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Evolutionary behaviour of the Tessina landslide
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Summary
The Tessina Landslide, a complex movement which has been active for over the past 50 years in the Alpago area of Belluno (It-

aly), was triggered in October 1960. As it is typical of Tertiary Flysch formations, its evolution has been characterized by periodical 

medium-large roto-translational slides in the source area evolving into earthflows, often jeopardizing the safety of the lower valley. 

Both the landslide and earth flows have been extensively monitored and studied over the past few decades. The main aim is a better 

understanding of their evolution mechanisms and the selection of appropriate mitigation strategies to reduce risk to the valley below. 

This paper presents data recorded by two real-time monitoring systems that have recently been installed in the area. The first 

system measures groundwater pressure and the displacements in a lateral section of the landslide that plays a crucial role in the sta-

bility of the entire area. The second, a new photogrammetric-based system which daily photographs the upper basin affected by the 

roto-translational movements, will permit us to evaluate the mechanisms triggering the earth flows.

The data collected until now at the site have made it possible to better understand the stability of the various sections as well as the 

processes involved in earth flow formation. This information will make it possible to evaluate the effectiveness of future mitigation 

measures. Finally, a new black-box model that will predict the mobility of the lateral section of the landslide has been developed, and 

its performance has been compared to that of a viscous model commonly used to analyse slow-moving landslides.
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1. Introduction

Complex landslides in Flysch-type formations 
are commonly found in Italy, both in the Alpine and 
Apennine regions, as well as in other countries in 
the Mediterranean basin (e.g. BORGATTI et al., 2006; 
VAN ASCH et al., 2007; ARBANAS et al., 2013; COROMINAS, 
2015; DI MAIO et al., 2013; JAMEI, 2015). Their man-
agement is often difficult due to the high cost linked 
to stabilization interventions, which, in many cases, 
fail to ensure long-lasting solutions, and the distress 
of the people living in the proximity of the landslide 
[PICARELLI, 2011]. 

Decisions by the local authorities should in any 
case be based on extensive knowledge and under-
standing of the landslide’s evolution and accurate, 
long-term monitoring of the instability processes tak-
ing place. Significant improvements in monitoring 
devices and interpretation methods have, over the 
last few decades, contributed to providing reliable 
data. In this case, new technologies such as radar in-
terferometry (e.g. PIERACCINI et al., 2003), TDR sens-
ing for humidity detection (e.g. BITTELLI et al., 2012), 
high frequency data recording and remote acquisi-

tion and transmission (e.g. QIAO et al., 2013) deserve 
mention.

The aim of this paper is to analyse the behav-
iour of a complex landslide that has been active in 
an Alpine region in North-Eastern Italy for more 
than 50 years and, in particular, to present the pre-
liminary results produced by two monitoring systems 
that have been recently installed there to permit ex-
perts to study the landslide long-term evolution. In 
consideration of the fact that inside the area coexist 
sections characterized by various types of kinematics 
linked to different movement mechanisms, two sys-
tems based on different approaches have been de-
veloped and applied. 

The first system aims to monitor a lateral sector 
of the landslide, referred as to the “Pian de Cice”, 
whose slow-moving pattern in the past increases dur-
ing rainy periods, generally in the spring and au-
tumn, but is not apparently linked to local ground-
water variations, possibly as a result of non-continu-
ous measurements of groundwater oscillations in pi-
ezometers. 

A continuous monitoring system, consisting of a 
fixed inclinometer probe coupled with a pore pres-
sure transducer, was installed inside a borehole to in-
vestigate any correlation that might exist between the 
rate of displacement and oscillations in the ground-
water level. The data collected over approximately 
an eighteen-month period led to more insights into 
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the hydro-geological seepage response in that sector, 
including the effects of an exceptional rainfall lead-
ing to a partial collapse of the slope. 

The second monitoring system was stationed to 
substitute the old, less efficient topographic survey-
ing station that had been installed in 1994 and re-
quired costly maintenance. It was our intention to 
develop a low-cost system guaranteeing a continu-
ous recording of displacements in the large deple-
tion basin. Two photo-cameras, which take digital 
images every day at noon, were thus installed at two 
positions 12 m away from one other. An automated 
procedure for photogrammetric digital image pro-
cessing and the topographic reconstruction of the 
basin surface at different time points has outlined 
the evolution of the depletion basin over time. In ad-
dition, an algorithm to estimate the superficial dis-
placements of various sections of the landslide by su-
perimposing two images and measuring the differ-
ence between the ground configurations that they 
uncover is presently under development. Although 
the procedure is not yet ready to be used, a time-se-
quence of digital images could provide other impor-
tant details concerning the landslide’s evolution. It 
would be possible, for example, to identify the fastest 
moving sections of the landslide, information that 
would be useful to optimize photogrammetric in-
terpretation as well as to estimate snow permanence 
time or the time span between the beginning of a 
rainfall and the development of springs, etc.

Following a brief description of the landslide’s 
history, the paper presents the preliminary results 
that have been produced by these new monitoring 
systems. These data have confirmed the findings of 
past investigations focusing on the kinematics of the 
depletion basin and have clearly demonstrated the 
influence of groundwater oscillations on the dis-
placements of Pian De Cice. Finally, a new black-box 
model to predict the movements of the sector was 
developed and calibrated using the ground pore wa-
ter pressure data recorded; the movement pattern 
predicted by the new model was compared with the 
prediction of a viscous dynamic model usually used 
to analyse the behaviour of slow-moving landslides.

2. The history of the Tessina landslide 

The Tessina landslide is located on the southern 
slope of Mont Teverone in the Alpago valley situat-
ed in the North-Eastern Italian Alps near Belluno 
(Fig. 1). The landslide began in October 1960 fol-
lowing the collapse of a small area on the western 
border of the present depletion basin, probably due 
to the construction of a new forest track.

At present, the landslide consists of some mas-
sive rota-translational slides occurring in its upper 
part and periodically evolving into earthflows devel-

oping through the steep channel in its lower zone 
[PASUTO et al., 1992; ANGELI et al., 1994, 2000; MAN-
TOVANI et al., 2000a, b]. 

The landslide develops within 1220 m and 625 
m a.s.l with a total longitudinal extension of near-
ly 3 km and a maximum width of about 500 m in its 
upper portion. It involves the Belluno Flysch Forma-
tion (Middle Eocene) and Flysch Formation (Lower 
Eocene) consisting of alternating marly argillaceous 
and calcarenite layers with a total thickness of ap-
proximately 1000-1200 m. This formation constitutes 
the impermeable bedrock of the entire sliding area 
and crops out at the foot of Mont Teverone which is 
made up of Fadalto limestone (Upper Cretaceous) 
arranged in a sub-vertical orientation (Fig. 2). Large 

Fig. 1 – The location and geomorphological units of the 

Tessina landslide.

Fig. 1 – Ubicazione e unità geomorfologiche della frana del Tes-

sina.
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and thick portions of calcareous moraines (deposits 
of Piave Wurmian glacier) and detrital fans cover the 
Flysch bedrock, which crops where the sliding mass 
moved away the covering materials (Fig. 3).

During the 1960s there were several cases of re-
activation involving a total volume of about 5·106 m3 
of material and causing the Tessina valley to be pro-
gressively filled with displaced material. These move-
ments seriously endangered the village of Funes, sit-
uated on a steep ridge, originally very high above 
the riverbed, but now at nearly the same level as the 
earth flow surface [DALL’OLIO et al., 1987]. 

In April 1992, a rotational slide with a 20 - 30 m 
deep failure surface caused the detachment of an 
approximate volume of 106 m3 from an area on the 
left side of the Tessina stream. The movements in-
itially caused the formation of a 15 m high scarp, 

a 100 m displacement of an unstable mass, the de-
struction of drainage systems set up a few years ear-
lier, and they continued with a steady intensity un-
til June 1992, causing the mobilization of another 
3·105 m2 (a total volume of about 2·106 m3). The 
highly fractured and dismembered material from 
the collapse area channelled along the riverbed 
where, due to continuous remoulding processes and 
rising water content, it became increasingly more 
fluid, thus generating small earth flows converging 
into the main one. The rapidly increasing level of 
risk to the valley below induced the Civil Protection 
Agency to order the temporary evaquation of inhab-
itants of Funes and Lamosano. 

