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ARTICLE INFO ABSTRACT

Keywords: Landslides that interact with infrastructure, such as bridges, demand a comprehensive analysis
Remote sensing to fully understand and address the complexities of this interaction. This study proposes an
Finite Element Modelling integrated approach that combines InSAR satellite monitoring with three-dimensional numerical

Displacement monitoring

o > . modelling to analyse the effect of a landslide on a bridge. Although the case study is exemplary,
Landslide-infrastructure interaction

the results obtained are of a general nature and applicable to similar contexts. The integration
of InSAR and numerical modelling provided complementary and more detailed information
compared to the isolated use of each approach. The InSAR analysis offered an overview of
surface deformations, allowing for large-scale monitoring of movements, and its limitation in
providing complete three-dimensional information was addressed by the numerical modelling,
which enabled the decomposition of movements along the main direction of the landslide,
precisely identifying the movement trajectory. The results showed predominant movements in
the transverse direction, with a less significant vertical component, consistent with the observed
kinematics. InSAR data allowed for the comparison of numerical modelling estimates with
real observations, enhancing the consistency of the simulations. These data revealed significant
movements upstream of the bridge, confirming the critical areas identified by modelling, which
compensated for the lack of satellite data downstream, showing intense displacements. The
modelling also highlighted significant displacements in the bridge’s structural elements, with
downstream tilting caused by the horizontal thrust of the landslide. The integrated approach
offered a clearer understanding of landslide dynamics and their impact on infrastructure,
offering a valuable tool for monitoring and risk management in vulnerable areas.

1. Introduction

Landslides represent an increasing global threat [1,2], with potentially devastating effects on critical infrastructure such as
bridges and viaducts, which may suffer severe structural damage. In extreme cases, landslide movements can lead to displacements
or rotations of substructures, resulting in deck collapse [3-5]. The risk associated with these events is amplified by their often-
unpredictable nature, linked to the complexity of triggering factors and the possibility of occurring without warning signs. Recent
studies [6,7] highlight the challenges in correlating landslide types with structural damage due to the variability of landslides
in terms of volume, kinematics, material composition, and orientation. Furthermore, landslide movements can impact bridges in
longitudinal [8] and transverse directions [9], with either partial or total interference.
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Despite numerous studies on real-world cases of bridge-landslide interactions, models capable of accurately simulating structural
responses to different types of interaction do not yet exist. For a reliable assessment of infrastructure safety in landslide-prone areas,
a possible approach could be the integration of data acquired through modern ground surface movement monitoring technologies
with robust numerical models. In this context, Synthetic Aperture Radar Interferometry (InSAR) has emerged as one of the most
promising technologies for large-scale landslide monitoring [10,11]. InSAR is particularly effective for detecting small deformations
of the Earth’s surface over extended periods, without the need for ground-based instrumentation and offering relatively low costs,
making it suitable for monitoring areas that are challenging to access with conventional methods.

Among the most commonly used interferometric techniques for landslide analysis, PS-InSAR allows for the reconstruction of
displacement time series and the detection of ongoing or past deformation processes [12]. In particular, it has proven effective in
studying slow-moving landslides, enabling the assessment of their activity state and intensity [13,14].

In SAR remote sensing systems, the radar detects ground-based targets by measuring the distance between the sensor and
the target along the Line of Sight (LOS), which is the line connecting the sensor to the target, inclined at an angle 0 (off-nadir)
relative to the vertical [15,16]. The detected displacements are thus one-dimensional projections of movements along the LOS, a
significant limitation since deformations occur in a three-dimensional space and the radar only measures the component along the
LOS. Consequently, displacements may be underestimated or not detected if the deformation occurs perpendicular to the LOS [17].

The above described limitation is particularly critical for landslides, which often exhibit horizontal deformation components
that are almost not detectable along the LOS of the satellite [18,19]. To address this limitation, LOS data must be transformed
into three-dimensional displacement components. This process involves post-processing operations that rely on specific assumptions
about the moving object’s trajectory, inevitably introducing a bias error. In this context, numerous approaches have been proposed in
the literature to convert LOS displacements into true three-dimensional components [20-24]. However, a uniform and standardised
method to effectively tackle this challenge has not yet been established.

Moreover, for an accurate estimation of the actual displacement components, it is essential that the available LOS measurements
are spatially and temporally independent and coincident. In other words, the ascending and descending acquisitions must refer to
the same “Persistent Scatterers” in the study area and occur simultaneously. Since these conditions are rarely met, further post-
processing operations, such as resampling and temporal alignment, are required. Among the approaches developed to combine
ascending and descending datasets, authors in Manzo et al. [25] propose a raster-based method that uses common pixels in the
velocity maps from both geometries, while authors in Casagli et al. [26] and Proietti [22] suggest a vector-based resampling on
a regular grid. Both methods combine LOS measurements to calculate vertical and horizontal displacement components on what
are referred to as “synthetic PS”. Another approach, proposed by Notti et al. [20], matches pairs of PS based on the geometric
distance between points in the two orbital geometries. Despite the various methods proposed, it is not possible to identify the most
effective one for application in landslide-prone areas, where factors such as vegetation influence the behaviour of the PS, making
it challenging to apply solutions in a standardised way.

