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The geometric and kinematic characterization of landslides affecting urban areas is a challenging goal 

that is routinely pursued via geological/geomorphological method and monitoring of ground 

displacements achieved by geotechnical and, more recently, advanced differential interferometric 

synthetic aperture radar (A-DInSAR) data. Although the integration of all the above mentioned 

methods should be planned a priori to be more effective, datasets resulting from the independent use 

of these different methods are commonly available, thus making crucial the need for their 

standardized a posteriori integration. In this regard, the present paper aims to provide a contribution 

by introducing a procedure that, taking into account the specific limits of 

geological/geomorphological analyses and deep/surface ground displacement monitoring via 

geotechnical and A-DInSAR data, allows the a posteriori integration of the results by exploiting their 

complementarity for landslide characterization. The approach was tested in the urban area of Lungro 

village (Calabria region, southern Italy), which is characterized by complex 

geological/geomorphological settings, widespread landslides, and peculiar urban fabric. In spite of 

the different level of information preliminarily available for each landslide as result of the 

independent use of the three methods, the implementation of the proposed procedure allowed a better 

understanding and typifying of the geometry and kinematics of 50 landslides. This provided part of 

the essential background for geotechnical landslide models to be used for slope stability analysis 

within landslide risk mitigation strategies. 

 

 

1. INTRODUCTION 

The choice of an appropriate procedure for slope stability analysis, hazard and risk evaluation depends 

on several key factors such as the scale of analysis (e.g., regional, local or site specific) (Fell et al., 

2008); the environmental context (e.g., primarily natural or predominantly urbanized) (Bonci et al. 

2010; Booth et al. 2015; Cascini et al. 2006; Ciampalini et al. 2012) and the purpose of the analysis 

(e.g., emergency, scientific, prevention, control) (Abolmasov et al. 2015; Antronico et al. 2015; Barla 
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et al. 2010; Borrelli et al. 2014; Gullà et al. 2004; Nico et al. 2015; Pilot 1984; Wang 2012; Yin et al 

2010). A fundamental step in this type of studies is the characterization of the geometric and 

kinematic features of mass movements affecting a given area (Antronico et al. 2013; Baldi et al. 2008; 

Carter and Bentley 1985; Eberhardt 2008; Grana and Tommasi 2014; Gullà 2014; Maiorano et al. 

2015; Uzielli et al. 2015; Vaunat and Leroueil 2002). This step may involve various methods that 

have been described in the scientific literature (Di Maio et al. 2013; Farina et al. 2006; Fukuoka 1980; 

Komac et al. 2015; Massey et al. 2013; Shimizu et al. 2014; Wasowski and Bovenga 2014; Willenberg 

et al. 2008; Yin et al. 2010; Yenes et al. 2009) and whose effectiveness is closely related to the above 

three factors. In particular, used methods are: the geological-geomorphological (GeoG) one, which is 

mostly effective on a regional scale or over large areas; satellite radar images (Sat), which have been 

successfully used in certain contexts (e.g., monitoring of urbanized areas that are affected by slow-

moving landslides); the geotechnical (Geot) one, which is essential when working at slope scale. 

In urban areas in particular, geometric and kinematic landslide characterization is addressed mainly 

with the independent use of one of the above methods (Antolini et al. 2013; Antronico et al. 2013; 

Bovenga et al. 2013; Laribi et al. 2015; Simeoni and Mongiovì 2007; Xiao and He 2013; Yenes et al. 

2009), which are in some cases integrated without initial planning (Du et al. 2013; Kumsar et al. 

2015). In the authors’ experience, and with particular reference to current practice, the lack of 

integration is due to several factors including the need to continually coordinate the activities 

pertaining to each method, the scarcity of resources at all times, and the different time schedules in 

designing and implementing the activities of the various methods. However, it is worth stressing that 

the integration of the three abovementioned methods may increase the effectiveness of the overall 

results (Antronico et al. 2013; Barla et al. 2010; Bonci et al. 2010; Calò et al. 2012; Tofani et al. 

2013a; Uzielli et al. 2015).  

In this paper an a posteriori integration (aPosIn) of the results obtained from GeoG, Sat and Geot 

methods is applied to the Lungro urban area (Calabria region, southern Italy) that has complex urban 

fabric and geological/geomorphological settings where landslides are widespread (Fig. 1). As a result, 
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through the exploitation of the elements of complementarity of the three independent methods it was 

possible typifying all landslides in the area from both the geometric and kinematic point of view. 

 

 

2. METHODS 

This section provides a quick overview of GeoG, Sat and Geot methods focusing on their limitations 

and potential as highlighted in the scientific literature referring to their independent use for landslide 

characterization. Next, the proposed aPosIn procedure is outlined. 

 

2.1.Geological-geomorphological investigation 

To assess mass movements in an urban area and to define their stability conditions, landslide 

inventory maps and geological maps can be produced via aerial photograph interpretation and field 

surveys (GeoG method). 

With regard to mass movements, it is widely known that the reliability of stereoscopic interpretation 

primarily depends on the experience of the photo interpreter and on the availability, type and quality 

of the aerial photographs (Rib and Liang 1978). However, identification and mapping of landslide 

bodies are particularly complex in urban areas (Guzzetti et al. 2012, and citations therein). 

