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Analysis of Damage to Buildings in Urban Centers
on Unstable Slopes via TerraSAR-X PSI Data:
The Case Study of El Papiol Town (Spain)

D. Peduto”, G. Nicodemo

Abstract—Persistent Scatterer Interferometry (PSI) data,
deriving from the processing of SAR images acquired by high-
resolution sensors such as TerraSAR-X, provide accurate mea-
surements of displacements affecting structures (e.g., buildings)
and linear infrastructure networks (e.g., roads, bridges, embank-
ments, and pipelines). Such widespread displacements, when
available on buildings on unstable slopes, offer new perspectives
for their integration in procedures pursuing the analysis and
the prediction of the physical vulnerability of exposed buildings.
In this letter, both deterministic and probabilistic cause (differen-
tial settlements)—effects (damage) relationships are generated by
using PSI-derived building settlements and the results of building
damage surveys. The procedure is applied to El Papiol town
(Spain), whose urban area has been suffering diffuse damage of
different severity to buildings and roads due to extremely slow-
moving landslide phenomena.

Index Terms—Building damage, persistent scatterer inter-
ferometry (PSI) data, slow-moving landslides, TerraSAR-X,
vulnerability.

I. INTRODUCTION

LOW-MOVING landslides yearly affect urban areas on

hill slopes causing damage of different severity to the
built-up heritage. This results in widespread increasing eco-
nomic losses, unless appropriate risk mitigation strategies
are set up. Within the landslide risk management frame-
work [1], the assessment of vulnerability—which represents
the expected degree of loss induced by an event of given
intensity and return period—plays a key role, as it is testi-
fied by the growing interest of both scientific and technical
communities. The building vulnerability assessment can be
pursued following either numerical, or analytical, or empirical
approaches [2]. The last ones, which are the most suitable for
analyses at the municipal scale, require rich data sets collect-
ing information on both landslides (e.g., displacing volume
and kinematics) and exposed facilities (stiffness/strength of
constituting materials, level of damage severity, maintenance
state, and value) [1], [2].
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Measurements of surface displacements derived from the
processing of medium-/high-resolution SAR images via Per-
sistent Scatterer Interferometry (PSI) techniques have been
successfully applied for slow-moving landslide studies. In par-
ticular, the scientific literature is rich of examples mainly
focusing on landslide characterization (i.e., detection, map-
ping, and definition of the state of activity) [3]-[8]. More
recently, few authors started to investigate the behavior of sin-
gle buildings located in landslide-affected areas [4], [9]-[13].
This was possible thanks to both the increased availability of
high-resolution SAR sensor images that fit the specific require-
ments (in terms of resolution, density, and precision/accuracy)
of analyses at the scale of single buildings and process-
ing algorithms that provide high-quality information using
PSI or SAR tomographic analyses [14], [15]. Such aspects
may gain a growing interest in the next future, especially
if one considers the limited sample of “real cases” of mon-
itored buildings that the classic geotechnical damageability
criteria [16]-[18] exploited to relate the selected parameters
describing building foundation deformation with the associated
effects in terms of damage level.

This letter aims to provide a further contribution to highlight
the potential of PSI-derived building displacements resulting
from processing high-resolution SAR sensor images in the
analysis and forecast of building damage as a step in the
vulnerability assessment of buildings interacting with slow-
moving landslides. In particular, first deterministic empirical
relationships are derived between settlements and the level of
damage severity recorded by buildings in the urban area of El
Papiol town (Spain). Then, via a probabilistic approach, all the
uncertainties related to damage classification and building fea-
tures are taken into account through the generation of fragility
curves [9]-[13]. These latter, as it is shown in this letter, repre-
sent a promising tool for vulnerability analysis/forecast at the
municipal scale, especially in view of the continuous efforts
devoted by researchers for improving outputs (in terms of
accuracy/precision, density of information) of PSI algorithms.

II. METHODOLOGY

The adopted methodology has been presented in [11] and
applied on ENVISAT and COSMO-SkyMed data in [12].
This is a further case study concerning its application on
TerraSAR-X data. It consists of three cascading phases
(Fig. 1).

Phase I includes two subphases. In phase Ia, the landslide-
exposed elements (i.e., buildings in this case) are identified
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Fig. 1. Flowchart of the methodology.

by intersecting the maps of built-up area with the landslide
inventory. In phase Ib, PSI data are converted according to [3]
from the line-of-sight (LOS) sensor-target direction to the
steepest slope direction, taking as input data a digital elevation
model (DEM) of the area and the acquisition geometry of the
sensor. Once the elements at risk are identified and the PSI
velocities along the slope (Viope) are computed, in phase II,
a performance level (PL) as well as an intensity parameter
are assigned to each exposed element. The former derives
from the analysis of the building damage severity levels
recorded during in sifu surveys; the latter—assumed as the
differential settlement (A) suffered from a given building—is
calculated starting from the cumulative settlements derived by
PSI data [11], [13], [19].

