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Abstract
A road embankment in Northern Italy, made up of reinforced earth, was affected, in 2013, by severe
instability problems. Following heavy rainfalls, large cracks appeared on the National and Provincial
relevance roads crossing the structure. For public safety, the area was closed causing a serious impact on
the local traffic.
In this paper is presented an innovative approach based on Terrestrial SAR Interferometric (TInSAR)
monitoring for the support to the management of the emergency, the design of stabilisation
countermeasures and for the control of the slope stability during the works for the stabilisation of the
structure. In a couple of days, the system was installed and collected data allowed to detect a generalised
instability affecting the whole embankment with velocity rates ranging between 5 mm/day and 1 mm/day,
also in response to heavy rainfalls. Subsequently, a strong deceleration of the phenomenon has been
registered. No anomalies have been detected, on the contrary, on the surrounding areas and on the slope
upon the embankment, thus suggesting for the instability of the only engineering structure.
Following the emergency phase, TInSAR monitoring allowed controlling the stability of the embankment
also during the implementation of the stabilisation works for safety and early warning purposes.
A progressive mitigation of the instability phenomenon has been registered up to its overall depletion, thus
suggesting the efficacy of the performed works.

1

Introduction

The observational method (Peck 1969) is getting an increasing importance in the frame of large engineering
works and it plays a key role in every design step, from the preliminary project up to the executive one
(Nicholson et al. 1999). Furthermore, due to the increasing attention of national and international
regulations to the safety conditions during engineering work, the monitoring of geological and geotechnical
parameters is becoming a necessary control tool (e.g. European Standard 2004).
Over the last few years the development of several innovative technological solutions has been observed,
representing a great opportunity for the observational method. Specifically, the increasing capabilities and
reliability of geological and geotechnical equipment is making the practice of ‘measurement’ an essential
tool for reducing the risk and increasing production (e.g. Clayton 2001).
In the science of measurements the main recent innovation is represented by ‘remote sensing systems’
(Mazzanti 2012), whose strong capabilities are today extensively demonstrated.
Terrestrial SAR Interferometry (also known as Ground Based SAR Interferometry) (Antonello et al. 2004;
Luzi 2010; Mazzanti 2011) has been extensively applied over the last decade for landslide monitoring thus
providing excellent results for both hazard analyses (Tarchi et al. 2003; Noferini et al. 2006; Bozzano et al.
2010; Lowry et al. 2013; Gandolfo et al. 2015; Mazzanti et al. 2015) and emergency purposes (Del
Ventisette et al. 2011), sometimes demonstrating a strong capability for failure prediction if combined with
analytical or numerical models (Herrera et al. 2009; Bozzano et al. 2014; Mazzanti et al. 2014).
Furthermore, thanks to its widespread view and high density information it has been demonstrated to be
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very effective also in the investigation of unstable slopes affected by engineering works (Bozzano et al.
2010).
This paper describes the application of Terrestrial SAR Interferometry (TInSAR) for the deformation
monitoring of a road embankment in Northern Italy performed on behalf of ANAS, the Italian National Road
Authority. The embankment, made up of reinforced earth, was affected by severe instability problems that
led to the closure of National and Provincial relevance roads in 2013.
The aim of TInSAR monitoring was to characterise the phenomenon, estimating its areal extent and
displacement rates, thus supporting the management of the emergency and providing to designers primary
elements to identify the best technical countermeasures to solve the problem.
Thanks to its undoubtable advantages, making it possible to provide near‐real time early warning by
detecting the displacement field of the whole investigated scenario in a few minutes, TInSAR monitoring
represented also a suitable system for the safety of workers during the realisation of engineering
countermeasures. TInSAR monitoring, in fact, was implemented in a pre‐existent integrated monitoring
network, made up of a topographic network, piezometers, inclinometers, settlement gauges and strain
gauges, able to provide only periodical data acquisition.

2

Basic principles of Terrestrial SAR Interferometry

Terrestrial Synthetic Aperture Radar Interferometry (TInSAR) is a ground based remote sensing technique
able to provide 2D raster displacement maps of the irradiated target area, up to a distance of 4 km and
without the installation of any additional contact or reflection system.
SAR (Synthetic Aperture Radar) technique allows to synthetise a large antenna by the combination of radar
signals backscattered by the irradiated target area and received by the coherent radar sensor while it
moves on a linear rail (Figure 1(a)). In this way, 0.75 m cell resolution can be achieved in the range direction
(i.e. sensor‐target) and ranging from some decimeters to a few meters (depending on the radar‐target
distance) in the cross‐range direction (orthogonal to the range one), (Figure 1(b)).

