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Abstract

The Structural Health Monitoring of urban settlements can be pursued today exploiting satel-
lite remote sensing Advanced Differential Synthetic Aperture Radar interferometry (A-
DInSAR) techniques. At the European scale, the new European Ground Motion Service
(EGMS) gives the deformative information obtained by the processing of the enormous ar-
chives of Sentinel-1 Synthetic Aperture Radar (SAR) images in the period 2015-2020. In this
work, a new procedure for valuable use of EGMS-derived data aimed at the monitoring of the
deformations of urban areas is presented. The procedure includes the exploitation of a tool,
called ADAfinder, which is able to extract active deformation areas (ADA) from datasets of
measuring points, which means, it creates maps of areas affected by deformations above an
estimated threshold. The aim of the procedure is the identification of buildings included in
ADA, representing the buildings that require special attention, in terms of on-site monitoring
or inspections. An application is presented, regarding a portion of the Zona Franca industrial
area, in the city of Barcelona (Spain).

Keywords: Structural Health Monitoring, European Ground Motion Service, A-DInSAR,
ADAfinder, deformation maps.

ISSN:2623-3347 © 2023 The Authors. Published by Eccomas Proceedia.
Peer-review under responsibility of the organizing committee of COMPDYN 2023.
doi: 10.7712/120123.10460.21245

1091



Annalisa Mele, Michele Crosetto, Andrea Miano and Andrea Prota

1 INTRODUCTION

The Structural Health Monitoring (SHM) of existing structures at territorial scale is not
easy to carry out adopting traditional techniques. In alternative, innovative techniques based
on the processing of satellite-derived images are spreading nowadays, with much lower costs
[1]. In particular, SHM of urban settlements can be pursued by exploiting satellite remote
sensing Advanced Differential Synthetic Aperture Radar interferometry (A-DInSAR) tech-
niques [2]. As proved by recent research [3]-[9], the latter are very valuable for observing
ground deformations of large areas and monitoring phenomena of various natures, e.g., sub-
sidence, slow-moving landslides, and settlements induced by excavations or mining activities.
However, it is worth noting that satellite radar-based techniques can also be adopted for moni-
toring single structures when satellite-derived images have an appropriate resolution [10]-
[17]. Potential and limitations for structural assessment and monitoring using satellite
RADAR interferometry are described in Talledo et al. 2022 [18].

In the last decades, many European Nations have enabled satellite-RADAR-based services
for the monitoring of their territories, e.g., Italy [19]-[21], Norway [22], and Germany [23]. In
2017, a turning point has been the approval of the European Ground Motion Service (EGMS)
[24] by the Copernicus Land Monitoring Service. The new EGMS gives deformative infor-
mation obtained by the processing of the enormous archives of Synthetic Aperture Radar
(SAR) images acquired by the Sentinel-1 constellation in the period 2015-2020, at the conti-
nental scale. The novelty of EGMS is that deformation data are free and open [25].

It 1s worth noting that the number of data to consider for SHM of a certain area is very
huge. Then, it is very important to study new methodologies to best leverage them (e.g.,
[8],[26]-[29]). In this work, a procedure for a valuable use of EGMS-derived data (or other
satellite data) aimed at the monitoring of the deformations of urban areas is presented. The
procedure includes the exploitation of a tool, called “ADAfinder”, developed by the Research
Unit of Geomatics of the Centre Tecnologic de Telecomunicacions de Catalunya (CTTC). It
is able to extract active deformation areas (ADA) from datasets of satellite-derived measuring
points, which means, it creates maps where the areas affected by deformations above an esti-
mated threshold are identified. The tool is described in Barra et al. [30] and Navarro et al. [31],
while an experimental application is reported in Tomas et al. [32]. The procedure proposed in
this work has been described in deep in Mele et al. [33]. It aims to the identification of exist-
ing buildings included in the detected ADA. The latter represent the buildings requiring atten-
tion and priority in terms of inspections and/or on-site monitoring.

