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Abstract: The InfraRed Thermography (IRT) technique is gaining increasing popularity in the geo-
sciences. Although several studies on the use of this technique for rock mass characterization were
reported in the literature, its applicability is challenging in complex environments, characterized by
poor accessibility, lithological heterogeneity, karst features and disturbances, such as vegetation and
human activities. This paper reports the results of specific tests carried out to explore the application
of IRT methods, supported by UAV surveys, for rock mass characterization in complex conditions.
In detail, a 24-h monitoring was performed on an appropriate case study to assess which type of
information can be collected and what issues can be expected. The results of the thermograms were
compared with data reported in the literature and discussed. A novel method to detect correlations
between the temperature profiles at the air-rock interfaces and the rock mass properties is presented.
The main advantages, limitations and suggestions in order to take full advantage of the IRT technique
in complex conditions are reported in the final section.

Keywords: InfraRed Thermography; Unmanned Aerial Vehicle; rock mass characterization; identifi-
cation of geological structures; karst; time series; rock mass temperature-property correlation

1. Introduction

InfraRed Thermography (IRT) is a contactless and non-invasive technique measuring
the infrared radiations emitted by objects in the form of electronic signal [1] that has recently
been gaining popularity in geosciences. Thermal radiation operates in the portion of the
electromagnetic spectrum with wavelengths falling in the range of 0.78-1000 um [1-3]
(Figure 1). Thermographic cameras are devices working in the wavelength range of 7.15 to
14 pm that measure radiations emitted by objects and convert them into temperatures. The
objects investigated by means of IRT techniques provide radiations proportionally to their
emissivity ¢, which is defined as the ability of an object to emit heat energy [4]. Since the
target object itself can reflect radiations emitted by the surrounding objects, part of the total
radiation can be dispersed and emitted by the atmosphere [3,5,6]. Hence, the radiation Uob]-
emitted by the target object and received by a thermographic camera is defined as [3]:

1 1—¢ 1
Ugbj = ;Utot - Uren —

— T
Te Uatm (1)

where ¢ is the emissivity, T is the transmittance of the atmosphere, Uy is the total energy
received by the thermograph, U,q is the reflected radiation, and Uy, is the radiation
emitted by the atmosphere.
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Figure 1. Schematic representation of the InfraRed spectrum (modified after [7]).

In the last decade, there has been a significant increase in the application of terrestrial
and airborne IRT technique, supported by other remote sensing technologies, in geosciences.
For instance, thermal cameras, often coupled with LiDAR (Light Detection And Ranging) or
UAV (Unmanned Aerial Vehicle) systems, were used to map thermal anomalies of volcanic
systems to monitor and predict potential changes [8,9], for landslide mapping [10-13] and
to detect the rock bridges contributing to cliff stability [14]. In addition, thermal cameras
were used in mining engineering and cave exploration to identify loose rock blocks, open
cracks, tension fractures, high-stress zones, and potential rockfall source areas [7,12,15,16].

Recently, the IRT technique has been widely used for rock mass characterization to
study the thermal behavior of rocks under heating and cooling conditions [17-19], to detect
discontinuity planes, weathered and intensely jointed zones, unstable protruding blocks
and water seepage [11,17,20-28], according to the contrast of the emitted thermal energy.
Thermal devices were coupled with the GPR (Ground Penetration Radar) technique to
identify eroded caves behind shotcrete-protected slopes [29]. Being a non-destructive
technique, the IRT was used during post-rockfall emergency surveys to evaluate potential
reactivations through the detection of fractures and caves [30] and as support for landslide
mapping [10], monitoring and early warning [31].

The use of infrared thermography was also extended to geotechnical applications: for
instance, the relation between the cooling index of rocks and the compressive strength of
rock blocks was identified by coupling IRT and Schmidt Hammer tests [32]. In addition,
methods to estimate the porosity of rock samples [33], to predict cracks development [34],
wedge indentation [35] and to detect microstructural changes [36] at the laboratory scale
were recently proposed.

The generation of 3-D thermal point clouds by means of photogrammetry and Struc-
ture from Motion (S5fM) approaches was introduced in [37,38] and, despite the low resolu-
tion of thermal images compared to other remote sensing techniques, the outputs provided
accurate measurements of the rock temperatures for rock mass monitoring. In addition, the
inspection of georeferenced 3-D thermal models allows geoscientists not only to extract the
main discontinuity sets of rock masses, but also to estimate geomechanical parameters, such
as fracture aperture, persistence and weathering degree of rock masses, as demonstrated
in [38].

All of the above illustrate several methodologies to perform rock mass characterization
at different scales by combining the infrared thermography with other remote sensing
technologies (mostly LiDAR and photogrammetry). However, success in large-scale inves-
tigations is not guaranteed in poor-accessible sites, especially when only a few shooting
points are available. In these circumstances, the field of view and the spatial resolution
of the surveyed area are subjected to logistical constraints [25-27] and the acquisition of
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thermal images from short distances and different perspectives to produce high-resolution
point clouds is not always possible.