Despite continuous technological advances, InSAR alone presents certain inherent limitations in landslide monitoring—just
as every monitoring technique has its own drawbacks. In particular, while InSAR is essential for detecting surface deformations
associated with landslides, it does not provide a complete understanding of landslide processes. In particular, InSAR is unable to
detect movements occurring at greater depths, such as those along the sliding surface, nor to simulate the internal evolution of the
landslide, aspects that can be more accurately analysed through numerical modelling. Therefore, to obtain a deeper understanding
of these phenomena, it is useful to complement InSAR with numerical models capable of simulating landslide evolution and failure
mechanisms, thereby enabling the prediction of future deformations, as demonstrated in recent literature. Styles et al. [27] used
InSAR to calibrate numerical models for understanding deformations in open-pit mines. Ma et al. [28] employed InSAR data
to determine soil properties through back-analysis, simulating complex landslide movements. Sun et al. [29] combined MSBAS-
InSAR and numerical modelling to study landslides controlled by rock layers, improving efficiency and accuracy. Meoni et al. [30]
integrated InSAR-based monitoring with visual inspections, geometric surveys, destructive and non-destructive tests, and numerical
analyses, to diagnose and monitor slow deformations in bridges.

Understanding the processes governing landslide dynamics through both static and dynamic numerical simulations is relevant for
effective risk management, particularly for infrastructure impacted by landslide movements. Although many studies have focused
on two-dimensional approaches to analyse slope stability, which have significantly contributed to the development of numerical
analyses, it is important to consider that in most cases landslides constitute typically three-dimensional problems [31]. In fact, 2D
approaches may not fully account for the structural and morphological variations along the slip surface, potentially affecting the
accuracy of the analysis. In contrast, three-dimensional (3D) numerical models provide a more detailed and accurate representation
of landslide phenomena [32,33]. These models do not only enable the simulation of deformation evolution but also determine
the direction of movement and the maximum velocity of the landslide [34,35]. Furthermore, they enable the reconstruction
of the landslide trajectory, providing crucial information for identifying high-risk areas and analysing slope stability [36-39],
thereby enhancing the understanding of landslide behaviour. 3D modelling is particularly effective in assessing interactions between
landslides and infrastructure [40,41], as it allows for the simulation of deformation propagation along complex surfaces in both
homogeneous and heterogeneous materials.

Among the numerical methods frequently employed for modelling such phenomena [42-44], the Finite Element Method (FEM)
enables an accurate representation of deformation evolution under both static and dynamic conditions [45]. In this context, the
choice of the constitutive model is a critical aspect of numerical modelling, as it allows for a realistic description of the mechanical
properties of the soil, particularly for capturing its non-linear behaviour. Calibration of these models, however, requires precise
input data, which are often limited or rely on direct investigations such as boreholes, inclinometers, extensometers, and piezometers,
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providing only localised and point-specific information [46]. In some cases, indirect methods such as geophysical surveys can also
contribute to the preliminary estimation of geotechnical parameters, particularly in areas where direct investigations are difficult
to perform [47]. In this context, integration with InSAR offers a significant advantage by enabling large-scale monitoring and
supplying valuable data for the calibration and/or validation of numerical models. In addition, InSAR observations can complement
conventional monitoring, as the combined use of satellite data and ground-based instruments improves the geological interpretation
of landslides and the understanding of their geometry and kinematics [48]. Thus, the combination of satellite data and numerical
models presents a promising solution to achieve more accurate and reliable predictions.

This study aim to investigate the potentiality of a combined approach using InSAR satellite data and numerical modelling to
analyse a landslide mechanism that partially interferes with a bridge, specifically with one of its abutments and some of its pier
foundations. For this purpose, a numerical model was developed, supported by on-site monitoring, to characterise the landslide
phenomenon and provide reliable predictions. For the InSAR data, a procedure was adopted to derive two-dimensional displacement
components by projecting measurements from both ascending and descending orbits onto the assumed deformation plane. This
process includes resampling, selected based on a comparative study of available approaches, and time alignment, both crucial for
accurately estimating displacement components in a two-dimensional system. By integrating numerical modelling with InSAR data,
the interaction between the landslide and the bridge can be simulated, identifying areas of increased vulnerability and stresses on the
structure. This integrated approach offers a deeper understanding of landslide dynamics and their potential impact on infrastructure
stability, making it a valuable tool for risk monitoring, mitigation, and ensuring safer management of infrastructure in landslide-
prone regions. The work is structured as follows. Section 2 presents the case study, introduced to facilitate the understanding of the
method, which is illustrated with reference to a practical example. Section 3 defines the proposed method, describing the combined
approach that integrates InSAR data analysis with numerical modelling and details the procedures used. Section 4 presents the
results of the analyses conducted. Section 5 presents a detailed discussion of the analyses, while Section 6 summarises the main
conclusions and findings of this study. Note that the data used, solely for the purposes of this study, refer to past investigation
campaigns and do not necessarily reflect current conditions. Any changes, modifications to the slope, or interventions installed on
the bridge have not been considered in the model. It is clarified that this study does not aim to investigate the current stability
conditions of the system or the landslide phenomenon. The case study is used exclusively to demonstrate the applicability of the
approach.

2. Case study

The study area is located in a small municipality in the province of Parma, within the Emilia-Romagna region of Italy. It
is characterised by complex geology and slopes with moderate inclinations ranging between 10° and 15°. This region exhibits
significant geomorphological instability, typical of the northern Apennines, with numerous landslide phenomena, as highlighted in
Fig. 1, derived from the “Italian Landslide Inventory” (IFFI) [49].

Among these, particular attention is drawn to a landslide identified as a roto-translational slide, which directly interferes with
a motorway bridge. From a geological perspective, the area is characterised by the overthrust of the Scabiazza Sandstones (SCB
and SCBb), located upstream of the motorway alignment, onto the Blocky Clays of the Casanova Complex (CCVb), which outcrop
downstream. Interposed between these two formations there are lithologies of the Palombini Shale Formation (APA) (Fig. 2). This
stratigraphy results in a configuration with sandstones in the upper portion and clays outcropping in the lower part of the slope,
contributing to the area’s geomorphological instability. Fig. 2 shows an extract from the geological map, derived from the Geological
Mapping of the Emilia-Romagna Region [50], along with a geological cross-section of the site, which was elaborated by the authors
based on confidential data.

