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Abstract. This paper deals with the use of time-series of
High-Resolution Digital Elevation Models (HR DEMs) obtained from photogrammetry and airborne LiDAR coupled
with aerial photos, to analyse the magnitude of recently reactivated large scale earth slides – earth flows located in the
northern Apennines of Italy. The landslides underwent complete reactivation between 2001 and 2006, causing civil protection emergencies. With the final aim to support hazard
assessment and the planning of mitigation measures, highresolution DEMs are used to identify, quantify and visualize
depletion and accumulation in the slope resulting from the reactivation of the mass movements. This information allows
to quantify mass wasting, i.e. the amount of landslide material that is wasted during reactivation events due to stream
erosion along the slope and at its bottom, resulting in sediment discharge into the local fluvial system, and to assess
the total volumetric magnitude of the events. By quantifying
and visualising elevation changes at the slope scale, results
are also a valuable support for the comprehension of geomorphological processes acting behind the evolution of the
analysed landslides.
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High-Resolution Digital Elevation Models (HR DEMs) have
proved to be useful in the analysis of landslide processes
from different perspectives and at different spatial scales, including improvement of landslide inventories, susceptibility
assessment and appraisal of landslide surface features (Van
Westen and Lulie Getahun, 2003; McKean and Roering,
2004; Casson et al., 2005; Metternicht et al., 2005; Glenn
et al., 2006; Jaboyedoff et al., 2007).
In this work, the analysis of recent reactivation events of
large scale earth slides – earth flows in the northern Apennines of Italy was carried out by means of HR DEMs, obtained with photogrammetry and airborne LiDAR.
The final objective was to gain new pieces of knowledge
to be used for hazard assessment and planning of mitigation
measures in these case studies. Specific aims were: interpreting and quantifying processes of depletion and accumulation
at the slope scale, quantifying mass wasting at the slope scale
(i.e. the amount of landslide material that is wasted during reactivation events due to stream erosion along the slope and at
its bottom and that results in sediment discharge into the local
fluvial system) and assessing the total volumetric magnitude
of the events.
2
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Introduction

Test sites

The Valoria and the Ca’ Lita landslides are located in the
northern Apennines (Fig.1). They are large scale rototraslational earth slides – earth flows affecting weak rock
masses, i.e. flysch and clayey mélanges. Both landslides have
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2004 have occurred in period 1950 to 1985 (Regione Emilia-Romagna, 2008). During the

it is important to stress that since the morphological changes induced by the reactivation

2004 reactivation, the landslide toe advanced for about 400 m into a previously unaffected

events were in the order of meters, biases between DEMs had a limited negative effect on the

valley floor, and buried it completely (Borgatti et al., 2006). During reactivation, maximum

interpretation of landslide processes. Moreover, by calculating depleted and accumulated
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Figure 2. Time series of DEMs put in relation to subsequent reactivation events of the Valoria
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Fig. 1. Panoramic view of the test sites. (A) Valoria landslide; (B)
Ca’ Lita landslide.

a length of about 3 km, involve areas of about 1 km2 , and
move at depths ranging from 10 m to 30–40 m. Total landslide volume of each phenomenon exceeds 25 million m3
(Borgatti et al., 2007; Ronchetti et al., 2007).
The Valoria landslide was reactivated in 2001 (Fig. 1a).
The 2001 reactivation affected about 70% of the slope recognised, on the basis of geomorphologic interpretation, as being part of a pre-historic landslide, radiocarbon dated to
7800–7580 cal. yr BP (Bertolini, 2007). Historic records
collected by Regione Emilia-Romagna (2008) indicate that
events of a much smaller magnitude of that of 2001, occurred in the years 1950 and 1984. In these cases, only a
limited portion of the landslide was remobilised (Manzi et
al., 2004). During 2001 reactivation, part of the earth flow
invaded the riverbed and the ancient landslide toe was remobilised in bulk.
A second total reactivation event occurred in winter 2005–
2006. In this case, the earth flow lobe didn’t reach the valley
floor (Ronchetti et al., 2007). During this reactivation, maximum velocities were in the order of 10–20 m/day. Today the
landslide is still active, with movements affecting the source
area, the transit zone, the toe.
The Ca’ Lita landslide (Fig. 1b) was reactivated in 2002
and again in 2004 (Borgatti et al., 2006). The 2002 and 2004
reactivations affected about 60% of the slope recognised, on
the basis of geomorphologic interpretation, as being part of a
pre-historic landslide complex. Unlike Valoria, no radiocarbon date is available to frame in time the origin of the mass
movement. However, several reactivations of a much smaller
magnitude of that of 2002 and 2004 have occurred in period
1950 to 1985 (Regione Emilia-Romagna, 2008). During the
2004 reactivation, the landslide toe advanced for about 400 m
into a previously unaffected valley floor, and buried it completely (Borgatti et al., 2006). During reactivation, maximum
velocities were in the order of 10 m/day. Today the landslide
is inactive (suspended to dormant), thanks also to the heavy
countermeasure works carried out in the slope (Corsini et al.,
2006; Borgatti et al., 2008).
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Differential DEMs

DEMs time series
Valoria landslide

A first differential DEM product was created by subtraction of the 1973 and 2003 DEMs.

