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Airborne combined photogrammetry—infrared  
thermography applied to landslide remote 
monitoring

Abstract The combination between two remote surveying methods 
is presented herein as a pioneering approach for landslide airborne 
monitoring. The survey of an active landslide by UAV-based RGB 
photogrammetry and infrared thermography, sided by the knowl-
edge of the field condition, allowed increasing the scientific experi-
ence on the remote sensing of slope instability phenomena by ana-
lyzing multiple aspects related to the evolution of key slope features. 
In this research, the state and distribution of activity of a landslide 
was monitored by matching data arising from three-dimensional 
models of the slope, built by exploiting the aerial RGB photogram-
metric technology, and thermal outcomes, resulting from the air-
borne application of infrared thermography principles. In this 
frame, thermal anomalies detected during different monitoring 
campaigns allowed recognizing peculiar features along the unstable 
slope that could be related to specific kinematic elements involved 
in the landslide activity. Forming cracks, developing scarps, wet 
terrain portions, and loose material are some of the elements that 
could be located by integrating thermal outcomes with Digital Sur-
face Models of the slope. Thanks to the different thermal behavior 
of such elements, strengthened herein by a novel approach of ther-
mal data processing (i.e. the study of thermal slope profiles), the 
lateral and retrogressive evolution of the studied movement was 
first hypothesized and then verified in field. Achieved results show 
that the location of thermal anomalies well corresponds to field 
structures, which sometimes are hardly detectable by in situ or RGB 
surveys, thus suggesting the high potential of the methodological 
approach developed for this study. The scientific validity of pre-
sented data gains relevance thanks to the positive field validation. 
This paves the way to further studies aimed at implementing the 
infrared aerial survey of landslides, which surely could bring ben-
efits to practical applications in terms of survey speed and spatial 
coverage, especially in areas characterized by bad field logistics.

Keywords Infrared thermography · Unmanned aerial vehicle · 
Airborne survey · Landslide · State of activity · Landslide 
evolution

Introduction
Landslides are hazardous phenomena which cause significant 
impacts to people all over the world (Froude and Petley 2018), pro-
voking loss of lives and economic damages, as well as partial or 
total destruction of environmental settings and human structures 
(Peduto et al. 2017).

Landslide monitoring is mandatory for hillslope or wide areas 
affected by slope instability issues, especially when the phenom-
enon occurrence could determine consequences to elements 

at risk located either along the unstable slope or immediately 
downslope, where the materials mobilized by a landslide could 
arrive (Corominas et al. 2013). Landslide monitoring allows 
investigating the kinematic behavior of a phenomenon and the 
related displacement trends, in order to identify its predispos-
ing and triggering factors, to measure its actual state of activ-
ity and possible evolution, and to determine the residual risk in 
case of an event occurred months or years earlier (Keefer et al. 
1987; Yin et al. 2010; Prestininzi et al. 2013; Corominas et al. 2013; 
Bonì et al. 2020; Bordoni et al. 2021; Fusco et al. 2022). All these 
actions aim to observe the evolution and the possible impact of 
landslides in susceptible areas, giving also important indications 
for the development of early warning system strategies and land 
planning policies to reduce the effects on persons and things (e.g. 
Alfieri et al. 2012; Pecoraro et al. 2019; Guzzetti et al. 2020).

Landslide monitoring can be performed through various 
approaches, characterized by peculiar temporal and spatial reso-
lutions (Corominas et al. 2013; Chae et al. 2017). Conventional in situ 
monitoring techniques (i.e. inclinometers, extensometers, GNSS, 
topographic leveling, Advanced Differential Interferometric) are 
widely used to reconstruct and analyze the temporal trends of the 
displacement and the kinematic behavior of a landslide, both in 
surface and in deep layers (Petley et al. 2002; Cascini et al. 2014; 
Intrieri et al. 2019; Liu et al. 2020; Wu et al. 2021). In the latest years, 
the use of automatic probes, such as inclinometers or GPS sys-
tems (Crosta et al. 2014; Vallet et al. 2016; Guo et al. 2019), allowed 
a continuous monitoring of the evolution of a landslide in field, 
improving the quantitative analysis, as well as the reconstruction 
of the evolutionary state (Crosta et al. 2017). However, these tech-
niques can be implemented only in few monitoring points along 
an unstable slope, limiting the comprehension of complicated and 
heterogeneous ground motion and kinematic behaviors of large 
landslides (Chae et al. 2017).

On the other hand, remote sensing techniques, based on terres-
trial or air- or space-borne sensors, allow the extensive survey of 
an unstable area (Bianchini et al. 2021) by acquiring quite spatially 
continuous data, even with millimetric-centimetric resolution, that 
can be also integrated with the conventional in situ tools (Canuti 
et al. 2004; Meisina et al. 2008; Herrera et al. 2013; Raspini et al. 2018; 
Solari et al. 2019). Nevertheless, remote sensing analysis performed 
using aerial and satellite platforms show some limitation, mostly 
related to the high associated costs and the logistical challenge of 
repeating surveys within a short frequency (Ferretti et al. 2001; 
Plank et al. 2012).

In this framework, unmanned aerial vehicles (UAVs) are widely 
spreading to detect and monitor landslides (Giordan et al. 2018, 
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2020). Compared to other monitoring techniques, UAV-based 
remote sensing is characterized by real-time applicability at high 
spatial resolution, together with a relative cheap cost to collect 
information of wide areas, also in dangerous environments, without 
risk (Li et al. 2011). The time and cost-effectiveness of this technique 
allow repeating surveys at regular time intervals according to a 
continuous monitoring of the changes, related to landslide kin-
ematics and evolution, that occurred between different acquisitions 
(Giordan et al. 2018).

