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7 Abstract

8 Rock mass classification systems are widely used tools for assessing the stabil-
o ity of rock slopes. Their calculation requires the prior quantification of several pa-
10 rameters during conventional fieldwork campaigns, such as the orientation of the
11 discontinuity sets, the main properties of the existing discontinuities and the geo-
12 mechanical characterisation of the intact rock mass, which can be time-consuming
13 and an often risky task. Conversely, the use of relatively new remote sensing data
14+ for modelling the rock mass surface by means of 3D point clouds is changing the
15 current investigation strategies in different rock slope engineering applications. In
16 this paper, the main practical issues affecting the application of Slope Mass Rating
17 (SMR) for the characterization of rock slopes from 3D point clouds are reviewed,
1¢ using three case studies from an end-user point of view. To this end, the SMR ad-
19 justment factors, which was calculated from different sources of information and
20 processed, using the different softwares, are compared with those calculated using
21 conventional fieldwork data. In the presented analysis, special attention is paid to

22 the differences between the SMR indexes derived from the 3D point cloud and
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conventional field work approaches, the main factors that determine the quality
of the data and some recognized practical issues. Finally, the reliability of Slope

Mass Rating for the characterization of rocky slopes is highlighted.

Keywords: Geo-mechanical classifications Slope Mass Rating 3D point clouds

3D laser scanner photogrammetry failure mechanism

1. Introduction

Rock mass classification systems are well known tools which are useful for
characterizing rock mass properties, in order to assign an ’index of quality’ for
stability purposes. These tools are used worldwide by geo-mechanical engineers
in the design or pre-design stages of civil or mining projects. Existing classifica-
tion systems analyse the most significant parameters responsible for influencing
the behaviour of a given rock mass and providing a quantitative rating from qual-
itative observations. The main advantage of these classification systems is the use
of straightforward (even simplistic), arithmetic algorithms for quantifying the rock
mass quality. Since they have been widely applied in the past through a plethora
of case studies, the use of rock mass classification systems constitute an effective
way of representing the quality of the rock mass [1].

Rock Mass Rating (RMR) [2, 3] along with Q [4] is one of the most widely
used rock mass classification systems [5]. This classification was initially devel-
oped for tunnels. Although the RMR index has been applied to rock slopes and
foundations, its application is hard, as there is no exhaustive definition for the

selection of the correction factors [6]. Based on this, Slope Mass Rating (SMR)
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provides comprehensive adjustment factors to RMR system [7, 8]. These ad-
justment factors depend on the geometrical relationship between the rock mass
discontinuities and the slope, as well as the excavation method.

The parameters required for rock mass characterization are usually acquired
through time-consuming field investigation techniques: geological compass for
obtaining discontinuity orientations, tape measurements for discontinuity spac-
ings or persistence and roughness analysis by local examinations. Sometimes,
fieldwork campaigns can be affected by several restrictions, being well known ex-
amples, such as, safety issues in active rockfall areas, possible access limitations
and intensive work requirements in highly fractured rock masses. More recently,
several attempts have been made to determine the rock mass quality using remote
sensing data [9, 10] or digital pictures [11]. The use of remote techniques (for ex-
ample, 3D laser scanner and digital photogrammetry) allows for the acquisition of
three dimensional information of the terrain with high accuracy and high spatial
resolution. Three-dimensional datasets coming from both techniques are widely
used for landslide investigations [12, 13]. Moreover, the scientific community is
showing an exponentially growing interest in the study of the extraction of several
parameters influencing rock slope stability, including rock mass discontinuity ori-
entations [14, 15, 16, 17, 18, 19, 20, 21, 22, 23] and other rock mass parameters:
spacing between discontinuities [24, 14, 25], discontinuity persistence [26, 18, 27]
and roughness [28, 26, 29, 11].

In this work, the practical issues for the characterization of rock slopes by

means of the SMR index are reviewed, using three case studies. The sources of
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information being used are 3DPC datasets combined with information acquired
through traditional methods. Basic RMR index is calculated, using the fieldwork
data. The main aim of this work, is the analysis of SMR adjustment factors, and
how the use of the different sources of information affect SMR index, and thus,
the slope of characterization. To achieve this, an open source tool, has been devel-
oped. Itis programmed in MATLAB, and is able to calculate the SMR adjustment
factors, including the auxiliary angles and their graphical interpretation.

This paper, has been organised in the following way: (a) An explanation of
the methodology used, which is included in §2; (b) A description of the three case
studies in which the method is applied at §3; (c) An application of the three case
studies is presented at §4; and finally, (d) A summary of the results along with a

discussion of the developed approach is presented at §5 and §6, respectively.

