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Abstract
Different forms of hazard can affect structures throughout their existence. The occurrence of a seismic event in areas exposed 
to different risks or already affected by other phenomena is highly likely, especially in countries characterized by high seis-
micity and equally high hydrogeological risk, as Italy. Nevertheless, the seismic safety assessment of reinforced concrete (RC) 
structures is commonly carried out considering the seismic action only, generally applied to an analytical model, neglecting 
the stress–strain state induced by previous ongoing phenomena. The aim of this work is to highlight the importance of the 
seismic safety assessment in a multi-hazard analysis, cumulating the action coming from two different hazards: landslide 
and earthquake. An existing RC building, located in an area affected by an intermittent landslide phenomenon with slow 
kinematics, that may also be subjected to strong earthquakes, is used as case study. The Differential Synthetic Aperture 
Radar Interferometry (DInSAR) approach is used to monitor the evolution in time of the landslide. DInSAR deformation 
data are used to detect surface ground movements applied to building foundations. A non-linear static analysis procedure is 
implemented for the code-based seismic safety assessment, in two different scenarios. The seismic assessment of the case-
study building is implemented in a condition of structure deformed only for gravity loads, and, then, in a state of known 
landslide-induced deformed configuration. A comparison is proposed between the building seismic safety assessment per-
formed in both cases, with or without the consideration of the landslide-induced displacements, showing the importance of 
a multi-hazard evaluation.

Keywords  Multi-hazard assessment · Earthquake · Landslide · Remote sensing · RC building structural assessment

1  Introduction

The seismic safety assessment of reinforced concrete (RC) 
structures is commonly carried out considering a single haz-
ard source and an analytical model representing the intact 
structure, neglecting potential previous damage induced 

by other phenomena. Different forms of hazard can affect 
structures throughout their existence, generally not occur-
ring simultaneously, but spaced over the years. This is a 
scenario that may very likely occur, especially in Italy, a 
country characterized by high hydrogeological risk as well 
as high seismicity.

Many methodologies and applications regarding the seis-
mic assessment of existing RC buildings can be found in the 
national and international literature, aiming to investigate 
the different problematic aspects of this task, such as the 
choice of the proper modeling strategy and analysis meth-
odology [1–5] and the consideration of the different source 
of uncertainties in the modeling phase [6–8]. Moreover, dif-
ferent studies evaluate the structural damage in the existing 
RC structures as consequence of displacements induced by 
landslides [9–13] or other hazard sources, such as subsid-
ence [14, 15], ground consolidation [16], mining activities 
[17], excavations [18], and variations in the temperature 
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distribution in the structural elements [19], monitored 
through satellite data for consistent time intervals. In fact, 
all the mentioned hazard sources induce displacements quite 
slow in time in the existing buildings, which can be easily 
monitored through remote sensing techniques. Applications 
about the seismic assessment procedures for existing RC 
buildings affected also by other ongoing hazard source-
induced displacements, instead, are very few. Pitilakis and 
Fotopoulou [20, 21] proposed a methodological framework 
for assessing the vulnerability of typical RC buildings sub-
jected to combined ground shaking and earthquake-induced 
landslide hazards resulting to the construction of coupled 
fragility curves. Negulescu et al. [22] developed fragility 
curves for masonry structures affected by permanent ground 
displacements and earthquakes.

This work aims to present a procedure to assess the seis-
mic safety condition of RC infilled buildings after cumulating 
the action coming from the two considered hazards landslide 
and earthquake. Satellite data, derived from the Differential 
Synthetic Aperture Radar Interferometry (DInSAR) approach, 
are used to monitor the development of the landslide-induced 
displacements in time. The DInSAR technique [23] allows to 
detect displacements of targets on the ground (buildings, rocks, 
infrastructures, etc.) with millimeter accuracy, carrying out 
maps of mean displacement rates and time series of deforma-
tions [24–30]. This technique has been proven to be a power-
ful monitoring tool due to its high spatial and multi-temporal 
coverage, rapid data acquisition, and reasonable costs.

A RC infilled building, constructed in the 60s in Moio 
della Civitella, (Campania Region, South of Italy), is the 
target of this research. The municipality of Moio della Civi-
tella belongs to an area affected by an intermittent landslide 
phenomenon with slow kinematics, and classified as seismic 
zone 2, according to the most recent Italian territorial seis-
mic classification [31], meaning that it may also be subject 
to strong earthquakes. Typical deficiencies of pre-seismic 
designed structures can be found in the case study building. 
The remotion of the concrete cover on a consistent sam-
ple of structural elements, together with non-destructive 
tests, have highlighted an insufficient number of stirrups in 
the nodal regions (low confinement in the areas of poten-
tial plastic hinges formation), the use of longitudinal and 
transverse smooth bars, and poor anchorage details for the 
reinforcement.

A 3D model of the case study building, including also 
infills, is created based on the information detected from the 
available original drawings (kindly provided by local prac-
titioners) and an in situ survey made in December 2020. A 
simulated design is implemented to complete the knowledge 
process, and literature references are considered to fill the 
lack of some information. A modeling approach specifically 
elaborated for RC members with plain bars [32] is consid-
ered for the non-linear behavior of beams and columns. As 

regards infills, the model proposed by Panagiotakos and 
Fardis [33] is used.

The processing of COSMO-SkyMed images for the 
period 2012–2019 allows to obtain the ground displace-
ments. These data, representing the landslide effect acting 
regardless of the seismic action, are applied in the model at 
the ground column bases. Then, the non-linear static analysis 
procedure, also known as “pushover”, is implemented in this 
work for a code-based seismic safety assessment. The main 
code reference is the Italian National Code, NTC (2018) 
[34], but the same checks are also required accordingly 
to Eurocode 8—Part 3 (EC8-3, [35]). Moreover, pusho-
ver analysis is used to calculate the “seismic safety index” 
(named for brevity “safety index”) [36], also called in the 
literature “seismic safety factor” [37] and defined in NTC 
(2018) [34] with reference to the Life-Safety (LS) and Dam-
age Limitation (DL) limit state (ls). The assessment of the 
seismic safety of the building, considered to be in a state of 
known landslide-induced damage, is conducted. The goal 
and the novelty of this work are to present a procedure to 
quantify the changes in the seismic safety of a given struc-
ture previously damaged by quasi-static landslide-induced 
displacements. The methodology is repeatable elsewhere for 
the seismic assessment of RC buildings. The comparison 
results between the seismic safety assessment of the build-
ing expected in both cases, with or without the consideration 
of the precedent landslide-induced displacements, show the 
importance of this multi-hazard evaluation.

2 � Proposed methodology

The DInSAR approach and the seismic assessment procedure 
followed in this work—including safety checks and safety 
index assessment—are explained in detail in Sects. 2.1 and 
2.2, respectively. In Sect. 3, the case study building and the 
structural model creation are presented. Then, the DInSAR 
analysis and the displacement application for the case study 
building are shown in Sect. 4.1. Moreover, in Sect. 4.2, the 
building seismic assessment is implemented, both with and 
without the consideration of the previous landslide-induced 
displacements, showing a comparison between the results in 
the two different conditions. In this work, the two considered 
hazard actions, earthquake [EQ] and landslide [LAN], are 
considered independent. Then, the effects induced by the 
two hazards are cumulated. The proposed methodology is 
schematized in the flowchart presented in Fig. 1.