UAV surveys allow acquiring images, which can be processed to 
obtain high-resolution topographic data for the reconstruction of 
landslides morphology and evolution, by exploiting digital photo-
grammetric techniques (Garnica-Peña and Alcántara-Ayala 2021). 
Digital photogrammetry, in fact, allows reconstructing topography 
providing 2D or 3D spatial information from features and elements 
visible in two or more images acquired from different points of 
view (Westoby et al. 2012). Once images are oriented and calibrated 
with field topographic data, it is possible to obtain point clouds, 
Digital Surface Models (DSM), orthophotos, and 3D representa-
tion of objects or surfaces at very high resolution (Colomina and 
Molina 2014). Different applications of UAVs, equipped with opti-
cal cameras to perform digital photogrammetry, have been expe-
rienced for mapping and monitoring slope instabilities and their 
kinematics (Turner et al. 2015; Peternel et al. 2017; Peppa et al. 2017; 
Rossi et al. 2018; Chudý et al. 2019; Godone et al. 2020; Giordan 
et al. 2020; Conforti et al. 2020; Mineo et al. 2021; Liu et al. 2021; 
Nappo et al. 2021). Moreover, the growing use of UAVs for land-
slide monitoring has led also to new surveying approaches, giving 
rise to relevant scientific and technical advances. In fact, UAVs can 
be equipped with multiple sensors operating in different spectral 
ranges, among which the infrared ones (Giordan et al. 2017; Luo 
et al. 2020; Melis et al. 2020). With specific reference to the latter, 
the scientific development of new technologies for the survey of 
unstable slopes returned satisfactory results with the employment 
of infrared thermography (IRT). This is a non-contact technique 
exploiting the capability of every form of matter, with tempera-
ture above the absolute zero, to emit thermal radiation (DeWitt 
and Nutter 1988). It travels in waves with a wavelength between 
0.1 and100 μm, thus mostly falling within the infrared band of the 
electromagnetic spectrum. Such radiation can be detected and ana-
lyzed by thermal cameras, which are capable to convert the infrared 
thermal radiation into a false color image (Havens and Sharp 2016). 
According to the Stefan–Boltzmann law, establishing the direct 
proportionality between the surface temperature of a body and its  
emitted radiation (Hillel 1998), the surface temperature of an object 
can be easily estimated through a thermal camera. Thanks to the 
quick and non-destructive execution of measurements, the use of 
IRT for remote sensing purposes has rapidly increased. Baroň et al. 
(2014) used it for mapping open fractures in deep-seated rockslides 
and unstable cliffs, while Mineo et al. (2015) linked the thermal out-
comes surveyed along a weathered rock slope with specific physi-
cal features. Literature experiences report IRT among the available 
technologies for landslide mapping, monitoring, and early warning, 
even in combination with other surveying methods (e.g. Casagli 
et al. 2017; Pappalardo et al. 2020; Teza et al. 2012). More specifi-
cally, Pappalardo et al. (2018) combined IRT surveys to DInSAR 
outcomes for the evaluation of the state and distribution of activ-
ity of a complex landslide, proving the utility of such approach for 

wide areas. Furthermore, several scientific studies are focused on 
the application of IRT to rock masses, aimed at their geomechani-
cal characterization and thermal monitoring, even in underground 
environment (Barla et al. 2016; Pappalardo et al. 2016, 2021; Xia 
et al. 2017; Fiorucci et al. 2018; Guerin et al. 2019; Grechi et al. 2021; 
Mineo et al. 2022).

The possible integration of thermal sensors with drones paves 
the way to new possibilities for real-time aerial inspection also 
applied to landslide analysis and monitoring, coupling thermal 
measures with more traditional measurements aimed at charac-
terizing landslides from a morphological point of view (Ortiz-Sanz 
et al. 2019 and references therein).

Based on a study case located along an unstable slope in Oltrepò 
Pavese area (northern Italian Apennines), where a mass movement 
was reactivated after its stabilization, this paper aims to present a 
pioneering methodology to monitor the kinematic behavior and 
the distribution of activity of a landslide. Staring from the hypoth-
esis that the integration of UAV-based photogrammetry and IRT 
could provide information on the presence of remotely sensed 
slope instability-related features, and that the repetition of sur-
veys could shed light on possible evolution of the mass movement, 
the potential of the multi-temporal airborne IRT application on a 
landslide area was tested. More specifically, the detection of thermal 
anomalies associated, both qualitatively and quantitatively, to key 
elements involved in the evolutionary process of a mass movement 
was expected by the use of airborne IRT. Furthermore, a detailed 
three-dimensional model of the unstable slope, where instability 
elements can be observed and located, is provided for an easier 
characterization of the studied instability phenomenon. Finally, the 
monitoring challenge by UAV-based photogrammetry and IRT is 
pursued herein by integrating data collected in the same period 
to achieve matched information on morphological evidences of 
landslide activity, kinematics, and distribution of activity.

The studied landslide
The studied landslide is located close to the Ghiaia dei Risi village 
(44°58′11.89″ N–9°09′28.30″ E), in the Oltrepò Pavese hilly zone 
(northern Italian Apennines, north-western Italy; Fig. 1).

The slope instability phenomenon affects a north-western facing 
hillslope with limited length (about 90 m), covered by woods and 
shrubs, at altitude between 229 and 147 m above sea level (a.s.l.). 
Slope angle increases along the hillslope, passing from 8–12° in the 
highest sector (above 200 m a.s.l.) to 18–20° in the low-lying part 
(below 200 m a.s.l.).

From the geological point of view (Meisina et al. 2006), the unsta-
ble hillslope is characterized by a bedrock composed by marls and 
sandy marls belonging to eocenic-miocenic deposits of Antognola 
Marls and Ranzano Formation. Marley bedrock is in contact with 
claystones and clayey melanges with a block-in-matrix texture of in 
the highest part of the hillslope. Dormant slow-moving landslides, 
mostly rotational/translational slides and rotational slide evolving 
in flowslide (Cruden and Varnes 1996), developed in 1970s are pre-
sent in surrounding hillslopes, confirming the significant proneness 
of this territory to this type of slope failures. The test-site and the 
surrounding slopes belong to the catchment formed by Ghiaia di 
Montalto creek, whose quaternary alluvial deposits (mixture of sand, 
silt and clay) are present at the foot of the studied hillslope.
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A homogeneous colluvial cover is present above bedrock materi-
als of the unstable slope (Fig. 1), whose main physical and geotech-
nical features are summarized in Table 1. The following laboratory 
tests were carried out on representative samples of the test-site 
according to the American Society for Testing and Materials 
(ASTM): (i) grain size analyses and Atterberg limits on disturbed 
samples; (ii) drive-cylinder method for the measure of volumetric 
features of undisturbed samples.

