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Abstract

Slow-moving landslides are a natural hazard which affects wide areas in the world and often are cause
of significant damage to structures and infrastructures. Analysis of landslide evolution and of their
interaction with existing man-made structures plays a key role in risk prevention and mitigation
activities. To this purpose, a considerable interest towards innovative approaches has grown among
the scientific community and land management institutions. In this work, Synthetic Aperture Radar
data acquired by C-band and X-band sensors, combined with numerical analyses, have been
successfully applied as a tool to detect spatial and temporal landslide-induced effects, in terms of

deformations and structural behavior of a building affected by ground instability. Such approach has
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been applied to Moio della Civitella urban settlement (Salerno province, Italy), whose whole territory
is interested by several slow-moving landslides. In detail, performance of a masonry building
aggregate and the efficacy of restoration works have been investigated through an integrated
assessment of displacement time-series pre- and post-repair intervention, and structural analysis
performed with numerical code.

Historical DINSAR data have permitted firstly the interpretation of building displacement time-series
corresponding to pre- and post-works configurations; subsequently, the analysis of interpolated
interferometric products has allowed to define gradient maps of vertical and horizontal displacements
and to identify part of aggregate which can suffer a greater susceptibility to damage as a consequence
of deformation gradients. Finally, the comparison of satellite and numerical data showed a substantial
agreement with local failures and damage surveyed, thus confirming the capability of DINSAR
technique to investigate building performance where no in situ displacement measurements were

available.
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1. Introduction

The occurrence of landslides in urban areas can cause a serious threat to facilities, structures and
infrastructures. In Europe and in Italy in particular, where half a million active landslides exist, mass
movements represent an important cause of damage [1, 2].

Existing buildings are sensitive to ground movements caused by slow-moving landslides: when
buildings are located within a landslide area, the interaction is of “static” type, generating rigid
rotations or angular distortions as a result of differential displacements.

Evaluation of building structural performance, meant as assessment of damage conditions, plays a
key role in risk prevention and mitigation activities. In fact, spatial and temporal analysis both of

ground deformation and of building damage degree represents a useful tool to understand landslide



evolution and structures behavior. This approach can be suitable to evaluate how the elements at risk
in a landslide-affected area may change with time, contributing to the risk assessment, which is very
important for decision making by Civil Protection Authorities [3].

Different approaches [4, 5, 6, 7, 8] to investigate performance of building affected by ground
instability phenomena have been described in literature. However, each approach is characterized by
its own peculiarity, exhibiting differences in their respective final results. Indeed, at present no only
one standard methodology exists. Based on the scale of analysis and the availability and quality of
input data, the vulnerability analysis, defined as assessment of potential physical losses arising from
landslide phenomena, can be carried out and expressed using vulnerability matrices and indices-based
approach, vulnerability domains, fragility curves.

Vulnerability matrices and indices-based approaches can estimate the expected degree of loss to a
given building, by using a qualitative measure of consequences or a numeric rating scale ranging
from O (no loss) to 1 (total loss).

Vulnerability domains and fragility curves approaches, instead, are used to provide quantitative
assessment of building physical vulnerability. Fragility curves, in particular, are a useful tool to assess
the conditional probability of reaching or exceeding a certain level of damage severity as a function
of the landslide characteristics; thus, they express the vulnerability of buildings in probabilistic terms,
incorporating also uncertainties related.

These approaches are often the most practical when a large amount of empirical data is available.
The approach considered in this work also is based on a logical structure which takes into account
landslide intensity and structural characterization of the exposed elements. The main novelty of
proposed methodology is attributable to the combined use of remote sensing satellite data and
numerical structural analyses performed on computational model of a single building.

Nowadays, slow-moving ground deformations can be easily detected and monitored using satellite
radar techniques, integrated with conventional geomorphological field surveys and in situ

measurements. In particular, during the last decade, Differential SAR Interferometry (DINSAR) has



been successfully applied as a remote-sensing tool in several analyses aimed to monitoring the
impacts of ground movements in urban areas [9, 10, 11, 12, 13, 14, 15].

