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Abstract: High-temporal-frequency monitoring of transport infrastructure is crucial to facilitate main-
tenance and prevent major service disruption or structural failures. Ground-based non-destructive
testing (NDT) methods have been successfully applied for decades, reaching very high standards for
data quality and accuracy. However, routine campaigns and long inspection times are required for
data collection and their implementation into reliable infrastructure management systems (IMSs).
On the other hand, satellite remote sensing techniques, such as the Multi-Temporal Interferometric
Synthetic Aperture Radar (MT-InSAR) method, have proven effective in monitoring ground dis-
placements of transport infrastructure (roads, railways and airfields) with a much higher temporal
frequency of investigation and the capability to cover wider areas. Nevertheless, the integration of
information from (i) satellite remote sensing and (ii) ground-based NDT methods is a subject that is
still to be fully explored in civil engineering. This paper aims to review significant stand-alone and
combined applications in these two areas of endeavour for transport infrastructure monitoring. The
recent advances, main challenges and future perspectives arising from their mutual integration are
also discussed.

Keywords: remote sensing; non-destructive testing (NDT); transport infrastructure monitoring;
infrastructure management systems (IMSs); Multi-Temporal Interferometric Synthetic Aperture
Radar (MT-InSAR); data fusion and integration

1. Introduction

Implementing effective maintenance of transport infrastructure assets is a crucial task,
as it involves important macro-economic and safety implications. The development of
maintenance approaches based on the critical condition of infrastructure has triggered
new demand for the use of non-destructive testing (NDT) methods in their assessment
and health monitoring. Continuous monitoring of transport structures, including roads,
railways and bridges, is a priority for asset owners and administrators. This ensures
structural stability and operational safety, and prevents damage and deterioration, lead-
ing to expensive rehabilitation, failures and collapses [1]. Conventional technologies and
methods for on-site infrastructure monitoring have been successfully applied in the past.
Several ground-based NDT technologies and sensors are currently available for subsi-
dence monitoring and displacement mapping. Amongst others, accelerometers [2], strain
gauges [3], global positioning systems (GPS) [4], levelling [5], ground penetrating radar
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(GPR) [6-8], laser scanners [9,10], infrared thermography (IRT) [11] and terrestrial SAR
interferometry [12] have been used in the sector.

However, the costs of the equipment are substantial, and the on-site survey operations
can be demanding and difficult to implement, with a high temporal frequency at the net-
work level. This is above all due to economic and administrative budget constraints [13].
To tackle these limitations, several advanced satellite-based remote sensing techniques, i.e.,
the persistent scatterers interferometry (PSI) methods, amongst which are the Permanent
(or Persistent) Scatterers Interferometry (PS-InSAR) [14,15] and the Small BAseline Subset
(SBAS) [16], have gained momentum in the last few years for the monitoring of transport as-
sets and the investigation of the surrounding environment. Several successful applications
have proven the viability of using satellite-based remote sensing techniques in this sector,
paving the way for the development of further research and applications [13]. In addition,
the wide land coverage and the ability to collect data with a high temporal frequency
have contributed to the promotion of the use of this technology in combination with other
monitoring techniques. The concept of data integration of the information collected by
non-destructive testing and satellite-based techniques with different spatial and temporal
resolutions stands as a future challenge in research [13,17,18]. New investigations have
recently emerged with the aim of defining novel algorithms, methods and surveying proce-
dures for the integration of multi-source, multi-resolution and multi-temporal information.
A major advantage of this approach is in the provision of additional information that is
not available when technologies are used individually [17-19]. This paper is organised
as follows: an introduction is given in Section 1, followed by an overview of significant
stand-alone applications of satellite remote sensing and ground-based NDT methods for in-
frastructure monitoring (Section 2). Section 3 reports an overview of the main maintenance
strategies and monitoring procedures for transport assets, followed by Section 4, describing
the aim and objectives of this paper. Section 5 reports an overview of PSI applications
for infrastructure monitoring. Section 6 presents recent studies on the combined applica-
tion and data integration between ground-based and PSI methods in the monitoring of
transport structures. Advances, benefits and main challenges for network-level monitoring
with satellite remote sensing are reported in Section 7. Conclusions, challenges and future
perspectives are discussed in Section 8.

2. Stand-Alone Ground-Based Technology Applications in Transport
Infrastructure Monitoring

The occurrence of dramatic events due to the vulnerability of transport infrastructure
to natural hazards (e.g., earthquakes, subsidence and landslides) and endogenous events
(e.g., the end of pavement service life, raising traffic volumes, the ageing of materials,
corrosion of rebars in reinforced concrete structures) have emphasised the importance of
routine monitoring and the provision of effective maintenance plans at the international
level. Countries with transportation network systems highly exposed to major natural
hazards are proactively investing money to promote more effective asset-management
programs. This is the case in Italy, where the Ministry for Transport and Infrastructure has
urged the implementation of new measures to achieve continuous infrastructure monitoring
though the provision of dedicated guidelines [20]. In this framework, monitoring the
structural integrity of transport infrastructure is a priority for national authorities and asset
administrators to guarantee the structural integrity and the operational safety. This aims to
prevent infrastructure damage and deterioration prior to the occurrence of any expensive
rehabilitation or structural failure. In the last decade, several sensors and technologies,
such as accelerometers, the Internet of Things (IOT) sensors, wireless network systems
and ground-based NDTs, e.g., ground-penetrating radar (GPR) and light detection and
ranging (LiDAR), have proven effective for the provision of dense arrays of data and their
incorporation into more comprehensive asset management systems, as reported in Table 1.
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Table 1. Non-destructive testing (NDT) methods and sensors used in transport infrastructure monitoring.

NDT Technology Description References
Accelerometers can record three-dimensional movement and
could potentially be used to remotely monitor cattle behaviour.
Accelerometers These devices collect data based on pre-defined recording [2,21,22]

intervals called epochs. Accelerometers are one type of sensor
used to measure the vibration on bridge decks

Strain gauges are used to measure strains on target objects.
Generally, strain gauges consist of an insulating flexible backing

Strain Gauges supporting a metallic foil pattern. As the object is deformed, the 13,231
foil is deformed, causing its electrical resistance to change
Wireless Network Systems Data collected by wireless network monitoring systems allow [24]

identification of modal frequencies and mode shapes of bridges

Infrared Thermography

This technique is based on a process where heat at any
temperature is converted into a thermal image using specialised [25,26]
scanning cameras

Laser Scanner

The laser scanner, also referred to as LiDAR, is used for 3D data
acquisition of both topographic and close-range objects. The
equipment allows for an automated dense sampling of the
object surface within a short time range

[9,10,27]

Global Positioning System (GPS)

One of the global navigation satellite systems (GNSS) provides
geolocation and time information to a GPS receiver anywhere
on or near the Earth where there is an unobstructed line of sight
to four or more GPS satellites

Ground-Penetrating Radar (GPR)

The energy reflected by dielectric discontinuities in the
subsurface is recorded through a receiving antenna and it is [6-8,28,29]
subsequently processed and displayed through a display unit

Geometric information on the internal configuration of the
structure (i.e., bridges) are provided from the material extracted.

Core Drilling Cores are visually analysed to collect information about layer [30,31]
thickness and hollow sections, amongst others
This technique is an improvement of the sonic transmission test
Sonic Tomography method, as tests are performed along paths non-perpendicular [32,33]

to the wall surface, as well as in a direct mode

The main limitations of the stand-alone use of these technologies in infrastructure

monitoring include the difficulty of implementing routine inspections for multi-temporal
data acquisition, a relatively limited land coverage and physics constraints from the tech-
nologies” working principles that limit the data spatial resolution. A limited repeatability
of measurements in time and the high costs of non-destructive inspections for implementa-
tion at the network level stand as additional constraints. To overcome these limitations,
satellite-based remote sensing technologies have been increasingly used in the last few
years. Advantages include the provision of higher temporal revisiting time and spatial
resolution of measurements, and the possibility of creating archives from the historical
time-series of the displacements [13,18,34,35].