Stereoscopic analysis of aerial photos taken at different times allows for the reconstruction of 

landslide movements in a study area (Walstra et al. 2007; Zanutta et al. 2006). The resulting multi-

temporal inventory maps, however, may be limited by, among other factors, the type of movement, 

changes in the vegetation cover, and the evolution of the urban area (Guzzetti et al. 2012).  

Generally, field surveys are useful for mapping landslide events immediately after 

activation/reactivation and for improving or validating the inventory maps obtained from the 

interpretation of aerial photographs (Guzzetti et al. 2012, and citations therein).  

Moreover, in the case of slow-moving landslides affecting urban areas, field surveys aimed at 

recording cracks and deformations of buildings and infrastructures can be extremely useful for 



Geometric and kinematic characterization of landslides affecting urban areas: the Lungro case study (Calabria, 

Southern Italy). Gullà G., Peduto D., Borrelli L., Antronico L., Fornaro 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/s10346-015-0676-0 
 

determining the instability conditions. In particular, photo comparison of damages to buildings taken 

at different times can allow for the landslide boundary identification and the landslide activity 

definition, otherwise not easily mapped through aerial photographs (Antronico et al. 2015).  

With regard to geology, a geological map of the study area is paramount for the study of slope 

instability issues (Borrelli et al. 2014). Also in such case, a detailed geological survey, supported by 

a preliminary photointerpretation analysis, constitutes the first step in the definition of the geological 

and structural features and of the geological model of the study area. 

 

2.2.Satellite monitoring 

Synthetic Aperture Radars (SAR) are systems able to regularly acquire data over repeated passes. 

Advanced Differential Interferometric SAR (A-DInSAR) is a technique that processes coherent 

stacks of SAR images to derive information about the displacements of the ground surface. This is a 

satellite-based method (Sat), able to achieve centimetric to millimetric accuracy and to assess slope 

stability conditions in urban areas (Cascini et al. 2013a; Cigna et al. 2013; Ferlisi et al. 2014). 

Available A-DInSAR techniques for the analysis of phase signals in interferometric stacks can be 

grouped mainly in two classes: persistent scatterers interferometry (PSI) (Costantini et al. 2008; 

Crosetto et al. 2008; Ferretti et al. 2001) and the small baseline (SBAS) technique (Berardino et al. 

2002; Fornaro et al. 2009a). The two methods essentially approach the problem at different scales 

and are tailored to complementary scattering mechanisms. PSI analyses are performed at full 

resolution on stable scatterers to filter out the atmospheric disturbances and to retrieve accurate 

topographic and deformation measurements. Monitored scatterers correspond to man-made structures 

and infrastructure (e.g., buildings, roads, bridges) or bare rocks that are larger than the system 

resolution. In the case of SBAS techniques, the scattering is assumed to be distributed within a 

resolution cell (for instance rural areas) and a spatial multilooking is applied to enhance the phase 

stability. As a consequence of this technique, the spatial resolution of the product is degraded with 

respect to that of the PSI approach, but an increase in the density of monitored areas is achieved. A 
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side product of this small-scale analysis is an estimate of the atmospheric phase delay (APD), which 

allows for subsequent analysis at full resolution (Fornaro et al. 2009b) to achieve a product at a larger 

scale as PSI. Conversely, an extension of the PSInSAR technique (Ferretti et al. 2001) that makes use 

of multilooking during the data processing to extract equivalent PS scatterers also in the presence of 

distributed scatterers, known as SQUEESAR (Fumagalli et al. 2011), has been recently proposed. 

The idea behind (see Fornaro et al., 2015) is the decomposition of the covariance matrix associated 

with the scattering measured at different acquisitions of a multipass/multibaseline stack, into 

dominant components. 

The radar analysis performed in this study was based on a two-step approach. Specifically, a low-

resolution analysis (with a pixel spacing of nearly 80 x 80 m) was performed using the original small 

baseline subset (SBAS) algorithm (Berardino et al. 2002), and then a full-resolution analysis (with a 

pixel spacing of 20 x 5 m) was performed in accordance with the tomographic analysis technique 

proposed by Fornaro et al. (2009b). This latter technique consists of a full-resolution analysis capable 

of also retrieving deformation measurements from targets interfering within the image pixels. This 

technique was applied in this study to identify the dominant scatterer, as is typical in PSI. According 

to several studies present in the literature for typical C-band stacks acquired over intervals of more 

than 4-5 years typical accuracies achieved with A-DInSAR approaches are on the order ± 1 mm/year 

for the average velocity and sub centimetric for single displacement measurements. Each coherent 

pixel is associated with a coherence value (ranging from 0 to 1), which indicates the degree to which 

the measurement fits the model assumed for the displacement. 

A review of the literature yielded (e.g., Wasowski and Bovenga 2014) several papers that address the 

application of A-DInSAR data (processed using either PSI or SBAS techniques) to the study of slow-

moving landslides. These works stress the potential of the techniques to provide information 

regarding elements (structures and infrastructure) exposed to landslide risk with accuracy comparable 

to and at lesser cost than conventional monitoring techniques while providing displacement time 

series spanning more than 20 years since 1992. Three primary current limitations are the following: 
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(i) sensor revisit times (although these are reduced in the case of very high-resolution X-band SAR 

sensors such as those of the CosmoSkyMed, see for istance Cascini et al. (2013b), and TerraSAR-X 

missions as well as for the Sentinel-1 program with the first recently launched satellites) allow for 

application of the technique to landslides whose velocities – based on the classification of Cruden 

and Varnes (1996) – range from extremely slow to very slow (Cascini et al. 2009, 2010; Colesanti 

and Wasowski 2006); for example, using ERS/ENVISAT data (used in the present study), it is 

possible to track displacements with velocities exceeding 14.5 cm/year with respect to the context  