The combined use of non-operating historical C-band satellites and operating X-band Synthetic
Aperture Radar sensors of new generation allows a multi-spatial and temporal detection of landslide
effects, at relatively reasonable costs, thanks to its accuracy, non-invasiveness and long-term temporal
coverage. European Space Agency (ESA) C-band satellites (e.g. ENVISAT ASAR) provide long
historical archives of motion rates and time series, covering wide areas at medium spatial resolution.
On the other hand, X-band data, with higher spatial and temporal resolution, allow a more detailed
investigation at the scale of a single building distortions [16, 17, 18].

In particular, the launch of SAR sensors which operate at 3 cm wavelength in X-band, i.e., TerraSAR-
X and COSMO-SkyMed, with higher spatial resolution (3 x 3 m) and reduced revisiting time (4-16
days) compared to the previous operating C-band satellites, has enhanced DINSAR capability for
displacement monitoring. X-band SAR images make the number of retrieved targets higher by a
factor of approximately 100-200, compared to medium resolution data [19], allowing to investigate
settlement profiles along building facades, maximum distortions occurred and prevalent direction of
movements.

Instead, the characterization of exposed elements requires to define building construction properties
accomplished with an accuracy level which depends on diagnosis criteria. Therefore, to implement
building computational model in a numerical software, geometrical data, types of structure, typology
of foundation and mechanical properties of structural materials, have to be assessed.

In this work, we propose an integrated use of displacement time-series recorded by C- and X-band
satellites, and of structural analyses performed in a numerical code, to assess the performance of
buildings to ground movements as well as the efficacy of restoration works interesting part of building

aggregates.



Such study permits to evaluate building deformations in pre- and post-intervention stages and
subsequently to achieve a preliminary assessment of the relationship between the landslides intensity
and damage severity exhibited by each involved building.

The paper is organized as follows: the proposed approach is described in detail in Section 2; Section
3 introduces the study area used to illustrate the methodology as well as the used INSAR datasets and
the available information of the building survey; to a comprehensive interpretation and discussion of
the results from the test site are described in Section 4; finally, Section 5 summarizes the main

conclusions of the paper.

2. Methodology

In the present paper a general approach for the assessment of the building performance to actions
resulting from slope instabilities is provided.

Aimed to investigate the relationship between cause (displacements induced by landslide) and effect
(distortions and damage to existing buildings), such methodology is developed according to the
flowchart shown in Figure 1.

As first step, a preliminary characterization of subsoil geological setting and of landslides is required
(green box). In particular the combined study of geological and geomorphological maps allows to
evaluate the influence of geological properties on the spatial distribution of mass movements and to
identify the predisposing factors of ground displacements.

Subsequently, behavior of different buildings affected by ground movements and, in particular, the
efficacy of restoration works can be assessed following two approaches:

-analysis of displacements time-series pre- and post-repair intervention obtained through Differential
Synthetic Aperture Radar Interferometry (DINSAR) (orange box);

-structural analyses performed in a numerical code of computational models corresponding to original

(pre- intervention) and current (post-intervention) configurations (red box).
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Figure 1. Methodology flowchart: approaches, input and output data.

As regards the analysis of displacement time series before and after the intervention, it is important
to highlight that building deformations can be achieved by means of conventional (instrumental or
topographical surveys) and Differential Interferometric Synthetic Aperture Radar (DINSAR)
techniques. The first ones can give useful information on the phenomenon development, resulting
highly expensive if a great amount of measurements is required [20]. On the other hand, DINSAR
techniques [21, 22, 23] provide deformation velocity maps and time series (TS) for reliable pixels
exhibiting a good phase quality, having become a consolidated technique for deformation
measurements, both of ground surface and of structures.

Such approach, however, does not take into account structural behavior of buildings: for this reason,
occurrence and location of cracks and local failures cannot be investigated. Aimed to overcome these

constraints, a soil-structure model can be created in a numerical software.



Non-linear static analyses performed on a building computational models, applying progressively
displacement profiles measured by DINSAR data, permit to detect temporal and spatial evolution of
damage. Furthermore, efficacy of remedial works can be assessed by analyzing a difference of
behavior among the two models corresponding to configurations pre- and post-intervention.

In this work, dealing with masonry structures, an ad hoc algorithm is required capable of reproducing
the non-linear behavior of masonry structures under static and seismic loadings, compared to ordinary
concrete and steel buildings. Moreover, 3DMacro computer code [24], developing an original
modelling approach and providing reliable numerical simulations, has been used.