2.1 � DInSAR approach

DInSAR approach is an extremely effective tool for detect-
ing, with millimetric accuracy, deformation phenomena of 
the Earth's surface. It is based on the use of time series of 
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radar images [38], acquired by sensors installed on satel-
lite platforms that travel along semi-polar orbits. Therefore, 
due to the Earth rotation, and to the fact that SAR sensor is 
pointed on the same side with respect to the velocity vector 
in the orbit trajectory, an area can be enlightened from East—
during descending orbits (from North to South)—or from 
West—during ascending ones (from South to North) (Fig. 2).

The angle formed by the perpendicular line to the trajec-
tory orbit (Line of Sight—LoS) and the look line is called 
“look angle” (“incident angle”). DInSAR approach is based 
on the maintaining of the same “electromagnetic signature” 
for the radar targets, namely “Permanent Scatterers” (PSs) 
[40], in all images, thus preserving information over time 
even if the acquisition geometry and weather conditions 
vary. PSs are typically buildings, metallic structures, rocks 
or in any case elements present on the ground, for which 
the electromagnetic characteristics do not vary appreciably 
over time.

Interferometric analyses are based on radar images, which 
are arrays of pixels, each of which is associated with a reso-
lution cell. An image contains amplitude and phase informa-
tion. The amplitude identifies the portion of the electromag-
netic field incident on all objects belonging to the ground 
resolution cell and backscattered toward the sensor. The 

phase φ (°) is given by the contribution of multiple terms, 
summarized in the following equation [41]:

where � (°) is the term due to the reflectivity of the target, 
� (°) is a contribution related to the atmosphere, r (m) is the 
displacement induced by movement, λ (m) is the wavelength 

(1)� = � + 4�∕� ⋅ r + � + n,

Fig. 1   Flowchart of the pro-
posed methodology

Fig. 2   Ascending and descending SAR acquisition geometries ( mod-
ified from Vassileva et al. [39])
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of the sensor, and n (°) is the noise of the acquisition sys-
tem, related to the Earth curvature, the signal-to-noise 
ratio (SNR) and the instrumental noise. The factor 4�∕� 
is referred to as the propagator term. Through Eq. (1), it is 
possible to obtain the displacement r induced on the struc-
ture by natural phenomena (e.g., landslide as in the case 
study). In detail, by comparing the phase information of 
each homologous pixel between two or more SAR images, 
captured at different times (provided by the same measuring 
station), it is possible to estimate the displacement along the 
sensor line of view, by Eq. (1). Therefore, the phase values 
of radar images contain information on the double sensor-
target path taken by the signal and, hence, constitute the 
basic information for all the interferometric techniques [41]. 
By comparing a pair of images acquired over the same area, 
but at two different times, it is possible to analyze the phase 
variation between the two images through the interferogram, 
and highlight any differences due to deformation phenom-
ena. Therefore, having a stack of images on the same area, 
it is possible to obtain maps of PSs characterized by mean 
displacement rates and time series of deformation, measured 
along the LoS.

Moreover, if succeeding in combining two acquisitions 
coming from descending and ascending orbits, it is possible 
to evaluate the horizontal and vertical components of the dis-
placement vector, to be correlated to the existing phenomenon. 
This operation can be better understood by considering a x, y, 
z Cartesian coordinate system, in which the three directions 
coincide with the horizontal East–West (E–W), North–South 
(N–S) and vertical, respectively (Fig. 3).

In such reference system, the displacement vector D can 
be calculated as

where Dx, Dy, and Dz are the velocity vector components 
along the horizontal (E–W and N–S) and vertical directions, 
and sx, sy, and sz are the unit vectors of the three coordinate 
axes of the Cartesian system. Thus, using the mean velocity 

(2)D = Dxsx + Dysy + Dzsz,

values Da and Dd, obtained from the PSs database, the fol-
lowing system is derived:

where sxasc, syasc, szasc, sxdesc, sydesc, and szdesc represent the 
direction cosines of the respective displacement vectors Da 
and Dd. In this system, the number of the unknown vari-
ables (Dx, Dy and Dz) is higher than that of the equations, 
and therefore, it cannot be solved. However, due to the geo-
metrical characteristics of the acquisition, the component on 
N–S direction appears to be negligible [24], thus allowing to 
solve the previous system and to assess motion components 
in E–W and vertical directions (Dh and Dv respectively, cor-
responding to x and z directions)

Finally, to obtain a distributed data, a spatial interpolation 
is carried out using the Inverse Distance Weighted (IDW) 
approach, setting a resolution cell of 3 m × 3 m, for each 
analyzed year of monitoring. This allows to obtain the dis-
placement values referred to the columns of the investigated 
structure.

Cosmo-SkyMed images have been processed through 
DInSAR technique to detect landslide-induced deformations. 
Such images have been obtained by means of an agreement 
between Department of Earth Science, Environment and 
Resources of the University of Naples Federico II and Ital-
ian Spatial Agency (ASI), in the framework of MapItaly 
Project [42]. Specifically, in this study, the results obtained 
in a previous work [13] for the period 2012–2016 (Table 1) 
have been extended to 2019. In detail, X-band stripmap in 
ascending and descending mode images, characterized by 
a ground resolution of 3 × 3 m, acquired in the time span 
January 2017–March 2019 (Table 1) has been processed 
using SUBSIDENCE software, developed at Remote Sensing 

(3)
{

Da = Dxsxasc + Dysyasc + Dzszasc
Dd = Dxsxdesc + Dysydesc + Dzszdesc

,

(4)
{

Da = Dvcos�asc + Dhsin�asc
Dd = Dvcos�desc + Dhsin�desc

.

Fig. 3   LoS direction cosines in 
both ascending and descending 
geometries
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Laboratory (RSLab) of the Universitat Politecnica de Cata-
lunya of Barcelona, which implements Coherent Pixels 
Technique–Temporal Phase Coherence (CPT-TPC) approach 
[43, 44].

CPT-TPC has been used to obtain ground displace-
ments from satellite radar images. A detailed description 
of the whole algorithm can be consulted in [43, 44]. The 
implementation of DInSAR mean displacement rate maps 
is obtained by seven processing steps: image co-registra-
tion, satellite orbit calculation, generation of differential 
interferograms, targets’ selection, evaluation of linear term 
deformations, assessment of non-linear term rates, and result 
geocoding from radar coordinates to Universal Traverse 
Mercator (UTM). Specifically, starting from the ascend-
ing and descending datasets, all images have been coregis-
tered. Then, using spatial and temporal baseline thresholds 
of 100 m and 300 days, respectively, it has been possible 
to identify 280 interferograms in ascending and 245 inter-
ferograms descending orbits. In particular, the first dataset 
consists of 50 images acquired in ascending geometry with 
time-revisiting variable between 16 and 76 days in the time 
span January 2017–March 2019, while the second dataset 
consists of 47 images acquired in descending geometry with 
time-revisiting variable between 6 and 96 days for the same 
time interval. CPT-TPC allows to select points in the inves-
tigated area and is characterized by a phase quality higher 
than a threshold value set by the operator according to the 
error in the displacement estimation considered acceptable 
(in this case less than 1.5 mm), which in turn is a function 
of the expected mean displacement rate. In this case, a phase 
quality value equal to 0.7 has been set in both geometries to 
obtain a displacement error lower than 1.5 mm and to select 
an adequate number of points.

2.2 � Seismic assessment procedure

To evaluate the condition of the building, a non-linear 
static analysis procedure, also known as “pushover”, has 
been implemented. As recommended in NTC (2018) [34], 
two monotonically increasing patterns of lateral forces are 
applied to the structure in the control point, represented by 
the center of the roof floor masses. In the pushover curves 
of the multi-degree of freedom (MDOF) systems, the base 
shear, Vb , is expressed as function of the roof displacement, 
Δtop.

