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Abstract 

Slow-moving landslides yearly induce huge economic losses worldwide in terms of damage to 

facilities and interruption of human activities. Within the landslide risk management framework, 

the consequence analysis is a key step entailing procedures mainly based on identifying and 

quantifying the exposed elements, defining an intensity criterion and assessing the expected 

losses. This paper presents a two-scale (medium and large) procedure for vulnerability 

assessment of buildings located in areas affected by slow-moving landslides. Their intensity 

derives from Differential Interferometric Synthetic Aperture Radar (DInSAR) satellite data 

analysis, which in the last decade proved to be capable of providing cost-effective long-term 

displacement archives. The analyses carried out on two study areas of southern Italy (one per 

each of the addressed scales) lead to the generation, as an absolute novelty, of both empirical 

fragility and vulnerability curves for buildings in slow-moving landslide-affected areas. These 

curves, once further validated, can be valuably used as tools for consequence forecasting 

purposes and, more in general, for planning the most suitable slow-moving landslide risk 

mitigation strategies. 
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1. Introduction 

Amongst natural hazards (UNEP 1997), landslides (slow-)moving on preexisting sliding surfaces 

– although rarely associated to loss of human life – can cause (even large) detrimental effects,   

from both social and economic points of view, mostly related to the attainment of 

serviceability/ultimate limit states in the exposed facilities, e.g. buildings and roads (Blochl and 

Braun 2005; Scavia and Castelli 2003). For this reason, in order to identify the most suitable risk 

mitigation strategies via structural and/or non-structural measures, scientific and technical 

communities are strongly interested in carrying out analyses aimed at estimating the expected 

consequences due to the reactivation/activation of the above types of landslides. In this regard, a 

deep knowledge on features of both slow-moving landslides (e.g. volume of the displacing mass, 

kinematics) and exposed facilities (stiffness/strength of constituting materials, state of 

maintenance, value) is required (Corominas et al. 2014). However, the collection of this relevant 

information is not an easy task due to the existence of several sources of uncertainties, in turn 

related to (Glade 2003): the peculiarities of factors that predispose/trigger a given slow-moving 

landslide; the spatial distribution of the intensity parameter and its temporal variability; the 

vulnerability value that might change from one facility to another even for similar slow-moving 

landslide intensity; the lack of comprehensive databases of damage to facilities and its increase 

(if any) over the time. The accessibility of the latter databases is of particular concern for 

consequence analysis purposes since most of the adopted procedures are empirically-based, 

provided that data on the intensity parameter associated with a given level of damage severity are 

available (Leone et al. 1996; Mansour et al., 2011). In this regard, referring to displacement 

patterns (and rates) experienced by a certain facility or set of facilities located in (or in the 

proximity of) slow-moving landslide-affected areas, useful information may derive by 

complementing the conventional monitoring techniques (i.e. inclinometers, GPS, topographic 
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leveling) with Synthetic Aperture Radar satellite data processed via Differential Interferometric 

(DInSAR) techniques (Cascini et al. 2013a; Ferlisi et al. 2015; Gullà et al. 2016; Peduto et al. 

2016a, b). Several SAR archives are currently available spanning a long time interval of more 

than 20 years and ranging from the high resolution (i.e. the former generation ERS1-2, 

ENVISAT, RADARSAT1-2 and the current Sentinel-1 missions, all operating at C-band) to the 

very high resolution SAR sensors (i.e. COSMO-SkyMed, TerraSAR-X missions, both currently 

operating at X-band). The former group of sensors is more suitable for analyses over large areas, 

whereas the latter, thanks to the meter-scale resolution, is capable of following the displacement 

pattern over the time even of single detected facilities with sub-centimeter accuracy (Bianchini et 

al 2015; Nicodemo et al. 2016; Peduto et al. 2015, 2016c, 2016d, 2017). Focusing on buildings 

exposed to slow-moving landslide risk, this paper presents an original two-scale (1:25,000 – 

medium; 1:5,000 – large) procedure for vulnerability analysis, via both fragility and vulnerability 

curves, which is tested in two study areas of southern Italy. Values of the selected slow-moving 

landslide intensity parameters are derived from DInSAR data (Bianchini et al 2015; Catani et al. 

2005; Cigna et al 2012; Lu et al. 2014) at either high- or very high-resolution; whereas the 

damage severity pertaining to the elements at risk (i.e. vulnerable areas including building 

aggregates at medium scale; single buildings at large scale) is estimated on the basis of 

information gathered from in-situ damage surveys. 

 

2. Analysis of consequences to buildings at slow-moving landslide risk 

Within the landslide risk analysis, the analysis of consequences to buildings due to slow-moving 

landslides is comprised of two sequential steps that, respectively, deal with the 

identification/quantification of the exposed buildings and the estimation of their vulnerability 

(Fell et al., 2008a). The former step involves detecting and classifying the buildings on the basis 
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of reliable information – to be collected via image processing and field surveys (Remondo et al. 