Finally, validation of results can be obtained by comparison among results provided by DInSAR and
structural analyses on computational model and real damage observed by in situ survey (grey box).
In the following paragraphs, a detailed overview of the above-mentioned approaches, input and output

data, will be discussed.

2.1. DInSAR analysis

In this work, building deformations before and after the restoration of the foundation have been
recorded through the processing of SAR images by Coherence Pixels Technique [25], a processing
chain able to extract the deformation evolution during long time spans from a stack of differential
interferograms.

Figure 2 shows the progressive steps of multi-level analysis of satellite data to assess performance
and deformations of buildings affected by slow-moving landslide.

Satellite radar images acquired along ascending and descending tracks represent input data (green
box). Interferometric products which can be obtained by processing are defined in red boxes, the final
outputs are shown in orange boxes, while the validation process of the results are reported in grey
boxes.

Mean yearly velocities and cumulative displacement provided by interferometric products are

measured along the satellite Line of Sight direction (LoS) on a discrete number of points, called



scatterers. By analyzing the displacement time series of targets identified on each building by
ENVISAT ASAR and COSMO-SkyMed satellites, a possible change of behavior in the displacement
trend before and after the date of repair can be detected.

Since these measurements are characterized by a discrete point-sampling, a geostatistical
interpolation of targets cumulative displacement is needed to obtain a continuous displacement map,
thus, to estimate ground motion displacements occurring in the monitoring period, even where no
scatterers are available. Following this way, the Inverse Distance Weighted (IDW) interpolation
method was used to create a continuous displacement-surface map from the sample set of scatterer
data. Resolution of the IDW interpolation cell has to be set according to the resolution of the space-
borne radar images: for instance, the pixel size of the resulting surface could be set as 3 x 3 m if
exploiting high resolution X-band data (e.g., COSMO-SkyMed satellite) or equal to 20 x 20 m if C-
band satellites (e.g. ENVISAT ASAR) are used. Furthermore, the high density of points of
measurement regarded on buildings, allows to reduce the level of uncertainties.

As a result, a displacement value can be assigned to each pixel centroid of the interpolated surface,
thus obtaining a regular grid of distributed rates.

Furthermore, availability of images acquired both along “ascending” and “descending” tracks allows
to define vertical and horizontal components of movements [26, 27]. Considering these
displacements, the interpolated maps have been used to estimate the gradient of displacements
affecting building masonry walls, according to the definition provided by Burland and Wroth [28]
and to identify the direction along which maximum differential movements have occurred [29]. It is
important to highlight that, dealing with long surficial masonry stripes as foundation, displacements
at foundation level have been fixed equal to them obtained to ground level. Such analysis represents
an important step to define building conditions. The change in displacement-value, in fact, describes
a condition for which a part of a building foundation is moving at a different rate from other portions

of the foundation and, commonly, buildings affected by ground surface differential movements can



suffer anisotropic stresses and, as a consequence, a greater susceptibility to damage. A validation

process of these results with damage occurred on building fagades is required (grey box).
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Figure 2. DINSAR analysis for the detection of building performance. Note that Oasce and 6desce are the
ascending and descending incidence angles, respectively. Input data are shown in green box, interferometric
products in red boxes, final output results in orange boxes, validation process in grey boxes.
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2.2. The macro-elements approach for the assessment of behaviour of masonry buildings
As mentioned in section 1, the analysis of building deformations does not take into account its
structural properties, not allowing to investigate in detail the occurrence of cracks due to ground

movements.



Aimed to assess different performance of structures in pre- and post-remedial work phases,
quantitative analyses have been performed for a selected building, according to the flowchart shown
in Figure 3.

Input data have been defined in green boxes. Through a detailed geometrical and a structural survey,
a 3D computational model of the selected building, corresponding to the pre- and post-intervention
configurations, have been implemented in a numerical code. Subsequently, vertical and horizontal
displacement profiles measured by DINSAR data in the considered period at ground level along
building facades have been progressively imposed to the foundations of both models: each interface
of foundation stripes exhibits three degrees-of-freedom, associated to the in-plane rigid body motion,
thus DINSAR displacements have been applied as external loads corresponding to fixed values of
these degrees-of-freedom. Finally, non-linear static analyses have been performed.