After that event, some temporary protection 
measures for the inhabitants were adopted and geo-
logical surveys and geotechnical investigations were 
considered indispensable to predict the landslide’s 
behaviour [ANGELI et al., 1994]. Since the landslide 
was of a considerably large magnitude and its stabi-
lization certainly expensive, the Italian Ministry for 
Civil Protection preferred to keep its evolution un-
der control with a permanently monitoring of its ac-
tivity and the installation of an early-warning system.

The only remedial measure taken after 1992 was 
a 1200 m long tunnel, which was excavated inside 
Mont Teverone, at the rear of the main upper scarp, 
in order to drain the area and to reduce the instabil-
ity of that side of the slope. Even if the tunnel drains 
large quantities of water – and, in fact, now the mu-
nicipality utilizes the tunnel discharge for electrical 
power production - the land continues to slide [COLA 
et al., 2009]. Over the years, many other collapses at a 
frequency of about 3 years have led to the formation 
of earth flows, similar in evolution to the 1992 event 
but involving smaller volumes of earth. The risk level 

Fig. 2 – The longitudinal geological section between Mont Teverone and Lamosano.

Fig. 2 – Sezione geologica longitudinale dal Monte Teverone a Lamosano.

Fig. 3 – A view of the depletion basin and of the geological 

formations existing in the area.

Fig. 3 – Vista del bacino di alimentazione e delle formazioni geo-

logiche esistenti nell’area.
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has never again reached that verified in 1992, and it 
has never again been necessary to evacuate the two 
villages. 

Since 1992, the geomorphological risk has been 
analyzed, geological and geophysical data has been 
collected, and the landslide has been efficiently 
monitored   [SILVANO and PASUTO, 1991; PASUTO and 
SILVANO, 1995]. In addition, the data on the Tessi-
na landslide has been utilized as a benchmark case 
for evaluating new monitoring systems and validat-
ing advanced numerical models. A new photogram-
metry technique [AVOLIO et al., 2000; MANTOVANI et 
al., 2000a; HERVAS et al., 2003] and a ground-based 
SAR interferometry [TARCHI et al., 2002] were used 
to control the geomorphological evolution of the 
landslide for two brief periods. In addition, a cellu-
lar automata simulation model [AVOLIO et al., 2000] 
and a run-out model based on the SPH integration 
method [COLA et al., 2008] were later used to pre-
dict the propagation of earth flows that could be 
caused by collapses of the upper basin. Finally, MAR-
CATO et al. [2009] analysed the long-term displace-
ments of the Pian de Cice sector using a finite dif-
ference method and an elasto-visco-plastic constitu-
tive model.

The source area is presently approximately 0.52 
km2 wide (Figs. 1 and 4) and the total displaced vol-
ume is equal to about 7·106 m3. Geomorphological 
evidence indicates that there is a collateral landslide 
affecting the eastern slope of the depletion zone, i.e. 
the Pian de Cice. The stability of that sector of the 
slide is considered crucial for the future evolution of 
the entire area since its collapse could lead to a rapid 
enlargement of the source area. 

3. The monitoring system installed in 1992 

The first monitoring system, which was installed 
in 1992 [ANGELI et al., 1994] and later improved, con-
sisted of an array of sensors and measuring instru-
ments, including piezometers and inclinometers set 
up in medium-deep boreholes, multiple-base wire 
extensometers, and a topographic system with an au-
tomatic landmark detector for measuring the sur-
face movements of 30 benchmarks (Figs. 1 and 4). 
Two alarm units, installed above the villages of Funes 
and Lamosano, and three video cameras recording 
slide movements in the areas considered most crit-
ical, i.e. the upper accumulation basin and the are-
as upstream of Funes and Lamosano, completed the 
system.

Data from the peripheral stations were transmit-
ted to the control centre, which is situated in Lamos-
ano’s city hall. This early-warning system was part of 
the Civil Protection plan, which included the order 
to evacuate the population from residential areas in 
the event of impending danger. 

The benchmarks were prevalently located in the 
depletion zone of the landslide because its control 
was crucially important to the early warning system. 
In fact, the area was constantly active and character-
ized by three main scarps (Fig. 4): in the past, large 
mass movements in this area always induced global 
landslide reactivation. Figure 5 shows the pattern of 
displacements over time observed during the 1997-
1999 period for some benchmarks located in the up-
per basin and close to the main scarps. The pattern 
is typical of the evolution observed in the upper ba-
sin: the displacement rate varies from season to sea-
son, having higher values in the spring and autumn. 
The mean annual rate remains approximately con-
stant or shows a slight increase during some years 
(see the curves referring to benchmarks n. 9 and n. 
304). Moreover, abrupt increases due to rapid force-
ful accelerations, as displayed by benchmark n. 106, 

Fig. 4 – A map of the upper basin with the benchmark net-

work and a detail of Pian de Cice based on geological sur-

veys performed in 2007.

Fig. 4 – Mappa del bacino superiore con la posizione dei riferimen-

ti topografici e dettaglio di Pian de Cice con le indagini geologiche 

effettuate nel 2007.
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have been observed in those sectors involved by the 
collapse. 

The topographic survey revealed that the most 
active sector, characterized by displacements ex-
ceeding 1 m/year, was located within the main scarp 
where the material slides intermittently towards the 
upper accumulation zone (Fig. 4). The highest ve-
locities (up to several decimetres per hour) were re-
corded in correspondence to the superficial earth 
flows within this sector. The measurement campaign 
carried out using the ground-based SAR appara-
tus during an extreme event that occurred between 
the 25th of September and the 13th of October 2000 
[TARCHI et al., 2002] confirmed these data. The in-
terferogram sequences showed a complex displace-
ment field with high movement concentrations in 
two sectors with elongated shapes located beneath 
the landslide’s main scarps. The highest peak rates 
of a few centimetres per hour were recorded in the 
western sector (near the landslide’s right flank), but 
the movements progressively expanded upwards in 
both sectors during heavy rains and these displace-
ment patterns clearly appeared to be related to the 
propagation and retrogression of the superficial 
earth flows caused by the rainfall.

The interferometric method proved to be a pow-
erful tool uncovering differences in the displace-
ments measured using the SAR apparatus and reg-
istered by the topographic station amounting to less 
than 3mm. Nevertheless, the high cost of the instru-
ment and its complex elaboration method led the 
researchers to search more economic solutions suit-
able for the long-term monitoring. 

A ground-based SAR interferometry is not yet 
in operation at the Tessina landslide. State-of- the-
art technology based on stereophotogrammetry ap-
plied to digital imaging interpretation (which in the 
near future will replace interferometry) is currently 
under development. Although the new system will 
lower the monitoring system’s precision slightly, it is 
more economic and will certainly provide an effec-
tive early-warning system for the Tessina landslide. 

4. The monitoring system at Pian de Cice

4.1. Past monitoring activities

The unstable Pian de Cice sector lies between 
1100 m and 900 m a.s.l. on the eastern slope of the 
Tessina valley (Fig. 4). The three benchmarks (307, 
308, and 309), that have proved to be resistant to 
landslide movement in this area, are occasionally 
monitored by conventional topographic survey sys-
tems.

Despite the fact that monitoring was occasionally 
interrupted, the data recorded from 1997 until now 
have shown that these three benchmarks are moving 

continuously at a rate between 2.8 and 10 cm/year 
(Figs. 6a, b) with a seasonal pattern similar to that 
observed in the depletion basin (compare curves of 
Figs. 6 and 5). The accumulated movements are rel-
atively extensive: for instance, the benchmark 309 

Fig. 5 – The displacement over time of some topographic 

benchmarks in the upper basin in the 04/03/1997 - 

30/09/1999 period. 

Fig. 5 – Diagramma spostamenti-tempo per alcuni riferimen-

ti topografici del bacino superiore nel periodo 04/03/1997 - 

30/09/1999.