The landslide develops upstream of the motorway alignment, impacting the slope and causing progressive deformations and
significant translational displacements. The progression of the phenomenon is evident on the road surface, which frequently
exhibits cracks and fractures, requiring regular repair interventions. These movements have considerably impaired the functionality
of the infrastructure, demanding continuous monitoring and consistent maintenance to ensure traffic safety and uninterrupted
operation. Geotechnical surveys and instrumental monitoring conducted over time have enabled the characterisation of the landslide
phenomenon and an understanding of its dynamics through geognostic surveys, grain size analyses, inclinometers, piezometers, and
topographic targets (Fig. 3a).

Inclinometers (Incl, Inc2, Inc3, Inc4, Inc5) were installed in the upstream portion of the landslide, near the road in the
downstream section, and in the accumulation area. These instruments identified a sliding surface approximately 80 m deep
(corresponding to inclinometer Inc5, (Fig. 3b)) and an average landslide movement of 6.5 cm per year. However, due to intense
ground deformations, such measurement devices are no longer functional. To complement the inclinometer monitoring, topographic
targets (Fig. 3a) were installed to track the surface movements of the landslide. The topographic monitoring initially involved the
installation of 14 targets in 1975, with 13 placed near the highway roadway and one positioned at the corner head of a building. This
monitoring continued until 1999, during which 12 readings were conducted, recording an average displacement velocity consistent
with inclinometric data, converging to a value of 6.5 cm/year (Fig. 3d). In subsequent years (2004-2015), additional benchmarks
were installed along the carriageways and in the areas affected by the landslide. The collected data indicated higher displacement
rates upstream of the motorway (exceeding 6 cm/year), while targets positioned downstream of the motorway recorded average
annual velocity above 5 cm/year (Fig. 3d). To better understand the landslide movements, new inclinometers (G1, G2, G3) were
installed in 2015, providing updated data (Fig. 3a). These instruments detected displacements of 4-6 mm per month at a depth of
approximately 37-38 m, along the G1 and G3 verticals, further confirming the active nature of the landslide.
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Fig. 1. (a) Extract from the cartography of the Italian Landslide Inventory (IFFI), highlighting the landslide under investigation; (b) Panoramic view of the area
affected by the landslide, near the bridge; (c) View of the bridge; (d) Reconstruction of schematic longitudinal section of the bridge.

Moreover, grain size analyses conducted on six samples, collected from boreholes SG3 and SG5, selected as the most significant
due to their central location for the characterisation of the landslide, revealed that the landslide material is characterised by a
fine silty-clayey matrix. Therefore, the main predisposing factors for instability include the composition of the material and the
presence of water in the soil. This creates a free water table with a piezometric surface close to the ground level, further worsening
the stability of the slope. The landslide geometry is defined by a length of 1000 m, an average width of 300 m, an average slope
inclination of 10°, and a maximum depth of the sliding surface, identified through inclinometric surveys, of 80 m. Piezometric data
from six borehole-installed piezometers confirm the presence of a water table located very close to the ground surface, significantly
heightening the risk of instability.

The bridge, which interferes with the landslide, consists of three spans (Fig. 1c): the first two, each with a span length of
32.9 m, feature a grid deck composed of four simply supported post-tensioned precast concrete beams, while the third span, with
a length of 8.95 m, consists of a reinforced concrete slab (Fig. 1d). The structure is supported by two piers and the retaining walls
of the abutments, both made of reinforced concrete. The foundations of the piers and abutments consist of large diameter caissons:
approximately 6 m for the abutments and 7 m for the piers. Each caisson is encased in a 50-cm-thick concrete lining and extends
to a depth of approximately 12 m.

3. Methodology

The methodological approach proposed in this study integrates InSAR satellite monitoring with numerical modelling to analyse
the interaction between the landslide and the bridge. Combining these techniques provides insights that would not be accessible
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Fig. 2. Extract from the Geological Mapping of the Emilia-Romagna Region (scale: 1:10.000) and Geological cross-section along the landslide.

using a single method, making this integration a key element for achieving a more comprehensive understanding of the phenomenon.
InSAR analyses enable large-scale monitoring of surface deformations and the time evolution of displacements during the observation
period. However, converting movements along the Line of Sight (LOS) into accurate three-dimensional components is inherently ill-
conditioned, necessitating supplementary information to achieve reliable estimates. In this context, numerical modelling is employed
to simulate the three-dimensional behaviour of the landslide and to define the primary direction of movement, determined by the
slope topography and following the trajectory of maximum slope, which corresponds to the line perpendicular to the contour lines.
Furthermore, while numerical modelling provides a detailed representation of the landslide behaviour and movement direction, it
does not independently offer a direct reference to determine if the obtained displacements are consistent with the actual behaviour of
the phenomenon. In the absence of direct observations, verifying that simulations accurately represent the dynamics of the landslide
becomes challenging. Conversely, satellite data provide direct information on surface movements, which can be used to compare
numerical modelling estimates with real-world observations. As highlighted in the flow chart shown in Fig. 4, the methodological
process includes an initial phase of data acquisition and processing, followed by a parallel analysis through numerical modelling
and InSAR data analysis. The obtained results are then combined to provide a more coherent and detailed understanding of the
landslide evolution. This iterative process ensures that each method helps address the limitations of the other, enhancing both the
reliability of numerical simulations and the interpretation of InSAR data.

3.1. Numerical modelling

The numerical modelling was performed using the finite element software Plaxis 3D [51], a three-dimensional programme widely
employed in geotechnical applications, including the analysis of the soil-structure interaction problem [52-55]. The topography of
the soil was defined using contour lines with a 5 m interval, produced in 2021 [56], to accurately represent the actual morphology of
the site (Fig. 5). The soil was modelled as a homogeneous and non-stratified volume, composed of a silty-clayey material, determined
based on grain size analyses. The landslide under study was reproduced in the model, with its dimensions provided in Section 2,
and is characterised by a roto-translational movement along a sliding surface (Fig. 5).