The novelty of the work is related, on one side, to the use of the new EGMS data. On the
other side, the data are managed and elaborated through a very promising tool, aimed to min-
imize the number of information to be stored in relation to the number of information entering
the system. In addition, the application included in this work represents one of the first appli-
cations of the ADAfinder tool in urban areas.

The structure of the paper is the following. Section 2 contains information about the mate-
rials and methods, that are, the EGMS data and the ADAfinder tool descriptions. The pro-
posed methodology is illustrated in Section 3. Section 4 presents an application on a case
study area in the city of Barcelona (Spain). A discussion on the potential and the limitations
of the proposed methodology are discussed in Section 4. Finally, Section 5 is devoted to the
conclusions of the work.

2 MATERIALS AND METHODS

In this Section, the main aspects related to the EMGS data and the ADAfinder tool are de-
scribed.
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The satellite data used in the present work have been downloaded by the EGMS. At the
moment, EGMS includes data processed using full resolution A-DInSAR [2], obtained from
archive images in the period 2015-2020. The images are acquired by Sentinel-1A and 1B sat-
ellites, both in ascending (ASC) and descending (DES) orbits. More details about all the fea-
tures of the EGMS can be found in the White Paper [34].

EGMS includes three levels of products, based on the direction of the considered defor-
mation and the spatial reference. In particular, in this work, the “calibrated” products will be
exploited, which are the geocoded measuring points with their deformation history in terms of
components of the deformation velocity along the line of sight (LoS, in ASC and DES orbits).
These data are integrated with Global Navigation Satellite Systems (GNSS) information, so
they are not referred to a local reference point.

ADAfinder is one of the four tools developed by the Research Unit of Geomatics of the
Centre Tecnologic de Telecomunicacions de Catalunya (CTTC), called ADAtools [30], [31].
It lets the minimization of the measuring points to be stored based on their deformation veloc-
ity value. Thanks to ADAfinder tool it is possible to create maps of ADA extracted from da-
tasets of measuring points referred to an area of interest. The ADA are identified based on
some parameters to set, among which the most important one is the threshold value for the
mean deformation velocity (Vm) of the area, which is a function of the standard deviation of
the velocities of all the measuring points of the area [30]. The measuring points that are not
included in an ADA are considered to be “stable” if the velocity value associated with them is
lower than the threshold, or “isolated” if there are no other PSs within a defined distance.
ADAfinder tool gives two outputs, that are, the polygons representing the ADA, and the PSs
included in them.

3 PROPOSED METHODOLOGY

The methodology proposed in this work has been deeply described in Mele et al. [33]. The
methodology aims to identify constructions affected by severe deformation velocity, where
the severity is established based on the deformation velocity of the whole area under monitor-
ing. The workflow of the methodology is reported in Figure 1.