Fig. 6 – The displacement recorded at some topographic 

benchmarks at Pian de Cice in the 04/03/1997 - 30/09/1999 

(a) and 26/04/2008 - 07/07/2008 (b) periods.

Fig. 6 – Spostamenti registrati per alcuni riferimenti topografi-

ci a Pian de Cice nei periodi 04/03/1997 - 30/09/1999 (a) e 

26/04/2008 - 07/07/2008 (b).
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(B309), located in a central position in the unstable 
block, accumulated a displacement of about 15 cm 
between 1997 and 1999. 

As the stability of that sector plays a crucial role 
for the stability of the entire slope, with critical im-
plications for the safety of the local inhabitants, an 
additional geological and geotechnical investigation 
campaign was carried out in 2007 to better define 
the local geological status and its kinetic evolution 
as a function of meteorological conditions [MARCATO 
et al., 2009]. The investigation included geophysical 
and geomorphological surveys coupled with inclino-
metric and piezometric measurements. 

Two Energy-Recovery Linac (ERL) tomograph-
ic sections and core samples collected from the 
boreholes made it possible for us to reconstruct a 
litho-stratigraphic sequence of the unstable block 
composed of Flysch Formation covered by moraine 
deposits of variable thicknesses (Fig. 7).

The displacement measurements carried out in 
the past at inclinometers I1 and I2 clearly showed a 
slip surface located at depths of 26 m and 10 m, re-
spectively, along with an annual cumulative displace-
ment of 4.5 cm. No failure surface was detected in 
borehole I3. The movement rate recorded along the 
slip surface was the same as that measured by the 
topographic station (benchmark 309) with a sliding 
direction of 230° with respect to north. Unfortunate-
ly, these inclinometers are no longer accessible due 
to the excessive accumulate deformations.

According to the results of the inclinometer, the 
slip surface seems to be located approximately along 
the contact between the loosened Flysch layer and 
the moraine deposits. The unstable volume is ap-
proximately 6·105 m3 extending nearly 300 m in the 
central longitudinal section with a maximum width 
of about 150 m. 

In order to evaluate the relationship between the 
rainfall, the ground water table (GWT) variations, 

and the displacements, the data collected at the near-
est meteorological station of Roncadin (about 500 m 
distant from benchmark 309) and the GWT elevation 
continuously monitored by piezometer P1 were ana-
lysed. 

The 10 year observation series (1997-2007) showed 
very slight fluctuations (0-0.5 m) in the GWT which 
remained almost constant at the contact between the 
moraine deposits and the Flysch bedrock: this sug-
gests that there was a rapid groundwater outflow at 
the P1 location (Fig. 4) and pore water pressure dis-
sipation in the moraine deposit. MARCATO et al. [2009] 
concluded that only extremely unfavourable meteoro-

Fig. 7 – Schematic geological profile of the Pian de Cice block.

Fig. 7 – Profilo geologico schematico del settore Pian de Cice.

Fig. 8 – The displacement profile at the I1bis inclinometer. 

Fig. 8 – Profilo verticale degli spostamenti all’inclinometro I1bis.
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logical conditions could induce instability in this zone, 
despite the fact that no reliable correlation between 
GWT and displacements could be established.

4.2 New monitoring devices

The difficulty in establishing a relationship be-
tween the GWT level and the displacements made 
necessary to modify the monitoring system layout by 
installing new devices in a more advanced position. 
In June 2012, an inclinometer guide (namely the 
I1bis) was driven down to 30 m close to the existing 
inclinometer I1 (Fig. 4). After 3 months, when the 
vertical displacement profile clearly showed there 
was a shear band at the interface between the mo-
raine and altered Flysch (Fig. 8), two in-place 1-me-
ter long inclinometer probes (IPI1 and IPI2) and a 
pore water pressure transducer (PPT1) were set in 
the borehole, respectively, at depths of 25.5-26.5, 
27.0-28.0, and 28.65 m.

The IPI2 probe unfortunately failed immedi-
ately because of electrical problems and was unable 
to provide any information. The other inclinome-
ter probe regularly recorded data every hour from 
29/09/2012 to 5/3/2014 when it reached an upper 
measurement limit because of a sudden landslide ac-
celeration. 

Converting the tilting angle into displacements, 
Figure 9 shows the pattern of horizontal displace-
ment over time according to probe IPI1. It has to 
note that the main direction of this displacement is 
260°N according to the dip direction of the slope.

Between 29/09/2012 and 5/3/2014, the total 
displacement measured using the IPI1 was approx-
imately 35 cm (rotation of 19.3°), with the great-
est movement taking place in January and February 
2014. In view of the fact that the vertical profile of 
the I1bis inclinometer showed a displacement local-
ization in a thickness of 2-2.5 m (see profile of Fig-
ure 8) with the sliding soil mass above behaving es-
sentially as a quasi-rigid block, the displacement at 
the slope surface can be calculated by multiplying 
the 35 cm displacement by the shear band thickness. 
Consequently, the total superficial cumulative dis-
placement at the ground surface close to I1bis was 
approximately 70-85 cm. 

To check the validity of this calculation of the lo-
cal deformation process, some data from benchmark 
B309 were used. Between 21/5/2013 and 13/6/2013 
(i.e. 21 days), the B309 moved 32.5 mm and over the 
same time interval, the 1-m long inclinometer probe 
IPI1 tilted 14.8 mm/m (0.85°). Dividing 32.5 mm by 
14.8 mm/m, produces 2.2 m, which falls in the range 
of the shearing zone thickness (2.0-2.5 m) above out-
lined.

For comparison purposes, figure 9 also outlines 
the 1-hour rainfall height from the nearby meteor-
ological station and the pressure head h = u/ w re-
corded at PPT1. 

It has to note that the upper 10 m of the incli-
nometer casing is cemented while the lower part is 
in contact with the soil. For this, we can assume that 
the casing behaves like an open standpipe and the 
pore pressure measurement at PPT1 can be consid-
ered a linear function of the height of the entire 

Fig. 9 – Time sequence of 1h-rain, the pressure head at PPT1 and the horizontal displacement recorded by IPI1 in the 

01/10/2012 - 05/03/2014 period.

Fig. 9 – Andamenti nel tempo della pioggia oraria, dell’altezza di pressione al PPT1 e dello spostamento orizzontale misurato al IPI1 nel pe-

riodo 01/10/2012 - 05/03/2014.
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water column inside the standpipe. Consequently, 
the pressure head h can be assumed equal to the 
GWT elevation above the transducer and, being zt 
= 28.65m the depth of PPT1 from ground surface, 
the GWT depth D can easily be obtained by D = zt - 
h = 28.65 - h. 

Despite the fact that the moraine cover lying 
above the Flysch is highly permeable, as the data re-
ported in the follow indicate, a partially undrained 
response of Flysch in shearing condition cannot be 
completely excluded: in that case, the relationship 
between the pore water pressure at PPT1 and the 
GWT level in the standpipe would not be unique. 
For this reason, in the follow analysis we preferred to 
use the pressure head measurement of PPT1 without 
converting the data into the GWT depth.

The cumulative rainfall, whose rate rarely ex-
ceeded 15 mm/h, was about 3750 mm over the en-
tire period and was unevenly distributed through-
out the different seasons/years. In 2013, the total ac-
cumulated rainfall reached 2145 mm with a higher 
meteoric precipitation in spring (March – May) and 
autumn (October – November). The beginning of 
2014 was an exceptionally rainy period: in fact, al-
though it rarely exceeds 200 mm in other years, in 
January and February the total rainfall was 844 mm. 
It is important to note that several important snow-
falls also occurred in the 2013-2014 winter. 

The pressure head values at IPI1 were strongly 
correlated to the rainfall pattern, varying between 
10.5 and 7.8 m, a wide interval when compared with 
the GWT variations observed in P1 in 1997-2007. 