2. Proposed methodology approach

2.1. General overview

The methodology presented in Figure 1 uses 3D Point Clouds (which would
be subsequently called 3DPC in this work ), which is acquired, by remote imag-
ing techniques (that is 3D laser scanner or digital photogrammetry) and the basic
RMR parameters, obtained by means of conventional field surveys as input data.
The calculation of SMR is performed following three main steps: (a) 3D data ac-
quisition, (b) Extraction of geometrical information, and (c) Computation of SMR
value, as explained below:

The first step consists of the 3D data acquisition. First, the studied rock slope

4
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Figure 1: Flowchart of the methodology used. P: planar failure; T: Toppling failure; W: wedge
failure.
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is geometrically modelled by means of a 3DPC which can be acquired by means
of 3D laser scanner or digital photogrammetry techniques [30, 31]. Then, the
PC is vertically aligned with the global reference system, in order to correctly
extract the dip of the discontinuity planes. The PC can also be properly oriented
to the north, although, this last step is not mandatory when working on a relatively
sloped-discontinuity reference system.

The extraction of parameters is performed in the second step. The PC is anal-
ysed by an accepted and reliable method, and is used, to extract the discontinuity
sets. After that, each point from the PC is classified into its corresponding mean
orientation or Discontinuity Set (subsequently called DS) and plane. In this step,
the slope orientation (dip and dip direction) is also derived from the 3DPC fitting,
which is a representative plane of the slope. Although, the orientation of the slope
can also be measured during fieldwork by using a geological compass, it is rec-
ommended to derive the slope of the plane from the 3DPC, in order to have both
the slope and the discontinuities referred to in the same reference system.

The SMR index is computed in the last step. A kinematic analysis is per-
formed for each DS and/or for each pair of discontinuity extracted in step two.
This information allows for the computation of SMR for each discontinuity set
or combination of discontinuities by means of the SMRTool [32], which provides
a graphical interpretation of the potential failure mechanisms, the outputs of the

SMR value and the recommendations proposed by Romana [7].



1w 2.2. Extracting discontinuity and slope orientation

112 Despite different approaches and software products can be used at this stage
13 (for exemple, PlaneDetect, SplitFX, PCM, DiAna or Coltop3D), the open source
14 software Discontinuity Set Extractor (DSE, available on http://personal.ua.es/en/ariquelme/)
15 [23] was used to complete this work. This software semi-automatically extracts
1e DS, assigns a DS to each point and extracts different planes for each DS (sub-
17 sequently referred to as cluster). Finally, in this work, the orientation and the
11s position of each cluster are calculated. In this work, the application of 3DPC
119 to SMR calculation is analysed, and DSE results are compared using the those
120 obtained with PlaneDetect software.

121 The slope plane (that is, the mean excavation surface) can also be extracted
122 from the 3DPC fitting plane. Alternatively, it can be measured in the field or

123 defined during design state, when the slope has not been excavated.

124 2.3. Slope Mass Rating (SMR) computation

125 SMR index is calculated by applying four adjustment factors to the RMR,, : F|,
126 F», F3 and F4. These factors depend both on the slope excavation method and on
127 the geometrical relationships that exist between the slope and the discontinuities
12 affecting the rock mass [7]. The SMR index is computed, using the following

12 formula:

SMR = RMR,, + (F, X Fy X F3) + F, (1)

130 Where:
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RMR,, is the RMR basic parameter in the RMR geomechanical classification
[3]. The maximum value that RMR; can reach is 100, which means a high qual-
ity rock mass from a rock mechanics perspective. As a reminder, basic RMR is

computed using the following formula:

RMR, =X, + X5 + X5+ X4 + X5 (2)

where X, to X5 is assigned a value, which depends on the characteristics of the
rock or the discontinuities. The maximum values that these factors (X;) can reach,
jointly with their relative weights and the possible data sources for obtaining these
parameters, are shown in Table 1.

F parameter depends on the angular relationship between the dip direction of
the considered discontinuity and the slope (see parameter A in Table 2).

F, parameter, depends on the failure mechanism, as follows: (a) For a pla-
nar failure mechanism along a single discontinuity, F, depends on the dip of the
discontinuity (see parameter B in Table 2); (b) For a wedge failure mechanism
between two given discontinuities, F, depends on the plunge of the line of in-
tersection of the discontinuities; (c) Finally, for toppling failure mechanism the
parameter F, adopts a unitary value. For planar and wedge mechanisms, F) is
related to the discontinuity shear strength [8].

F; parameter also depends on the failure mechanism, as follows: (a) for planar
and toppling failure mechanism, F; depends on the angular relationship existing

between the slope dip and the dip of the discontinuity (see parameter C in Table 2);
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Table 1: Basic RMR parameters and their plausible data sources.