In phase III, buildings are homogenized based on their struc-
tural typology [e.g., reinforced concrete (R.C.) or masonry],
which is one of the most relevant factors presiding over dam-
age occurrence. In this last phase, end-products are twofold.
First, cause (PSl-retrieved differential settlement, A)-effect
(building damage expressed in terms of PL) relationships are
retrieved. Then, empirical fragility curves, which provide the
conditional probability P(¢) for a randomly selected building
at risk to be in, or exceed, a certain PL when the intensity
parameter (A) equals a given value, are generated using the
following equation [9]-[13]:

P(Damage > PL;) = ¢ [%ln <AA>} . (1)

To this aim, a log-normal distribution function ¢[] is used as
probabilistic model, wherein the fragility parameters (median
A; and standard deviation f) are computed using the maxi-
mum likelihood method according to [20].

ITII. STUDY AREA AND AVAILABLE DATA SET
The study area consists of a portion of El Papiol (Catalunia,
Spain) municipality [Fig. 2(a)]. It is a Mediterranean climate
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area with a historic center located in the upper part of the
hill and a newly urbanized area developed in the 1960s,
involving lands previously covered by agricultural fields. Both
masonry buildings—mainly located in the historic center that
includes a twelfth century castle—and R.C. ones—dating
back to the major urbanistic expansion along the southern
hill slope—compose the urban fabric. Starting from 1971
and mostly from 1983 on, following periods of heavy rain-
fall [8], part of the built-up area started exhibiting damages
induced by ground instability. This led the El Papiol municipal
government to set up a risk mitigation strategy including:
1) evacuation/repair ordinances for most affected buildings;
2) some control works to reduce the displacement rates; and
3) construction bans within the most affected-areas. A recent
study [8], carried out by using geomorphological/geological
criteria jointly with historical reports and PSI data, confirmed
the instability of the area [Fig. 2(a)]. In particular, the authors
highlighted the presence of cohesive soils with high clay
content affected by soil creep [21] in correspondence of
an alteration band of detrital material of Miocene Epoch
at about 5 m depth. This phenomenon is characterized by
extremely slow displacements that affect the built-up area [8].
The analysis of PSI time-series allowed for a more accurate
definition of landslide boundaries [Fig. 2(a)]. PSI data were
derived by processing 42 ascending StripMap TerraSAR-X
SAR images using the PSIG approach described in [22]. The
images are uniformly distributed over the observation period
(December 2007 to June 2012) with perpendicular baselines
that range from — 333 to + 506 m. The PSI spatial distribution
of the velocity (i.e., the average value over the observation
period) along the LOS (Vi os) is shown in Fig. 2(a).

IV. RESULTS

In Phase I, VLos values were converted to Viope, also
filtering out those PSs for which the multiplying factor
between Viiope and Vios exceeded the threshold of 4 as
suggested by [3], [4]. This operation was necessary to account
for the constraints related to the geometry of both the sensor
acquisition and the landslide-affected slope (e.g., 1-D LOS
information leading to possible misinterpretations on both
modulus and orientation of the “real” displacement vector
when only one orbit data set is available; very limited
sensitivity to northward/southward displacements, see among
others [3] and [4]). The derived Vgope map of the El Papiol
area is shown in Fig. 2(b).

As for the damage to the built-up area, in order to gather
an overview of its severity and distribution within the entire
urban area, an in situ expeditious damage survey was carried
out in June—July 2017.

To this aim, the crack patterns exhibited by building
facades were investigated and fact-sheets [10], [23] were filled
in (Fig. 3). These documents contain information concerning
the location and the urban fabric characteristics (e.g., struc-
tural type, foundation typology, number of floors, and occu-
pancy type), a photo-collection regarding the damage recorded
including the state of maintenance and assigned damage
severity (classified in six levels: DO = negligible; D1 = very
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Fig. 3. Building fact-sheet: (Section I) location area and building
information; (Section II) damage level and photographs of the field survey;
(Section III) DInSAR data and retrieved deformation parameter (i.e., differ-
ential settlement, A).

slight; D2 = slight; D3 = moderate; D4 = severe; and D5 =
very severe), the available PSI measurements, and derived
foundation deformation parameter. In particular, during in situ
surveys the level of damage was classified according to [24]
based on the width and the diffusion of cracks on fagades, and
on their easy of repair.

The results of the survey campaign on 423 buildings are
summarized in Fig. 4, in which the recorded damage severity

Building damage severity levels
[INot surveyed building
[Undamaged | |Aesthetic
Wiserviceability Il Stability
%Landslide-aﬁemed urban area

@ no damage
B damage

Aesthetic Serviceability Stability

Fig. 4. Building damage map of El Papiol urban area.

levels were merged based on the building PL. For this purpose,
four building PLs were considered: undamaged (when the
building does not exhibit damage or only a negligible level
DO is recorded); esthetic (including D1 and D2 damage
levels characterized by hairline/fine cracks that can be easily
treated during normal decoration or require easy repair works);
serviceability (associated with D3 severity level, where mod-
erate damages that need maintenance works are recorded);
stability (referred to D4 and D5 damage severity levels with
a risk for building safety because the damage can affect its
structural stability).

