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Abstract: A research study aimed at the extending the means of estimating ISRM (International So-
ciety for Rock Mechanics) geomechanical parameters through non-contact methodologies, in the
frame of the remote survey of rock masses, is herein presented. It was conducted by coupling UAV-
based photogrammetry and Infrared Thermography. Starting from georeferenced UAV surveys and
the definition of rock masses” RGB point clouds, different approaches for the extraction of disconti-
nuity spatial data were herein compared according to the ISRM subjective and objective disconti-
nuity sampling criteria. These were applied to a survey a window and along a scanline, both defined
on the dense point clouds, to simulate a field rock mass survey, although carried out on remotely
acquired data. Spatial discontinuity data were integrated via the analysis of dense point clouds built
from IRT images, which represents a relatively new practice in remote sensing, and the processing
of thermograms. Such procedures allowed the qualitative evaluation of the main geomechanical
parameters of tested rock masses, such as aperture, persistence and weathering. Moreover, the novel
parameters of Thermal-spacing (T-spacing) and Thermal-RQD (T-RQD) are herein introduced in a
tentative attempt at extending the application field of IRT to remote rock mass surveys for practical
purposes. The achieved results were validated by field campaign, demonstrating that a remote sur-
vey of rock masses can be conducted according to the ISRM procedures even on models built by
integrating RGB and IRT photogrammetry. In fact, these two technologies are positively comple-
mentary and, besides being feasible, are characterized by a relatively quick and non-contact execu-
tion. Thanks to the positive and satisfactory results achieved herein, this research contributes to the
implementation of the scientific and technical casuistry on the remote survey of rock masses, which
is a technical field offering a wide range of applications.

Keywords: Unmanned Aerial Vehicle; photogrammetry; Infrared Thermography; rock mass sur-
vey; ISRM; discontinuity

1. Introduction

The use of non-contact remote surveying methodologies is a growing practice in the
frame of rock mass characterization. Their usefulness relies on the possibility of surveying
wide areas in short times, as well as overcoming field limitations connected to the poor
accessibility of some rock mass sectors. Field remote survey methodologies applied to
rock masses are enhanced by technological development, which is in turn favored by the
increasing scientific casuistry. Among the remote surveying technologies, Unmanned
Aerial Vehicles (UAV) systems, originally used for military scopes [1], can be addressed
as a reference for photogrammetric applications in rockfall stability studies, e.g., [2-5]. In
fact, UAV photogrammetry integrated with Structure from Motion (5fM) [6], allowing the
reconstruction of reliable three-dimensional models of exposed rock mass planes, offers a
low-budget, lightweight, time-saving, and user-friendly remote sensing solution [7]. In
recent decades, many scholars have tested such non-contact surveying approaches, e.g.,
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[8-12]. Dewez et al. [13] monitored a cliff over time, identifying the detachment points
along the rock mass, through the reconstruction of point clouds from both laser scanners
and UAV. Tannat [14] focused on the application of photogrammetry-based techniques in
the characterization and hazard assessment of rock faces, while Giordan et al. [15] pro-
vided a summary of the main goals achieved by the IAEG (International Association for
Engineering Geology and the environment) Commission on the topic of the UAV use for
engineering geological applications, highlighting the potential of such practices along
with the need of a rigorous approach. In fact, the availability of a well georeferenced 3D
rock mass model leads to the possibility of extracting the direction of exposed planes, thus
providing the basis for a remote structural survey even for block kinematic analyses.

Another non-contact technology that is progressively gaining ground in the remote
survey of rock masses is Infrared Thermography (IRT). It exploits the thermal radiation
emitted by matter, which travels with wavelengths mainly falling within the Infrared
band of the electromagnetic spectrum (0.1-100 pm). The Stefan-Boltzmann law explains
that the emissivity of an object is directly proportional to its temperature; therefore, it is
possible to estimate its surface temperature by employing specific devices called thermal
cameras if the characteristic emissivity value of the framed subject is known [16]. The ap-
plication of IRT on rock masses returned satisfactory results in detecting open fractures
[17], weathered rock sectors [18], the integrity of rock [19], the presence of rock bridges
[20] and, more generically, in supporting rock stability studies, e.g., [21-23], even in both
post-rockfall emergency [24] and underground settings [25]. Pappalardo et al. [26] pro-
vided the first attempt to quantify the thermal behavior of a rock mass by introducing the
concept of the Cooling Rate Index (CRI), which was correlated to the rock fracturing de-
gree. They found also that there is a relation between the surface temperature offered by
discontinuity traces, surveyed at night, and their aperture and persistence, with the high-
est temperatures found at the most open/persistent cracks. The aspect related to CRI was
further investigated by Loche et al. [27] in the field and by Mineo and Pappalardo [28] in
the laboratory, who implemented the application of such methodologies.

The integration between the afore-reported remote surveying techniques is the new
frontier of rock mass remote surveys. Casagli et al. [29] combined different technologies,
including UAV and IRT, for landslide mapping and monitoring, while Frodella et al. [30]
used UAV photogrammetry and IRT for the non-destructive survey of a large rupestrian
site. Grechi et al. [31] worked on 3D dense point clouds of rock masses built from both
RGB and IRT images, highlighting the potential and feasibility of such approaches even
in the study of the relation between geomechanical and thermal properties.