First of all, preliminary operations are carried out in a GIS software (green box in Figure
1), to filter the data and focus on the constructions included in the ADA. A shapefile contain-
ing the polygons of the constructions shapes is required. To exclude the shapes that errone-
ously could not represent constructions, polygons with small areas (in this case, lower than 30
m?) are excluded. A buffer of the polygons is performed to consider possible inaccuracies.
After these preparation steps, the two datasets of measuring points referred to ASC and DES
orbits are imported, and a selection of the measuring points intersecting the previous polygons
is done. From this step, all the following steps included in the black contour in Figure 1 must
be carried out both for the ASC and the DES datasets, separately. The buildings without
measuring points are identified. Then, the ADAfinder tool is performed (yellow box in Figure
1). The stability threshold on the deformation velocity, the ADA radius (in meters), and the
minimum number of measuring points to include in an ADA (minimum 3 in the current ver-
sion) are set. The stability threshold is set at 2 or 1o if Vi, is lower than ¢ or greater than o,
respectively. At this step, the ADAfinder tool gives two results (orange box in Figure 1),
which are a map of the ADA (a polygonal shapefile), and a map of the measuring points in-
cluded in every ADA (a point shapefile). The final part of the procedure (blue box in Figure
1) consists of the elaboration of the ADAfinder results. The ADA are overlapped with the
polygons of the constructions’ shapes. The buildings not contained within an ADA or a por-
tion of an ADA are removed, while the buildings (or portions of them) included in an ADA
are classified as “unstable”. The measuring points on the unstable buildings are divided into
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ASC and DES, as it was originally. Then, for each building covered by an adequate number of
measuring points, the average of the Vi of its measuring points is computed, so to have only
two values of Vi, one ASC (Vmasc) and one DES (Vmpes). The buildings without at least
one ADA from both the orbits are excluded, because both are required to estimate the Vertical
and East-West (E-W) mean deformation velocity components. Finally, for each building, the
Vertical and E-W mean deformation velocity components are estimated according to Talledo
et al. [18]. The steps contained in the dotted red contour in Figure 1 are performed separately
for each building included in an ADA. Thanks to the Vertical and E-W mean deformation ve-
locity components it is possible to identify constructions affected by significant settlements,
that need a more accurate level of SHM with respect to the stable ones.

PRELIMINARY OPERATIONS IN A GIS SOFTWARE

* Polygons of the construction shapes
* Exclusion of polygons with small areas

* Buffer of the polygons perimeters

Intersection between polygons and measuring points

p—

Both for ASC and DES datasets

L * Identification of buildings without measuring points

. -

APPLICATION OF ADAfinder TOOL

2 if V), <o
* Stability threshold ]
log ifV, =¢
* ADA radius
* Minimum number of measuring points in an ADA

4

ADAfinder RESULTS

* Map of the ADA

* Map of measuring points contained in every ADA

S =

ELABORATION OF THE ADAfinder RESULTS

* Overlapping of ADA results and polygons of the constructions” shapes

* Exclusion of buildings not contained within an ADA

included in an ADA

* Restoration of separation of the measuring points in ASC and DES

For each building

* Computing of the average of the V,_ygcpes for the PSs inside an ADA on the building
* Identification of buildings with both ASC and DES PSs, exclusion of the others

* Estimation of the Vertical and East-West mean deformation velocity components

Figure 1: Flowchart of the proposed methodology.

4 APPLICATION

In this Section, the application of the proposed methodology to the case study area is re-
ported. First, a description of the case study area is illustrated. Then, all the steps of the pro-
cedure described in Section 3 are explained in detail, with reference to the case study. All the
operations are done in QGIS [35].
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4.1 Description of the case study area

The case study area, 17 km? wide, is part of the industrial zone of the city of Barcelona
(Spain) named “Zona Franca”. It is located in the South of the city, in the Sants-Montjuic dis-
trict. In this area the existing constructions are mainly large sheds, with limited height, and
plan roofs. The spatial distribution of the constructions does not follow a geometric pattern.
The number of buildings included in the case study area is 1358, and almost half of them have
area greater than 1000 m>.

4.2  Preliminary operations

The shapefile containing the polygons of the constructions shapes has been obtained from
OpenStreetMap [36]. The measuring points downloaded by EGMS in the monitored area are
represented in Figure 2a and Figure 2b, for ASC and DES orbits, respectively. The Vi, are
colored using a false color scale, where negative values and positive values mean a movement
away or approaching the satellite system, respectively. Looking at these maps, there is an evi-
dence of an ongoing phenomenon in the southern part of the area, while the central and north-
ern part appear to be stable.

+: OO -

Vel (mm/y)
(a) (b)

Figure 2: Measuring points on the constructions of the case study area: (a) ascending and (b) descending.