Figure 1

(a) TInSAR acquisition scheme; and (b) scheme of TInSAR resolution map

The interferometric principle is based on the analysis of the phase differences of the signal backscattered
by the irradiated area of interest: if a displacement occurs, a different phase value is detected.
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The displacement can so be computed, for each pixel of the SAR image, along the instrumental line of sight
(LOS) according to the following equation, if we assume that the atmospheric phase contribution has been
suitably removed:

d



4

(1)

where:



= detected phase difference



= radar signal wavelength.

Displacements on the whole investigated scenario can be measured with an acquisition rate up to a few
minutes and with an accuracy ranging between few tenths of millimetres to a few millimetres, depending
mainly on the backscattering amplitude of the signal and the radar‐target distance (because of atmospheric
noise artefacts). Finally, displacement time series can be retrieved for each pixel of the SAR map, thus
allowing their integration with other monitoring or environmental data.

3

Long-term continuous monitoring of embankment deformations

3.1

The monitoring platform and collected data

The TInSAR monitoring platform was mobilised on 3 April 2013 by an IBIS‐L system (IDS S.p.A.) installed on
a non‐invasive quick‐installation basement (QUIB) at a distance from the embankment ranging from about
200 to 400 m, thus allowing an overall view on the investigated structure (Figure 2(b)). QUIB is an easy to
transport modular base designed and made by NHAZCA S.r.l. for the installation of a terrestrial
interferometric monitoring platform in a very short time (about 2 hours), suitable for emergency conditions
needing prompt intervention (Figure 2(a)). In Figure 3, the monitoring geometry is depicted. In a few hours,
the system started collecting SAR images in a continuous mode with a sampling rate of about 5 minutes. In
Figure 4, the SNR (Signal to Noise Ratio) map of the investigated scenario in SAR geometry is reported, thus
identifying the main natural reflectors in the target area.
The activity lasted about 17 months and more than 130,000 SAR images have been collected. On
3 September 2014, TInSAR system was demobilised after the end of remediation works.
In Table 1, the main site‐specific hardware and software instrumental settings are reported.

Figure 2

(a) QUIB, TInSAR Quick Installation Basement; and (b) view of the investigated embankment from the
TInSAR monitoring site
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Figure 3

Geometry of TInSAR monitoring on satellite optical image

Figure 4

Signal to noise ratio (SNR) map of the investigated scenario in SAR geometry and identification of common
sectors on optical image

Table 1

Hardware and software TInSAR settings
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Linear scanner length

2m

Scan number (per single SAR image)

401

Max distance

500 m

Sampling rate

≈ 5 min.

Range resolution

0.75 m

Cross range resolution

4.5 mrad (≈ 2.7 m at 500 m)
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The platform was also equipped with a satellite internet connection, suitable for remote control and data
transfer, thus allowing the continuous monitoring for early warning purpose from the NHAZCA data
processing centre in Rome.
Finally, a Terrestrial Laser Scanner survey (Jaboyedoff et al. 2012) was also performed by a Riegl VZ1000
sensor equipped with a Nikon D700 camera, temporarily installed on a tripod near the QUIB interferometric
platform (Figure 5(a)). The aim of the survey was to get a geocoded true colour high resolution 3D model of
the embankment (Figure 5(b)) in order to generate 3D displacement maps by its integration with TInSAR
data. By using proprietary algorithms by NHAZCA, a precise geocoding of the 2D SAR images over the 3D
point cloud can be generated, thus allowing precise identification and location of both limited and
widespread sectors of the target area affected by displacement anomalies.

Figure 5

3.2

(a) Terrestrial Laser Scanner survey; and (b) 3D true colour point cloud of the investigated embankment

Achieved results

Over the 17‐month monitoring period, more than 130,000 SAR images were collected continuously with a
sampling rate of about 5 minutes over the whole embankment and including also the upslope and the flat
service area at the toe of the embankment. Over the entire monitoring period, several project phases were
covered, starting from the investigation phase and the stabilisation design up to the completion (and then
the verification) of the stabilisation works.
3.2.1