2005; van Westen 2004) – concerning some relevant building characteristics (including the age 

of construction, structural and foundation typologies, occupancy type, number of floors). In 

analyses at medium scale, in order to overcome the difficulties associated with time consuming 

data collection and related inherent uncertainties (van Westen 2004; Pisciotta 2008), the use of 

aggregated levels (e.g. groups of buildings characterized by relative homogeneity of structural 

type) is recommended; whereas, single buildings can be accounted for in analyses at large scale 

(Cascini et al. 2008; Cascini et al. 2013a; Corominas et al. 2014; Maquaire et al. 2004; 

Palmisano et al. 2016; Peduto et al. 2016d; van Westen et al. 2008). Once the elements at risk are 

recognized and mapped by overlapping the slow-moving landslide-affected areas – provided by 

inventory maps – to territorial data, the same elements can be monetarily quantified (e.g. in 

terms of monetary value or replacement cost) (Amatruda et al. 2004; Blahut et al. 2014).  

As far as the vulnerability of buildings is concerned, it can be conveniently defined – according 

to the scale of analysis – as “the expected degree of loss to an aggregate of buildings (at medium 

scale) or to a single building (at large scale) due to the occurrence of a slow-moving landslide of 

a given intensity”. In both cases, the concept of “degree of loss” can be associated to the ratio of 

repair cost to monetary value/replacement cost that, in turn, relies on the (reversible or 

irreversible) damage induced to the exposed elements. This damage depends on both the 

landslide type mechanism and related intensity (i.e. differential displacements and/or their 

velocity whose spatial attributes result, for instance, from the position of the exposed elements 

with respect to the area affected by a slow-moving landslide) and the building characteristics 

(Fell et al. 2008b; Palmisano et al. 2016).  

The vulnerability of buildings can be quantified using either vulnerability indices/curves or 

fragility curves. The vulnerability index expresses the expected degree of loss to a given 
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(aggregate of) building(s) on a numeric rating scale ranging from 0 (no loss) to 1 (total loss) 

(Corominas et al. 2014; Li et al. 2010; Uzielli et al. 2008). Vulnerability curves show the 

relationship between the mean level of damage severity to a given (aggregate of) building(s) and 

the value of the landslide intensity (adapted from Saeidi et al. 2009, 2012). Fragility curves 

provide the conditional probability for a given (aggregate of) building(s) of reaching or 

exceeding a certain level of damage severity as a function of the landslide intensity; thus they 

express the vulnerability of buildings in probabilistic terms, incorporating uncertainties 

(Mavrouli et al. 2014).  

Based on the scale of the study area, the availability and quality of input data as well as the local 

construction technology, four main categories of fragility/vulnerability curves can be 

distinguished according to the adopted method (Negulescu and Foerster 2010; Mavrouli et al. 

2014): heuristic, empirical, analytical and hybrid. Three main types of input data are necessary, 

namely (Saeidi et al. 2009): damage scale; building typology; intensity parameter. Up to now, 

few examples of fragility/vulnerability curves for buildings exposed to slow-moving landslides 

have been proposed in the scientific literature, mainly deriving from the adoption of analytical 

methods (Fotopoulou and Pitilakis 2013; Mavrouli et al. 2014; Pitilakis and Fotopoulou 2015). 

 

3. The proposed methodology 

The proposed two-scale procedure (Fig. 1) for the retrieval of empirical fragility/vulnerability 

curves for buildings exposed to slow-moving landslides includes: Phase I, in which the elements 

at risk are identified and classified according to the scale of analysis in a GIS environment; 

Phase II requiring the damage severity classification along with the selection of an intensity 

parameter; Phase III leading to the generation of fragility and vulnerability curves.  
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As far as Phase I is concerned, exposed aggregates of buildings are identified at 1:25,000 scale – 

on the basis of available base and thematic maps – according to the procedure extensively 

described in Cascini et al. (2013a) and appointed as “vulnerable areas” (Pisciotta 2008). In 

particular, considering that the urban fabric in small Italian towns selected for analysis purposes 

consists of adjacent buildings or terraced buildings rather than isolated buildings – mainly dating 

back from the late 19th to early 20th century – the identification of vulnerable areas involves the 

identification of similar buildings located on landslide-affected areas and “aggregated” according 

to their occupancy type and the structural typologies (i.e. masonry in the study area). At 1:5,000 

scale, single buildings at risk (of either reinforced concrete or masonry) are identified by 

intersecting the information gathered from topographic maps with landslide inventory maps. In 

both scales of analysis, the value of elements at risk was not monetarily quantified being the 

estimation of slow-moving landslide risk beyond the scope of this paper. 

In Phase II, the severity levels provided by Burland et al. (1977) and synthesized in Table I are 

adopted to classify the building damage recorded via in-situ surveys. In particular, at 1:25,000 

scale these levels are roughly categorized in four classes (D0 = negligible, D1-D2 = from very 

slight to slight; D3 = moderate; D4-D5 = from severe to very severe) which mainly reflect the 

attainment of damages affecting the building aesthetics (D0 and D1-D2), causing a loss of 

functionality (D3) or even compromising the stability (D4-D5). Accordingly, the ad hoc 

predisposed fact-sheets to be filled during in-situ damage surveys at individual building level 

(Cascini et al. 2013a) do not involve gathering information on crack widths being this not 

relevant at 1:25,000 scale. Then, the equivalent damage (ED) severity level to be associated to  a 

vulnerable area including at least one building whose damage severity exceeds the D0 class is 

established on the basis of the values taken by an equivalent damage index (fk) and 

conservatively estimated by: 
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In Eq. (1), cj is a numerical index conventionally associated to a j-class of damage severity (e.g. 

equally dividing the interval ranging from 0 to 5 into five sub-intervals and considering the 

higher break value pertaining to two merged levels, the following numerical indexes result: c0 = 

0 for D0; c1 = 2 for D1-D2; c2 = 3 for D3; c3 = 5 for D4-D5); nj is the number of buildings 

suffering the j-class of damage severity; ntot is the total number of buildings included in the 

vulnerable area; nD0 is the number of buildings suffering the D0 class of damage severity. 

