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Summary
The importance of pore water pressure regime for landslide activity is generally accepted. In the case of earthflows, generalized
failures (reactivations) are rare and sustained slow movements can proceed for decades. The relationship between precipitation, pore
water pressure responses and movement is not straightforward. We document rainfall, pore pressure regime and displacements in
the source area of an active earthflow. Pressure heads at shallow depth are clearly related to infiltration from the surface and can be
satisfactorily reproduced by a diffusive model while the hypothesis of gravity-dominated flow can be rejected based on the short delay
between rainfall and pressure response. Displacement rates are very small to zero during the summer and increase a couple of months
later than the onset of the precipitation of the wet season. Only late in the wet season, velocities attain peak values (up to 4 mm/day)
and show a remarkable correlation to rainfall episodes. Higher displacement rates correspond to unexceptional pressure head values,
we therefore believe that alternative mechanisms of water pressure build-up may exist. Fractures likely act as a preferential flow system and influence both the hydrological responses to rainfall and the deformation behavior of the landslide.
Keywords: Earthflow, monitoring, pore pressure, displacement, Northern Apennines.

1. Foreword
Earthflows are the most common type of failure in active slopes where fine soils are dominant
[BRUNSDEN, 1984; HUTCHINSON, 1988; HUNGR et al.,
2001]. They generally have an elongated or lobate
shape, and are characterized by a complex style of
movement in which mass flow is accompanied by basal sliding along localized shear zones [CRUDEN and
VARNES, 1996; DIKAU et al., 1996]. HUNGR et al. [2001]
recognize, as distinctive features of earthflows, a less
than rapid (<5x10-4 m/s) movement which involves
fine material WHOSE water content is close to its plastic limit. Earthflows are subjected to periodic reactivations with a strong retrogressive nature. The reactivation mechanism typically consists of an initial
drained failure located in the crown area followed by
undrained loading of the pre-existing landslide deposits [HUTCHINSON and BANDHARI, 1971]. Although
the dynamics of earthflows is widely documented in
the literature [IACCARINO et al., 1995; BAUM and REID, 1995; PICARELLI et al., 2005; COMEGNA et al., 2007],
field data on the these complex phenomena are still
limited. In this work we present long-term data collected by a monitoring system installed in the source
area on a typical earthflow of the Northern Apennines of Italy (the Montecchi landslide, Province of
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Bologna) in which both the hydrologic response to
rainfall and the induced fluctuations of landslide velocity are documented. Although the general behavior of the landslide cannot be described by the data
collected in a small part of the slope, interesting relationships have been found between rainfall, pore
water pressures and slope movements.

2. Climatic, geographical and geological context
The Montecchi earthflow is located about 50 km
to the south of Bologna, in the central sector of the
Northern Apennines chain (Northern Italy; Fig. 1).
The landslide is on the northeast side of the Silla
Valley, which has a relatively flat bottom and gentle
slopes. The study site is a hillslope that is typical of
many slopes in the Northern Apennines. The bedrock consists of Cretaceous marine claystone belonging to the “Argille a Palombini” (Palombini Shales)
Formation. This formation belong to the Ligurian
thrust-nappe, that constitutes the top structural unit
of the Northern Apennine orogenic wedge [CARMIGNANI et al., 2001]. The Ligurian units mainly correspond to sedimentary sequences deposited in the
Tethyan Ocean and deeply involved in sedimentary reworking and/or tectonic shearing during the
collisional stage of Apennine orogenesis. The common characteristic of the Ligurian units is the chaotic “block in matrix” fabric at the outcrop scale, originated by the disruption of the original bedding sequence.
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Fig. 1 – Geological map of the study area. The dashed area indicates the Montecchi earthflow before the November 1994
reactivation.
Fig. 1 – Carta geologica dell’area di studio. Il riquadro indica la colata di Montecchi prima della riattivazione di novembre 1994.