In this paper, a step forward in the scientific and technical application of UAV-IRT
integrated surveys is presented with the aim of finding a practical utility for the definition
of the main geomechanical parameters in qualitative and quantitative discontinuity sam-
pling and description, as suggested by the International Society for Rock Mechanics (ISRM
[32]). This could provide key utility either in the surveying of badly accessible rock slopes,
or when emergency condition requires non-contact measurements, or in case of projects
with low financial availability. In this latter case, the preliminary planning stages could
benefit from quick and non-contact surveys, even from the perspective of locating peculiar
sectors of features deserving further investigations. For this purpose, UAV-based photo-
grammetric surveys were carried out at two rock masses, located in northern Sicily (Italy)
and chosen as test sites, and georeferenced dense point clouds were built for the extraction
of discontinuities. This was carried out according to three different approaches, which
were applied to both a survey window and a scanline to reproduce a remote version of
random and biased ISRM suggested discontinuity sampling procedures. On the other
hand, nighttime IRT surveys were carried out at the same outcrops and thermal dense
point clouds were built to analyze the peculiar thermal features of the rock masses related
to their geomechanical characteristics. The analysis of thermal point clouds was accompa-
nied by the in-depth processing of key thermograms for the IR-based quantitative estima-
tion of some geomechanical parameters, such as Thermal-spacing (T-spacing) and the
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Thermal-Rock Quality Designation (T-RQD), which represent a novelty in the interna-
tional state of the art. Data were then validated by field rock mass surveys and outcomes
were compared to better define the reliability of the used approaches.

2. Materials and Methods

The methodology developed in this study was intended as a combined photogram-
metric RGB-IRT rock slope modeling method for discontinuity surveying and characteri-
zation, which represents a strategic surveying solution for areas affected by a poor field
logistics (Figure 1). The experimental procedure reported herein was tested at two rock
masses selected as test sites, from now on referred to as RM1 and RM2, located along the
Tyrrhenian coastline of Sicily (Italy) in the province of Messina. From the geological point
of view, the studied rock masses belong to the Calabria-Peloritani Orogen, an arcuate
mountainous belt consisting of a set of south-verging basement nappes and remnants of
a Mesozoic—Cenozoic cover sequence [33]. Rock types cropping out along the studied
slopes are intensely fractured two-mica marbles and paragneiss, which experienced a
heavy tectonic history.
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Figure 1. Conceptual map describing the methodological approach of the research.

Photogrammetric RGB remote surveys were carried out, in daylight condition, using
a Parrot Anafi Thermal quadcopter equipped with a digital sensor 1/2.4" CMOS (active-
pixel sensor) and 21 Mpixel with 26 mm focal length for the photogrammetric part. Tar-
gets of 50 cm x 50 cm size were placed as Ground Control Points (GCP), homogeneously
distributed in the framed area, for a precise GPS localization and two flight plans were set
to guarantee an average overlapping of 70% between contiguous frames. The first one was
carried out in nadir conditions by aligning the camera axis with the vertical direction, so
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as to achieve a clear overview of the survey area and related GCPs. The second flight was
aimed at performing frontal and oblique shots (45°) to survey both the sub-vertical and
inclined (35-50°) rock facets. The acquired images were combined to create dense point
clouds by using the SfM technique [34,35], which allows overlapping two-dimensional
images acquired from multiple viewpoints to define a three-dimensional model of the
framed subject. The RGB point cloud was then analyzed by CloudCompare, which is an
open-source 3D point cloud and mesh processing software application with a series of
advanced algorithms herein used to extract spatial information of discontinuities. In this
paper, such data were extracted according to three different approaches aimed at repro-
ducing the basic ISRM surveying criteria: In the first case, a specific plugin to automati-
cally extract planar facets (e.g., fracture planes) from the point cloud and to classify the
facets based on their orientation and orthogonal distance [36] was used. The algorithm it
is based on refers to a K-D tree (k-dimensional tree), which is a space-partitioning data
structure for organizing points in a k-dimensional space. This algorithm, relying on a
least-squares approximation [37], allows the generation of a series of facets defined by a
specific dip/dip direction. Such a procedure was carried out to extract discontinuity spa-
tial data both within a survey window and along a scanline, according to the objective
ISRM sampling criterion. Similarly, the second approach used herein is based on the dis-
continuity extraction by the “scalar field” function owned by the CloudCompare code. In
particular, a scalar field is a set of values associated with a point (or vertex), which can be
displayed by a custom color ramp. For this study, the dip/dip direction value was consid-
ered as a scalar field, with the aim of achieving a color ramp-based rock mass model,
where the groups of planes with comparable orientations in space were labeled with the
same color. By plotting the count of the extracted dip directions on a two-variable dia-
gram, a series of peaks could be identified between 0 and 360 degrees (Figure 1). These
represented the range of the most occurring dip direction values along the surveyed rock
face (both window and scanline). The third approach was considered as a subjective ISRM
remote rock mass survey criterion, carried out by exploiting the precise point cloud
georeferencing and manually selecting the most exposed discontinuity planes. The corre-
sponding dip/dip direction was noted to compile a final stereogram (in a similar way to
what is undertaken during a traditional subjective ISRM rock mass field survey).