(Colesanti and Wasowski 2006); (ii) there is very poor coverage in vegetated areas from sensors 

operating in the C band (Wei and Sandwell 2010); improved coverage can be obtained from systems 

operating in the L band, as was recently demonstrated, for example, by Bianchini et al. (2013); (iii) 

one-dimensional LOS measurements require projection operations to take into account slope and 

aspect angles, the acquisition geometry of the sensors, and kinematic features of the observed 

phenomenon (Cascini et al. 2009, 2010, 2013a; Colesanti and Wasowski 2006). 

Many authors (Cascini et al. 2009, 2010; Catani et al. 2005; Cigna et al. 2013; Fornaro et al. 2013; 

Herrera et al. 2013; Lu et al. 2014; Meisina et al. 2008; Notti et al. 2010; Peduto et al. 2015; Tofani 

et al. 2013b; Wasowski and Bovenga 2014) already investigated the potential of A-DInSAR data for 

the analysis of different types of slow-moving landslides (Varnes 1978). 

Currently, abundant A-DInSAR data are available due to international (Del Ventisette et al. 2013; 

TERRAFIRMA 2015), national (MATTM 2010) and regional projects (Meisina et al. 2008; Risknat 

Project 2012; Terranova et al. 2009). 

 

2.3.Geotechnical monitoring 

Geotechnical monitoring (Geot) of mass movements can be aimed at various objectives, including 

knowledge, control, and warning (François et al. 2007; Gullà 2014; Massey et al. 2013; Sassa et al. 

2009). This approach is well established in urban areas and is performed with the use of increasingly 

advanced equipment (Bhandari et al. 2013; Kim 2008; Sassa et al. 2009,). The integrated use of 
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monitoring networks for the measurement of both surficial and deep displacements can provide an 

adequate characterization of geometric and kinematic features of unstable slopes (Calcaterra et al. 

2012; Gullà et al. 2006; Petley et al. 2005; Tommasi et al. 2006). However, in urban areas 

geotechnical monitoring of ground displacements poses several difficulties, often substantial, that 

may affect, limit and sometimes prevent its use. Historic centres or other locations, where the 

configurations of buildings and roads hamper access, bring along additional constraints. Widely 

shared guidelines for overcoming limitations concerning available instrumentation, measurement 

procedures and processing techniques still tend to be scarce.  

With reference to surface displacement monitoring via GPS systems in urban areas frequent 

constraints include the following: (i) large or contiguous buildings, narrow roads and roads with 

significant gradients; (ii) fixed benchmarks inadvertently positioned in unstable areas; (iii) vegetation 

and/or certain radio frequencies that may disturb the GPS signal reception; (iv) difficulty to obtain 

permission to access specific sites (Bonci et al. 2010; Gili et al. 2000; Shimizu et al. 2014; Wang et 

al. 2014). 

There may be additional limitations when monitoring deep displacements by inclinometers (e.g. 

presence of underground utility lines, proper positioning of the inclinometer verticals for both sliding 

surface detection and to kinematic feature retrieval) (Stark and Choi 2008; Wang et al. 2014). 

 

2.4.A posteriori integration (aPosIn) procedure 

The methods described in the previous sections independently provide data and useful information in 

urban areas. Recently, to assess surficial displacements induced by slope movements and to delineate 

the geometry and depth of the sliding surface, procedures combining landslide inventory maps 

(resulting from geomorphological investigations), surficial displacement data (e.g. acquired from 

spaceborne radar sensors and GPS measurements) and measurements of ground displacements (e.g. 

inclinometer readings) have been proposed with reference to single landslides (Antolini et al. 2013; 

Farina et al. 2006; Tofani et al. 2013a). 
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However, a general framework for a systematic integration of the results of GeoG, Sat and Geot 

methods for landslide characterization in urban area is not yet available. The present paper makes an 

attempt in this direction by proposing the procedure synthesized in Figure 2 pursuing the a posteriori 

integration (aPosIn) of either two or all the above mentioned methods. This integration procedure 

consists of three phases.  

First (Phase I), the results pertaining to the study area are mapped and analysed. In particular, 

landslides identified using GeoG method are classified in categories, referring to their lithology, 

maximum thickness, kinematic features, and state of activity; each zone of the urban area covered by 

Sat data is assigned an average yearly velocity value; each site of the urban area for which Geot 

monitoring data are available is assigned a yearly velocity value and maximum thickness. 

In the second phase (Phase II), the results from coupling two methods are mutually validated and 

integrated; the possible combinations are GeoG U Sat, GeoG U Geot, and Sat U Geot. In particular, 

movement information derived from either GeoG or Sat methods are compared and integrated; further 

checks are carried out concerning the boundaries of the mapped phenomena via GeoG method and 

the position of Sat data exhibiting conditions of movement. Then, information on thickness of 

landslides is derived from the merge of GeoG and Geot method. Finally, measured displacement 

velocities retrieved from either Sat or Geot method are assigned to classes (VeC_ith) corresponding 

to ranges of average yearly velocity moduli based on expert knowledge of the study area. 