In detail, to assess the global performance of the selected masonry building aggregate, the number of
masonry panels with elastic behavior and the number of yielded and fissured elements have been
evaluated (yellow box). The comparison of the results obtained on computational models affected by
the same displacement profiles, allow to highlight a different behavior between both configurations
(orange box). Furthermore, such analysis allows to investigate tensional state of each panel and also
identify the portions of the masonry walls where the main collapse mechanisms and damage occur.
In the present work, dealing with masonry structures, an ad hoc algorithm, capable of reproducing
the non-linear behavior of masonry and providing reliable numerical simulations, is required.

More specifically, 3DMacro computer code [24], has been used, implementing a more original
modelling approach for the simulation of the non-linear behavior of masonry structures under static
and seismic loadings, than those usually used for ordinary concrete and steel buildings modelling.
The main simplified models for the simulation of masonry walls in the literature are the so called
‘equivalent frame models’ where a masonry panel is simulated with an equivalent beam which can
interact with other elements at its ends [28, 30]. On the contrary, the proposed modelling approach is

based on the concept of macro-element discretization of masonry panels [31] and has been conceived



with the aim of capturing the non-linear behavior of an entire building by means of an assemblage of

several discrete elements, as shown in Figure 3.
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Figure 3. Numerical approach to investigate building performance by structural analyses.
It is worth to notice that the model can also be refined by using a higher number of elements in order
to better describe the kinematics of the masonry wall. Such elements are characterized by a simple
and easy-comprehensive mechanical scheme constituted by an articulated quadrangle with rigid edges
connected by four hinges and two non-linear diagonal springs.
Each element exhibits three degrees-of-freedom, associated to the in-plane rigid body motion, plus a
further degree-of-freedom needed to describe the in-plane deformability. Hence the total degrees of

freedom of a n panels structural scheme are 4n.



The adopted model has the advantage to allow the interaction of the element along the four sides, by
means of a discrete distribution of the non-linear springs, denoted as interface. Each interface is
constituted by n non-linear orthogonal springs, perpendicular to the panel side, and an additional
longitudinal spring, parallel to the panel edge.

According to [32], since the masonry is considered as a homogeneous media, the global behavior can
be ascribed to its flexural and shearing characteristics.

The flexural behavior is simulated by the transversal springs of the interfaces which connect the panel
with other elements and/or external supports. Each spring has been calibrated by assuming a non-
symmetric elasto-plastic behavior with limited deformability. A different behavior for rupture in
compression and in tension has been provided. In fact, when a spring reaches the limit displacement
in compression after the unloading it is totally removed from the model. When a spring attains the
limit displacement in tension, it will be no more able to carry tension forces but it can bear
compressive loads once the contact between the elements is restored.

The sliding spring has the role of simulating the potential sliding between the two elements connected
by the interface. This spring is characterized by a rigid-plastic constitutive law with a Mohr-Coulomb
yielding surface.

At last, to simulate the shearing behavior of diagonal springs of the panel, an elasto-plastic
constitutive law with a Turnsek & Cacovic [33] yielding limit depending on the average axial force
on the panel, has been adopted.

It is worth to notice that proposed models require a physically characterization of the masonry
structure, since all parameters (stiffness, elastic yielding strengths, ultimate displacement) should be
calibrated by means of the usually adopted masonry mechanical characteristics.

In spite of its great simplicity, such basic mechanical scheme is able to simulate the main in-plane

failures of a portion of masonry wall subjected to horizontal and vertical loads.



3. A case study in Moio della Civitella urban settlement

The above described methodology has been used to investigate the structural performance of an
aggregate of masonry buildings placed in Moio della Civitella, a small village located in the Cilento,
Vallo di Diano and Alburni National Park, Salerno Province, southern Campania region (Italy)
(Figure 4a).

Moio della Civitella territory is composed of two urban settings, Moio and Pellare, situated on the
slope of the Civitella mountain (818 m a.s.l.).

In the following section a general overview of geological and geomorphological setting of Moio della

Civitella landscape is provided.

3.1. Geological setting and landslide inventory map

The study area is one of the most interesting in the Campania region, combining peculiar geological
characteristics with valuable natural resources.

The main factors predisposing to instability at Moio della Civitella are the local stratigraphy and
morphology.