The fresh material is characterized by a well develop penetrative scaly cleavage, that appears as a
network of closely-spaced shear surfaces splitting out
the rock into small slivers of stiff clay (clay scales)
with polished surfaces. Close to the ground surface,
the scaly structure is partially of fully destroyed by
weathering, softening, and slope movements, creating a thick weathered soil mantle. The landslide has
formed in this weathered soil above the clay shales
bedrock.
The area has a Mediterranean climate characterized by warm, dry summers and cool, wet winters
with high rainfall intensity. There is an average rainfall of 1180 mm, with 75% of the total rainfall occurring from October to May (Fall to Spring). Temperatures range from 0-5° C in winter to 20-25° C
in summer. The snow cover is widespread during
the wintertime and the snow pack may last for several weeks. In early Spring, it is common that wet air
masses from the North Atlantic originate rainfall as-

sociated to warm strong winds, which may cause severe episodes of snow melting.

3. Geomorphological context and geomorphological evolution of the earthflow
The Montecchi earthflow was already clearly visible in the aerial photographs of 1976 (dashed blue
line in Fig. 2). At that time the landslide was inactive
or moving very slowly, as suggested by the extensive
vegetation cover, the smooth topography, and the
absence of active scarps. Most of the area was cultivated or grassland and only a small part of the upper
slope was forested.
A paroxysmal failure occurred on November 11,
1994. The reactivation started with a large roto-translational slide in the upper part of the slope, that
caused a retrogression of the pre-existing landslide
scarp (solid blue line in Fig. 2) of about 100 m. This
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Fig. 2 – Map showing the Montecchi landslide as seen in the aerial photographs of 1976 (dashed lines, see Fig. 1), the
earthflow generated by the November 1994 reactivation (solid hatch), and the area affected by ground deformations downslope the earthflow (dithered hatch). Symbols indicate the surveys carried out after the event.
Fig. 2 – Carta della frana di Montecchi nelle foto aeree del 1976 (linee a tratteggio, vedi Fig. 1) e dopo la riattivazione di novembre
1994 (area con campitura piena). L’area retinata mostra la zona deformata a valle del corpo di colata del 1994. I simboli indicano le
indagini eseguite dopo l’evento.

initial slide was triggered by an apparently unexceptional precipitation of 95 mm over a week, which followed more than 500 mm of rain over the preceding 60 days [SIMONI and BERTI, 2007]. The failed mass
loaded the existing deposits and the failure propagated downslope as an earthflow. The earthflow arrested at an elevation of 550 m causing widespread
ground deformations on a large area that extended
about 400 m further downslope (dithered polygon
in Fig. 2). The overall reactivated mass had a length
of about 900 m, a maximum width of about 170 m,
and covered an area of about 17 ha (Fig. 2). It aver-

GENNAIO - MARZO 2016

aged 20 m thick and its volume was about 3x106 m3.
The average slope, from head to toe, was 10° with a
total relief of 185 m.
During the paroxysmal phase, surface velocities
reached the value of few meters per day. One month
after the reactivation, the velocity reduced to 1.2
mm/day and during the summer, after the realization of subsurface drainage works, further decreases to 0.1-0.2 mm/day. The actual displacement rate
(20 years after the event) is in the order of few cmmm/month. However, the upper part of the landslide is still active. Small retrogressive slides feed the
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Fig. 3 – Cross section through the Montecchi landslide (line of section is shown in Fig. 2).
Fig. 3 – Sezione della frana di Montecchi (traccia della sezione in Fig. 2).

main earthflow body in the crown area, and the landslide accelerates during the wet season or after critical rainfall events (see section 5.3).

4. Soil characterization through site and laboratory tests
Extensive field surveys were conducted after the
1994 reactivation to characterize the landslide and
to design appropriate mitigation measures. Thirty-nine boreholes were drilled in the area at depths
from 5 to 10 m, 24 of which were instrumented with
inclinometers, 8 with open-standpipe piezometers,
and 7 with Casagrande piezometers (Fig. 2).
Core drillings yielded information about local
stratigraphy (Fig. 3). The landslide has an average
thickness of 20-25 m and consists of a massive clay
soil with floating block of limestone, sandstones and
marls. The soil is typically stiff to hard , moist to wet,
with a variable amount of angular rock fragments
and lithorelicts of the original platy structure. It is
derived from the weathering and the mechanical disruption of the underlying clay shale bedrock, whose
typical fissile fabric can be easily recognized in the
cores.
Two different units can be distinguished in the
weathered clay: an upper unit of brown clay (whose
thickness increases downslope up to 10 m), and a lower unit of gray clay directly resting on the bedrock.
The brown color of the upper unit is probably due to
the infiltration of surface water carrying air into the
soil and leaching some clay minerals [AMOS and SANDFORD, 1987]. The underlying clay is still gray being well
below these oxidation effects. This sequence is frequently found in the area, and both units can generate
landslides. Inclinometer measurements carried out at
Montecchi indicate that the earthflow moves along a
planar slip surface located at the contact between the
gray clay unit and the clay shales bedrock (Fig. 3).
The geotechnical properties of the landslide
material were obtained by conventional laboratory