The time series of DEMs available for Valoria and Ca’ Lita
This time interval brackets the 2001 reactivation event (Fig. 3A). It must be specified that the
landslides are summarised in Fig. 2.
subdivision of the landslide in source, track and toe zones, as indicated in Fig. 3, is based on
The 1973 DEMs for both sites were generated by digitigeomorphologic observation and mapping during field surveys and photo interpretation and,
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The 2005, 2006 and 2007 HR-DEMs were obtained with5
airborne LiDAR. Surveys were performed with a helicoptermounted Optech ALTM 3100 laser scanner system that is
able to record up to 4 returns. Range measurement frequency
was set to 50 kHz to balance between density of survey points
and noise. The laser beam divergence of 0.2 mrad results in
a footprint of 0.17 m. At an average flight altitude of 800 m,
the acquisition parameters allowed to obtain an average data
density of about 3 to 4 points/m2 . Processing of on-board
GPS and IMU data yielded a position accuracy of ca. 0.5 m
in easting ad northing and an absolute accuracy of 0.15 m
in elevation. Every single geocoded laser point was classified using Terrascan software (Terrasolid, 2005) in order to
retrieve only those points that were associated with a “bare
ground” reflector. DEMs of ground elevation were generated by as grids of 0.5 m cell size (Corsini et al., 2007) using the triangulation with linear interpolation method, with
anisotropy parameters ratio=1 and angle=0. Such method is
based on the algorithm presented in Guibas and Stolfi (1985).
It must be anticipated that the systematic analysis of the
bias between the DEMs and the confidence interval in stable areas and in vegetated areas was out of the scope of this
work. On a semi-quantitative basis, it can be stated that the
bias in non vegetated stable areas between photogrammetric
DEMs was in the range of +/−1 m, increasing to +/−2 m
in vegetated stable areas. Between LiDAR DEMs the bias
was generally in the range of +/−0.25 m in stable non vegetated areas and of about +/−0.5÷1 m in stable vegetated
areas. However, it is important to stress that since the morphological changes induced by the reactivation events were
www.nat-hazards-earth-syst-sci.net/9/433/2009/
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in the order of meters, biases between DEMs had a limited
negative effect on the interpretation of landslide processes.
Moreover, by calculating depleted and accumulated volumes
in a supervised manner, and only in mostly non vegetated
landslide areas, the negative effect of bias is to be considered
reasonably low also on the quantitative assessment of mass
transfer along the slope.

4
4.1

Differential DEMs
Valoria landslide

A first differential DEM product was created by subtraction
of the 1973 and 2003 DEMs. This time interval brackets
the 2001 reactivation event (Fig. 3a). It must be specified
that the subdivision of the landslide in source, track and toe
zones, as indicated in Fig. 3, is based on geomorphologic observation and mapping during field surveys and photo interpretation and, therefore, does not result from any algorithm
related to DEMs. The differential DEM product evidenced
significant distributed depletion in the source zone and in the
transit zone of the landslide (down to −20 m). Significant accumulation (up to +15 to +20 m) occurred in the lower part of
the slope, at the border between transit zone and the left side
of the ancient toe zone. Part of this earth flow, derived by the
depletion of the transit zone, reached the riverbed, where it

Figure 4. Aerial views of the Valoria landslide toe. A) view from 6
top to down; B) detail of the

Fig.
4. Aerial views of the Valoria landslide toe. (A) view from top
earth flow that reached the river bed in 2001 causing mass wasting.
to down; (B) detail of the earth flow that reached the river bed in
2001 causing mass wasting.
A second differential DEM product was created by subtraction of the 2003 and 2006 DEMs,
so to bracket the 2005-06 reactivation event (Fig. 3B). To do so, the 2006 LiDAR DEM,
originally at 0.5 m cell size, was resampled at 2 m cell size in order to average values in
was
progressively eroded (Fig. 4). A depletion area was also
adjacent pixels, and to smooth the bias that could have eventually affected the differential
evidenced in the ancient landslide toe (down to about −5 to
DEMs using different cell size. Further depletion was evidenced in the upper portion of the
−8
m). This is related to the formation of a pseudo-graben
source zone (down to – 10 m), that was coupled with accumulation at some locations in the
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consequence of river undercutting that started when
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transit
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that completely
compensated the
into
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depletion created by the previous 2001 event. Some accumulation – or better uplift – in the
order of + 3 m is visible in part of the toe zone. This is interpreted as a bulging of the toe
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caused by the compressive stress caused by the earth flow front filling the transit zone and
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loading the toe zone that, actually, was reactivated “in bulk”. On the basis of GPS
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Conclusions

