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Abstract— High temporal frequency monitoring of transport 
infrastructures is crucial for implementing effective 
maintenance prioritisation strategies and prevent major 
failures. To this extent, ground-based non-destructive testing 
(NDT) methods have been successfully applied for decades, 
reaching very high standards of data quality and accuracy. 
However, routine and systematic campaigns are required over 
relatively long inspection times for data collection and 
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 displacements of transport 
infrastructures (roads, railways and airfields), with a much 
higher temporal frequency of investigation and wider inspection 
catchment areas. Nevertheless, the integration of information 
from i) satellite remote sensing and ii) ground-based NDT 
methods is still an area to be explored in civil engineering. 
Within this framework, this paper aims to review significant 
stand-alone applications in these two areas of technology for 
transport infrastructure monitoring. Furthermore, recent 
advances, main challenges and future perspectives arising from 
their integration are discussed. Contents of this paper are 
organised within the context of an invited keynote talk given at 
the 2021 IEEE Asia-Pacific Conference on Geoscience, 
Electronics and Remote Sensing (AGERS – 2021). 

Keywords—satellite remote sensing, ground-based non-
destructive testing (NDT) methods, transport infrastructure 
monitoring, Multi-Temporal Interferometric Synthetic 
Aperture Radar (MT-InSAR), data and systems integration 

I. INTRODUCTION 
Continuous monitoring of transport infrastructures, such 

as railways, roads and bridges, is a priority for asset owners 
and administrators to ensure structural stability, operational 
safety and preventing damage and deterioration - leading to 
expensive rehabilitation, or failures and collapses [1]. 
Currently, several ground-based non-destructive testing 
(NDT) technologies and sensors are available for subsidence 
monitoring and displacement mapping. Amongst others, 
accelerometers [2], strain gauges [3], Global Position System 
(GPS) [4], levelling [5], Ground Penetrating Radar (GPR), 
Infrared Thermography (IRT) [6-10] and terrestrial Synthetic 

Aperture Radar (SAR) Interferometry [11], are acknowledged 
as effective technologies for infrastructure monitoring. 

However, on-site surveys are costly and challenging to 
implement at the network level, causing economic and 
administrative budget constraints. To overcome this 
limitation, several advanced satellite-based remote sensing 
techniques, i.e., the Persistent Scatterers Interferometry (PSI), 
among which the PS-InSAR [12] and the Small BAseline 
Subset (SBAS) [13], have gained momentum in the past two 
decades for the monitoring of transport assets and the 
investigation of the surrounding environment. 

In the last few years, several successful applications have 
proven the viability of using satellite-based remote sensing 
techniques for infrastructure monitoring purposes [14]. In 
addition to this, a wide land coverage and the possibility to 
collect data with a high temporal frequency have encouraged 
the use of this technology in combination with other 
monitoring techniques. In this context, the concept of data 
integration stands as a future challenge in research [15]. To 
elaborate, new studies have recently emerged with the aim to 
define novel methods for integration of information collected 
with different technologies, involving datasets of different 
spatial and temporal resolutions. A main advantage of these 
integrated approaches is in the provision of additional levels 
of information, which are not available from a stand-alone use 
of individual technologies [16]. This paper is organised as 
follows: the Introduction given in Section I is followed by an 
overview of significant stand-alone applications of satellite 
remote sensing and ground-based NDT methods (Section II). 
Section III reports recent studies into the combined 
application and data integration between the above two 
methods in transport infrastructure monitoring (roads, 
railways, airfields and historical bridges). Conclusions, 
challenges and future perspectives are discussed in Section IV. 