Accordingly, an ED severity level is labelled with i) ED1 if 2 ≤ fk < 2.5, ii) ED2 if 2.5 ≤ fk < 3.5, 

iii) ED3 if 3.5 ≤ fk ≤ 5; whereas ED0 indicates the ED severity level of a vulnerable area 

including only buildings whose damage severity is classified as D0. Another example of ED 

severity level assessment is provided by Antronico et al. (2014) but in their study the authors 

refer to weighted damage values for different portions of a given municipality. 

At 1:5,000 scale, all levels of damage severity shown in Table I are considered to carry out in-

situ damage surveys. In such a case, the ad-hoc predisposed fact-sheets (modified from Ferlisi et 

al. 2015) require to collect information about crack widths in order to distinguish clearly the 

structural pathologies pertaining to each of the exposed buildings.  

The intensity parameter assumed at medium scale corresponds to the equivalent cumulative 

displacement (ECD) experienced by the vulnerable area in a given time interval coinciding with 

the period of observation of the available ERS1-2 satellite images. In particular, first the 

DInSAR benchmarks (i.e. the output measurement point of interferometric processing) whose 

velocity values can be projected from the satellite radar Line of Sight (i.e. LOS, which is 

typically tilted of some tens of degrees with respect to the vertical direction) to the steepest slope 
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direction (Vslope) are selected, according to the procedure described in Cascini et al. (2013a). 

Then, each building composing the aggregate is associated with a DInSAR-derived velocity 

value, which herein is indicated for sake of simplicity as building average velocity (Vav_b) and 

computed as the root mean square velocity via (Cascini et al. 2013a): 
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In Eq. (2), i refers to the ith DInSAR benchmark on the building; N is the total number of 

DInSAR benchmarks on the building; Vslope i is the velocity along the slope of ith DInSAR 

benchmark. Moreover, weight values are established on the basis of the coherence parameter 

whose value quantifies the DInSAR measurement correlation over all the available acquisitions 

(the higher the coherence, the higher the weight value). Accordingly, wci is the coherence weight 

of the ith DInSAR benchmarks on the building; Ci is the coherence value of the ith DInSAR 

benchmark on the building; Cmax is the maximum coherence value of the used dataset; Cmin is the 

minimum coherence value of the used dataset; min is a positive number not greater than 1 

defining the weight of the DInSAR benchmark with the smallest coherence. In the analyses 

relevant to the dataset under investigation, min value was empirically set to 0.2 thus assigning a 

weight of 20% to the smallest coherence value. 

The cumulative displacement for each building derives from multiplying the estimated average 

velocity Vav_b  for the period of observation. The ECD of the vulnerable area corresponds to the 
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average cumulative displacement, weighted on the number of DInSAR benchmarks covering 

each building composing the vulnerable area:  
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where Db,i is the cumulative displacement associated to the ith building within the vulnerable area 

and Ni is the ratio of the number of DInSAR benchmarks covering each building to the number 

of DInSAR benchmarks covering the whole vulnerable area. 

At 1:5,000 scale, the intensity parameter is associated with the differential settlements () 

derived from the analysis of both high (i.e. ENVISAT) and very high-resolution (i.e. COSMO-

SkyMed) DInSAR cumulative settlements for each exposed building (see also Bianchini et al. 

2015; Peduto et al. 2017; Sanabria et al. 2014). In particular, the cumulative settlements are 

derived by multiplying the average velocity along the vertical direction (i.e. derived from the 

Line of Sight sensor-target direction) of each DInSAR benchmark covering a single building for 

the period of observation of the available dataset. 

In Phase III (Fig. 1), by specializing the procedure proposed by several authors (Fotopoulou and 

Pitilakis 2013; Mavrouli et al. 2014; Negulescu and Foerster 2010; Negulescu et al., 2014; 

Peduto et al. 2016d, 2017; Saeidi et al. 2009, 2012), fragility curves are derived for both building 

aggregates composing the vulnerable areas (1:25,000 scale) and single buildings (1:5,000 scale) 

by combining the data on levels of equivalent damage or damage severity with the corresponding 

magnitudes of the specific intensity parameter (i.e. equivalent cumulative displacement at 

1:25,000 scale or differential settlement at 1:5,000 scale). In particular, the probability of 
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reaching or exceeding a particular equivalent damage (EDk) or damage (Di) severity level for a 

fixed intensity parameter (IP) is respectively calculated as: 
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where  [.] is the standard normal cumulative distribution function;  lECD  (or l ) is the median 

value of the intensity parameter ECD (or ) at which the vulnerable area (or the building) 

reaches the equivalent damage (k) or the damage (i) severity level; and β is the standard 

deviation of the natural logarithm of the intensity parameter. 