The model considered two main volumes: stable soil and landslide (Fig. 5). The materials associated with these two portions have
the same physical and mechanical properties, except for the mechanical strength parameters (cohesion and friction angle), which
were calibrated through a back analysis using an iterative approach (Table 1). To represent the sliding surface between the two
volumes (landslide and stable soil), a specific interface was defined (Fig. 5). The mechanical strength parameters associated with the
interface were set in residual conditions, with significantly reduced values to simulate the sliding of the landslide along the failure
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Fig. 3. (a) Plan showing the location of the instrumental monitoring conducted over the years; (b) Longitudinal section of the landslide area indicating the sliding
surface depth, piezometric surface, and locations of inclinometers and piezometers; (c) displacements recorded during the monitoring period from topographic
targets.

surface (Table 1). They were initially selected based on the geotechnical literature [57] and subsequently refined by means of a
parametric study to suit the specific conditions of the site. This process ensured an accurate representation of the observed landslide
behaviour, combining experimental results with numerical calibration to obtain parameters consistent with the phenomenon under
study.

The Hardening Soil (HS) constitutive model [58,59] was assigned to all materials to simulate their non-linear behaviour, and
particularly their variation in stiffness as a function of strain level. The model can simulate both soft and stiff soils, with a distinct
capability to capture the behaviours of shear and compression hardening.
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Table 1
Strength parameters adopted for stable soil, landslide volume and sliding surface.
Parameter Soil volume Landslide volume Sliding surface Unit
Cohesion (c') 30 28 1 kN/m?
Friction angle (¢') 35 30 18 °
Dilatancy angle () 2 2 0 °

In the HS model, soil stiffness is characterised by three distinct parameters, which were defined based on the geotechnical
properties of the soil in the study area and the available literature. The first is the secant stiffness modulus (E;gf), defined in
accordance with the ranges reported by Schanz et al. [60] (Table 2). The other two parameters, the unloading/reloading modulus
(Ef;f) and the oedometer modulus (E;‘éfd), were determined using commonly adopted empirical relationships [61]. The oedometer
modulus reflects the soil behaviour under one-dimensional compression, while the unloading/reloading modulus represents the
higher elastic stiffness observed during unloading and reloading cycles, in line with the values suggested by Schanz et al. [60]
(Table 2). Furthermore, the model includes the parameter m, which describes the dependency of soil stiffness on effective stress,
enhancing the representation of soil behaviour under variable loading conditions (Table 2). It also allows for the yield surface to
evolve within the principal stress space in response to plastic deformations, further refining the accuracy of the soil behaviour
representation [61]. The parameter m was adopted in accordance with the values suggested by Janbu [62] and Wu and Tung [63],
making it particularly suitable for soils such as sands and silts. Shear strength parameters, such as cohesion c, friction angle (¢),
and dilation angle (y), are used to describe the lateral deformations of the material during sliding.

After defining the soil geometry and its characteristics, the structural elements of the bridge were modelled, with the geometric
characteristics provided in Section 2, taking into account the partial interference with the analysed landslide phenomenon (Fig.
5d). Simplifications were applied to the elevated structures, as the primary focus was on geotechnical aspects and the interaction
between the soil and the foundations. In particular, the piers were modelled as beams with linear elastic behaviour, while the deck
was represented as a beam with a simply supported static configuration. The final mesh of the model consists of 13362 tetrahedral
10-nodes elements (Fig. 5d), ensuring a detailed representation of the soil geometry.

Lastly, the presence of water in the soil was considered, resulting in a free water table close to ground level. To represent this
condition, the piezometric surface was incorporated into the model at 2.5 m below ground level. The model analysis develops
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Fig. 5. (a) 3D view of the three-dimensional soil model; (b) Longitudinal cross-section of the three-dimensional soil model; (c) Three-dimensional view of the
model with the bridge integrated in Plaxis 3D.

Table 2

Hardening soil constitutive model parameters assigned for model materials.
Parameter Value Unit
Secant stiffness (Eggf ) 30.00%10° kN/m?
Tangent stiffness (E;z ) 36.01x10° kN/m?
Unloading/reloading stiffness (E.) 110.80x10° kN/m?
Power for stiffness dependency on stress level (m) 0.5 -

through progressive phases, starting with the definition of the initial stress state of the soil and continuing with the plastic phase
to study the elastoplastic deformation. Finally, a global stability analysis, based on the strength reduction method, allows for the
assessment of the overall stability and the response of the model.

3.2. Satellite data analysis

The satellite data analysis for the study area was carried out using InSAR data derived from and processed by Sentinel-1,
accessed through the European Ground Motion Service (EGMS) of the Copernicus program, managed by the European Environment
Agency [64] (Fig. 6). This publicly available and free service provides point measurements of ground displacement (Permanent
Scatterers, PS) with a temporal resolution of six days [65]. Each PS is associated with an annual average deformation velocity (in
mm/year) measured along the line of sight of the sensor. This value, recorded over the acquisition period, determines the colour of
each point according to a colour scale. By convention, a traffic light scheme centred at zero is used: stable points (with velocities
between +1.5mm/year) appear in green, those with positive velocities (movement toward the satellite) are shown in gradations from
light blue to blue, and those with negative velocities (movement away from the satellite) are displayed in gradations from yellow to
red. Additionally, EGMS offers three levels of products updated annually: Basic, Calibrated, and Ortho. Although the Ortho product
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Fig. 6. Identification of the area of interest in the European Ground Motion Service (EGMS) of the Copernicus program: (a) Ascending dataset; (b) Descending
dataset.

