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Abstract

The seismic assessment of reinforced concrete (RC) structures is commonly carried out ne-
glecting previous damage, eventually induced by other phenomena, although different forms
of hazard can affect a structure during its existence. The coexistence of many hazard sources
IS very common, i.e., in countries affected by landslides, also characterized by high seismicity,
like Italy. The aim of this work is both to demonstrate the potential utility of satellite data de-
rived from the Differential Synthetic Aperture Radar Interferometry (DINSAR) to support the
structural health monitoring of a RC infilled building within a landslide-affected area and to
assess its safety conditions after experiencing two different hazards, that are landslide and
earthquake. A 3D model of the case study building, including also infills, is created based on
the information available from a geometrical survey, obtaining the missing parameters from
literature. The seismic assessment of the building structural elements, caused by the design
seismic action, is initially shown. Then, the seismic assessment is repeated, considering the
building to be in a state of known landslide-induced stress-strain condition. Finally, an inter-
esting comparison is proposed between the safety condition of the building expected in both
cases, with or without the consideration of the precedent landslide-induced displacements.
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1 INTRODUCTION

Different forms of hazard can affect structures throughout their existence; this is very
common, for example, in countries affected both by landslides and high seismicity.

The effects of the single hazard source on existing reinforced concrete (RC) buildings have
been a widely discussed research topic worldwide, in the last decades. For the seismic as-
sessment, the international literature includes many methodologies and applications related to
specific investigation issues [1-4]. Many studies can also be found regarding the evaluation of
the structural damage as consequence of phenomena inducing slow displacements, monitored
through satellite data for consistent periods [5-7], in particular for landslides [8-12]. The re-
search in terms of landslide-earthquake multi-risk analysis, indeed, is very limited [13].

In this work, a RC infilled building, constructed in the 60s, located in Moio della Civitella,
South of Italy, having typical structural deficiencies of pre-seismic designed structures, is
used as case study. A structural 3D model of the building, including infills, is created based
on the information available from original documents and an in-situ survey, while the missing
parameters are obtained from literature. A modeling approach specifically elaborated for RC
members with plain bars [14] is implemented for the non-linear flexural behavior of RC
members, concentrating it at the ends of the beams and columns. Couples of diagonal struts
are used for infills modeling, which behavior is defined as illustrated by Panagiotakos and
Fardis [15].

The effect of the landslide phenomenon on the structure is monitored through the Differen-
tial Synthetic Aperture Radar Interferometry (DInSAR) technique [16]. The processing of as-
cending and descending COSMO-SkyMed images allows to obtain DInSAR deformation data,
as a result of detected displacements of targets on the ground (buildings, rocks, infrastructures,
etc.), with accuracy of the millimeter, carrying out maps of mean displacement rates and time
series of deformations [17-19]. The surface ground movements, detected in the period 2012-
2019, and extended to the 2020, have been applied to building foundations.

Then, non-linear static (pushover) analysis procedure is implemented twice: the first time
in a condition of integer structure (earthquake [EQ] scenario) and the second time considering
the structure already affected by the monitored slow-moving landslide (landslide plus earth-
quake [LAN+EQ] scenario). In both situations, the analysis results allow to carry out code-
based [20, 21] seismic safety assessments, and the calculation of the “seismic safety index”
(called for brevity “safety index”) [22, 23] with reference to the Italian Life-Safety (LS) limit
state (Is) [20].

This paper aims to demonstrate the potential utility of DInSAR technique at a small scale,
to support the structural health monitoring of an RC building, and to demonstrate the im-
portance of a multi-risk seismic safety assessment, cumulating the actions coming from the
two different hazards, that are landslide and earthquake.

2 METHODOLOGY

The fundamental input for the multi-risk analysis, in this work, is the landslide advanced
monitoring, for a quite wide period of time, obtained from the DInSAR technique. Then, the
aims of the work is pursued by performing pushover analysis and, therefore, the seismic safe-
ty local checks for RC members and the global safety index assessment for the whole struc-
ture. The theorical basis of the previous approaches are explained, respectively, in Section 2.1
and Section 2.2. The territorial frame of the case study, its information and the modeling as-
pects are reported in Section 3. Moreover, Section 4.1 and Section 4.2 present the DInSAR
analysis and displacements application, and the seismic structural assessment for the case
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study building, in the EQ and LAN+EQ scenario. In conclusion, the results obtained by the
multi-risk analysis are compared with the results of the traditional one.