(@)

(i)

Amongst the most important limitations of the INSAR techniques, we can mention:

the necessity of collecting datasets with different orbit geometries for the calculation
of the vertical and horizontal components of the displacements, using ground-truth
reference points;

the high computational requirements for the processing of SAR imagery at the network
level, especially in case of long-term investigations and high-frequency datasets (i.e.,
X-Band).
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Compared to high-resolution datasets, medium-resolution datasets (i.e., acquired in
C-Band) stand as more easily accessible information by end-users for large-scale analyses
and the measurements of settlements at the centimetre scale. Use of the medium-resolution
imagery allows for lighter data processing and management flows, and it permits to
investigate wider areas and sections of the transportation network.

Nevertheless, several limitations still exist on the use of SAR medium-resolution data
for transport infrastructure monitoring, including;:

(i)  the ground pixel resolution, which does not allow the allocation of PS displacements
from a randomly given object to its actual position on the ground;

(if) the accuracy of the measurements, due to the relatively limited frequency range of
the sensors.

Under specific limiting conditions, associating the PS data to the actual structural
element can be challenging. This occurs especially in urban areas with buildings located in
the vicinity of transport infrastructure, where errors can be introduced for the data interpre-
tation stage. Within this framework, the use of satellite remote sensing for the systematic
monitoring of transportation assets, as well as its accuracy against other conventional
ground-based methods, has been widely discussed for the past 15 years.

To illustrate the development of MT-InSAR techniques for transport infrastructure
monitoring, relevant literature has been here reviewed using the “Scopus” scientific
database. Overall, 280 research works have been identified including journal (research)
papers, review papers, conference proceedings and book chapters from 2000 to 2022, as
represented in Figure 1. The first step of the procedure was based on the selection of the
most relevant keywords used for research in SAR applications for infrastructure monitoring.
For the SAR applications, several keywords were selected and implemented for research
from the Scopus database [36], including: “InSAR”, OR “MT-InSAR”, (multi-temporal
InSAR), OR “DInSAR”, (differential InNSAR), OR “A-DInSAR”, (advanced DInSAR), OR
“PS” (persistent scatterers), and “PSI” (persistent scatterers interferometry). The second
step consists in the inclusion of the keywords “monitoring” AND “infrastructure”, and
the selection of four infrastructure classes historically identified as conventional areas of
investigation for PSI applications: “bridges” OR “railways” OR “highways” OR “runways”.
The review includes the research of the selected keywords in the “article title, keywords
and abstract” for each paper, available in the Scopus database.

The trend in Figure 1a is exponential, indicating that the infrastructure monitoring
area has been attracting the attention of researchers in the past two decades. Two leaps can
be observed that occurred in 2010 and 2020, respectively. The first was most likely related
to the year of the launching of new-generation satellite missions, which included the Italian
Constellation of Small Satellites for Mediterranean Basin Observation (COSMO-SkyMed)
satellites, between 2007 and 2010, and the TerraSAR-X (TSX) in 2007, with high spatial and
temporal resolution. The second leap is likely related to the launch of the Sentinel-1 (S1)
mission in 2014, as part of the Copernicus Programme of the European Space Agency (ESA),
with regular and revisit times of 12 days. These advances increase the density of PSs
extracted by high-resolution SAR data up to 6 times, as opposed to those expected by
medium-resolution SAR, e.g.,, RADARSAT-1 and Envisat. Accordingly, the combination of
high spatial density, wide coverage and high sensitivity to small deformations has allowed
analysis of the deformations of individual structural elements at the network level. This
significantly increases the potential of MT-InSAR techniques in infrastructure monitoring.

The cumulative number of citations for the selected papers were collected for 15 years
(from 2006 to 2022), as reported in Figure 2. A significant interest of researchers in the
implementation of satellite-based techniques for infrastructure monitoring is proven by the
increase in the yearly cumulative citations, amounting to approximately 200 citations in
2017 and more than 900 in 2021.
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Figure 1. (a) Scientific contributions per year related to the applications of INSAR to infrastructure monitor-
ing. (b) Documents by type. Source: Scopus (www.scopus.com), accessed on 1 September 2022 [36].
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Figure 2. Citation overview of the selected papers related to MT-InSAR for infrastructure monitoring.
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3. Maintenance Strategies and Monitoring Procedures for Transport Structures

Recent dramatic events occurring on the European transport network have pointed
out that a more detailed network-level assessment of the transport asset condition is ur-
gently required [37,38]. Similar consideration could be given to the high exposure and
vulnerability of the transport system to major natural events, such as floods or earth-
quakes [37-39]. It is worth mentioning that most of the highway and railway assets were
constructed between the 1960s and the 1980s, hence their nominal service life of typically
25-40 years has already elapsed. This highlights the importance of providing a successful
asset maintenance strategy. Effective planning of maintenance protects the infrastructure
serviceability over time by decreasing the risk of collapse during ordinary operations (e.g.,
the Morandi Bridge in Genoa, Italy [39,40] or the Majerhat Bridge in Kolkata, India [41])
or critical natural hazard events (e.g., Troja footbridge in Prague [42], Czech Republic [43]
or Pfeifer Canyon Bridge, California, US [44]). On the other hand, only limited atten-
tion is paid towards the management of the existing assets, with potentially dramatic
macroeconomic consequences [45].

Maintenance activities are traditionally organised based on different types of ap-
proaches. The main aim of these activities is the definition of an ideal time, localisation and
modality (i.e., defining “When, Where and How”) of inspection surveys on the infrastruc-
ture network [46]. A classification of maintenance types and their mutual relationship is
indicated in the standards “EN 13306, 2001” [47], as shown in Figure 3:

Maintenance

Preventive
Maintenance
Condition Based Predetermined
Maintenance Maintenance

| Scheduled, | | :
| continousoron | |  Scheduled 1
! request 1 !

Figure 3. Maintenance strategies overview, SS-EN 13306 (2001) [47].

Accordingly, maintenance activities can be traditionally sorted in two main approaches,
namely “corrective” (or “prescriptive”) and “preventive” maintenance.

e  Corrective maintenance is implemented when breakdowns or evident failures occur
on the network [48]. Corrective maintenance can be also performed with the sys-
tem continuing to operate. Nevertheless, corrective maintenance can be extremely
expensive, as costs of repairing are not linearly proportional to the scale and extent of
the failure.

e  Preventive maintenance must be put in place before a fault surfaces, and it is sched-
uled according to fixed time intervals. This prevents any possible break-down and
failure. A preservation approach towards the infrastructure asset maintenance is
strongly recommended by experts, and to date, largely used by most of the asset
owners. Preventive maintenance can be sorted into two sub-classes [49]:

- Predetermined maintenance: interventions are scheduled on a time-based cri-
terion (e.g., road resurfacing for a fixed amount of time), without the need to
investigate the infrastructure condition. This maintenance model is scheduled a
priori and performed according to convenient time schedules to contain budget
costs. It does not rely on the actual condition of the asset, and the time intervals
for the implementation of the maintenance are established based on prediction
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models. It is to be noted that if the infrastructure does not require maintenance
and this approach is followed, time intervals scheduled for maintenance that are
too close together can result in economic losses [50].

- Condition-based maintenance (CBM): According to SS-EN 13306 (2001) [47], this
strategy is implemented by forecasting the decay trend of relevant infrastructure
performance parameters, taken as the reference. Interventions are planned based
on the actual need for maintenance, which is ascertained on site. Condition-based
maintenance is based on gathering information about the actual and predicted el-
ement condition retrieved from scheduled, continuous or on-demand inspections
of the infrastructure. CBM is an appropriate strategy for structural elements where
the formation of decay can affect the operations, structural health or material prop-
erties, or it can have an impact on the surrounding environment. In contrast to the
predetermined maintenance, this approach is suitable for issues with a random
probability of failure or damage occurrence. On one hand, the CBM maintenance
strategy is the most popular strategy amongst researchers [51,52]. On the other
hand, it requires a comprehensive survey plan to facilitate up-to-date knowledge
of the asset condition. An example of the corrective, preventive, predetermined
and CBM approaches is reported in Figure 4. Research has demonstrated that the
CBM approach is the most suitable for infrastructure monitoring, as it minimises
budget economic losses and the risk of implementing ineffective interventions.