Support to the emergency management and instability investigation

First evidence of the embankment displacement was identified after only 24 hours from the monitoring
start (i.e. 3‐4 April 2013). Figure 6(a) clearly shows that the whole embankment was affected by 3 to 5 mm
of displacement along the Line of Sight of the radar, while no displacements were detected on the natural
slope upon the embankment and in the service area at the toe of the embankment.
After 15 days of continuous monitoring the overall displacement of the embankment had reached about
45‐50 mm along the line of sight (approaching the sensor), characterised by a quite spatially homogenous
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trend of deformation over the whole structure (Figure 6(b)), in line with the location of the tension cracks
identified on the structure (Figure 7).

a)

b)

Figure 6

3D displacement maps achieved by TInSAR monitoring in the period (a) 3-4 April 2013 and
(b) 3-18 April 2013

Figure 7

Trace of the main cracks on the technical map of the embankment (gross line in black)
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The displacement rate ranged from 5 to 1 mm/day, with an evident deceleration after the heavy rainfall
(about 50 mm in 12 hours) of the first monitoring days (Figure 8). On the other hand, the stability of the
slope above the embankment and in the service area at the toe of the embankment was confirmed, thus
significantly driving the interpretation of the project engineers about the origin of the instability process.
Specifically, also by the integration with other data registered by the systems of the integrated monitoring
network, the failure mechanism was interpreted as a sliding of reinforced soil block on the natural slope.

Figure 8

3.2.2

Time series of displacement achieved by TInSAR monitoring on some representative sectors of the
investigated area in the period 3-18 April 2013
Monitoring for safety purposes during the stabilisation works

The stabilisation works of the embankment started in June 2013 and lasted until August 2014. Specifically,
two anchored bulkheads were built inside the embankment, respectively in the upper and lower sector of
the structure. Finally, a smaller embankment, made up of reinforced earth, was realised at the foot of the
structure for its final stabilisation.
Within this time lapse, TInSAR monitoring allowed to continuously observe the variations of the slope
instability phenomenon.
Following the emergency phase, in order to get some reliable key monitoring points over time
characterised by high signal to noise ratio with a precise location, seven corner reflectors (Figure 9(a)) were
permanently installed on the embankment as showed in Figure 9(b). Corner reflectors are trihedral metallic
passive devices providing high backscattering of the radar signal allowing for precise identification on SAR
maps and highly accurate displacement measures.
In the period May‐June 2013, the same deformational trend registered in the early emergency phase was
confirmed, with displacement velocities ranging between ‐0.4 and ‐1.6 mm/day on a large part of the
embankment. Nevertheless, a severe deceleration was registered in middle June, when velocities dropped
up to ‐0.2/‐0.5 mm/day (Figure 10). In the latter period, in fact, the realisation of the anchored bulkhead in
the upper sector of the embankment began.
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Example of corner reflector (a) and map of the corner installed on the investigated embankment (b)

In the period July‐September 2013, an overall stability condition was registered except for a slight
acceleration in the lower part of the embankment from middle August up to the end of September, thus
cumulating displacements up to 10 mm (Figure 10). The following period (October‐November 2013) was
characterised by no evidence of movements on the whole structure (Figure 10), thus suggesting the
efficacy of the performed stabilisation works. In this time interval the second anchored bulkhead was
realised in the lower sector of the embankment.

Figure 10 Time series of displacement achieved by TInSAR monitoring on some representative sectors of the
investigated area in the period May-November 2013
The integrated network for the monitoring of displacements and deformation was mainly made up of a
topographic network (for the periodical measurement of the position of about 70 optical targets
distributed on the structure) and nine inclinometers installed in different sectors of the embankment.
However, due to the ongoing stabilisation works, most of such devices had been lost and needed to be
reinstalled. For this reason, only part of the instrumentations provided reliable data and only in the period
May‐July 2013. Nevertheless, such data confirmed the outcomes of TInSAR monitoring and the hypothesis
about the characterisation of the phenomenon.
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In Figure 11, by way of example, time series of shallow displacements achieved by an inclinometer (located
at the bottom of the embankment) and by TInSAR monitoring (in the same sector of the inclinometer) are
compared.

Figure 11 Comparison of time series of displacement achieved by TInSAR and inclinometric monitoring on the same
sector of the embankment
TInSAR monitoring performed in the following months showed a different displacement pattern of the
embankment. Specifically, no generalised displacements affecting the whole structure were observed, but
only localised instabilities, mainly related to heavy rainfalls, were recorded.
Among these results, it is worth noticing a sudden displacement up to some 140 mm along the LOS
approaching the radar detected on late December 2013 (Figure 12) in the service flat area at the foot of the
embankment (where no displacements were detected in the previous period). By on site investigations,
such phenomenon was proved to be due to the sliding of some debris placed in that sector as a
consequence of intense rainfalls. Such interpretation is well constrained by the correlation between time
series of cumulative rainfall and the time series of displacement shown in Figure 12(a).