To proceed with the seismic safety checks, it is necessary 
to find the so-called “inelastic demand point”, Dinel [45]. 

Initially, the MDOF pushover curve is divided by the modal 
participation factor Γ , so obtaining the “capacity curve” of 
the equivalent single degree of freedom (SDOF) system. 
The parameters characterizing the SDOF (period T∗ , yield 
strength F∗

y
 , and ultimate displacement d∗

u
 ) allow to calculate 

the return period capacity and the peak ground accelera-
tion (PGA) capacity, indicated as PGAcapacity , for which the 
failure mechanism is reached. The capacity curve relative to 
the equivalent SDOF is bilinearized according to [46] and 
[34]. The resulting curve is characterized by an elastic–plas-
tic behavior. The slope of the elastic branch indicates the 
stiffness of the equivalent SDOF, k∗ . The procedure for the 
determination of Dinel is implemented in the Acceleration 
Displacement Response Spectrum (ADRS) space, having 
the spectral displacements on the abscissas, and the spectral 
accelerations on the ordinates. In the ADRS space, the elas-
tic seismic spectrum is reported, as well as the equivalent 
bilinear curve adapted by dividing its ordinates by the mass 
of the SDOF system, m∗ . The extension of the elastic branch 
of the bilinear curve intersects the ADRS spectrum in the 
elastic demand point, Del , which coordinates represent the 
acceleration and the displacement required by the elastic 
SDOF system. Starting from Del , the inelastic demand point, 
Dinel , is determined by following the steps deeply explained 
in the standard [46]. Once the results of the pushover analy-
sis are obtained, the seismic assessment procedure consists 
into two different phases: (1) the local seismic safety checks 
for two limit states, as prescribed in the NTC (2018) [34]; 
(2) the calculation of a global safety index for the structure, 
named safety index, �E.

2.2.1 � Seismic safety checks

The seismic safety checks are conducted for the LS-ls and 
the DL-ls, as prescribed in the NTC (2018) [34] for the 
structures in Usability Class (CU) II, defined as those con-
structions which functionality involves normal crowding, 
such as the case study building. It can be noted that LS-ls 
and DL-ls are, respectively, equivalent to the Limit State of 
Significant Damage (SD) and to the Limit State of Damage 
Limitation (DL) defined in EC8-3 [35]. The probability of 
exceedance in the reference period, PVR, is equal to 63% for 
DL-ls, and 10% for LS-ls [34].

The structural checks in the inelastic demand point Dinel 
at LS-ls are performed with regards to ductile mechanisms 
and brittle mechanisms. The structural capacity of beams 
and columns in ductile terms is evaluated according to 

Table 1   SAR data stacks 
analyzed in this study

Satellite Orbit First period (Miano et al. [13]) # Scenes Second period # Scenes

Cosmo-SkyMed Ascending Jan 2012–Dec 2016 76 Jan 2017–Mar 2019 50
Cosmo-SkyMed Descending 66 47
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the capacity model suggested by the Commentary to NTC 
(2018) [46], that is the same model adopted in the EC8-3 
[35], in terms of chord rotation capacity. For RC members 
under cyclic loading, the value of the total chord rotation 
capacity at ultimate, �u , for near collapse limit state, is 
computed as

where �el is a safety coefficient equal to 1.5 for primary seis-
mic elements; � is the dimensionless axial effort acting on 
the whole RC section; � and �′ are the mechanical percent-
ages of longitudinal reinforcement in tension and compres-
sion, respectively; fc and fyw are the concrete compressive 
strength (MPa) and the yielding transversal tensile strength 
(Mpa), respectively; Lv is the ratio between moment and 
shear at the end section; h is the depth of the cross-section; 
�sx and �d are the geometrical percentage of transversal and 
diagonal reinforcements, respectively; � is a confinement 
efficiency factor. The chord rotation capacity corresponding 
to LS-ls is assumed to be 3∕4 of the ultimate rotation given 
in Eq. (5).

The brittle failures for beams, columns, and beam-col-
umn joints are checked according to the capacity models 
suggested by the codes [35] and [46]. The value of the 
shear strength in cyclical conditions, VR , is calculated 
based on three contributions, that are the rate due to the 
magnitude of the axial force on the element, VN , the contri-
bution given by the concrete resistant mechanisms, VC , and 
the shear resistance offered by the transverse reinforce-
ment, VW , defined as follows:

where x is the compression zone depth; N is the compressive 
axial force; Ag is the cross-section area; fc is the concrete 
compressive strength, divided by the partial safety factor; �tot 
is the longitudinal reinforcement ratio; bw is the width of the 
rectangular section; z is the length of the internal lever arm. 
The seismic cyclical action can reduce the shear resistance, 

(5)

�u =
1

�el
⋅ 0.016 ⋅ 0.3� ⋅

[

max
(

0.01;��
)

max (0.01;�)
⋅ fc

]0.225

⋅

(

Lv

h

)0.35

⋅ 25

(

�⋅�sx⋅
fyw

fc

)

⋅

(

1.25100⋅�d
)

,

(6)VN =
h − x

2Lv
min(N;0.55Agfc)

(7)

VC = 0.16max
�

0.5;100�tot
�

�

1 − 0.16min(5;
Lv

h
)

�

Ag

√

fc

(8)VW = �sxbwzfy,

according to the ductility demand on the element. Then, the 
shear strength is calculated combining Eqs. (6), (7) and (8)

In Eq. (9), �el is a safety coefficient equal to 1.5 for pri-
mary seismic elements, and k takes into account the cyclic 
reduction of resistance, defined as follows:

where �pl

Δ
 is the plastic part of the ductility demand and is 

defined as �pl

Δ
= �Δ − 1 . The term �Δ indicates the ductility 

demand, expressed as the ratio between the maximum rota-
tion �m for the considered level of seismic action, and the 
first plasticity rotation, �y . According to [46], when 𝜇Δ < 2 , 
the shear strength is the higher of the cyclic shear strength 
provided by (9) and the shear resistance with transverse rein-
forcement for non-seismic conditions, evaluated through the 
variable truss inclination model, as the minimum between 
the compression-shear and the tension-shear resistance [34, 
47]. When 𝜇Δ > 3 , the extent of the demand for plasticity 
of the element increases, resulting in a reduction of shear 
strength; therefore, VR is evaluated by Eq. (9). For interme-
diate situations with values of �Δ between 2 and 3, a linear 
interpolation is suggested [34].

For unconfined beam-column joints without stirrups, 
the principal tensile stress approach for the shear capacity 
is used, adopting the following expression for the com-
pression resistance [46, 48]:

and the following expression for the tension resistance

In Eqs. (11) and (12), N indicates the axial action in the 
upper column; Vj is the total shear on the joint; Aj regards 
the geometry of the joint.

The structural checks at DL-ls are performed in terms of stiff-
ness, with regards to the displacements. In this case, for CU II, 
and having explicitly taken into account the infills in the model, 
the condition can be considered satisfied when the limit provided 
by the NTC (2018) [34] for masonry structures is respected. It 
means that the interstory drift between two following floors, dr , 
obtained from the seismic analysis, should be lower than 0.2%.

(9)VR =
1

�el

[

VN + k(VC + VW )
]

.