In this study, we present the results of a 24-h monitoring by means of infrared ther-
mography on a rock cliff located in an urban, highly touristic, coastal site, characterized by
vertical and lateral lithological heterogeneity, as well as by the presence of karst features. As
a matter of fact, the mentioned factors proved to be disturbance elements during previous
studies carried out on the same area by means of Terrestrial Laser Scanning (TLS) and UAV
technologies for rock mass characterization and rockfall detection [39]. At the same time,
the shrubs diffused throughout the rock mass, the artificial cavities and walls, as well as
people moving in the field of view, perturbate the thermal outputs of the target in the form
of thermal anomalies.

This research is aimed at further investigating the applicability of the IRT technique
for large-scale rock mass characterization and to assess whether, in complex conditions, it
is possible to derive the information presented in the literature. Indeed, the lithological
heterogeneity and the abovementioned disturbance elements represent a challenge for
the success in IRT surveys because of the limited spatial resolution related to the site-
morphological constraints. Although from a distance sensor-target of 35 m, the ground
resolution of the thermal outputs was 2.4 cm, the low resolution of the RGB integrated
camera (5 Mpixels) did not allow an appropriate interpretation of the thermal outputs. For
this reason, UAV data, field surveys and laboratory tests were carried out to support the
IRT processing and interpretation, by directly inspecting the high-resolution photos and
the point cloud, and taking into account the material properties (e.g., porosity).

The results of the thermal outputs (both derived from the thermograms and from
direct measurements by means of k-type thermocouples) are in agreement with scientific
research carried out on other case studies. A novel methodology to directly correlate the
air-rock temperatures and the geomorphological, lithological and geostructural setting of
rock masses through the alignment of profiles extracted from thermal images and point
clouds is presented.

2. Materials and Methods
2.1. Case Study: Polignano a Mare (Southern Italy)

The study area is a 20-m high rock cliff facing the Adriatic Sea at the Lama Monachile
site, a high-impact tourist destination at Polignano a Mare (southern Italy) (Figure 2). From
a geologic standpoint, the site is constituted by a 3-km-thick Cretaceous bedrock, related to
a wide carbonate platform, discontinuously overlain by transgressive quaternary deposits
associated with shallow and agitated marine waters [40,41]. Morphology of the area is
represented by a series of marine terraces parallel to the current coastline, which are the
result of the superimposition of the regional uplift of Apulia started during the Lower
Pleistocene and of glacio-eustatic sea level changes [42]. Lama Monachile is part of the
network of karst valleys which crosses the marine terraces until reaching the Adriatic
Sea, and takes its name from local terms describing the main types of karst incisions in
Apulia [43,44]. In detail, lame are generally dry and slightly incised valleys with a flat
bottom, in which the water flows during exceptional rainfall events, often originating flash
floods in the karst environment, with severe negative effects [43,45-48].

Two geologic units crop out along the sides of Lama Monachile: limestones and dolo-
stones belonging to the Calcare di Bari Fm. (Valanginian-late Cenomanian) and bio-
calcarenites belonging to the Calcarenite di Gravina Fm. (upper Pliocene—early Pleistocene).
Petrographic examination with transmitted light was performed on thin sections of rep-
resentative samples, using optical polarizing microscopy. The Calcare di Bari Fm., which
is formed by sub-horizontal thin to thick bedded layers (0.05-1 m), for a total thickness
of 15 m, is constituted by two main lithofacies, whitish-greyish micritic limestones and
grey-brown dolostones, alternating in the carbonate succession. The Calcarenite di Gravina
Fm. overlies the Cretaceous bedrock through an angular erosional unconformity and
reaches a total thickness of about 8 m in the study site, although the upper boundary is not
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well visible because of the buildings located at the top of the cliff. It is made up of poorly
cemented, yellowish-greyish coarse to medium-grained calcarenites.

Paligiiano a Mare

Figure 2. Location of the study area (base map retrieved from Google Satellite). The thermal imager
is represented by the yellow marker.

For both formations, dry density, saturated density, porosity, water absorption and
degree of saturation were defined according to standard procedures [49,50] (Table 1). The
Calcare di Bari Fm. has mean porosity values of approximately 9% and 4% for the micritic
and dolomitic facies, respectively. The water absorption is 1-5% for the micritic facies and
0-2% for the dolomitic facies, while the degree of saturation varies in the range 36-100%
and 50-90% for the micritic and dolomitic facies, respectively. The Calcarenite di Gravina
samples are characterized by higher porosity (41%) and water absorption (18-30%). A
degree of saturation of about 100% indicates that the pores in the rock particle are usually
interconnected and continuous (high open primary porosity), in agreement with tests
carried out on the same unit, in different Apulian sites [51,52]. By contrast, the Calcare di
Bari Formation is characterized by isolated voids (secondary porosity), as demonstrated by
the lower degree of saturation.