Figure 12 (a) time series of displacement achieved by TInSAR monitoring in the service area at the foot of the
embankment on December 2013; (b) debris placed in the sector experiencing significant displacements
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In the same period and up to February 2014, other limited sectors (up to few square metres) of the
embankment were affected by small displacements (up to 8 mm).
The last monitoring period (March‐September 2014) was characterised by the final stabilisation work,
consisting in the construction of an additional embankment (made up of reinforced earth), positioned at
the foot of the existing one (see Figure 13(a)).
Due to its operational approach, that allows retrieval of information about any coherent natural scatter
located within the monitoring area, TInSAR monitoring allowed the observation of the displacement
behaviour of this new structure. Following the initial step (characterised by noisy data due to the
movement of machinery), on August 2014 the structure started moving toward the sensor with
displacement values ranging between 4 and 12 mm/week (approaching the sensor) (Figures 13(b), (c) and
(d)). Specifically, the deformational behaviour was not temporally and spatially uniform on the whole
embankment. The eastern sector (on the right of the picture) experienced displacements in late August
2014 and stopped moving at the end of the month. The western sector (on the left of the picture), on the
contrary, started moving a couple of days later and stopped on 3 September 2014, thus cumulating the
maximum displacement amounts. No rainfalls were registered in this period and no anomalies were
detected, on the contrary, on the pre‐existing embankment, thus leading to hypothesise an independent
natural stabilisation of debris material recently put in place, in relation with working activities.

Figure 13 (a) identification of the new embankment realised at the foot of the pre-existing unstable structure;
(b) 3D displacement map; and (c, d) time series of displacement achieved by TInSAR monitoring in the
period 25 August to 4 September 2014
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4

Conclusion

Long‐term, continuous monitoring of displacement by Terrestrial SAR Interferometry of an embankment
affected by instability problems was carried out between April 2013 and September 2014. Following the
initial identification of the instability process by the responsible authority, the TInSAR monitoring continued
through the different phases that characterised the embankment stabilisation.
In the frame of the 17 months that lasted from the identification of the problem to its ultimate
rehabilitation, TInSAR monitoring was a systematic and affordable supporting tool for geologists and
engineers involved in the overall project management.
One of the main insights of this project is the confirmation of the great potential and flexibility of TInSAR
systems for the monitoring of slopes affected by stabilisation works, as already highlighted by Bozzano et
al. (2011) and Mazzanti et al. (2014).
Based on this experience, the following can be considered the most relevant contributions provided by the
TInSAR monitoring:
1. The extremely fast characterisation (the first insights after 24 hours and a complete

understanding after two weeks) of the displacement behaviour of the embankment slope, which
showed a generalised and uniform sliding, without any interference with the surrounding area.
This information was particularly useful for the designers since it allowed them to focus their
attention only to the stabilisation of the engineering structure.
2. The long term verification of the embankment stabilisation, as demonstrated by the reduction of

the deformation rate over time up to the total stop of movements after the beginning of
engineering works.
This information, combined with the results derived from other monitoring systems, was a useful
confirmation about the efficacy of the remedial works.
3. The ability to identify and characterise localised displacements, mainly in connection to rainfall,

during the working phases, thanks to the TInSAR broad monitoring capability.
This result was useful to geologists and engineers since it allowed them to check localised
anomalies, but at the same time, to understand that they were not related to the overall
behaviour of the embankment.
4. The capability to provide displacement results in near real‐time, thus rapidly inform the

authorities in case of dangerous behaviour in order to always guarantee a high degree of safety
for the workers.
5. The ability to monitor new features ‘growing’ on the target area during the works (e.g. the new

embankment at the toe of the pre‐existing one) without any installation of additional equipment.
All these information are even more relevant if we consider that it was collected by only one instrument,
based on a single monitoring position and without the necessity to change the data collection features and,
especially, in a fully remote way (i.e. without any interference with the working area), thus reducing the
operational noise and the risks for operators.
However, it is worth noting that strong data processing and interpretation skills are required in the
monitoring of slopes during stabilisations works. Continuous operations and the presence of working
machinery often lead to strong noise to the analysed radar signals, sometimes causing dangerous
misinterpretation of the achieved results.
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