(10)k = 1 − 0.05min
(

5;�
pl

Δ

)

,

(11)�jc =
N

2Aj

+

√

√

√

√

(

N

2Aj

)2

+

(

Vj

Aj

)2

≤ 0.5fc(MPa),

(12)�jt =
�

�

�

�
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N

2Aj

−

�
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N

2Aj

�2

+
�

Vj
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�2
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≤ 0.3
√

fc(MPa).
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2.2.2 � Safety index

The second phase of the seismic assessment procedure 
regards the calculation of the safety index, �E , [36], that is a 
very useful parameter to measure the seismic safety level of a 
building. All the steps of the procedure to calculate �E are well 
described in Cosenza et al. [36] and Frascadore et al. [37]. 
The safety index �E is defined as the ratio between the demand 
PGA, based on the seismic actions prescribed from the code 
for the considered ls, and the capacity PGA of the building

where PGAcapacity and PGAdemand are, respectively, the PGA 
corresponding to the first achievement of a failure mecha-
nism in a structural member, and the PGA obtained from the 
elastic code spectrum for the specific site, both with refer-
ence to the considered ls.

The PGAcapacity can be quantified by implementing a pro-
cedure in the ADRS space, represented in Fig. 4. Herein, 
the elastic performance point, Cel , can be found starting 
from Cinel , making an inverse process to that made to pass 
from the Del to Dinel . The Cel point is characterized by the 
demand displacement, Sd,el , inducing failures in the SDOF 
with elastic behavior. It is located on the extension of the 
elastic branch of the SDOF capacity bilinear previously 
described, in the ADRS space, together with the nine elas-
tic demand spectra defined by the Code [34]. The capacity 
spectrum of the structure is the elastic spectrum that induces 
failures in the structure. It intercepts the ordinates axes at the 
PGAcapacity value. It also intercepts Cel space and is univo-
cally defined. The capacity spectrum can be found by inter-
polating the spectra parameters of the two spectra delimiting 
the portion of space that contains Cel , using the logarithmic 
form as suggested in [46].

(13)�E =

(

PGAcapacity

PGAdemand

)

,

3 � Case study and model description

3.1 � Landslide phenomena in Moio della Civitella 
municipality

The methodology presented in this work has been applied to 
an RC building located in Moio della Civitella (Campania 
Region, Southern Italy) in the Cilento, Vallo di Diano and 
Alburni National Park and Geopark. Moio della Civitella is 
composed of two urban centers: Moio and Pellare (Fig. 5). 
In the study area, the Crete Nere-Saraceno formation exten-
sively crops out, mainly made up of argillites with interca-
lated carbonate and silicoclastic arenites, often mantled by 
weathering-derived sediments. With regards to the geomor-
phological conditions, Moio della Civitella is characterized 
by hilly morphologies with low-gradient slopes at altitudes 
between 600 and 200 m above sea level. In fact, it is widely 
affected by erosional and gravitational phenomena. Accord-
ing to the Hydro-geomorphological Setting Plan of Hydro-
graphic District of the Southern Apennines (HDSA) [49], 
slide-flows and roto-translational slides are the most frequent 
types of slope instability. Specifically, the investigated build-
ing falls in the upper part of the landslide (crown area) clas-
sified as earth flow. This kind of landslide is characterized 
by prevailingly horizontal movements, although it is in the 
crown area. The described intermittent landslide phenom-
enon with slow kinematics [50–52] induces considerable 
differential settlements on the foundations of the building.

3.2 � Case study building description and in situ 
surveys

The selected case study is an independent structure, built 
presumably between 1960 and 1970. Visual surveys allowed 
to determine accurate dimensions of the rectangular plan, 
of 11.90 m by 11.95 m, terraces excluded (Fig. 6a–c). It is 
built on three levels, with a pitched roof which inclination 
ranges between 15° and 18°. Given the time of construction, 
and the technical regulations in force at that time [53], it can 

Fig. 4   Graphical procedure for 
the assessment of the safety 
index in the ADRS space
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be assumed that the building was designed only for gravita-
tional loads, not considering the seismic action.

Authors have been observing the case study since 2010, 
to enrich the baggage of information regarding the build-
ing, mainly through visual inspections and geometrical/
structural surveys. The last visual survey refers to Decem-
ber 2020 (Fig. 6c–e). The visual inspections have led to the 

recognition of an RC load-bearing structure with four plane 
parallel frames, a conventional construction type for a non-
seismic structure. From the in situ-inspections, it has been 
possible to determine the information related to geometrical 
dimensions and in plane position of beams and columns. 
The remotion of the concrete cover on a consistent sample 
of columns, together with non-destructive tests, has allowed 

Fig. 5   Landslide inventory map 
(2012) and location of the con-
sidered building (in the square)

Fig. 6   Geometrical plan (a) 
and front view of the S–W 
facade (b); external picture (c); 
smooth bars at the base of the 
column (d); R.C. with hollow 
tiles mixed floor, with focus 
on the RC joists and hollow 
bricks (e) (from in situ survey in 
December 2020)
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to identify the number and position of longitudinal bars and 
transversal stirrups. The inspection has highlighted the pres-
ence of smooth bars, either for longitudinal or for transversal 
reinforcements (Fig. 6d).

The dimensions of the rectangular cross sections of the 
columns are constant over the entire height and are (in cm) 
40 × 55 or 40 × 40, with exception of the stair columns, 
which are 55 × 50, 60 × 35 and 55 × 40. The columns are 
reinforced with 4 longitudinal bars � 16 in the corners of 
the cross-section, and stirrups � 6/20″. The beams belong-
ing to the structural frames have (in cm) 35 × 60 rectangular 
cross sections. Secondary beams, with 20 × 50 cross sec-
tions, orthogonally link the four frames at the ends. The 
beams reinforcement has been evaluated through a simu-
lated design, following the Italian Standard in force at the 
construction period [53]. Then, the result of the simulated 
design has been combined with the typical construction pro-
cedures (based on building location and construction age), 
obtained by interviewing local engineers. Therefore, for the 
primary beams, 9 bars � 16 in the tensed area and 3 bars � 
16 in the compressed area have been adopted. For the sec-
ondary beams, instead, 3 bars � 16 in the tensed area and 
2 bars � 16 in the compressed area have been adopted. The 
transversal reinforcement has been quantified in stirrups � 
6/15″. Given the structural scheme, all the beam-column 
joints result to be unconfined, since in each joint, at most, 
two beams converge.

The missing parameters, related to the mechanical mate-
rial properties, have been taken from the studies of Verder-
ame et al. 2001 [54] and [55], respectively, for steel and 
concrete. These works assessed the mechanical properties 

of steel and concrete in RC structures built in Italy in the 
60s. The case study building has also been constructed in 
the same years. Then, these values are considered to be reli-
able, being based on a consistent population of structures 
(232 samples for steel and 490 for concrete), similar to 
the case study building. In synthesis, it has been assumed 
that Aq42 smooth steel bars are present, with an average 
yield strength fym of 328.6 MPa and an elastic modulus E 
of 200,000 MPa. Moreover, according to [55], the aver-
age value of the concrete characteristic cubic compressive 
strength has assumed to be as 25.7 MPa. Consequently, 
applying the appropriate conversion, a cylindric mean com-
pressive strength fcm , of 21.3 MPa, and an elastic modulus, 
E , of 27,607 MPa have been obtained, based on the expres-
sion E = 22000 ⋅

(

fcm∕10
)0.3 , provided in [34]. In addition, 

the visual inspections have allowed to identify the presence 
of different types of infills in the perimeter walls, shown in 
the detail in Fig. 7.

In particular, the South-West side presents regular tuff 
infills with a thickness of 25 cm on the ground floor and 
on one field of the second floor. The other field of the sec-
ond floor is realized in solid clay bricks of 12 + 12 cm. The 
remaining infills are constituted by a double-leaf vertical 
hollow clay bricks infill walls with a thickness of 8 + 12 cm. 
Mechanical properties of tuff, hollow clay, and solid clay 
bricks are summarized in Table 2.