Parameter (eq. (2)) Weight Acquisition Data source
X,: Strength of intact rock material 15 PLT, Uniaxial compressive strength  Field, laboratory
X5: Drill core Quality RQD 20 Drill core, geometric analysis Field, 3D

X3: Spacing of discontinuities 20 Drill core, geometric analysis Field, 3D

X,: Condition of discontinuities: 30

- Discontinuity Length 6 Geometric analysis Field, 3D

- Separation (aperture) 6 Geometric analysis Field, 3D

- Roughness 6 Geometric analysis Field, 3D

- Infilling (gouge) 6 Geometric analysis Field, images
- Weathering 6 Visual inspection Field, images
Xs5: Ground water 15 Visual inspection Field

(b) for wedge failure mechanism, this parameter can be calculated as the existing
angle between the slope dip and the plunge of the intersection line between the
two considered discontinuities. This parameter, which expresses the probability
of discontinuity outcropping on the slope face [8], varies from 0 to 60 points.

F4 parameter depends on the method of excavation used for the studied slope
(see Table 2).

Consequently, the adjustment factors F'y, F;, and F5 can be deduced from the
following geometrical data: (a) Strike (or alternatively dip direction) of the slope
and each DS; (b) Dip of each DS and dip of the slope, and (c) When a wedge
failure mechanism can occur, trend and plunge of the intersection line between
the two planes are also required [33].

The calculation of the above described geometrical parameters require a previ-
ous interpretation of the relative position of the discontinuity planes and the slope
for a planar failure mechanism, as well as the line of intersection between two

planes in the case of a wedge mechanism. Then, the failure mode which is ac-
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Table 2: Adjustment factors for SMR. P: planar failure; T: toppling failure; W: wedge failure. F:
parallelism between joints and slope; F5: dip angle in the planar mode of failure; F3: relationship
between slope and joints dips «;: dip direction of the discontinuity; a;: dip direction of the slope;
«;: trend of the intersection line of two sets of discontinuities; §,: slope dip; §;: discontinuity dip;
Bi: plunge of the intersection line of two sets of discontinuities. Modified from [34] and [33]

Type Auxiliary Very . Very
Favorable Normal Unfavorable
of failure angles favorable unfavorable

. P laj — ayl
Z T A= o; - a, - 180] > 30° 30 —20° 20-10° 10 -5° <5°
L
FooN el ____.

P/T/W Fy 0.15 0.40 0.70 0.85 1.00
%)n P/W B= Bj or B; < 20° 20 -30° 30 - 35° 35 -45° > 45°
8 P/W 0.15 0.40 0.70 0.85 1.00
5= F;
A 1.00
o
g P —
§ Fi=Bs > 10° 10-0° 0° 0—-(-10)° < (-10)°
g C= ﬂi _ﬂY
<
© T Bj+Bs < 110° 110 - 120° > 120° - -
.
a P/T/W F3 0 -6 -25 -50 -60

Excavation method (F)

Natural slope +15 Blasting or mechanical 0
Presplitting +10 Deficient blasting -8
Smooth blasting +8

tually compatible with the existing relative geometry between the slope and the
discontinuities is determined. Subsequently, the SMR parameters are calculated
following Table 2.

For a systematic computation of the SMR adjustment factors, the different
failure mechanisms are determined considering the following general geometrical
conditions: for planar failure: |o; — a | < 90°; for wedge failure: |a; — a,| < 90°;
and for toppling failure: |a; — a,| > 90°; where a; and «; are the dip direction of

the discontinuity and of the slope, respectively, and ¢; is the dip direction of the

10
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intersection line of the wedge. Note that this criterion has been stated according
to Romana [8] and only considers the geometrical condition, necessary for the

development of the different types of failure.

2.4. SMRTool description

The geometrical conditions for the computation of the SMR index (see Fig-
ure 2) have been implemented in an open source software named SMRTool [32]
(available on http://personal.ua.es/en/ariquelme/). The inputs of this software are,
the orientations of the slope, the discontinuities and their corresponding RMR,,
values. Wedges are automatically calculated, indicating the pair of intersecting
discontinuities. SMRtool software shows the angular relationship between the dis-
continuities and the slope as well as a graph to visualize them. Finally, adjustment
factors using discrete and continuous functions and Romana’s recommendations
are automatically displayed. This software aids users, in interpreting the calcu-
lation of the adjustment factors and all auxiliary angles in an intuitive, analytical

and graphical mode.

3. Case studies

The proposed methodology was applied to the three different case studies,
which are described in this section. This analysis, aims to highlight the main ad-
vantages and shortcomings of using 3DPC in evaluating the geomechanical qual-

ity of rocky slopes through SMR.

11
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Figure 2: Screenshot of the SMRTool [32] (freely available on the author’s website).

3.1. Case study I: Rockbench repository, Kingston (Canada)

The main aim of this first case study is to calculate the SMR factors of a rocky
slope, by using different sources of information and different analysis approaches
[22], to analyse their main practical advantages and disadvantages. The source of
the data consists of a 3D point cloud from a rocky slope, on a highway road near
Kingston, Canada, which is available on the online repository Rockbench [31].