Colluvial cover develops in depth as deep as the contact with 
the weathered bedrock at about 4.8–6.6 m b.g.l. Its clayey silt tex-
ture is characterized by high plasticity (CH, according to Unified 
Soil Classification System). Unit weight is low (17.1–17.8 kN/m3), 
confirming it is a soft colluvial cover. Below such cover, weathered 
bedrock is composed by marls and sandy marls, with local levels of 
claystones. A more compact marly bedrock is located at 4.8–7.8 m 
b.g.l., according to boreholes data and static penetrometric tests 
carried on October 2016 and to dynamic penetrometric tests and 
2D-refraction seismic profiles carried on April 2021. The contacts 
between these layers are located at quite steady depths along the 
hillslope, following the ground surface trend (Fig. 1).

A water table is present in the deepest horizons of the colluvial 
cover, above the contact with the weathered bedrock, typically at 
depths between 4 and 6 m b.g.l. (Fig. 1). However, the water table 

can rise up to the shallowest horizons in correspondence of signifi-
cantly rainy periods.

The test-site slope experienced two main triggering events in the 
past 7 years. The landslide was triggered for the first time in winter 
2014, after an important rainy period occurred between January 
and the beginning of March 2014. This landslide was 5.743  m2 wide 
involving the medium-terminal part of the hillslope (Fig. 2).

After this event, several remediation works were carried out on 
2017 to reduce the susceptibility of the area. These were consti-
tuted by a set of gabion walls built at the top of the hillslope, at the 
source area of 2014 landslide, and by two reinforced soil walls built 
perpendicular to the slope direction, at two different parts in the 
middle area of the hillslope, and provided of drainages at their basis 
to allow the shallow water flows (Fig. 3a).

A remarkable reactivation of the landslide occurred in the sig-
nificant rainy period between November 2019 and January 2020. 
The reactivation occurred again in the medium-terminal part of 
the hillslope, involving in particular the central and the terminal 
parts of the 2014 slope failure. The reactivation, covering a 2500  m2 
wide area, caused the partial collapse of one reinforced soil wall. 
After this event, some superficial drainages were built to help in 
removing part of the shallow water from the unstable area and 
carrying it to the deep drainage system at the basis of the hillslope. 

Fig. 1   Test-site location (the map is projected in WGS84-UTM Zone 32 N) and main settings (a). Representative section along the slope, after 
the landslide event of 2014 (b) and of 2019 (c)

Table 1   Main physical and 
geotechnical features of the 
colluvial cover involved in the 
slope instability

wL liquid limit, PI plasticity index, USCS Unified Soil Classification System, γ unit weight, CH clay of high 
plasticity

Depth
(m)

Gravel
(%)

Sand
(%)

Silt
(%)

Clay
(%)

wL
(%)

PI
(%)

USCS γ
(kN/
m3)

0.0–6.6 0.1–5.0 0.9–2.0 60.5–63.9 32.5–35.1 55.3–56.0 32.6–33.0 CH 17.1–17.8
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This system of drainages was 0.2–0.5 m deep and was composed by 
a main drainage, running parallel to the slope gradient immediately 
above the damaged reinforced soil wall, and by other shallow drain-
ages with NW–SE direction.

Landslide reactivations occurred during prolonged rainy peri-
ods, suggesting a triggering role for rainfalls. The triggering of 
the first landslide and its main reactivation occurred when 30-day 
cumulated rainfall amounts counted over 180 mm, as occurred in 
February 2014 (peak of 185.8 mm/30 days on 11 February 2014), 
November 2019 (peak of 297.6 mm/30 days on 27 November 2019), 
and December 2019 (peak of 303.8 mm/30 days on 2 December 
2019), according to Fortunago Rain Gauge (FRG) belonging to Arpa 
Lombardia monitoring network (located 7 km away from the test-
site, at 500 m a.s.l.) (Fig. 2).

The first landslide and its reactivation developed along a slid-
ing surface located at about 6 m b.g.l., at the contact between 

colluvial cover and weathered bedrock. Such mass movement 
can be classified as a complex landslide, formed by a rotational 
slide that evolves in a flow-slide at its terminal part (Cruden and 
Varnes 1996).

The displacements induced by the November 2019–January 
2020 reactivation increased from December 2020 to January 2021, 
as testified by a progressive formation of new fractures and an 
enlargement towards lateral and upslope directions. December 
2020 was significantly rainy, with a peak of 192.8 mm/30 days 
on 30 December 2020 (FRG), as it occurred when the slope first 
failed in 2014 and then in 2019 (Fig. 2).

Furthermore, after the rainfall events between March and 
April 2021, characterized by a peak of 37.2 mm of rain fallen in 
30 days (FRG), new N-S oriented cracks developed beyond the lat-
eral limits of the landslide, while an E-W trending crack formed 
over its crown (Fig. 3). During this last rainy period, water table 

Fig. 2   a 30-day cumulated rainfall amount measured in the period 
between 1 January 2013 and 21 May 2021 in correspondence of FRG. 
b Detail of the 30-day time series of cumulated rainfall amount meas-

ured in the period between 1 November 2019 and 21 May 2021 with 
indication of UAV and field surveys
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laid at 2.5–4.0 m b.g.l., according to measurements performed at 
boreholes located at the foot of the unstable slope.

The displacement induced by this landslide is causing progres-
sive and significant damages to the buildings located downslope, 
with the partial or total collapse of several parts of the houses 
located immediately below the landslide (Fig. 3).

Data and methods
The landslide investigation was performed by involving different 
types of input data and survey techniques (Fig. 4).

The interpretation of satellite images acquired at different peri-
ods presented in Google Earth Pro was the first step to reconstruct 
the landslide displacements after the first 2014 triggering event and 
during the main reactivation phase in 2019.