For tuff and solid clay bricks, the medium values of the 
intervals proposed in the Italian Commentary to NTC (2018) 
[46] have been assumed for the mechanical properties. For 
hollow clay bricks, they have been derived from Ricci et al. 
[56], who carried out experimental tests on infill walls 

Fig. 7   Infills details: tuff (a); 
solid clay bricks (b); hollow 
clay bricks (c)

Table 2   Mean values of infills 
mechanical properties

Mechanical property Symbol [unit] Tuff Hollow clay bricks Solid clay bricks

Elastic modulus E
mh

 [N/mm2] 1410 1255 (parallel to holes) 1500
Shear modulus G

mh
 [N/mm2] 450 315 500

Tensile strength �
o
 [N/mm2] 0.060 0.215 0.090



	 Archives of Civil and Mechanical Engineering           (2022) 22:88 

1 3

   88   Page 10 of 22

constituted by hollow clay bricks with thickness equal to 
8 cm. The slight reduction in tension resistance of the 12-cm 
sized bricks, compared to 8-cm-sized bricks (as highlighted 
in Di Domenico et al. [57]) has been taken into account 
through a light correction on the masonry tensile strength 
�o (as already discussed in Miano et al. [13]). Then, also for 
hollow clay bricks, the mechanical properties values can be 
considered reliable.

3.3 � Modeling description

In this section, the adopted lateral response models for 
beams, columns, and infills are explained in detail. Moreo-
ver, a description of the 3D assembly of the structural model, 
created using SAP2000 (v. 21.0.2 [58]), is provided.

3.3.1 � Modeling of beams and columns

The inelastic cyclic response of RC members has been 
reproduced by applying a modeling approach specifically 
elaborated for RC members with plain bars [32]. The non-
linear flexural behavior, represented in Fig. 8a, has been 
concentrated at the ends of RC elements. Characteristic 
points/conditions of the base moment (M)—chord rota-
tion (θ) multilinear relationship have been defined as: the 
yielding point My − �y , the peak load point Mmax − �max , 
the “ultimate” condition point with the attainment of 0.8 
Mmax − �ult , and the zero-resistance point, corresponding to 
the complete loss of lateral load capacity of the element. 
For the identification of the above-mentioned characteristic 
points, by adopting the axial load ratio � and the shear span-
to-depth ratio ( Ls∕d ), the mechanical and the geometrical 
transverse reinforcement ratio (respectively, �sw and �w ), a 
“fixed-end-rotation coefficient” ( lbadb∕d

√

fc ), and the splice 
length-to-longitudinal bar diameter ratio ( l0∕db ), the follow-
ing parameters have been adopted:

The ratio between the effective stiffness, EIeff, and the 
gross section stiffness, EIg:

The maximum moment Mmax , predicted attempting that 
Mmax∕My = 1.14 , with My calculated by means of a sec-
tion fiber analysis.
The corresponding post-yielding plastic chord rotation, �plmax

The post-capping plastic chord rotation at conventional 
“ultimate” condition, �pc

ult

The post-capping plastic chord rotation at the attainment of 
zero lateral load capacity, �pu

0

The softening stiffness toward zero lateral load capacity, K0

In addition, it has been assumed that �pu
0

≤ 4�
pc

ult
 and 

K0 ≥ 0.80Mmax∕�
pu

0
 , to avoid modeling issues.

The predictive equations for “partial” deformability contri-
butions, reported above, are also represented in Fig. 8a. The 
intersection point can be defined by means of the following 
equations:

(14)EIeff ∕EIg = 0.074 ∙ 8.1� ∙
(

1 + 0.30 ∙ Ls∕d
)

.

(15)
�pl
max

= 0.0026 ∙ 0.106� ∙
�

1 + 1.20 ∙ l
ba
d
b
∕d

√

f
c

�

∙
�

0.49 + 0.51 ∙ min
�

l
0

∕d
b

�

∕50
�

.

(16)�
pc

ult
= 0.033 ∙ 0.0013� ∙ �sw

0.51 ∙
�

lbadb∕d
√

fc

�1.61

.

(17)
�pu0 = min

(

0.0022 ∙ 0.0050� ∙ 227(�w∙100) ∙
(

1 + 3.74 ∙ lbadb∕d
√

fc
)

;0.11
)

.

(18)K0 = max(29 ∙ 407� ∙
(

�w ∙ 100−1.65;700
)

.

(19)�int =
K0�0 − (1 + 0.20�max∕�

pc

ult
)Mmax

K0 − 0.20Mmax∕�
pc

ult

Fig. 8   Characteristic points and 
assumed parameters of the base 
moment (M)—chord rotation 
(θ) response envelope (a); 
force–displacement envelope 
for infills by Panagiotakos and 
Fardis (1996) (b)
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Equations (14)–(20) are proposed in Di Domenico et al. 
[32]. The fourth-linear moment-chord rotation bonds have 
been assigned as flexural plastic hinges at the end cross sec-
tions of each element, beam, and column, concentrating the 
whole plasticity in only such sections.

The shear behavior of RC elements has not been modeled. 
In fact, based on the existing literature (e.g., [59, 60]), that 
regards existing RC buildings, the first step of the procedure 
has been a pre-verification of the expected failure mecha-
nism of the members. The failure mode of members was pre-
determined by comparing the expected flexural and shear 
performance (assessed without using safety factors), and, 
in particular, by comparing the predicted yielding moment, 
divided by the element shear length, with the predicted 
shear strength. Then, the elements have been verified with 
respect to shear mechanism in post-processing, using code-
based formulations presented in Sect. 2.2, which are more 
conservative than performance considerations, due to the 
introduction of different safety coefficients (on mechanical 
materials properties and members capacity formulations).

3.3.2 � Modeling of the infills

Recent studies [61–63] have highlighted how the presence 
of infills contributes to the global response of the structure, 
notably increasing the lateral stiffness of RC buildings. For 
this reason, each infill panel has been modeled with a cou-
ple of equivalent diagonal struts resistant to compression, 
according to Al-Chaar [64] and Fardis [65]. The infills lat-
eral response has been modeled following the equivalent sin-
gle strut model proposed by Panagiotakos and Fardis [33]. 
According to the latter, the initial stiffness (K1)—up to the 
diagonal cracking of the infill—and the Mainstone’s [66] 
stiffness secant to peak (K2) are equal to

where Gw is the masonry shear modulus; l and h are the 
length and the height of the infill panel, respectively; tw is 
the net thickness of the masonry; a and D are the width and 
the length of the diagonal strut equivalent to the infill panel, 
respectively.

The softening branch has a slope defined as p·K1, where 
p has been fixed at − 3% for tuff bricks and solid clay bricks 
(considering an average condition of the valued suggested 

(20)Mint =

(

1 − 0.20
�int − �max

�
pc

ult

)

Mmax.

(21)K1 =
Gmtwl

h

(22)K2 =
Ematw cos

2 �

D
,

by Fardis [67] between − 1.5% and − 5%), and at − 1.6% for 
hollow clay bricks, following the indications of Ricci et al. 
[68] and in line with Calvi and Bolognini [69]. The cracking 
resistance is evaluated as Fcr = �0twl; hence, the maximum 
strength Fmax is defined by increasing Fcr of the 30%. In 
this study, the backbone ends in correspondence of a lateral 
strength equal to 1% Fcr, neglecting the residual resistance 
of the panel (Fig. 8b).