LiDAR has been successfully applied in different geomorphological settings and at different spatial scales on the one
hand to improve landslide inventories (Van Den Eeckhaut et
Nat. Hazards Earth Syst. Sci., 9, 433–439, 2009
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Table 1. Quantification of the different components of the volumetric magnitude of main reactivation events considered in Valoria and Ca’
Lita.
Main Reactivation
Event

Mass displacement
(B’)

Mass Transfer
(T)=max of |−D| or
|+A|

Valoria 2001
≈9.0×106 m3
3.5×106 m3
Valoria 2005–2006
≈7.0×10 m
1.5×10 m3
by coupling the depletion, accumulation and mass waste data, with information about mass
6
3
Calita 2002–2004
≈10×10 m
2.0×106 m3
displacement, that is the part of the landslide that moves without causing evidence of
Furthermore, the total volume of material involved in each6reactivation
event was estimated6
3

Mass wasting
(X )=(−D+A)

Total volume
(B)=B’+(|−D|+|+A|)−X

−3.0×106 m3
+0.14×106 m3
−0.2×106 m3

≈15÷16×106 m3
≈8÷9×106 m3
≈12÷13×106 m3

elevation changes. This volume was assessed on the basis of underground exploration and
monitoring data, and of field surveyed maps of the affected areas. The approach adopted is
represented in Fig. 7.

Figure 7. Schematic drawing explaining the approach adopted for the quantification of the

Fig.
7. Schematic drawing explaining the approach adopted for the
different components of the volumetric magnitude of reactivation events.
quantification of the different components of the volumetric magnitude of reactivation events.
The results of calculation are summarised in Table 1. In practice, only the Valoria 2001
reactivation event produced significant mass wasting (about 3 million m3). In all other cases,
the mass balance between depletion and accumulation, i.e. mass wasting, is close to “zero”.

al., 2005) and on the other hand to perform geomorphometric
These figures, coupled with mass displacement information, allow assessing the total
studies
on distinctive landslide features (McKean and Roervolumetric magnitude of the events. They were of about 15 million m3 and about 9 million m3
ing,
Glenn
et al.,
Wills,
for the2004;
Valoria 2001
and 2006
events2006;
respectively,
and of2006).
about 9 million m3 for the Ca’ Lita
events
occurred
between 2002
2004. time series of DEMs for evaluatThe
possibility
ofandusing
ing volumetric magnitude of reactivation events has been exploited in this study. The usage of photogrammetric DEMs
11
derived by existing topographic maps created some problems
related to the elevation bias between the DEMs in stable areas (up to more than 1 m). On the other hand, the bias between LiDAR DEMs was limited (maximum about 25 cm),
so that the quantification was more precise. Nevertheless, by
using supervised procedures, it was still possible to evaluate,
quantify and map depletion and accumulation zones at the
landslide scale with DEMs of different source.
It must also be considered that the assessment of the total
volume involved in a reactivation event was considered also
mass displacement, that is not reflected in elevation changes
(see Fig. 7). In landslides that are more than 3 km long and
hundreds of metres wide, the assessment of mass displacement relies on data regarding the extent of the overall affected area (obtainable by field survey) and the extent and
shape of the basal sliding surface (obtainable by interpolation of data from boreholes and geophysics). Therefore the
Nat. Hazards Earth Syst. Sci., 9, 433–439, 2009

assessment of the total volume of the event is only possible
with an uncertainty of one or more million m3 , that is much
larger than that of the assessment of depletion and accumulation in the slope.
Nevertheless, the comparison of HR-DEMs provided an
interesting insight on landslide mechanisms. Remarkable
changes in topography caused by reactivation events were
delimited and quantified in all the case study analysed. Disregard possible uncertainties, this piece of information is of
great help in depicting possible future event scenarios. Moreover, considering that earth slides – earth flows moving at a
rate up to 10 m/day are difficult to be monitored with field instrumentation, the results suggest that LiDAR systems could
also be used, under certain organizational conditions (temporal resolution of the survey, cost, post-processing effort etc.),
as a near-real time monitoring system during reactivation
events as they provide a quick collection of topographical
data and allow the representation of large surfaces with dense
spatial sampling from which deformations of the ground surface of the landslide can be computed. In this way, the tensional state can be evaluated, together with a series of parameters useful for stability analyses.
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