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Abstract
Extreme weather conditions are the most important cause of landslide. However, the hydro-mechanical slope
response to weather forcing thus the landslide hazard may strongly change from case to case, depending on slope
morphology, soil type and properties, and initial conditions. In particular, very loose granular soils and stiff clays
and clay shales may display a brittle response to precipitations with severe effects leading even to casualties and
destruction. In contrast, the response of active and dormant slides in fine-grained plastic soils is ductile and in
some cases may be managed with minor consequences.
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1 FOREWORD
Landslides represent one of the major natural
hazards. The list of the potential triggers is quite
long; extreme weather conditions, seismicity and
human activity are certainly the principal ones.
Landslide hazard due to weather forcing is
characterized by a seasonal trend: in countries
with a temperate weather the peak is in the wet
season due to precipitations, while in cold areas,
due to ice/snow melting, the hazard is
concentrated at the beginning of the warm season.
In contrast, landslide hazard due to seismicity
cannot be easily defined being strongly related to
the return time of earthquakes, which typically is
tens of years; this is a societal problem since men
tend to forget to live in areas at risk. Finally, the
hazard due to human activity is strongly
associated with demography and with economic
trends and activities. Basically, it is higher in the
developing countries.
Neglecting earthquake-induced events, Froude
& Petley (2018) remark that, in the time interval
2004-2016, about 5,000 landslides have caused
about 56,000 casualties all over the world. Around
80% of them have been triggered by
precipitations. High incidence areas are: the
Hymalaian arc with special reference to areas
across India and Southwestern China; Indonesia;
Philippine; Central America, in the area located
between Costa Rica and Mexico; Southern
America, mostly between Venezuela and Bolivia;
the East coast of Brazil; Turkey; Iran; the
European Alps. It could be broadly stated that
landslides are not democratic since they tend to
punish the poorest people and probably similar
data regarding coseismic landslides would
strengthen such a consideration. Froude & Petley
also remark that 16% of the total number of events
were due to the human activity, as mining and
cutting.
Italy is the European country with the highest
risk of landslide. Historic data and statistical
analyses provide useful information about the
areas with the highest risk (Salvati et al., 2016). In
particular, these are: the Alpine arc; the Piemonte
Region; the northern Apennines; the Campania
and the Calabria Region (Fig. 1). The highest
number of events occurs in the months of October
and November.

northern
Appenines
Piemonte

Campania
Calabria

Figure 1. The incidence of landslides in Italy (Salvati et al.,
2016).

This paper is focused on the impact of weather
on soil deposits with reference the effects of
precipitations. The special case of rainfall-induced
flow-like landslides both in granular and in finegrained soils is examined in detail taking a cue
from the Writers’ experience.
2 SOME EFFECTS OF THE SLOPE ATMOSPHERE INTERACTION
The Earth surface is exposed to the impact of
weather forcing (precipitations, temperature,
humidity, wind …). Looking at this problem with
the eyes of engineers, the physical factors which
affect the stability of sloping soils may be
mathematically expressed as time-depending
boundary conditions, which can modify both
stress field and soil state; as a consequence, the
soil may experience strains and changes in shear
strength up to failure. Such remarks fully justify
the expression slope-atmosphere interaction
(Picarelli & Cotecchia, 2012), which focuses on
the strict relationship existing between weather
input and slope behavior.
Recently, the slope-atmosphere interaction has
been the topic of in depth research and studies.
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Figure 2. Number of casualties, due to landslides, in Italy in the last centuries (Salvati et al., 2016).