This outcrop consists of granites with very well defined planes of disconti-
nuity. This outcrop was already analysed by means of traditional compass mea-
surements and by using the PlaneDetect software [22]. This slope can be divided
into three separated sectors with different orientations. Since any RMRb value is

publicly available for this case study, the comparison between different methods

12


 http://personal.ua.es/en/ariquelme/smrtool.html

3D laser scanner

Case Study I

SfM

Case Study II

B lco/m | ,
4 3D laser scanner

Case Study III

Figure 3: Case Study I: (a) Picture of the rock slope, Kingston (Canada); (b) Section of the previ-
ous picture showing the analysed 3DPC; case study II: (¢c) 3DPC acquired by digital photogram-
metry; (d) 3D point cloud acquired by 3D laser scanner; case study III: (e) Orthographic image
(Google Earth, imagery date: June 30th, 2013); (f) 3DPC view

13



205

206

207

208

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

has been performed in terms of the SMR adjustment factors. To achieve this, we
utilized the discontinuities extracted in [22] and the discontinuities detected in this

work (see section 4).

3.2. Case study II: Application of the methodology to compute SMR to an urban

rock slope.

The second case study aims to calculate SMR by using the 3DPC on a slope
that was acquired by two different surveying techniques: the 3D laser scanning
and multi-image photogrammetric techniques (SfM). This information is com-
plemented with the data acquired from the fieldwork (for example, weathering,
roughness, infilling, aperture, spacing and persistence) to compute basic RMR.

The slope is located in Alicante (SE Spain) and is composed of marls, argilla-
ceous limestones and calcareous limestones. This rock mass presents some prac-
tical difficulties for its characterization based on three main reasons: (a) Most of
the discontinuity surfaces are smoothed by weathering; (b) The strata is slightly
folded and has been affected by several normal faults and (c) The sub-horizontal
surfaces are partially (or even completely) covered by debris due to the progres-
sive degradation of the materials located at the upper part of the slope. Conse-
quently, a representative outcrop of the rock mass has been selected to minimize
these mentioned effects that can mask the true discontinuity surfaces. The slope
was excavated by mechanical methods.

The pictures acquired for the application of the SfM were performed using a

Canon EOS 550D digital camera on June 6th, 2014. Then, the 3DPC was gener-

14
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ated using the Agisoft Photoscan software and ground control points were taken,
from a previously registered 3D laser scanner dataset, acquired on August 2nd,
2012. In order to avoid some of the inconveniences mentioned in the previous
paragraph (that is, a and b), a 3x2 meter sector was studied (Figure 3 ¢ and d) and
is defined by 835752 points (a point density of 14x10*pts/m?). The second model
was acquired by a laser scanning survey carried out on March 28th, 2015 with a
Leica C10 laser scanner. In order to reduce shadow areas, it was carried out in
three separate stations and the point cloud was registered using data from a dig-
ital map (SIGNA http://signa.ign.es/signa/). The studied sector was subsampled

obtaining a point cloud of 301089 points (a point density of 8x10*pts/m?).

3.3. Case study I1I: Application of the methodology to a roundabout slope on A-7
highway (Alicante, Spain)

The last case study focuses on the slope stability of a roundabout excavation
in which the slope strike varies from 0° to 360° (see Figure 3 e and f). The
roundabout is located on the road CV-8502 intersection with CV-847 in Alicante
(SE Spain) under the A-7 highway. The lithology of the studied slopes consist of
Paleogene marly limestones [35]. The south slope of this roundabout was affected
by a planar failure after its excavation (see Figure 3 e and f).

In this case study the discontinuities are derived from the 3DPC obtained by
means of a 3D laser scanner, and the roundabout slope is modelled by a syn-
thetic 3D point cloud. Data was acquired by means of a 3D laser scanner, Leica

Scanstation C10, by three different scans on November 4th, 2014 with a density

15
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of 5223 pts/m? (see Figure 3f).

Since the SMR adjustment factors vary depending on the DS orientations (that
is, dip and dip direction), and the basic RMR is considered constant for each
DS, thus, in this case, the SMR index only varies depending on the slope plane
orientation. Therefore, a synthetic slope surface excavation, has been generated,
which assigns a constant slope dip direction and a variable dip for each point of
this synthetic surface to calculate the SMR. Note that the slope’s PC has not been
generated from the 3D laser scanner, but from the known parametric surface. This
process is defined in a similar way to those of the earlier design stages in which

the slope had not been excavated, but its orientation was defined by the project.