Preventive
Maintenance
|

i Failure Start Potential Failure

can be detected

o

Asset Health

Cost to Repair

Failure
Occurs

Time

Figure 4. Maintenance overview: an example of the corrective, preventive, predictive and CBM
approaches, SS-EN 13306 (2001) [47].

Conventional inspection methods for road infrastructure maintenance rely on the
use of destructive techniques, such as coring, drilling or otherwise removing part of the
structure to allow inner visual inspections (e.g., bridge deck inspections), or material
performance checks in the laboratory environment. Despite the high reliability of these
methods, they are costly and time-consuming. In addition, the outcomes have limited
significance since they only represent local conditions of the infrastructure and cannot be
projected to represent longer distances. These factors have huge impacts on the effectiveness
of maintenance as well as on the costs and time of the decision-making process. To overcome
the above limitations, several NDT methods, and more recently, satellite-based remote
sensing technologies, have been introduced [13,53,54]. As the budget for road infrastructure
maintenance is carefully managed to limit wrong allocations of funds, road authorities
must increase the efficiency of measures and reduce the overall costs. This can be achieved
by utilising new procedures and technologies, and it can benefit the sustainability of
new projects and the implementation of maintenance on existing roads [55,56]. Since
maintenance costs usually cover most of the annual budget on road infrastructure, asset
owners are continuously striving to develop more efficient and cost-effective methodologies.
Several strategies and contract forms have been implemented to date, such as maintenance
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outsourcing in competitive markets, as well as the development of life-cycle cost models,
new funding and subsidiary forms [57].

The cost of a road structure over its service life is a function of design, quality of the
construction, the maintenance strategies and the monitoring operations. Accordingly, an
optimal asset management system requires the definition of life-cycle cost estimations for
all the above-mentioned components, as well as the assessment of early-stage decays. In the
last wo decades, the use of NDTs, such as acoustic [58,59], electromagnetic [60—64] and ther-
mographic methods [65], has gained momentum for health monitoring of civil engineering
infrastructures. These methods, although very effective, can provide information with gaps
dictated by their own physics and working principles. As an example, LIDAR systems can
provide high-density level of images and cloud-points for the inspected objects [66], but
they cannot collect any information that is not visible on the surface.

Therefore, the integration of datasets collected with different NDTs stands as a viable
approach to fill technology-specific gaps and assure a more comprehensive assessment
of the infrastructure [67]. In the last decade, satellite-based remote sensing techniques
have proven to be faster and more cost effective for this purpose, thereby paving the way
towards the implementation of a quasi-continuous and updated infrastructure information
system at the network level.

4. Aim and Objectives

The main aim of this work is to review current research on the application of advanced
monitoring procedures based on the integration between ground-based non-destructive
testing (GB-NDT) methods and satellite-based MT-InSAR techniques, for transport infras-
tructure monitoring.

To achieve the above aim, the main objectives are as follows:

e  to identify significant and recent applications in the field and analyse the suitability of
medium- and high-resolution SAR data through the satellite-based PSI monitoring technique;

e toidentify relevant studies based on the integration of data obtained by the PSI technique
with data collected using GB-NDTs, aimed at improving upon the interpretation phase.

5. Satellite Remote Sensing Techniques for Infrastructure Monitoring

Use of InSAR techniques allows the detection of displacements along the line of
sight (LoS) (i.e., the observation direction) of the SAR sensor, and it consists in the mea-
surement of the signal phase variation between images acquired on the same sections at
different times. When a vertical displacement occurs on the ground, the distance between
the sensor and the ground varies, affecting the phase of the signal back-received by the
sensor (Figure 5).

Slave

Master

\
\
z % /.4]

Yy Object
Terrain ‘TH
b) —— :

¥

Figure 5. Side-looking satellite SAR data acquisition: (a) antenna illumination footprint; (b) sequence
of acquisitions over the same area (master and slave images).
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An interferogram can be therefore generated from the phase difference between two
SAR images, returning a matrix of numerical values comprised in the interval (—7 + )
and representing the surface movements. Thus, from the analysis of an interferogram, it is
possible to recognise the scale of displacements on the area during the observation time.
The two SAR images are named the master image and the slave image, respectively. The
slave image must be co-registered and resampled with reference to the geometry of the
master image. The interferometric phase is subsequently derived from a pixel-by-pixel
multiplication with the conjugate complex of each pixel, in the master and slave image,
yielding a value reported in Equation (1):

Y € [—m, 7] [rad| @

where @% is the “wrapped” value of the interferometric phase.
The phase @ is the key information in any interferometric application, as it relates to
different phase components, as follows:

D= (Dﬂut + (ptopo + (Ddef + Datm + Prypise 2)

where ‘Pﬂut/ Diopo, df)def, Dyt and Dy, are the phase components for the reference sur-
face, topography, deformations, atmospheric delay and noise, respectively. Displacements
are detected by relating the signal phase variation between progressive acquisitions to the
motion of the target under investigation (Figure 4). In detail, the general method consists
in the comparison of a dataset of N SAR images, collected at different times on the same
area of interest (Aol), and by calculating the interferometric phase A® for each N-1 pair, as
referred to the master image. The component related to the ground deformations @ s must be
calculated from Equation (2), which is proportional to the sensor-to-target distance difference
(Ar) divided by the wavelength (1) of the SAR sensor, as expressed by Equation (3):

4

Multi-temporal INSAR (MT-InSAR) techniques were developed as an evolution of
the Dlfferential SAR Interferometry (DINSAR). Several techniques have been developed
since, including persistent scatterers interferometry (PSI) and the permanent scatterers
(PS-InSAR) techniques, with reference to the first algorithm presented by Ferretti [14,15]
and the SBAS [16].

5.1. Persistent Scatterer Interferometry

The most conventional MT-InNSAR methods are the PS-InSAR, proposed in [14,15],
and the SBAS processing algorithm [16] (Figure 6). Following these pioneering research
works, a variety of advanced algorithms were proposed in the past two decades, including
the Stanford method for persistent scatterers developed by Hooper [68], the stable points
network [69], PS Pairs (PSPs) [70], SqueeSAR [71], quasi-PSs (QPSs) [72], and SAR tomog-
raphy (TomoSAR) [73]. These methods differ in terms of parameters and processing steps,
including their baseline configuration, methods for the selection of persistent scatterers,
phase unwrapping strategies, and deformation models (i.e., linear and non-linear). Despite
the different terminology associated with these techniques, their main aim and processing
strategies are similar. Numerous SAR images, referred to as the stack of data or dataset, are
required and must be co-registered to a common grid. Therefore, the interferograms are
computed from the stack of the images, which are then flattened using a digital elevation
model (DEM) to compute the “differential” phase. As a result, the topographic phase term
is subtracted and the differential interferograms can be computed.
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N

Figure 6. Scheme of the displacement detection by the PSI technique through n images collected on
the same area: R; is the sensor—to-target distance of the ith acquisitions, AR; is the variation with
respect to the previous image.

The detection of persistent scatterer candidates (PSCs) relies on three main methods,
based on the evaluation of the amplitude dispersion index D,, the phase stability and
the correlation methods that depend on the stability values of the phase and the coher-
ence of PSs in the dataset, respectively. The first method based on D, was proposed by
Ferretti et al. [14,15] and used to detect the PSs according to the analysis of the amplitude
values of the pixels in the time series. The calibrated amplitude stability is statistically
related to the phase stability, implying that if a scatterer has a large amplitude to dominate
the resolution cell, the clutter has limited influence on the phase. The amplitude dispersion
index D, can be written as [14,15]:

Oa
D, =—
Ha
where 0; and y, are the standard deviation and the mean of the backscattering intensity,
respectively. In this method, the phase information is not used for the PSC selection, solving
the problem of the phase unwrapping, the noise and the atmospheric contributions. These
factors can all affect the phase values and introduce errors. It has advantages in terms of
high efficiency, easier implementation and being suitable for detection of individual PS
points, all of which are useful in infrastructure monitoring. D, is calculated on a pixel-
by-pixel basis and tested against a threshold. Pixels with a value below the threshold are
selected as PSCs. To elaborate, a pixel with D, values below a pre-set threshold, generally
ranging from 0.25 to 0.4, can be selected as a suitable PS candidate [14]. Commonly, a
minimum number of 25-30 SAR images is required for the detection of PS points to ensure
statistical significance and quality of the PSs information.