In Phase III the results from all three methods are integrated: GeoG U Sat U Geot (Fig. 2). In 

particular, landslides for which the outcomes of the GeoG, Sat and Geot methods are available are 

first typified in terms of: involved lithology and type, geometric (e.g. length, L; width, W; depth of 

sliding surface) and kinematic (e.g. average yearly velocity) characteristics. Then, they are assigned 

to categories which can differ from the ones defined only according to the GeoG method. Finally, all 

the remaining landslides in the study area are reclassified by taking into account similarities of their 

morphometric parameters (e.g. L and L/W ratios) with the other phenomena already typified. 
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3. RESULTS 

The aPosIn procedure was applied to the Lungro urban area that can be distinguished in four different 

zones according to geomorphological features and urban fabric characteristics (Fig. 1): Historic centre 

(HC); Carmine (CA); Lafcantino (LA); San Leonardo (SL). 

 

3.1. Phase I 

The Phase I of the procedure consisted of the analysis and mapping of the results obtained from the 

independent application of each method (Fig. 2). 

 

3.1.1 GeoG method 

From a geological point of view (Fig. 1), the north-western portion of the area is characterized by the 

presence of the Lungro-Verbicaro Unit, dating back to the Middle Trias, made up of metapelites and 

metacarbonates (Iannace et al. 2005). The Lungro-Verbicaro Unit, next to the dwelled area of Lungro, 

moves towards the Ophiolitic Unit of Diamante-Terranova (Lower Jurassic-Cretaceous), with a clear 

extensional tectonic contact. In particular, the cover of the Diamante-Terranova Unit, made up of 

phyllites and slates, crops out in the study area. Overall these lithotypes form a “melange structure” 

made up of blocks and fragments of different nature (e.g., phyllites, slates and metacarbonates) in a 

prevalently clayey matrix, derived from the degradation of phyllites (Antronico et al. 2015, 2013). 

The metasediments of the Diamante-Terranova Unit are overlain by an Upper Tortonian–Messinian 

sequence composed of coarse sandstone and shale interbedded with gypsiferous sandstone and 

gypsum. The Early Miocene succession then ends with deposits dating to the Middle Pliocene–

Pleistocene, represented by sandy and conglomeratic beds. Colluvium and landslide debris, with a 

maximum thickness of approximately 10 meters, mantle the phyllite bedrock on the slopes (Fig. 1) 

(Antronico et al. 2013). 
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A landslide inventory map of the study area was prepared using aerial photographs acquired in 1955 

(scale 1:33,000), 1980 (scale 1:25,000), 1991 (scale 1:33,000), 2001 (scale 1:15,000), and field 

surveys (Fig. 3a). The area is affected by a large number of landslides of various types that were 

classified with reference to Varnes (1978).  

The carbonate hillslopes are characterized by sub-vertical scarps and are affected by small toppling 

and rockfalls. In this area (La Petrosa), an arcuate and degraded scarp marks the upslope margin of 

an ancient rock block slide (Antronico et al. 2013). These features may explain the presence of 

carbonate blocks larger than 1 m3 forming a debris deposit more than 10 m thick, outcropping in the 

south-western part of the Historic centre (namely HC in Figs. 1 and 3a). 

The phyllite hillslopes are extensively affected by several mass movements (Fig. 3): slide, complex 

slide/flow (Varnes 1978) and landslide zone  (Greco et al. 2007). This latter represents an area where 

clustering of mass movements (slides, complex slide/flows) is so tight that it is impossible to 

distinguish the different bodies, but sometimes landslide phenomena can be mapped inside the area.  

Based on the depth (estimated on a geomorphological basis), the involved lithologies and the type of 

the landslides, the following four landslide categories were established: (i) category A landslides, 

whose type can be ascribed to complex landslides, are shallower than 10 m and affect detrital-

colluvial covers; (ii) category B landslides, extending to depths between 10 m and 20 m, affect deeply 

weathered and chaotic phyllites and belong to the complex landslides type; (iii) category C landslides, 

extending to depths between 20 m and 30 m, affect deeply weathered and chaotic phyllites and belong 

to the landslide zone; (iv) category D landslides, extending to depths between 20 m and 30 m, affect 

weathered and chaotic phyllites and belong to the slide type. 

In the study area, the majority of landslides show evidence of recurrent activity. The analysis of 

historic data spanning from 1812 and 2005 indicates that the HC of Lungro and nearby newly 

developed areas (CA, LA, SL) were intermittently affected by landslide phenomena, generally slow 

ones, that severely impacted local social development and business activities (Gullà et al. 2006).  
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Evidence of landslide activity in the study area includes cracks in houses and distortion of roads 

(Antronico et al. 2015). 

 

3.1.2 Sat method 

The image dataset used in the present study consists of 64 ENVISAT images acquired on both 

ascending (no. 35, track 86, frame 783, 27 August 2003 to 27 January 2010) and descending (no. 29, 

track 222, frame 2817, 4 May 2003 to 21 February 2010) orbits.  