Table 1. Physical properties of the materials cropping out at the study site.

Calcarenite di Gravina Calcare di Bari Calcare di Bari
Property Micritic Facies Dolomitic Facies
Min Max Mean Min Max Mean Min Max Mean
Dry density (Mg/ m?) 1.48 1.72 1.60 2.44 2.52 2.47 2.47 2.72 2.62
Sat. density (Mg/ m?) 1.88 2.06 1.97 2.49 2.57 2.52 2.52 2.73 2.64
Porosity, 1 (%) 36.13 45.16 40.75 6.81 1148 9.03 0.68 9.74 4.47
water absorption, w, (%) 18.29 29.69 23.06 1.00 4.79 2.69 0.21 1.96 1.03
Degree of saturation, Sr % 73.91 99.77 89.98 36.06 99.84 70.90 49.74 89.61 70.84

From a geostructural point of view, the Calcare di Bari Fm at Polignano a Mare is
characterized by sub-horizontal bedding surfaces (50) and two orthogonal subvertical joint
sets striking NNE-SSW (J1) and ESE-WNW (J2), respectively (Figure 3a). Slight variation
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of the attitude of the discontinuities are locally determined by folds interpreted as the
effects of transtentional and transpressional deformations [53]. The geostructural and
geomechanical setting of the study site, determined by means of conventional geostructural
and geomechanical surveys [54] and point cloud inspection, is summarized in Table 2. The
mean discontinuity persistence was estimated according to the geometric relationships
between the discontinuity traces and specific sampling windows, following the method
proposed in [55]. The discontinuity surfaces are hardly recognizable in the calcarenite unit,
which shows a massive structure (Figure 3b).

Figure 3. Geostructural setting of the study site; (a) sub-vertical joint sets (J1, J2) and bedding surfaces
(S0) detected in the Calcare di Bari Fm. by means of field surveys and UAV point cloud inspection;
(b) details of the fracture network in the Calcare di Bari Fm. and of the massive structure of the
Calcarenite di Gravina Fm.

Table 2. Main geostructural and geomechanical parameters of the Calcare di Bari Fm.

Mean

R Mean . .
Dip R . o Spacing Persistence Aperture Water 11s
DS Type  pirection PP Weight% (m) (m) (cm) Conditions ~ [iling  JRC
i Generally
J1 Joint 122 88 50 0.12-1.00 0.22 Upto 0.5 Dry to damp absent V-VII
]2 Joint 33 84 20 0.08-0.30 1.99 Uptols Dry to damp ngse;alltly V-VII
SO Bedding 224 5 30 0.05-1 >20 Uptol5 Dry to damp G;Ej:iltly VIII

The rock mass is affected by heavy physical and chemical weathering, the effects
of which are visible in the form of voids and cavities caused by karst processes, salt
crystallization, wetting and drying cycles and biological activity, all factors potentially
predisposing to detachment of rocks [56,57].

Despite the presence of subvertical rock walls, bushes and shrubs of the Mediter-
ranean vegetation are diffuse over the rock mass (Figure 3b) and tend to grow with their
root systems inside the fractures and voids, thus favoring aperture of the discontinuities.
In addition, human works, such as terraces, excavation of artificial cavities and build-
ings partially carved, especially in the porous and soft calcarenites, modified the overall
morphology, locally contributing to reduction of the strength properties. As a result, the
structure of the rock mass and the surface conditions of the discontinuities are laterally
and vertically variable. Based on these observations, a geological strength index [58-60]
varying between 43 and 60 according to the local conditions was assigned to the rock mass
at the Lama Monachile site. In detail, the GSI values of the limestone units were determined
considering type “B” (thin to medium-bedded) and type “D” (blocky) structures and good-
fair conditions of the discontinuities, on the basis of field and photograph inspection [59].
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Regarding the calcarenite unit, a lower average GSI (43) was assigned to take into account
the weathered surfaces.

The geomorphologic evolution of the cliff is represented by cliff recession through
sporadic and localized instabilities, such as slides, topples, rockfalls and sea cave failures,
mainly due to direct wave action on the Cretaceous limestone, and to strength decay of the
calcarenite lithofacies at places enhanced by uncontrolled urbanization.

Although no landslides have been reported so far, it is evident that episodic failures,
probably triggered by violent storms, even if involving small volumes, represent a serious
risk for the community, considering the high frequency of tourists, both the historical
center of Polignano a Mare, at the top of the cliff, and at the seaside at its toe during the
summer season.