II. STAND-ALONE SATELLITE AND GROUND-BASED 
TECHNOLOGY APPLICATIONS IN TRANSPORT 

INFRASTRUCTURE MONITORING 

A. Satellite Remote Sensing Techniques 
In the last 20 years, several processing techniques have 

been proposed for displacement mapping from SAR imaging 



and, amongst the most acknowledged, is the Permanent 
Scatterers InSAR (PSI), i.e., a multi-temporal SAR approach. 
[12]. The working framework of this technique is based on a 
statistical analysis of the signals emitted by the on-satellite 
sensor and back-scattered by a network of coherent targets on 
the ground, i.e., the Permanent Scatterers (PSs). This 
approach allows to estimate the displacements occurred 
across different acquisitions by a separation between the 
phase shift - related to the ground motions - and the phase 
components due to the atmosphere, the topography and the 
signal noise contributions [12,17]. An advantage of this 
technique is the relatively lighter data-processing required for 
the assessment of displacements and the detection of critical 
areas, as opposed to the higher computational load needed 
with other approaches.  

In the last decade, the PSI technique has proven effective 
in land monitoring applications, such as landslide surveillance 
[18, 19], pre- and post-seismic evaluations [20,21] and urban 
subsidence detection [22,23]. With regard to the monitoring 
of transport infrastructures, recent research on emerging 
applications of the PSI technique is summarised below:  

 Pavement distress assessment. Linear infrastructures 
in rural environment contexts are amongst the most 
reflective targets in terms of SAR transmissions, 
triggering the formation of many PSs for a PSI 
analysis. This implies that the PSI technique can be 
inherently effective in the monitoring of major 
pavement distresses (e.g., rutting, deformations and 
settlements), e.g., in highway [24] and airport 
infrastructures [25]. 

 Bridge monitoring. It is known that vertical and 
horizontal displacements at the piers of bridges may 
seriously compromise their structural stability. This 
occurrence is generally related to geodynamic (e.g., the 
sliding of the slope) or geotechnical issues (e.g., 
oedometric subsidence at the piles). The application of 
the PSI technique and, in general, the SAR-based 
processing techniques, was successful with the 
evaluation of three major features in bridge 
monitoring. To elaborate, the linear deformation trend, 
the height of the structure over terrain, and the thermal 
expansion were proven to create variations in the SAR 
phase [26,27]. 

 Assessment of tunnelling-induced subsidence. The 
effects of tunnel excavations on the geotechnical 
stability of contextual areas are well-known. Overall, 
formation of vertical settlements is first observed at the 
tunnel construction stage, followed by an increased 
stability of the concerning area compared to the 
surrounding, once the structure is built. An accurate 
assessment of these two major stages is crucial for 
predicting any potential future subsidence expected on 
nearby buildings and infrastructures. To this purpose, 
successful research on the application of the PSI 
technique has been reported [28,29]. In particular, 
multi-temporal SAR analyses have allowed to monitor 
the entire construction process, and predict the stability 
of the investigated area to ground settlements. 

Research in stand-alone use of the PSI technique for 
transport infrastructure monitoring – sorted by infrastructure 
type – is reported in Table I.  

TABLE I.  PSI APPLICATIONS (STAND-ALONE USE OF SATELLITE 
TECHNOLOGY) FOR TRANSPORT INFRASTRUCTURE MONITORING 

Infrastructure Type  
 

References  
 

Highways and tunnels 
 [24,28,29] 

Railways [30-32] 

Airfields [25,33]  
Viaducts and Historical 

bridges [34-38] 

B. Ground-Based Non-Destructive Testing Methods 
The use of ground-based NDT methods for the assessment 

of transport infrastructures has tremendously spread in the last 
decades. Several applications and case studies carried out by 
means of indirect non-invasive technologies have been 
successfully presented in the literature, proving their 
contribution to enhance the productivity of asset monitoring 
activities. To this effect, research advances on the use of NDT 
methods have been reported in many areas of transportation 
and pavement engineering [39,40], including applications on 
highways [41,42], railways [43,44] and airfields [45,46]. 