Finally, according to Lagomarsino and Giovinazzi (2006), vulnerability curves at medium and 

large scale are, respectively, derived by: 

 

ED = a [b + tanh(c·ECD + d)]                                          (6) 

and 

D = a [b + tanh(c· + d)]                                              (7) 

 

beingED (or D) the weighted average of the equivalent damage (or damage) severity levels for 

a given value of the intensity parameter ECD (or ); whereas a, b, c and d are four coefficients 

that must be determined for each scale of analysis. 
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4. Analysis at medium scale 

 

4.1 Study area and available dataset 

The study area (Fig. 2a), extending for about 557 km2, includes 21 Municipalities of Benevento 

Province (Campania region, southern Italy). Base (i.e. topographic) maps at 1:5,000 scale and 

thematic (i.e. geological, geomorphological, landslide inventory) maps at 1:25,000 scale, 

developed by the National Basin Authority of “Liri-Garigliano and Volturno” rivers (NBA-

LGV) within the Hydrogeological Setting Plans - Landslide Risk excerpt (HSP-LR) according to 

requirements of the Italian Law 365/2000, are available. The geological map of the study area 

highlights the existence of Mesozoic-Tertiary lithological units mainly consisting of clayey-

sandy-arenaceous and clayey-calcareous-siliceous strata covered by marly-calcareous, 

arenaceous and arenaceous-conglomeratic units (Cascini et al. 2013a and citations therein). The 

latter units, together with the geo-structural setting, mainly control the geomorphological 

features of the area. As for the landslide inventory (Fig. 2a) a total of 2,180 slow-moving 

landslides (globally covering about 25% of the total extension of the study area) are mapped: 766 

rotational slides; 267 rotational slide–earth flows; 1,117 earth flows; 30 deep seated gravitational 

slope deformations (DSGSD); moreover, 158 creep phenomena, 65 earth flow-creeps and 2 

rotational slide-creeps are also inventoried (Cascini et al. 2013a; Calvello et al. 2016).  

DInSAR displacement data used for the present study are provided by the nationwide Italian 

“Piano Straordinario di Telerilevamento” (MATTM 2010). They include 208 ERS images on 

ascending orbit (period September 1992 - September 2000) and 134 on descending orbit (period 

November 1992 - December 2000) processed by Persistent Scatterers Interferometry (PSI) 

algorithms (Costantini et al. 2008; Ferretti et al. 2001). By implementing the procedure described 

in section 3 (see also Cascini et al., 2013a) the projectable persistent scatterers (PS) were 
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selected (Fig. 2b) (7276 PS on ascending orbit and 7309 on descending orbit with an overall 

density of 26 PS/km2). 

The dataset of slow-moving landslide-induced damage to buildings includes information 

gathered from fact-sheets compiled during an extensive survey carried out in 2000 by technicians 

of NBA-LGV within the HSP-LR activities. The analysis of data revealed the presence of 95 

buildings (all of masonry structural typology) experiencing damage whose severity ranges from 

D1-D2 to D4-D5 classes (Figs. 3a and 3b). 

 

4.2 Results 

In Phase I, a total number of 23 vulnerable areas including masonry building, for which both 

DInSAR data and the results of the damage survey are available, were identified. Out of 23 

vulnerable areas 18 exhibited a damage severity exceeding the D0 class. An example of building 

aggregates characterized by homogeneity of structural (all masonry) and occupancy type is 

provided in Fig. 4a; whereas in Fig. 4b an example of the spatial distribution of vulnerable areas 

is shown. 

Then, in Phase II, the fk value was computed for each vulnerable area together with their ECD 

(i.e. the adopted slow-moving landslide intensity parameter). The percentage distribution of the 

obtained different levels of ED severity in the study area is shown in Fig. 5a; whereas Fig. 5b 

distinguishes the vulnerable areas with a given ED severity level according to the landslide type. 

An example of vulnerable areas with indication of both their ED severity level and ECD is 

shown in Figs. 5c and 5d referring to the municipality of Pesco Sannita. 

By combining the above information, the relationship in Fig. 6a was derived. The diagram shows 

that the level of ED severity increases as the ECD (on average) increases.  
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Then, empirical fragility curves were derived for the vulnerable areas in the study area. To this 

aim, the frequency of occurrence of each ED severity level higher than ED0 (i.e. ED1, ED2 and 

ED3) was estimated for different DInSAR-derived ECDs (Fig. 6b). The probabilities of reaching 

or exceeding an EDk (k = 1, 2, 3) for given ECD values were computed by using Eq. (4) (Fig. 

6c); the corresponding values of mean and standard deviation parameters are synthesized in Fig. 

6c. 

The work hypothesis of using the cumulative log-normal distribution to describe the probability 

of reaching or exceeding a given damage level was checked for the dataset at hand by using the 

Kolmogorov-Smirnov (K-S) goodness-of-fit test, as it is shown in the Appendix.  