2.2. UAV and IRT Surveys

UAV surveys were carried out on the study site to support the interpretation of the
IRT data taking advantage of the high-resolution photos and point cloud, to check if the
thermal anomalies were related to the rock mass properties or to disturbance elements.
The surveys were performed by means of a quadcopter platform DJI Inspire 2 equipped
with a 20.8 megapixels (5280 x 3956 pixels) resolution camera and an integrated Global
Navigation Satellite System (GNSS). Sixty-eight frontal photos were taken at 9 m from
the rock wall, with side and frontal overlap of 85 and 75%, respectively. The Structure
from Motion technique [61-63] was performed using Agisoft Metashape Professional
software [64] (Agisoft LLC, St. Petersburg, Russia) and following the built-in workflow:

1. Photo inspection, importation and conversion of the coordinates into WGS84,/33 N
metric coordinate system.

2. High-accuracy camera alignment by means of sparse bundle adjustment algorithm [65].

3. High-quality depth maps calculation, generation of the dense point cloud (about
51 million points) and direct segmentation to remove unwanted objects.

In a second phase, the dense point cloud was aligned on a TLS point cloud previously
georeferenced using a Stonex SIII Differential Global Positioning System (Stonex SRL,
Monza, Italy). This step was necessary because of the impossibility to install enough ground
control points during the UAV survey to correctly georeference the point cloud and avoid
doming deformations [66—-69]. The point clouds were split at couples in more sub-point
clouds and independently aligned using the Iterative Closest Points (ICP) algorithm [70]
until reaching a final root mean square Error of 43 mm. The final point cloud of the area
addressed to the IRT surveys is constituted by about 16 million points and a surface density
of 13,391 points/m?, corresponding to a mean point spacing of 9 mm (Figure 4).

Thermal data were acquired on the study site for 24 h starting from 21 December 2020
at 17:45 Central European Time (CET) using a FLIR T-660 thermal imager (Teledyne FLIR
LLC, Wilsonville, Oregon, USA) mounted on a fixed tripod to ensure immobility of the
camera. The FLIR T-660 camera has 5 MP built-in RGB camera and manufacturer-specified
temperature measuring range of —40—+150 °C, measurement accuracy of 1% of T °C,
infrared spectral range of 7.5-14.0 um, image resolution of 640 x 480 pixels, field of view
(FOV) 25° x 19°, and focal length of 25 mm. The thermal sensitivity or noise equivalent
temperature difference (NETD) is the apparent temperature difference between an object
and its environment producing a signal equal to the noise of the system [71]. In other words,
the NETD is the smallest temperature difference that can be detected by the thermal camera,
whose value is less than 0.02 °C at 30 °C for the FLIR T-660. Seventy-three thermal images
(thermograms) were acquired with a regular time-interval of 20 min. In addition, three
type-K thermocouple sensors were positioned on three different lithofacies to compare and
validate the surface temperatures recorded by the thermal camera. To avoid direct solar
radiation on the sensors, the thermocouples were installed inside small cavities (dissolution
voids deep up to 1-2 cm) of the rock wall (Figure 5d). The recorded data are reported in
the supplementary materials (Table S1).
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Figure 4. Final high-resolution point cloud (RGB colors) of the study site obtained by means of UAV
technique and aligned on a georeferenced TLS point cloud (in gray) to avoid doming deformations.
The UAV point cloud has a surface density of 13391 points/m?, corresponding to a mean point
spacing of 9 mm.

Sp1 = reflective paper
TSpl = Len= 8.3°C

Figure 5. Setup of the IRT acquisition. (a) Location of the FLIR T-660 thermal camera and perspective
view of the target; (b) frontal view of the target area and position of the reflective paper (yellow
square); (c) zoom of the investigated area and scanline for the extraction of the thermal and lithologic
profile; (d) location of the thermocouples for the temperature monitoring of the lithofacies; (e) example
of measurement of the reflected temperature using the reflector method.
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To correct the apparent temperatures and derive values close to the real ones, all
factors that influence the results were recorded. Air temperature and relative humidity
were measured before each thermal acquisition by means of a pocketsize digital thermo-
hydrometer (Temperature measurement range= —25 + 180 °C, humidity measurement
range = 0-100%). A 35-m distance between the IRT camera and the target area was mea-
sured from point clouds obtained by means of Terrestrial Laser Scanning and Structure from
Motion techniques. An emissivity coefficient equal to 0.92 was assumed from reference
tables [3,72]. The reflector method [3,72,73] was used to measure the reflected temperature
by placing an aluminium foil-covered cardboard at the base of the cliff (Figure 5b). Since the
aluminium foil is an almost ideal reflector (emissivity = 0.05), the temperature measured on
it (Figure 5e) corresponds to the ambient thermal radiations reflected by the reflector itself.

