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ABSTRACT – Innovative technologies are increasingly used in the monitoring of the
various phases of the construction of civil engineering infrastructures and tunnels. In the
field of remote sensing, InSAR (interferometric SAR) technology allows the detection and
monitoring of the evolution of ground motion over wide areas with millimetric precision and
without the necessity of any onsite intervention.

1. Introduction
Innovative technologies have recently appeared and they are being increasingly used to
monitor the different phases of construction projects (railways, highways, bridges, tunnels,
etc.). These technologies are used to confirm and complete results obtained from
conventional techniques.
Within the field of remote sensing, InSAR technology (SAR interferometry) allows ground
motion monitoring of large areas with milimetric precision.
One of these interferometry-based technologies is the Persistent Scatterer Interferometry
(PSI), which identifies natural stable points analyzing the stack of images acquired during
the period of study. This analysis studies the distance traveled by the wave emitted by the
satellite until it reaches the stable point, and provides highly precise information about the
topography and the ground motion of the area of interest.
This technology is extremely useful to monitor the different phases of a project in which
the stability of the area may be at risk:
 Area condition prior to construction: identification of vulnerable areas,
determination of perimeters, evidence deformation gradients.
 Monitoring during construction: impact caused by construction activities on the
route and on the surrounding areas (subsidence, landslides).
 Maintenance: ground motion monitoring, identification of vulnerable areas.
Since 1992, several satellite .missions have been in operation. The large image archive
provided by ERS and ENVISAT missions of the European Space Agency (ESA) allows for
ground motion historical studies over wide areas (each image covers 100x100 km2) for
periods that date back more than 20 years, to be carried out.
In 2007, the launch of TerraSAR-X and COSMO-SkyMed, which provide high resolution
images, unveiled a new era. These satellites have represented a turning point in remote
sensing and ground motion monitoring: more frequent updates are possible due to the
larger number of available acquisitions, and the quality of the results is improved thanks to
the high resolution images (until 1m).
A large number of studies show the use of InSAR technology on persistent scatterers.
Some examples are detailed later in this document.

1

International Symposium GEORAIL 2014

2. Ground motion monitoring technology
2.1.

SAR interferometry

InSAR interferometry is one of the main applications of radar imagery. Interferometry is
based on the radar signal comparison between two SAR (Synthetic Aperture Radar)
images acquired from slightly different angles. The radar satellites record, with high
precision, the distance traveled by the wave emitted by the satellite until it reaches the
target. By the analysis of the distance variation between the satellite and the ground
during a period of time, InSAR technology is able to provide highly accurate information
about the topography and the ground motion in the area.
Radar signals are electromagnetic microwaves. The movements that can be measured
depend on the satellite’s wavelength. The great variety of commercial and scientific SAR
systems offers the opportunity to select the most suitable images according to the type of
area, the application of the technology and the archive data available.
The features of radar satellites and their performances for ground motion studies are
summarized in Table 1.

Mission
Band
Cycle [days]
Resolution
[m x m]
Precision [mm]

ERS/ENVISAT

ALOS

RADARSAT-2

TerraSAR-X

1991-2010
C
35

2006-2011
L
46

2007- to date
C
24

2007- to date
X
11

COSMOSkyMed
2007 – to date
X
8

20x4

10x10

5x5

3x3

3x3

3

7

3

2

2

Table 1.Features of radar satellite missions to measure ground motion using interferometry.

2.2.

Technology to measure millimetric movements

Ground motion is detected thanks to the GlobalSARTM processing chain. When there are
no drastic changes on the surface, GlobalSARTM is able to measure motion with high
precision using stable points within the area of interest. The algorithms used for this
purpose are PSI software developed by ALTAMIRA INFORMATION. Thanks to these
algorithms, accurate information about the stable points’ spatial location can be obtained.
In order to measure ground motion, InSAR technology compares the phase information
provided by every image acquired during the period of study. Using this data, acquired on
different dates, the PSI algorithm identifies the points that are common in all the images
and that return the radar signal to the satellite in a constant and clear way (stable
amplitude during the period of study). These points are considered persistent scatterers
because of their geometrical and dielectric properties. These scatterers usually
correspond to artificial structures such as buildings or bridges, but aside from these, they
also correspond to outcrops and areas with no vegetation.
This technology to measure ground motion with millimetric precision also allows the
detection of any ground motion whose amplitude is below 20-25 cm per year.
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The results are shown in the form of deformation maps showing the magnitude of the
measured motion. The deformation velocity is presented in mm/year using a scale that
ranges from red to blue depending on the direction and the intensity of the motion.