tests. In fact, the weathered clay appears as a massive unstructured soil in which the well-known problems related to the geotechnical characterization of
stiff, structured clays [PICARELLI, 1993; PICARELLI et al.,
2005] are less severe. The soil is however quite heterogeneous and may exhibit different fabric depending on the abundance of lithorelicts and stiff clay aggregates that have survived surface weathering. In
order to obtain more meaningful results, the tests
conducted at Montecchi were combined with those
performed on the same material in neighboring areas.
In general, the weathered part of the Palombini
Shales has medium to low plasticity (Fig. 4a). Plastic
limit ranges on average from 10% to 25%, and liquid limits from 30% to 50%. No significance variation of the plasticity indexes was detected between
samples prepared using the standard ASTM procedure and samples prepared with prolonged spatula
working to break up the clay aggregates [RIPPA and
PICARELLI, 1977].
Gravel and sand fraction make up 25% of the
material by weight, silt is 40%, and clay is 35% (mean
values of 57 samples; Fig. 4b). The silt and sand fraction is probably overestimated at the expense of the
clay fraction because of the presence of clay aggregates. The soil activity (A=0.54, mean value of 53
samples) is quite low compared to the predominant
illite fraction that characterize the soil, which is usually associated with moderate levels of kaolinite and
chlorite. Also the residual strength is low compared
to plasticity. The results of 24 reversal direct-shear
and ring-shear tests give a mean residual friction angle φ’r=14° with a standard deviation of 2.8° (mean
values of 24 samples).
As far as the hydraulic properties are concerned,
we can refer to the results of testing reported in BERTI and SIMONI (2010) that were conducted on the
same Palombini shale material that we are describing. Hydraulic conductivity at shallow depth (< 2 m)
is 1x10-6 to 1x 10-7 m/s and diffusivity is estimated to
be around 1x10-4 m2/s.
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Fig. 4 – Plasticity chart (a) and grain size distribution (b) of samples from the weathered cover of the “Argille a Palombini”
Formation (unpublished data collected by the authors and by the Gelological Survey of the Emilia-Romagna Region in the
Province of Bologna, Italy).
Fig. 4 – Carta di plasticità (a) and distribuzione granulometrica (b) dei campioni prelevati nelle coltre di frana della Formazione delle “Argille a Palombini” (dati non pubblicati raccolti dagli autori e dal Servizio Geologico. Sismico e dei Suoli della Regione Emilia-Romagna nella provincia di Bologna).

5. Pore pressure and ground displacement monitoring
5.1. The monitoring system
A monitoring system was installed in July 2004
to investigate the slope response to rainfall and
the rainfall-displacement relationship. The number, type, and location of monitoring sensors has
changed over the year. The present configuration
consists of two monitored areas (Upper section and
Lower section) respectively located in the crown area and in the central part of the 1994 earthflow. The
Upper section (Fig. 2) is of interest for this work. It
consists of (Fig. 5): 10 pressure transducers buried
into the ground at depths between 0.5 and 10 m;
3 soil moisture probes, each containing three sensors at 0.2, 0.4 and 0.6 m depth; 3 surface wire extensometers located across the main scarp; one rain
gage.
In order to minimize the response time to
groundwater changes, pressure transducers were
placed within a pocket of clean sand in the borehole,
and sealed above and below by means of packed bentonite and soil backfill [SIMONI et al., 2004]. Compared with the usual installation inside a piezometer,
buried sensors allow to measure fast changes of pore
water pressure even in low-conductivity soils. Moreover, the bentonite sealing prevents any preferential
flow at the interface between the borehole and the
soil, and the sand pocket acts like a porous filter minimizing the problems related to imperfect saturation
of the sensor’s tip.
Pressure sensors are temperature-compensated and measure the pore pressure relative to atmospheric pressure (differential transducers) with a resolution of 0.8 cm. They cannot measure negative
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pore pressure, so they provide meaningful data only
below the groundwater table.
Dielectric capacitance sensors are used to monitor soil moisture along the three verticals. These sensors use the Frequency Domain Reflectometry method [WHITE and ZEGELIN, 1995] and were carefully calibrated by comparing the measured frequency with
the moisture content obtained by gravimetric sampling. The resolution is about 0.1% volumetric water
content. Surface wire extensometers use a high precision potentiometer connected to a steel measuring