With the exception of the dry summer season, 
the pressure head in IPI1 rose rapidly as soon as it 
began to rain (there is an average delay of 5 hours 
between the rain peak and the maximum h value re-
corded in PPT1) and gradually fell during the days 
following the rainfall. In summer, the trend of the 
pressure head seemed relatively stable and not influ-
enced by the meteorological contribution. In fact, 
even if some precipitation episodes also occurred 
in July and August 2013, the pressure head contin-
ued to fall gradually at a constant rate, approach-
ing a long-term minimum low value of 7.8 m. At the 
beginning of 2014, the exceptional amount of rain 
maintained the pressure head above 8.6 m for two 
months and above 9.6 m for 4 days (from 31/1 to 
3/2).

Examining only the data collected during 2012-
2013, the displacement rate increased or decreased 
according to h variations, showing higher values dur-
ing the spring period, thus confirming what already 
observed with the benchmark topographic moni-
toring (Figs. 6a and b). The displacement rate was 
about 2-5 times greater than that observed in 1997-
99 and 2007-08 at benchmark B309 (5.5 and 12 cm/y 
respectively), clearly confirming that the Pian de 
Cice block was accelerating.

The high rate reached in March 2014 may have 
been due to a partial slope collapse, as a new scarp 
became evident at the rear of position I2 and a gen-
eral lowering of about 15 cm is now evident in the 
area. In the second half of March 2014, however, the 
sliding movement strongly decelerated to a negligi-
ble displacement rate consistent with the natural de-
watering of the slope.

4.2.1 FILTERING DISPLACEMENT MEASUREMENTS 

A reliable displacement rate value is necessary 
if we are to correctly analyse the relationship be-
tween the displacement rate, the pressure head 
at PPT1, and the rainfall. Since the first quanti-
ty is calculated as the ratio between the displace-
ment increment and the time interval, its pattern 
is strongly dependent, at very slow displacement 
rates, on the size of the time interval selected. The 
shorter the interval adopted for calculating the dis-
placement gradient, the larger the effect of individ-
ual measurement error on the displacement data 
and the larger the oscillations of the displacement 
rate over time. On the contrary, the larger the time 
interval, the smoother the pattern of the displace-
ment rate, but the relationship between the pres-
sure head fluctuation and the landslide accelera-
tion may be less evident.

To evaluate the best time interval to interpret 
the monitored data in terms of the displacement 
rate, three different time step values were tentative-
ly considered, namely 1, 5, and 24 hours. Figure 10 
outlines the displacement mean rates calculated ac-
cording to these intervals over a total period of 6 
days. The raw 1h mean rates were excluded from the 
graph due to excessive and meaningless oscillations 
including even unrealistic negative values. The more 
stable 24h mean rate plotted on the graph tends to 

Fig. 10 – A comparison between the displacement rate eva-

luated for a 6-days period using different procedures.

Fig. 10 – Confronto tra la velocità di spostamento calcolata in un 

periodo di 6 giorni con diversi procedimenti.
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hide relevant information on the landslide response, 
while the 5h interval seems to be the most suitable 
value accounting for the accuracy of the monitoring 
system. 

The 5h rate should be more sensitive to the water 
pressure variations, but, as clearly shown in figure 10, 
it still presents relatively large variations that regular-
ly occur, probably due to the unavoidable noise of the 
measuring device due to the daily intensity excursion 
of the solar panel power supply. Using the Fourier 
analysis, we identified two 1-day and 12h cyclic signal 
components which we eliminated by filtering the data. 

Figure 10 shows the 1h mean rate calculated 
on filtered data superimposed onto the 5h and 24h 
rates determined on raw data. It is evident that data 
filtering leads to much smaller but still unrealistic 
oscillations, probably due to the level of accuracy of 
the monitoring instruments. To eliminate these re-
sidual oscillations, the filtered 1h rate is further av-
eraged using a central-moving mean method over 

5h: the new data are plotted in figure 10, for the 
sake of comparison, and they will be considered the 
reference for the landslide behaviour analysis pre-
sented in the following part of the paper. 

4.2.2 THE DISPLACEMENT RATE IN RELATION TO PORE WATER 
PRESSURE AND AMOUNT OF RAIN 

Here, we examine the monitored data and meas-
urements in four particularly significant periods to 
analyse the relationships between the amount of pre-
cipitation, the groundwater pressure, and the dis-
placement rates. The selected periods are the follow-
ing:
1) 24th November - 17th December 2012;
2) 21th October - 26th November 2012;
3) 28th February – 15th April 2013
4) 31th December 2013 – 5th March 2014.

Figures 11a-  d depict the data on the amount of 
precipitation, the pressure head and the displace-

Fig. 11 – Details of Fig. 9 referring to four selected periods: a) a single rainy event from 24/11/2012 to 17/12/2012; b) four 

subsequent rainy events from 21/10/2012 to 26/11/2012; c) snow melt and rain event in early spring 2103; d) strong rains 

at the beginning of 2014. 

Fig. 11 – Dettagli di Fig. 9 per quattro periodi selezionati: a) un evento singolo di pioggia tra il 24/11/2012 e il 17/12/2012; b) quattro 

eventi piovosi tra il 21/10/2012 e il 26/11/2012; c) scioglimento della neve e evento piovoso a inizio primavera 2013; d) piogge prolun-

gate all’inizio del 2014.
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ment rate, the latter determined as the 5h-mean val-
ue on filtered data described in section 4.2.1, for all 
the selected periods.

In the first period, i.e. 24th November - 17th De-
cember 2012 (Fig. 11a), a rainfall event, occurring 
after 15 dry days, was exceptionally relevant (157 
mm of total rainfall in 56 hours with a maximum in-
tensity = 18 mm/h). This was considered a particu-
larly important finding that would permit us to eval-
uate the effect of a single rainfall event on the evolu-
tion of the Pian de Cice block. 

As already explained above, the rainfall caused 
the pressure head to rise rapidly. About 3 hours after 
the maximum rainfall intensity, it reached the tem-
porary maximum peak of 10.5 m; after the rainfall 
ended, it remained almost stable at approximately 
10.0 m for about 1.5 days and then gradually fell. 

This particular pattern of the pressure head re-
corded at PPT1 may have been linked to the occur-
rence of two different seepage phenomena:
a) During the rainfall event, we can suppose that 

the water rapidly infiltrates vertically towards the 
permeable moraine materials. Since, in the up-
per 10 m long portion, the annular space betwe-
en the inclinometer casing and the ground is fil-
led with impermeable clay and the water takes 
about 3 hours to complete its vertical path, the 
seepage velocity results equal to 9.3·10-4 m/s 

10-3 m/s which is a proper value for a vertical 
seepage in sandy-gravel soil;

b) After the rain ended, the groundwater flowed 
parallel to the top of the Flysch bedrock, proba-
bly along less permeable paths, thus requiring a 
longer time to discharge the large volume of wa-
ter accumulated in the uphill slope. 
From the time when the rainfall began, the dis-

placement rate gradually increased for about 3 days, 
both as a function of the rainfall persistence as well 
as of the time the pressure head remained above 
10.0 m. The maximum acceleration reached was 
equal to 2.23·10-5 cm/h2 = 0.11 mm/d2. After the 
rainfall stopped, the pressure head began to fall and 
the acceleration gradually decreased, with a notice-
able maximum rate occurring 82h after the rainfall 
peak.

In the second period, i.e. between 21th October - 
26th November 2012 (Fig. 11b), four subsequent 
rainfall events of medium-high intensity occurred 
within a short interval of time (the peak-to-peak time 
distances are 97, 98 and 156 hours respectively), and 
could thus be considered a single rainfall episode.

The total precipitation during the four events 
was 82 mm in 36 hours, 80 mm in 24 hours, 78 mm 
in 40 hours, and 149 mm in 45 hours; the maximum 
intensity varied between 10 and 13 mm/h. The max-
imum pressure head at PPT1 was reached during 
the 3rd event, even if it did not correspond to the 
maximum intensity, probably because the rain start-

ed when the GWT was still high. In any case, with 
the exception of a few slight oscillations, the pres-
sure head remained stable at around 9.7 m for about 
11 days (from 27/10 to 7/11) and the displacement 
rate consequently increased reaching a maximum 
value of 20 cm/y. During the last rainfall episode (i.e. 
that of 11/11/2012), characterized by a very small 
time interval from the previous one, the displace-
ment rate rapidly increased reaching the same val-
ue as that observed during the previous three events. 
During the 20 days in which the rate was increasing, 
the average acceleration rate was 0.02 mm/d2 and 
the maximum value was approximately 0.04 mm/
d2, which is approximately 1/3 the maximum value 
found during the 24th November - 17th December 
2012 period.