The combination of numerical analyses and of
experimental investigations helps to clarify the
most important aspects of the problem. In fact,
through numerical analysis it is possible to focus
on single factors that play a role in the slopeatmosphere interaction, while experimental
investigations provide a general overview of the
actual slope response to any weather input. In
particular, the monitoring over tens of years of
well instrumented slopes allowed to check the
validity of theoretical instruments through a
continuous comparison with real data (Kenney
and Lau, 1984; Urciuoli et al., 2016).
Experimental data provided through small-scale
model slopes (Wang and Sassa, 2001; Choi et al.,
2016) and lysimeters (Pagano et al., 2019) added
further useful elements to the global knowledge.
This report, which is mostly based on
experimental data, takes stock of the mechanical
response to precipitations of slopes in volcanic
soils and in tectonized clay shales.
Just to stress the significant role that weather
forcing plays on the slope behavior, it appears
useful to remark how much even small changes in
air humidity or temperature can modify the water
content (and the unit weight) of the soil, leading
also to significant changes in the shear strength. In
fact, in unsaturated soils any change in water
content affects the cohesive component of
strength, which plays a fundamental role on the
stability of shallow covers. As an example, Figure
3 shows the effects of temperature on the matrix
suction of a sloping unsaturated volcanic ash in
Campania, during a dry spring week between two
short rainstorms. As a result of evapotranspiration,
soil suction is subjected to continuing increase, the
highest values being recorded at the shallowest
depths. Figure 3 evidences also the fluctuations in
suction due to daily temperature changes.

Figure 3. Hourly rainfall, temperature and suction measured
at different depths in unsaturated volcanic ashes (Comegna
et al., 2016).

Through the Darcy’s law and using reliable
values of the hydraulic conductivity of the soil,
data as those reported above allow to calculate the
upward water hydraulic flux. For example, based
on records from tensiometers installed at depths of
60-90 cm, Damiano et al. (2012) obtained an
approximate value of the upward water flux in all
months of the years 2002-2006; this ranged
between 1 and 8 mm per day, with higher values
(with no clear trend) in the dry months. These
values were compared to the monthly potential
evapo-transpiration calculated by well-known
theoretical approaches, showing some rough
agreement with the values provided the
Thornthwaite equation (1946). Such data show
that the water flux is dependent on the number of
antecedent dry days regardless of the season: the
higher the number of dry days, the lower the flux
rate (Picarelli et al., 2012).
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Just to highlight the role of the hydraulic
gradient and of the initial pore pressure
distribution, Figure 6, reports the values of i, in
the first seven months of 2011, calculated from
suction records obtained with a couple of
tensiometers located at depths of 0.60 m and 1.00
m. As shown, due to high suction, in some phases
the gradient is much higher than 1, reflecting a
high hydraulic potential; in other phases, it is
much lower.

Penman, 1958
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Figure 4. Upward monthly flux rate in the time interval
2002-2006, in the same volcanic ashes as in Figure 3
(Damiano et al., 2012)
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An opposite hydrological soil response is shown
in Figure 5, which plots the decrease in suction
caused, in the same site, by repeated
precipitations. The effect of rainfall is delayed.
Both delay and magnitude of suction changes
depend on depth from the ground surface and on
hydraulic soil conductivity. In particular, the
amount of infiltration in the unit of time through
the unit area, q depends on rainfall intensity,
hydraulic conductivity, k, and hydraulic gradient, i
(q=ki), i.e. indirectly, on the pore pressure profile
in vicinity of the ground surface. Rahardjo et al.
(2005) show that in residual soils q typically
ranges between 40% and 100% of the water fall.
When the soil cannot absorb the entire amount of
rainwater, the surplus turns into runoff, which in
some soils can give rise to intense erosion of the
ground surface.
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Figure 5. Effects of rainfall on soil suction at different depth
(Comegna et al., 2016).

Figure 6. a) hourly rainfall and mean daily temperature; b)
suction values recorded at depths of 0.60 m and 1.00 m (b);
c) average vertical hydraulic gradient at same depth
(Comegna et al., 2016).

Some Authors outline that the rainwater flux is
an essentially 1D vertical process (Iverson, 1990).
This is fully confirmed by monitoring of quite a
short slope section in layered unsaturated
pyroclastic soils outcropping in a different site of
the same area in Campania, where several tens of
tensiometers had been installed allowing to define
with great accuracy the groundwater flow (Papa et
al. 2009). Figure 7 compares the velocity vectors
obtained in a wet and in a dry season. The figure
clearly shows that, in spite of layering, in the wet
season rainwater infiltration is an essentially 1D
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vertical process, while in the dry season the water
flow is radically different: in fact it moves
downslope in the deepest layers, being essentially

vertical upward, driven by evapotranspiration, in
the shallowest ones.