Figure 1: Deformation map of the city and port of Barcelona .

3. Historical ground motion study of the area conditions prior to a tunnel
construction
3.1.

Area conditions prior to a metro line construction.

This section presents the results obtained from an InSAR historical study performed on
the extension of Line 4 in the municipalities of Paris XIVème, Montrouge and Bagneux.
These places hosted ancient rough limestone underground mines, placed 15-25m under
the surface and covering wide areas. In the long term the evolution of these quarries might
produce surface motion which could have an impact on the buildings. Some of the
buildings located over the quarry have experienced subsidence.
The extension project of Line 4 covers more than 3.4 km and all the works are to be done
underground. The goal of this study is to identify the stable areas as well as the areas
experiencing motion that might need special attention during construction.
The RATP shows an interest in SAR interferometry, to analyze surface deformations
along the route of the extension of Line 4 retrospecitively, in effect, going back in time.
3.1.1. Data stack

3

International Symposium GEORAIL 2014

The ground motion historical study is mainly based on the analysis of ERS and
ENVISAT/ASAR data acquired from 1992 to 2010. The temporal distribution of
acquisitions is shown in Figure 2.

ERS

ASAR

Figure 2: Temporal distribution of SAR images.

3.1.2. GlobalSARTM analysis’ results.
The colored points are natural points that present good and constant level of reflection
throughout the period studied . These points are usually located on constructions and
infrastructures and also in areas with little vegetation.
The deformation velocity is presented in mm/year using a scale that ranges from red to
blue depending on the direction and the intensity of the motion.
The results show a general stability in this section (high density of green points) during
the period studied. No relevant deformation or motion near the line route is detected.

Figure 3 : Ground motion map over the Station d’Orleans-Station Mairie de Montrouge’s section
within the extension route of Line 4.

Thanks to the large archive of satellite data acquired since 1992, ALTAMIRA
INFORMATION carried out a study for the RATP that analyzed the surface deformation
from 1992 until 2010 over the 3.4 km extension of Line 4.The study made possible the
identification of stable zones and the zones in motion that might require special attention
during construction.
The results also provided information about the conditions of the area prior to construction
and were used to manage the preventive procedures.

3.2.

Historical study to monitor a railway during construction.
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The InSAR study was carried out for the Austrian company ÖBB. The area of interest is
located in a rural area with marked relief. The railway segment analyzed was around 100
km long.
3.2.1. Data stack
The study is based on an ENVISAT ASAR archive data stack. To improve the final results
and avoid the presence of snow, images acquired during the winter were removed. Figure
4 shows the temporal distribution of the images.

Figure 4: Temporal distribution of ENVISAT ASAR images used for this study.

3.2.2. GlobalSARTM analysis’ results.
Figure 5 shows the results of the GlobalSARTM study. A total of 374,266 measurement
points were detected, which means a density of around 900 points per km2. The high
density of measurement points in the Northern section is due to the large number of small
villages in this area. In the Southern section, there is more relief and the quantity of
measurement points is limited by the vegetation existing in this area.

Taux de déformation
moyen (mm/an)
Soulèvement

Tassement

Plus de 10
De 5 à 10
De 2.5 à 5
Stabilité
De 2.5 à 5
De 5 à 10
Plus de 10

Figure 5 : Deformation map over the railway of interest.

The results show overall stability along the railway route. Nevertheless, some areas of
motion are detected. These areas are highlighted in Figure 5 by white rectangles and the
letters A and F
A zoom of the areas A and F is presented in Figures 6 and 7.
- Regarding zone A, the study detected around 7 cm of accumulated subsidence that
affected a section of the railway route between 2002 and 2010. The time series
shows a linear evolution of the motion during the period studied.
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Regarding zone F, it corresponds to a village which had previously presented alterations
caused by the construction of tunnels. The interferometric measurements carried out in
this study match the previous studies conducted over this area.
The GlobalSARTM historical study performed with mid resolution dataenabled the
understanding of ground behavior over eight years, from December 2002 until July 2010.
Some sections affected by slight subsidence are detected along the railway
The ground motion maps also enable a large scale monitoring of the railway network as
they present a global view of the deformation patterns. Therefore detecting any vunerable
sections of the railway.
The results of this historical study prove the utility of interferometry and, thanks to the
newest SAR missions, the monitoring of these problematic areas may be considered.
Missions such as TerraSAR-X or Cosmo-SkyMed provide a 3m resolution (compared to
the 25m of the ENVISAT ASAR mission). This feature makes them perfect for an
operational monitoring of construction works, since it makes it possible to significantly
increase the density of measurement points (about 20 times more) and to show motion
gradients.