2.3. IRT Data Processing and Correlation with UAV Data

After the acquisition phase, the thermograms were processed using the FLIR Tools
software [74]. In detail, the object emissivity, air temperature, relative humidity, reflected
temperature and distance from the cliff were entered as input in the software, which
automatically calculated the real temperatures by subtracting the radiation reflected from
the ambient sources and emitted from the atmosphere to the total radiation received by
the thermal imager. Successively, the range of the colour scale was adjusted for each
thermogram to better detect cold and hot thermal anomalies.

The surface temperatures were extracted from all thermograms along a vertical profile
positioned in a low-disturbed area (to avoid vegetation and anthropogenic elements) by
means of a specifically compiled algorithm. After identifying the most appropriate profile,
the developed algorithm automatically extracted, in all the thermograms, the temperature
of the pixels crossed by the traced line. The data were processed in a spreadsheet to
determine and plot the recorded temperatures, minimum, maximum, range, mean, median
and standard deviation values for each pixel along the profile. Surface temperatures on the
same vertical profile were plotted in a temperature-pixel frame to obtain the time-series
with a 4 h sampling interval. In addition, a topographic profile was extracted from the
point cloud along the same section to identify potential thermal anomalies caused by the
topography of the rock face. The geological strength index (GSI) [58-60] and fracture
frequency (i.e., number of fractures per unit length) for each layer were determined by
means of measurements and qualitative observations on the point cloud and on the high-
resolution photos acquired by the UAV system. Specifically, the GSI was estimated by
defining the rock mass structure and the discontinuity conditions (i.e., roughness and
weathering) for each layer, while the fracture frequency was calculated through linear
scanlines, perpendicular to the main discontinuity sets, both in the field and from high-
resolution georeferenced point clouds.

Finally, the plots were aligned to identify correlations among the surface temperatures
and topography, lithology and degree of fracturing of the layers.

3. Results and Discussion
3.1. Environmental Conditions and Rock Temperature Curves

The use of the pocket-size thermo-hydrometer allowed the definition of the typical
daily thermal cycles of sunny days in winter at Lama Monachile site, as well as the rock mass
thermal response (Figure 6). In detail, the air temperature is in the range of 8.5-30.5 °C,
with a maximum daily thermal excursion of 22 °C. The highest and lowest temperatures
were recorded at midday and early morning, respectively. The relative humidity was in the
range 39-96%, with a maximum variation of 57% (Figure 6). The rock mass is subjected to
heat transfer determined by conduction, air convection and radiation processes [75]. The
temperatures of the three lithofacies, directly measured by means of K-type thermocouple
sensors in areas not affected by direct solar radiation, follow the air temperature curve,
although with delay due to the natural low diffusivity of rocks (Figure 6). The heating
phase (phase H in Figure 6) starts at dawn (7:12 CET): the rock mass heats up by direct
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Temperature °C

35

30 A

25 A

20 A

10 A

solar radiation until reaching the peak temperature at about 15:30 CET. Later on, a first fast
cooling phase (C1) is determined by the progressive shadowing of the cliff until the sunset
(at 16:26 CET), followed by a slower nocturnal cooling phase (C2). With regards to the
thermal behavior of the lithofacies cropping out, they show very similar temperature curves,
especially for the micritic and micritic-dolomitic facies. The major difference was detected
for the dolomitic facies, darker in color and characterized by a major number of voids,
during the peak solar radiation hours (13:30-15:30 CET), when it reached a temperature
4 °C higher with respect to the other facies. The analyzed curves show that the heating
phase is shorter than the cooling phase and is related to a fast rise of the rock temperature
because of direct solar radiation. These outcomes are in agreement with the results of rock
temperature direct (thermocouples) and indirect (IRT) measurements carried out in the
Mediterranean area [18].

micritic facies —micritic-delomitic facies
—adolomitic facies —air temperature

10:00

13:00 16:00 19:00 22:00 1:00 4:00 7:00
Time

Figure 6. Air temperature and rock temperature directly measured on the outcropping lithofacies
during the IRT monitoring by means of K-type thermocouples. H: fast heating phase, the rock materi-
als reach the peak temperature at about 15:30; C1: first cooling phase, the progressive shadowing
of the outcrop causes a drop of the rock temperatures; C2: a slower cooling phase occurs during
the night.