Figure 7. Velocity vectors in a layered pyroclastic deposit obtained from readings at 40 tensiometers (Papa et al., 2009).

Two simple cases of 1D water flux analyzed
through the Richards equation allow to outline the
strong influence of the soil properties on the
response of unsaturated soils to precipitations.
The first example (Collins and Znidarcic, 2004)
is on the effects of vertical infiltration in a 4 m
thick soil column with a permeable base subjected
to null suction (Fig. 8). In the analysis the
hydraulic conductivity of the soil has been
considered to be a function of the saturation
degree. The assumed initial suction profile is
linear, corresponding to hydrostatic conditions.

Figure 8. Effects of water infiltration in a) fine-grained and
b) coarse-grained soils (Collins and Znidarcic, 2004).

The water inflow has been simulated by a water
film on the ground surface. The figure shows the
pressure head at different times in two typical soil
deposits: a fine-grained material with ksat =1.510-8
m s-1 (Fig. 8a) and a coarse-grained soil with
ksat=1.510-6 m s-1 (Fig. 8b). Water infiltration is
faster in the coarse soil. However, in both cases
wetting of the deepest part of the column requires
considerable time. This suggests that, in non
fissured soils, rainfall-induced landslides can
involve only shallow deposits and that only
persistent precipitations can lead fine-grained soils
to slope failure. The shape of the water retention

curve, however, has an important influence, as
shown in the case described below.
The second example (Fig. 9) shows the effects
of rainfall history on an infinite soil column,
which has been characterised with different
hydraulic properties expressed in a simplified way
in order to facilitate the assessment of their
influence on the soil response (Picarelli et al.,
2012). Three different values of the hydraulic
conductivity, 10-5, 10-6 and 10-7 m/s, independent
on the saturation degree, have been adopted.
Moreover, two linear water retention curves have
been considered, as shown in the little frame in the
figure: soil A is characterized by small changes of
the saturation degree under even strong changes in
suction; the opposite behaviour is displayed by
soil B. In all computations, the water table is
located 20 m below ground level and the initial
condition has been represented by a hydrostatic
suction profile. The plots in the figure show the
suction history, at a depth of 1 m (initial suction
186 kPa) in soils having the same hydraulic
conductivity and different water retention curves.
Due to the smaller amount of water required for
pore pressure change, in all cases soil A displays a
sharper suction decrease than soil B. For the
highest value of k (Fig. 9a), the suction change
due to any rainfall vanishes soon after, no matter
which water retention curve is used. As a result,
suction continuously fluctuates around the initial
value. On the other hand, for the lowest value of
the hydraulic conductivity (Fig. 9c), suction
changes more gradually after rainfall, departing
definitely from the initial value. Again, the peaks
are higher in soil A. In soil B, the pore water
pressure tends to a more stable value, with lower
changes between successive rainfall events. In
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conclusion, a high hydraulic conductivity and a
gently sloping water retention curve cause shorter
transient groundwater responses; the opposite
occurs for a low hydraulic conductivity and a
steeper water retention curve, in this last case
steady-state being only a virtual condition.

consolidation/swelling: the lower the value the
thinner the soil depth.
A nice real case supported by accurate site
investigations was described by Kenney and Lau
(1984), who instrumented the banks of Wabi
Creek in Ontario with tens of piezometers that
were monitored over 10 years. Part of the banks of
the creek is wetted and part exposed to air;
however, during winter, the ground surface is
completely frozen. As a consequence, the
hydraulic boundary conditions change with time;
in particular, in winter the ground surface
becomes an impervious blanket, which prevents
from water infiltration, while in the hot season,
due to thawing, it becomes a source of water for
the subsoil. Figure 10 shows the yearly fluctuation
of the water level at each piezometer. As shown,
in the uppermost 5 meters the annual change of
water level is even higher than 2 m, but at depths
higher than 10 metres, the maximum water level
change is less than 1 m.

Figure 10. Pore pressures measured at Waibi creek (Kenney
and Lau, 1984)

Figure 9. Suction history at given depth and for given
rainfall history in soils having different hydraulic
conductivities and different water retention curves (Picarelli
et al., 2012).