Fig. 5 – Schematic cross section through the upper part of
the Montecchi earthflow showing the monitoring system.
Abbreviations: S1-3=boreholes drilled to install the pressure sensors; V1-3=borehole drilled to install the soil moisture probes; ES01-03=surface wire extensometers installed
across the main scarp at a distance of about 30 m.
Fig. 5 – Sistema di monitoraggio della frana di Montecchi installato nella zona di innesco. Abbreviazioni: S1-3=sondaggi eseguiti
per l’installazione dei sensori di pressione; V1-3=sondaggi eseguiti
per l’installazione dei sensori di umidità; ES01-03=estensimetri a
filo installati a cavallo della scarpata di distacco a una distanza
di circa 30 m l’uno dall’altro.
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cable, hold in tension at one end by a dead weight.
The other hand of the steel cable is attached to a
stake firmly driven into the landslide. The sensor’s
resolution (neglecting the play of the cable and pulleys system) is less than 1 mm. The rain gauge has a
resolution of 0.2 mm. All the data are sampled every
20 min and stored on site.
Although the landslide generally moves quite
slowly (mean displacement rate in the upper part is
in the order of few centimeters/month, see below)
frequent maintenance is required to replace damaged sensors and to fix cables ruptures. Moreover,
monitoring systems in hostile environments are subject to power failures, vandalism, and damages created by lightning and wild animals. A great effort was
then required to collect long time series of data.
The monitoring system is still active but no data have been published so far. In this paper we will
focus our attention on the hydrologic behavior of
the weathered clay cover and on the rainfall-displacement relationship, based on data collected
during the hydrological year September 2005-August 2006.
5.2. Pore pressure
Pore pressures at Montecchi vary seasonally and
in response to single rainfall events. Figure 6 shows
the data collected during the hydrological year 200506 by the three pressure sensors installed within the
landslide body along vertical S2 (Fig. 5). As can be
seen, all the sensors show a seasonal fluctuation of
pore pressure. Pressure heads are relatively low dur-

Fig. 6 – Cumulative rainfall (above) and pressure head
(below) measured within the landslide body along vertical
S2 (see Fig. 5). Numbers in brackets indicate the depth of
the sensor below ground surface. Dashed area is enlarged
in Fig. 8.
Fig. 6 – Pioggia cumulata (sopra) e altezza di pressione (sotto) misurata dentro il corpo di frana lungo la verticale S2 (vedi Fig. 5).
I numeri tra parentesi indicano la profondità del sensore dal p.c.
L’area tratteggiata è ingrandita in Fig. 8.

ing summer (from June to the end of September)
and remain high throughout the wet season (from
October to May). Interestingly, pore pressures are
generally positive and go to zero (negative) only during summer at shallow depths (sensor S201 at 0.9 m,
sensor S202 at 1.8 m); in the deepest sensor S203
(2.9 m depth) the pressure head is positive throughout the year. These data indicate that ground water
is present in the landslide year round, and that the
water table is close to the ground surface during the
wet season.
The same data are plotted in figure 7 in terms
of total head (or piezometric head), computed as
pressure head minus sensor depth. The chart shows
that total head is greater for the shallower sensors
throughout the hydrologic year, indicating a persistent downward component of the groundwater
flow. The observed gradient is significantly different from what is expected for a saturated slope undergoing long-term slope-parallel flow, where the
total head is essentially constant with depth. The
data shown in figure 6 and 7 therefore indicate
that long-term groundwater flow is not steady but
varies continuously according to the seasonal recharge.
Superimposed to this seasonal trend, all the
sensors exhibit short-term variations of pore pressure well correlated with individual storms or group
of storms. The variations of pressure head are particularly strong and fast at the end of the dry season (see the responses recorded in September-October, Fig. 6), probably because of the infiltration of
water into desiccation cracks, and become progressively smaller during the wet season, when the complete saturation of the soil reduces ground infiltration. Throughout the year, the pore pressure fluctuations are somehow smoothed and delayed in the