In Phase I a preliminary analysis of the A-DInSAR data over the Lungro area exploited low-resolution 

data (Fornaro et al. 2009a) without taking into account information from available thematic maps or 

ground monitoring data. Indeed, as described by Cascini et al. (2010), the analysis of low-resolution 

A-DInSAR data can be valuable for gathering a general understanding of the features and kinematics 

across the study area (Fig. 4a). Lungro area contains 81 low-resolution A-DInSAR coherent pixels 

(with average dimensions of 80 x 80 m), based on ENVISAT data. In particular, 8 pixels from a 

descending orbit (denoted by black contoured circles) and 73 from an ascending orbit (denoted by 

circles) correspond to the crests of the local relief, which are densely urbanised. The majority of 

coherent pixels on ascending orbits can be attributed to slopes that primarily face east. Moreover, 

coherent pixels exceeding the movement threshold based on the LOS velocity (i.e., 1.5 mm/year, 

Cascini et al., 2009) are widespread in built-up areas across the municipal territory, with higher 

concentrations in HC and LA and additional sparse data bordering CA and SL.  

Since the present study was performed in an urban area, an additional step involved the use of full-

resolution A-DInSAR data. These data better fit analyses on a detailed scale (i.e., 1:5000; 1:1000) for 

defining the boundaries and the state of activity of slow-moving landslides and the monitoring of 

affected facilities (Cascini et al. 2013a). 

In agreement with the outcomes of low-resolution A-DInSAR data analysis, full-resolution A-

DInSAR data indicate that, although most of the A-DInSAR data provides evidence of movements 

across all of the area, certain portions exhibiting higher velocities can be identified. In Fig. 4b, the 
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superimposition of full-resolution A-DInSAR data (128 on descending and 908 on ascending orbits) 

allows for the portions of Lungro with the highest concentration of “moving” pixels to be identified. 

Apart from HC, which is fully covered by moving A-DInSAR pixels, in LA, CA and SL, moving 

pixels concentrate along a road located at the crest of the slope where several buildings are located. 

Table 1 presents details of recorded A-DInSAR velocities indicating that most of the moving pixels 

are within HC and LA, with average LOS velocity moduli reaching 0.45 cm/year and 0.41 cm/year, 

respectively. 

 

3.1.3 Geot method 

The results of Geot method were obtained from two monitoring networks: GPS for absolute surface 

displacements and vertical inclinometers for measurements also of deep displacements (Fig. 5).  

The GPS monitoring network included 9 benchmarks located as follows: two in HC, two in LA, four 

in CA, and one in SL. The measurements were performed at all nine measuring points from June 

2006 till May 2007. Then, due to damage, from October 2008 to October 2011, only seven 

benchmarks were functional. 

The yearly average and maximum velocities of each GPS were calculated and assigned to classes as 

shown in Figs. 5a-b. The average and maximum velocities of the benchmarks in CA and SL primarily 

are 3-30 cm/year and more than 100 cm/year, respectively. In HC and LA, the average velocities 

range from 0.5 to 3 cm/year up to 100 cm/year, and the maximum velocities values range from 3 to 

30 cm/year up to more than 100 cm/year. 

Deep ground displacement measurements were performed using a network of 12 vertical 

inclinometers, whose positions were selected based on the characteristics of the urban fabric (Figs. 

5c-d). The inclinometer data were collected from 2006 to 2011 between depths of 25 m and 80 m. 

Figs. 5c-d show the yearly average and maximum velocities at a depth of 1 m and their assignments 

to the same classes as those of the GPS measurements. In CA and SL, both the yearly average and 
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maximum velocities generally exceed 3 cm/year, whereas the velocities in HC and LA rarely exceed 

3 cm/year.  

The inclinometric data show displacement trends with depth and the thicknesses of the unstable rock 

masses (Fig. 6). 

Displacements in HC are generally constant with depth, sharp and well defined. The deepest sliding 

surfaces are located at depths of approximately 20-30 m, except at inclinometer S03 where the shear 

plane is much shallower (6 m). Two inclinometers (S19 and S20) show multiple sliding surfaces (Fig. 

6). In LA, inclinometer S04 shows extremely small displacements and a barely distinguishable sliding 

surface at approximately 25-30 m. In CA, inclinometer S10 intercepts a well-defined sliding surface 

at a depth of 10 m. In SL, clear sliding surfaces are distinguished at depths of approximately 12-16 

m.  

The minimum, average and maximum velocities at the 1-m depth are summarized in Table 2. Except 

for inclinometer F03, for which only one velocity is available, the minimum velocities range from 

0.03 cm/year (S20 in HC) to approximately 6 cm/year (S09 in SL), the average velocities range from 

0.18 cm/year (S22 in HC) to 18 cm/year (F13 in SL), and the maximum velocities range from 0.35 

cm/year (S22 in HC) to approximately 51 cm/year (F13 in SL). These results indicate extremely slow 

to very slow displacements (Varnes 1978) during the period of 2006-2011. 

 

3.2. Phase II 

Following the criteria described in section 2.4, in the Phase II, average yearly velocity classes were 

assumed based on previous studies performed in the Lungro urban area (Antronico et al. 2015, 2013). 

Table 3 shows the six selected classes: VeC_1 to VeC_3 coincide with the moduli of A-DInSAR 

velocity classes; VeC_4 to VeC_6 were defined according to Antronico et al. (2015). 

Then, the results of the GeoG method were merged with those of the Sat method (Fig. 7a). In HC, 

three velocity classes (VeC_ith) for low-resolution A-DInSAR coherent pixels can be distinguished 

(Fig. 7a): VeC_4 is present within two active landslides (12) and (18), both belonging to category D; 



Geometric and kinematic characterization of landslides affecting urban areas: the Lungro case study (Calabria, 

Southern Italy). Gullà G., Peduto D., Borrelli L., Antronico L., Fornaro 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/s10346-015-0676-0 
 

VeC_3 is recorded in landslide (18) and on the landslide debris detected in the western portion of HC 

(Fig. 3a). North and south of HC, two zones with predominantly VeC_2 were identified: the northern 

zone borders the flank and crown of landslide (18), and the southern zone is near the crown of 

landslide (9).  