Numerical and experimental investigations on
the hydrological response of saturated soils bring
to not too much different results. Cavalera (1977)
investigated the propagation of a sinusoidal
variation of the pore water pressure at the top of a
horizontal homogeneous soil deposit lying on an
impermeable horizontal boundary. It was shown
that only the uppermost part of the deposit is
affected by significant pore water pressure
changes: the shorter the duration of the
perturbation, the thinner the soil depth, which is
subjected to pore pressure change. The same
effect is played by the coefficient of

All data reported above show that the pore
pressure fluctuations induced by precipitations in
non fissured soils generally affect only the
shallowest layers.
In deposits affected by open and deep
discontinuities, this is not completely true because
in many cases water can flow through fractures
and discontinuities reaching in some cases even
great depths. However, this case will not be
treated in the following, where we will focus on
the mechanical slope response to rainfall-induced
failure in two typical materials in the Italian
peninsula: granular non plastic volcanic ashes,
which may be classified as silty sands, and highly
plastic tectonized clay shales, i.e. silty clays. In
spite of the different nature of these soils, the
effects of precipitations are very similar (Urciuoli
et al., 2016) leading to water level fluctuations in
line what has been observed above.

3/31/96

3/26/96

3/21/96

3/16/96

3/11/96

3/6/96

3/1/96

2/25/96

2/20/96

2/15/96

2/10/96

2/5/96

1/31/96

1/26/96

1/21/96

1/16/96

1/11/96

1/6/96

0
10
20
30

0.0

SOIL A

-0.5
-1.0

z=3.0 m

-1.5
-2.0

3/27/11

3/23/11

3/19/11

3/15/11

3/11/11

3/7/11

3/3/11

2/27/11

2/23/11

2/19/11

2/15/11

2/11/11

2/7/11

2/3/11

1/30/11

1/26/11

1/22/11

1/18/11

1/14/11

1/10/11

-2.5

depth of wtaer level from
the ground surface (m) daily rainfall (mm)

depth of water level from
the ground surface (m) daily rainfall (mm)

1/1/96

SCG-XIII INTERNATIONAL SYMPOSIUM ON LANDSLIDES. CARTAGENA, COLOMBIA- JUNE 15th-19th-2020

0
20
40
60
0.0
0.5
1.0
1.5
2.0
2.5
3.0

z=0.6 m
z=1.0 m
z=1.4 m
z=1.7 m

SOIL D

Figure 11. Effects of single rainfalls on piezometer water levels in a volcanic ash (D) and in a tectonized clay shale (A)
(Urciuoli et al., 2016)

response to rainfall-induced failure may range
from “brittle” to “ductile”.
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Figure 11 compares the results of pore pressure
monitoring at two sites, A, in tectonized clay
shales, and D, in volcanic ashes. The figure shows
a decreasing effect of single precipitations with
depth and a vanishing of these affects below
depths of 4-5 m. Similar data are reported in
Figure 12, which summarizes the maximum
fluctuations of the yearly pressure head in
tectonized clay shales (sites A, B) and in volcanic
ashes (sites D, E). The combination of rainfall
duration and effects of evapotranspiration
phenomena and the comparable hydraulic
conductivity of the saturated clay shales and of the
unsaturated volcanic ashes can clarify these data.
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Ground morphology, soil nature and properties
and initial conditions govern slope failure due to
precipitations. As a matter of fact, several well
distinct scenarios may be described based on both
experience and analysis. In particular, the slope
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Figure 12. Yearly water level fluctuations in volcanic ashes
(D, E) and in tectonized clay shales (A, B) (after Urciuoli et
al., 2016)
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The heaviest scenarios are due to brittle failure,
which can lead to severe consequences to
structures, to infrastructure and even to human
life. In fact, the post-peak loss of strength, which
characterizes brittle soils, favors the transition of a
great part of the change in potential energy due to
downslope movement into kinetic energy rather
than being dissipated through internal plastic
strains and friction along the slip surface. As a
result, slope failure can generate rapid to
extremely rapid landslides.
Brittle soil failure may be due to one or more of
the following phenomena: i) structural soil
collapse due to breaking of bonds, and consequent
loss of the “true” cohesive component of strength:
this characterizes cemented soils; ii) decrease of
matrix suction due to particle rearrangement in the
post-failure stage and/or increase of the saturation
degree, and decrease of the “apparent” cohesive
component of strength: this characterizes
unsaturated soils; iii) soil dilation within the shear
zone, possibly followed by alignment of platy
particles closely around the slip surface, and
consequent decrease of the frictional component
of strength: this is the typical response to failure
of dense sands and of highly overconsolidated
clays; iv) generation of high positive pore
pressures affecting effective stresses and frictional
component of strength: this is the failure mode of
loose saturated soils subjected to rapid loading
(undrained condition). As mentioned above, the
mechanical impact of rainfall in areas occupied by
brittle materials may be highly destructive, rising
severe problems to population and great queries to
those who are in charge of the civil protection.
A different scenario is depicted by ductile slope
response. In fact, in this case the impact of slope
failure is less heavy and may be managed with
minor economic losses. Even though in most of
cases sloping soils are bonded or highly
overconsolidated, this is quite a frequent situation
since there are wide regions in the world occupied
by unstable soil masses, which are slowly moving
or might be reactivated along a pre-existing slip
surface thus mobilizing the residual soil strength.
This implies that slope movement cannot modify
the operative shear strength parameters which
display their lowest values.
The following sections describe some special
aspects of precipitation-induced brittle slope
failure in geologically recent volcanic ashes
widespread in Campania and in stiff fissured
tectonized clay shales along the Apennines chain.
In both deposits slope failure can generate rapid to