Methods based on phase stability rely on the fact that a PS is a pixel characterised by a
stable backscattered value in terms of images collected at different times. Hence, the phase
stability can be considered as a criterion for the selection of the PSs. It can be used for this
selection according to the signal-to-clutter ratio (SCR) [74], when the average SCR value of
a pixel is higher than an assumed threshold. The SCR can be evaluated as [74,75]:

(4)

2
S
T'sc = 2 ®)
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where s is the amplitude and c is the clutter. Under the assumption of the same clutter
pertaining to the pixel and its surroundings, the SCR can be evaluated for each pixel
by calculating the phase standard deviation (¢g). The relation amongst pixels can be

written as: 1

V2rsc

In this method, a pixel is recognised as a PS when o is less than a defined threshold.
A main limitation of this method is related to the condition that if adjacent pixels contain
several point scatterers, the clutter may be overestimated, resulting in the rejection of
suitable PSCs [74]. In addition, considerable computation time is needed for the implemen-
tation of this method.

The last methods are based on indicators of correlation by calculating the values
of the interferometric coherence . This is an important indicator of suitability of the
data obtained by radar remote sensing systems. Since the backscatter of PSs is almost
consistent in the images collected at different times, a higher correlation for the PSs should
be maintained in interferometric pairs. If the correlation in a pixel is higher than a given
threshold, it can be considered as a PSC. The correlation coefficient 7y is estimated from the
pixel and its surroundings in a given window size, reducing the quantity of data in the
selection of PSs, and it is expressed as follows:

(6)
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where M and S are the local information sets of pixels on two SAR images of an interfero-
metric pair (Master and Slave) and * represents the complex conjugation operator. -y takes
values in the interval [0, 1]; values higher than 0.5 relate to good data correlation, whereas
values close to zero correspond to areas of high decorrelation, which are not suitable for in-
terferometric data processing. The calculation of the correlation coefficient depends on the
selection of the window size. A larger size of the windows may result in reduced reliability
of the number of PSs detected, whereas choosing windows of smaller size can reduce the
value of the correlation coefficient. In this context, PS methods based on D,, such as the
PS-InSAR technique [14,15], appear to be highly suitable for the monitoring of transport in-
frastructure in relation to the points density, the possibility of identifying individual stable
scatterers for the target structure and the relatively low computational load. Furthermore,
significant results have been obtained using other methods, amongst which the SBAS and
the TomoSAR methods have been successfully reported in the literature [76-78].

After the selection process of the pixels as PSCs, these are used in a combined spatial
and temporal analysis to estimate the atmospheric phase screen (APS). This is associated
with the atmospheric delay affecting the phase term for each interferogram. After removing
the contribution of APS from the interferograms, an estimate of the deformations and errors
in the DEM can be performed by examining both the temporal evolution and the geometric
baseline variation in each pixel. An overview of the PS-InSAR algorithm is given in [14,15].
This was the first algorithm implementing the persistent scatterer approach. The method
is suitable for analysing small areas at the same time, up to a maximum of 5 km x 5 km
dimensions. This is linked to the main assumption that the atmosphere can be modelled
effectively as a linear plane, meaning that several sub-areas can be processed to cover wider
areas. The method involves the following steps, as reported in Figure 7:

- co-registration and interferograms generation;

- removing the topography phase terms using an external DEM;

- identification of the PSC points from the SAR amplitude statistics by computation of
the Amplitude Dispersion Index (ADI);

- using the PS points to detect linear deformations and atmospheric effects;

- generating the APSs for each interferogram;
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- removing the atmospheric noise contribution from each interferogram;

- computing differential phase interferograms, identifying PS points through phase
statistics and coherence values;

- geocoding phase: converting the outputs in geographical coordinates and exporting
the outputs into other formats (e.g., kml, csv, shp), for further incorporation into a
GIS platform.

N SAR SLC IMAGES
+
+

AOI definition
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Master Selection ’ ;
subtraction
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Reference Digital
Elevation model (DEM) correlation factor
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Differential
Interferograms Location Time-serie
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Figure 7. Processing steps of the persistent scatterer interferometry analysis.
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The PSI technique allows measurement of the rate of deformation along the LOS of
the sensor, i.e., the direction connecting the sensor to the object, related to the incidence
angle of the SAR sensors (Figure 8). Several approaches have been presented to solve this
problem using the decomposition of the velocity vector combining SAR data collected in
different acquisition geometries, (i.e., ascending and descending) [79].
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Figure 8. Schematic overview of the processing steps of the PS technique.

5.2. Overview of the SAR Satellite Missions

A general overview of the main SAR satellite missions from 1992 to 2022 is reported
in Figure 9. Since 2007, the second generation of space-borne SAR missions, including
(i) the mission COSMO- SkyMed (CSK), developed by the Italian Space Agency (ASI) in
collaboration with the Italian Minister of Defence, (ii) the TerraSAR-X (TSX), developed
by the German Aerospace Centre (DLR), and (iii) the European satellites Sentinel-1A /B
(SNT) of the European Union’s Earth Observation Programme Copernicus, implemented
in partnership with the European Space Agency (ESA), provided a spatial resolution of
metres for the pixels and a temporal resolution of a few days (i.e., 12 days for SNT and up
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to 1 day for CSK). These new advancements increased the density of PSs extracted from
high-resolution SAR data up to five times compared to the first-generation SAR missions
with medium resolution, i.e., the RADARSAT-1 and the Envisat missions. The provision
of a very high spatial density, a wider coverage and the ability to detect deformations
with a millimetre-level accuracy, has driven the use of satellite remote sensing towards
the analysis of deformations in large infrastructure facilities, including bridges, roadways
and airport runways. Specifically, the MT-InSAR techniques have proven very effective in
infrastructure monitoring.
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Figure 9. Overview of the SAR satellite missions taking place from 1992 to 2022.

ASI’'s COSMO-SkyMed Mission: Overview and Current Status

COSMO-SkyMed represents the largest Italian investment in space Earth Observa-
tion (EO) systems and one of the most advanced constellations at the international level.
A general description of the architecture of the COSMO-SkyMed system is given in [80-82].
It is a satellite constellation owned by ASI (75%) and the Italian Ministry of Defense (25%).
It is designed for a dual purpose (i.e., civil and defense sectors) and is currently in its second
generation. The system was entirely developed and produced in Italy by Thales Alenia
Space Italy (TAS-I) as the prime contractor, with the support of Telespazio S.p.A. and Selex
Galileo [81,82]. The first generation of COSMO-SkyMed includes four satellites, launched in
the period between June 2007 and November 2010, from the Vandenberg base (USA). Each
satellite is equipped with a high-resolution multimode SAR sensor operating in X-band
(9.6 GHz) that can acquire images with very high-spatial resolution up to 1 m, and revisiting
times of days up to 12 h (i.e., in emergency cases). The system allows for high-quality
and millimetre-level accuracy required both for interferometric and monitoring activities,
which makes it ideal for the monitoring of transport assets. One of the key features of the
CSK SAR sensors is in the possibility of operating with different acquisition modes. The
first mode is the “Spotlight”, which allows for very high-spatial resolution (up to 1 m) by
concentrating the sensor on a relatively small area (10 x 10 km). The second mode is the
“Stripmap”, which is the most popular amongst researchers, for instance, regarding its
use in civil infrastructure investigations. This allows the acquisition of large areas (i.e., a
scale of 30 or 40 km) with a spatial resolution of up to 3 m. Lastly, the “Scansar” mode is
used for applications requiring a wide geographical coverage (swaths of 100 or 200 km)
with a larger spatial resolution (up to 30 m). The system is equipped with a Payload Data
Handling and Transmission (PDHT) for on-board storage and downlinking of SAR data.
The first-generation satellites, despite being designed to guarantee a useful lifespan of
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5 years, are currently still operational. CSK is one of the most used by both institutional and
commercial users, providing information for about 15 years in the monitoring of landslides
and critical infrastructure on a global scale. Following careful analyses, it was decided by
ASI to deorbit the CSK-3 satellite after more than 13 years of operation, with a de-orbiting
procedure beginning in May 2022. The second generation of COSMO-SkyMed (CSG) was
developed to ensure an operational continuity to the mission. It includes four additional
satellites, two of which were launched in December 2019 and February 2022 from Cape
Canaveral (USA). The new CSG satellites are equipped with a multimode SAR sensor
operating in X-band, with enhanced performance in terms of image quality and polarime-
try (quadruple), acquisition mode, platform agility and data transmission. CSG satellites
are positioned on the same orbital plane as the CSK satellites, with a 180° angle between
CSG1 and CSG2, at an angle of 45° from the respective CSK satellites. Figure 10 shows the
current orbital configuration of the COSMO-SkyMed satellites.