The three-linear lateral force–displacement bond has been 
assigned at the middle cross-section of each diagonal strut as 
axial hinges. More details about the evaluation of the geomet-
ric characteristics can be found in [13].

3.3.3 � 3D assembly of the structural model in SAP2000

A 3D structural model has been created using SAP2000 (v. 
21.0.2 [58]), in which beams and columns have been mod-
eled as horizontal and vertical 2D elements, respectively, 
while infills have been reproduced as couples of diagonal 
2D elements, representing compression-resistant struts. The 
columns of the first floor have been fixed by restraints at 
the base to take into account the presence of foundations. 
The 3D model is shown in Fig. 9. In Fig. 10, the labeling of 
the building fields is represented (AB, BC, A’B’, and B’C’ 
are the fields including infills without openings, while CD, 
DE, EF, C’D’, D’E’, and E’F’ are the fields including also 
infills with openings). The infills are differentiated as fol-
lows: (1) for color, in hollow clay bricks (blue lines), solid 
clay bricks (orange lines), and tuff bricks (green lines); (2) 
for typology of line, in: without openings (continuous lines) 
and with openings (dashed line). The ones with openings 
have been considered only as line masses and as line loads 
on the second-floor beams, because of the significant differ-
ence in shape from the panels used in the model proposed 
by Panagiotakos and Fardis [33]. Instead, the ones in the 

Fig. 9   3D building model
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fields AB, BC, and A'B' have been modeled, nevertheless 
being set in frames with beams and columns not mutually 
orthogonal. 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. It is worth noting that in the 3D model, the height 
of the third level (not uniform in the reality because of the 
pitched roof) has been set to have an equivalence of areas of 
the infills between the second- and third-order beams.

The elastic vibration periods of the 3D model, for the 
first two vibration modes, are, respectively, T1 = 0.47  s 
and T2 = 0.39 s, in the direction with and without open-
ings, showing a strong reduction with respect to the periods 
obtained from the structural model without infills modeling.

Pushover analyses in the two directions parallel to the 
building sides have been carried out by subjecting the struc-
ture to a monotonically increasing pattern of lateral forces, 
as suggested in NTC (2018) [34], once proportional to the 
fundamental mode of vibration and once proportional to the 
mass distribution. All the static pushover curves are reported 
in Sect. 4.2. Herein, a comparison between the pushover 
curves of the building without and with infills, as example 
in the case of lateral forces proportional to mass distribution, 
is reported in Fig. 11, where Δtop is the displacement of the 
center of gravity of the masses of the roof, and Vb is the total 
lateral resistance force of the structure.

The comparisons between the pushover curves of the not-
infilled (dashed lines) and infilled (continuous lines) model 
show that the lateral resistance significantly increases in the 
second case. In particular, the base shear Vb increases until a 
maximum value and then decreases, related to the softening 
branch of the infills’ and RC elements’ backbones. It can be 
observed that, in the X direction—completely infilled with 
hollow clay bricks—the increment of lateral resistance is 
greater with respect to the Y direction—having infills in hol-
low clay bricks, tuff, and solid clay bricks, as described in 
Sect. 3.2. The hollow clay bricks, in fact, have a greater resist-
ance with respect to tuff and solid clay bricks. In Fig. 11, the 
curves have been cut at a value of Δtop approximatively equal 
to 1% of the height of the building, but it is worth noting that 
the more Δtop increases, the more Vb of the infilled pushover 
approaches to the not-infilled building curve. A validation of 
the structural model with the empirical damages observed 
in 2015 has been in depth discussed in Miano et al. [13]. In 
summary, damage empirical observations and analytical pre-
visions, obtained by applying displacements evaluated with 
the DInSAR approach to the structural model (in the period 
2012–2016), agreed that the most damaged facade was the 
N–W one (see Fig. 6a), showing mainly the typical diagonal 
tension infill damage.

Fig. 10   Building prospects with 
dentification of the different 
infills types, differentiated: (i) 
for color, in hollow clay bricks 
(blue lines), solid clay bricks 
(orange lines) and tuff bricks 
(green lines); (ii) for typology of 
line, in: without openings [con-
tinuous lines (a, b)] and with 
openings [dashed line (c, d)]
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4 � Seismic assessment of the case study 
building affected by slow‑moving 
landslides

The seismic assessment procedure is initially implemented 
in a condition of integer structure, deformed only for grav-
ity loads, to verify the seismic safety level of the RC struc-
ture ([EQ] scenario). Later, the action of the earthquake is 
applied to the slow-moving landslide-induced deformed 
configuration of the building (landslide plus earthquake 
[LAN + EQ] scenario) and the seismic assessment is 
replicated.

4.1 � DInSAR analysis and displacement application 
for the case study building

The interferometric results are related to the two investi-
gated periods, respectively, 2012–2016 and 2017–2019. It 
is possible to highlight that both the inhabited areas of Moio 
(northern sector) and Pellare (southern sector) are character-
ized by significant displacement rates along the LoS. In par-
ticular, for the period 2012–2016 (Fig. 12), the highest rates 
have been recorded in the hamlet of Pellare, with values of 
about 0.75 cm/year, while in the hamlet of Moio, the maxi-
mum rates recorded are about 0.40 cm/year. Moreover, for 
the period 2017–2019 (Fig. 13), the highest rates have been 
found in the hamlet of Pellare (about 0.60 cm/year), although 
slightly lower than those recorded previously, confirming the 
state of activity of the phenomena. Figures 12 and 13 show 
in detail the PSs identified on the investigated building. As 
an example, the time series of displacements of two PSs are 
reported (Fig. 14), respectively, in ascending (A1) and in 
descending (D1) orbits. The two time series of displacement 

assume opposite sign, meaning that the real displacement 
has a prevalent horizontal component.

Subsequently, the combination of the maps obtained 
along the two tracks has allowed to detect the cumulated 
vertical and horizontal E–W components of movement, 
with millimeter accuracy, at the end of each year of the 
period 2012–2018, and for the first 3 months of 2019, pro-
viding profiles of cumulated vertical and E–W displace-
ments occurred to building foundations. The cumulated 
vertical and horizontal E–W components of movement at 
the end of 2019 and 2020 have been obtained by extend-
ing the linear regression of the data calculated between 
01/2012 and 03/2019 to the end of the mentioned years, 
for each column. The cumulate displacement profiles are 
shown in Fig. 15. These displacement values are applied at 
support at the bases of the first-floor columns. It is to note 
that the landslide-induced displacements before 2012 have 
been neglected in the further analysis. This assumption has 
been also discussed in Miano et al. [13]. However, the goal 
of this work is to present a novel methodology to combine 
the effects from landslide and earthquake. Clearly, in a real 
application, this assumption is not always applicable, and 
then, it should be carefully checked.