moderate shallow flow-like landslides. Moreover,
the discussion about slope movements in stiff
fissured clay shales will give the opportunity to
comment also the response to precipitations of
slow active slides.
3.1 Rainfall-induced flows in unsaturated
volcanic ashes
3.1.1 Soil and landslide features
Due to the periodic occurrence of large and
extremely rapid rainfall-induced flow-like
landslides, Campania is one of the regions in Italy
with the highest risk of landslide (Fig. 1). These
phenomena involve geologically recent loose
uncemented volcanic ashes, which mantle a
surface of about 5000 km2. This wide surface may
be subdivided into three main geomorphological
contexts (Fig. 13): i) a volcanic context, including
the areas that surround the volcanic centers, which
are mostly covered by the deposits of surges and
of pyroclastic flows; ii) a carbonatic context,
which is mantled by distal air-fall deposits
consisting of alternating layers of pumice and of
well sorted ash (ash-fall); iii) a terrigenous
context, where gently sloping flysch deposits and
fissured stiff clays or clay shales are covered by
deposits of the same nature as in the carbonatic
context.

Figure 13. The geomorphological contexts in Campania,
which are mantled by pyroclastic soils (Picarelli et al.,
2020a)

In sloping areas the primary pyroclastic covers
are everywhere shallow and unsaturated. The
natural stress field is hence characterized by
negative pore pressures. Thanks to the small cover
depth, the associated cohesive component of
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Figure 15b, in turn, shows the main run-out
features (the H/L ratio is the so called reach angle,
Scheidegger, 1973). Such data indirectly reflect
the morphological characteristics of the three
contexts; in particular, higher slope angles (up to
50° and more) and lower cover depths (less than
1.5 m) characterize the volcanic context, while
respectively lower (15-25°) and higher values
(1.5-2.5 m) of such parameters characterize the
terrigenous context.
a

1000

b
Height (m)

strength (apparent cohesion) can assure the
stability of slopes with angles up to or even higher
than 50°. For the same reason, rainfall is by far the
primary cause of landslide.
Typically, slope failure in these materials is
brittle giving rise to a rapid flow. However, the
type of movement may appreciably vary from site
to site. In fact, according to the classification
proposed by Hungr et al. (2014) the following
types of flow may be recognized (Fig. 14):
● debris avalanches, i.e. rapid progressive
downslope movements occurring on steep
slopes: these events are widespread both
in the volcanic and in the carbonatic
context;
● debris flows, i.e. rapid progressive
downslope movements channelizing in
steep gullies; these events are quite usual
in the carbonatic context, where the
relieves are carved by gullies, especially
at the sides of triangular facets.
● flowslides, which occur on gentle slopes,
triggered by apparent “spontaneous” soil
liquefaction: these events take place
mostly in the gentle landscape occupied
by terrigenous deposits.
a)
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Figure 15. Thickness, slope angle and landslide run-out
features in the three main contexts (De Falco et al. 2013)

b)
Figure 14. Typical landslides in pyroclastic deposits: a)
debris avalanches and debris flows at Siano, during the
Sarno crisis (1998); b) flowslide at the Bosco de’ Preti
(Santo et al., 2018)