The third period, 28th February – 15th April 2013, 
coincided with an early spring in 2013. At the end of 
February, snow still covered almost the entire slope. 
In the first decade of March, the air temperature in-
creased rapidly and the snow melted causing a rise 
in the pore water pressure in the soil in the absence 
of any rainfall, as clearly shown in figure 11c. During 
those days, the displacement rate appeared almost 
constant and only when the pressure head exceeded 
9.6 m it increased. 

The fourth period, 31th December 2013 – 5th 
March 2014 (Fig. 11d), was selected because of 
an intense long-lasting rainfall but also because it 
snowed a few times (the dates are indicated on the 
graph by small arrows). The effect of the snow can 
clearly be seen in the velocity pattern: the snow that 
fell on the nights of 28, 29, and 30/1 probably over-
loaded the slope surface contributing to the sharp 
change that was noted in the velocity. In addition, 
the pressure head remained very high for several 
days in the period before (3 days with h > 9.6 m) 
and after the snow occurrence (6 days with h > 9.6 
m). This caused an increase of 25 cm in the land-
slide displacement over two weeks and led to a par-
tial collapse of the slope, as already mentioned in 
the previous section. 

Unfortunately, the IPI1 data registered on-
ly a few days following this sudden acceleration be-
fore the instrument measurement limit had been 
reached. No other information referring to current 
conditions at that point in the slope are available.

4.2.3. MODELLING THE RELATION BETWEEN THE GROUND WA-
TER PRESSURE AND THE DISPLACEMENT RATE

Predicting the evolution of slow-moving land-
slides is a difficult task since it is influenced by many 
factors and aspects that must be taken into consid-
eration [LEROUEIL et al., 1996]. The anisotropy and 
heterogeneity of the hydro-mechanical properties of 
natural materials influence water losses through per-
colation and seepage and consequently the relation-
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ship between rainfall and the hydrological behavior 
of a slope. The irregular morphology of the deep lay-
ers causes, moreover, a non-homogeneous strain dis-
tribution and strain rate within the sliding mass caus-
ing local excess ground pore pressure development 
during movements and its dissipation during at-rest 
conditions. The macro-scale effect of these phenom-
ena is a variable hydro-mechanical response inside 
the soil mass, but also variable over time at the same 
position. 

In landslides characterized by large displace-
ments along well-defined sliding surfaces in cohesive 
materials, the available shear strength is the residu-
al one [SKEMPTON, 1985], which eventually increases 
slightly during quiescent periods [ANGELI et al., 1994; 
STARK and HUSSAIN, 2010].

Clay soils exhibit creeping behaviour; the 
deformation in the soil under any constant effec-
tive stress depends, consequently, on time. An ideal 
creep behaviour is usually divided into three types 
of responses occurring in sequence: the prima-
ry creep, occurring immediately after stress appli-
cation in which the flow rate progressively decel-
erates until it is nullified; the secondary creep in 
which the flow occurs at a constant rate; the tertiary 
creep in which the rate of acceleration sharply in-
creases leading to failure. Depending on the stress 
level in relation to the final resistance, the soil may 
respond with two or all three components of the 
sequence. 

According to TER STEPANIAN [1963], SUKLJE [1969] 
and YEN [1969], creep can also occur due to shear 
stress lying within the range between the peak and 
the residual shear strengths depending on the his-
tory of the landslide. Following a detailed examina-
tion of the most useful time-dependent constitutive 
models, VULLIET and HUTTER [1988] suggested that 
creeping strains occur at every shear stress level, i.e. 
both for shear stress that is lower or greater than the 
residual strength. Even if these investigators did not 
distinguish between primary, secondary, or tertiary 
creeps, it is reasonable to assume that the tertiary 
creep takes place if the shear stress is greater than 
shearing resistance.

On the basis of laboratory creep tests performed 
in residual stress conditions, BHAT et al. [2011] 
demonstrated that secondary and tertiary creeps oc-
cur when the mobilized shear stress along the sliding 
surface overcomes the residual resistance. The delay 
of failure depends upon the difference between the 
mobilized shear stress and the residual strength, the 
difference being the factor influencing the accelera-
tion of an unstable mass. BHAT et al. defined the Re-
sidual-state Creep Stress Ratio (RCSR) as the ratio 
between the mobilized shear stress and the residual 
shear strength and they observed that, in secondary 
and tertiary creeps, the time of failure depends on 
the RCSR value: when RCSR moves from 1.0 to 1.02, 

the time of failure decreases from more than 106s to 
100s. Similar results were described by DI MAIO et al. 
[2013]. 

All together, these studies suggest that the 
achievement of a complete failure is possible only 
if/when the secondary and tertiary creep phases last 
long enough to allow high displacement rates: if they 
do not, the landslide returns to more stable condi-
tions. Observing the displacement pattern of Pian 
de Cice (see for example, the one presented in fig-
ure 11a), this sector appears to be in an accelerating 
phase, but the creep phase is generally too short to 
cause the slope to collapse and, consequently, as the 
pressure head at PPT1 falls, the displacement rate 
decreases.

Despite the fact that it is difficult to analyse a 
creeping slope, many attempts based on simple ap-
proaches to model the displacement pattern as a 
consequence of a hydrological response have been 
described in the literature. The majority of the mod-
els proposed are linked to the hypothesis of a fric-
tional-viscous soil behavior and to a representation 
of a very long, wide, thick sliding mass with the GWT 
and the sliding surface parallel to the ground slope. 
For a slope with a shear resistance described in ac-
cordance with the Mohr-Coulomb criteria, i.e. de-
pending on both cohesion and friction, the momen-
tum balance can be defined as:

 - r - v = ma (1)

where:
–  is the mobilized shear stress = lsin cosa
– r is the shear strength of soil along the sliding 

surface = c’+( l- wh)·cos2 ·tan ’
– v is the viscous shear stress related to the strain 

rate along the shear band
–  is the unit weight of the soil 
–  is the surface slope angle
– l is the depth of the sliding surface
– h is the piezometric level on the sliding surface
– c’ and ’  are the Coulomb parameters of resist-

ance
– m is the mass of a soil column with a base of 1m 

x 1m = l/g
– a is the gradient rate = dv/dt.

While several models have been proposed to 
consider the viscous soil response, Bingham’s law 
and the equation proposed by VULLIET and HUTTER 
[1988] are probably the most commonly used. The 
Bingham model states the proportionality between 
shear stress and velocity as:

 v= zb v/  = v/ d (2)

in which d = /zb is the coefficient of dynamic visco-
sity, defined as the ratio between viscosity and she-
ar band thickness zb.
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The Vulliet-Hutter equation introduces a power 
relation between the same quantities as:

 v= v
b/ o (3)

which requires two material constants o and b, i.e. 
the intrinsic viscosity and a power exponent.

Introducing one of the above viscous models, for 
example equation (3), in the momentum balance 
equation, we have:

lsin cos c’+ lcos2 ·tan ’- whcos2 ·tan ’
 - ( v)1/b= la/g (4)

The second term of equation (1) is generally 
negligible (e.g. with regard to Pian de Cice the mean 
acceleration during a rate increase is approximately 
10-14÷10-13 m/s2 and the term ma= la/g is found to 
be equal to 10-13÷10-12kPa). The momentum balance 
equation may be consequently expressed as:

v = lsin cos c’+ lcos2 ·tan ’-
 whcos2 ·tan ’)b (5)

Since in the second term of equation (5) the on-
ly variable quantity is h, this equation expresses a di-
rect relationship between the velocity and the pie-
zometric level at the sliding surface that can be cali-
brated on the basis of laboratory test results or in-situ 
measurements.