4. Results

4.1. Results of case study I

The results of the 3DPC got from this slope, was analysed by means of the
DSE software [23], by extracting the discontinuity sets shown in Figure 4a and
computing the wedges generated by the intersection of the pairs of planes. There-
after, the results were compared with those derived from the 3DPC, using other
methods (PlaneDetect software, 3D laser scanning datasets and digital photogram-
metry datasets) and conventional field surveys (Figure 4b). The results of the
comparison are summarized in Table 3 and a basic statistical analysis is shown in
Figure 5. Figures 5 a, b and ¢ show the comparison between the SMR adjustment
factors contribution FyxF,xF5 + F4, which was calculated using fieldwork data

(X-axis) and 3D point clouds for each slope (Y-axis). In this figure, the line that

16
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Figure 4: Case study I. (a) Classified point cloud, one colour per DS using DSE software; (b) Poles
density of normal vectors for each source of information. Stereoplots using fieldwork datasets and
PlaneDetect software have been obtained from [22].

bisects X-axis and Y-axis shows those points where there is no variation in the
SMR values in terms of adjustment factors. This line shows those cases, where
the contribution of the SMR adjustment factors, using a specific remote acquisi-
tion technique, is equal to the one obtained using fieldwork data. Additionally,
two parallel lines have been depicted indicating those values for which there is a
class variation in the SMR index. Therefore, this figure shows the existing differ-
ences in the F xF,xF5 + F,4 term, for the different sources of information against
those calculated using field data. Figures 5 d, e and f summarize the adjustment
factors contribution for each discontinuity set in a box-and-whisker plot depict-
ing graphically, the groups of adjustment factor terms through their quartiles. In
this figure, it is observed that previous term varies significantly for certain planes

depending on the source of information and the applied approach.
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Table 3: Case study I. Calculation of the SMR correction factors (FxF,xF3 + Fy) of the studied
rock slope by means of the proposed methodology from different data acquisition methods (i.e.
geological compass, LiDAR and photogrammetry) and techniques of analysis (i.e. Plane detect
and DSE).

Ji J2 J3 Wiz Wis Was
dip Manual Geological Compass (028/76)  (307/86)  (205/30) (021/76)  (117/01)  (219/29)
direction Plane Detect LIDAR (029/75)  (308/89)  (198/32)  (034/75) (117/06)  (218/30)
/ dip Plane Detect Photogrammetry ~ (029/76)  (309/90)  (194/34)  (039/76)  (117/08)  (219/31)

DSE LiDAR (030/75)  (135/87)  (187/33)  (055/73) (116/12)  (223/28)
Manual Geological Compass -24,00 -7,50 -4,20 -42,00 0,00 0,00
Slope 1: Plane Detect LIDAR -24,00 -0,90 -17,50 -24,00 0,00 0,00
(008/88) Plane Detect Photogrammetry -24,00 -0,90 -21,25 -9,00 0,00 0,00
DSE LiDAR -24,00 -3,75 -25,00 -9,00 0,00 0,00
Manual Geological Compass -3,75 -3,75 -3,60 0,00 -1,35 -3,60
Slope 2: Plane Detect LIDAR -3,75 -3,75 -6,30 0,00 -1,35 -6,30
(162/77) Plane Detect Photogrammetry -3,75 -3,75 -6,30 0,00 -1,35 -6,30
DSE LiDAR -3,75 -2,40 -16,80 0,00 -1,35 -3,60
Manual Geological Compass -10,00 -3,75 -16,80 0,00 -1,35 -3,60
Slope 3: Plane Detect LIDAR -10,00 -3,75 -29,40 0,00 -1,35 -6,30
(186/88) Plane Detect Photogrammetry -10,00 -3,75 -35,70 0,00 -1,35 -6,30
DSE LiDAR -10,00 -7,50 -42,00 0,00 -1,35 -3,60

(@) Adjustment factors; Slope 1: (008/88)

O PlaneDetect 3D LS O PlaneDetect 3D LS
+  PlaneDetect StM +  PlaneDetect S
X DSE3DLS 60 X DSE3DLS -60

(b) Adjustment factors; Slope 2: (162/77) (¢) Adjustment factors; Slope 3: (186/88)
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X DSE3DLS

FXF XF +F, 3D LS or StM
FXF XF +F, 3D LS or StM
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G0 20 w0 40 0 w0 70 0 20 w0 40 0 60 70 0 20 w0 40 w0 60 70
FXFXF +F, fieldwork FXF X+, fieldwork FXF X+, fieldwork
(¢) Box plot of the adjustmen factorss; Slope 1: (008/86) (€) Box plot o the adjusiment factors; Slope 2: (162177) (6) Box pot of the adjustmen factors; Sope 3: (186/88)
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Figure 5: Case study 1. (a) to (c) Comparison of adjustment factors obtained with fieldwork data
versus those obtained with 3D point clouds for each slope. (d) to (f) Box whisker plot for all
sources of information and each slope.
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4.2. Results of case study I1

In this case study the SMR index has been calculated using fieldwork mea-
surements, as well as 3D laser scanners and SfM data sets have been analysed by
means of DSE software. In both cases, five discontinuity sets were obtained, but
one of them was discarded, as it was surface generated as a result of weathering
processes. Figures 6 ¢ and e show the classified point cloud and Figures 6 b, d
and f show their respective normal vector’s pole density and the extracted discon-
tinuity sets. The slope plane was extracted by its best fit plane (133/72). Finally,
all wedges were calculated and only those whose trend and slope’s dip direction
formed an angle lower than 90° were selected as potential wedges.