Fig. 7 – Total head (pressure head – sensor depth) measured within the landslide body along vertical S2 (see Fig. 5).
Numbers in brackets indicate the depth of the sensor below ground surface.
Fig. 7 – Altezza totale (altezza di pressione – profondità del sensore) misurata dentro il corpo di frana lungo la verticale S2 (vedi
Fig. 5). I numeri tra parentesi indicano la profondità del sensore dal p.c.
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Fig. 8 – Response of the pressure sensors during a sample
storm in November 2005. The arrows indicate the correlation between pressure peaks and rainfall bursts.
Fig. 8 – Risposta dei sensori di pressione durante una precipitazione intensa a novembre 2005. Le frecce indicano la correlazione tra
picchi di pressione e impulse di precipitazione.

deeper sensors (compare S203 with S201 and S202
in Fig. 6).
In case of complex rainfall sequences, pore pressures generally react to each single rainfall burst, as
shown in the example of figure 8. Here, a rainfall
event of 85 mm in 20 hours (average intensity 4.3
mm/hour) generated four pore pressure peaks well
correlated with four bursts of rain of similar intensity (about 6 mm/hour); again, the response is attenuate in the deeper sensor S203. Also in this case the
total head at the three measurement points decreases with depth indicating vertical downward flow in
saturated conditions.
Of particular interest is the time delay between
the start of the rain and the start of the sensors response (lag time to sensor response, t0). Figure 9
shows the frequency distribution of the lag time t0 of
49 sensor responses recorded at the depth of about
2 m (sensors S202 and S302, Fig. 5) during the considered period.
In more than 75% of the cases, the pore pressure starts to increase within 6 hours from the beginning of the rain indicating a very fast soil response.
If we divide the sensor depth z=2 m by the mean lag
time =5.3 h, we obtain a “propagation velocity” of the
pressure signal Vs=2/19080 ≈ 10-4 m/s. This value is
about three order of magnitude higher than expected velocity of 1D gravity-dominated flow (Va=Ksat/
qsat ≈ 10-7/0.35 ≈ 10-7 m/s; STEPHENS, 1995), which is
the mechanism generally considered for rainfall infiltration into a saturated soil [CHOW et al., 1988]. To
the other hand, the observed response time is much
longer than it would expected for a saturated incompressible soil, where pore pressure is instantaneously
transmitted at all depths.
The observed behavior can be explained by
considering soil compressibility. In a saturated com-
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Fig. 9 – Frequency histogram of the lag time to sensor response obtained from 49 responses recorded at a depth
of about 2 m during the hydrological year 2005-06. Frequency is computed as the number of data in each class divided by the total number.
Fig. 9 – Istogramma di frequenza del tempo di risposta ottenuto
da 49 eventi registrati a una profondità di 2 m durante l’anno
idrologico 2005-06. La frequenza è calcolata come rapporto tra il
numero dei dati in ogni classe e il numero totale.

pressible soil, any variation of pore water pressure
induces swelling or consolidation of the soil matrix
(according to the principle of effective stress) and
this changes the volumetric water content of the
soil (θ). The change in volumetric water content
per unit change in pressure head (C0) is directly
related to the coefficient of volume compressibility (mv).
Since soil swelling takes time, an increase of pore
pressure near the ground surface is not immediately
transmitted in depth [IVERSON, 2000]. The timescale
of this process is ruled by the saturated hydraulic diffusivity of the soil D0, which is defined as the ratio between saturated hydraulic conductivity and soil compressibility (D0=Ksat/ C0). Hydraulic diffusivity is always higher than saturated conductivity (C0<1) and
tends to infinity for a rigid soil (C0 →0). This explains
why pressure diffusion in a compressible soil is faster than gravitational flow but it is not instantaneous.
In general, three main findings emerge from
field data: 1) the weathered clay cover is characterized by fast, transient increases of pore pressure in response to rainfall events; 2) the soil is nearly saturated (or tensio-saturated) throughout the wet season;
3) the timescale for sensor response is much smaller than the timescale for vertical gravitational flow.
Under these conditions, the short-term piezometric
response can be described by reducing the nonlinear Richard’s equation for unsteady, variably-saturated flow to the linear diffusion equation [HANEBERG,
1991; IVERSON, 2000]:
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Fig. 10 – Sample results obtained by the application of the linear diffusion model (IVERSON, 2000) to the monitoring data.
Fig. 10 – Esempi di applicazione del modello di diffusione lineare (IVERSON, 2000) ai dati di monitoraggio.