IRT surveys were carried out at the same test rock masses using a 320 x 240-pixel
thermal camera operating within a —20-650 °C temperature range (with +2 °C accuracy).
Thermography campaigns were performed after sunset, which proved the best time of the
day for the discontinuity IR characterization [23]. In fact, under such ambient conditions,
the disturbing effects of parasite radiation are low. Images were taken, in autofocus mode,
from a short distance (2 to 5 m) both to gain the best thermal detail of the rock face and to
reduce uncertainty in the measurement because of the atmospheric absorption. A certain
rate of overlapping between adjacent thermograms, so as to make the generation of a ther-
mal point cloud feasible, was ensured. More specifically, this was built according to the
same procedure used for RGB images and the result was a thermal 3D mesh of the framed
rock masses (Figure 1). The emissivity was set to 0.93 according to previous accounts in
the literature, e.g., [24,38], and it was regarded as a representative value of the whole rock
face, where elements affected by different emissivity values may have occurred (e.g., bare
rock, vegetation, debris, weathering film, wet/dry sectors). With specific reference to this
point, emissivity is known to be one of the main sources of uncertainty in infrared thermal
imaging, especially when quantitative measurements are requested, e.g., [39—43]. In this
specific case, the application of IRT was aimed at a qualitative approach, which made it
possible to reasonably overlook this aspect. The analysis of thermal point clouds pre-
sented herein allowed detecting peculiar geomechanical features related to the most visi-
ble discontinuity sets. Based on such thermal information, a focused analysis of key post-
processed thermograms was carried out to analyze, in detail, some specific geomechanical
parameters related to the rock mass fracturing.
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Finally, the obtained UAV and IRT remote data were compared to define a remote
geomechanical characterization of selected rock masses and the goodness of the data was
verified through field rock mass surveys performed at the test sites according to the ISRM
[32].

3. Results
3.1. UAV Photogrammetry

The SfM technique, applied to the selected RM1 and RM2 rock masses, returned two
scattered point clouds with 21,225 points and 52,594 points, respectively. The optimization
of the cloud, by reporting the GCP field arrangement, allowed the minimization of the
reprojection error and the generation of two dense point clouds made up of about 19 mIn
points and 45 mln points for RM1 and RM2, respectively (Figure 2). The final triangular
mesh returned the three-dimensional model of the rock mass, which represents the basis
for this kind of scientific—technical approach. In particular, the RM1 dense point cloud
(Figure 2) shows a reliable reproduction of the field setting, with the surveyed rock mass
located within close proximity of a bare rock tunnel mouth (Figure 2), and thus, is partly
hollowed with respect to the whole rock slope. The preponderant discontinuity system
occurring along the rock face is clearly visible, along with the intense degree of fracturing.
The RM2 point cloud (Figure 2) adequately represents the field setting of the surveyed
rock mass, with a hollow sector located in the central portion and some exposed planes.
A sub-vertical fracture, cutting the whole rock face height, occurs at the southern portion
of the point cloud.

(b)

Laimiiis b sanb ot ok

RM2 | (d)

12rea framed for dense point cloud in inset d
™ -

Figure 2. (a) Photo of RM1 rock wall with indication of the area framed for the dense point cloud
construction; (b) dense point cloud built by SfM for RM1; (c) photo of RM2 rock wall with indication
of the area framed for the dense point cloud construction; (d) dense point cloud built by SfM for
RM2.
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3.2. IRSM Discontinuity Sampling from Dense Point Cloud

The standards defined by the ISRM commission on the standardization of laboratory
and field testing constitute the reference for the quantitative description of discontinuities
in rock masses, the sampling philosophy of which relies on two basic levels. There is a
subjective (biased) surveying approach, which is aimed at the sampling of those disconti-
nuities considered important, and the objective (random) survey, focused on the descrip-
tion of all the discontinuities intersecting a fixed line or area of rock exposure. The ISRM
specifications [32] report that the objective approach suffers from the major disadvantage
that it is time consuming, while the subjective criterion is best applied where the structural
setting of the rock mass is well definable. Nevertheless, both approaches have been
proven to identify key field activity for rock mass characterization, as well as being the
most reliable tools to achieve a complete knowledge of the geomechanical attitude of rock
masses. In the frame of technological and scientific development, these two approaches
were herein applied to remotely surveyed data and discontinuity spatial data were ex-
tracted both automatically, according to the random ISRM criterion, and manually, refer-
ring to a remote objective survey.

3.2.1. Objective Discontinuity Survey through the K-D Tree Algorithm

According to the methodology described above, discontinuity data were herein au-
tomatically extracted by considering all the discontinuities intersecting either an area of
the rock face (window) or a fixed line (scanline). In the first case, a segmentation area of
the point cloud was set to resemble a survey window (5.5 x 3.0 m at RM1 and 9.0 x 5.0 m
at RM2). In the second one, the segmentation area height was narrowed for a realistic
approximation to a scanline. With reference to this latter aspect, we considered a reason-
able rock mass band (15 cm) above and below the hypothetical scanline, which was the
likely reference rock mass portion during a field survey of discontinuities along a line.
Recognized planes were treated as polygons by considering a +30° tolerance span refer-
ring to their orientation in space. This choice arose from the intense fracturing affecting
the selected rock masses, and enabled good reliability of the data.

With respect to RM1, 426 poles were extracted from the point cloud and plotted on a
stereogram, where the statistical contouring highlights the presence of multiple concen-
tration spots (Figure 3a). Considering the survey window, due to the great data scattering,
discontinuity sets were defined according to a contour calculation performed by taking
into account a Count Circle Size of 1% of the surface area of the lower reference hemi-
sphere. Discontinuity sets were recognized at pole concentration areas greater than 3.3%,
resulting in seven clusters (Table 1). Each cluster was indicated with a progressive number
for an easier identification throughout the manuscript. On the other hand, scanline out-
comes were characterized by a lower number of poles (75) whose contouring allowed the
definition of five average sets according to the previous criterion. Based on the compari-
son of both stereograms, a good match between five of the seven sets is outlined, although
sets 1 and 3 are missing among the scanline plot. This is because the number of poles
belonging to such sets, compared to the total number of surveyed ones, is not significant
enough to allow their recognition as sets.
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Figure 3. Outcomes of the discontinuity extraction by K-D tree algorithm according to both a sur-
veying window and a scanline at RM1 (a) and RM2 (b).