Finally, the vulnerability curve was derived for the study area by fitting the (ED(ECD), ECD) 

data with the Eq. (6). In particular, for each of the ECD value obtained from the analysis of 

DInSAR data pertaining to the sample of vulnerable areas at hand (18), ED(ECD) was computed 

with the obtained fragility curves according to the formula (adapted from Pitilakis and 

Fotopoulou 2015): 

        



3

1k

kkED edPECD                                              (8) 

 

where Pk is the discrete probability associated to an equivalent damage severity level (EDk) 

whose numerical index equals edk (taken for this application as 1, 2 and 3 for ED1, ED2 and 

ED3, respectively). 

The obtained vulnerability curve is shown in Fig. 6d and the corresponding fitting coefficients of 

Eq. (6) are: a = 295.6784; b = -0.9899; c = 0.2465; d = 2.6394.      
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5. Analysis at large scale 

 

5.1 Study area and available dataset 

The analysis at large scale refers to Lungro urban area (Fig. 7a) (Calabria region, southern Italy) 

located in a geological context where the Lungro-Verbicaro Unit, dating back to the Middle 

Trias and made up of metapelites and metacarbonates, prevails (Gullà et al. 2016). The inventory 

map of typified landslides (Fig. 7a), drawn-up according to the procedure given by Gullà et al. 

(2016), shows that several slow-moving landslides affect the study area. These phenomena can 

be distinguished in six typified categories (Table II) that from a kinematic point of view present 

the following characteristics: i) T_A1 landslides (slide-flow complex type) with ordinary 

velocity from 2 to 4 cm/year and critical velocity (i.e. in the paroxysmal phases) higher than 200 

cm/year; ii) T_A2 landslides (slide-flow complex type) with ordinary velocity from 5 to 7 

cm/year and critical velocity higher than 20 cm/year; iii) T_B1 landslides (slide-flow complex 

type) with ordinary velocity from 0.5 to 5 cm/year and critical velocity higher than 80 cm/year; 

iv) T_B2 landslides (slide-flow complex type) with ordinary velocity from 4 to 20 cm/year and 

critical velocity higher than 100 cm/year; v) T_C landslides (defined as landslide zone according 

to the definition provided in Antronico et al. 2014) with ordinary velocity from 0.5 to 5 cm/year 

and critical velocity higher than 40 cm/year; vi) T_D landslides (slide type) with ordinary 

velocity from 0.2 to 0.5 cm/year and critical velocity from 2 to 5 cm/year.  

The analysis of historic data (1812 – 2011) indicates that for a long time Lungro historic centre 

has been severely affected by slow-moving landslides (Antronico et al. 2013, 2014; Gullà et al. 

2016; Peduto et al. 2016a). Furthermore, a damage survey, carried out in October 2015 over the 

entire urban area, revealed that 111 buildings interact with the abovementioned landslides (Fig. 
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7a). In Figs. 7b and 7c the distribution of different levels of recorded damage severity is shown 

referring, respectively, to building typology and typified landslides. 

The SAR image dataset used in this study was processed according to the SAR tomographic 

analysis (Fornaro et al. 2009, 2014), which is a recent extension of DInSAR processing 

framework particularly effective for single building monitoring with very high-resolution data 

(Cascini et al. 2013b; Peduto et al. 2015). It consists of 35 ENVISAT images acquired on 

ascending orbit (August 2003 to January 2010) as well as 39 COSMO-SkyMed images acquired 

on ascending orbit from October 2012 to April 2014. It is worth noting that the COSMO-

SkyMed mission, composed by a constellation of four satellites, is currently one of the most 

advanced operational SAR system particularly effective for monitoring purposes of the built 

environment thanks to the very high spatial resolution of the acquired images as well as to the 

very fast acquisition scheduling of the multi-sensor mission. Figs. 8a and 8b show, respectively, 

the distribution of DInSAR benchmarks derived from ENVISAT (7299 DInSAR benchmarks) 

and COSMO-SkyMed data (15,252 DInSAR benchmarks). The significant coverage increase 

achieved by COSMO-SkyMed data and the highest velocity values recorded in both datasets in 

the central-eastern portion of the historic centre, mainly affected by T_D landslides, are also 

highlighted.  

 

5.2 Results  

For the purpose of the present study (Phase I), the analysis focused on 49 exposed buildings (12 

of reinforced concrete and 37 of masonry structure) with shallow foundations and covered by at 

least two DInSAR benchmarks in both ENVISAT and COSMO-SkyMed datasets. Reinforced 

concrete buildings were built mostly after 1950s on a maximum of four floors. Masonry 

buildings, mainly made of disorganized stones (pebbles, or erratic/irregular stones), are low-rise 



Empirical fragility and vulnerability curves for buildings exposed to slow-moving landslides at medium and large 

scales. Peduto D., Ferlisi S., Nicodemo G., Reale D., Pisciotta G., Gullà G. (2017) 

This is a post-peer-review, pre-copyedit version of an article published in LANDSLIDES. The final 

authenticated version is available online at: http://dx.doi.org/10.1007/s10346-017-0826-7 

 
 

(2-3 floors) with ages ranging from about seventy to three hundreds years. The potential of 

DInSAR data in monitoring building settlements is shown in the example of Fig. 9 where, for a 

reinforced concrete building located on the boundary of an active roto-traslational slide, thanks 

to the availability of a dataset covering about 10 years, it is possible to follow the increase of the 

cumulative displacement also comparing it with the gradual increase of damage severity 

recorded during in-situ damage surveys. 