In Table 1 the total number of measuring points and the statistics of their Vi, in the case
study area are reported, for both datasets. The frequency distribution of Vi, has a normal
shape. It can be noted that the ASC measuring points are about 75% more than the DES ones
and that the Vi, is lower that 6. The values of the Vi, reach -10.5 mm/y moving away from the
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satellite along the ASC LoS. The percentage of constructions without measuring points is
12% for ASC and 18% for DES orbit. Then, the percentage of monitorable buildings, which
are covered by both orbits, is the 77%.

Ascending
Frequency Distribution Total number 33965
RS Minimum Vi -10.5
000
£00i Maximum Vy, 6.9
2000 Average Vi -0.90
0
405 76 46 AT 12 41 o 1.54
Descending
Frequency Distribution Total number 19333
4000
) Minimum Vy, -8.6
3000
2000 Maximum Vy, 7.7
1000 Average Vi -0.12
0 e s e s
86 57 28 01 30 59 c 1.35

Table 1: Statistics of the mean velocity Vi, of the case study area.

4.3 Application of ADAfinder tool and results

ADAfinder tool is performed using the datasets shown in Figure 2. The threshold value for
Vi is 20, the radius of the ADA is 25 m, and the minimum number of measuring points is to 3,
according to what explained in Section 3. The ADAfinder tool gives a map of the polygonal
ADA, and a map of the measuring points included in every ADA. In Figure 3 a focus on the
ADA extraction from descending dataset is shown. The distribution of all the PSs on the
buildings and the ADA finder results are reported in Figure 3a and Figure 3b, respectively.
The PSs are represented with red circular markers, the buildings shapes are white polygons,
while the ADA polygons are dark, red-contoured polygons.

(a) @ Descending PS Building ®)

Figure 3: Focus on the ADA extraction from descending dataset: (a) all PSs on the buildings; (b) ADA finder
results.
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In Figure 4a and Figure 4b, the “active” measuring points, filtered by applying the
ADAfinder tool, are reported for ASC and DES orbits, respectively, for the whole area. The
Vn is represented using a false colour scale and the same sign convention of the previous Fig-
ure 2. Only about the 20% of the initial measuring points is preserved. This was an expected
result because of the deformation velocity gradients in the considered portion of the Zona
Franca. About 10% of the constructions is included in an ADA.

The statistics of the Vi of the active measuring points, updated on the basis of the
ADAfinder results, are reported in Table 2.

Vel (mm/y)

(a) (b)

Figure 4: ADA extraction from the active measuring points of the selected area of Zona Franca from (a) ascend-
ing and (b) descending datasets.

Total number Minimum Vin  Maximum Vi, Average Vm  ©
Ascending 6333 -10.50 6.80 -2.82 2.15
Descending 2248 -8.60 7.70 -1.50 2.49

Table 2: Statistics of the mean velocity Vi, of the active measuring points in the case study area.
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4.4 FElaboration of the ADAfinder results

The average Vmasc and Vmpgs for each building are shown in Figure 5. The number of
measuring points used to compute the Vi asc/pes for the specific building are reported in la-
bels on these maps. It is important because a greater number of measuring points give a more
reliable value. Moreover, the buildings characterized by lack of PSs are covered by black pol-

ygons.

Vel (mm/y)
(@) (b)

Figure 5: Maps of buildings in the case study area having an average value of mean deformation velocity along
(a) ascending and (b) descending orbit. The black polygons represent buildings without measuring points.

In Figure 6a and Figure 6b, the maps of E-W (Vgw) and vertical (Vv) components of the
mean deformation velocity are respectively shown. The buildings without measuring points in
the original datasets are colored in black. Positive values of Vegw and of Vv mean East-

directed and upwards-directed displacements, respectively.
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Vel (mm/y)
(a) (b)

Figure 6: Maps of (a) Vew and (b) Vv components for the “unstable” buildings in the case study area. The black
polygons represent buildings without measuring points.

The maps shown in Figure 6a confirm that the southern part of the area presents buildings
affected by vertical deformations. Twenty constructions are affected by a vertical velocity in-
cluded between 4 and 6 mm/y but the values are also greater, with three buildings reaching
vertical downward average velocities greater than 8 mm/y.