Moio della Civitella territory is geologically characterized by the presence of the Crete Nere-Saraceno
Formation (SCE) [34], a Structurally Complex Formation [35], Cenozoic in age, belonging to the
North Calabrian Unit (Figure 4b). The formation is mainly made up of argillites, predominantly of
grey colour, with intercalated carbonate and silico-clastic arenites, which often present at the outcrop
a weathered horizon whose thickness varies between 0.5 and 5.0 m [36]. Furthermore, the
investigated area is almost continuously overlain by a heterogeneous Quaternary debris cover, about
3 to 25 m thick, consisting of heterometric arenaceous and conglomeratic blocks within a silty —
clayey matrix (Figures 4c and d).

As regards geomorphological conditions, the landscape of Moio della Civitella is characterized by

hilly morphologies with relatively low-gradient slopes.



The existing lithologic, structural, hydrogeologic and geomorphologic settings are among the main
factors predisposing to ground instability at Moio della Civitella [37]. The territory is widely affected
by erosional and gravitational phenomena. The main slope movements derive from ancient
phenomena, which involve large portions or the whole extension, 2-3 km in length, of the existing
slopes. According to the Hydro-geomorphological Setting Plan of South Campania River Basin
Authority (2012), about 280 landslides were surveyed within municipal boundaries of Moio della

Civitella.
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ala, alb: old and recent landslide deposits;

b, b2, bn2: alluvial deposits; f2: debris;
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MAU: San Mauro Formation; PLL: Pollica Sandstones;

SCE, SCE1: Saraceno Formation; CRN: Crete Nere Formation;
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Figure 4. Location (a) and geological sketch map (b) (redrawn from APAT, 2006) of the Moio della Civitella
area, and arenaceous and conglomeratic blocks cropping out within the urban settlement (c,d).

The largest slope movements are mainly flows, rotational/translational landslides and areas affected
by diffuse slow movements. Some of these landslides involve the inhabited areas, producing
widespread damage to existing buildings, roads, sidewalks and walls. Furthermore, as regards the
state of activity, in 2012, most of the landslides were classified as dormant, some of them as active

and only seven were identified as inactive. Due to the low seismicity of the area, reactivations are



usually triggered by intense and continuous rainfall, as demonstrated by recurrent damage occurred
to buildings and infrastructures localized within the unstable areas.
The buildings aggregate analyzed in this work is located in the historical center of Moio and it is

affected by diffuse slow movements.
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Figure 5. (a) Location of considered buildings aggregate and (b) comparison between stratigraphic column and
inclinometer measurements in the period November 2015-May 2017 in a borehole close to the structure.

The integrated analysis of a stratigraphic column and the displacement measurements performed on

an inclinometer borehole near the building in the period November 2015-May 2017 has allowed to



investigate the litho-stratigraphical features and subsequently to locate an active shear surface at a
depth of about 7 m, involving top soil and a heterogeneous debris cover of arenaceous and
conglomeratic terrains in a matrix of yellow clayey-silty sand.

Moreover, a low rate of displacement (1.3 cm/year at ground surface) has been recorded in the

considered time span, as shown in Figure 5.

3.2. DInSAR data
To assess displacements both of ground and of existing buildings, due to landslides, ENVISAT and

COSMO-SkyMed images have been processed by means of Coherent Pixels Technique [25]. To this

aim, the SAR datasets summarized in Table 1 have been used.

Table 1. Summary of SAR datasets used in this study.

Satellite Orbit Period N° of images
ENVISAT ASAR Ascending 2002-2010 51
Descending 2002-2010 33
COSMO-SkyMed Ascending 2012-2016 76
Descending 2012-2016 66

The area of interest selected for the SAR analysis covers about 3 km2, encompassing the whole urban
settlement. Scatterers localized in Moio della Civitella area mainly correspond to man-made features,
such as structures and roads. As a first result, for each dataset, the map of mean velocity of
displacement along the Line of Sight (LoS) of targets identified on the considered buildings, has been

plotted (Figure 6).
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ascending (a) and descending (b), and COSMO-SkyMed ascending (c) and descending (d) images.

The use of COSMO-SkyMed images strongly increases the number and the density of persistent
scatterers in comparison to ENVISAT ASAR images due to its high resolution. In fact, no targets
have been detected on the examined structures with ENVISAT descending images (Figure 6b), while
more than 10 targets were recognized by COSMO-SkyMed descending images.