Different satellite acquisitions were analyzed to map the land-
slide evolution. These refer to 29 May 2012 (before all events), 23 
October 2015 (after the first triggering event), 30 March 2017 (after 
the remediation works), and 10 April 2020 (after the reactivation 
of November 2019–January 2020) (Fig. 5). In this step, the area pro-
gressively displaced by the 2014, 2019, and 2020 events was mapped. 

Fig. 3   The studied landslide 
at March 2021: a orthoimage 
of the unstable slope, with 
boundaries of 2014 and 2019 
landslides and the remedia-
tion works carried out on the 
hillslope; b damages to the 
buildings located downslope 
immediately below the land-
slide

Fig. 4   Flowchart of the work method
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The so determined unstable area was set as “time 0” for the follow-
ing multi-temporal landslide monitoring.

Using the regional 1 m/px Digital Elevation Model (DEM) 
retrieved from LiDAR data acquired in 2008 and 2010 by the 
Italian Ministry for Environment, Land and Sea, within the 
framework of the “Extraordinary Plan of Environmental Remote 
Sensing” (PST-A), morphological parameters such as slope angle, 
profile, and planar curvatures and slope orientation (aspect) were 

derived to enlighten the slope morphology occurring before the 
first landslide triggering event. Morphological parameters were 
calculated in GIS software environment, by using SAGA GIS and 
Quantum GIS, and their associated rasters were classified and 
vectorised using ESRI Arc Map.

UAVDP (unmanned aerial vehicle digital photogrammetry) 
surveys were carried out to monitor the landslide evolution in 
time, providing different kinds of multi-temporal data. Such sur-
veys were performed in 6 different times, in order to retrieve 
high-resolution orthoimages and Digital Surface Models (DSMs) 
in different periods and to monitor the landslide activity both 
throughout about 1 year of observation and during different 
phases of its kinematic evolution. The UAV data acquisition 
was scheduled as follows: 2 July and 30 November 2020, after 
the reactivation of November 2019–January 2020; 17 February 
and 16–17 March 2021, after a second reactivation occurred in 
December 2020–Janury 2021; 9 and 16 April 2021, to monitor the 
kinematic evolution of the displacements during the last period 
of the monitored time span.

A mirrorless Sony ILCE-6000 24 Megapixel camera (APS-C 
sensor) (Sony Europe Limited) with 16-mm lens and a thermal 
camera Flir Vue Pro R with 13-mm lens were mounted on a hexa-
copter (UAV) using a 3-axis gimbal (Fig. 6a). Main specifications 
of UAV and camera are reported in Table 2.

The UAVDP surveys were conducted with a nadir orientation 
of the on-board cameras and the acquisition of digital photo-
graphs with a minimum overlap and side-lap of about 85% and 
80%, respectively. In order to capture the complex geometry of 
the area (Fig. 6b) and to improve the accuracy of the generated 
model, the images were acquired from parallel positions (strips 
of photographs taken along a fly line). The distance between the 
camera and the terrain surface was about 50 m. Ground Sam-
ple Distance (GSDs) was kept constant during the mission and 
the flight plan was based on a DTM extracted from a previous 
UAV survey of the entire basin. UAV was flown under automatic 

Fig. 5   Landslide evolution from 2012 to 2014 from Google Earth 
Pro. A Image acquired on 29 May 2012 before landslide triggering; 
B image acquired on 23 October 2015 after the first triggering event; 
C image acquired on 30 March 2017 after the slope safety works; 
D image acquired on 04 October 2020 after the second triggering 
event

Fig. 6   UAV with infrared 
camera employed for this work 
(a). UAV survey flight area (b). 
Mission flight of each UAV 
survey (c)
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control in a sequence of left-and-right flight lines covering the 
full vertical extent of the area (Fig. 6c).

All photographs were georeferenced and oriented by the UAV-
on board GNSS/IMU instrumentations and Post Processing Kin-
ematic (PPK) differential GPS system, with a horizontal mean error 
of 1.7 cm and a vertical mean error of 3.2 cm.

During all the UAV surveys, Digital Surface Models (DSMs) 
were retrieved and processed to obtain the main morphological 
attributes of the slope (slope angle, profile and planar curvatures, 
slope aspect) and their evolution in time. Furthermore, DSMs were 
processed by using mathematical difference, in order to reveal 
potential landslide displacements occurring between two or more 
consecutive surveys. UAV surveys provided 4 DSM and orthoim-
ages acquired in 4 different times, during the monitoring period 
(2020–2021). From such models, morphological parameters, such 
as the slope angle, profile and planar curvatures, flow direction, and 
hillshade map were extracted.

In addition to the RGB images, UAV provided also IRT images 
of the area, allowing a thermal analysis of the landslide. Thermal 
cameras allow the non-contact estimation of the surface tempera-
ture of framed subjects, resulting in the possibility of mapping 
the temperature variations within a specific area. Therefore, IRT 
surveys are useful to detect specific features hardly visible to the 
naked eye or on RGB images (e.g. cracks, fractures, wet areas). IRT 
data were collected during the UAV surveys of 16–17 March, 9 April, 
and 16 April 2021, after both the second reactivation of December 
2019–January 2020 and the kinematic evolution of the landslide in 
March–April 2021.

The acquisition of thermograms was performed both before 
dawn and after sunset, in order to reduce as much as possible the 
contribution of the solar radiation leading to shadow effects and 
non-uniform surface heating. In fact, dark conditions proved the 
best setting for a good detection of fractures, cracks, and wet areas 
(e.g. Mineo et al. 2015; Pappalardo et al. 2016). The RGB camera 
and the thermal camera has identical FOV (field of view = 45°), but 
different resolutions (0.7 cm/px for RGB e 6.53 cm/px for thermal). 
The thermal survey planning was different from the RGB one; the 
drone flight plan had less waypoints and a different relative height; 
furthermore, the yaw and pitch are not fixed to fit the morphology 
area.

