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ABSTRACT

This paper provides a brief description of two pdfuleradar-based remote sensing techniques to
monitor the deformations of roads, their associatédhstructures and, more in general, their
surroundings. The first technique is the sateliddar interferometric technique. In this work a
specific technique, named Persistent Scattererféntenetry (PSI), is considered. This technique
has wide-area coverage capability (e.g. coveriogithnds of square kilometres at the time) and,
at the same time, is sensitive to very subtle disghents. The second technique, named ground-
based radar interferometry is based on a terrestrirument. From the viewpoint of the
deformation measurement principle this second tegclens very similar to the first one. However,

it can be used to cover much smaller areas butingf@ very dense temporal sampling capability
(e.g. one measurement every a few minutes). Thigisally used to monitor critical deformation
phenomena, e.g. very active landslides that masesept a high risk for a given road, etc. This
work provides, for both techniques, a concise dpson with several references to major works
related to them. In addition, it illustrates som@rmaples of the results that can be achieved with
both techniques.
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1 INTRODUCTION

This paper describes two powerful radar-based rersensing techniques that can be used to monieor th
deformations associated with roads, infrastructarel more in general, their surroundings. Theteetiniques
are briefly introduced below:

» Satellite radar interferometry and, in particuldse Persistent Scatterer Interferometry (PSI) tegln
are deformation monitoring techniques, which anesée to millimetric displacements. PSI can be
used to monitor deformation of roads, bridges othdrastructures and, more importantly, the
surroundings of roads, getting an overview of thermena (e.g. landslides) that might influence a
give road network. This technique has wide-arearanye capability (up to 1’000 Krfor X-band high-
resolution data and up to 10’000 kfior C-band medium-resolution data), which makesuitable to
monitor very wide regions.

* Ground-based radar interferometry, also known as@i-based Synthetic Aperture Radar (GBSAR) is
a terrestrial deformation monitoring technique whis very similar to the previous one: it uses the
same measurement principle. It can be used to oropétrts of roads that are particular critical,. &g
road infrastructure affected by a very active ldidds The main advantage of this technique is its
capability to monitor continuously a given deforioatover time with a dense sampling: this make is
suitable to support decision-making during emergesnc

The paper is organized as follows. Section 2 lyi@discribes satellite radar interferometry angharticular, the
PSI technique. The same section illustrates sorferdation monitoring examples related to roads.tiSec3
introduces the GBSAR technique, illustrating anneple of GBSAR monitoring result. Section 4 contdine
conclusions of this work.
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2 SATELLITE RADAR INTEFEROMETRY:: PSI

PSI is a radar-based remote-sensing technique asure and monitor land deformation [1,2]. The deftion
over time is estimated by exploiting the phase yfitBetic Aperture Radar (SAR) imagery and by udimg
interferometric technique. This technique requitesacquisition of at least two SAR images oversdu@e area.
In order to use the PSI technique the minimum nurobeequired images is typically between 15 toir2d@ges.
PSI represents the most advanced category ofigataltlar interferometry techniques. Different BSproaches
have been proposed in the last decade [2-7]. Thdabiity of SAR data acquired by space-borne eens
represents a key issue for the successful uselofriParticular, image acquisition continuity ovdarge periods
of time plays a fundamental role in PSI. The faatellite that allowed demonstrating the potertédiof the PSI
technique was ERS-1. This satellite has been dperfatr 10 years and, more importantly, togethehviiRS-2,
has provided a valuable historical archive of ife@metric SAR data. ERS satellites have providkba]
spatial coverage over a time period of 19 yeart) thie first images dating back to 1991. Therehargdreds of
high level scientific publications that demonstréte success of the ERS mission. Radarsat-1 andRASA
Envisat have also been particularly important Rg&dources.

A new generation of sensors has been launcheceitatt years, including the C-band Radarsat-2 ¢laeah in
December 2007 by the Canadian Space Agency), tlhand- TerraSAR-X (launched in June 2007 by the
German Aerospace Centre, DLR, and EADS Astrium G)nlaHd the X-band COSMO-SkyMed (Constellation

Figure 1. Deformation velocity map over the metidpo area of Barcelona. The blue frame highlightsarea
affected by most of the deformation phenomenaattport and the port of Barcelona.
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Figure 2. Deformation velocity map over the airpairBarcelona (centre-left) and over the C-31 higivright).

of small Satellites for the Mediterranean basin ébation) by the Italian Space Agency, ASI. The a®
systems, TerraSAR-X and COSMO-SkyMed are partibujaromising due to their very high spatial resmint
imaging capabilities and the use of the X-band. fdtlewing section describes some examples of RSults
based on a rich set of TerraSAR-X images. Thesgémavere processed using the PSI in-house expdemen
software chain of CTTC (former Institute of Georoa}i

21 Examples of PSI monitoring of roads

The PSI results shown in this section cover theopelitan area of Barcelona. They were derived gisirvery
high resolution X-band SAR dataset composed by 2®Map images acquired by the sensor onboard the
satellite TerraSAR-X. The dataset covers a timépédhat starts in December 2007 and ends in Noeer2009.
The images used in this work cover approximatelyp®0 km, with a pixel footprint of about 1.9 by61m;
they were acquired with an off-nadir angle of 35H%e perpendicular baselines of the interferogrhased on
these images (i.e. the component of the vectorcianects the two satellite positions during imageguisition,
measured in the direction perpendicular to the $ARRof-sight) are in the range of -275 m to 500 m.