Then in Phase II, differential settlements were computed for each building as the maximum 

difference of the cumulative settlements recorded by the DInSAR benchmarks within its 

perimeter (see Sect. 3) as shown in Fig. 10a. Moreover, for the period February 2010 - October 

2012, when DInSAR data were lacking, a constant velocity value equal to the one associated to 

the longest available dataset (i.e. ENVISAT) was assumed. The merge of the above information 

with the results of the damage survey (Fig. 10b) allowed retrieving the relationship between 

differential settlements and the level of damage for both reinforced concrete (Fig. 10c) and 

masonry (Fig. 10d) buildings located on different typified landslides within Lungro area. 

In Phase III, referring to masonry buildings suffering from damage severity levels spanning from 

D1 to D5 (29), the class frequency of occurrence (Fig. 11a) and empirical fragility curves (Fig. 

11b) using the Eq. (5) were derived assuming the value of DInSAR-derived differential 

settlement as representative intensity parameter. The values of median and standard deviation 

parameters used to derive the fragility curves are synthesized in Fig. 11b. Similarly to the 

analysis carried out at medium scale, the reliability of the used cumulative log-normal 

distribution function was checked using the K-S test (see the Appendix). 

Finally, the vulnerability curve was derived for masonry buildings of the study area by fitting the 

(D(), ) data with the Eq. (7), In particular, for each  value obtained from the analysis of 

DInSAR data pertaining to the sample of masonry buildings at hand (29), D() was computed 
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with the obtained fragility curves according to the formula (adapted from Pitilakis and 

Fotopoulou 2015):      

  



5

1i

iiD dP                                                                   (9) 

 

where Pi is the discrete probability associated to a damage severity level (Di) whose numerical 

index equals di (taken for this application as 1, 2, 3, 4 and 5 for D1, D2, D3, D4 and D5, 

respectively). The obtained vulnerability curve is shown in Fig. 11c. The corresponding fitting 

coefficients of Eq. (7) are: a = 2.6745; b = 0.8695; c = 0.4810; d = -1.3310.  

 

6. Discussion and conclusions 

Although the potential of DInSAR data use in building damage assessment has been already 

addressed in the scientific literature (among the others, Arangio et al. 2013; Bianchini et al. 

2015; Cascini et al. 2006, 2007, 2013b; Pratesi et al. 2015a, b; Peduto et al. 2016c, d, 2017; 

Sanabria et al. 2014) the proposed procedure for the analysis of building vulnerability to slow-

moving landslides allowed for the first time the retrieval of empirical relationships between the 

level of equivalent damage (or damage) severity and the selected DInSAR-derived intensity 

parameters (i.e. equivalent cumulative displacement or differential settlement) at two different 

scales of analysis (medium and large) and for two different structural typologies (i.e. reinforced 

concrete and masonry buildings). The results highlight a general increasing trend of the above 

severity levels with slow-moving landslide intensity, independently from both the scale of 

analysis and the structural typology of the analyzed buildings. Moreover, the use of such a 

widespread information as DInSAR data also brought to the preliminary generation of empirical 

fragility and vulnerability curves for both masonry building aggregates in vulnerable areas (at 

medium scale) and single masonry buildings (at large scale). This could contribute to reduce the 
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lack of similar tools for this building typology in the field of slow-moving landslide consequence 

analysis. The applicability/exportability of the obtained results, although site-specific, could be 

significant if one considers that the majority of small villages in Italian southern Apennines 

exhibit similar urban fabric and structural typology as the ones considered in this study. In 

particular, widening the sample of analyzed buildings in similar geological-geomorphological 

contexts would allow calibrating and validating the generated curves. The generation of 

fragility/vulnerability curves for reinforced concrete buildings was hampered by their absence (at 

1:25,000 scale) or their limited number (at 1:5,000 scale) within the sample of analyzed 

structures in the selected study areas. A test of the proposed methodology in urban areas where a 

sufficient number of DInSAR-covered slow-moving landslide-affected reinforced concrete 

buildings are present would allow generating similar empirical tools with the advantage, in this 

case, of making it possible a comparison with curves available in the scientific literature, mainly 

deriving from the adoption of analytical methods (Fotopoulou and Pitilakis 2013; Pitilakis and 

Fotopoulou 2015; Mavrouli et al. 2014). 

As for the intensity parameters at the two different scales of analysis, the adoption of the 

equivalent cumulative displacements for vulnerable areas composed by building aggregates, 

which may not coincide with a single structure nor even contiguous ones, seems acceptable; on 

the other hand, the use of differential settlements for single buildings may require further 

deepening. In this regard, also other parameters – such as angular distorsion (Skempton and 

MacDonald 1956), deflection ratio (Burland 1995) and horizontal strain (Boscardin and Cording 

1989) – should be considered, without neglecting the role of tilt (i.e. rigid body rotation ) which 

a building might experience, in concurring to the attainment of serviceability/ultimate limit 

states. As for horizontal strain, where possible, the combination of DInSAR data on both 

ascending and descending orbits would allow the retrieval of the horizontal displacements that 
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could play a relevant role in building damaging (Boscardin and Cording 1989; Burland et al. 