(Level 3) directly provides the horizontal and vertical displacement components, these are obtained through resampling onto a
100 m grid, significantly reducing the number of available points within the area of interest. In this specific case, the Ortho product
identifies only two points, which greatly limits the analysis of the landslide kinematics and its interaction with the infrastructure.
Beyond the loss of spatial resolution, another limitation concerns the reference system used in the Ortho product, which expresses
displacement components in the ETRS89-LAEA system, with East, North, and Vertical directions. While this system is widely used, it
is not always optimal for representing actual displacement, as it is not aligned with the orientation of the deformation phenomenon.
To overcome these limitations, this study chose to use the Calibrated (Level 2B) product which, unlike the Basic (Level 2 A) product,
combines and calibrates the InSAR measurements, obtained along the satellite’s line of sight, with a reference model derived from
GNSS (Global Navigation Satellite System) data. This makes it possible to obtain displacements referenced to a terrestrial reference
system, rather than relative to a virtual reference point, and is available in ascending and descending geometry. Furthermore,
to ensure a more coherent representation of the actual movement, a local reference system (L, T, V) was adopted, fixed to the
deformation phenomenon, providing a more consistent interpretation of the real displacement.

In this study, datasets related to ascending (06/01,/2018-23/12/2022) and descending (05/01/2018-22/12/2022) orbital
geometries were analysed, ensuring consistent temporal and spatial coverage for the study area. For the purpose of satellite
data analysis, the intrinsic limitation of these techniques, linked to the nature of the measurements, was taken into account.
Interferometric techniques allow for the detection of deformation and velocity components exclusively along the Line of Sight (LOS),
which corresponds to the vector connecting the sensor and the target. Consequently, PS data provide information limited to the LOS
component of the actual displacement vector. This means that when real movements do not occur parallel to the LOS - as is often the
case in landslides with significant horizontal components - the measured velocity and displacement values may be underestimated
relative to the actual ones. To address this limitation and accurately reconstruct the real displacement components, post-processing
of the data is required. Specifically, it is crucial to ensure that ascending and descending acquisitions are independent and both
spatially and temporally consistent before converting LOS measurements into real components. This requires that the PS observed
by the two geometries correspond in both space and time, with the same PS being simultaneously observed in both geometries.
Since these conditions are rarely satisfied, spatial and temporal interpolation techniques must be applied to align and make the
datasets consistent. Based on this, the proposed methodology is organised into two main phases:

* Resampling Method. The resampling process was carried out using a regular grid with square meshes measuring 25 m per side
(Fig. 7a), designed based on the density of PS in the ascending and descending geometries. This mesh size was chosen to ensure
a sufficient number of PS within each mesh element, considering the heterogeneous distribution of the data. Specifically, in
the landslide area, where vegetation is predominant, the PS density is lower compared to that observed around the bridge. Due
to the limited availability of dual-orbital geometry data downstream of the landslide, the analysis focused on the upstream
section, where interaction with the infrastructure occurs. The grid configuration was selected following a comparative analysis
of different approaches. One method, proposed by Notti et al. [20], involves pairing PS from the two geometries using linear
interpolations and a 7 m buffer to identify synthetic points. Another approach, based on the method of [26], employs a regular
mesh with 50 m sides. However, both methods revealed significant limitations, primarily due to outliers in displacement values
caused by the presence of vegetation, whose signal is influenced by wind and seasonal variations, as discussed in more detail in
the following sections. Therefore, adopting a smaller mesh grid allowed us to overcome these limitations. Once the grid size was
defined, at the centroid of each mesh element, a synthetic PS was defined for each orbital geometry ( Fig. 7b and c), calculated
as the average of the LOS displacement values of the PS contained within the mesh across all acquisition dates. This approach
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enabled the derivation of a single temporal evolution representing the average behaviour of the PS within each mesh element.
Since ascending and descending acquisitions do not occur simultaneously, post-processing operations were applied to align the
two datasets and ensure their consistency. Specifically, considering only the common time interval (06/01/2018-22/12/2022)
between the two datasets, an interpolation of the time series was performed to estimate the missing displacement values
corresponding to acquisition dates present in one geometry but absent in the other. Subsequently, the synthetic PS defined for
each geometry were combined, excluding those present in one geometry but not in the other (Fig. 7d). This process produced
a single consistent temporal dataset for each synthetic PS, containing the LOS displacement values for both geometries.
Estimation of the Actual Displacement Components. The proposed method for estimating the actual displacement components
is based on an adaptation and combination of the approaches presented by Brouwer [21] and Farneti et al. [23], suitably
modified for the case under study. The estimation of the actual displacement (d) is determined based on the deformation
measured along the line of sight of the satellite (d;,g) within a global reference system (E, N, V) (Fig. 8a), using the following
equation:

dros  _ dros &)
u; -u;9g cosfcosw+ sinf sinwcos(a + @)

where the unit vectors u; and u,, define the directions of the real displacement vector d and the d,,; vector, respectively, with
respect to the global reference system (E, N, V). Here, 6 is the incidence angle between the Line of Sight (LOS) of the sensor
and the Vertical axis (V); « is the angle between the projection of d;,g onto the Horizontal plane (E, N) and the East axis (E); @
and ¢ are the vertical and horizontal angles that define the direction of the real displacement vector (d) in three-dimensional
space. Although the global reference system is widely used, it is not always the optimal choice for accurately describing real
displacement. Its global components (East, North, Vertical) may not align with the principal directions of displacement, which
can occur in all three dimensions. To achieve a more accurate and meaningful representation of real displacement, a local
reference system (L, T, V) fixed to the deformation phenomenon was adopted (Fig. 8b). In this system, the transverse direction
(T) is defined to coincide with the principal direction of the real displacement of the landslide, determined through numerical
modelling, in the horizontal plane.