It should be noted that the calibration could be 
carried out by assigning reasonable values to param-
eters such as c’, ’, ,  and zb or  and b, but may 
be also obtained without necessarily relating them to 
real in-situ conditions, especially when some of these 
parameters are not easily determinable.

These models successfully describe the behaviour 
of some landslides, but there are also cases in which 
they are unable to adequately reproduce the land-
slide’s movement. By implementing the Bingham 
or the Vulliet-Hutter equations within a “dynamic” 
model, COROMINAS et al. [2005] were able to success-
fully simulate the displacement patterns of the large 
Vallcebre landslide (Barcelona, Spain) in relation to 
the groundwater oscillations. The excellent database 
on the shear strength of soils involved in the sliding 
process and the assumption that the shear resistance 
was equal to the residual value enabled the authors 
to calibrate relationships between the velocities and 
water pore pressures in some points obtaining al-
most constant viscous parameters. The predictable 
errors in the two viscous models were of the same or-
der of magnitude.

The key to success in the Vallcebre landslide 
model was the strong correlation between the GWT 
level, showing maximum excursions of 4-8 m, with 
velocity. If this kind of correlation does not exist, 
the viscous model cannot be applied in such a sim-

ple way and other hypotheses must be utilized. In 
the case of the Alverà mudflow (Cortina d’Ampezzo, 
Italy), ANGELI et al. [1996] used the Bingham mod-
el, but in order to attain a satisfactory simulation 
of its slow-moving behaviour they introduced two 
piezometric threshold values, the lower one corre-
sponding to a complete cessation of landslide mo-
tion and the upper one apparently linked to a re-
activation of its movement. This means that as the 
GWT rises, the landslide is reactivated only when the 
upper threshold is exceeded, but during the falling 
phase, it ceased only when the GWT falls below the 
lower threshold value. It is to be noted that the dif-
ference between the two thresholds was 40 cm cor-
responding, for the Alverà landslide, to a shear re-
sistance modification of approximately 1 kPa. The 
authors, who considered this difference as the gain 
strength occurring during a rest period, did not pro-
vide any information about the relationship between 
the GWT position and the velocity, but it is probable 
that, in contrast to the Vallcebre landslide case, the 
relationship was not unique.

Another example concerns the La Valette land-
slide [VAN ASCH et al., 2007]. In this case, the au-
thors demonstrated there was no objective rela-
tionship between the flow rate and the GWT level 
neither during the rising nor the falling limbs of 
the GWT, meaning that a unique set of viscous pa-
rameters is unable to describe the time dependent 
behaviour of the landslide. In particular, VAN ASCH 
et al. observed that, for a given GWT level, the ve-
locity and the acceleration are higher in the rising 
than in the falling phases: they ascribed this behav-
iour to the undrained response of the soil which 
induces increasing pore water pressure during dis-
placement.

Before we go on to analyse the relationship be-
tween the displacement rate and the pore water 
pressure at the Pian de Cice sector, some preliminary 
comments are necessary.

The first concerns the rapid rise in the PPT1 
pressure head observed during the rainfall event 
(see Fig.11a). As previously discussed, the ground-
water pressure reached its minimum level 3-6 hours 
after the maximum rainfall intensity, but the change 
in velocity during that short interval was negligible. 
Moreover, during every intense rainfall event, the 
pore pressure presented two subsequent oscilla-
tions. The first, occurring during the rainfall, was 
characterized by a very high pressure variation rate 
that permitted a maximum pressure head of 8.2-8.4 
m to be reached; the second, starting after the rain-
fall ended and characterized by a smaller pressure 
change rate, led to a maximum pressure head of ap-
proximately 7.75 m to be reached.

This particular behavior could be tentatively ex-
plained in view of the fact that the first rapid water 
level variation in the standpipe piezometer was main-
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ly influenced by local infiltration inside the stand-
pipe during groundwater percolation. As a conse-
quence, this sudden pressure rise was not directly re-
lated to a real transient groundwater seepage into 
the slope mass and it did not affect the displacement 
rate. This anomalous pressure response, which must 
be taken into consideration, certainly affects data in-
terpretation. 

After carefully analyzing the maximum variation 
of the pore water pressure vs. time in the subsequent 
rising phase, we applied an automatic filter that re-
moved changes in the pressure head values that were 
greater than 18 cm/h, smoothing the time pattern 
of this quantity, as shown in figure 12a. It is impor-
tant to remember that the correction is applied to 
time intervals that do not exceed 10 hours, thus lead-
ing to a more regular pattern in the pressure head’s 
ascent.

The second comment concerns the selection of 
the most suitable interpretation model. Equation 
(5) should strictly apply to planar translational slips 
but, in view of its simple mathematical form, many 
researchers have even applied it to non-planar slope 
conditions. Of course, the discrepancy between 
measured data and model predictions observed in 
some cases (i.e. VAN ASCH et al., 2007) may also be due 

to the assumption that there was a planar slip sur-
face, which is not in accordance with the real in-situ 
hydro-morphological conditions.

As the ground water condition at Pian de Cice is 
being monitored by only one position, it is difficult 
to assess since the groundwater seepage is parallel to 
the slope surface. Moreover, the schematic longitu-
dinal section depicted in figure 7 fails to support the 
hypothesis of a planar slip. Despite these conflicting 
findings, we have proposed a black-box model to de-
scribe the relationship between the pressure head 
and the displacement rate which is outlined below. 

The graph in figure 13 outlines in a double log-
arithmic scale the displacement rate v vs. the pres-
sure head h determined during the rising and falling 
phases of the GWT. The data are, of course, only a se-
lection of those available in the database, specifically 
chosen to give an idea of how the system responds in 
different conditions.

In a double logarithmic plot, data lying on a line 
segment satisfy a relationship such as the one given 
by equation (5). Data lying on a unique line would 
mean a landslide behaviour according to the Vulli-
et-Hutter model, thus confirming the applicability of 
a viscous material model to the v-h relationship. In 
our case, the data do not fit this condition, probably 

Fig. 12 – Pattern over time of: measured and corrected pore pressure head (a); cumulate displacements measured by IPI1 

and calculated using the Vulleit-Hutter model or the proposed model (b); the displacement rates determined from in-situ 

data and calculated using the Vulleit-Hutter model or the proposed model (c).

Fig. 12 – Evoluzione nel tempo della altezza di pressione misurata e corretta (a), dello spostamento cumulato alla sonda IPI1 e calcolato 

con il modello di Vulleit-Hutter o con quello proposto (b), della velocità di spostamento determinata dalle misure o calcolata con il modello 

di Vulleit-Hutter o con quello proposto (c).
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as a result of the discrepancy between the landslide 
morphology and the corresponding hydrological be-
haviour and the planar failure surface assumption, 
as explained above. 

Some singular patterns can, nevertheless, be 
found in figure 13. It is evident that the data points 
seem to fit linear segments with various orientations 
on the v-h plane. We can, in particular, pinpoint 
three specific orientations, labelled in the figure as 
lines of type a, b and c. 

The data stretch from one segment to another 
with continuity: for instance, following the falling 
phase in the 23/11/2013 – 23/12/2013 period, the 
data align on three segments parallel to lines c, b and 
a in sequence. The transition from one segment to 
the subsequent one occurs when the pressure head 
falls below two specific thresholds: threshold F3, pin-
pointing the passage from line c to line b, and thresh-
old F2, referring to the passage from line b to line a. 
For the rising phase (i.e. data of the 10/10/2013-
14/10/2013 interval), the measurement points are 
located on two segments separated by the threshold 
F1: if h is smaller than F1, the segment is oriented 
such as line a, otherwise the segment is parallel to 
line b.

It is important to note that the segment orien-
tation is fixed while the segments change position 
according to the previous acceleration history: in 
fact, the data referring to the rising phases corre-
sponding to various events are located on differ-
ent parallel segments. Moreover, in contrast to what 
was demonstrated by VAN ASCH et al. [2007], the ve-
locity in the GWT falling phase is generally high-
er than that corresponding to the rising one. We 
are convinced that this response is due to the deep 

morphology of Flysch, which forms an isolated de-
pression in the upper part of the slope (see Fig. 7) 
where the groundwater probably accumulates dur-
ing a rainfall, then slowly drains towards the lower 
part. This would justify the amount of time that the 
pressure head needs to return to the smallest val-
ues after a rainfall ends and the existence of a pe-
riod characterized by a contemporaneous increase 
in the displacement rate and a fall in the pressure 
head.