3.2. Time Series of Air-Rock Temperature and Correlations with Rock Mass Properties

The alignment of the temperature profiles along the reference section with those of
the rock mass properties (e.g., topography, lithology, GSI, and fracture frequency) allowed
the detection of some correlations (Figure 7). The disturbance elements such as vegetation
and man-made structures (e.g., walls), which were detected as warm thermal anomalies
in the thermograms acquired during the heating phase (Figure 8c), were removed from
the temperature profiles. It must be remarked that, due to the high horizontal and vertical
heterogeneity of the rock mass properties in terms of color, porosity (at the centimetric
scale) and jointing degree, very close peaks characterized the temperature profiles, making
the correlation phase quite complex. In addition, because of the large-scale irregularities
and of the different local orientation of the slope sectors, the rock mass was not uniformly
heated during the daytime. For this reason, the extracted temperature profiles along
the reference section, which appeared unclear, were further processed to distinguish the
thermal response of the target during the cooling and the heating phases. It is specified
that the clearest correlations were obtained by analyzing the temperature profiles during
the cooling phase (time range between 17:35 of 21 December 2020 and 6:55 of 22 December
2020, Figure 7), to avoid the effects of sun radiation. The correlations between the surface
temperature profiles and the rock mass properties during the heating phase (time range
between 6:55 and15:35 of 22 December 2020) are reported in the Supplementary Materials
(Figure S1). The mentioned properties contribute together, in different proportions along
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the reference profile, to the definition of the rock mass thermal response. The prevalence of
one property over the others was marked along the plots illustrated in Figure 7 (cooling
phase) and validated by comparing the 2-D thermograms:

1.

Correlation temperature-topography: lower temperatures (minimum, maximum, me-
dian, mean temperature per layer), larger standard deviations and larger difference
values were detected along indented surfaces on the reference section like tight bed-
ding planes, which were shadowed also during the daytime, and in correspondence
of jutting blocks (Figure 7, Figure S1—marker “a”). On the contrary, higher temper-
atures, lower standard deviations and lower differences were found for the open
discontinuities and the hollow sectors below the jutting blocks, in which the warm
air was preserved. However, a jutting block (rectangle marker in Figures 8a and 9c)
was identified in the form of positive thermal anomaly during the nighttime. This
discrepancy is probably related to the different attitude of the identified rock block
that, being oriented parallel to the direction of the solar radiation, gained more heat
during the daytime with respect to the other sectors of the rock mass.

Correlation temperature-rock color: darker levels corresponding to the dolomitic
facies are characterized by higher temperatures (minimum, maximum, median, mean
temperature per layer) and lower values of the standard deviation and difference,
related to a more constant distribution of the temperature during the day (e.g., Figure 7,
Figure S1—marker “b”, Figure 8b).

Correlation temperature-jointing degree/GSI: higher temperature (minimum, max-
imum, median, mean temperature per layer) values were detected on the highly
jointed layers (number of discontinuities/m and karst voids), characterized by lower
GSI values (e.g., Figure 8a). However, the interpretation of the standard deviation
and difference curves is uncertain: in some cases, they show negative peaks (Figure 7,
marker cl inside orange layer), while in others they show oscillating peaks (Figure 7,
Figure S1—marker “c” inside orange layer). A possible explanation could be related
to the discontinuity aperture: the layers represented by the marker c1 are formed by
close joints, while that marked by c2 corresponds to a very fine laminated layer, with
centimetric discontinuity apertures (Calcari a Chiancarelle). Moreover, the vegetation
grown in the voids of the Calcari a Chiancarelle unit may have caused disturbances,
too. As a matter of fact, the vegetation disturbed the thermograms acquired during
the daytime and the nighttime, respectively, in the form of warm and cold thermal
anomalies (Figure 8c).

The direct proportionality between the air-rock temperature and the fracturing de-

gree of rock masses, observed through the correlations along the reference profile, is in
accordance with the results proposed in the literature based on the analysis of thermo-
grams [19,21,28,38].
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Figure 7. Composite plot illustrating how the surface rock temperatures detected from the IRT camera along the section during the cooling phase were determined

1m

by the interaction of different factors. The areas covered by vegetation (in gray) were filtered out during the analysis. (a) Lower temperatures and higher temperature
standard deviation and differences were identified in correspondence with the indented surfaces (i.e., layer interfaces and tight discontinuities) and jutting blocks;
(b) darker levels (dolomitic facies, in dark green) show higher temperatures and lower standard deviation and differences with respect to the lighter levels (micritic
limestones, in light green); (c1,c2) higher temperatures are associated to levels with a higher fracture frequency and/or more dissolution voids (low GSI). The
standard deviation and difference values in correspondence of moderately jointed layers were generally detected in the form of negative peaks.
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22/12/2020 - 04:55
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12.9°C 14.9°C