2.1 Differential SAR Interferometry technique

DInSAR approach is based on time series of radar images [24] acquired by sensors in-
stalled on satellite platforms, travelling along semi-polar orbits. The acquisition is ensured
when the observation of radar targets, namely Permanent Scatterers (PS) [25], is possible. PSs
are typically parts of buildings, metallic structures, rocks or other elements already present on
the ground, with electromagnetic characteristics more or less constant over time. Having a
stack of images on the same area, in which specific PSs can be identified, DInSAR approach
allows to create maps of mean displacement rates and time series of the deformations meas-
ured along the LoS, with an accuracy of the millimeter. The mentioned type of maps can also
be obtained for more significative directions with respect to the phenomena developing on
Earth surface. This is possible considering that, because of the Earth rotational movement, an
area can be enlightened by a Synthetic Aperture Radar (SAR) sensor, either from East or from
West, along descending (from North to South) or ascending orbits (from South to North), re-
spectively. Descending and Ascending acquisitions can be combined, after the definition of a
X, Y, z Cartesian coordinate system, in which the three directions coincide with the horizontal
E-W and N-S and vertical, respectively, thus obtaining the displacement vector. It is im-
portant to underline that, due to the geometrical characteristics of the acquisition system the
N-S direction is considered negligible [17]. This is a DInSAR technique limit, that, conse-
quently, furnishes deformation components only in the horizontal E-W and vertical directions.

2.2 Seismic assessment framework

The pushover analysis is implemented, through a step-by-step procedure, by subjecting the
structure to two monotonically increasing pattern of lateral forces, as recommended in NTC
(2018) [20]. The lateral forces, one proportional to the fundamental mode of vibration (Mode
X and Mode Y), one proportional to the mass distribution (Mass X and Mass Y), are applied
in the model at the centers of floor mass (X and Y directions are assumed accordingly to Fig.
2 (a)). Then, the so-called “inelastic demand point”, Dinel is determined, through method A of
the standard [26], based on [27], in the Acceleration Displacement Response Spectrum space
(ADRS, [28, 29]).

Once the results of the pushover analysis are obtained, the seismic safety checks are re-
ported in this work for the LS-Is [20], equivalent to the Limit State of Significant Damage
(SD) defined in EC8-3 [21]. The structural checks in the inelastic demand point Dinel at LS-Is
are performed with regards to ductile and brittle mechanisms. The structural capacity of
beams and columns in ductile terms, &, is evaluated according to the capacity model suggest-
ed by [26] and [21], in terms of chord rotation capacity. The brittle failures for beams, col-
umns and beam-column joints are checked according to capacity models suggested by the
codes [21, 26, 30].

The seismic structural assessment allows the determination of the inelastic “performance
point” of the structure, Cinel, at the considered Is, as that point in which the very first structural
element experiences a failure mechanism. From Cinel it is possible to individuate its elastic
correspondent point, Cel, necessary to find the “capacity spectrum” of the structure, in the
ADRS space. The latter, defined as the elastic spectrum that pushes the structure in crisis, is a
fundamental element to quantify the structural safety condition. In fact, the safety index, e
[22, 23], is defined as the ratio between the demand PGA, based on the design seismic action
prescribed by the code for the LS-Is, and the capacity PGA of the building, represented by the
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anchor acceleration of the capacity spectrum. The structure can be considered safety against
seismic actions when ¢ assumes values greater than one.

3 CASE STUDY AND MODEL DESCRIPTION

3.1 Case study description

The case study RC building is located in the town of Moio della Civitella (Campania Re-
gion, Southern Italy), composed of two urban centres, Moio and Pellare. According to the
Hydro-geomorphological Setting Plan of Hydrographic District of the Southern Apennines
(HDSA)[32], building is affected by significant foundation displacements as a consequence
of an intermittent landslide phenomenon with slow kinematics, (Fig. 1), as also presented in
[33-35].

Fig. 1. Landslide inventory map (2012) with location of considered building.