∂ 2ψ
∂ψ
= D 0 cos 2 α
∂t
∂Z 2

(1)

where is the pressure head, t is time, Z is the depth,
α is the slope angle, and D0 is the saturated hydraulic diffusivity. IVERSON [2000] proposed an analytical
solution of the diffusion equation which allows to
evaluate pressure head responses to rainfall sequences of varying duration and intensities (p. 1902, Eqs.
26a-b-c). The solution obeys the following initial and
boundary conditions
(Z,0)=(Z–dz)

initial condition

∂ψ
(∞ ,t ) = β lower boundary condition
∂Z

{

∂ψ
– I z /K z + β
( 0 ,t ) =
β
∂Z

t – ≤T
t >T

(2a)
(2b)

upper boundary condition (2c)

in which: T is the rainfall duration, IZ is the surface boundary flux (assumed to be equal to rainfall
intensity); KZ is saturated hydraulic conductivity in
the Z (vertical) direction; dZ and  are the depth
and the pressure-head distribution of the steadystate water table respectively. The upper boundary
condition (2c) implies a rainfall-induced Darcy flux

at the ground surface (short-term) superimposed
to a background infiltration rate  (long term).
A sample application of this model is shown in
figure 10. The charts compare the variation of pressure head recorded in the clay cover during two intense rainfall events (October 10, 2005; November 6,
2005) with that predicted by equation (1). The model performs fairly well in predicting both the raising
limb and the slow decay of the pressure head. Also
the time lag to sensor response (t0) and the pressure
head at peak are predicted with reasonable accuracy.
This strongly support the hypothesis that the vertical
diffusion controls the piezometric response within
the weathered clay cover.
The limitations of the model are also apparent
in figure 10. First, four different values of D0 were
used to fit the measured sensor response in the
four cases, although there is no reason to assume
such a variation of hydraulic diffusivity in saturated soil. Second, several responses cannot be replicated by the model regardless of the selected value of D0 (e.g. Fig. 10d). The linear diffusion model is then able to describe the essential physics of
the phenomenon, but the real behavior is obviously
more complex. BERTI and SIMONI [2010; 2012] came
to similar conclusions for other monitored slopes
in similar geological conditions.
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Fig. 11 – Cumulative downslope displacement at the wire
extensometers ES02 and ES03 during the hydrological year 2005-06. Dashed areas indicate periods with different
behavior as described in the text.
Fig. 11 – Spostamenti del corpo di frana misurati negli estensimetri a filo ES02 e ES03 durante l’anno idrologico 2005-06. Le
aree tratteggiate indicano i periodi a diverso comportamento descritti nel testo.

5.3 Ground displacement
In the last 20 years, the Montecchi earthflow moved
continuously at a rate of mm to cm/month. Longterm monitoring is provided by inclinometer measurements, carried out every 4-6 months since 1995, and
by satellite interferometry from 1992 to 2010 (ERS
and ENVISAT satellites, revisit time 35 days; EPRS-E
national project). Such low-frequency data, however,
are not suitable to understand the effects of rainfall
on the landslide. To this purpose, landslide displacements should be measured at the same time-scale of
the groundwater response, since any variation of landslide velocity should be related to a variation of effective stresses [IVERSON and MAJOR, 1987; COROMINAS et al.,
2005]. The typical groundwater time-scale at Montecchi is in the order of few hours (see above) therefore
our 20 minutes data are suitable for this analysis.
Figure 11 shows the surface movements recorded by two wire extensometers installed across the
main scarp of the landslide during the hydrological year September 2005-August 2006. In general,
the landslide gently accelerates at the middle of November and then maintains a relatively steady pace
of about 1.4 mm/day during all the wet season. The
velocity during the wet season is about 10 to 30 times
faster than the displacement rate during summer (13 mm per month).
A closer view of the data reveal a complex relationship between rainfall and displacements. From
the end of September to the middle of November
(area A in Fig. 11), a total of 230 mm of rainfall fell
in the area (30% of the annual precipitation) but
no movements were observed. The landslide began
to move soon after, with a delay of about 2 months
from the onset of the wet season. In the first half
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of the season (area B in Fig. 11) the displacement
rate was almost constant and apparently not affected by single rainfall episodes. The landslide behavior
changed in the second half of the wet season (area
C in Fig. 11). Here, single rainfall events commonly resulted in well-defined accelerated movement, as
clearly shown by the close relationship existing between rainfall and displacement in April and May
(compare rainfall and ES02). The largest single episode of movement was recorded on March 5, 2006,
when the landslide moved of 18 mm in one day in
response to a small rainfall of 23 mm associated to
snow melting.