Figure 8. Correlation temperature-rock mass properties on the thermograms and RGB photos;
(a) higher temperatures (yellow) detected on jutting blocks (white rectangle) and intensely jointed
layers (white dotted line); (b) higher temperatures identified on darker levels (dolomitic facies);
(c) disturbance produced by man-made structures (walls, white circle) and vegetation (black circle)
especially during the daytime acquisitions.
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Figure 9. Detection of discontinuities and voids in the thermal images acquired during the 24-h
monitoring. (a-c) Cooling phase: the discontinuities and voids were identified as warmer anomalies,
in contrast with the intact rock which was colder; (d) RGB photo acquired by the thermal imager
during the day; (e f) heating phase: the discontinuities and voids gain more heat than the intact rock
(low thermal diffusivity), but their contours are less defined. (e) The more porous calcarenite facies is
identified in the form of warm thermal anomaly; (f) the discontinuities and voids cannot be detected
because of the effects of direct solar radiation on the rock mass.
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3.3. Detection of Discontinuities in Thermal Images
3.3.1. Cooling Phase

The discontinuities, voids and hollow zones are visible in the thermograms acquired
during the evening in the form of warmer anomalies (Figure 9a,b). As a matter of fact,
while the intact rock gets colder during the cooling phase, warmer air is preserved in the
discontinuity system [17]. The best moment to detect the geostructural features is late at
night, when neither solar radiation or artificial lights disturb the acquisition (Figure 9c).
This is consistent with data reported in [17,18,20,21,26,28], but a discrepancy was detected
with regards to the thermal behavior of jutting blocks. The authors of [17,26] detected
jutting blocks in the form of negative thermal anomalies in thermal images acquired during
the night because of the higher exposure to ventilation. However, a jutting block of the
study site was characterized by higher temperatures in all the thermograms (red rectangle
in Figure 9). A possible explanation for this discrepancy is that the described block was
more exposed to the solar radiation during the day because of its different attitude (SW,
parallel to the direction of the sunrays during the peak hours) with respect to the overall
aspect of the target area (NS). It is remarked that the discontinuities belonging to the
bedding (S0) detected in the thermal outputs are clearer than those of the sub-vertical joint
sets (J1, J2) because of the larger persistence driving a greater heat flow [25].

3.3.2. Heating Phase

In the early morning, the fractured and voided levels are heated by the solar radia-
tion more quickly than the intact rock, which has a low thermal diffusivity. Thus, these
structures are still visible in the form of positive thermal anomalies, but their contours are
not well defined throughout the thermal image (Figure 9e). An interesting result of the
IRT acquisition at early morning is that the calcarenite unit, which is in contact with the
limestone unit, is not easy to define in the field and on high-resolution photos because of
anthropogenic disturbances and weathered material, can be easily defined in the thermo-
grams. This is due to the higher porosity and a high connectivity of the pore system, which
allows the lithofacies to get warmer with respect to the other rock materials. Conversely, the
Calcare di Bari Fm. showed a larger thermal inertia, as the warm air difficultly circulated in
the pore system made up of isolated pores. However, moderately-intensely jointed layers in
the limestone unit have temperatures comparable with those of the Calcarenite di Gravina
Fm because of the warm air circulating inside the open fractures, which are represented by
warm thermal anomalies, in agreement with the literature [12,17,21,24,26,31,38]. By ana-
lyzing the thermograms of the two formations of the study site, a discrepancy was found
with respect to this aspect. As a matter of fact, the calcarenite unit generally shows higher
temperatures with respect to the less porous limestone units, also during the nighttime
(Figure 9a—c), implicating a lower cooling rate. A possible explanation is that the Calcare di
Bari Fm., even if less porous, gets colder than the Calcarenite di Gravina Fm. because the
heat is released through the discontinuity systems.

Later on, their identification of jointed and voided levels gets more uncertain because
the vegetation, directly heated by the Sun, becomes much warmer and disturbs the thermal
images. In addition, areas of the rock mass are differently illuminated depending on the
daily solar path, until sunrise. Consequently, protruding sectors of the slope facing the
direction of the solar radiation gain more heat and project their shadows on the indented
and inner parts, which are represented by lower temperatures in the thermograms. These
outcomes are in agreement with the results reported in [17,18,21,26,32]. For instance,
Figure 9f illustrates that at 13:55 the sector of the rock mass with slightly different aspect
(dipping SW) are warmer compared to the other zones as an effect of the solar radiation.
In this case, it is not possible to detect discontinuities in the form of positive anomalies.
This is consistent with data reported in the literature [17,21,26]. When the cooling phase is
reached, the detection of discontinuities is again facilitated.
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4. Main Outcomes and Conclusions

With this research, we tested the infrared thermography technique in a coastal area
characterized by a humid mesothermal climate with mild winters and anthropogenic
disturbances. The rock mass of the study area is made up of vertical and lateral hetereoge-
neous facies, characterized by different fabric, fracturing conditions, weathering and karst
features. The aim of this study was to assess whether IRT technique in such a complex
setting could be of support to the geomechanical characterization of rock masses and if it
could provide additional information with respect to other remote sensing technologies,
like laser scanners and drones.