In this case study, RMRD values were computed, using data acquired from
the field. Their values are summarized in Table 4. All SMR values were cal-
culated using the SMRTool software. Figure 7a shows the comparison between
SMR computed from fieldwork and SMR computed from 3DPC. Additionally, the

results were compared with each plane or wedge in a box plot (see Figure 7).

4.3. Results of case study I11

For this case study, two different methods were used: (a) In method, three
discontinuity sets were detected through classical fieldwork: (J;, J, and J3) ; (b)
Using the second method, an additional discontinuity set was extracted (J4), when
investigating the 3DPC using DSE software. The RMRb was calculated during
fieldwork from the data collected manually, and in a complementary way, from

the information extracted from the DSE (see Table 5).
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: (325/89)
: (119/20)
: (234/80)
: (062/62)

fieldwork

: (323/89)
: (135/26)
: (250/76)
: (041/57)

SfM

: (321/87)
: (121/16)
: (225/75)
: (034/57)

3D laser scanning

Figure 6: Case study II:. (a) Picture of the slope; (b) compass measurements and mean planes; (c)
SfM classified point cloud; (d) Normal vector poles’ density; (e) 3D laser scanner classified point
cloud; (f) Normal vector’s point density.
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Table 4: Case study II. SMR Calculations of all discontinuity sets and wedges using different
sources of information: SfM datasets, 3D laser scanning datasets and fieldwork.

plane/ dipdir dip RMR, A B C type of F F, F3 Fy SMR Class

wedge id [°] [°] 1 I°] [°] failure
J1 323 89 44 10 89 161 Toppling 0.70 1.00 -25 0 26 v
Jo 135 26 45 2 26 -46 Planar 1.00 040 -60 0 21 v
J3 250 76 42 63 76 148 Toppling 0.15 1.00 -25 0 38 v
StM Ja 41 57 47 88 57 129 Toppling 0.15 1.00 -25 0 43 11T
dataset ~ Wi» 53 4 44 80 4 -68 Wedge 0.15 0.15 -60 0 42 it
Wia 51 57 44 82 57 -15 Wedge 0.15 1.00 -60 0 35 v
Was 166 23 42 33 23 49 Wedge 0.15 040 -60 0 38 v
Waq 114 24 45 19 24 48 Wedge 0.70 040 -60 0 28 v
J1i 321 87 44 8 87 159 Toppling 0.85 1.00 -25 0 22 v
Jr 121 16 45 12 16 -56 Planar 0.70 0.15 -60 0 38 v
3D J3 225 75 42 88 75 147 Toppling 0.15 1.00 -25 0 38 v
laser Ja 34 57 47 81 57 129 Toppling 0.15 1.00 -25 0 43 I
scanning Wia 51 6 44 82 6 -66 Wedge 0.15 0.15 -60 0 42 11T
Wia 46 56 44 87 56 -16 Wedge 0.15 1.00 -60 0 35 v
Was 139 15 42 6 15 -57 Wedge 0.85 0.15 -60 0 34 v
Waq 113 16 45 20 16 -56 Wedge 0.70 0.15 -60 0 38 v
J1 325 87 44 12 87 159  Toppling 0.7 1.00 -25 0 26 v
Ja 119 20 45 14 20 -52 Planar 0.7 0.15 -60 0 38 v
J3 234 83 42 79 83 155 Toppling 0.15 1.00 -25 0 38 v
fieldwork Jy 62 62 47 71 62 -10 Planar 0.15 1.00 -60 0 38 v
Wiz 55 9 44 78 9 -63 Wedge 0.15 0.15 -60 0 42 III
Wiy 49 61 44 84 61 -11 Wedge 0.15 1.00 -60 0 35 v
Wa3 146 18 42 13 18 -54 Wedge 0.70 0.15 -60 0 35 v
Waq 142 19 45 9 19 -53 Wedge 0.85 0.15 -60 0 37 v
Wiy 145 12 42 12 12 -60 Wedge 0.70 0.15 -60 0 35 v
(a) Adjustment factors; Slope 1: (133/72) (b) Box plot of the adjustment factorss; Slope 1: (133/72)
100 .