Resulting thermal images were post-processed to find the best 
balance between displayed surface temperatures and slope features. 
Emissivity was set to 0.93, corresponding to a representative value 
of soil (between saturated and dry), according to FLIR (2017) and 
some literature experiences (e.g. Pappalardo et al. 2018). Thermal 
images were then analyzed and some key features linked to the 

instability process were highlighted. Moreover, a pioneering analy-
sis of the landslide was carried out on thermograms by defining 
thermal profiles along specific slope sections. Such profiles high-
lighted the spatial location of some key thermal peaks, which were 
compared to the location of instability features, surveyed both in 
field and on RGB models, and to the corresponding topographic 
section. IRT images were then overlapped to the corresponding 
DSM, achieving a clear match between the employed technologies 
and validating their combined use.

On the other hand, field surveys allowed a detailed mapping of 
the features related to the landslide evolution: fracture opening and 
orientation were measured in all surveys, in order to detect possible 
evolution of the landslide. Field surveys were carried out on 24 Feb-
ruary and 2 July 2020 to observe the main morphological features 
and the effects induced by the displacement in the unstable area 
of November 2019–January 2020. Moreover, a further field survey 
was performed on 16 April 2021, to verify the results of UAV data 
analyses and to quantify the effects of the displacements induced 
by the reactivation occurred in December 2020–Janury 2021 and by 
the increase in ground motion that occurred on March–April 2021.

All the identified features were traced and mapped through a 
high-resolution GPS and vectorised into Esri shapefile to map their 
possible evolution. The results of field surveys, together with the 
geomorphological attributes observed through UAV surveys and 
the corresponding effects on IRT images, allowed validating the 
photogrammetric and the IRT products. In this way, a monitoring 
of the landslide activity and evolution up to the end of May 2021 
was performed integrating multi-temporal and multi-variables 
products.

Results and interpretation

Analysis of thermograms
The analysis by IRT was carried out by taking into account ther-
mograms referring to different monitoring campaigns, which were 
herein compared to shed light on the main features characterizing 
the movement. The general infrared frame of the area (Fig. 7), cap-
tured on 17 March 2020, returns an overview of thermal anomalies 
defining both the landslide and the stabilization structures built in 
2017. In particular, the landslide crown is highlighted by a circular 
positive anomaly rimmed, to the north, by a circular warmer sector 
suggesting a sort of ground sinking. This corresponds to the land-
slide head, where a marked linear positive anomaly affects the land-
slide body. It is a man-made groove running as far as the breach 
in the downstream order of reinforced soil caused by the landslide 
itself. In the upper sector, the second order of reinforced soil and 

Table 2   UAV and UAV camera specifications

UAV type Diameter Engines Rotor diameter Empty weight UAV autonomy

Djimatrice 600 Pro 167 cm Brushless 21 in. (53.34 cm) 5.9 kg 38′

RGB camera Sensor type Sensor size Image size Pixel size Focal length

Sony 6000 ILCE APS-C 23.5 × 15.6 mm 6000 × 4000 px 3.92 × 3.90 μm 28 mm

Thermo camera Spectral band Sensor size Image size Pixel size Focal length

Flir Vue Pro R 7.5–13.5 μm 10.88 × 8.704 mm 640 × 512 px 17 × 17 μm 13 mm
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the pile wall on the top are marked by positive, continuous anoma-
lies. In the latter case, the highest surface temperatures are found at 
the central portion of the pile wall, testifying a sort of undercutting. 
This is strengthened by the presence of loose material accumulated 

along the slope and labeled by intermediate surface temperatures 
thanks to the presence of vegetation. In fact, in such specific time 
conditions (before sunrise), vegetation proved gaining higher sur-
face temperature than the colder soil. Below the vegetated debris 

Fig. 7   a Aerial photo of the 
area framed by IRT in inset 
b; b infrared overview of the 
landslide area with the main 
recognized elements reported
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body, a slight positive thermal anomaly suggests the presence of a 
further debris front, probably arising from washout phenomena 
affecting the upstream debris accumulation. Finally, the presence 
lowest surface temperature zone right behind the second order of 
reinforced wall and on the eastern margin of the landslide sug-
gests a possible concentration of ground humidity, thus the pres-
ence of local wet terrain portions, even considering that no rainfall 
occurred in the previous days and that some drainages are present 
in the upper slope portion.

For a better analysis of the landslide depletion zone (Fig. 8a), 
aimed at finding out possible evidence of peculiar evolution fea-
tures, thermograms acquired during different surveys are herein 
compared (Fig. 8b–d). In particular, a frame taken on 16 March 2021 
at sunset (Fig. 8b) shows that the crown is marked by a positive 
anomaly making easy its infrared recognition. At the upper part of 
the main scarp, both to the east and to the west, some warm align-
ments suggest the presence of cracks whose opening rate is sup-
ported by the higher temperatures. At the time of this survey, the 
sunset thermogram suffers from the influence of a residual solar 
radiation, resulting in a differently lightened scarp. Nevertheless, 
the presence of loose material, partly mobilized along the eastern 
flank of the landslide, is highlighted by the marked positive anoma-
lies related to an evolution of the scarp. On the western flank, the 

presence of tension cracks, suggesting an ongoing enlargement of 
the movement, is testified by positive linear anomalies. Finally, a 
slight positive anomaly upstream of the crown, with a semicircu-
lar shape, is recognized at a morphological step surveyed on the 
ground.

The thermogram related to sunrise condition (Fig. 8c), acquired 
the day after, shows that the main scarp is labeled by intermediate 
surface temperatures and the man-made groove is marked by the 
highest temperatures. Opened cracks are detected by positive linear 
anomalies at both the crown edge and at the western sector, where 
a retrogressive scarp is forming. The interesting information is that 
a slight positive anomaly, which was not detected at sunset, crosses 
the eastern sector of the area and connects to the crown. This can 
be hypothesized as the evidence of a landslide lateral evolution. One 
month later, on 16 April 2021 preceded by rainfall days, the best IRT 
outcomes are found by constraining the surface temperature range 
within a narrow interval (Fig. 8d). In this case, the developing east-
ern cracks are marked by positive anomalies, even suggesting a sort 
of opening degree. The slope portion enclosed between such cracks 
and the landslide scarp can be therefore referred to as a potential 
enlargement sector of the landslide itself. Similarly, on the opposite 
flank, the forming scarp previously highlighted is herein labeled by 
a negative anomaly, suggesting a more exposed sub-vertical surface 