In LA, which extends north-west to south-east primarily along a crest, the zones containing low-

resolution A-DInSAR data are located mainly near a few landslide crowns mapped in LA, CA and 

SL. In particular, in the north-western part of LA, VeC_3 is recorded near landslide zone (26). To the 

east, the low-resolution A-DInSAR coherent pixels belong to class VeC_2. To the south-east, VeC_3 

is present near the crown of landslide (25) that has the active portion (45). Finally, VeC_4 provides 

evidence of movement where no landslides - except for the crown of a landslide (16) - were mapped. 

In CA, there are only few low-resolution A-DInSAR coherent pixels; whereas no pixels are available 

in SL. 

Additional detail was provided by an analysis of the full-resolution A-DInSAR data (Fig. 7b). In 

particular, in the northern portion of HC – where no landslides were mapped – the full-resolution A-

DInSAR data yielded velocities of class VeC_1, thus confirming that this area is stable. In contrast, 

over landslides (12) and (18), VeC_4 is recorded. VeC_3 concentrates in the western portion of 

landslide (18) in Fig. 7b. In the western portion of HC there are widespread full-resolution A-DInSAR 

coherent pixels belonging to class VeC_3 and VeC_2 pixels are randomly distributed (Fig. 7b).  

In the north-western portion of LA, near the boundaries of landslide zone (26) mainly VeC_3 and 

VeC_4 are recorded. South-east of LA, VeC_4 prevails along the crest and near landslides (25), (45), 

(43), (42) and (16), Fig. 7b. 

In CA there is a small number of full-resolution A-DInSAR coherent pixels. In particular, VeC_4 

concentrates on landslide (31) and the other classes sparsely cover the upper portion of landslide (26).  

A small number of class VeC_4 full-resolution A-DInSAR coherent pixels are located near the upper 

boundary of landslide (0) in the SL.  

The integration of the results obtained using the GeoG and Geot methods is shown in Fig. 8. 
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In HC, 5 inclinometers in landslide (18) exhibit displacements with average yearly velocities 

belonging to VeC_4. Similar information is provided by GPS12, which is located in landslide (12). 

Moreover, inclinometers S22 and S21 mark a transition between VeC_4 and VeC_2 (Fig. 8a); 

inclinometer S03 and GPS11 indicate VeC_4 in landslide (47).  

In LA, inclinometer S04 indicates VeC_2 in landslide (23) (Fig. 8a). GPS9, near the boundaries of 

landslide (45), yields VeC_5, and GPS2, located in landslide (42) records VeC_6.  

In CA, inclinometer S10, located in landslide (37), records VeC_5 (Fig. 8a); whereas four GPS yield 

velocities of class VeC_6: GPS7 in landslide (26), GPS6 in landslide (32), and GPS4 and GPS5 in 

landslide (37).  

In SL, inclinometers F03 and F13 and GPS3, located at the head of landslide (0), yield velocities of 

class VeC_6, whereas inclinometer S09, located in the central portion of the landslide, shows a 

slightly slower displacement (VeC_5).  

Inclinometers (see Fig. 6) also provide information about the thicknesses of the unstable masses, as 

shown in Fig. 8b. 

The integration of the results from the Sat and Geot methods is shown in Fig. 9. 

In HC, the velocities obtained from A-DInSAR, inclinometers and GPS monitoring clearly match in 

that they belong to VeC_4.  

In the other areas, the inclinometers and GPS measurements complement the A-DInSAR data where 

the latter are not available due to excessively high velocities (causing a loss of coherence) and an 

absence of targets (e.g., buildings and roads).  

 

3.3. Phase III 

With regards to Phase III the integration of the results from the three methods is preliminarily shown 

in Fig. 10.  

In HC, the activity of landslides (12) and (18), defined from GeoG result, was confirmed by both Sat 

and Geot results. Between landslides (18) and (12), progressively west to east and downslope, 
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different conditions of movement are detected, with a well-defined transition zone from VeC_3 to 

VeC_4. In this area, the landslides are mainly characterized by sliding surfaces at depths ranging from 

6 m up to about 30 m. 

In LA, the integration of all available results allows for the identification of possible reactivation and 

retrogression of dormant landslides (e.g., landslides 25 and 16). 

In CA and SL, the integration of the results helped to overcome the constraints related to the peculiar 

characteristics of the urban fabric (i.e., a few scattered buildings and extremely difficult access to the 

areas near zones of interest) and certain method-specific limitations (loss of coherence in the A-

DInSAR data due to excessively high velocities; see section 2.2). As a result, in CA the landslides 

are primarily characterized by velocities of classes VeC_5 and VeC_6 and sliding surfaces at depths 

of approximately 10 m; in SL specific information concerns landslide (0) which is active with 

velocities of classes VeC_5 and VeC_6 – the latter were recorded near the crown – and sliding surface 

at depths of 12-16 m. 

Then proceeding with the integration process, the category assigned to each landslides based on GeoG 

method was checked and better defined (i.e. from category A to category T_Ai, from category B to 

category T_Bi, from category C to category T_Ci, from category D to category T_Di). 