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 
contributed to create new opportunities for further expansion 
in the application of NDT methods. The information produced 
lends itself to be incorporated into existing infrastructure 
management models [47,48]. Relying on established design 
and verification guides [49,50], 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 reliable NDT methods for pavement 
assessment purposes. 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 [51]. This is undoubtedly related to the higher 
testing frequency requirements for certain types of 
infrastructure (e.g., railways and airfields) as well as to the 
inherent configuration of linear transport infrastructures, 
where stop-and-go operations and partial or full-service 
interruption (e.g., lane closures) can dramatically affect the 
infrastructure functionality and operability. New paradigms 
based on the use of non-destructive technologies have been 
introduced [44,52,53] and other existing NDTs have been 
integrated in an attempt to sort out resolution and data 
collection time limitations [40,51], and exploit their full 
potential. 

III. SATELLITE REMOTE SENSING AND GROUND-BASED NON-
DESTRUCTIVE TESTING METHODS IN TRANSPORT 

INFRASTRUCTURE MONITORING: COMBINED APPLICATIONS 
AND DATA INTEGRATION STUDIES 

Based on the discussed research focus about the 
integration between satellite remote sensing and ground-
based NDT methods, the following sections report an 
overview of research and applications sorted by infrastructure 
type, i.e., roads, railways, airfields, bridges and tunnels. 

 



A. Roads 
Roads are excellent targets for InSAR monitoring. 

Research has confirmed a very high suitability of this 
technique in detecting displacements for highways, 
motorways and road intersections, reaching a millimetre 
accuracy of measurements. However, these applications have 
proven that, despite of a large availability of PSs in urban 
areas, it could be difficult to allocate the information to the 
concerning structural element, especially in case medium-
resolution SAR data (e.g., C-band) are utilised. 

This issue has been overcome by using last-generation 
SAR data acquired in X-band [54], where a pixel resolution 
up to 1 m can be reached. This is the case of the Spotlight 
images from the COSMO-SkyMed mission of the Italian 
Space Agency (ASI), with a resolution up to 0.5 and 1 m (i.e., 
for the Spotlight a, b), and the Stripmap SAR images with a 
resolution of 3×3 m.  

In this context, an experimental activity was conducted 
over the Aylesford area, in Kent, UK, where a novel 
“integrated” holistic health monitoring approach - including 
the Ground Penetrating Radar (GPR) and the Interferometric 
Synthetic Aperture Radar (InSAR) techniques - is proposed. 
The processing of COSMO-SkyMed Stripmap products 
demonstrated a high-suitability of the PSI technique for 
application to roads [55].  

More specifically, the analysis allowed to identify several 
coherent PS points across various roads, bridges and buildings 
in the investigated area. 

The analysis was completed by GPR investigations (Fig. 
2) providing structural details of the subsurface (e.g., the 
pavement structure of a river bridge) [55,56]. The presented 
approach allowed to have a clear mapping of the main 
subsurface structural features (GPR) in addition to long-term 
information about the behaviour of structures and 
infrastructures involved in this investigation (InSAR). 

 
Fig. 1. PSI application: a) PSI results over the Area of Interest displayed 
in relation to the average trend of velocity (green points are stable scatterers). 

 

 
Fig. 2. Surface reinstatement identified on the Aylesford Bridge 
pavement a) a C-scan (5 cm deep) and b) a B-scan view [56]. 

B. Railways 
Similar to roads, railways are excellent scatterers for 

InSAR analyses. Detected ground displacements are caused 
by a variety of factors, which may be due in turn to different 
sources of structural damage, of which most are in the 
subsurface. To this extent, the GPR technology lends itself to 
be incorporated into InSAR investigations of railway 
infrastructures. Bianchini et al. [14] investigated a 10km-long 
railway section using InSAR and GPR methods. The PSI 
analysis allowed to identify critical PSs, affected by 
subsidence, in the first kilometre of the railway area 
investigated (Fig. 3). Both medium-resolution (C-band) and 
high-resolution (X-band) satellite data were used for the 
purpose.  