A careful analysis of the data indicates that if 
the pressure head has not previously exceeded F3 
(h<F3) in the falling phases, the velocity retrac-
es the same type-b segment followed in the rising 
phase. Otherwise, it follows a type-c segment until 
it reaches the F3 threshold, with a real acceleration 
of the landslide. In fact, when the pressure head 
falls below the F3 threshold, the velocity follows a 
new type-b segment, parallel to the one followed in 
the rising phase but located above it, with a hyster-
etic response. Moreover, if the pressure head falls 
to a point overcoming threshold F2, once again the 
rate moves on a type-a segment located parallel and 
above the type-a segment followed during the rising 
phase.

In order to reproduce this very complex behav-
iour, we propose an algorithm based on the follow-
ing three fundamental v-h relationships:

1) type-a line: ha a
ab

η
 
 (6)

2) type-b line: hb b
bb

η   (7)

3) type-c line: hc c
cb

η   (8)

with exponents ba, bb and bc obtained by means of 
data calibration, while values a, b, c must be assi-
gned in relation to the current pressure head (hi) 
and of the pressure head’s rising or falling condi-
tion. Figure 14 outlines the algorithm flow-chart: 
it is designed assuming that point (t0=0, v0) is the 
starting condition, the initial in-situ condition me-
asured. For the following time steps (ti+1), the algo-
rithm choses the segment on which the point falls 
on the basis of the value of pressure head hi+1 at cur-
rent time and of the previous acceleration sequen-
ce, and it consequently calculates the flow rate with 
the relations:

1) condition a: hi+1 i+1a
ab

η  (9)

2) condition b: 10( )log log /+i iν bb h h
i+1

i+1  (10)

3) condition c: 10( )log log /+i iν cb h h
i+1

i+1  (11)

Fig. 13 – Displacement rate vs the pore pressure head de-

termined during rising and falling.

Fig. 13 – Velocità di spostamento in relazione all’altezza di pressio-

ne in alcune fasi di salita e discesa della falda.
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The black-box model has seven parameters: ex-
ponents ba, bb and bc, thresholds F1, F2 and F3 and 
the initial displacement rate vo. A good description 
of the velocity pattern was found with the following 
values:
–  ba= 20.7, bb = 4.6 and bc = -4.6;
– F1 = 8.35 m, F2 = 8.60 m and F3 = 9.53 m;
being vo the value of in-situ measured v at the begin-
ning of the simulation.

In figure 12c the pattern of velocity determined 
by the proposed model is compared to the in-situ 
measurement. The correspondence seemed to be 
very good, since the model accurately reproduces 
the maximum v values of the main rain events and 
takes into consideration the v increase in the dewa-
tering phases. It predicts, moreover, the gradual in-
creasing velocity pattern that was observed during 
the overall as well as the final acceleration periods, 
even if the displacement rate during the latter, i.e. 
approaching a partial collapse, did not exactly corre-
spond to the measurements.

Some occasional acceleration events is not pre-
dicted well. The change in velocity that occurred 
at the end of January 2013, probably due to the 

snow cover load not accompanied by a rise in the 
pressure head, is not taken into consideration by 
the model. Similarly, the model does not correctly 
reproduce the trend during the snowmelt period 
that followed, when the in-situ pore water pressure 
increased without any acceleration in displace-
ment. This induces us to conclude that the model 
is able to describe the v-h relation during rainfall 
events but not the effects caused by the presence 
of snow.

Figure 12b shows a very satisfactory correspond-
ence also between the total displacements measured 
with IPI1 and the model.

Finally, in order to further examine the differ-
ences between this model and the classical viscous 
one, we selected a series of short intervals in which 
the quantities v and h are almost constant and we cal-
culated their mean values during each interval. The 
mean data are then outlined in a double logarithmic 
scale (Fig. 15), subdivided into 5 groups:
1) the data corresponding to rising pressure for 

events occurring after November 2012;
2) the intervals on very long falling limbs occurring 

after November 2012;
3) the data in an intermediate situation, i.e. in the 

middle between the initial rising and final falling 
phases occurring after November 2012;

4) the data referring to the snowmelt period that 
occurred in spring 2013;

5) the data referring to the initial 2 months dur-
ing which measurements were taken (before No-
vember 2012). 
This subdivision was used with the intent of ex-

amining if the relationship v-h is influenced by sig-
nificant factors, namely the snowmelt effect or if the 

Fig. 14 – The flow-chart for the displacement rate in rela-

tion to the pressure head and in situ condition.

Fig. 14 – Diagramma di flusso per il calcolo della velocità di spo-

stamento in relazione all’altezza di pressione e alle condizioni in 

sito.

Fig. 15 – The displacement rate vs average pressure head 

at PPT1 on selected intervals.

Fig. 15 – Velocità di spostamento in relazione all’altezza di pressio-

ne in PPT1 mediate in alcuni intervalli selezionati.
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rate was excessively low during the period immedi-
ately after the inclinometer was installed because the 
adherence between the casing and ground was im-
perfect.

It is clear that a unique regression line could 
not interpolate all the data and only two series of 
data (those referring to the rising and falling GWT) 
seem to be well represented by the following equa-
tions:

fit for the rising phase:

 1.1·10 h-16 7.84
a  (r2=0.856) 12)

fit for the falling phase:

  4.3·10 h-29 21.56
a (r2=0.930) (13)

The displacement rate predicted via equation 
(12) and the relative cumulative displacements are, 
respectively, outlined in figure 12b and 12c and com-
pared with the experimental data and the predic-
tion of the new model proposed. It is evident that 
the rates predictable with equation (12) are within 
the range of the measured data, but they vary within 
two limit values that remains constant during all the 
monitored period or consequently to multiple rainy 
events, since equations (12) and (13) are based on 
an objective relationship between v and h. The ve-
locity is thus slightly overestimated in the first peri-
od and greatly underestimated in the last one. It is, 
moreover, evident that it is nearly impossible to re-
produce the rising and the falling limbs at the same 
time.

On the other hand, equation (13) greatly over-
estimates the velocity during the entire period 
monitored: the relative curve is not drawn in fig-
ure 12c because it falls outside of the range for long 
intervals. Consequently, the total displacement cal-

culated using equation (13) results about 5 times 
greater than the measured one and a model based 
on this equation is absolutely inadequate for repro-
ducing the Pian de Cice time behaviour.

5. Current evolutional kinematics in the deple-
tion basin

To keep the landslide evolution in the upper 
basin under control, a new image-based landslide 
monitoring system, constituted by two digital reflex 
18 MPixel cameras, was installed near the original 
topographic station. Each camera captures one dig-
ital image of the depletion area at noon every day. 
Even if the final aim of this system is to develop a 
stereo-photogrammetric method to evaluate super-
ficial displacements in the area, the image sequenc-
es collected until now provide a suitable database to 
analyse the kinematic evolution and the mechanisms 
triggering the earthflow.

In order to confirm the effectiveness of digital 
imaging in monitoring and interpreting the land-
slide evolution, a sample of images taken on 20th 
and 29th May 2013 is outlined here. It is important 
to point out that in the previous 85 days (from the 
6th March to 29th May 2013) about 60 rainy days oc-
curred with an exceptional cumulative rainfall of 
670 mm. The images, moreover, confirmed that 
snow covered the entire area at the end of Febru-
ary. When the warmer season set in, snowmelt was 
followed by water infiltration and a GWT rise, as al-
ready shown in figure 11. Following these particular 
meteorological conditions, the shallowest soil in the 
depletion basin was well saturated, highly collapsi-
ble, and erodible.

Figure 16 compares the images taken by one of 
the digital cameras on the 20th and 29th May 2013. 
Displacement of the ground surface is noticeable 
even visually. Moreover, even if the moving area is 

Fig. 16 – A comparison of upper basin images taken on 20th and 29th May 2013.