Based on data collected from the surveys of
hundreds of cases, Figure 15a reports the mean
physical and geometrical features (slope angle and
cover depth) of the landslide in the source area.

An interesting point that emerges from this
figure concerns the reach angle of the landslides in
the volcanic context, which is much higher than in
the other two contexts. In particular, the travel
distance usually does not exceed 300 m and the
movement often stops along the slope or shortly
beyond the toe. In contrast, in carbonatic areas
where the height of slopes is not so different, the
travel distance of some debris flows attained more
than 3 km, which corresponds to a reach angle as
low as 10-15°.
These considerations find a feedback in the fact
that the landslides in the volcanic context do not
display evident signs of liquefaction. In contrast,
as testified by eyewitness and by some short
shoots, in the carbonatic and in the terrigenous
contexts the soil mass often displays evident clues
of liquefaction. This is revealed by splashes of
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mud left, downslope from the crown, on trees, on
rock blocks and on artifacts, and by the same
landslide path, which develops around or above
obstacles. During the tragic 1998 Sarno event
(Cascini et al., 2000, 2008) landslide mud filled
underground rooms where many people lost their
lives. Such an event consisted in some forty large
debris avalanches and debris flows, which took
place on the Northern and Southern sides of the
Pizzo d’Alvano Mt. killing 159 people in the
towns of Sarno, Quindici, Bracigliano and Siano,
all of them located at the foot of the mountain
(Fig. 16). All landslides originated in the highest
part of the relief as small slides or debris
avalanches, then growing in size along their path
due to the contribution of further small landslides
or to mechanisms of entrainment. More than two
hundreds and more scars have been recognized as
the sources of the big landslides. Figure 17 shows
one of these landslides and the small scars located
at the boundaries of the main body.

Figure 16. The 1998 Sarno event (Picarelli et al., 2020a)

Figure17. The largest Quindici debris flow occurred during
the Sarno crisis (a) and (b) sources of the main landslide
body (Picarelli et al. 2020a)

3.1.2 Relevant aspects of the soil behavior for
interpretation of landslide mechanisms
In order to fully understand the triggering
mechanisms, which lead to such rapid and
destructive flows, it appears useful to stress some
relevant features of volcanic ashes (Picarelli et al.,
2007):
● a grain size ranging in the interval
comprised between silty sand, which is
the typical grain size of ash-falls
(carbonatic and terrigenous context), and
gravelly sand, which is the grain size of
pyroclastic flows (volcanic context);
● a complete lack of plasticity;
● an open and collapsible micro-fabric
often characterized by weak silty chains
bonding sandy grains; moreover, the
sandy grains may be covered by a silty
“adhering dust”;
● quite a high void ratio, e, with significant
differences among contexts, depending on
the deposition mode: in fact, pyroclastic
flow deposits present a void ratio
typically lower than 1.6, while ash-falls
are looser, with values higher than 1.9;
● a low saturation degree.
Due to the low saturation degree, these soils
present a cohesive component of strength with
values even higher than 10 kPa. In the post-failure
stage the soil displays some loss of strength thus a
moderate brittle behavior.
The friction angle falls within quite a narrow
range comprised between 33° and 39° (typical
values are 35-38°). Due to the high void ratio, the
drained behavior of saturated specimens is ductile.
Relevant data for landslide interpretation come
from consideration of the undrained behaviour. A
specific feature of ash-falls, shared by other very
loose granular materials in the world, is in fact a
marked undrained instability, whose effect is often
referred to as “static liquefaction”. As shown in
Figure 18, which plots the results of undrained
triaxial tests on saturated specimens of ash-fall
sampled in different sites of the carbonatic context
(e>1.9), this soil is characterised by a peak
undrained strength, which is reached below the
Steady-State Line, SSL, then by a relevant drop in
strength. This last is due to the building up of high
excess pore pressures, which lead the mean
effective stress to lower and lower values, up to
reaching the SSL. A number of tests on
reconstituted specimens consolidated at void
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ratios similar to field values allow to fit with a
straight line (the so called Instability Line, IL) the
peak strength of all specimens having the same
void ratio. The slope of the IL is as lower as
higher the void ratio (Lade and Pradel, 1990): for
e>1.8, it corresponds to a mobilized friction angle
even less than 30°’ (Fig. 19).
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Figure 20. Results of undrained triaxial tests on
anisotropically consolidated specimens of the reconstituted
Cervinara ash (Lampitiello, 2004)
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Figure 18. Results of undrained triaxial tests on undisturbed
saturated specimens of ash fall retrieved from different sites
in the carbonatic context (Picarelli et al., 2007).