Fig. 8   a Aerial photo of the area framed by IRT in insets b–d; b focus 
of the landslide depletion zone taken late in the evening on March 
2021; c focus of the landslide depletion zone taken early in the morn-

ing on March 2021; d focus of the landslide depletion zone taken 
early in the morning on April 2021
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proving its widening in only 1 month. The landslide crown shows 
also signs of lateral evolution, with head cracks connecting to the 
aforementioned western scarp, thus allowing the identification 
of new mobilized material. The morphological semicircular step 
upstream of the crown is more evident, thus becoming a true poten-
tial sign of a retrogression crown. Moreover, the lowest tempera-
tures found at the main scarp could be the result of subsoil water 
circulation, probably enhanced by the previous rainfalls, which 
likely flows on the landslide body following the drainage direction. 
Within such a cold sector, at the lower portion of the main scarp, 
slight positive thermal anomalies are aligned testifying the pres-
ence of cracks, likely due to the progressive detension caused by the 
sliding of the landslide head. Finally, the positive thermal anomaly 
occurring at the lowest sector of the landslide body (Fig. 8d) is 
likely related to a concentration of detension cracks.

Digital Terrain Model analysis

The analysis of multitemporal DSM was carried out by calculat-
ing the differences between the oldest model (2020) and the more 
recent one (2021), in order to highlight the landslide evolution dur-
ing the monitoring period.

The DSM subtraction (Fig. 9a) suggests a retrogressive move-
ment of the landslide crown from 2020 to 2021, characterized by a 
displacement from 0.5 up to 1 m. The area immediately below the 
2014 source area showed an uprising of about 0.2–0.4 m, due to the 
accumulation of the loose material collapsed from the scarp. On the 
south-west side of the landslide, the DSM subtraction enlightens 

the evolution of a new cracks system, formed at the beginning of 
2020 and displaced about 1.2 m downward (Fig. 9b). This is one 
of the evidences of the landslide activity during the monitoring 
period, due to the scarp instability related to the landslide settling.

The landslide activity was confirmed also by the reinforced soil 
raising of about 0.5 m, probably due to the roto-translational dis-
placement of the landslide (Fig. 9a).

Furthermore, the DSM subtraction highlighted the damages to 
the downslope buildings, immediately below the landslide, where 
collapses of about 5 m occurred (Fig. 9a).

Since profile curvatures are calculated parallel to the slope, the 
associated map was classified by using small values of standard 
deviation, in order to reveal the evidence of transverse structures 
with respect to the landslide slope. The analysis of profile cur-
vatures confirmed the presence of the morphological step in the 
proximity of the forming cracks, with positive curvature angles 
(concavity) related to the presence of a fissure (Fig. 10).

Similar structures, with strongly positive curvature angles,  
were detected by the profile curvature analysis within the land-
slide scarp. It confirmed the temporal evolution of the landslide in  
terms of cracks formation, evolution, and collapse.

Profile curvatures detected also the area hosting debris mate-
rial, immediately below the pile wall and well identified by infrared 
images (Fig. 10a-point 7).

On the other hand, the planar curvature, calculated perpendicu-
lar to the direction of the maximum slope, highlighted the pres-
ence of structures along the maximum slope lines, such as flow 
channels. These drain the runoff water from the landslide crown, 

Fig. 9   Morphometric analysis conducted on high resolution DSM. a Subtraction between DSM 2020 and DSM 2021 (values in m); b subtrac-
tion between slope angle 2020 and slope angle 2021 (values in °)
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conveying water below the landslide scarp, also confirmed by the 
wet terrains detected by the thermal images acquired after a pre-
cipitation period (Fig. 7b).

The flow direction retrieved from DSM verified the modeled 
direction of water fluxes along the landslide scarp, transform-
ing the surface of the landslide slope into a drainage system. This 
superficial drainage is also appreciable in the planar curvature map, 
revealing a complex drainage system from the head along the slope 
of the landslide.

Analysis of thermal slope profiles

The qualitative analysis of thermograms highlighted that local 
anomalies of surface temperature are linked to specific features or 
elements occurring at the landslide area. With the aim of evaluating 
their quantitative incidence, so to shed light on a further innova-
tive application of IRT on landslides, thermal slope profiles were 
drafted along representative cross section of the landslide and were 
compared to the morphological slope sections built from the DSMs 
previously defined by photogrammetric UAV data interpretation. 
Starting from the initial condition dating March 2021 (Fig. 11a), 
the thermal slope profile shows several positive peaks alternat-
ing to negative ones. Starting from ENE, the low ground surface 

temperature is interrupted by a positive peak (n. 1) found at the 
thermal evidence of new developing cracks at the landslide side. 
This is followed by a second peak (n. 2) corresponding to the cracks 
between the main scarp and the mobilized material. The third peak 
deserving a comment (n. 3) is located at the western edge of the 
crown, where open cracks occur, followed by peak n. 4 occurring 
at the new formation scarp. On the other hand, negative anomalies 
affect the low plateau to the east (n. 5), which correspond to in-
situ material still not visibly affected by movement, and the partly 
mobilized material on the opposite side (negative peak n. 6).

By analyzing the same profile drawn on the April thermogram 
(Fig. 11b), the peak n. 1 is still present at the new forming cracks. No 
quantitative comparison between peaks can be carried out herein, 
due to the different climate condition between the two survey cam-
paigns, although interesting consideration can be proposed. In fact, 
the n. 5 plateau is herein replaced by a positive anomaly holding a 
new peak (n. 7), suggesting the presence of new forming secondary  
cracks in a partly mobilized material, thus a sort of evolution of the 
movement within 1 month. No appreciable differences are outlined 
for peak n. 2 in terms of location, although it is less evident proba-
bly due to the rainfalls occurred in the previous days. At peak 3, the 
morphological comparison between the topography of March and 
April testifies the occurrence of movements resulting in a slight 

Fig. 10   Morphometric analysis conducted on high resolution DSM: 
a profile curvature map classified in order to highlight transversal 
structures respect of the landslide slope; b planar curvature map 
stretched to made evident the perpendicular structures respect of 
the landslide slope, such as flow channel; c flow direction calculated 

on the high resolution DSM shows the main directions around the 
landslide; d particular of profile curvature map in the area with the 
presence of cracks and new forming scarp; e particular of planar cur-
vature map in the landslide area highlights the presence of a com-
plex superficial drainage system
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ground lowering. Here, the mobilized material is represented by 
positive anomalies culminating at peak n. 8, suggesting the pres-
ence of loose material bounded by a more and more defined scarp 
holding a low surface temperature.