Furthermore, it is important to note that for a more detailed assessment of structural performance,
displacement profiles of targets identified on building have been taken into account instead of
movement rates. In detail, cumulated vertical and horizontal E-W displacements at the end of each
year in the period 2012-2016 have been obtained by combining ascending and descending datasets.
Such analysis has been possible only for COSMO-SkyMed data, due to the unavailability of persistent
scatterers on the considered buildings by ENVISAT ASAR descending products. To this purpose,
firstly ascending and descending discretized data have been interpolated through IDW method [38],
thus providing continuous “LoS” displacement maps. The cell size of the IDW interpolation has been
set at 3 m, according to the 3 x 3 m resolution of COSMO-SkyMed products. Subsequently, according

to [26] the combination of maps obtained along the two tracks has allowed to detect cumulated



vertical and horizontal components of movement with millimeter accuracy, as shown in Figure 7.
The accuracy of interferometric products has been validated by comparing DINSAR results with
conventional data recorded by instrumentations (inclinometers, topographic measure points) installed

during field campaigns [39, 40].
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During the period 2012-2016 DInSAR analysis showed cumulated displacements of the building up
to 3 cm and to 6 cm, along vertical and horizontal direction, respectively, thus highlighting a
movement characterized by a horizontal component higher than the vertical one. As discussed below,
these displacements have been measured on a part of the aggregate not consolidated by remedial

works, while lower movements occurred on the repaired building.

3.3. Characterization of buildings through available structural data

As discussed in paragraph 2.2, a numerical approach to assess building performance requires
implementing the three-dimensional global model in a computational software. To this aim,
geometrical data, types of structures, typology of foundation and mechanical properties of materials,
have been assessed through an in-situ survey, performed in February 2017.

In the aggregate, which was built in different periods at the beginning of 20th century, structures are
irregular in plan and show vertical irregularities depending on different floor height of adjacent
buildings.

Masonry walls, with thickness of 60 cm, were built with natural stones of different type: a part of the
aggregate is characterized by elements without any regular shape with different size, while another
part shows elements more regular but not perfectly rectangular dressed.

The availability of in situ tests on masonry walls allowed to define the mechanical properties of the
building materials: these data have been obtained by consulting results of flat jack testing performed
to design remedial works in pre-intervention phase. The values of the non-regular shape and
heterometric (e.g. rubble stones, pebbles) and of the roughly worked not perfectly rectangular dressed
elements of masonry, adopted for the modelling are summarized in Table 2.

Furthermore, in the original configuration, foundations of all the structures were long masonry stripes
(about 1 m deep as evaluated by survey); for what concerns flat structures (floors), they showed semi-

rigid slab, with wooden beams and a double layer of wooden planks. Subsequently in 2010, a building



of the aggregate was interested by restoration works: reinforced concrete (r.c.) beams as foundations
and beams well connected to rigid reinforced concrete slab as floors were made (Figure 8).

Reinforced concrete (r.c.) beams as foundations, in particular, have a rectangular shape, 100 cm wide
and 50 cm high, connected to existing masonry foundations. A concrete of strength class 25/30 and

B450C steel bars have been used.

Table 2. Mechanical properties of irregular and roughly-worked masonry elements used for modelling the
buildings aggregate.

Young’s Shear Compressive Tensile Shear Unit
Type of masonry | Modulus E | Modulus G | strength sc | strength st | strength to | weigth W
[MPa] [MPa] [MPa] [MPa] [MPa] [KN/m?3]
Non-regular shape 1050 350 1,8 0,1 0,032 19
and heterometric
Roughly worked, not 1500 500 2,6 0,2 0,056 21
perfectly rectangular

As it is possible to note in Figure 8, several cracks have been surveyed on part of the aggregate not
subject to restoration works: diagonal cracks and a vertical crack have been identified in particular
on facade along South direction, induced by differential displacements occurred on masonry
foundations.

According to methodology discussed in paragraph 1.2, computational models of aggregate,
corresponding to configurations pre- and post-intervention respectively, have been implemented in

3DMacro computer code (Figure 9).
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Figure 8. Schematic geometrical plan of load-bearing masonry walls in (a) pre- and (b) post-intervention
configurations and (c) front view of the southern facade.