2004).  

Furthermore, enlarging the dataset would allow further deepening concerning different factor 

presiding over damage occurrence such as, among others, the location of the building within the 

landslide-affected area (Corominas et al. 2014) and the foundation typology, so as to derive a 

more complete dataset of fragility/vulnerability curves. In particular, taking into account that for 

the present study the availability of DInSAR data acquired on a single orbit did not allowed to 

take into account the role played by horizontal displacement (condition that for landslide 

applications is common due to SAR acquisition geometry constraints), the construction of curves 

for defined structural typology and typified landslides (from both geo-mechanic and kinematic 

points of view), also taking into account the position of the building within the landslide-affected 

area, would allow analyzing/predicting building damage over portions of the phenomena where 

the ratio of horizontal to vertical component of the displacement vector can be assumed as 

constant.  Accordingly, the horizontal component in those areas contributes in the same way to 

damage occurrence. As a result, disregarding the effects of horizontal displacements in a given 

portion of a typified landslide would homogeneously affect the results and, in turn, both their 

reliability and exportability. 

However, since now it seems promising that the proposed procedure for the generation of 

empirical fragility/vulnerability curves may open new perspectives for helping authorities in 

charge of land use planning and/or urban management to select either most suitable zones to be 

urbanized or addressing restoration and adaptation policies. This result could be achieved at 

more affordable costs than the use of conventional monitoring techniques over wide number of 

exposed buildings.  

 

 



Empirical fragility and vulnerability curves for buildings exposed to slow-moving landslides at medium and large 

scales. Peduto D., Ferlisi S., Nicodemo G., Reale D., Pisciotta G., Gullà G. (2017) 

This is a post-peer-review, pre-copyedit version of an article published in LANDSLIDES. The final 

authenticated version is available online at: http://dx.doi.org/10.1007/s10346-017-0826-7 

 
 

Acknowledgements 

The Authors are grateful to the National Basin Authority of Liri-Garigliano and Volturno (NBA-

LGV) rivers and, in particular, to the General Secretary Dr. Vera Corbelli for providing all the 

thematic maps and the damage survey fact-sheets of the study area.  

The Authors wish also to thank Italian Ministry of the Environment and Protection of Land and 

Sea and, in particular, Dr. Salvatore Costabile for providing the PSI data over NBA-LGV 

deriving from the “Piano Straordinario di Telerilevamento Ambientale”. 

The SAR image dataset used in the paper for the case study of Lungro was provided by 

European Space Agency (ESA) under the CAT-1 Project on “Calibration of the Synthetic 

Aperture Radar (SAR) measures with Integrated Monitoring Networks (IMoN), and extended 

uses in homogeneous geological contexts” (C1P.5618) and the Project carried out using 

COSMO-SkyMed® PRODUCTS, © ASI (Italian Space Agency), provided under license of ASI   

(prot. n. 0000155 dated 12 January 2015). The Lungro case study is part of the Project 

DTA.AD003.077.001 “Tipizzazione di eventi di dissesto idrogeologico” of the CNR Department 

of “Scienze del Sistema Terra e Tecnologie per l’Ambiente”.  

 

 



Empirical fragility and vulnerability curves for buildings exposed to slow-moving landslides at medium and large 

scales. Peduto D., Ferlisi S., Nicodemo G., Reale D., Pisciotta G., Gullà G. (2017) 

This is a post-peer-review, pre-copyedit version of an article published in LANDSLIDES. The final 

authenticated version is available online at: http://dx.doi.org/10.1007/s10346-017-0826-7 

 
 

Appendix  

This appendix is devoted to show the results of the Kolmogorov-Smirnov (K-S) goodness-of-fit 

test that was performed in order to check the work hypothesis of using the cumulative log-

normal distribution for describing the probability of reaching/exceeding a given damage level 

within the fragility curve construction. 

Fig. 12a shows the K-S test carried out on fragility curves derived for vulnerable areas composed 

by masonry building aggregates in the area analyzed at medium scale. The results confirm that 

the above work hypothesis is acceptable since the values of the maximum distances (Dmax) 

between the considered log-normal distribution function for each damage level and the related 

empirical distribution function – defined according to the K-S test – are always lower than the 

critical values (Dcrit) provided by Kolmogorov–Smirnov for all significance levels (). 

Similarly to the analysis carried out at medium scale, the reliability of the used cumulative log-

normal distribution function was checked using the K-S test for the fragility curves derived for 

Lungro area. Also in such a case, the obtained results confirm the validity of the adopted work 

hypothesis (Fig. 12b).  
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List of Figure captions 

 

Fig. 1. Flowchart of the proposed procedure for the retrieval of fragility/vulnerability curves.  

 

Fig. 2. a) Landslide inventory map of the study area at medium scale; b) spatial distribution of 

projectable DInSAR data provided by ERS radar sensor on ascending and descending orbit in the 

period 1992-2000.  

 

Fig. 3. a) Spatial distribution of damaged masonry buildings within landslide-affected areas; b) 

some examples of damages recorded to buildings, with widespread cracks and extensive damage 

or tilting, induced by slow-moving landslides.  
 