The RC building was constructed in 1960s, and designed for gravitational loads only, with
a plane parallel frames structural system; it is independent, with a rectangular plan of 11,90 m
by 11,95 m, terraces excluded, built on three levels, with a pitched roof (Fig. 2(a-c)).

The most recent of many visual surveys conducted in the last decade, refers to December
2020. From the in situ-inspections, it has been possible to determine the following infor-
mation. Columns have rectangular cross sections of dimensions 40x55 cm or 40x40 cm, ex-
cept the stair columns, that are 55x50 cm, 60x35 cm and 55x40 cm. They are reinforced with
smooth bars, 4 longitudinal ones, ¢16, and stirrups ¢6/20” Fig. 2(d). The primary beams, be-
longing to plane frames, and the secondary beams, that orthogonally link the four frames at
the ends, have 35x60 cm and 20x50 cm rectangular cross sections, respectively.

The missing information about the beams reinforcement have been obtained by a simulated
design, following the Italian standard R.D.L. [36], according to which the structure has been
designed, then combining its results with evidence of local engineers about the construction
procedures of the building period. Therefore, longitudinal bars ¢16 have been adopted: 9+3
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for the primary beams, while 3+2 for the secondary beams. Moreover, a transversal rein-
forcement of ¢6/15” has been utilized.

Regarding the mechanical materials properties, literature references have been employed.
For the reinforcement bars, it is assumed the presence of Aq.42 steel, with an average yield
strength fym of 328,6 Mpa, from the work of Verderame et al. [37], and an elastic modulus E
of 200000 MPa. For the concrete, a cylindric mean compressive strength fem, of 21,3 MPa,
according to Verderame et al. [38], and an elastic modulus, E, of 27607 MPa have been used.

Fig. 2. Schematic geometrical plan (a) and front view of the S-W facade (b). In situ survey (December 2020):
external picture (c¢); vertical smooth bars found at the column base (d); infills details — tuff (¢); solid clay bricks
(f); hollow clay bricks (g).

Different types of infills have been found during the in-situ inspection, as shown in Fig. 2
(e-g): double-leaf vertical hollow clay bricks with a thickness of 8+12 c¢m, then 12+12 c¢m sol-
id clay bricks and finally regular tuff with a thickness of 25 cm. A clear schematization of the
different infills types distribution, with a labelling of the building fields, can be found in Fig.
3. In particular, hollow clay bricks, solid clay bricks and tuff are indicated with blue, orange
and green lines, respectively. Moreover, it can be noted that AB, BC, A’B’ and B’C’ are the
fields including only infills without openings (solid lines), while CD, DE, EF, C’D’, D’E’ and
E’F’ are the fields including also infills with openings (dashed lines).
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Fig. 3. Building prospects with identification of the different infills types of the building (hollow clay bricks,
blue lines; solid clay bricks, orange lines; tuff bricks, green lines) differentiated in: without openings (continuous
lines, (a-b)) and with openings (dashed line, (c- d)).

Mechanical properties for tuff and solid clay bricks have been derived from Italian NTC
(2018) [20]; for hollow clay bricks, they have been assumed from [39] (see Tab. 1).

Mechanical Property Tuff Hollow clay bricks Solid clay bricks
Elastic modulus En, [N/mm?] 1410 1255 1500
Shear modulus G [N/mm?] 450 315 500
Tensile strength to [N/mm?] 0,060 0,215 0,09

Tab. 1. Mean values of infills mechanical properties.