Fig. 16 – Confronto tra le foto del bacino alto catturate nei giorni 20 e 29 maggio 2013.
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wide and far from the camera’s viewpoint, the im-
ages’ high resolution provides a small scale well-de-
fined view. The high resolution also made it possible 
to use digital image processing techniques to detect 
superficial displacements as well as their temporal 
sequence.

Figure 17 shows, for example, enlargements of 
images in figure 16, included here to highlight the 
movement in the upper sectors on the left hand 
side of the depletion basin. Figure 18 is a pro-
cessed image obtained by applying image process-
ing methods to the images in figure 17 in order to 
identify the zones that are moving. A Gaussian blur 
filter is first applied, the image is then normalized 
and the absolute difference in the images is com-
puted. In this way, the most active areas are bright-
ly coloured, as shown by figure 18. Yellow dashed 
lines also highlight the differences between the im-
ages. 

Finally, some well-defined objects like trees and 
boulders were tracked using normalized cross-corre-
lation and their paths pointed out in figure 18 by 
means of red vectors which also help to indicate the 
direction in which the areas are moving.

From a wider perspective, it is worth noting that 
the steepest slopes were subject to intense superfi-
cial erosion, especially in the area where the Flysch 
outcrops. In addition, many shallow and relatively 
small mass movements mobilized the layer of loos-
ened Flysch overlapped by moraine deposits. This is 
particularly evident in figure 16 at the lateral flanks, 
where material slides transversally on the planes 
formed by the harder calcareous layers of Flysch 
which seem to be stable.

The images in figure 17 show some springs 
emerging at the base of moraine deposits a few 
hours after the rainfall began, thus confirming the 
significant drainage properties of the moraine lying 

above the less pervious Flysch which acts as a base for 
groundwater seepage.

An analysis of the image sequence also high-
lights the formation process of earth flows draining 
into the intermediate channel. Accumulating tem-
porarily at the toe of steep slopes, material is pushed 
towards the channel (this is clearly evident in the low 
part of figures 17 and 18). 

Due to this driving action, the material constitut-
ing the more advanced portion of the mud flow that 
accumulated progressively increases the front part of 
the slope up to reach instable conditions. The ma-
terial accumulated at the channel head is visible at 
the centre of figure 16a, but a part of this materi-
al failed on May 28th leaving a large depression, as 
shown in figure 16b. In this case, the collapse mobi-

Fig. 17 – Details of lateral flank of Roncadin area taken on 20th and 29th May 2013.

Fig. 17 – Dettagli del pendio laterale in area Roncadin catturati nei giorni 20 e 29 maggio 2013.

Fig. 18 – The outcome of digital processing and of digital 

subtraction between the photos in Fig. 17.

Fig. 18 – Risultato dell’elaborazione e della sottrazione digitale 

tra le foto di Fig. 17.
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lized a small volume of soil without causing any risk 
to the valley.

It is important to note that this long image se-
quence confirms the results previously obtained 
through benchmark monitoring and ground-based 
SAR interferometry, thus permitting a subdivision of 
the upper basin into several portions characterized 
by different displacement mechanisms.

As was observed for the fixed inclinometer at 
Pian de Cice, the images allowed us to highlight 
the movements involving moraine deposits and 
the layer of loosened Flysch with a thickness var-
ying from less than 1 m to a maximum of about 
25 m. The displacements occur almost immediate-
ly after the onset of rainfall, but some sectors re-
quire 2 or 3 days to show a visually detectable dis-
placement rate.

Conclusion

The Tessina landslide is a complex landslide, 
which has been active for more than 50 years in 
the Northern Italian Alps. Its evolution is typical 
of Flysch formations and characterized by me-
dium-large roto-translational slides, periodical-
ly occurring in the source area, and evolving in-
to earth flows. Both the upper landslide and the 
earth flows have been extensively monitored over 
the last few decades by means of various types of 
instruments in the attempt to enhance our knowl-
edge concerning the processes involved in earth 
flow formation in view of adopting effective miti-
gation strategies.

Two new monitoring systems have been installed 
in the area during the last three years and the data 
collected until now has led to important advances in 
our understanding of landslide processes. 

One system, constituted by a pair of fixed digi-
tal cameras taking images at selected intervals, was 
installed to keep the paths of detached slope scarps 
evolving into earth flows under control. This system 
also provides images of the entire landslide area and 
has uncovered various important factors (i.e. snow 
cover extension, which remains over time) that can 
partially explain the movements that have been ob-
served. It was found that superficial ground move-
ments, extremely sensitive to rainfall, usually involve 
the upper layers constituted by highly permeable 
sandy-gravel moraine overlapping the Flysch sedi-
mentary rock. Improved digital imaging interpreta-
tion that will be available in the near future will con-
vert stereo-photographic imaging into true measure-
ments of the superficial displacements of the entire 
depletion basin.

The other system, which continuously meas-
ures groundwater pressure and deep localized dis-
placement on the southern lateral flank (i.e. Pian de 

Cice), which seems to prone to an incipient collapse, 
has provided interesting data that has been present-
ed and discussed here. 

The data collected until now from the later-
al flank is, however, particularly difficult to inter-
pret since it does not appear to be any clear rela-
tionship between three fundamental variables: rain-
fall, groundwater pressure variation, and the dis-
placement rate. This may be due to various factors, 
among which the variability of groundwater seepage 
during the different phases of rainfall events. The 
main outcome is that the lateral landslide flank is 
continuously moving at a variable rate that reach-
es a minimum value of 2 cm/year in the dry season, 
but can increase 10-100 times as a consequence of 
rainfall.

The data have been tentatively interpreted with 
the aid of a black-box model, and the results have 
been compared with those obtained using the Vulli-
et-Hutter equation for viscous soil behaviour. Three 
significant threshold values for ground water level 
were selected, separating different hydro-mechan-
ical responses occurring as the ground pore pres-
sure rises and falls during and after a rainfall peri-
od. The approach is far from simple, but, exclud-
ing the influence of a snow load, it seems to be able 
to describe the asynchronous response of the dis-
placement rate to the groundwater pressure rise/
decrease and the gradual acceleration of the sliding 
mass observed during repetitive or extended rain-
fall events. 
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Evoluzione della frana del Tessina

Sommario
La frana del Tessina è una frana complessa attiva da più di 50 

anni nella regione dell’Alpago (Belluno, Italia). La sua evoluzione, 

tipica dei movimenti franosi che si verificano nelle formazioni 

Terziare di Flysch, è caratterizzata dalla formazione di frane roto-

traslazionali medio-grandi, che si verificano con cadenza elevata 

e si trasformano in colate di fango e terra che mettono a rischio le 

valli sottostanti. Nelle ultime decadi, la frana è stata intensamente 

studiata e monitorata allo scopo di meglio comprendere i suoi 

meccanismi evolutivi e adottare le più idonee strategie di mitigazione 

del rischio.

L’articolo presenta alcuni dati raccolti mediante due diversi 

sistemi di monitoraggio continuo, recentemente installati 

nell’area. Il primo sistema misura la pressione dell’acqua 

interstiziale e gli spostamenti in un settore laterale avente un 

ruolo cruciale per la stabilità dell’intera area; il secondo è un 

nuovo sistema fotografico, che cattura immagini digitali del 

bacino superiore con cadenza giornaliera, allo scopo di valutare 

i meccanismi di formazione delle colate nella zona interessata dai 

movimenti roto-traslazionali.

Le osservazioni raccolte fino ad ora permettono di capire come 

cambiano le condizioni di stabilità delle diverse porzioni della frana, 

oltre a fornire importanti informazioni sul processo di formazione 

delle colate, informazioni necessarie per valutare la fattibilità e 

l’efficacia di possibili lavori di mitigazione da realizzare in futuro. 

Infine, grazie ai dati raccolti nel settore laterale è stato proposto e 

calibrato un nuovo modello “a scatola chiusa” per la predizione dei 

movimenti del settore monitorato: i suoi risultati sono confrontati 

con quelli di un modello viscoso molto spesso utilizzato per l’analisi 

della mobilità delle frane lente.