Figure 21. Results of undrained traxial tests on the Agnano
volcanic ash (Olivares and Damiano, 2007).
2.30
ICL

2.10
SSL

Figure 19. Influence of the void ratio on the Instability Line
of the Cervinara ash (Picarelli et al., 2007).

The special zone comprised between the IL and
the SSL is called Instability Region. Any
specimen consolidated within this zone, if
subjected to undrained loading, cannot gain
further strength and soon fails (Fig. 20). An
important consequence is that saturated sloping
soils subject to a state of stress within this zone,
may shortly fail as a consequence of any even
modest raid stress perturbation. This may help in
the interpretation of landslides in these materials.
The available data-base also shows that,
differently from ash-fall, natural samples of
volcanic ash deposited by pyroclastic flows
display
a
ductile
undrained
behaviour
characterized by a continuous strength increase up
to the SSL (Fig. 15). This is fully confirmed by
tests on reconstituted specimens at comparable

void ratio, e
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Figure 22. Steady-State Line of the Cervinara ash-fall in the
compression plane (Picarelli et al. 2020b)

All data obtained on reconstituted and natural
specimens are summarized in the compression
plane in Figure 22, where is reported the SteadyState Line. As shown, for mean effective stresses
close to the values, which would be operative in
the field after saturation (5-15 kPa, corresponding
to depths up to, say, 3 m), a void ratio of 1.8 (Fig.
15) is more or less the value marking the passage
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from the brittle to the stable behavior and vice
versa.
3.1.3 Interpretation of landslide mechanisms
As shown above, the precipitation-induced
landslides that periodically occur in the different
contexts of the Region present some distinct
features. In fact, while in volcanic areas the most
common phenomena are debris avalanches with
quite a high reach angle, in carbonatic areas large
liquefied debris avalanches and debris flows with
a small reach angle are common. Finally, typical
landslides in the terrigenous context are flowslides
of moderate size with quite a low reach angle as
well. Their different features of course affect the
hazard.
These flow-like post-failure movements
generally represent the evolution of smaller initial
slides (Fig. 17b) whose basic geometric features
have been reported in Figure 15. Through a simple
back analysis, such data allow assessing a rough
value of the presumable range of the shear
strength parameters mobilized at failure. In
particular, the analysis has been focused on the
mobilized cohesion, assuming that slope failure in
any case takes place in ashy soils. Considering the
small landslide depth, for sake of simplicity, in all
cases has been adopted the model of the infinite
slope and a unit weight of the soil of 15 kN/m 3.
Figure 23 reports the results of the analysis for
different values of the soil depth and for the two
extreme values of the friction angle (33° and 39°).
Using available data relating apparent cohesion
and soil suction (Olivares et al., 2019), in the
assumption of homogeneous soil, the figure
provides also a rough indication of the average
suction operative at failure.