Furthermore, an in-depth analysis of the GPR radargrams 
allowed to associate this section with several areas affected by 
a high attenuation of the signal (Fig. 4). 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 methods, Tosti et al. [57] 
monitored a railway section affected by subsidence. A clear 
matching was found between areas with displacements and 
areas affected by potential fouling effects through InSAR and 
GPR techniques, respectively. Sections with high attenuation 
of the GPR signal at the foundation level (i.e., the interface 
between the sub-ballast layer and the subgrade) were found to 
match with sections where highest subsidence was observed 
through InSAR analyses. 

In general, both the studies have proven the effectiveness 
of integrating satellite and ground-based information for 
structural health monitoring of railways. 

 
Fig. 3 Application of the PSI technique to Sentinel datasets in a) 
ascending and b) descending geometries, and COSMO-SkyMed data in c) 
ascending and d) descending acquisition geometries [14]. 
 

 
Fig. 4 GPR data collected at the critical section showing subsidence 
from the InSAR analyses. Discontinuities at the sub-ballast–subgrade 
interface at sections: a) 0÷100m and b) 100÷200m [14]. 



D’Amico et al. [58] used InSAR and GPR technologies for 
monitoring the rail-abutment transition area in a railway truss 
bridge. To elaborate, 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 a 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 investigated in this study. By combining the 
information from GPR and InSAR, the authors concluded that 
unproper compaction of the ballasted layers could have been 
the main cause of differential displacements at the rail-
abutment transition area. 

C. Airfields 
Amongst the most recent applications conducted on 

airports, Gagliardi et al. [59] presented a study carried out on 
Runway n. 3 at the Da Vinci International Airport (Fiumicino 
Airport) located 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 
descending), and ii) COSMO-SkyMed (X-band) data. 
Datasets covered a time frame from April 2017 to December 
2019. Furthermore, measurements were also collected on the 
runway using the ground-based topographic levelling 
technique. The aim of this study was to test the viability of 
using medium-resolution SAR interferometry data in 
monitoring ground displacements on runways at the 
millimetre scale. 

To this purpose, a geostatistical analysis was developed to 
i) study the statistical variability 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. Fig. 5 shows major 
outcomes from the use of ground-based topographic levelling 
data (Fig. 5a) and satellite remote sensing data (medium (Fig. 
5b) and high-resolution (Fig. 5c)) 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 
is proven by the high values of the correlation coefficient (r = 
0.94), the multiple R-squared coefficient (R2 = 0.88) and the 
Slope value (0.96), as reported in Fig. 6. 

 

 
Fig. 5. Classed post maps of the ground displacements recorded by a) 
Levelling; b) Sentinel-1; c) COSMO-SkyMed. The basemap is a satellite 
orthophoto from the Sentinel 2 sensor (ESA-Copernicus). edited from [59]. 
 

 
Fig. 6. Scatter plot of the interpolated Sentinel-1 deformations compared 
to the levelling deformations, with regression line and related fitting 
diagnostics [59]. 
 

In [60], an InSAR investigation was conducted into the 
differential settlements observed on one of the runways at the 
Fiumicino International Airport in Rome. Several COSMO-
SkyMed X-band SAR images were processed by means of a 
PS-InSAR approach, highlighting the presence of vertical 
displacements. These were compared to the outputs from a 
dense levelling campaign conducted over four years’ time. 
The limited errors confirmed that PS-InSAR analyses of high 
frequency images are very effective in reconstructing vertical 
deformations in airfield runways. In [61], a novel 
geostatistical approach was developed to ease the post-
processing of large datasets of PSs resulting from the 
application of the PSI algorithms over an area of interest. The 
approach aims at correcting the component of the 
displacement collected from the acquisition geometry of the 
sensor (i.e., ascending and descending), and to increase the 
accuracy of measurements. 

As a prospective development of this research, the authors 
propose an integration with the GPR technology, to 
incorporate information about the subsurface of the runway 
and enhance the detection and the interpretation of relevant 
sources of structural damage. 