6. Discussion
Data collected from the monitoring system
clearly show a marked seasonal trend of pressure
head with nearly saturated (or tensio-saturated) soil
throughout the wet season. The comparison of total
heads measured at different depths also show that
the hydraulic gradient has a downward oriented vertical component. The recharge is driven by infiltrating water with transient rainfall-related pressure increases. Clear responses to rainfall are measured only by shallow sensors up to a depth of 2 meters, while
at greater depths responses to single rainfalls are no
longer discernible.
Given the lag time to response of shallow sensors appears extremely short in comparison to
the clayey nature and low permeability of soils, we
tested the hypothesis of gravitational flow against
vertical diffusion. A vertical diffusion model appears much more suitable to reproduce the timing and magnitude of pressure responses measured
throughout the wet season. Isolated summer rainfalls, instead, are easily absorbed by the pore space
available in the soil and do not cause measurable
increase of positive pore water pressure. The diffusion model needs careful calibration to reproduce
the observed responses and what’s more surprising
is that different values of hydraulic diffusivity are
required to reproduce responses to successive rainfall episodes. Moreover, some of the observed pressure responses cannot be replicated regardless of
the adopted value of diffusivity. This typically occurs because, once the pressure peak is fitted, the
observed pressure decrease is faster than possibly
reproduced by the model (Fig. 10d).
The hydraulic diffusivity of a saturated soil depends upon its hydraulic conductivity and compressibility, so there is no reason to believe that it could
change with time, unless noticeable variation of porosity occurs. In our case, the shallow fine soil is subject to small periodic variations of pore pressure
that do not produce significant consolidation processes. Negative pore pressures can develop during
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Fig. 12 – Landslide velocity measured by wire extensometers ES02 compared to average rainfall intensity (year 2005-06).
Fig. 12 – Confronto tra la velocità della frana misurata dall’estensimetro ES02 e l’intensità media di precipitazione (anno 2005-06).

summer months but their periodic occurrence produce repeated recompression/swelling cycles that
do not change year by year porosity. If we add that
calibrated diffusivities show inter-annual variations,
it is clear that other factors have to be found to justify the observed behavior.
Despite having no direct evidences, we believe
that fractures may have some role in the observed
behavior. Fractures are visible on the surface and appear to be related both to the ongoing deformation
of the landslide mass (winter season) and to desiccation (summer season). Fractures of the first type are
probably more relevant in a landslide-context and
subject to spatial variations during the landslide evolution. Fractures enhance vertical infiltration and
contribute to make pressure response faster in the
saturated zone. The temporal and spatially dynamic
nature of preferential flow systems can explain the
variations of calibrated diffusivity required to reproduce observed data.
If rainfall and hydrological soil response are
clearly related, at least in shallow soils, the relationship with movement is more difficult to describe. The displacements measured in the upper
part of the Montecchi landslide show a distinctive
seasonal trend with progressive acceleration starting in November, sustained slow movement during
the wet season, and slow deceleration from May
(Fig. 11).
The comparison between rainfalls and displacement rates (Fig. 12) reveals that the landslide mass
starts moving with a delay of approximately two
months from the onset of the wet season. In the
first half of the wet season, despite the occurrence
of heavy rainfalls, the movement proceed at an approximately constant pace (1 to 2 mm/day), and only in the second half (i.e., starting mid-February) a
clear relationship establishes between rainfall intensity and landslide velocity. During this period, major
rainfall episodes can be recognized in the displace-