Figure 6 : Zoom-in of ground deformation map over zone A and time series of a measurement
point showing significant motion (red points).
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Figure 7 : Zoom-in of ground deformation map over zone F and time series of measurement
points.

4. New generation satellite data to carry out operational monitoring.
4.1.

High resolution analysis over a working railway network.

This example shows the utility of high resolution studies to monitor a railway network. This
study was also carried out for the ÖBB Company. The area of interest is a 50km long
railway.

4.1.1. Data stack
The data used for this study was a COSMO-SkyMed stack of high resolution images
acquired from May 2011 to August 2013. Thanks to the short revisiting time of the satellite,
25 images are available within this period of time. Figure 8 shows the temporal distribution
of the images.

Figure 8 : temporal distribution of the COSMO-SkyMed images used

4.1.2. GlobalSARTM analysis’ results.
Figure 9 shows the deformation map obtained from the GlobalSARTM processing of the
COSMO-SkyMed data. Several urban areas are found along the railway route and the
results show the added value of the high resolution images: 1.8 million measurement
points are detected, meaning a density of about 4,500 points per km2.

7

International Symposium GEORAIL 2014

Taux de déformation
moyen (mm/an)
Soulèvement

Tassement

Plus de 10
De 5 à 10
De 2.5 à 5
Stabilité
De 2.5 à 5
De 5 à 10
Plus de 10

Figure 9 : Ground deformation map of the railway studied

As shown in the image, the area of interest shows general stability although there are
some small areas where motion of different intensities has been detected.. This motion is
shown in Figure 9 by white rectangles: results on sector B are shown in detail in Figure
10.
Some areas of motion are found along the railway (yellow points), while the adjacent
highway is seen to be totally stable. The time series shows more than 10mm of
accumulated subsidence over the period of study.

Figure 10 : Zoom-in on the ground deformation map over Zone B and time series of the highlighted
points.

4.2.

Monitoring of the impact of tunnel construction works using high resolution
data

Current techniques to monitor underground works are efficient, accurate and allow a
control in real time or quasi-real time of ground motion. These expensive techniques,
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however, only allow for the monitoring of buildings and infrastructures placed along the
route of the tunnel. Radar interferometry completes these alert systems and makes it
possible to monitor surrounding areas with a high density of measurement points.
Historical studies can be used in difference areas in motion and can be used to
differentiate between areas that present a higher deformation gradient as a result of the
works, from areas that were already in motion before the construction work began.

As an example, ALTAMIRA INFORMATION carried out a study to monitor a highway
tunnel both before and during its construction, in order to detect motion that could damage
the buildings of an urban area located on a hillside..
First, the historical study analyzed the area for 17 years previous to the construction
work, from 1993 to 2009, thanks to the large available stack of ERS and ENVISAT
images.
Secondly, ALTAMIRA INFORMATION studied the years 2009 and 2010 using high
resolution data from TerraSAR-X satellite. This monitoring revealed new areas of motion
appeared when construction work started.
Later, ALTAMIRA INFORMATION processed updates every 6 months that showed the
evolution of the areas affected and the intensity of surface deformations that were related
to the ongoing construction work. These results provided crucial information to monitor the
impact of the works that would otherwise not be detected using the traditional monitoring
methods.
Finally, periodic updates were carried out showing that the perimeter of the area
affected had not enlarged and that the motion had stabilized.

5. Conclusion
The variety of the projects referred to endorses the value of this space technology to
monitor ground motion on railway projects.
The main advantage of archive satellite images is that they make historical studies
possible , covering long periods of time in order to identify unstable areas, define the
perimeters affected, and better understand their causes.
High-resolution images represent a qualitative leap forward regarding the density of
measurement points. This allows interferometry to be considered as an operational
solution to monitor railway networks
The simplicity of applying this technology, which does not require an intervention in the
area; and the short time required to obtain the results and cartography, which can be
ready in 2 or 3 months; make interferometry an innovative, efficient and inexpensive
technology to complete the monitoring systems of railway networks.
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