Assuming that the actual displacement occurs exclusively along one of the three local directions (L, T, V) and that no other
movement contributes to the LOS measurement at a given time, Eq. (1) becomes:

d d
d, = LOS LOS 2

Uy -uypog  sin@sin(a + @)

d d
dy = LOS LOS 3)

Uy -Uog  sindcos(a + @)
d d
dy = Los __ _ %ios )
U,y -u;9g  cosf
The value measured along the Line of Sight (d;g) of the sensor can therefore be expressed as a linear combination of the real
displacement components along the three directions of interest (d;, dr, dy):

d;os = dp sin0sin(a + @) + dr sin 0 cos(a + @) + dy, cos 0 (5)

Where, ug, ug, and ug,, represent the unit vectors corresponding to the three directions (L, T, V). In general, to estimate
the complete three-dimensional displacement vector (d;, dy, dy), acquisitions from at least three different Lines of Sight
(LOS), not lying on the same plane, and coinciding in both space and time, would be required [66]. However, with only
two orbital geometries (ascending and descending) available, the combination of the LOS measurements (d, and dp) with the
real displacement components (d;, dr, dy) leads to an underdetermined linear system, expressed as:

d;os =Ad 6)

where:

d
{3}

_ [sin@,sin(ey + @) sin@,cos(ay +¢) cosb,
~ [sin6psin(ay + @) sinfpsin(a, + @) cosbp)|’

To solve the system, it is necessary to introduce an additional assumption. In the case of landslide phenomena, where
the primary movement occurs downslope with gravity as the driving force, it is reasonable to assume that there are no
displacements in the longitudinal direction (d;=0) [21]. This assumption is valid when the longitudinal direction is parallel
to the contour lines of the slope, as in the case of purely gravity-driven landslides. Under these conditions, the presence of a
longitudinal displacement component is unlikely, as the primary deformation follows the direction of maximum slope, which,
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Fig. 7. Combination schema of ascending and descending datasets: (a) Resampling grid, (b) Ascending synthetic PS, (c) Descending synthetic PS, (d) Combined
Synthetic PS.

LOS == B

(a) (b)

Fig. 8. Representation of: (a) global reference system (N, E, V); (b) local reference system fixed to the deformation phenomenon (L, T, V).

in the adopted local reference system (TLN), corresponds to the T-axis. Consequently, all displacements can be described as a
two-dimensional deformation vector (dr, dy), making it possible to solve the system using only two observation geometries.

d=B1d;,g @)

. [ dr
d_{ dy }

_ |sin@4 cos(ay + @) cosOy
= [sin@psin(ap + @) cosép

In this context, d represents the estimated components of the real displacement (dr, dy) and B is a sub-matrix of matrix
A, obtained by removing the column associated with the component assumed to be zero (d;). This formulation enables the
conversion of the ascending (d,) and descending (dp) LOS measurements into the two main components of real displacement,
providing an accurate two-dimensional description of the phenomenon.
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Fig. 9. Top view of the total displacement contours |u| predicted for the analysed model. At the bottom right, the red arrows indicate the main direction of
actual landslide movement within the NE plane.

Table 3
Horizontal displacements (u, e u,) recorded at the top and base of the
piers and abutments.

Piers u, (mm) u, (mm)
Top Abutment 1 -4 9

Base Abutment 1 -2 4

Top Pier 1 -18 6

Base Pier 1 -11 3

Top Pier 2 -34 2.36
Base Pier 2 -35 5.25
Top Abutment 2 -35 2.35
Base Abutment 2 -36 5.82

4. Results
4.1. Analysis of the numerical simulation results

Numerical modelling allowed the analysis of both the response of the slope and the deformations induced on the bridge, providing
a comprehensive view of the final equilibrium configuration of the system under stationary conditions. The numerical results
reveal a non-uniform spatial distribution of total displacements (|u|) within the landslide volume (Fig. 9). In the downstream area,
displacements reach their maximum values, approximately 14 cm, indicating greater movement magnitude in this portion of the
landslide. Conversely, in the upstream area, displacements are more limited, around 10 cm, while near the bridge, values decrease
further, stabilising at approximately 4 cm. This reduction reflects the mitigating effect exerted by the presence of the bridge on the
displacement magnitude in the surrounding area. A detailed analysis of the displacement components reveals a predominant trend
in the horizontal components u, and u,, which reach values of up to —3cm and 2.5 cm, respectively, while the vertical component is
negligible. This behaviour is consistent with the kinematics of the landslide phenomenon, characterised by predominantly horizontal
movements, confirming the observed sliding mechanism.

Regarding the response of the structural elements to the landslide movement, the analysis focused on the bridge piers and their
foundation structures. Specifically, displacements were evaluated at the nodes located at the base of each pier, corresponding to the
top of the foundation structure, and at the pier heads, in correspondence with the deck (Fig. 10a). The results presented in Table 3
and in Fig. 10b indicate that the elements located within the landslide-affected area (Pier 2 and Abutment 2) undergo significant
displacements at their bases, aligned with the direction of the landslide movement. This suggests that the horizontal thrust exerted
by the sliding volume primarily impacts the lower part of the structures, causing a downslope inclination. In contrast, Abutment 1,
positioned outside the landslide volume, shows minimal displacements in the opposite direction, indicating negligible interaction
with the landslide. Pier 1, situated in an intermediate zone, exhibits greater displacements than Abutment 1, reflecting a gradual
increase in interaction with the landslide activity. These findings underline that piers located within or in close proximity to the
landslide volume are substantially affected by the forces generated by the landslide movement.
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Fig. 10. (a) Selected control points for the analysed bridge; (b) Graphical representation of horizontal displacements (u, e u,) recorded at the top and base of
the piers and abutments.
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Fig. 11. Representation of: (a) Top view and (b) Perspective view of the bridge deformation mechanism.