Table 1. List of the discontinuity sets extracted by K-D tree algorithm through both survey window
and scanline; n.a. is reported when the corresponding discontinuity set was not detected.

Discontinuity Set Dip/Dip Direction WindowDip/Dip Direction Scanline

1 84/116 n.a.
2 85/097 86/093
3 81/071 n.a.
RMI 4 61/052 61/051
5 81/250 68/255
6 54/269 46/279
7 81/296 85/302
1 82/139 82/153
2 79/118 79/128
3 83/082 86/097
RM2 4 72/279 68/263
5 82/332 86/334
6 n.a. 86/302

At RM2, the data extracted from window are represented by 783 poles, which can be
grouped into five systems based on the density pole concentration being greater than 2.4%
(Figure 3b). More specifically, it was found that there is a wide pole concentration area
spanning from 58/254 to 85/304, which was herein considered as a single system affected
by a relevant geometrical variability. On the other hand, the corresponding scanline ste-
reogram returned 44 poles which, despite their lower number, could be grouped into six
discontinuity families. This consideration arose from the presence of two different contour
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spots, which allowed the differentiation of set number 4, which was previously found,
into two separate families (4 and 6).

3.2.2. Objective Discontinuity Survey through the Scalar Field Function

The discontinuity extraction through the scalar field function relies on the ability of
the open source CloudCompare software to exploit the properties of scalar fields. As for
the previous approach, the analysis presented herein was performed on both a segmented
measurement window and along a scanline fixed on the dense point cloud, where the
previously generated normal vectors were converted to the Scalar Field Dip direction (0—
360°) view. Outcomes were returned in the form of a histogram showing the distribution
of a selected entity. In this case, the analysis was primarily focused on the “dip direction”
entity, plotted on the histogram with respect to the count within the selected survey area
on the point cloud. Each peak corresponds to recurring dip directions, likely belonging to
one or more discontinuity sets. Such outcomes allowed a quick identification of the num-
ber of families and of the related scattering. Once the most representative dip direction
values were selected for each peak (the selection could be based on either the mean or the
modal value, depending on the data distribution), the statistical distribution of the corre-
sponding angle of dip could be obtained on a second histogram, so as to complete the
spatial geostructural rock mass characterization.

In the RM1 case, the dip direction histogram resulting from the window extraction
(Figure 4a) returned 6 main peaks with a count of between 10 k and 60 k (Figure 4b). It
must be stressed that although some peaks were evident, others needed to be selected
after a reasoned analysis of the point cloud where planes were colored according to their
direction. Representative dip values were selected on the corresponding histogram and
the main discontinuity sets were therefore identified (Table 2). For simplicity, such sets
were named according to previously outlined data (Table 1) in an attempt to uniquely
identify the surveyed discontinuity families, as well as for an easier reading of this paper.
The peak referring to set 6 was preponderant, followed by sets 7 and 4. The remaining
three smaller peaks were selected according to the corresponding evidence on the point
cloud (Figure 4a), suggesting a certain recurrence of selected dip directions, although with
a lower concentration. For each peak, the distribution of frequency of dip angle values
was analyzed and the most representative dip was chosen for each set (Figure 4b). With
reference to the scanline extraction (Figure 4c), the dip direction frequency histogram is
comparable to the previous one, although with a lower count of values. Peak 4 is more
evident, while set 5 is represented by two consecutive peaks covering a dip direction var-
iability range of about +15° (Figure 4d, Table 2).
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Figure 4. Outcomes of the discontinuity extraction by the scalar field approach. (a) Extraction win-
dow at RM1; (b) frequency histogram of dip direction data with two examples of dip angle fre-
quency distribution for selected peaks of RM1; (c) extraction scanline along RM1; (d) frequency his-
togram of dip direction data with two examples of dip angle frequency distribution for selected
peaks of RM1; (e) extraction window at RM2; (f) frequency histogram of dip direction data with two
examples of dip angle frequency distribution for selected peaks of RM2; (g) extraction scanline along
RM1; (h) frequency histogram of dip direction data with two examples of dip angle frequency dis-
tribution for selected peaks of RM1.
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Table 2. List of the discontinuity sets extracted by the scalar field approach through both survey
window and scanline; n.a. is reported when the corresponding discontinuity set was not detected.

Discontinuity Set Dip/Dip Direction Window Dip/Dip Direction Scanline

1 85/115 86/112
2 74/098 85/099
RM1 4 54/059 65/052
5 76/223 73/226
6 47/265 54/267
8 40/288 41/289
1 75/152 80/151
3 76/077 83/072
RM2 4 64/258 70/258
5 80/335 87/334
6 70/304 75/313

At the RM2 survey window (Figure 4e), 5 main peaks with a dip direction count
ranging between 10 k and 39 k can be identified (Figure 4f). Peaks belonging to sets 4 and
1 suggest the predominant recurrence of such sets, while there is a gap in the dip direction
data between 200 and 220. The scanline data (Figure 4g) are comparable, with a relatively
lower count, and suggest the preponderance of set 1 (Figure 4h).