CsK1

Figure 10. CSK/CSG current orbital configuration.

The interferometric revisit time of each satellite is 16 days, exactly matching the repeat
cycle. The CSG1 and CSG2 satellites can perform interferometric acquisitions every 8 days,
since they are positioned at 180° from each other on the same orbit. In the Stripmap mode
it is also possible to carry out interferometric acquisitions between different CSK and CSG
satellites. Figure 11 shows a comparison of performance offered by the acquisition modes
between the first generation (CSK, in orange) and the second generation (CSG, in blue) of
COSMO-SkyMed.
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Figure 11. Comparison of SAR imaging types supported by CSK (orange)/CSG (blue), source ASI:
Italian Space Agency [80].
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Regarding the future of the CSK System, the construction program for the 3rd and 4th
satellites have recently been kicked off and these have been scheduled for launch in 2024 and
2025, respectively. A recent project will also provide the creation of the IRIDE constellation,
which will become the most important multi-sensor European Earth Observation satellite
space program at low altitude. This program is planned to be completed within the next five
years (2027). IRIDE involves the use of SAR sensors operating in X-band and the possibility
of an orbital choice, to be combined with the CSK/CSG constellation for interferometric
applications, with a higher revisit time frequency. The project has been funded through
the European funds of the Italian “Piano Nazionale di Ripresa e Resilienza (PNRR)” [83],
as part of an agreement between ASI, ESA and the Italian Ministry for Innovation and
Digital Transition (MITD). The constellation will also support civil protection and public
administration bodies to monitor the hydrogeological instability of the environment, coasts,
critical infrastructure, air quality and weather conditions.

5.3. Stand-Alone Applications of Satellite Remote Sensing for Infrastructure Monitoring

An overview of the most relevant PSI applications for the monitoring of transport
infrastructure is reported in this section. Four major infrastructure classes are reviewed
to cover the PSI applications, i.e., roadways, bridges, airports and railways, and the most
relevant have been reported. A summary of the main information from the reviewed
literature sources is reported in Table 2.

Table 2. PSI Applications: Stand-alone use of satellite technology for transport infrastructure monitoring.

R(?adways, Res.ear?h Innovation References

Highways Motivation
Integration of an automated PSI processing

Road network monitoring chain and GIS to extract vertical [84]
deformations in urban road networks
Sujbsu‘ilence PSI to extract LOS deformations from road
monitoring and . [85-90]
. . infrastructure assets
displacement mapping
Bridges

Extended PSI to extract linear and seasonal

components of bridge

deformations/comparison with levelling [91-98]
measurements/model thermal and

structural deformations

Health
monitoring

PSI to evaluate possible pre-failure bridge

Pre-failure assessment deformations [99-102]
Airport runways
Runway displacement mapping Displacement evaluation on runways [103-106]
Subsidence monitoring Geosta’qstlcal e.inaly51s on PSTand [107,108]
comparison with levelling data
Railways
Health Multi-geometry PSI to extract railway
. . . [109,110]
monitoring vertical /transversal deformations
Displacement Comparison between PSI-based railway [111]
monitoring LOS deformations and temperature data

5.3.1. Roadways

Linear infrastructure in rural environment contexts are amongst the most reflective
targets for SAR transmissions, triggering the formation of many PSs for the PSI analyses.
This implies that the PSI technique can be inherently effective in the monitoring of major
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pavement distresses (e.g., rutting, deformations and settlements) in roadways. Several
studies on the implementation of PSI for road infrastructure monitoring are reported in
the literature. This demonstrates the interest of the scientific community in applying PSI
techniques for the detection of damage and the identification of sections affected by sig-
nificant displacements. In [84], a DInSAR analysis implementing the PSI and the SBAS
approaches was carried out to detect displacements in the LOS of several urban motorways
in Rome, Italy, including Motorways Al, A12, A24, A90 and A91. Both Sentinel-1 and
COSMO-SkyMed SAR images were processed to detect PSs on the motorways and to
identify sections affected by high subsidence, and were classified based on the PSI results.
Xing et al. [85] implemented four widely used time-series deformation INSAR models
(i.e., the multi velocity model (MVM), the permanent velocity model (PVM), the seasonal
model (SM) and the cubic polynomial model (CPM) to measure the long-term ground
deformation after construction of a road embankment on a soft clay subgrade. The SBAS-
InSAR technique with TerraSAR-X satellite imagery was applied to generate the time series
deformation data on the studied highway. Levelling data were also used to validate the
experimental results, confirming that the INSAR method can reach a millimetre-level accu-
racy. Wasowski et al. [86] demonstrated the potential of the high-resolution PSI approach
“SPINUA” in assisting asset owners with the assessment of structural hazards. Examples of
PSI applied to monitor post-construction performance of engineering structures in Italy are
also presented, including case studies on buildings and on the motorway Florence-Livorno.
Karimzadeh et al. [87] implemented the SBAS InSAR technique for the detection of land
subsidence and pavement structural monitoring. A comparison between the International
Roughness Index (IRI) and the backscattering coefficient (dB) of CSK SAR images was
conducted, proving a slight correlation between these parameters. Results also showed
an urbanised area where buildings and 65 km of pavement sections are affected by the
risk of land subsidence. Furthermore, Ozden et al. [88] demonstrated through an InSAR
cost/benefit analysis that the use of SAR-based approaches can improve the effectiveness of
the overall monitoring system and reduce total costs involved. The authors conclude that
the PSI outcomes are viable indicators to predict the condition of road infrastructure assets.
More recently, Macchiarulo et al. [89] demonstrated the feasibility of a fully automated
GIS analysis of PSI time-series to detect critical PS points located on motorways at the
network level. A Sentinel-1 dataset from 2016 to 2019 was used to analyse the Los Angeles
highway and freeway network, whereas historical ERS/Envisat datasets (from 1992 and
2010), COSMO-SkyMed datasets (from 2008 to 2014) and Sentinel-1 datasets (from 2014 to
2020) were utilised to analyse the Italian motorway network. In general, these studies
demonstrate that the PSI technique can be an effective monitoring tool for roadways and
highways. It has been noticed that if the PSs density is not high, or if stable reflectors are
not recognised on the road asset even with high-resolution data, the MT-InSAR results
could still be used by asset managers to prioritise assets in case ground-based monitoring
systems are installed. This application is currently under development, and several new
processing techniques, such as the Quasi-PS technique [72] or the distributed scatterers,
have proven effective to detect partially coherent PS points. The installation of corner re-
flectors, or artificial persistent scatterers, is an alternative solution to tackle this problem in
infrastructure with a scarcity of PSs [91]. Corner reflectors are cheaper to utilise than on-site
and ground-based monitoring equipment, and they can be installed in strategic sections of
the structure to produce effective reflections. This allows more efficient recognition of these
targets as PSs during the processing phases.