Fig. 4. a) Example of buildings aggregates characterized by homogeneity of structural (all 

masonry) and occupancy type; b) an example of vulnerable areas in the municipality of Pesco 

Sannita (Benevento Province, Campania region). 

 

Fig. 5. a) Percentage distribution of the ED severity level recorded in the vulnerable areas of the 

study area; b) number of vulnerable areas  with a given ED severity level vs. the recognized 

landslide types; examples of maps of c) ED severity level and d) ECD for vulnerable areas in the 

municipality of Pesco Sannita (Campania region, southern Italy).  

 

Fig. 6. a) Equivalent damage (ED) severity level vs. equivalent cumulative displacement (ECD) 

for vulnerable areas of masonry building aggregates over the study area; b) class frequency of 

occurrence for each EDk (k = 1, 2, 3) suffered by vulnerable areas; c) empirical fragility curves 

with corresponding median  lECD  and standard deviation () parameters; d) empirical 

vulnerability curve.  

 

Figure 7. The study area and the map of typified landslides at large scale (modified from Gullà 

et al. 2016) and of surveyed buildings distinguished according to the recorded level of damage 

severity and their distribution based on b) building typology and c) typified landslides. For a 

detailed description of typified landslide features, the reader can refer to Table II. 

 

Fig. 8. DInSAR data distribution map over the study area at large scale: a) ENVISAT DInSAR 

benchmarks on ascending orbit for the period 2003-2010 and b) COSMO-SkyMed DInSAR 

benchmarks on ascending orbit for the period 2012-2014. 

 

Fig. 9. Monitoring of building damage evolution over the time via DInSAR data. The example 

refers to a reinforced concrete building located on the boundary of an active roto-traslational 

slide.  

 

Fig. 10. a) Sketch of computation of DInSAR-derived differential settlement (∆) for each 

building and b) level of building damage severity (Di, i = 0, ..., 5) collected via fact‐sheets during 

in-situ damage survey. Damage severity level vs. differential settlements for c) reinforced 
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concrete and d) masonry buildings (for the legend of typified landslides, the reader can refer to 

Table III). 
 

Fig. 11. a) Class frequency of occurrence for each damage level Di (i = 1, ..., 5) suffered by 

single masonry buildings; b) empirical fragility curves with corresponding median  l  and 

standard deviation () parameters;  c) empirical vulnerability curve. 

 

Fig. 12. Results of the K-S goodness-of-fit test of the log-normal distribution function used for 

the generation of fragility curves for a) vulnerable areas composed by masonry building 

aggregates in the study area at medium scale and b) single masonry buildings analyzed in the 

study area at large scale.  

 

 

 

 

 



Table I. Levels of damage severity along with their description (adapted from Burland et al. 1977). 

Level of damage severity Damage description 

D0 (Negligible) 

Hairline cracks are mainly caused by shrinkage 

and thermal gradients. Typical widths are less 

than 0.1 mm 

D1 (Very slight) 

Cracks are fine and rarely visible; they can be 

easily treated via normal decoration. Typical 

crack widths are up to 1 mm. 

D2 (Slight) 

Visible cracks can be masked by suitable linings 

or easily filled. Doors and windows might stick 

slightly. Typical crack widths are up to 5 mm. 

D3 (Moderate) 

Cracks are much visible; they require some 

opening up and can be patched by a mason. 

Doors and windows might stick; whereas 

service pipes might fracture. Typical crack 

widths are 5 to 15 mm. 

D4 (Severe) 

Widespread cracks and extensive damage that 

requires breaking-out and replacing sections of 

walls, especially over doors and windows. 

Settlement might cause slight tilt to walls and 

onset of fractures to structural elements. Typical 

cracks widths are 15 to 25 mm, but also the 

number of cracks is to be taken into account. 

D5 (Very severe) 

Extensive cracking with structural damage that 

requires a major repair job involving partial or 

complete rebuilding. Settlements might cause 

tilt to walls and instabilities requiring the 

building evacuation.  Typical cracks widths are 

greater than 25 mm, but also the number of 

cracks is to be taken into account. 

 

 

Table II. Main features of the typified landslides in Lungro urban area (modified from Gullà et al. 2016). 

 

Typified 

landslide 

 

Width (W) 

[m] 

 

Length (L) 

[m] 

 

L/W 

 

Depth 

[m] 

Velocity 

[cm/year] 
 

Involved 

soil 

 

Kinematic 

type ordinary critical 

T_A1 25-100 ≤ 180 ≤ 2.5 about 6 2-4 > 200 detritic-

colluvial 

covers 

Complex 

landslide T_A2 15-100 ≥ 80 > 2.5 about 10 5-7 > 20 

T_B1 90-260 130-550 < 2.5 10-20 0.5-5 > 80 deeply 

weathered 

and chaotic 

phyllites 

Complex 

landslide 
 

T_B2 

 

80-220 

 

>300 

 

≥ 2.5 

 

10-16 

 

4-20 

 

> 100 

T_C 830 1500 1.8 20-30 0.5-5 > 40 

deeply 

weathered 

and chaotic 

phyllites 

Landslide 

zone 

T_D 100-250 350-550 2.2-3.2 
20-30 

/10-15 
0.2-0.5 2-5 

weathered 

and chaotic 

phyllites 

Slide 
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