As a result landslides (42) and (47) (Fig. 10), previously included in category A, were assigned to 

category T_A1 (Fig. 11), which is characterized by a length (L) to width (W) ratio of approximately 

2, a maximum depth of approximately 6 m, and velocities ranging from 2 to 4 cm/year (average) to 

more than 200 cm/year (maximum), which are indicative of possible pre-failure or failure phases. 

Landslide (45), also belonging to category A (Fig. 10), was assigned to category T_A2 (Fig. 11) and 

exhibits a L/W ratio of approximately 4.5, a maximum depth of approximately 10 m and velocities 

ranging from 5 to 7 cm/year (average) to more than 20 cm/year (maximum). Landslides (42) and (47) 

(category T_A1) and landslide (45) (category T_A2), which are of the complex type, both affect 

detrital-colluvial covers. 
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Landslides (31) and (32) (Fig. 10) (category B) were assigned to category T_B1 (Fig. 11) based on 

the following geometric and kinematic features: L/W ratio of approximately 2, maximum depth of 

approximately 10-20 m, and velocities ranging from 0.5 to 5 cm/year (average) to more than 80 

cm/year (maximum). Landslides (0) and (37) (also belonging to category B) were assigned to 

category T_B2 based on their L/W ratios of approximately 2.5, maximum depths of approximately 

10-16 m (Fig. 11), and velocities ranging from 4 to 20 cm/year (average) to more than 100 cm/year 

(maximum). Landslides (31), (32), (0), and (37) are all of the complex type and affect deeply 

weathered and chaotic phyllites. 

Landslide (26) (Figs. 10-11), included in category C, was assigned to category T_C and is 

approximately 800 m wide, 1500 m long, and 20 to 30 m deep. The kinematic features are 

characterized by velocities in the range of 0.5-5 cm/year (average) to more than 40 cm/year 

(maximum). 

Finally, landslides (12) and (18) (Figs. 10-11) included in category D were assigned to category T_D 

and are, respectively, 100 m and 250 m wide, 350 m and 500 m long and 20-30 m deep. In T_D 

category, other failure surfaces can be identified at depths of approximately 10-15 m. They exhibit 

velocities ranging from 0.2 to 0.5 cm/year (average) to 2-5 cm/year (maximum).  

The comparison between Figures 3 and 10 highlights the potential of the aPosIn procedure for better 

defining geometry and kinematics of the analyzed phenomena. In particular, out of 50 landslides 

characterized via GeoG method, the aPosIn procedure allowed 10 landslides (labelled in red in Fig. 

11) to be directly typified from both the geometric (i.e. boundaries and thickness) and kinematic (i.e. 

type of movement, velocity class associated with fixed ranges) point of view. These landslides are 

distributed as follows (Fig. 11): 3 (out of 10) in HC; 2 (out of 11) in LA; 4 (out of 26) in CA; 1 (out 

of 2) in SL. As for landslide (18) in HC (Fig. 6), useful insights concerning different velocities and 

the presence of multiple sliding surfaces were achieved.  

Starting from the six landslide categories derived from the landslides directly typified, all the other 

landslides (labelled in black in Fig. 11) were typified based on similar morphometric parameters (L 
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and L/W ratios) (Fig. 11). Thus operating, it was possible to distinguish: 14 landslides T_A1 (i.e. 3 in 

HC, 3 in LA, 7 in CA and 1 in SL); 18 landslides T_A2 (i.e. 3 in HC, 5 in LA and 10 in CA); 10 

landslides T_B1 (3 in LA e 7 in CA); 5 landslides T_B2 (2 in HC, 1 in LA, 1 in CA and 1in SL); 1 

landslide zone T_C in CA; 2 landslides T_D in HC. 

 

 

4. DISCUSSION AND CONCLUSION  

With reference to Lungro urban area the analyses carried out confirmed the constraints relevant to 

GeoG, Sat and Geot methods. For instance, GeoG method did not allow proper mapping of landslide 

boundaries (e.g. landslides 12 and 18) in HC due to their extremely slow kinematics and the presence 

of dense urbanization. Sat method furnished very poor information where coherent pixel coverage 

was scarce (e.g. in LA and CA) or the recorded velocity were too high, resulting in a loss of coherence 

(e.g. in SL). Also the Geot method proved not suitable in specific portions of Lungro urban area (e.g. 

in SL) where very high recorded landslide displacements made some inclinometers operative just for 

a limited period of time (e.g. F03_SL for about one month and S09_SL for about 2.5 months).  

Notwithstanding the above limits, GeoG method allowed the definition of lithology, boundaries, 

thickness, type and state of activity for all the 50 landslides present in the urban area; Sat method 

allowed zoning portions of the urban area with different average yearly velocity; Geot method 

provided information on displacement rates and thickness of the unstable volumes with reference to 

the monitored sites. 

The implementation of the aPosIn procedure contributed to overcome the constraints specific to the 

independent use of the three methods by taking advantage of their peculiar elements of 

complementarity (e.g. validation of landslide boundaries in HC, assignment of velocity classes and 

thickness to landslides). In particular, a significant knowledge improvement for the geometric and 

kinematic characterization was achieved via the direct typifying of 10 landslides and, then, the 

subsequent typifying of all the 50 landslides in Lungro urban area according to morphometric 
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similarities. The result obtained for the Lungro case study shows that the aPosIn procedure can be a 

powerful tool for knowledge synthesis in urban areas that are extensively affected by landslide 

phenomena and where planning the execution and management of risk mitigation measures turns out 

to be a major priority.  