3.2.3. subjective Discontinuity Sampling from Dense Point Cloud

In this section, discontinuity sampling from the dense point cloud is outlined, which
was conducted with the aim of reproducing the subjective surveying criterion, suggested
by the ISRM [32], from remotely sensed data. This biased approach is based on the survey
of those discontinuities considered relevant in the frame of the rock mass geomechanical
setting. For this study, the discontinuity choice was operated directly on the georeferenced
point clouds and measurements were performed through the “Compass” plug-in offered
by the CloudCompare software. It is a structural geology toolbox for the interpretation
and analysis of virtual outcrop models. The tool allows the measurement orientations of
well-exposed planar geometries; a point in the virtual outcrop model is chosen with a
mouse click, and a plane is fitted to all points lying within a red circle (using least squares),
providing an estimate of orientation (dip/dip direction) [44].

At the RM1 point cloud, 89 poles were selected (Figure 5a) and plotted on a stereo-
gram (Figure 5b) to analyze their statistical contouring. In particular, six discontinuity sets
were found by considering a density pole concentration greater than 4.5% (Table 3).



Remote Sens. 2022, 14, 473 11 of 22

Density Concentrations

0.00 0.90 180 2.?0 3..60 4.I50 5..40 6.%0
0.90 1.80 2.70 3.60 4.50 5.40 630 720

s

RM2 Density Concentrations
R |
Figure 5. Biased discontinuity survey from dense point clouds of RM1 (a) and related stereogram

(b), RM2 (c) and related stereogram (d).

Table 3. List of discontinuity sets extracted according to the biased ISRM criterion.

Discontinuity Set Dip/Dip Direction
1 82/116
56/101
49/055
58/265
83/289
43/282
75/152
76/077
64/258
80/335
70/304
08/328

RM1

RM2

NN Uk W =)0 N O DN

On the other hand, at RM2, 70 poles were extracted from the point cloud (Figure 5c).
Their statistical contouring shows the presence of six systems, grouped according to a
density concentration of poles higher than 6.5% (Figure 5d).
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3.3. Rock Mass Characterization from Thermal Dense Point Cloud

The SfM technique was also applied to generate dense point clouds from combina-
tions of IRT images acquired by terrestrial surveys. The resulting thermal point clouds are
composed of 77,296 and 56,719 points with respect to RM1 and RM2, respectively, provid-
ing a reliable three-dimensional IRT model of the studied rock masses.

With reference to RM1, the daily shadowed prevailing condition led to a low heating
of the rock mass, resulting in a poorly detailed IR outcome even though the point clouds
were built from nighttime thermal images. The surface temperatures ranged between 17
°C and 22 °C and the generated thermal point cloud made it possible to recognize the
morphological setting of the rock face, characterized by a relevant irregularity due to the
intense fracturing. Hollow rock face portions were labeled by the highest surface temper-
atures (19-20 °C), according to previous accounts in the literature [24,26], while exposed
sectors were affected by negative thermal anomalies (17-18 °C). The most evident linear
anomalies were related to the main discontinuity sets, which locally intersected, giving
rise to unstable kinematic patterns. Not by chance, the most evident intersection defined
one of the hollowest rock mass portion, which was a bare dip-slope plane (Figure 6a). By
analyzing the thermal cloud from a lateral perspective, it can be highlighted that the
anomalies related to the main discontinuity set occurred at linear protruding rock mass
portions, thus strengthening the hypothesis that thermal contrasts are influenced by the
rock mass morphology at the preponderant discontinuity traces (Figure 6b).

(b)
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Figure 6. Thermal point clouds generated from overlapped thermograms: (a) frontal view of both
point clouds (RGB and IRT) belonging to RM1 with the main elements highlighted; (b) lateral view
of the thermal point cloud belonging to RM1; (c) frontal view of both point clouds (RGB and IRT)
belonging to RM2 with the main elements highlighted; (d) lateral view of the thermal point cloud
belonging to RM2.

The RM2 thermal point cloud, characterized by its greater detail, shows the contrast
occurring between the protruding rock mass sector (lower surface temperatures of around
21 °C) and the hollow portion below it (higher surface temperatures between 22.5 and 23
°C) (Figure 6a). Such hollow portions represent a past rock detachment zone, which likely
occurred through a free fall movement due to the presence of sub-horizontal bedding
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planes. The top of such cavity is, indeed, a horizontal plane, whose recurrence along the
rock face is labeled by positive linear anomalies (average surface temperature of 22.5 °C)
occurring within the colder protruding rock mass (Figure 6a). Furthermore, the highest
surface temperature of 23.5-24 °C was found to be related to a sub-vertical anomaly cross-
ing the whole rock mass height and representing a persistent and open fracture likely
belonging to a regional set (Figure 6b). The high persistence and opening rate can be as-
sumed based on such thermal intensity, according to the considerations made by Pappa-
lardo et al. [26] in relation to a similarly intensely jointed rock mass. Finally, the lowest
surface temperature (around 18 °C) was found for the ground surface at the foot of the
slope, which can be neglected herein.

3.4. Analysis of Thermograms

In order to shed light on such thermal features, some key thermograms were selected
and processed by using the FlirTools software to analyze specific ranges of temperatures.
With respect to the RM1 thermogram, by narrowing the surface temperature range within
the 19.5-18.3 °C interval, the best contrast was achieved between hollow rock mass por-
tions and bare planes (Figure 7a). More specifically, the hollow sectors originated from
the detachment of parallelepiped rock volumes, leaving an exposed dip-slope sliding
plane, for simplicity referred to as plane “a”, which is upstream bounded by the intersec-
tion of the two discontinuity sets (herein called “b” and “c”) already identified in the ther-
mal point cloud. This geometry is redundant along the framed slope, where the bare slid-
ing plane “a” can be identified by lower surface temperatures (18.3-18.5 °C) due to its
exposition to the external environment and the presence of a weathering film. This latter
element is labeled by surface temperatures falling outside the lower boundary of the tem-
perature range considered herein. Plane “a” represents the exposed expression of a highly
persistent discontinuity set, as testified by the linear anomalies crossing the rock mass,
which correspond to its traces. This result is useful in terms of recognizing the most re-
current kinematic features affecting the rock mass, which potentially represent the main
instability features in this case, as well as in identifying source areas of past detachment

rock volumes.
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Figure 7. Post-processed thermal images of RM1 (a), RM2 (b), and RM2's intensely jointed upper
portion (c) (for location, refer to Figure 6¢). Example of T-RQD estimation along scanlines on a ther-
mal image (d) (for location, refer to Figure 6¢c). For RGB images of the rock masses, refer to Figure 2.