By analyzing the rock temperatures, we found out that, with a daily thermal excursion
of more than 20 °C, the lithofacies reached values of temperature differences up to 4-8 °C.
In addition, as outlined in [18], it was observed that the heating phase is faster than the
cooling phase (Figure 6) and that it is caused by short and intense solar radiation.

Detailed information on topography, lithology and fracturing conditions can be col-
lected by aligning longitudinal profiles extracted from the thermograms, topographic
profiles and high-resolution photos of the investigated area.

In addition, despite the low emissivity of the rock mass, the effect of solar radiation at
the rock-air interface allowed the detection of geostructural information from the thermal
images at a detailed scale. As a matter of fact, discontinuities, such as joints and bedding
planes, karst voids and more fractured layers, were identified as positive thermal anomalies
in the thermograms acquired at night-time, since they preserve the heat absorbed during
the day.

With regard to the optimal time to acquire the IRT images, we realized that the
night time represents the best conditions, since the detection of discontinuities and voids
in the form of warm thermal anomalies is not affected by disturbances produced by
vegetation, diurnal human activities and parasite radiations produced by the natural lights,
in agreement with [17,18,20,21,25,26,28]. Conversely, thermograms obtained during the
peak solar radiation do not allow the identification of weaker zones because the different
illumination conditions give information only on the attitude of the sectors of the rock
mass. For this reason, IRT surveys aimed at the detection of fractured and voided zones are
not recommended when the angle of incidence of the sunrays is high. However, some IRT
applications took advantage of the direct solar radiation to explore the three-dimensionality
of rock slopes, to detect protruding or recessed blocks [17] and to identify discontinuities
facing the sun direction as low thermal anomalies [25].

Concerning the limitations of IRT techniques, the logistics and complexity of the
examined area represented the main issue. In detail, considering the high lateral and
vertical heterogeneity of the lithofacies, as well as the presence of thin bedded and intensely
jointed layers, success of IRT monitoring can be achieved only by means of high-resolution
thermal images. In other words, if the survey is aimed at identifying more fractured
zones or laminated levels, the pixel size must be smaller than the fracture spacing or the
layer thickness. Nevertheless, the resolution of the thermograms is related to the distance
between the IRT camera and the target area, which is often constrained to morphology
conditions [25,37]. The issues related to the low-detailed thermal outputs can be solved
by using IRT sensors with higher resolution. In addition, time-series plotted to find
correlations between the surface rock temperatures and the rock mass properties along
a longitudinal profile are sensitive to the position of the profile itself: when the peaks of
the temperature-pixel curves are very close to each other (i.e., succession of heterogeneous
facies), a bad alignment of the profiles extracted at different times may affect the results. It
is thus recommended to ensure immobility of the thermal imager during the acquisition.

Furthermore, the interpretation of thermograms acquired in complex environments
can be challenging because the resolution of the RGB photos taken by the thermal camera
is not always sufficient to examine small-sized thermal anomalies. In this case, UAV tech-
niques might be of paramount importance to zoom on the anomaly, locate the thermogram
in a broader area and detect potential correlations with other geostructural features.
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With this study we outlined how infrared thermography can be of support for geostruc-
tural analyses in rock masses, even in areas with mild climate, disturbance elements and
characterized by heterogeneous successions made up of lithofacies with similar emissivity
and not always clear contacts, due to different degrees of degradation even at a large scale
and with the support of high-resolution photos.

The integration of IRT results with field observations and other remote sensing tech-
nologies might be fundamental for the identification of overhanging sectors of rock masses
defined by persistent and open joints, subjected to major thermal stresses and susceptible
to failure over time.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/geosciences12030116/s1, Table S1: Calibration parameters mea-
sured during the acquisition process (21-22 December 2020) for the correction of the apparent
temperatures. The ambient air temperature and relative humidity were measured by means of a
pocket-size digital thermo-hydrometer, and the reflected temperature was calculated using a reflective
target at the base of the cliff to calculate the real temperatures [3,72,73]. Figure S1: Composite plot
illustrating how the surface rock temperatures detected from the IRT camera along the section during
the heating phase were determined by the interaction of different factors. It is remarked that the
correlations between the air-rock surface temperatures and the rock mass properties are less clear
than those of the cooling phase because of the effects of sun radiation and irregular surfaces. (a)
Lower temperatures and higher temperature standard deviation and differences were identified
in correspondence of the indented surfaces (i.e., layer interfaces and tight discontinuities). Con-
versely, open discontinuities and karst voids are represented by higher temperatures, as the warm air
circulates within the discontinuity system; (b) darker levels (dolomitic facies, in dark green) show
higher temperatures and lower standard deviation and differences with respect to the lighter levels
(micritic limestones, in light green); (c1, c2) higher temperatures are associated with levels with a
higher fracture frequency and/or more dissolution voids (low GSI). The standard deviation and
difference values in correspondence of moderately jointed layers were generally detected in the form
of negative peaks.
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