3.2 Modeling description

As regards the non-linear flexural behavior of RC members, a fourth-linear moment-chord
rotation modeling approach, specifically elaborated for plain bars [14], has been adopted. The
non-linear flexural behavior has been assigned as a plastic hinge at each end cross section of
beams and columns. It has been verified that bending failures precede the shear for the RC
members. However, these elements have been verified with respect to shear mechanisms in
post processing, using code formulations as suggested in Section 2.2. Moreover, each infill
has been modeled with a couple of equivalent diagonal struts resistant to compression, ac-
cording to Al-Chaar [40] and Fardis [41], with a lateral response modeled following the
equivalent single strut model proposed by Panagiotakos and Fardis [15]. The three-linear
moment-chord rotation bond has been assigned at the middle cross section of each diagonal
strut as axial hinges. More details about the evaluation of the geometric characteristics of
these infills can be found in [12].
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Based on the acquired geometrical and mechanical information, a 3D FEM structural mod-
el has been created using SAP2000 (v. 21.0.2, [42]). 2-D elements have been used for model-
ing beams, columns and the couple of diagonal struts representing the infills. The base
columns have been fixed to consider the presence of foundations. The last floor has been
modeled such that its height creates an equivalence of areas of the infills between the second
and third order beams. The infills of the third floor, with openings, have been considered only
as line masses and as line loads, because of the significant difference in shape from the panels
used in the model proposed by Panagiotakos and Fardis [15]. The ones in the fields AB, BC
and A'B' have been modelled; finally, there is a parapet in the B'C' field, and in the EF field
there is no infill because of the presence of a veranda.

The elastic vibration periods of the 3D model, for the first two vibration modes, are
T1=0,47 s and T2=0,39 s, in the direction with and without openings, respectively.

4 SEISMIC ASSESSMENT WITHOUT AND WITH CONSIDERATION OF THE
PRECEDENT LANDSLIDE-INDUCED DISPLACEMENTS

4.1 DInSAR analysis and displacements application for the case study building

Cosmo-SkyMed images, obtained in the framework of Mapltaly Project [43], were pro-
cessed by means of DInSAR technique. In detail, X-band stripmap in ascending and descend-
ing mode images, characterized by a ground resolution of 3 x 3 m, were processed using
SUBSIDENCE software. Coherent Pixel Technique—Temporal Phase Coherence (CPT-TPC)
approach [44, 45] has been used to obtain ground displacements from satellite radar images.
A detailed description of the whole algorithm can be consulted in [44, 45]. A phase quality
value equal to 0,7 has been set in order to obtain an acceptable displacement error, lower than
1,5 mm, and to select an adequate number of points. Fig. 4 (a, b) shows mean displacement
rates maps for ascending and descending acquisitions.

Starting from the discrete maps, vertical and horizontal E-W displacement components,
with millimeter accuracy, have been obtained at the end of each year in the period 2012-2018
and for the first three months of 2019, by a combination process. In this way, the profiles of
cumulated vertical and horizontal (in the direction parallel to the building sides) displace-
ments, occurred to building foundations, have been provided. Moreover, to obtain the cumu-
lated displacement components at the end of 2019 and 2020, an extrapolation has been done,
based on the hypothesis that the landslide phenomenon keeps evolving linearly in time, as ob-
served in the monitored period. The cumulate displacement profiles are shown in Fig. 4 (c, d).
The monitoring of the landslide that caused ever-increasing displacements of the foundation
soil over the years can be also considered as base to carefully hypothesize the condition of the
future years in order to program typical retrofit operation on the RC building [46] or to make
prediction loss assessment evaluation for structures/infrastructures portfolio [47].
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Fig. 4. Foundation displacement profiles the end of each year in the period 2012-2020: vertical (a) and horizon-
tal (b).

4.2 EQ and LAN+EQ results and comparisons

As mentioned in Section 2.2 as first step of the proposed methodology, the seismic capaci-
ty of the RC elements at the LS-Is has been evaluated, after the definition of the seismic ac-
tion according to Italian NTC (2018) [20].

The first case investigated is the EQ scenario, in which the building is in a deformed condi-
tion only for gravity loads before the application of the seismic action. Then, in the LAN+EQ
scenario, the seismic assessment procedure is implemented on the structure, already deformed
because of the differential slow-moving landslide-induced displacements, applied at the base
of the first-floor columns.

Following what illustrated in Section 2.2, pushover analysis has been implemented, by ap-
plying two monotonically increasing pattern of lateral forces to the structure, as recommended
in NTC (2018) [20]. The resultant pushover curves are represented in Fig. 5. It can be ob-
served that LAN+EQ scenario’s curves (black dotted lines) start from a significant displace-
ment value of the control point induced by the landslide effect, while EQ scenario’s curves
(grey continuous lines) start from quite null values of roof displacement.