The longitudinal cross-section considered herein (Fig. 11c) returned 
hints on the slope condition upstream of the crown, where the qualita-
tive thermograms interpretation suggested the possibility of a retro-
gressive evolution. In this case, starting from south, the low surface 
temperature trend is interrupted by a positive peak (a) located exactly 
at the semicircular thermal anomaly potentially linked to a retrogres-
sion crown. From this point as far as the crown edge, a positive plateau 
suggests the presence of loose material, which is a likely condition in 
the frame of an active landslide movement. The negative anomaly at 
the main scarp, probably due to wet condition, is herein highlighted 
by the negative peak, with a trend interrupted by the positive peak e 
located at cracks surveyed at the lower portion of the main scarp.

All these considerations support the IRT evidence of an active 
movement evolving with a lateral component on both flanks and a 
retrogressive attitude.

Discussion
Results achieved in this study pave the way to several discussion 
points focusing on the field validation of IRT data, the match 
between IRT and photogrammetric outcomes, and the methodo-
logical approach presented, in terms of potential and limitation.

Discussion on results

The interpretation of IRT images suggests that open and partly 
open cracks are highlighted by positive anomalies (higher surface 
temperatures), which faithfully trace the crack development. This 
is in accordance with literature experiences focused on fractured 
rocks, both in field and in laboratory, reporting that there is a cer-
tain relationship between the crack aperture/persistence and its 
surface temperature, which is higher than the surrounding sound 
rock (e.g. Pappalardo et al. 2016; Pappalardo and Mineo 2017; Mineo 
et al. 2022). This outcome is, however, related to a specific environ-
mental condition at the time of the survey, which is the absence of 

Fig. 11   Thermal slope profiles and corresponding trace on thermogram for (a) 17 March survey ENE-WSW section; (b) 16 April survey ENE-
WSW section; (c) 16 April survey SSE-NNW section
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direct solar radiation. In this specific time, indeed, the slope under-
goes a cooling phase and cracks, along with hollow spots, represent 
parts preserved from cooling. Moreover, air circulating within the 
fracture network transports heat from the deep ground to the sur-
face. In this process, warm air, which is lighter and more buoyant 
than the cold air, tends to rise through joints and cracks towards 
the surface. This process is well known to cavers, who commonly 
identify caves in rock slopes by looking for melted snow spots in 
winter (e.g. Rinker 1975; Baroň et al. 2014 and references therein). 
What was stated above was confirmed by a field data validation, 
which allowed ascertaining that peaks related to the highest sur-
face temperatures along the thermal slope profiles correspond to 
cracks, in development during the monitored time spans, confirm-
ing the kinematic evolution of the slope movement. The new cracks 
were characterized by a quite continuous trend along their lines of 
development, testifying an enlargement and a partial retrogression 
of the landslide movements. These cracks were 0.4–1.1 m deep and 
formed mostly during the period between March and April 2021, 
according to field surveys and the analyses of both thermograms 
and DTMs. Moreover, the secondary peak (e in Fig. 11c) between 9.5 
and 10 °C corresponds to an area with the presence of detensioning 
cracks, deep about 0.6–0.7 m b.g.l., and mostly with N-S direction, 
which could also favor the water drainage. Similarly, the significant 
negative peaks show a morphological correspondence (Figs. 12, 13). 
In fact, the area with lower surface temperatures at peaks n. 5, n. 6, 
and n. 9 is not significantly affected by both new high displacements 
and formation of new cracks. The lower surface temperature at these 
spots could be therefore due to the presence of moisture in the sub-
soil. The absence of cracks, in fact, could favor the sub-surficial 
water retention rather than its drainage, thus the increase of ground 

humidity. This occurs also at the negative peak d, in the longitudi-
nal profile of Fig. 11c, where a certain rate of ground humidity was 
detected by field surveys. In the landslide area, mainly characterized 
by soil affected by displacement, there is no remarkable thermal 
contrast between soil and vegetation, which allows a good defini-
tion of the thermal anomalies arising from the landslide elements. 
The area where vegetation was taken as a marker of loose material 
is at the pile wall (Fig. 7), where IRT allowed delimiting the debris 
accumulation by exploiting the thermal contrast between soil and 
vegetation. These considerations, although qualitative, strengthen 
the potential of IRT technique applied to slope stability problems 
and can be further discussed on a combined DSM-IRT model, which 
provides a useful tool to better understand and percept the achieved 
results (Fig. 14). More specifically, the model related to the March 
surveying campaign (Fig. 14a) shows how the positive anomalies at 
the eastern landslide flank are likely related to open cracks, while 
the forming scarp on the opposite side is characterized by an already 
defined plane highlighted by a warmer surface temperature. The 
presence of this new-forming scarp, located few meters upwards the 
main scarp, suggests that the movement is in progress. Moreover, 
signs of open cracks are present along the main scarp, with specific 
reference to the western sector, labeled by linear anomalies. The 
slightly open crack on the eastern flank, likely related to a future 
enlargement of the landslide, is well recognizable and its junction 
with the main crown suggests the active state of the landslide itself. 
Furthermore, a detail that could have been missed in the 2D thermo-
gram analysis, due to the absence of perspective, is the circular cold 
area located at the upper part of the main crown, whose shape and 
position did not change during the thermal monitoring (Fig. 14b). 
This feature could be related to the drainage network accomplished 
in the past mitigation works, thus representing a potential hydraulic 
vent. This is corroborated by the evidence of water circulation in the 
April thermogram (Fig. 14b), which was taken after some rainfall 