A first example of deformation monitoring over ad@iarea is shown in Figure 1. This deformation cigfjanap
covers the entire metropolitan area of Barcelonarenthan 1000 kfnare monitored at the time, using a single
technique. This allows us getting a global overviEwhe deformation phenomena occurring in thererdrea,
including several cities, industrial areas, valeabfrastructures (e.g. the airport and the poBafcelona) and,
more importantly, a big network of roads.

The second example, shown in Figure 2, is focusethe airport area, which is subjected to differigpes of
deformation phenomena. On the left side of thiargthere is an interesting deformation result tdwaicerns a
new part of the C-31 highway: most parts of thiadraundergo subsidence, which is probably due tentec
construction of this part of the highway.

The third example concerns a road of the munidipali Barcelona, which gives access the Montju&aaiThe
two blue circles shown in Figure 3 highlight twofalenation areas that affect the road and that anbably
associated with landslide phenomena.
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Figure 3. Example of deformation in one of the mamlaccess the Montjuic area in Barcelona.

3 GROUND-BASED SAR

In the last years GB-SAR, a radar-based terrestiabte sensing imaging system [8], has gainecheneasing
interest as a deformation measurement and morgtdéoinl. The GB-SAR is a coherent system, which mess
not only the amplitude but also the phase of tieeived radar signal. The phase measurements cexphsted,
by using interferometric techniques, to derive infation on the deformation and topography of thasnesd
scene. The main GB-SAR application is deformatiopnitoring, where the high sensitivity to small
deformations, the long range of measurements (uget@ral kilometres) and the imaging capability,iclvh
allows the system to perform a vast number of measents, are interesting characteristics that ntiadeGB-
SAR system complementary to other deformation mreasent techniques.

Most of the GB-SAR studies published in the litaratconcern landslide monitoring, where the GB-S#&R
offer good performances with respect to other messeant techniques, such as total stations or teakkser
scanners. Several authors use a GB-SAR for slopgtonmg in a continuous mode, i.e. leaving thetrimmient
installed in situ during the whole monitoring peri®-12]. Reference [13] describes a discontinuousitodng
experiment based on artificial reflectors. This raggh is usually appropriate to monitor slow oryvetow
displacement phenomena. The GB-SAR monitoring afmede structures is discussed in [14-15]. GB-SAR ha
been used to monitor a number of natural phenorsecdia as urban subsidence [16], glacier displacenj&t
and volcano slopes [18]. Finally, the GB-SAR hasrbsuccessfully used as a tool for monitoring ssdpeopen

pit mines[19].

31 GBSAR monitoring examples

The monitoring result shown in Figure 4 concerraraislide located in the Pyrenees: the Formigaddhde.
Starting from 2004, and due to the constructioraafiew parking area, the landslide has been regatiyva
producing important damages to the internationatird-136, which connects Spain to France, anddcstme
parking. The system used in this case was an erpatal GBSAR developed by the University of Flomni¢
worked in the so-called C-band, with a wavelendth.03 cm, and a cross-range resolution of 12 niradyith
a pixel footprint of 12 m at a distance of 1 kmnfr¢he radar (and 1.2 m at 100 m).
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Figure 4. Deformation estimated by GBSAR duringpaddy campaign in Formigal, Spanish Pyrenees.

The campaign lasted 45 days, acquiring approximatee image per hour. Figure 4 displays the accatedl
deformation over the entire period. In the defoioratarea the maximum displacement is 9 cm. Thians
interesting result that can contribute to the cti@rization of this landslide: in the specific cdlsese data were
used to build a numerical landslide model.

5 CONCLUSIONS

In this paper two powerful remote sensing techrsdu@ve been described, which can be used to mao#dis,
their associated infrastructures and, more in géntireir surroundings. The satellite-based teamiqgffers the
unique capability of monitoring very wide areas thé time, obtaining a synoptic view of the ongoing
deformation phenomena. This may represent a vaustiirce of information for the authorities andvate
companies in charge of the maintenance of roadsotret assets. It is worth noting that, besidesvitle area
coverage, satellite interferometry can focus oratiedly small or thin objects, like single buildmgthin
infrastructures, etc.

GBSAR represents a versatile and complementarymietion monitoring tool. It can measure deformatiath

a precision that ranges from sub-millimetres to eav fmillimetres. It has the capability of measuring
independently of the atmospheric conditions atatises up to some kilometres. This is a key advanteth
respect to other techniques like terrestrial las®mner or topographic total stations. It has sselesampling
capability, which represents an advantage witheesfpo point-like measurement techniques, like Gieg)|
stations, etc. And, finally, the whole GBSAR defation monitoring process can be highly automatiechn be
used as an operational monitoring tool, even dueimgrgencies.
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