S DISCUSSION

In the illustrated procedure, the preliminary operations are necessary to focus on the con-
structions before the implementation of the ADAfinder tool. In fact, the ADAfinder tool was
born for aims quite different from those of this work and has been included in a procedure
centered on the SHM. The presented procedure allows to identify the critical constructions on
which perform more detailed analyses (e.g., [15], [18],[37]).

The Vew and Vv maps created as a result of the procedure are very synthetic, in fact, one
velocity value is associated with every “active” building. This simplification is needed due to
the wide dimensions of the areas to monitor (e.g., neighborhoods, municipalities, towns). The
evaluation of the two velocity components, vertical and E-W, is important to detect potential
ongoing phenomena in the monitored area. In fact, their study can let to the identification of
the buildings affected by significant deformations, that need to be additionally monitored.

The procedure proposed and applied in this work exploits EGMS data. Then, it could be
repeated yearly, updating the velocity maps based on the update of the EGMS data. In this
way, comparisons between the velocity trend could be performed, studying the variation of
the velocity values and thinking about fixing thresholds on the maximum acceptable values of
variation.
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The illustrated application shows that in some cases, there can be constructions without
monitoring points, that are not monitorable through satellite-based techniques. However, the
lack of measuring points on a construction does not guarantee the absence of displacements. It
could be related to the decorrelation effects [38] or anomalies in the deformation signal. The
deformation condition of a construction without measuring points can be extrapolated through
spatial interpolation of the measuring points in the vicinity if their number and distribution are
adequate.

It is worth noting that looking at the initial maps in Figure 2 a and Figure 2 b, a prevailing
vertical deformation was supposed to exist, because both the orbits showed negative LoS ve-
locity values, in departure from the satellite, with approximately comparable values.

Particular attention should be paid to the number of measuring points present on the con-
structions since it affects the reliability of the results (which increases with their number).

6 CONCLUSIONS

In this work, a procedure for the SHM of existing constructions at the territorial scale, us-
ing satellite SAR data, is presented. The procedure can be applied using any satellite SAR da-
ta, from any satellite constellation, and from any processing techniques. The dataset of
measuring points used in this work is given by the EGMS and derives from Sentinel-1 imag-
es. Nevertheless, Sentinel-1 data have a low resolution, so, they are useful to monitor large
areas. If it is necessary to increase the number of measuring points over the constructions,
other SAR satellite data having higher resolution could be used (e.g., those derived by the
COSMO-SkyMed constellation).

The procedure allows the identification of buildings affected by velocities above an esti-
mated threshold. It includes the application of the ADAfinder, a new tool that was born to
identify ADA in generic areas. The ADAfinder tool is included, for the first time, in a proce-
dure with SHM purposes in urbanized areas or whole municipalities/towns.

The results of the procedure are mean deformation velocity maps, along Vertical and E-W
directions, with a value of the component for every building included in an ADA. These maps
are very easy to read: the buildings included in ADA require attention and priority in terms of
inspections and/or on-site monitoring because they are affected by settlements. For this reason,
they could support the management of the safety of urban areas. It is worth highlighting that a
limit of the procedure is the impossibility to estimate with accuracy the North—South compo-
nent of the mean deformation velocity, because of the acquisition geometry of the SAR satel-
lite images.

An application has been presented, for an urbanized area of Barcelona (Spain). The final
maps point out the presence of critical constructions in the southern part of the monitored area,
affected by prevailing vertical settlements. Many buildings are without measuring points. It is
important to take track of them because a lack of measuring points is not always due to the
absence of deformation phenomena (other effects could interfere with the acquisition of in-
formation).

An improvement of the procedure could be a pre-selection of the typology of buildings to
monitor, e.g., based on structural features. In fact, a more accurate velocity threshold specific
to each typology could be set.
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