It is worth stressing that the obtained results could be systematically updated by taking into account 

further GeoG surveys, new Sat data - acquired via ultimate sensors providing a remarkably increased 

ground information in terms of both spatial and temporal coverage - and Geot data achieved as result 

of in-depth analyses of single phenomena. 

Moreover, jointly with the characterization of both the pore pressure regime and representative shear 

strengths, the result concerning the categories of landslides typified via the aPosIn procedure could 

be helpful for the development of geotechnical models of single landslides. Such geotechnical models 

represent key input data for quantitative landslide risk analyses and for the design of appropriate risk 

mitigation measures. 

The obtained result could represent a useful reference for the geometric and kinematic 

characterization of landslides in urban areas with similar geological/geomorphological settings to 

Lungro area. Furthermore, the use of the aPosIn procedure may constitute a best practice for urban 

areas with highly complex geology, geomorphology and urban fabric for which results coming from 

the independent implementation of GeoG, Sat and Geot methods are available.  
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Fig. 1 Geological sketch of northern Calabria (from Iannace et al., 2005 modified) and geological 

map of the study area. Legend: (1) alluvial deposits (Holocene); (2) detritical carbonate deposits 

(Holocene); (3) detritical-colluvial cover (Holocene); (4) Middle Pliocene-Pleistocene succession; 

(5) Middle Tortonian-Messinian succession; (6) Diamante-Terranova Unit (Lower Jurassic-

Cretaceous); (7) Lungro-Verbicaro Unit (Anisian-Lower Burdigalian); (8) tectonic contact; (9) 

analysed portions of the urban area (HC = Historical centre; CA = Carmine; LA = Lafcantino; SL = 

San Leonardo) 

 

Fig. 2 Framework of the a posteriori (aPosIn) procedure  

 

Fig. 3 Landslide inventory map of Lungro (a), categories of landslides (b), and analysed portions of 

the urban area (HC = Historic centre, LA = Lafcantino; CA = Carmine, SL = San Leonardo). Legend: 

(1) main scarp of ancient rock slide; (2) uncertain boundary of ancient rock slide; (3) boundary of 

active slide; (4) boundary of dormant slide; (5) boundary of active slide-flow; (6) boundary of 

dormant slide-flow; (7) boundary of active landslide zone; (8) category A; (9) category B; (10) 

category C; (11) category D 

 

Fig. 4 A-DInSAR data distribution over the analysed portions of the urban area (HC = Historic centre, 

LA = Lafcantino; CA = Carmine, SL = San Leonardo). (a) Low-resolution A-DInSAR data 

distribution (descending-orbit data are distinguished from ascending-orbit data using black contoured 

circles). (b) Full-resolution A-DInSAR data distribution 

 

Table 1 Representative A-DInSAR-based velocities in the Lungro urban area (HC = Historic centre, 

LA = Lafcantino; CA = Carmine, SL = San Leonardo) 

 

Fig. 5 Average and maximum velocities based on GPS benchmark data and inclinometer data during 

the monitoring periods in the analysed portions of the urban area (HC = Historic centre, LA = 

Lafcantino; CA = Carmine, SL = San Leonardo). (a) GPS benchmark data, yearly average velocity 

class; (b) GPS benchmark data, maximum velocity class; (c) inclinometer data, yearly average 

velocity class; (d) inclinometer data, maximum velocity class 

 

Fig. 6 Inclinometer measurements acquired from the deep displacement network from 2006 to 2011, 

in the analysed portions of the urban area (HC = Historic centre, LA = Lafcantino; CA = Carmine, 

SL = San Leonardo) 

 

Table 2 Summary of minimum, average and maximum velocities at depths of 1 m based on 

inclinometer data 

 

Table 3 Velocity classes based on previous studies in the Lungro urban area 

 

Fig. 7 Integration of results from the GeoG and Sat methods in the analysed portions of the urban 

area (HC = Historic centre, LA = Lafcantino; CA = Carmine, SL = San Leonardo): (a) low-resolution 

A-DInSAR data; (b) full-resolution A-DInSAR data. Numbers in parentheses correspond to the 

landslide identification number 

 

Fig. 8 Integration of the results from the GeoG and Geot methods in the analysed portions of the 

urban area (HC = Historic centre, LA = Lafcantino; CA = Carmine, SL = San Leonardo): (a) velocity 

classes; (b) thicknesses of the landslides. Numbers in parentheses correspond to the landslide 

identification number 
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Fig. 9 Integration of results from the Sat and Geot methods in the analysed portions of the urban area 

(HC = Historic centre, LA = Lafcantino; CA = Carmine, SL = San Leonardo) 

 

Fig. 10 Integration of results from the GeoG, Sat and Geot methods in the analysed portions of the 

urban area (HC = Historic centre, LA = Lafcantino; CA = Carmine, SL = San Leonardo), with 

landslide categories based on GeoG result and velocity classes based on A-DInSAR, GPS and 

inclinometer data. Numbers in parentheses correspond to the landslide identification number 

 

Fig. 11 Typified landslides defined based on the result of the aPosIn procedure. Numbers in 

parentheses correspond to the landslide identification number. Landslides directly typified are 

labelled in red; all the other landslides are labelled in black 
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