5.3.2. Bridges

In the last few years, research has been produced regarding the monitoring of bridges
with satellite remote sensing techniques and the investigation of the surrounding environ-
ment. Amongst the most recent applications, great interest has been paid to the monitoring
of historical bridges and cultural heritage sites. It is known that vertical and horizontal dis-
placements at the piers of bridges may seriously compromise their structural stability. This
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occurrence is generally related to geodynamic (e.g., the sliding of the slope) or geotechnical
factors (e.g., oedometric subsidence at the piles). The application of the PSI technique, and
in general, the SAR-based processing methods, has been successful in reference to the eval-
uation of the structural components of bridges. To elaborate, the linear deformation trend,
the height of the structure over the terrain, and the thermal expansion have been proven to
create variations in the SAR phase [92,93]. Several successful applications can demonstrate
the viability of using MT-InSAR techniques on bridge infrastructure and the possibility of
detecting displacements and accelerations. More specifically, the MT-InSAR has been used
to reconstruct the thermal expansion of reinforced concrete or truss bridges, as reported in
Table 2 [92-96]. A further area of investigation is related to the integration of MT-InSAR
deformation outputs into 3D finite element models of the inspected bridge [97,98]. Research
works have used historical SAR images to monitor bridge displacements over long periods
of observation by assessing their structural stability or predicting collapse conditions in
complex scenarios [99,100]. To this purpose, relevant case studies have been analysed,
including the collapse of the “Morandi Bridge” in Genova, Italy, which involved 43 victims.
Milillo et al. [101] present a study conducted after the bridge collapse, using a dataset of
SAR images acquired by the Sentinel-1 (C-Band), the COSMO-SkyMed (X-Band) and the
ENVISAT missions. A non-conventional PSI approach was here implemented that located
several reference points, in one of the bridge decks and detected several down-lifting
PS points. For these points, an increased velocity of deformation was observed in the
investigated time frame before the structural collapse. The COSMO-SkyMed dataset in
the time frame March 2017-August 2018 revealed an increased deformation magnitude of
several PSs located near the strands of the deck next to the collapsed pier. Lanari et al. [102]
published a subsequent comment article in response to the study by Milillo et al. [101]
where the same SAR dataset was processed with the SBAS and the TOMOSAR techniques.
No critical PSs affected by down-lifting displacements were detected over the bridge. The
authors excluded the possibility of predicting rapid movements, and hence, of predicting
the collapse of the Morandi bridge by MT-InSAR.

In general, these studies demonstrate an overall good interest of the scientific com-
munity for these areas of application and the need to implement additional research in
complex scenarios. This includes the possibility of using data from other SAR missions to
improve the temporal frequency of the datasets. MT-InSAR techniques have gained mo-
mentum and are becoming more consolidated, as their real-life applicability has also been
demonstrated against on-site levelling and GPS measurements. Hence, satellite remote
sensing monitoring has gained consideration as one of the most promising techniques for
the systematic monitoring of transportation assets. An integrated use of remote sensing and
on-site sensors (e.g., accelerometers, GPR, UAVs, laser scanners and optical fibres) can also
support the use of this technology in monitoring activities as well as in the interpretation
of the results.

5.3.3. Airports

This section reports an overview of research about the use of PSI techniques in airport
monitoring, with a focus on runways and their surrounding areas. Jiang et al. [103] present a
case study on the deformation monitoring and the analysis of the geological environment at
the Shanghai Pudong International Airport, China. A qualitative spatial-temporal analysis
of the ground deformations found a correlation between the INSAR measurements and the
variations observed in the geological environment. This was achieved by implementing
a multi-temporal InSAR approach to identify several down-lifting displacement areas.
Jiang et al. [104] present an integrated analysis of SAR interferometric and geological data
for the investigation of long-term reclamation settlements at the Chek Lap Kok Airport,
Hong Kong. Relying on a dataset of ascending and descending images acquired by the
ENVISAT ASAR mission and a sparse levelling campaign, the authors could effectively link
the deformation trend observed in the areas of the airport to the geotechnical properties of
the soils, with a special focus on the area reclaimed by the sea. The same settlement was
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examined by Wu et al. [105] through an extensive InNSAR analysis covering two decades
of observations. The authors merged information from various multi-temporal datasets
of different sources (i.e., ERS-2, ENVISAT ASAR, COSMO-SkyMed and Sentinel-1A). The
outcomes were compared to the data collected using GNSS stations located in the airport
area as well as to available geological data. The scope was to monitor the ground settlements
following a sea reclamation land from construction of the Xiamen New Airport, China.
The study reports significant information for airport land reclamation design purposes
and the next stages of the construction process. Gao et al. [106] present research on the
monitoring of the Beijing Capital International Airport, China, which is affected by severe
down-lifting deformations. The authors demonstrate that the observed settlements were
related to the variation of the groundwater levels. In general, existing research has widely
proven the effectiveness of the INSAR analyses for the interpretation of geological and
geotechnical features in areas of interest for the airports [107,108]. These studies also clearly
demonstrate the reliability of the INSAR technique in reconstructing the actual vertical
displacements, with very limited differences across the adopted frequency band and the
acquisition geometry, given the quasi-vertical principal direction of the deformations.

5.3.4. Railways

Railway systems consist of interconnected infrastructure, including bridges and tun-
nels, where individual elements not working at full capacity across their service life can
affect the functionality of the entire system. The use of MT-InSAR methods has increased
in the last few years due to their ability to collect information with a millimetre-level
accuracy. Successful applications of the PSI technique in railway monitoring are reported
in Table 2. Amongst the most significant studies in this area, Chang et al. [109] proposed a
probabilistic method for INSAR time series post-processing to efficiently analyse the data
and detect railway structural instabilities. The proposed approach was validated on the
entire railway network of the Netherlands, using 213 Radarsat-2 acquisitions between
2010 and 2015. More than 3000 km of railway sections were analysed, leading to the first
satellite-based nationwide application for railway monitoring. Luo et al. [110] conducted
a high-resolution MT-InSAR survey to monitor the Jingjin Inter-City Railway, in Tianjin
(China), and validated their results with levelling measurements of high spatial /temporal
density. The outcomes show a high correlation between the measurements collected with
the two different methods. A total of 37 TerraSAR-X images covering a 6-month period
were processed by the MT-InSAR analysis. The distance between two consecutive levelling
points was 60 m along the railway, with these data being collected every month from
August 2009 to January 2011. The Root Mean Square Error (RMSE) index resulting from
the comparison between the average subsidence velocity of motion, detected by MT-InSAR
and levelling surveys, was 3.28 mm/yr, with 34 points. Furthermore, the RMSE index from
the displacements by MT-InSAR and levelling was relatively low, i.e., 2.90 mm for 464 valid
observations. These analyses show that a millimetre-level accuracy can be achieved though
the MT-InSAR analysis when monitoring subsidence on a high-speed railway.

Qin X. et al. [111] developed an improved persistent scatterer INSAR approach capable
of retrieving and monitoring the thermal expansion effects in railways with an increased
number of point-like targets (PTs). Velocity of subsidence, gradient and thermal dilation
were implemented to identify the hazard risk associated with three railways selected as
case studies. The proposed strategy combines the SAR amplitude, the interferometric phase
and the spatial information of railway structures to maximise the number of PTs. The
approach was validated using ENVISAT ASAR and TerraSAR-X (TSX) data.

It is important to emphasise that maintenance of railway bridges and their structural
components, such as piers and shoulders, and the monitoring of their static and dynamic
response are crucial tasks. Hence, the function of detecting differential deformations
along the tracks makes the PSI methods very effective for safety and structural stability
monitoring of infrastructure.
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6. New Paradigms in Transport Infrastructure Monitoring: Combined Applications
and Data Integration Studies of Satellite Remote Sensing and NDTs

The PSI technique can measure deformations at the location of the PSs. Hence, his-
torically, their use has not been suitable for areas with high temporal decorrelation, e.g.,
vegetated areas or areas subject to rapid urbanisation [14,15]. These areas are characterised
by the absence of stable points or reference infrastructure. Novel approaches (i.e., the
distributed scatterers) can solve these problems in complex scenarios [71,72]. Another
focus point is related to the medium-resolution associated with the frequency of the SAR
sensors, which can make it difficult to allocate the PS to the actual object on the ground
surface, or to the relevant structural element, especially in urbanised areas. Furthermore,
the analysis of medium-resolution SAR data is crucial for the systematic monitoring of
infrastructure at the network level as well as for territorial analyses. When anomalies are
detected, a more detailed PSI analysis based on high-resolution SAR products (i.e., CSK)
can be achieved over smaller areas and/or complemented with on-site inspections. Lastly,
the PSI method can be subject to processing errors, mainly when selected reference points,
which are assumed as stable, are subject to local movements. Currently, these issues still
limit the stand-alone use of MT-InSAR methods as a routine asset management tool for
the detection of deformations in transport structures. Hence, the synergistic use of PSI
techniques with complementary ground-based NDT methods stands as the most viable
and up-to-date solution to cover these gaps.