Y * Class Ill
+
90| Class! 3D laser scanning

45

40 I
4

30

ZSD
T

7
'
'
/ / !
0F VvV, 4
4 - 20

Class IV 1
T

% 1 2 3 4 12 14 23 24
0 20 40 60 80 100 Plane or wedge id
SMR,

fieldwork

Figure 7: Case study II. (a) Comparison of adjustment factors obtained with fieldwork data versus
those obtained with 3D point clouds; (b) box whisker plot for the three sources of information:
fieldwork, SfM and 3D laser scanner.
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In this case study, the slope orientation varied around the roundabout adopting
different dip directions from O to 360° and having a constant dip. SMR index
was calculated for all orientations of the roundabout, assuming that the slope of
the roundabout defined a conical frustum, whose angle was equal to the slope dip
(that is, 50°).

First of all, SMR computation for planar failure mechanisms was carried out.
Figures 8 a to f show the result of SMR index calculation, where the values for
each slope sector are depicted in a different colour according to the colour bar
scale (0 and 70 for the lowest and highest values, respectively). Figures 8 b, c,
d and e show the SMR index values of the discontinuity sets Jy, J,, J; and Jy,
being the Figure 8f the minimum envelope of all the SMR values calculated for
the different DS. This last figure shows that the lowest SMR index value is 11,
which implies a very bad (Class V) and ’completely unstable’ slope according to
Romana’s classification system [8]. The SMR index for this specific location is
calculated in details in Table 5.

Additionally, a wedge failure mechanism was also analysed following the pre-
viously described procedure. The minimum values of the SMR index were 30 in
the West and South East parts of the slope (see Figure 8i). Thus, when analysing
the different SMR index computations it can be observed that the minimum value
of the SMR index was computed at the sector of the slope, where a planar slide
had occurred (see Figure 3). Therefore, this case study highlights the usefulness
and reliability of the SMR index to map areas of lower geomechanical quality, in

which failures are more likely to occur.
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70
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50

40

Figure 8: Case study III: Orthographic view of the slope acquired from Google Maps, imagery
date: June 6th, 2013; (a) Envelope of minimum SMR associated to wedge failure mechanism;
Figures (b) to (¢) SMR values of each point of the conical frustum corresponding to both planar
and toppling failure mechanisms; (f) envelope of the minimum SMR values.

Table 5: Case study III. SMR Calculations of all discontinuity sets and wedges at the failure plane
(190/50).

plane/ dipdir dip RMRb A B C failure F, 3 F3 F, SMR Class

wedge id ] ] F1r1rrl
Ji 190 45 54 0 45 -5 Planar 1.00 0.8 -50 O 11 \
J2 52 73 66 42 73 123 Toppling 0.15 100 -25 O 62 1I
J3 343 85 85 27 8 135 Toppling 040 100 -25 0 75 1I
J4 20 83 60 10 83 133 Toppling 0.70 1.00 -25 0 42 11
Wi 133 28 54 57 28 22 Wedge 015 04 -60 O 50 I
Wi3 255 23 54 65 23 27 Wedge 015 04 -60 O 50 I
Wig 109 9 54 81 9 -41 Wedge 015 015 -60 O 52 111
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5. Discussion

The SMR geomechanical classification has been applied to three case studies,
using the information derived from 3DPC and compared with the fieldwork data
when available. This work focuses on how the SMR adjustment factors change,
depending on the source of information and method used, and in the analysis of
the main practical issues on the exploitation of 3DPC for calculating the SMR
index, through three different case studies. For the first case study, the different
discontinuity sets were extracted using different approaches. For case studies II
and III, this information were complemented with the qualitative and quantitative
information of the rock mass involved in the determination of the basic RMR.
Finally, the SMR index was calculated through the geometric interpretation of
the different failure mechanisms, including planar, wedge or toppling potential
failures. The straightforward calculation of the auxiliary angles and the SMR
geometric parameters were automatically performed using the SMRTool software.

In the first case study, it was discovered that, considering RMR,, as an indepen-
dent variable, the use of 3D laser scanner data combined with DSE software can
cause a variation in the SMR index. The comparison of the obtained results us-
ing DSE LiDAR with manual compass datasets, showed a variation of 31 units in
slope 1 combined with Wy,. This shows a difference in the slope stability depend-
ing on the approach used. More significant variations were found in J; combined
with the three slopes (see Table 3).

The SMR index variations can be illustrated by analysing the discontinuity set

J3 and the slope 1, and are detailed in Table 3. . The highest difference is found
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between the manual geological compass source data and the 3D laser scanner
analysed, using DSE software. The obtained planes are (205/30) and (187/33)
respectively, and the angle between their normal vectors is 9.8°. Despite this, the
angle difference is acceptable for a mean plane, and its combination with slope 1
causes the A auxiliary angle to vary from 17° to 1° and therefore F'| increases
from 0.7 to 1. Moreover, dip values play a key role in this case. C auxiliary angle
is equal to 118° in the first case, but it varies till 121° (only 3°) and thus, F;
dwindle from -6 to -25. As a result, the product FyxF,xF3 varies from —4.2 to
—25, varying by one SMR class. Slightly better results will be obtained if the
adjustment factors are calculated through the continuous functions [36], as this
value varies from —2.5 to —19.2. Since the 3DPC from this case study is available
in a public repository [31] the results of our research can be verified by other
colleagues in order to validate our analysis and conclusions.