To assess the overall stability of the integrated system comprising the bridge and the slope, a global safety factor analysis was
performed. This analysis evaluated the system’s capacity to maintain equilibrium under critical conditions, such as increased loads
or substantial variations in strength parameters. The calculated value of 1.2274 indicates a condition close to the limit of stability,
requiring continuous monitoring to mitigate potential risks. Furthermore, the deformation mechanism of the soil revealed by the
analysis confirms the predictions based on the qualitative assessment, highlighting a rotational sliding of the landslide volume in
the downstream direction. Furthermore, observing the deformation mechanism of the bridge from a top view (Fig. 11a and b), it
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Fig. 12. Time evolution of displacements along the LOS in (a) ascending and (b) descending geometries for synthetic PS defined on a 25 m grid.

is evident that the infrastructure within the landslide area is dragged in the direction of the landslide movement. This dragging
effect is primarily caused by the horizontal thrust exerted by the moving landslide volume, which acts on the bridge foundations,
resulting in deformation consistent with the predominant direction of the landslide kinematics.

4.2. Analysis of satellite radar data

The post-processing procedure for displacement decomposition required combining PS data derived from ascending and
descending orbital geometries. As described in Section 3, accurately estimating the components of actual displacement depends on
acquisitions that are independent and coincident both spatially and temporally. To ensure these conditions, a resampling method
based on a regular mesh with 25 m sides was adopted.

The results provided a single temporal evolution of displacements along the LOS for each synthetic PS, corresponding to the two
orbits, as shown in Fig. 12. Analysis of the time distribution of LOS displacements in ascending and descending geometries reveals
that the synthetic PS within the mobilised soil volume exhibit opposite-signed deformation measurements in the ascending and
descending orbits. This behaviour is consistent with the kinematics under investigation, which is typical of landslides characterised
by predominantly horizontal deformation components.

To confirm these observations, positive LOS values are recorded in the ascending geometry, which, by convention, indicate
ground movement towards the satellite. Since the satellite observes westward in this configuration, this implies a horizontal
movement component in that direction. Conversely, in the descending orbit, negative LOS values are observed, representing ground
movement away from the satellite. Given that the satellite observes eastward in this configuration, the negative sign confirms the
same horizontal movement direction towards the west. This consistency between the two geometries highlights a coherent westward
movement of the landslide. Furthermore, the combined analysis revealed a predominant horizontal component, aligning with the
expected behaviour of the analysed landslide.

Once the PS data from the two observation geometries, ascending and descending, were combined, it became possible to estimate
the three-dimensional displacement field. The approach used to estimate the components of actual displacement, described in
Section 3, involves adopting a local reference system oriented along the real displacement direction of the landslide in the horizontal
plane, determined by numerical modelling. Assuming that displacements in the longitudinal direction are negligible, the values of the
real displacement vector components along the transverse and vertical directions were estimated for the synthetic PS within the area
of interest. The results revealed a generally stable behaviour over time for the synthetic PS located within the meshes of the landslide
area. The transverse component (d;) shows a progressive increase, reaching values of approximately 40 mm towards the end of the
monitoring period (Fig. 13a), while the vertical component (dy ) records a progressive lowering of up to approximately —20 mm
during the same period (Fig. 13b). These findings clearly reflect the dynamics of the analysed landslide, which predominantly
develops along the horizontal plane, with a less significant but non-negligible vertical component.

5. Discussion

The analysis of InSAR data required a comparative assessment of different resampling methods to identify the most suitable
configuration for ensuring a homogeneous and reliable representation of displacements. The method proposed by Notti et al. [20],
based on pairing a PS from one geometry with the closest PS from the other geometry within a buffer-defined distance (Fig. 14a),
involves linear interpolation to temporally align the datasets by estimating the missing displacement values on non-common dates.
Although this method yielded a greater number of synthetic points compared to the approach adopted in this study, the resulting
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Fig. 13. Time evolution of the two components of the actual displacement of the identified synthetic PS: (a) transverse (d;) and (b) vertical (d, ).

(a)

)

Descending
~C4 —-C5

-C2 -C3

~c1
-6

c9 —-C10

~C8

c7
~C12 C13 -C14 -C15

- ~-c11

t

F 22/12/2022
F 22/09/2022
£ 23/06/2022
£ 25/03/2022
24/12/2021
25/09/2021
26/06/2021
28/03/2021
27/12/2020
£ 28/09/2020
£ 29/06/2020
£ 30/03/2020
£ 31/12/2019
£ 01/10/2019
£ 03/07/2019

+03/04/2019
+03/01/2019
+04/10/2018

06/07/2018
06/04/2018
06/01/2018

Ascending
~C4 —-C5

~-C2 —~C3

-C1
~C6

C9 ~C10

C7 —~C8
-C12 C13 - C14 -C15

- |=c11

=

|
{

4
t

'
t

'
t

4
+

+
t

+
t

4
+

4
t

-50

22/12/2022
22/09/2022

+ 23/06/2022
+ 25/03/2022
+ 24/12/2021
+ 25/09/2021

26/06/2021
28/03/2021
27/12/2020
28/09/2020
29/06/2020
30/03/2020
31/12/2019
01/10/2019
03/07/2019
03/04/2019
03/01/2019
04/10/2018

+06/07/2018
+ 06/04/2018

06/01/2018

[wwy] syjuswiaoe|

o o 9o
=

§ @
dsig

(c)

(b)
Fig. 14. (a) Determination of synthetic PS using a defined buffer distance and (b-c) time evolution of displacements along the LOS in ascending (b) and (c)

descending geometries for synthetic PS defined on a buffer distance.