The cumulated vertical and horizontal displacement profiles measured at ground level along building
facades by COSMO-SkyMed data at the end of each year in the period 2012-2016 have been
progressively imposed to the foundations of both models and non-linear static analyses have been
performed. The comparison of the results derived from the computational models affected by the
same displacement profiles allowed to highlight a different behavior between the two configurations,

as discussed in section 4.2.
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Figure 9. Axonometric views of the 3DMacro code computational models of buildings aggregate
corresponding to (a) pre- and (b) post-restoration works configurations.

4. Results and discussion

4.1. Assessment of interferometric products

The behavior of the buildings before and after the intervention has been preliminary investigated by
analyzing interferometric products: ENVISAT ASAR data allowed to define displacement time series
of structures corresponding to configuration before restoration works, while COSMO-SkyMed
products identified deformations in post-intervention configuration. Such analysis was made only for
ascending data, since no persistent scatterers have been detected on the aggregate by ENVISAT
ASAR descending dataset.

The analysis of the displacement time series of targets identified on each structure as representative
of its deformation before and after the intervention (Figure 10) showed:

- alow increase of “LoS” displacement rate on a part of the aggregate not subject to restoration works;

in detail, on this building, a mean displacement velocity of about 4 mm/yr (target P1) was observed



during the period 2002-2010, while a velocity of about 5 mm/yr has been recorded during the period
2012-2016 (target P3);

- a significant decrease of the “LoS” displacement rate after the completion of the restoration works
on the repaired part. The displacement velocity evolved from about 5 mm/yr for the period 2002-

2010 (target P2) to a mean displacement rate equal to 1 mm/yr from 2012 (target P4).
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Figure 10. “LoS” displacement time series Of targets identified on (a) the part of the aggregate not subject to
restoration works and (b) on the repaired part. Square points identify measurements of ENVISAT ASAR
satellite while circular points represent displacements recorded by COSMO-SkyMed constellation. The
location of the selected targets P1 to P4 derived from ascending ENVISAT ASAR and COSMO-SkyMed data
are shown in figures (c) and (d), respectively.

Subsequently, the availability of cumulated vertical and horizontal displacements obtained by
COSMO-SkyMed products in the period 2012-2016 allowed to define the displacement gradient
maps corresponding to post-intervention configuration: the gradient map calculates the maximum rate
of change in displacement value from that cell to its neighbors, meant as rotation or slope in the
change of a line joining two reference points and has enabled to identify the direction along which

maximum vertical and horizontal differential displacements have occurred (Figure 11).
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Figure 11. Displacement gradient maps along (a) vertical and (b) horizontal directions.

As can be seen in Figure 11, the consolidated structure subject to restoration works was affected by
lower change in displacement value than that from the other part of the aggregate. According to the
above-discussed results, the efficacy of remedial works to reduce the effects induced by the landslide
on the superstructure has been confirmed.

Moreover, such analysis shows a good agreement between the direction of the maximum measured
differential displacements and real distribution of damage surveyed in February 2017 on the South
facade of the not repaired building (Figure 8c). This fact confirms that interferometric products
represent a useful tool to investigate preliminary cause-effect relationships between maximum
differential displacements and subsequent local failures of buildings, the latter induced either by
landslide movements and by constructive factors (location of the structure, construction typology,

foundation type, geometry, number of stories, etc.).



4.2. Numerical analyses

As mentioned in section 2.2, the displacement profiles measured at ground level along the building
facades in the period 2012-2016 have been progressively imposed to the foundations of computational
models corresponding to pre- and post-restoration works configurations, as indicator of landslide
action: in detail, starting from cumulated vertical and horizontal displacements at the end of each year
in period 2012-2016 obtained by IDW interpolation, displacement profiles at ground surface in the
surrounding areas near building fagades (Figure 7c¢) have been applied to structure foundation level
as external fixed loads and non-linear static analyses have been performed. Subsequently, to assess
global performance of past and current models affected by the same displacement profiles, the number
of masonry panels exhibiting elastic, yielding or fissuring conditions have been evaluated, thus
highlighting a difference of behavior between both configurations of the structure (Figure 12).
Figure 12 shows an increase of masonry macro-elements exhibiting an elastic behavior and a decrease
of number of panels yielded or fissured under each applied displacement profile after remedial works
in the restored parts of the aggregate. On the other hand, this change is less evident on building not
subject to remedial interventions. This fact confirms the efficacy of the consolidation works to
improve the performance of the structure within a landslide-affected area.

