14. Orientation bias (Terzaghi bias) for clusters j2 and j4 which strikes sub-parallel to the
mean orientation of the slope ((a). sketch of occlusion problems, (b). portion of the raw point cloud
showing the occluded areas).

With all these considerations, and in accord with [49], we emphasize that the choice
of clustering algorithm plays a crucial role in segmenting the discontinuity and can cause
misleading interpretation of the kinematic analyses. In this regard, the authors recommend
treating the interpretation of laser scanner data with caution, accompanying the data
processing with a robust and experienced geo-structural-geomechanical survey, especially
in the presence of the high fracturing of rock masses.

Finally, we remark on the importance of acquiring representative data of inaccessible
rock slopes, which is essential to a proper evaluation of the kinematics of failure. The
suggestion we propose to the scientific community is to always consider the field data
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in close proximity to the laser scanner survey location (ground reference data should
be taken in safe locations to ensure the safety of human operators) and to establish a
reference/baseline to support the initialization of our algorithm (initial values for centroids).
Although some discrepancies in the determination of mean values for each family were
presented and discussed, an excellent match was obtained between the kinematic analyses
performed by taking the field data and the data derived from the DCS and FACETS
algorithms as the input. In this regard, kinematic test results evidence the magnitude of
the cliff slope to both sliding and toppling failure, and thus, in terms of management, it is
strictly necessary to implement risk mitigation measures in the area.

6. Conclusions

The method presented in this paper is useful to determine mean set planes and
discontinuity spacing starting from a TLS point cloud. Using our approach, the end-users
can semi-automatically estimate the number of clusters on data using the SSE approach.
This criterion can be used to determine the optimal value of representative classes using the
K-means algorithm. The main advantages of this method, are that: (a) it is written in Python
and is therefore freely accessible at https:/ /github.com/vrai-group/geospacing (Accessed
on 1 May 2022); (b) the user can visualize the results by stereographic projections and
manage the number of clusters and their initialization at each stage, before calculating the
normal spacing for each cluster whilst also viewing the scatter plot of dip and dip direction.
Based on the considerations made about the methodology, it is essential to remark that a
field analysis conducted with experience in rock mass classification is required. As already
reported by [19], the issues emerging from this case study indicate that a proper background
in rock mechanics is essential to interpreting results from TLS analysis. Moreover, accurate
programming of the TLS survey is essential to avoid both occlusion and orientation bias [43].
In any case, a pre-processing of the point cloud must be performed to remove vegetation
that causes irregular point geometries. The results obtained here should be integrated with
other properties of the rock, such as the tension cracks, the geological strength index, the
trace length, persistence, aperture, etc., which are not considered here.

This work can be considered the first attempt to quantify the risk percentage of slope
failure of the Ancona town cliff, in which many human activities and a well-developed
urban fabric are present. Future investigations will consist of a multi-temporal monitoring
system by applying aerial or Terrestrial Laser Scanner surveys to assess the cliff’s degree of
retreat.

The methodology can be applied to both aerial and/or Terrestrial Laser Scanner
data and is useful not only for geomechanics and slope stability but also for structural
geology and hydrogeology studies, in which the rock discontinuity network is an important
parameter to be evaluated.
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Figure Al. (Left): example of classification using automatic initialization of centroids with 9 classes.
(Right): example of classification using manual initialization of centroids with 9 classes.
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