The use of ground-based NDT methods for the assessment of transport infrastructure
has increased significantly in the past few decades. Several applications and case studies
carried out by means of indirect non-invasive technologies have been successfully pre-
sented in the literature, proving their contribution to enhancing the productivity of asset
monitoring activities. Research advances on the use of ground-based NDT methods have
been reported in many areas of transportation and pavement engineering, including appli-
cations on highways [112], railways [113,114] and airfields [115,116]. A wide availability of
multi-source, multi-scale and multi-temporal information on infrastructure conditions, as
well as the advancement of hardware and software technologies, have created new opportu-
nities for further expansion in the application of NDT methods. The information produced
lends itself to incorporation into existing infrastructure management models [117]. Relying
on established design and verification guides [118,119], the rationale is to exploit the higher
productivity of the ground-based NDT techniques and use the outcomes for incorporation
into existing models for network infrastructure asset management. Within this context, it
is observed that compliance to increasingly challenging budget and environmental goals
is moving the research focus towards the development of more advanced, rapid and re-
liable NDT methods for pavement assessment. Efforts are being spent on the provision
of continuous and faster measurements to replace existing non-destructive technologies
based on discrete methods of data collection [120]. This is undoubtedly related to the
higher requirements for the frequency of testing in certain types of infrastructure (e.g.,
railways and airfields) as well as to the inherent configuration of linear transport structures,
where stop-and-go operations and partial or full-service interruption (e.g., lane closures)
can dramatically affect their functionality and operability. New paradigms based on the
use of non-destructive technologies have been therefore introduced, and other existing
NDTs have been integrated in attempts to overcome resolution and data collection time
limitations [13,113] and to exploit their full potential. The following paragraphs report
an overview of studies and applications within the context of the use of INSAR and other
NDTs techniques in infrastructure engineering, sorted by infrastructure type, i.e., roads,
railways, airfields and bridges.

Research has confirmed the very high suitability of the INSAR techniques in detecting
displacements for highways, motorways and road intersections, reaching a millimetre-level
accuracy in the measurements. These applications have proven that, despite the abundant
availability of PSs in urban areas, it could be challenging to associate the information
with the concerned structural element, especially when medium-resolution SAR data (e.g.,
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Measurement Date

C-band) are utilised. This issue has been overcome by using last-generation SAR data
acquired in X-band [121], where a pixel resolution up to 1 m can be reached. In this
context, Alani et al. [122] conducted an experimental activity on the Aylesford area in
Kent, UK, where a novel “integrated” holistic health monitoring approach—including the
GPR and InSAR techniques—was proposed. The processing of COSMO-SkyMed Stripmap
products demonstrated the high suitability of the PSI technique for road applications. More
specifically, the analysis allowed the identification of several coherent PS points across
various roads, bridges and buildings in the investigated area. The analysis was completed
by GPR investigations providing structural details of the subsurface (i.e., the pavement
structure of a river bridge). The approach enabled a clear mapping of the main subsurface
structural features (GPR) in addition to producing long-term information on the behaviour
of structures and infrastructure involved in this investigation (InSAR).

Similarly to roads, railways are generally recognised as stable scatterers and good
infrastructure targets for INSAR monitoring. Detected ground displacements are caused by
a variety of factors that may be linked to the subsurface. In this regard, GPR technology
lends itself to incorporation into InNSAR investigations of railway infrastructure. In [17], the
authors investigated a railway located in Puglia, Italy, using the satellite remote sensing
PSI technique and the GPR technology, which was mounted on inspection trains. The PSI
analysis allowed identification of critical sections through the detection of PSs affected by
subsidence in the examined railway area (Figure 12). Both medium-resolution (C-band)
and high-resolution (X-band) satellite data were used for the purpose. An in-depth analysis
of the GPR radargrams enabled the association of areas affected by high attenuation of the
signal with the critical sections identified by the InNSAR analyses (Figure 12).
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dataset

i

| |
Application of MT-InSAR ‘
techniques

‘ Topographic analysis in-situ

Detection of spots
subjected to subsidence

‘ Analysis on the critical ‘
spots

Data Fusion: Integrated
Interpretation

Near real-time monitoring of
Transport infrastructures

Sub-ballast/subgrade interface
«—» Attenuation

Figure 12. Integrated monitoring of railways through InSAR and GPR technologies, modified
from [17]. GPR B-scan data collected at 0-100 m, 100-200 m and 200-300 m railway sections, showing
signal attenuation (dashed orange boxes) at the subsidence sections detected by INSAR (PSs in red).

To elaborate, the authors observed weak reflections at the interface between the sub-
ballast layer and the subgrade, showing discontinuous patterns in the radargrams. This
was likely related to fouling and clay intrusion at the ballast-foundation level. With similar
scopes and approaches, Tosti et al. [123] monitored a railway section affected by subsidence.
A clear match was found between areas with displacements and areas affected by potential
fouling through InSAR and GPR techniques, respectively. Sections with high attenuation
of the GPR signal at the foundation level were found to match with sections where the
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highest subsidence was observed through the InNSAR analyses. In general, these studies
have proven the effectiveness of integrating satellite and ground-based information for
structural health monitoring of railways. In the same study area, D’Amico et al. [124] used
InSAR and GPR technologies for monitoring the rail-abutment transition area in a railway
truss bridge overpassing a motorway. GPR was utilised to collect subsurface structural
details of the railway superstructure/substructure, including ordinary rail sections before
and after the bridge section. Outcomes from the GPR surveys excluded any potential
construction-related issue. A section of the railway at one of the approaches was found to
be affected by the high reflectivity of the signal at the ballast-foundation level. This section
matched with an area of subsidence clearly identified by the PS-InSAR analysis carried out
over the entire railway section in this study. By combining the information from GPR and
InSAR, the authors concluded that inadequate compaction of the ballasted layers could
have been the main cause of differential displacements at the rail abutment transition area.

Amongst the most recent applications conducted on airports, Gagliardi et al. [108]
presented a study carried out on Runway n. 3 at the Leonardo Da Vinci International
Airport in Fiumicino, Rome, Italy. Two different SAR datasets were processed, including
(i) Sentinel-1 (C-band) data in both the acquisition geometries (i.e., ascending and de-
scending), and (ii) COSMO-SkyMed (X-band) data. Furthermore, measurements were also
compared with those collected on the runway using the ground-based levelling technique.
The SAR datasets covered a time frame from April 2017 to December 2019. The aim of
the study was to test and investigate the viability of using medium-resolution SAR inter-
ferometry data in monitoring ground displacements on runways at the millimetre scale,
in a complex scenario affected by a well-known subsidence of different severity affecting
the runway. A geostatistical analysis was developed to (i) study the statistical variabil-
ity of the datasets, (ii) interpolate the Sentinel-1 data through an ordinary kriging (OK)
method and (iii) compare the interpolated displacements to the values collected on-site by
topographic levelling. Figure 13 shows the main outcomes from the use of ground-based
topographic levelling data and satellite remote sensing data on the runway. A comparison
between the PSI outcomes from the Sentinel-1A SAR data interpolated through OK and
the ground-truth topographic levelling data demonstrated a relatively high accuracy of
the medium-resolution data. This was proven by the high values of the correlation coeffi-
cient (r = 0.94) and the multiple R-squared coefficient (R? = 0.88) comparing levelling and
SAR data [125].