ment rate time series as accelerations whose timelag is remarkably small (i.e., hours). At this stage,
the moving mass was very close to a generalized failure, with velocities peaking at more than 4 mm/day.
Probably, only the non-occurrence of significantly
intense rainfalls, prevented the failure to take place.
What happens to pore pressures in the meanwhile?
High piezometric levels maintain throughout the
wet season with oscillations of only few tens of centimeters that are not clearly related to rainfalls. In
shallow soils, the relationship is evident but rainfalls
occurred in the second half of the wet season generate pressure responses that are similar or smaller
than those observed in the first half of the season.
We are faced with a situation difficult to interpret, based on monitoring data. We documented
the complex relationships existing between rainfall
and pore-pressure at increasing depths and between
rainfall and landslide velocity. Measured pore pressures do not give reason of the displacement pattern and this contrasts with the generally accepted
principle that the increase of pore pressure is the
main responsible of soil deformation and, ultimately, of its failure. Two alternatives can be considered
to explain the phenomenon: I) the relationship between pore pressures and deformation behavior is
not straightforward and other physical parameters
have to be taken into account (e.g., viscosity, saturation degree, fatigue); II) the water pressure that we
are measuring is representative of the bulk of the
matrix while high water pressures building up in the
fracture network are mainly responsible for the accelerations of the landslide mass.

7. Conclusions
This paper presents the results of monitoring activities taking place in the source area of an active
earthflow. We focus on pore water pressures and dis-
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placements measured during the hydrological year
2005-06. In particular, it has been observed that:
– the pore water pressure regime is dominated by
the infiltration from the surface that maintain the
soil very close to saturation during the wet season;
– pore water pressure oscillations can be clearly related to single rainfall episodes only at shallow
depth, they can be reproduced by a simple 1D
diffusion model though the diffusivity parameter has to be changed throughout the season to
satisfactorily reproduce the observations. We interpret this as the result of the action of a network of fractures that may change its geometry
because of the progressing deformations;
– landslide deformation is delayed compared to
seasonal precipitation and, in the late wet season, rates of movement can be easily related to
major rainfall episodes;
– during accelerated landslide movement, pore water pressures measured by sensors buried within
the soil are unexceptional, we believe that measurements are representative of the bulk of the
matrix while pressures can build up along the
fractures influencing the deformation behavior.
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Monitoraggio degli spostamenti e delle
pressioni interstiali nella colata di Montecchi
(Appennino Settentrionale, Italia)
Riassunto
Le frane di tipo colata sono generalmente caratterizzate
da movimenti lenti e continui, che proseguono per tempi
molto lunghi e subiscono rapide accelerazioni in occasione
delle fasi di riattivazione. Il rapporto che lega gli eventi di

precipitazione alle pressioni neutre e alla velocità di movimento
è stato ampiamente discusso in letteratura, ma la dinamica
di tale rapporto non è ancora del tutto conosciuta. In questo
lavoro sono presentati e discussi i dati di monitoraggio
pluviometrico, piezometrico ed estensimetrico raccolti nell’area
di alimentazione di una colata attiva. I dati dei trasduttori
di pressione mostrano chiaramente che i primi metri di terreno
reagiscono in modo rapido agli eventi di precipitazione e che
l’incremento di pressione dei pori è dovuto all’infiltrazione
diretta dalla superficie. Il comportamento osservato può essere
ben riprodotto da un modello diffusivo verticale che prevede
la propagazione rapida di onde di pressione a scapito di
un flusso in massa. Le velocità di spostamento della frana
sono prossime allo zero durante l’estate e cominciano ad
aumentare un paio di mesi dopo l’inizio della stagione umida
autunnale. Solo verso il termine della stagione umida (tarda
primavera) le velocità raggiungono valori elevati (fino a 4
mm/giorno) e mostrano una chiara correlazione con i singoli
eventi di precipitazione. Le velocità maggiori, però, non sono
chiaramente correlate ai valori più elevati di pressione dei
pori, per cui è possibile che la risposta idrologica del corpo di
frana sia più complessa di quanto osservato. In particolare,
la presenza di discontinuità e macropori può fortemente
condizionare la risposta profonda del versante e non essere
pienamente rappresentata dai dati raccolti nella matrice.
Parole chiave: frana per colata, monitoraggio, pressioni
interstiziali, spostamenti, Appennino Settentrionale
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