In the post-processed thermogram belonging to RM2 (Figure 7b), filtered so as to
emphasize the positive anomalies (surface temperature range 21.2-23.6 °C), the highest
surface temperatures were found to be related to the sub-vertical open and persistent
crack, which was already highlighted in the thermal point cloud. It is characterized by
surface temperatures falling out of the upper boundary of the temperature range consid-
ered herein (23.5-24 °C), but this processing choice was useful to better highlight other
open cracks, which were not clearly visible in the thermal cloud. This is the value added
in this case, as the fractures occurring at the foot of the rock mass, within the main hollow
sector, are labeled by positive linear anomalies, supporting the previous accounts of dis-
continuous thermal outcomes given in the literature ([23] and references therein). In this
case, open cracks are characterized by a thermal output within the 22.8-23.2 °C surface
temperature range, slightly lower than the most open subvertical crack, but certainly
greater than the surrounding rock face. Furthermore, an inclined discontinuity set is out-
lined both within the hollow and in the uppermost rock mass portion, thanks to the ther-
mal contrast that occurred when it intersected sub-vertical planes that were likely parallel
to the slope face. By focusing the analysis on the intensely fractured rock mass portion
above the hollow sector with a surface temperature range constrained between 22.3 °C
and 22.8 °C (Figure 7c), the fracture net was found to be highlighted by positive anomalies
retracing the discontinuities. Higher temperatures (22.6-22.8 °C) were found at the most
opened/loose cracks. The bedding set appears to be a key feature for the rock mass stabil-
ity, especially if considered in conjunction with both the oblique and slope parallel sets.
This consideration paves the way to a further interesting application of IRT on rock mass,
related to the possibility of estimating not only the normal spacing of discontinuity sets,
but also the normal spacing between two discontinuities of the same system, which show
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the highest surface temperature (i.e., bordering the loosest rock mass portion) (Figure 7d).
This provides a useful tool for the approximate estimation of specific, potentially unstable,
rock mass areas, which cannot be easily evaluated in field through traditional rock mass
surveys, especially if the studied sector is not directly accessible. In this case, a spacing
value could be estimated by the identification of thermal anomalies, which were in turn
related to the IR-visible discontinuities, and it is herein referred to as Thermal-spacing (T-
spacing). For example, at RM2m, the average normal T-spacing of the bedding set was 8.3
cm. Similarly, the normal T-spacing of set 4 was 15.2 cm. Moreover, by considering the
most intense thermal anomalies, the normal T-spacing of the bedding discontinuities of-
fering the highest surface temperatures (most open) was from 33 to 55 cm, allowing the
recognition of the most likely volume that is about to fail.

Based on this criterion, an estimation of the Rock Quality Designation (RQD) value
[45] could be carried out by scaling the thermal image acquired from a frontal perspective
(Figure 7d). By setting two scanlines along the thermal frame, each one normal to a dis-
continuity set, the Thermal-RQD (T-RQD) value could be estimated by counting the rock
mass elementary blocks with lengths of greater than 10 cm, measured along the scanline,
divided by the scanline length. In this case, at RM2, T-RQD was between 21 and 24% along
the vertical scanlines and between 11 and 49% along the oblique ones running at differ-
ently fractured rock mass portions. Such values suggest geomechanical quality ranging
from “very poor” to “poor” according to the classification proposed by Palmstrom [46].

4. Data Validation and Comparison

The data obtained using the two remote surveying approaches are herein matched
and validated by field data surveyed at the same rock masses. Starting from the compar-
ison between discontinuous geometrical data extraction from RGB dense point clouds
(Figure 8), it can be asserted that the three extraction approaches basically achieved simi-
lar outcomes, although with some differences, which are consistent with verified field
data. At RM-1, for example, the main discrepancy was found for set 3, which was detected
only by the K-D three approach along scanline. Set 8 could not be defined by such a
method due to the low statistical contour (Figure 3a), while set 7 was missing at the Scalar
Field. On the other hand, only a low number of poles likely belonging to set 5 was detected
during validation, probably due to a lower number of sampled discontinuities. Field val-
idation also allowed the verification of the goodness of the IRT data, with specific refer-
ence to the polygonal geometry arising from the intersection of discontinuities and the
presence of a weathering film on such well exposed discontinuity planes, already hypoth-
esized by the IRT post-processed thermogram.
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Figure 8. Field validation stereogram for the surveyed rock masses, with an overlapping schematic
summary of the match with the remote discontinuity extraction approaches.