D. Historical Bridges 
In the last few years, several research has been presented 

about the monitoring of bridges with satellite remote sensing 
techniques and the investigation of the surrounding 
environment. Amongst these, the PSI technique is gaining 
momentum due to the provision of very dense and routinely 
updated datasets, and the possibility to reconstruct the 
historical time-series of displacements using SAR archive 
images [34-38, 61,62]. Parallel to this, literature is showing a 
progressive increase of research regarding the use of ground-
based NDTs, especially GPR, as fundamental investigation 
tools in bridge diagnostics [63]. Despite the above 
methodologies can collect reliable information, a fully 
comprehensive and routine diagnostics of the bridge 
conditions cannot be pursued, if these techniques are utilised 
individually. To this end, the integration of multi-source, 
multi-temporal and multi-resolution datasets represents a 
future challenge and an area of further research development.  

Amongst the most recent applications, a great interest has 
been paid to the monitoring of historical bridges and cultural 
heritage sites with satellite remote sensing methods. Results 
achieved demonstrated the effectiveness of these techniques, 
paving the way for further integration with ground-based NDT 
methods. 



More specifically, in [38] and [64] a PSI analysis was 
developed to monitor and detect potential structural 
displacements of the Rochester Bridge, located in Rochester, 
UK, for use and integration with field inspections in future 
studies. With this being said, it is worthy to recall that the 
provision of detailed measurements is a key factor in the 
monitoring of critical structures, such as bridges. However, 
the provision of high-resolution archive datasets must be 
regarded as an exceptional source of time-series information, 
that cannot be collected with any other on-site equipment 
currently available.   

Within this context, research in [64] aims to demonstrate 
the viability of using X-band SAR imagery for effective 
monitoring of historical bridges. To this purpose, a dataset of 
X-band data, acquired in the framework of the COSMO-
SkyMed mission by ASI, was collected and processed for the 
monitoring of the Rochester Bridge, UK. A clustering 
technique based on the data semantic of the PSs observed in 
the bridge area allowed to allocate relevant information to 
individual structural elements of the bridge, such as piers and 
arcs. Overall, a reference range between maximum and 
minimum displacements observed in this study was in the 
order of a few millimetres. Fig. 7 shows that no critical areas 
nor significant subsidence were detected for the relevant PS 
data clusters. On the other hand, an average down-lifting 
deformation trend of around 5 mm was observed to have 
occurred across the three years of observation on the selected 
element. 

IV. 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 monitoring. 
A 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 high standards of data quality and the 
accuracy that have been reached in both these areas of 
technology. 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 improve upon 
limitations and enhance their applicability in the sector. 

 
 

Fig. 7. a) PS cluster selection: definition of an area sized 10 × 10 m 
followed by PSs allocation to relevant bridge structural elements; b) average 
PS displacement time-series (2017-2019) and variation domain of the PS 
deformations [64] 

The concept of “technology and data integration” is one of 
the options to answer this fundamental research question. To 
this extent, 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 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 
preferred technology for integration with Interferometric 
Synthetic Aperture Radar (InSAR) techniques. This is due to 
the possibility of exploring subsurface features and provide 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: 

 existing Permanent Scatterer (PS) approaches have 
proven to work effectively. However, there are 
limitations in terms of target accuracy that can limit 
their applicability in certain areas of transport 
engineering;  

 the variety of techniques available as well as the 
difference 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;  

 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 development, as follows: 

 to investigate more deeply into the development of 
new potential SAR analysis methods using innovative 
Permanent Scatterer (PS) approaches (e.g., Non-linear 
displacement models, integrated PSI-SBAS 
approaches and Distribuited Scatterers (DS) methods); 

 to orient research towards filling the gap given by a 
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 from several transport infrastructure 
sectors are 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; 

 to invest into the development of more advanced 
Infrastructure Management Systems (IMSs) with 
capacity and resources to integrate satellite remote 
sensing and ground-based technologies at the network 
level. 
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