The seismic verifications in terms of ductile and fragile mechanisms in the step corre-
sponding to the inelastic demand point Dinel, for the LS-Is, have been carried out once ob-
tained the results of the pushover analysis. In Fig. 5, also the evolutions of the failure
sequences found for both scenarios are compared. In both cases, the first failure mechanism
attained is the tensile-shear failure in beam-columns unconfined joints (represented with red
triangles), followed by brittle shear failures in the beams (orange squares) and in the columns
(yellow circles). For each load case, ductile failures are never achieved at LS-Is, up to Dinel
(indicated with a green pentagram).

The application of the differential landslide-induces displacements provokes an aggrava-
tion of the stress state in the structural elements. In fact, they enter in crisis for lower steps
with respect to those attained in the EQ scenario; moreover, the number of elements in crisis
at the LS-Is, until the corresponding Dinel, increases. In particular, in the LAN+EQ scenario,

1119



Annalisa Mele, Andrea Miano, Diego di Martire, Donato Infante, Andrea Prota and Massimo Ramondini

the first joint failures happen at the step zero of the pushover, meaning that they are caused by
the action of the landslide, before the application of the seismic action.
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Fig. 5. Comparison of the pushover curves and relative failure mechanism progress of structural elements, until
the demand point, in the EQ and LAN+EQ scenarios: Mass X (a), Mode X (b), Mass Y (c¢) and Mode Y (d).

It can be observed that, from EQ scenario to LAN+EQ scenario, the number of elements
experiencing brittle crises at LS-Is passes from 11 to 19 for joints, from 7 to 17 for columns
and from 2 to 8 for beams. This increase of the number of elements exceeding the IS can be
attributed to the action of the landslide, which is active independently from the earthquake.

Moreover, an overall comparison of the global structural condition between the two sce-
narios has been done in terms of safety index, ¢ as suggested in Section 2.2. In the EQ sce-
nario, the safety index at LS-Is is equal to 0,27. Taking into account the previous landslide
phenomenon with the first failure at the step zero of the curves, according to Sisma-Bonus
Guidelines [48], the spectrum referred to the Beginning of Damage-Is (10 years return period)
has been considered as a lower limit for the determination of PGAcapacity. The result is that in
LAN+EQ scenario, a e of 0,11 has been obtained. In both cases the structure shows a lack of

seismic capacity, meaning that it is able to withstand only a little percentage of the total de-
sign seismic action.

5 CONCLUSIONS

This study presented the seismic safety assessments of an existing RC infilled building,
constructed in the 60s, located in a landslide-affected area. The work has a dual purpose.

1120



Annalisa Mele, Andrea Miano, Diego di Martire, Donato Infante, Andrea Prota and Massimo Ramondini

From one side, it shows how the DInSAR satellite data can be used to support the structural
health monitoring of RC buildings affected by slow-moving landslides. In general, the pre-
sented methodology can be applied also to phenomena with a different origin, if slowly evolv-
ing in time. On the other side, the aim is to highlight the importance of the seismic safety
assessment in a multi-risk analysis, cumulating the action coming from the two different haz-
ards, that in the specific case are the landslide and the seismic action.

The DinSAR remote sensing technique has been used for the detection of the landslide-
induced displacements, confirming to be an extremely effective tool not only for the monitor-
ing of phenomena at a territorial scale, but also with refers to the detail scale. A structural 3D
model of the building, considering infills, has been implemented, to carry out the seismic as-
sessment in two phases. Initially, a traditional seismic assessment, based on non-linear static
analysis, has been done. Then, the landslide-induced displacements obtained by DInSAR
monitoring technique, affecting the base of the structure, have been applied to the model, al-
lowing to carry out a new pushover analysis in a multi-risk perspective.

In the two cases, the evolution of the stress-strain condition in the members has a different
evolution. Since the landslide-induced displacements vary among all the columns bases, the
phenomenon causes the born of a heterogeneous stresses path in the structural elements, that
becomes the starting condition for the application of the design seismic action. For this reason,
in the LAN+EQ scenario, the number of elements exceeding the LS-Is increases.

Moreover, the illustrated results remark that by neglecting the effects of the existing differ-
ential displacements landslide-induced, the safety index overestimates the threshold of the
seismic safety. It is important to underline that an overestimation of g can conduct to an un-
derestimation in the definition of the structural retrofit procedures and of their costs.
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