At RM-2, a good match between the applied approaches for discontinuity spatial data
extraction is outlined, except for sets 2 and 7. This latter set is a key one, because it repre-
sents the bedding arrangement of the rock mass and its presence is evident even to the
naked eye. Nevertheless, there is a lack of exposed bedding planes along the outcrop and
this is the likely reason for its poor detection by automatic extraction approaches. On the
other hand, it was well detected by IRT, which also allowed the recognition, from a qual-
itative point of view, of its degree of aperture at the most jointed rock mass sector. Field
validation surveys confirmed the interpretations derived from the IRT images with re-
spect to both the aperture and persistence of the considered discontinuities. More specifi-
cally, the high persistence (>10 m) of the sub-vertical fracture labeled by the highest sur-
face temperature was verified along with its centimetric aperture.

5. Discussion
5.1. Discontinuity Orientation

According to the previous section, it is herein demonstrated that the extraction of
discontinuity data from RGB point cloud returns satisfactory outcomes in terms of field
reliability. This is the first aspect to discuss as the discontinuity direction sampling is the
basis of the geostructural survey of rock masses. The results achieved herein are consistent
with the data in the literature, e.g., [15,47-49], proving that the technological development
allows the study of the structural setting of rock masses through non-contact methodolo-
gies. This aspect gains significance in the frame of surveys carried out either in areas char-
acterized by a bad logistics, or when quick and safe operations are requested. In both of
the automatic extraction methodologies applied for this research, the scanline data were
poorer in terms of the number of poles, although this should not necessarily be framed as
a disadvantage. In fact, the lower number of poles also implies a lower number of random
ones, thus allowing an easier statistical contouring and set definition. On the other hand,
data extraction from a window, covering a wider rock mass surface, was found to provide
a good alternative for detecting some non-uniform cropping-out geometries, which could
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be missed by the intersection of a scanline. This led to a more complete geostructural da-
taset. In any case, both K-D three and the Scalar Field, despite providing an automatic
extraction of spatial data, need the contribution of an operator to group poles in disconti-
nuity sets, thus resulting in a certain degree of subjectivity. Therefore, although the orien-
tation extraction is automatic, such procedures should be regarded as semi-automatic.

Moreover, even if the main contribution for discontinuity extraction is given by
georeferenced photogrammetry, the automatic sampling is not selective. This is a limita-
tion, as it leads to the presence of a relevant rate of random poles, bringing disorder and
lowering the statistical significance of potential sets. This was, for instance, the case for
the bedding set (set 7) at RM-2, whose poles were mingled with other random poles due
to the low occurrence of representing planes in the RGB point cloud (only a few planes
were clearly exposed). This set was indeed well identified by the biased remote survey,
where the operator could select its representative planes once they were located on the
point cloud. In this specific case, IRT analysis can be useful to find some key planes and
to suggest the presence of low-recurring ones according to the thermal contrasts between
discontinuities and intact rock.

5.2. Aperture and Persistence

A qualitative indication of persistence and aperture can be provided by IRT applied
to a fractured rock mass thanks to the different surface temperatures shown by disconti-
nuity traces. It was proven by Pappalardo et al. [26] that open and persistent discontinui-
ties, surveyed on a rock mass in dark conditions, offer higher surface temperatures than
others. This is likely because cracks represent a preferential means of heat dissipation from
the inner rock mass considering that intact rock is a bad heat conductor [50]. Such phe-
nomena were also observed on heated porous rock specimens in the laboratory, where
greater and/or more interconnected (persistent) voids were labeled by the highest surface
temperatures if observed by a thermal camera [51]. These scientific outcomes suggest the
potential of IRT in estimating, at least qualitatively, the persistence and aperture degree
of a discontinuity. Nevertheless, positive thermal anomalies are not always related to the
afore mentioned geomechanical parameters, as hollow rock mass portions behave simi-
larly from the infrared thermal point of view. This was the case of RM-1, where the highest
surface temperatures were found at the hollow sectors located at the intersection between
the a, b and c planes (Figure 7a). On the other hand, at RM-2, the sub-vertical fracture
occurring at the left side of the rock mass (Figure 7b) was retraced by the strongest positive
thermal anomaly, suggesting a relevant degree of aperture and persistence. Field data
validation confirmed that this fracture was affected by a decimetric aperture and had a
persistence greater than 10 m. Further positive thermal anomalies indicated secondary
open cracks located at the foot of the cliff, while a detailed analysis of the most fractured
rock mass section highlighted a dissimilar condition in the rock fracturing, allowing the
loosest rock mass portions identified to be regarded as the rock volumes that potentially
caused the incipient failure.