4.2 � EQ and LAN + EQ results and comparisons

4.2.1 � Seismic safety checks

As described in Sect. 2.2, the first part of the seismic 
assessment procedure consists in the seismic verifica-
tions for the capacity of the RC elements at the LS-ls, 
and for the deformability at the DL-ls. The seismic action 
on the building has been evaluated based on a reference 

(a) (b)

Fig. 11   Comparison of static pushover curves of infilled (I) and not-infilled (NI) building: for X direction (a) and for Y direction (b)
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period, VR, obtained multiplying the nominal life of the 
structure, VN (defined as the number of years in which 
it is expected to maintain specific performance levels) 
by the coefficient of use, CU. VN is fixed at 50 years for 
constructions with ordinary performance levels, while 
CU is equal to 1 for ordinary residential buildings. The 

horizontal components of the seismic action have been 
considered through the elastic response spectra in acceler-
ation, appropriately scaled according to the characteristics 
of the ground. For site effects of sediment soil, based on 
the outcome of a geological study, category C (Tab. 3.2.II 
[34]) has been assumed, referred to medium-sized deposits 

Fig. 12   Mean velocity maps 
for the time span 2012–2016 
in ascending (a) and descend-
ing (b) orbits; the reference 
point (black star) and the case 
study building (black oval) are 
indicated

Fig. 13   Mean velocity maps 
for the time span 2017–2019 
in ascending (a) and descend-
ing (b) orbits; the reference 
point (black star) and the case 
study building (black oval) are 
indicated
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of fine-grained land. Moreover, a T1 category has been 
assumed for the topographical surface (Tab. 3.2.III [34]).

The EQ scenario provides the seismic assessment of the 
case-study building implemented in a condition of struc-
ture deformed only for gravity loads before the application 
of the seismic action. In the LAN + EQ scenario, in a first 
step, the pattern of differential displacements described in 
Sect. 4.1, that are the landslide-induced cumulative horizon-
tal and vertical displacement components evaluated in the 
period 2012–2020, has been applied to the structural model. 
The landslide action causes the onset of a stress/strain state 
in the structural elements, which become the starting point 
for the successive application of the seismic action. Then, 
the seismic assessment procedure has been implemented on 

the structural deformed condition due not only to gravity 
loads, but also to the differential displacements induced by 
the slow-moving landslide affecting the case study building.

As mentioned in Sect. 2.2, non-linear static analyses 
have been carried out through a step-by-step procedure, 
by subjecting the structure to two monotonically increas-
ing pattern of lateral forces, applied at the centers of 
floor mass in the model, one proportional to the funda-
mental mode of vibration (Mode X and Mode Y), one 
proportional to the mass distribution (Mass X and Mass 
Y), where X and Y directions are assumed accordingly to 
Fig. 6a. Once the results of the pushover analyses have 
been obtained, the seismic verifications in terms of ductile 
and fragile mechanisms in the step corresponding to the 

Fig. 14   Time series of displace-
ments of an ascending (A1) and 
a descending (D1) PS, located 
on the investigated building
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Fig. 15   Displacement profiles extracted for the building foundations at the end of each year in the period 2012–2020
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inelastic demand point Dinel , for the LS-ls, and in terms of 
displacement, for the DL-ls, have been carried out.

The pushover curves are represented in Fig. 16, with 
gray continuous lines for EQ scenario and black dashed 
lines for LAN + EQ scenario. It can be noted that, in the 
LAN + EQ scenario, the curves in the X (Fig. 16a, b) and 
Y (Fig. 16c, d) direction are translated with respect to the 
axes origin of a displacement quantity in the control point. 
This is as consequence of the displacements applied at the 
base of the columns in the model, which cause transla-
tions and rotations in the structural elements, leading to 
an initial displacement in the control point. In each step, 
the starting imposed displacement component affecting 
the roof control point, induced by the existing landslide, 
is summed with the roof displacement induced by the seis-
mic action.

In Fig. 16, the evolutions of the failure sequences found 
at the two ls for both scenarios are compared. The step of 
the analysis at which the first structural element experi-
ences a failure mechanism has been found and remarked 
on the related pushover curve. In particular, for LS-ls, the 
tensile-shear failures in beam-column unconfined joints are 
represented with red triangles, while brittle shear failures, 
in beams and columns, are indicated with orange squares 
and yellow circles, respectively. For DL-ls, the limit step is 
marked with a cyan inverted triangle.

The evidence of the structural checks, up to the inelastic 
demand point Dinel at LS-ls, for the EQ scenario (indicated 
with a green pentagram in Fig. 16), has shown that ductile 
failures are never attained, while tensile–shear failure in 
beam-column unconfined joints and shear failure mecha-
nisms in beams and columns are expected. In fact, in each 

(a) (b)

(c) (d)

Fig. 16   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)
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load case, the first ductile failure occurs after the pushover 
step corresponding to Dinel . Then, the ductile failures are 
never achieved at LS-ls. The numerical analyses have also 
shown that the first failure mechanism attained in the struc-
ture is the tensile–shear failure in beam-column unconfined 
joints.

The seismic verifications for LS-ls, repeated for the 
LAN + EQ scenario, have highlighted that the differential 
displacements applied at the base of the structural model 
cause an aggravation of the stress state in the structural ele-
ments, that experience failures for lower steps with respect 
to those attained in the EQ scenario. Moreover, the number 
of elements in crisis at the LS-ls, up to Dinel , increases. The 
results of the non-linear static analysis, performed in the 
LAN + EQ scenario, have shown that the first elements in 
crisis are still the joints, for the tensile–shear mechanism, 
actually at the step zero of the pushover. It means that the 
action of the landslide causes the failures before the applica-
tion of the seismic action. The following failure mechanisms 
attained in the whole structure are beams and columns shear 
failures. The effect of the landslide does not cause ductile 
crises in the structure, until the pushover step correspond-
ing to Dinel . Then, in the LAN + EQ scenario, such as in the 
previous EQ scenario, at LS-ls, only brittle failures in the 
structural elements are expected.

As regards the DL-ls, the corresponding Dinel is indicated 
with a blue pentagram in Fig. 16. In both the scenarios, it 
has been searched the first step of each analysis in which the 
limit of 0.2% for the interstory drift ratio, IDR, was attained 
(marked on the curves in Fig. 16 with a cyan inverted tri-
angle). The first failure at the DL-ls is related to the first 
floor infills in every case. For LAN + EQ scenario, it can be 
observed that the infill located in the AB first-floor field (see 

Fig. 10) in each case attains the DL-ls threshold at the step 
zero of the pushover. Then, the DL-ls is exceeded due to the 
landslide action. This result is in line with the in situ obser-
vation made by the authors during the experienced visual 
surveys. In fact, the mentioned infill is currently damaged, 
as can be seen in Fig. 17b.

The investigation of the analysis step, at which the first 
failure is attained, is a fundamental phase of the seismic 
assessment, because it characterizes the capacity of the 
whole structural system for the considered ls. Once identi-
fied this performance point, the PGAcapacity and the safety 
index can be estimated, as explained in Sect. 2.2.

An overview of the number of the failures at LS-ls and 
at DL-ls thresholds, in the corresponding demand points, is 
reported in Fig. 17. In particular, for LS-ls, the number of 
columns and beams experiencing shear failures (see Eq. 9), 
as well as the number of joints showing tensile–shear fail-
ures (see Eq. 12) are reported. For DL-ls, the number of 
infills for which the maximum IDR exceeds the ls thresh-
old is presented. The summary also constitutes a compari-
son between the seismic assessments performed in the two 
scenarios.

It can be observed that, from EQ scenario to LAN + EQ 
scenario, the number of elements experiencing brittle fail-
ures at LS-ls passes from 11 to 19 for joints, from 7 to 17 for 
columns, and from 2 to 8 for beams. Moreover, the number 
of infills attaining DL-ls passes from 4 to 10. This increase 
of the number of elements exceeding the ls can be attributed 
to the action of the landslide, which is active independently 
from the earthquake.