trends exhibited significant outliers (Fig. 14b), with values deviating considerably from the rest of the dataset. These outliers can

be attributed to the presence of vegetation, whose signal is affected by wind influence and seasonal variations.
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Fig. 15. Combination schema of ascending and descending datasets, with 50 m side grid: (a) Resampling grid, (b) Ascending synthetic PS, (c) Descending
synthetic PS, (d) Combined Synthetic PS.
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Fig. 16. Time evolution of displacements along the LOS in (a) ascending and (b) descending geometries for synthetic PS defined on a 50 m grid

To mitigate these effects, the regular grid method proposed by Casagli et al. [26], described in detail in Section 3, was considered.
This approach, based on averaging displacements within cells with a side length of 50 m (Fig. 15), reduced the presence of outliers,
improving data stability. However, using a grid of this size resulted in a loss of detail in the description of the landslide kinematics
(Fig. 16), limiting the ability to detect local variations in movement. For this reason, a grid with a side length of 25 m was adopted
as an effective compromise, ensuring a more homogeneous data distribution and reducing the influence of outliers by averaging
points with more similar behaviour.

Once the optimal resampling configuration was defined and the displacements of the synthetic PS were estimated, it was possible
to compare the results with instrumental monitoring measurements. Although the spatial coverage of traditional monitoring is
broader, encompassing both the upper and lower portions of the landslide, whereas InSAR data are primarily concentrated in the
upper part, the comparison was carried out using the topographic targets closest to the identified synthetic PS, namely targets
2, 5, 7, and 8 (Fig. 17). Their proximity allowed for a more consistent assessment of displacement evolution compared to other
measurement points. Considering these targets, between 1975 and 1999, the recorded average movement was approximately 1.05 m,
with a velocity of 4 cm/year, while between 2004 and 2015, the movement decreased to 0.26 m over 11 years, corresponding to an
average velocity of 2 cm/year (Fig. 3c). InSAR data for the period 2018-2022 confirm this trend, indicating a further slowdown, with

a maximum displacement of 40 mm (Fig. 13), equivalent to an average velocity of 1 cm/year. This progressive trend is consistent
with the long-term behaviour of the landslide and may reflect its natural evolution under relatively stable external conditions.
In addition to the comparison with instrumental monitoring, a qualitative assessment was conducted between the displacements
derived from the InSAR analysis and the results of numerical modelling. Given the different nature of the two approaches, a
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Fig. 17. Total displacements from numerical modelling (Fig. 9) with overlaid instrumental monitoring data (Fig. 3a) and synthetic PS (Fig. 7d) identified using
the 25 m grid resampling method.

direct quantitative comparison is not feasible: interferometric data describe the transient evolution of the phenomenon during
the observation period, whereas numerical modelling provides a final steady-state configuration of the landslide, simulating
deformations under the limit equilibrium condition. However, the qualitative comparison revealed a good correlation in the spatial
distribution of the areas experiencing the highest movement (Fig. 17). Specifically, in the upper portion of the landslide, InSAR
data confirmed the critical areas identified by numerical modelling. In the lower portion, on the other hand, the absence of satellite
data prevented a direct comparison, but numerical modelling indicated significant displacements, suggesting a higher intensity of
movement in this area.

6. Conclusions

The integrated approach proposed in this study, which combines InSAR satellite interferometry with three-dimensional numerical
modelling of landslides interacting with bridges, has proven highly effective in a significant case study. The proposed methodology
highlights how the integration of satellite monitoring techniques and numerical models provides complementary and more detailed
information compared to the isolated use of each approach. In particular, the InSAR analysis provided a global view of surface
deformations, but the one-dimensional nature of the measurements along the sensor’s Line of Sight (LOS) limits the ability to
describe the phenomenon in three-dimensional terms. In this context, numerical modelling proves to be a valuable complementary
tool that overcomes this limitation, aiding in the reconstruction of actual displacement components and accurately identifying the
primary direction of landslide movement. The results from the satellite analysis highlighted predominant transverse movements and
a less significant vertical component, consistent with the observed kinematics. Furthermore, InSAR data, with its capacity to cover
large areas and monitor deformations over time, expanded the information provided by traditional monitoring methods. Although
the latter played a crucial role in calibrating the numerical model and providing precise local measurements, the combined use
of InSAR enabled a broader and more detailed understanding of the landslide phenomenon, facilitating the comprehension of its
behaviour at a regional scale. The results of the numerical modelling provided a detailed representation of the interactions between
the landslide phenomenon and the bridge, highlighting a spatially variable distribution of displacements. In particular, greater
movement intensity was observed in the downstream portion of the landslide, decreasing further near the bridge, reflecting the role
of the infrastructure in mitigating the intensity of displacements in its surrounding area. The qualitative comparison between the
two methodologies, despite their differences — one being stationary and the other based on continuous monitoring over a four-year
period — proved essential for assessing the consistency between the numerical simulations and the observed data. In particular, a
good match was observed in the areas upstream of the landslide, where the satellite data confirmed the critical areas identified
by the numerical modelling, showing good agreement with the displacements recorded by traditional monitoring. In contrast,
downstream, the lack of satellite data prevented a direct comparison. However, the missing information was filled by the numerical
modelling, which highlighted significant displacements, indicating a higher intensity of movement in this portion of the landslide.
In conclusion, the combination of these two methodologies has provided a more comprehensive and accurate understanding of the
landslide phenomenon. By integrating large-scale surface displacement monitoring with a detailed mechanical characterisation of
the landslide, this approach improves the interpretation of ground deformations and the estimation of displacement components.
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These results contribute to a more accurate assessment of landslide-induced effects on infrastructure stability, offering valuable
insights for the identification of critical areas and supporting informed decision-making in the context of long-term monitoring and
mitigation strategies.
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