5.3. Spacing and RQD

Once the dense point cloud is georeferenced and scaled, some linear measurements
can be performed along it. This allows the possibility of achieving a reliable spacing meas-
ure between discontinuities, e.g., [9,52]. In this study, such a procedure was tested on the
RGB point cloud and also extended to the acquired thermal images, where the positive
linear anomalies retraced the most open and persistent discontinuities. These could be
initially observed in the thermal dense point cloud and then could be analyzed in depth
on specific thermograms. In fact, starting from the fact that thermal point clouds were
made by unprocessed thermal images, automatically scaled to the same temperature
range for a uniform merging, their use was preparatory for the post-processing stage of
the images, as they allowed the recognition of peculiar features that should be analyzed
in specific thermograms.
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In this case, by scaling a frontal IRT image of the rock mass and processing it to
achieve a satisfactory visual of the main intersecting sets, their spacing could be evaluated.
In this paper, this is referred to as Thermal-spacing (T-spacing) and it represents a scien-
tific novelty in the international state of the art, although a similar application was pro-
vided in [53], which evaluated the potential enlargement area of unstable wedge along
carbonate rock masses. The T-spacing is indeed the measure between two linear thermal
anomalies retracing adjacent discontinuities, which are characterized by an IR-perceptible
aperture. It must be underlined that, indeed, this geomechanical parameter measured by
IRT is related to the most evident discontinuity traces (those that are the most open, per-
sistent and/or exposed). Their normal T-spacing could, therefore, be measured by consid-
ering the perpendicular distance between two adjacent linear anomalies retracing discon-
tinuities (Figure 7) and could be compared to the same measurements taken along the
RGB point cloud. In this case, for example, the average T-spacing of set 7 at RM-2 was 6.5
cm, while the corresponding RGB average normal spacing was 4.8 cm. Similarly, the av-
erage normal T-spacing of set 4 was 16 cm against 15 cm measured on the RGB point
cloud. This slight difference likely arose from the different resolution of the two slope
models, with the best accuracy related to the RGB point cloud, where even the clos-
est/smallest cracks could be detected. Nevertheless, acquired measures are well compara-
ble in the frame of a geomechanical remote analysis. In this perspective, the T-spacing can
be regarded as a parameter related to those discontinuities playing a key role in the rock
mass geomechanical quality. Moreover, the potential of this parameter evaluated by IRT
is the adjunct possibility of locating only the most open/loose cracks within a set, if neces-
sary, which are likely labeled by the highest surface temperatures. In this case, the meas-
ure of their T-spacing (Figure 7) would allow the evaluation of the extension of the loosest
rock material to be regarded as indicating unstable rock mass portions. Such considera-
tions pave the way to further innovative hints proposed by this research, such as the pos-
sibility to estimate the Thermal-RQD (T-RQD) by taking into account the positive thermal
anomalies characterizing the thermogram. Numerical tests carried out at the RM-2 re-
turned comparable values between T-RQD and RQD measured on the RGB point cloud
(Table 4), with couples of values affected by a slight differences likely occurring due to
the afore-reported resolution difference between the RGB and IRT models. This is a rele-
vant outcome as it suggests the possibility of introducing the IRT technique even in the
geomechanical classification of rock masses. However, this application is strongly linked
to a good thermal outcome, i.e., a thermal image offering a suitable contrast between dis-
continuities and intact rock. According to some experiences, such a condition can be
achieved by surveys carried out in dark conditions, when the contribution of parasite ra-
diation is minimal. This consideration strengthens what [26] stated after having moni-
tored the cooling behavior of some rock masses over time.

Table 4. Comparison between T-RQD and RGB-RQD data. The scanline n# refers to Figure 7d.

Scanline n# T-RQD RGB-RQD
1 49% 42%
2 21% 13%
3 24% 24%
4 11% 9%

5.4. Weathering and Hydraulic Conditions

From the analysis of thermograms, information of rock weathering and hydraulic
conditions along discontinuities can be achieved. This is possible thanks to the different
thermal behaviors of weathered or wet rock portions if compared to the intact rock. Mineo
at al. [18] highlighted that weathered rocks tend to absorb a certain rate of moisture from
the external environment, thus gaining a lower surface temperature than the surrounding
rock mass. Similarly, wet rock portions can be easily detected by IRT according to several
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other experiences not necessarily referring to rock masses or engineering geology, e.g.,
[54,55]. According to such considerations, the thermal images analyzed herein can return
some information on the presence of weathering along some exposed discontinuity planes
characterized by lower surface temperatures. This is a further useful hint in the Infrared
survey of rock masses, especially in the frame of reflecting international standards for the
geomechanical characterization of rock outcrops.

6. Conclusions

In this paper, the combined approach of UAV-based photogrammetry and terrestrial
Infrared Thermography was presented as an innovative remote surveying tool for rock
mass characterization. The main goal of the research was to provide a remote solution to
the classical rock mass survey carried out according to the ISRM guidelines, which could
be useful in the context of developing remote sensing solutions. Starting from the appli-
cation of the ISRM surveying criterion for discontinuity sampling, a remote survey of rock
mass was carried out at two test sites by producing detailed dense point clouds from the
combination of both RGB and IRT images that were properly acquired and georeferenced.
The analysis of RGB point clouds allowed the obtaining of information on the geostruc-
tural setting of the rock masses, with the definition of the main discontinuity sets’ spatial
orientations. In this frame, the comparison between different data extraction approaches,
herein employed as both objective and subjective ISRM sampling criteria, returned satis-
factory results in terms of reliability, further strengthened by field validation. The analysis
of IRT point clouds allowed the identification of the main thermal anomalies occurring
along the studied rock mass, which were related to the specific geomechanical setting.
Accompanied by a focused analysis of post-processed IRT images, the thermal analysis of
rock masses allowed the qualitative evaluation of some ISRM geomechanical parameters,
such as the aperture and persistence of discontinuities, as well as the presence of weath-
ering. Moreover, the thermal analysis of fractured rock mass portions paves the way to a
novel practice in the evaluation of the spacing and RQD parameters. In fact, based on the
thermal anomalies offered by discontinuities, the Thermal-spacing (T-spacing) and the
Thermal-RQD (T-RQD) were introduced herein as new pioneering parameters that can be
evaluated when dealing with rock mass thermal analysis. The thermal results were con-
sistent with those achieved both in field and on the RGB point cloud, thus paving the way
towards new frontiers for the application of IRT in remote rock mass surveys. In conclu-
sion, the presented outcomes demonstrate the potential of integrating RGB and IRT re-
mote surveying methodologies, thanks to the complementary information that can be
achieved. This combined methodology proved suitable for remote rock mass surveys
based on the international ISRM standards, thus suggesting the need of further studies to
test the applicability of such procedures on different rock masses and in different geolog-
ical and environmental settings.
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