The collected data highlight that 83% out of the total
surveyed buildings do not exhibit damage. As for the remain-
ing 17% ones, they exhibit severity levels classified as
aestethic (7.5%), serviceability (3.5%), and stability (6%). The
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(d) masonry buildings.

damaged buildings mainly concentrate on landslide-affected
areas or in their proximity (Fig. 4), where the landslide
mechanism is enlarging or retrogressing. For the purpose of
the analysis, according to the available data, 34 buildings were
identified as the exposed elements within landslide boundaries
and covered by at least two coherent PSs. They were then
distinguished based on their structural typology (22 masonry
buildings and 12 reinforced ones).

In Phase II, each exposed building was associated
with both a PL and a value of the intensity parameter
(i.e., differential settlement A), computed as shown in Fig. 3.
In particular, each building was associated with the PSs falling
within a 2-m buffer around its perimeter and exhibiting height
comparable to that of the building. Then, the cumulative
settlement pertaining to each PS was derived by multiplying
the vertical component (V) of Viope by the reference period
of 34 years (i.e., the time passed between the major event of
1983, when damage started being recorded, and the date of
the damage survey in 2017). In this way, a constant velocity
(i.e., the one computed during PSI observation period) was
assumed over 34 years. This assumption, although creep
evolving with extremely slow velocity is considered the cause
of the slope instabilities in El Papiol area [8], represents a
current limit to this letter.

PS-derived settlement data were then interpolated via
inverse distance weight (IDW) method on a 2 by 2 m grid
over each building, so that settlement profiles were retrieved
along the longitudinal cross sections. Then, the differential
settlement A was computed as the maximum difference of the
vertical settlement between any two points along the settlement
profile of the single building’s foundation (Fig. 3). In this way,
although settlements refer to PS located on the building roof,
they were considered as occurring at the foundation level, thus
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PL versus differential settlements A for (a) R.C. and (b) masonry buildings in El Papiol urban area. Empirical fragility curves for (c) R.C. and

TABLE I

MEDIAN (A;) AND STANDARD DEVIATION (/) PARAMETERS OF THE
LOG-NORMAL DISTRIBUTION FUNCTION USED FOR
EACH CONSIDERED PL

Building typology
Performance level R.C. Masonry
Ai[em] Blem] A [em] Plem]
Aesthetic 2.06 1.97
Serviceability 3.37 0.64 3.73 0.59
Stability 4.90 5.41

neglecting either compressive or tensile strains that may affect
the superstructure [11] as well as possible thermal expansion
of materials [25], [26].

In Phase III, empirical relationships were derived between
A and the PL for the samples of R.C. [Fig. 5(a)] and masonry
buildings [Fig. 5(b)]. For both building structural typologies,
an increase of building damage corresponding to an increase
of the intensity parameter can be appreciated. On the other
hand, a lower PL is recorded by the building when the value
of the intensity parameter (A) increases. The obtained values
of A pertaining to the attainment of instability conditions are
comparable to those available in the scientific literature, see
for instance [16].

Finally, two sets of fragility curves [Fig. 5(c) and (d)] were
computed relating A and the probability of attaining or exceed-
ing one of the three PLs. Table I shows median (A;) and
standard deviation (/) parameters of the log-normal distribu-
tion function used for each considered PL derived by adopting
the maximum likelihood estimation method according to [20].
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V. CONCLUSION

In this letter, the potential of high-resolution TerraSAR-X
PSI data in the analysis of vulnerability of buildings located in
slow-moving landslide-affected areas was shown. For the case
study of El Papiol town (Spain), by combining PSI-derived
building differential settlements with the results of an expedi-
tious in situ damage survey, it was possible to retrieve deter-
ministic relationships between the level of damage severity
and the values of the intensity parameter A cumulated over
a period corresponding to the time interval between the last
major reactivation event and the damage survey. As expected,
higher values of A correspond to higher levels of damage
severity for both the sample of reinforced and masonry build-
ings analyzed. The same data set was then used to generate
probabilistic tools such as empirical fragility curves. These
latter, whether a larger damaged building data set is available,
could help appreciating the performance of different structural
typologies. Indeed, so forth main limit to the diffusion of
these tools has been the availability of settlement data from
conventional monitoring techniques, which can turn out to be
not affordable for analyses over large urban areas. Once further
validated, fragility curves could stand as operative tools allow-
ing for the prioritization of interventions and maintenance
works to the exposed buildings that exhibit/may exhibit the
lowest PL (or the highest damage severity) within an urban
area.

Together with the research works carried out in the last
decades for the application of PSI data for landslide mapping
and characterization, the analysis of vulnerability of exposed
elements could represent a further step toward the full inte-
gration of PSI data within the landslide risk management.
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