Fig. 12   Morphological evidences on the unstable slope of the posi-
tive and negative thermal peaks identified along the analyzed trans-
versal profiles of Fig. 11a and b. The numbers indicated in the images 
correspond to the peak numbers reported in the profiles of Fig. 11a 
and b

Fig. 13   Morphological evidences on the unstable slope of the posi-
tive and negative thermal peaks identified along the analyzed lon-
gitudinal profile of Fig. 13c. The letters indicated in the images cor-
respond as location to the ones presented in the profiles of Fig. 13c
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days. With reference to the April model, the western forming scarp 
appears well developed and labeled by a cold surface temperature, 
unlike how it looked in March. This is likely due to both a differ-
ent field setting arising from ground movements, as confirmed by 
the topographic monitoring, and to the different climate condition 
between the previous surveying campaign. At this stage, the scarp 
is well exposed and its junction with the main scarp is defined, sug-
gesting the boundary of the enlarging landslide sector. Finally, the 
slight morphological step upstream the main crown can be identi-
fied, thus representing a key warning signal of potential retrogres-
sion of the movement.

Discussion on the methodological approach

Presented results demonstrate that the integrated airborne photo-
grammetry and IRT provide a reliable tool for non-contact, quick, 
and versatile surveys covering wide areas, even if affected by a poor 
logistics in terms of access and field campaigns. The usefulness of 
UAV surveys is known in literature (e.g. Chudý et al. 2019; Conforti 
et al. 2020; Giordan et al. 2020; Godone et al. 2020; Liu et al. 2021; 
Mineo et al. 2021; Nappo et al. 2021; Peppa et al. 2017; Peternel 
et al. 2017; Rossi et al. 2018; Turner et al. 2015), as well as the integra-
tion of IRT with other remote surveying methods (e.g. Casagli et al. 

Fig. 14   DSM-IRT model of the landslide referring to the March (a) and April (b) surveying campaigns
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2017; Frodella et al. 2020; Pappalardo et al. 2021; Grechi et al. 2021; 
Mineo et al. 2022); nevertheless, the case presented herein provides 
the opportunity to match multitemporal and multisensor informa-
tion acquired by the same aerial surveying perspective. This allows 
overcoming some limitations arising from the interpretation of data 
acquired by different perspectives, which is common when dealing 
with the integration of terrestrial IRT and other remote surveying 
techniques. This aspect is crucial during slope monitoring, when IRT 
is expected to detect even feeble signs of instability, which have to be 
located with accuracy on a digital model of the slope for practical 
applications. In fact, in this study, the same ground control points 
were used for both RGB and IRT photogrammetry, leading to a pre-
cise match between outcomes. On the other hand, a limiting aspect 
is that the best condition for IRT surveys applied to slope instabil-
ity is the environmental dark (from sunset to sunrise), when the 
contribution of parasite radiation is low. This aspect, already sug-
gested by other studies in literature (Pappalardo and Mineo 2019) 
and herein strengthened, forces to split the RGB and IRT surveys in 
different times of the day. RGB image acquisition should be carried 
out in daylight, while IRT survey should be performed either late in 
the afternoon or early in the morning, so to have a residual natural 
lighting for ground operation related to the UAV piloting and data 
acquisition.

Another discussion point is that IRT data further proved reli-
able and useful in detecting key instability features, such as form-
ing cracks, loose material, and presence of water, in accordance to 
other literature experiences (e.g. Teza et al. 2012; Mineo et al. 2015; 
Casagli et al. 2017). This advantage gains significance for the survey 
of wide areas, where the location of such elements is time con-
suming and conditioned by the expertise of surveyors. Moreover, 
the novelty brought by this research is the successful tentative of 
correlating the slope instability features detected by IRT with the 
surface temperature trend measured along some profiles crossing 
the landslide areas. Such thermal slope profiles provide the advan-
tage of a quick and intuitive location of the aforementioned key 
elements. This practice can be addressed as a pioneering useful 
procedure supporting the qualitative analysis of thermal images, 
paving the way to interesting applications even on other types of 
landslides. Nevertheless, a possible limitation of this approach 
could arise for surveys of landslides characterized by a complex 
slope surface morphology, as well as by abundant mobilized mate-
rial, which could suffer from a lower accuracy in the recognition of 
key thermal anomalies. This aspect underlines the need for further 
studies aimed at testing such methodological approach on differ-
ent contexts. Finally, it must be underlined that the still limited 
experience in literature in the use of IRT for landslide monitoring, 
although in growing progress, implied a certain degree of caution 
and the need of validating achieved results by field surveys. In this 
research, validation outcomes were successful, as all the conclu-
sions achieved by the integrated airborne methods found a positive 
feedback in the field, suggesting the great potential of such remote 
surveying approach, which surely deserves further tests on differ-
ent geological settings to be implemented.

Conclusions
This research was aimed at shedding light on a novel application of 
combined remote surveying technologies applied to landslide moni-
toring. Airborne RGB and IRT photogrammetry was used herein to 

study and monitor a complex landslide occurred in the Oltrepò Pavese 
hilly zone (northwestern Italy), which suffered multiple reactivation 
stages even after important stabilization works. The application of 
such remote surveying techniques allowed to draw key conclusions 
on the state and distribution of activity of the studied movement, 
which is affected by a retrogressive and enlargement trend according 
to monitoring data referring to three campaigns carried out after the 
last greatest reactivation. According to achieved results, the conclu-
sions of this research can be summarized as follows:

1. Aerial IRT allows detecting key features along a wide unstable 
slope portion, based on the thermal contrast occurring between 
cracks, loose material, wet ground, and the surrounding envi-
ronment.

2. Thermal slope profiles built along specific sections crossing 
the landslide allow achieving a good definition of the main 
features involved in the instability process. This represents a 
useful quantitative approach supporting the qualitative analy-
sis of post-processed thermal images.

3. The comparison between DSM built after different campaigns 
allowed highlighting the presence of landslide activities, as well 
as mapping the evolution of new cracks and the damages to 
buildings affected by the mass movement.

4. RGB photogrammetry and IRT represent two reliable remote 
surveying methodologies, which, if combined, can lead to the 
definition of useful landslide models with interesting hints also 
on the actual and/or potential evolution.
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