Before evaluating the safety indexes, a specific com-
parison on the seismic part of the pushover curves in the 
EQ and LAN + EQ scenarios is provided in Fig. 18. The 

 Number of elements at DL-ls in EQ scenario 

 Number of elements at DL-ls in LAN+EQ scenario 

Total number of elements 

Number of elements at LS-ls for shear failure in EQ scenario 

Number of elements at LS-ls for shear failure in LAN+EQ scenario 

(b)(a)

Fig. 17   Number of elements in crisis at LS-ls and at DL-ls, versus number of total elements, in EQ and LAN + EQ scenarios, with focus on the 
most damaged infill in 2020 survey
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displacements at step zero (related to gravity loads for EQ 
scenario and to gravity loads and landslide for EQ + LAN 
scenario) have been eliminated to have a direct comparison 
on the seismic part of the curves. In Fig. 18, the EQ and 
LAN + EQ curves are represented in continuous and dashed 
lines, respectively.

The presented overlapping highlights slight differences 
between the curves, with a general trend of reduction in 
terms of maximum strength and initial stiffness for the 
EQ + LAN scenario. Nevertheless, despite the similarity 
in the seismic trends, it has been previously demonstrated 
that the landslide-induced displacements highly affect the 
results. This is in agreement with the previous considera-
tions about the first elements failures, in some cases occur-
ring even at the step zero of the analysis, and the number of 
elements in crisis in correspondence of Dinel.

4.2.2 � Safety index

An overall comparison of the global structural condition 
between the two scenarios has been carried out in terms of 
safety index, using the performance point to calculate the 
minimum anchoring peak ground acceleration determining 
building failure mechanism, PGAcapacity , and the safety index 
�E , as described in Sect. 2.2. The results in terms of safety 
indexes are reported in Fig. 19 for both scenarios.

It can be observed that the safety index at LS-ls, �E,LS−ls 
always assumes values less than unity, meaning that 
PGAdemand exceeds PGAcapacity in each case of the pushover 
analysis. In particular, in the EQ scenario, where the effects 
of the seismic action are evaluated in relation to the only 
gravity loads deformed building, the final �E,LS−ls is equal 

to 0.27 (the minimum �E among the eight values). In the 
LAN + EQ scenario, taking into account also the existing 
condition of the deformed building affected by landslide 
phenomena,�E,LS−ls is equal to 0.11. The structure is not able 
to withstand the seismic action from which, according to the 
code, could be invested, but only the 27%, in the EQ sce-
nario, and the 11%, in the LAN + EQ scenario. As noticed 
in Fig. 16, the first step of the analysis in which a failure 
is attained at LS-ls is always the step zero; nevertheless, 
according to Sisma-Bonus Guidelines [71], as a lower limit 
for the determination of PGAcapacity , the spectrum referred 
to the Beginning of Damage ls has been considered, corre-
sponding to a seismic event whose return period is conven-
tionally assumed equal to 10 years.

As regards the safety index at DL-ls, �E,DL−ls , in EQ sce-
nario, it assumes values very close to unity for each analy-
sis, while in the LAN + EQ scenario, the occurrence of the 
landslide drastically lowers the �E,DL−ls . In this case, the first 
failures at DL-ls occur at step zero, so �E,DL−ls assumes a 
unique value of 0.27, corresponding to a spectrum with a 
return period equal to 10 years.

The illustrated comparison remarks that by neglecting the 
effects of the existing differential displacements landslide-
induced, the safety index obtained for the structure can be 
overestimated. Other considerations can be done according 
to the indications of NTC (2018) [34], defining the safety 
index as the parameter to be compared before and after a 
seismic upgrading/retrofit process to evaluate the efficacy 
of the interventions. In detail, for Class II constructions, the 
value of �E , as a result of a seismic upgrading, should be 
increased by at least 0.10 at LS-ls, while the seismic retrofit 
of the building is reached if a �E of at least 0.80 or 1.00 
(based on the specific case study condition, [34]) is obtained 

(a) (b)

Fig. 18   Comparison of the pushover curves in the EQ and LAN + EQ scenarios: mass X ± and mass Y ± (a), mode X ± and mode Y ± (b)
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from the analysis at LS-ls. Then, the differences in terms 
of �E between the two scenarios EQ and EQ + LAN have a 
significant influence on seismic upgrading/retrofit strategies 
and relative costs. Clearly, many methodologies and appli-
cations that analyze in detail the seismic retrofit strategies 
for existing RC buildings can be found in the literature [3, 
72–77]

5 � Discussion and conclusions

This study presented the seismic safety assessment of an 
existing RC infilled building, carried out twice: in a tra-
ditional scenario and in a multi-hazard scenario, explicitly 
considering the effect of the slow landslide-induced move-
ments affecting the structure. The latter displacements have 
been obtained from the DInSAR technique, employed with 
reference to the single building scale. A 3D structural model, 
including infills, has been created, based on the informa-
tion available from the original geometrical drawings and 
a detailed survey, obtaining the missing parameters from a 
simulated design or literature. The landslide phenomenon, 
which analytically results in differential displacements 
applied at the base of the building columns in the model, 
causes a heterogeneous stress–strain path in the structural 
elements, which becomes the starting condition for the 
application of the following seismic action.

The seismic safety checks at LS-ls have highlighted, both 
for EQ and for LAN + EQ scenarios, that only brittle failures 
in the structural elements are expected. In particular:

•	 The first failure mechanism attained in the structure is the 
tensile-shear failure in beam-column unconfined joints, 
then, shear failure mechanisms in beams and columns are 
expected;

•	 Ductile failures are never attained;
•	 In the LAN + EQ scenario, the elements fail for lower 

steps of the analysis, and the number of elements in crisis 
at the LS-ls, up to Dinel , increases, with respect to the EQ 
scenario;

•	 The tensile–shear failures of the joints happen at the step 
zero of the pushover, namely they are induced just by the 
action of the landslide.

At the DL-ls, indeed, the first failure is always related to 
the first floor infills.

An overall comparison of the global structural condition 
between the two scenarios has been provided in terms of 
safety index. The results are herein resumed: (1) the safety 
index at LS-ls assumes values less than unity in both sce-
narios, meaning that the structure is not able to withstand the 
code design seismic action, but its value in the LAN + EQ 
scenario is smaller with respect to that one in the EQ one; (2) 
the safety index at DL-ls assumes values very close to unit 
in EQ scenario, while drastically lowers in the LAN + EQ 
scenario.

It is evident that the differential displacements cause an 
aggravation of the stress–strain state in the structural ele-
ments. Then, in the building seismic assessment, the neglect 
of a pre-existing stress–strain condition leads to an overesti-
mation of the actual residual seismic capacity, represented in 
a value by the safety index, and consequently to a potential 
underestimation in the definition of the interventions needed 
to increase the seismic safety.

The proposed assessment procedure in a multi-hazard 
analysis can be easily repeated elsewhere to quantify the 
effect of the active landslide on the seismic assessment of 
the RC buildings. It is to note that the main aim of the work 
is not the specific quantification of the effect of the active 
landslide on the seismic assessment of the RC case study 

Fig. 19   Comparison of the 
structural safety index in the 
EQ and LAN + EQ scenarios, at 
LS-ls and at DL-ls, for the eight 
performed analysis
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building, but to show the importance of this multi-hazard 
evaluation. The seismic assessment can be more or less 
refined as function of the quantity of information taken from 
the in situ campaign. Moreover, the methodology presented 
in this work could furnish useful indications in a forecasting 
perspective, i.e., in support to the civil protection prevention 
plans. For phenomena linearly evolving in time, as slow-
moving landslides, a prevision of the future displacements 
for a small number of years could be done, if the trend of the 
displacements at the structure’s base is known. These dis-
placements could be used to carry out an application analo-
gous to that presented in this study, to evaluate the seismic 
safety margin of the structure, affected by the landslide, in a 
certain number of years.
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