Furthermore, the numerical analyses performed by means of structural models also allowed to
investigate tensional state of each panel due to cumulated displacement profiles during the considered
period and to identify portions of masonry walls where the main collapse mechanisms occur.

In particular, a good correspondence between the distribution and typology of cracks predicted by the
computational model considering the DINSAR displacements occurred during the period 2012-2016
and the real damage surveyed in February 2017 is observed in Figure 13 for the non-restored building.
Such level of analysis allowed to investigate the cause of occurrence of a vertical sliding-shear crack
and some diagonal-shear cracks on the south facade of the non-consolidated building. These cracks
have been induced by differential displacements occurred on the foundations of the masonry building

and subsequently by a rotational settlement on a part of the load-bearing wall. Such effect has been



confirmed by analyzing vertical crack whose width increases from bottom to top along facade. On
the repaired building instead, no cracks have been surveyed since the reinforced concrete foundation
beams and the reinforced floors concrete slab have considerably increased global stiffness of the

structure, thus reducing stresses and distortions induced by ground movements.
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Figure 12. Comparison of results obtained from the numerical analyses performed by computational models
corresponding to pre- and post-restoration works configurations: (a) on the non-consolidated and (b) on the
consolidated parts of the aggregate.
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Figure 13. (a) General view of the damaged buildings aggregate. (b) Detailed view of the unrestored building
taken during the in-situ campaign in February 2017; (c) computational and (d) numerical 3D model of the
unrestored building with predicted damage carried out on the south facade.

5. Conclusions
In this work an integrated approach exploiting DINSAR data and numerical analyses to investigate
the behavior of buildings in landslide-affected area is proposed. Although benefits of DINSAR to

monitor ground instability phenomena are widely known, this work has demonstrated that DINSAR



technique also represents a helpful support for the assessment of the effects of landslides on exposed
facilities.

A general framework and scale-specific procedure tailored for the use of interferometric products in
the study of building performance in urban areas affected by slow-moving landslides is described in
detail and illustrated trough a specific case of study located in Moio della Civitella (Italy).

The selected case of study is a masonry buildings aggregate, whose structures exhibit different
deformational behaviors and for which the efficacy of restoration works developed in 2010 have been
assessed through the combined use of ENVISAT ASAR and COSMO-SkyMed datasets. As it is well
known, the use of COSMO-SkyMed data significantly improved the level of detail of the analysis on
man-made structures due to its higher resolution, since many targets show up on roofs and facades.
Therefore, DINSAR high resolution data were interpolated using IDW method to provide continuous
maps of the measured displacements. The high density of persistent scatterers located on buildings
and in the surrounding area ensures that the performed IDW interpolation process has introduced a
low level of uncertainties in the assessment of continuous displacements. This information allowed
to investigate horizontal and vertical differential displacement of single parts of the aggregate,
identifying the prevalent direction of deformation. The availability of high resolution COSMO-
SkyMed PSs allowed to provide not only the measurement of the landslide intensity, but also precise
information about building deformation, as indicator of their response to ground displacements.
Structural performance is dependent, as confirmed by this work, by basic constructive factors, such
as building typology, foundation type, number of stories, geometry, properties of materials, etc. A
more detailed PS analysis thus highlights the difference of building behavior, according to the
abovementioned different structural properties.

DINnSAR displacement time-series of targets corresponding to pre- and post-intervention
configurations also confirmed the efficacy of restoration works on the repaired part of the studied

aggregate, highlighting the usefulness of DINSAR for monitoring consolidated structures.



Subsequently, structural analyses performed with a numerical code on computational models
corresponding to the original and current configurations have permitted to identify the most affected
zones of the aggregate, providing detailed information about the type of damage affecting the
structures, including their distribution and typology.

Thanks to a validation process based on in situ observations, the results of the analyses showed the
capability of the proposed approach to pursue goals commensurate to the analysis scale, to better
detect and interpret the underlying phenomena and their consequences (i.e. the ground instabilities
and their influence on building deformations and damage).

The cross-comparison of DINSAR and structural data with local failures and damage observed in situ
allowed a validation of radar data, to achieve a complete analysis which can be particularly useful for
strategies of building management.

As a conclusion, it can be said that such approach, combining DINSAR products and structural
background data represents a powerful tool for complementing classic forensic analysis of buildings
performed by means of field observations and in situ records providing a more detailed local vision

of the problem.
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