The second case study utilizes information derived from digital photogram-
metry, 3D laser scanner and traditional methods. The result of this study shown in
Table 4 indicates that, there is a good correlation between the SMR index calcu-
lated through fieldwork and 3D laser scanner data, and a discrepancy with those
calculated through SfM data. Nevertheless, these results must be interpreted with
caution, as the point cloud’s quality acquired through SfM significantly depends
on the camera used, the number and quality of the pictures, the acquisition strat-
egy, the ground control points used, and the vertical and horizontal alignment of
the raw 3DPC. The results compared to the different discontinuity sets, can be

summarized as follows:
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The first analysed DS (J;) showed that, when using 3D laser scanning dataset,
the SMR value is equal to 22, but when using the SfM of fieldwork collected data,
the SMR value is equal to 26. A possible explanation for this fact might be that,
though it is reasonable for normal vectors to be almost parallel , the slope’s plane
accounts for small variations in the orientation of the DS. This implies that SMR
value variations can even change its geo-mechanical class.

The second DS (J,) analysis, showed a significant variation in the SMR value.
The SfM analysis shows an SMR value of 21, while laser scanning and fieldwork,
show SMR values of 38. The most likely cause of the observed difference is that
when using the SfM data, the A angle (see Table 2) is equal to 2° and thus F = 1,
but when using fieldwork and laser scanning dataset, this angle is higher than
10° so F 1s 30% minority (see Table 4). In this case, the dip angle of J; is small,
so its dip direction would vary easily, if the source data are inaccurate. This is the
case of the sub-horizontal planes, where SfM was inaccurate because the digital
pictures were taken with bias (horizontal line of sight and sub-horizontal DS).
Moreover, these DS sub-horizontal orientation favour the accumulation of debris
(some of them are partially or even completely covered) due to the progressive
degradation of the material located at the upper part of the slope. Consequently,
the 3D model does not modelize this flat surface correctly.

The third DS (J3) analysis showed that the results of this calculation did not
show any deviation.

The fourth DS (J4) analysis evidenced a significant SMR value variation. A

difference of 5 SMR units, was found, between fieldwork and 3D data, which was
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caused by an angular difference of up to 20° between their dip direction. This
deviation may be explained by the insufficient number of orientation measure-
ments, which is due to the following reasons; On one hand, fieldwork campaign
conditions are an important factor of this deviation because J4 orientations were
difficult to measure. On the other hand, the surface of exposed planes was small.
These factors explain the fact that this DS had insufficient measurements to calcu-
late the mean orientation with accuracy. Nevertheless, the use of 3DPC datasets,
have increased the number of point measurements.

The analysis of all wedges (W;;) also show differences, as they are defined
by the intersection of previous pair of planes and then, are affected by the same
sources of error.

The third case study applies the methodology in a singular rocky slope: a cir-
cular roundabout excavation in which the slope direction varies at different sectors
of the slope. First of all, the discontinuity sets are extracted from a 3D laser scan-
ning dataset using the DSE software, and the slope is modelled by means of a
synthetic 3D point cloud. After this, the SMR index is computed for the differ-
ent recognized DS, and the wedges derived from their combination (Table 5) and,
then, the minimum SMR index envelope, is selected as a representative of the
different orientations of the roundabout. The minimum computed SMR values,
in which a high probability of failure exists, show a precise spatial coincidence
with an existing planar rock slide (see Figures 3 e and f and 8f), which allows to

validate the proposed approach, also demonstrating the reliability of SMR.
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6. Conclusions

In recent times, the scientific community is showing an increasingly greater
interest in the use of 3DPC for estimating mean plane orientations. The most
significant findings that emerged from this study are:

Different methods of extracting DS, and different sources of information, can
lead to different values of mean plane orientations, as was shown in case study
I. Interestingly, these variations lead to higher or lower SMR values than those
computed using conventional field methods. It was also shown that, the results
strongly depend on the surface of information when the quantity of measurements
is not enough (for example, when rock slopes are inaccessible because, fieldwork
is risky) as was shown in case study II. Additionally, in accordance with case
study I, it has been shown that in some cases, when orientations are affected by
small variations, the SMR results can vary significantly and thus, the class can
change. This fact points out the importance of a solid background in rock me-
chanics. Finally, this study has shown the reliability of SMR in predicting possible
occurrence of failures, as it was shown in case study III.

In summary, the main advantages of the SMR index calculation (that is, the
extraction of orientations on inaccessible or risky areas, quick calculation of the
SMR adjustment factors, objectivity and reproducibility of the calculations, as
well as reliability of this rock mass classification) in using a remote acquisition
technique, leads us to think that this approach will be widely used in the forth-

coming years.
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