Topographic Levelling Topographic Levelling
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Figure 13. Integrated monitoring of runways through Sentinel-1 SAR products processed by MT-
InSAR and interpolated by geostatistical methods and levelling, modified from [108]. Displacement
velocity trends of the Sentinel-1 PSI data interpolated by a Kriging geostatistical approach (red cross
markers) and longitudinal survey profiles (a—e) by topographic levelling (blue squared markers);
(f) scatter plot of the interpolated Sentinel-1 and levelling deformations, with regression line.
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In [125], an InSAR investigation was conducted into the differential settlements at one
of the runways at the Fiumicino International Airport in Rome, Italy. Several COSMO-
SkyMed X-band SAR images were processed by means of the PS-InNSAR approach, high-
lighting the presence of vertical displacements. These were compared to the outputs from a
dense levelling campaign conducted over four years. The accuracy of the results confirmed
that PSI analyses of high-frequency images are very effective in reconstructing vertical
deformations in airfield runways.

Bridge monitoring is a further area of investigation where the integrated approach has
proven effective. Literature shows increasing research for use of ground-based NDTs, espe-
cially GPR, as fundamental investigation tools in bridge diagnostics [126,127]. Although the
above methodologies can collect reliable information, a fully comprehensive and routine
diagnostics of the bridge conditions cannot be achieved if these techniques are utilised indi-
vidually. To this end, the integration of multi-source, multi-temporal and multi-resolution
datasets is a challenge and an area of further research development. Research in [128]
explored how InSAR datasets can be combined with traditional measurement techniques
including automated total stations and sensors installed on the Waterloo Bridge, a 434-m
long concrete bridge carrying the A301 across the River Thames in London, UK. A novel
approach to InNSAR bridge monitoring was adopted by the installation of corner reflectors
at key points of structural interest on the bridge, to supplement the bridge’s own reflection
characteristics and ensure that the INSAR measurements could be directly compared and
combined with measurements collected on site. A strategy to combine and interpret various
data from multiple sources was presented, outlining the practical applications of this data
analysis to support wider monitoring strategies. In [129,130], the viability of using X-band
SAR imagery for effective monitoring of historical bridges was investigated. A dataset
of X-band data, acquired by ASI in the framework of the COSMO-SkyMed mission, was
processed for the monitoring of the Rochester Bridge, UK. In [130], a clustering technique
based on the data semantic of the PSs observed in the bridge area allowed the allocation
of relevant information to individual structural elements of the bridge, such as piers and
arcs. To quantitatively evaluate the PSI results, the profile of the spatial distributions of
the average deformation velocity (mm/yr) related to the PSs on the road bridge along the
longitudinal axis was investigated [130]. Overall, a range of variation of a few millimetres
for the observed displacements was noticed across maximum and minimum values. No
critical areas or significant subsidence were detected for the relevant PS data clusters. The
aforementioned studies clearly show a growing interest in the application of integrated
approaches to assess the health and internal condition of transport structures, paving the
way for further investigations and research studies.

7. Advances, Benefits and Challenges for Network-Level Infrastructure Monitoring
with Satellite Remote Sensing and NDTs

It is well recognised that decay and ageing exacerbate the costs of maintenance. Asset
owners allocate considerable funding to road infrastructure, rail maintenance and repairing
operations to ensure structural integrity and proper serviceability of the network system. It
is therefore important to monitor the infrastructure and its individual structural elements
(e.g., superstructures, piers, decks) with effective solutions and technologies. This allows
the maintenance of high standards for the structures’” mechanical responses, resistance to
fatigue loads and resistance to geohazard events (e.g., earthquakes and sudden subsidence),
all of which can affect the integrity of infrastructure assets.

The main concept of an integrated health monitoring model is reported in Figure 14.
This is representative of a synergistic analysis of outputs from satellite remote sensing and
NDT technologies. This integrated approach relies on information available from asset
owners’ databases, made up of geographical asset location, as-built information of identified
infrastructure network elements. The main novelties are related to the implementation of
data from historical monitoring and maintenance interventions, which can be used as a
starting point to reconstruct historical series from the monitoring of the target infrastructure.
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Accordingly, the model is characterised by two synchronised routine monitoring stages
by two levels of data coverage, i.e., the local level for the use of NDTs and the network
level for the implementation of satellite remote sensing techniques. Where critical sections
are identified, local inspections can be carried out with dedicated NDT techniques. This is
intended to build up a more comprehensive information system on the type and scale of
the developing distress at the identified sections. The information obtained at this stage
forms the basis of prediction models for the evaluation of stresses and anomalies. These
models can support assessment of whether maintenance or rehabilitation is required and
of the priority level to be assigned to the identified intervention. Sections not labelled with
any critical occurrence are subject to new screening phases at predetermined time intervals.
The main aim of this phase is to assess any potential distress in the infrastructure in terms
of the extent of the degradation (e.g., portion of the asset affected by low bearing capacity
of the subgrades), causes (e.g., the presence of fine materials in the subbase courses) and
effects (e.g., low-stiffness sections observed by deflection tests) that cannot be detected by
satellite remote sensing.
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Figure 14. Flowchart of the proposed integrated health monitoring model for transport infrastructure
management.

The sources of damage can be effectively identified by GPR as potential causes for
the displacements detected by MT-InSAR. In general, the integration of satellite remote
sensing and ground-based techniques into data-integration and data-fusion algorithms
stands as a challenging topic for further investigation in the systematic monitoring of
infrastructure assets.

8. Conclusions, Challenges and Future Perspectives

This paper reviews new developments and applications of satellite remote sensing
and ground-based non-destructive testing (NDT) methods in transport infrastructure mon-
itoring. Special focus is given to the integration between these two areas of technology and
their most recent applications in the field. Overall, it is observed that excellent progress
has been made in terms of the provision of high standards of data quality and accuracy.
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However, a stand-alone use of these technologies is naturally constrained by physical
(e.g., limitations in terms of nominal data resolutions of the equipment) and productivity
(e.g., limitations in terms of land coverage or data acquisition pace) factors, which poses an
issue on how to enhance their applicability in the sector. The concept of “technology and
data integration” is one of the options in answering this fundamental research question. In
this regard, it has emerged that new research has been carried out on combined applications
and data integration studies involving satellite remote sensing and ground-based NDT
methods across all the transport infrastructure modes (highways, railways and airfields).
Furthermore, historical bridges have been a focus of recent research involving these two
areas of technology. At present, ground-penetrating radar (GPR) stands as a popular tech-
nology for integration with Interferometric Synthetic Aperture Radar (InSAR) techniques.
This is due to the possibility of collecting data on the subsurface features and providing a
more comprehensive diagnostics of the causes of ground displacements. On the other hand,
the concept of integration triggers some challenges that can be summarised as follows.

e  Existing permanent scatterer (PS) approaches have proven to work effectively. How-
ever, there are limitations in terms of target accuracy that can limit their applicability
in certain areas of transport engineering.

e  The variety of techniques available as well as the differences in the physics and working
principles of the inspection equipment make it complex to identify the actual gaps in the
quality and type of information provided. A clear matching between these gaps and the
actual needs in transport infrastructure monitoring is still a point of debate.

e  Although several NDT methods have gained official recognition as fundamental
tools for integration in infrastructure management systems (IMSs), it is observed that
satellite remote sensing techniques have not yet entered that stage. At present, this
condition could stand as a limitation for any potential development based on the
integration between these two areas of technology.

The above challenges could be also looked at as prospective points of research devel-
opment, as follows:

e To investigate more deeply into the development of new potential SAR analysis
methods using innovative permanent scatterer (PS) approaches (e.g., non-linear dis-
placement models, integrated persistent scatterers interferometry (PSI) -small baseline
subset (SBAS) approaches and distributed scatterers (DS) methods).

e  To orient research towards filling the gaps left by the stand-alone use of individual
technologies, promoting their integration. A comprehensive theoretical and practical
knowledge of these techniques as well as of the actual needs of several transport
infrastructure sectors is essential to identify the right direction. It is the authors’
opinion that the implementation of advanced machine learning and deep neural
networks (DNN) algorithms can support this process.

e Toinvest in the development of more advanced IMSs with the capacity and resources to
integrate satellite remote sensing and ground-based technologies at the network level.
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