Figure 23. Range of the average values of the mobilized
cohesion in the three geomorphological contexts (Picarelli et
al., 2020a)

Bearing in mind that the figure covers the entire
range of values of soil depth, H, and slope angle,
α, and that some couples of values (e.g. H=2.5 m,
α=55°) are unlikely, these data allow to discuss
about landslide mechanisms.
The figure may be subdivided into three zones
corresponding to values of the slope angle
respectively higher than, closer to and lower than
the friction angle of the soil. For slope angles
higher than the friction angle (i.e. angles higher
than 38-39°), at failure, the soil should mobilize
some cohesion. The value of this one depends on
cover depth, being quite small (1.5-5.5 kPa) for
depths less than 1.5 m that are typical of the
volcanic context. This suggests that in the
volcanic context slope failure should very often
occur before full soil saturation. Where the slope
angle falls in the range of the friction angle (i.e. in
the range 35-38°) thus typically in the carbonatic
context, the mobilized cohesion should be nil or
very close to zero. This means that slope failure
should occur in vicinity of full soil saturation.
Finally, where the slope angle is less than the
friction angle (i.e., less than 33-34°), a typical
situation in the terrigenous context, failure should
occur only after formation of some water ponding
at the base of the pyroclastic layer. In the
terrigenous context, this is a likely situation due to
the presence of a fine-grained bedrock. In the
carbonatic context it is less obvious since the
bedrock is generally a highly fractured limestone
(even though the fractures should be filled of
unsaturated pyroclasts). A further likely situation
both in the carbonatic and in the terrigenous
context where the pyroclastic soils are layered,
might be the formation of water ponding above
intermediate unsaturated pumice layers acting as
hydraulic barriers (Mancarella et al., 2012;
Damiano, 2019). All these elements can help in
the mechanical interpretation of the phenomena
which usually occur in three geomorphological
contexts.
As observed, in the volcanic context slope
failure should occur before full saturation.
Considering in addition that the void ratio of these
materials is generally below the SSL in the
compression plane (Fig. 22), the downslope
progressive failure, which characterizes the debris
avalanches occurring in this context, shouldn’t
induce soil liquefaction. The Writers, instead,
believe that the soil mass might experience some
moderate strength decrease during movement as
indicated by triaxial tests on unsaturated
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3.1.4 Check of landslide mechanisms through
laboratory experiments
Some laboratory experiments on small-scale
instrumented physical models subjected to
continuous artificial rainfall of constant intensity
(Olivares and Damiano, 2007; Picarelli et al.,
2008; Damiano et al., 2020) provide further data
and some confirmation of the validity of previous
considerations.
Figure 24 reports the results of an experiment
carried out on a 1.1 m long and 0.1 m deep, 40°
model slope. The soil, which presents a friction
angle of 39°, was reconstituted at a void ratio
e=1.86. Accounting for the low state of stress after
saturation (in this case it should be p’ < 1 kPa), the

void ratio is well below the Steady-State Line in
the compression plane (Fig. 22). The model slope,
resting on a rough impervious bed surface and
bounded by a lowermost vertical draining surface
as high as the soil layer, was subjected to
continuous artificial rainfall until failure.
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specimens. All that is quite consistent with data
provided by experience.
With some exceptions, in the carbonatic context
the slope angle very often falls in the range of the
friction angle thus the mobilized cohesion at
failure should be practically nil or close to zero. In
this case, the combination of high saturation
degree and high void ratio of the soil (above the
SSL in the compression plane) should favor
mechanisms of undrained instability. Excess pore
pressures might be induced by the downslope
progressive failure, which characterizes debris
flows and avalanches. A bedrock profile
displaying an upslope angle higher than
downslope, the presence on the slope of an even
small unstable earthfill or the fall of a small block
or of a slump from a cliff (Cairo and Dente, 2003)
are all potential triggers of downward progressive
failure and soil liquefaction.
As shown, in the terrigenous context the
morphological conditions are completely different
and slope failure usually gives rise to flowslides,
which are considered to be “spontaneous”
movements involving slopes with angles even
much lower than the friction angle of the soil.
Therefore, slope failure should be triggered by
formation of some water ponding at the base of
the cover. The landslide should then take place
just as the water level reaches the critical depth at
which the friction angle is fully mobilized, unless
some disturbance can trigger a mechanism of
undrained instability even before that the water
level reaches the critical depth. However, this can
occur only when the stress path enters the
Instability Region leading to what is commonly
indicated as “spontaneous” liquefaction. The same
mechanism could take place also on the most
gentle slopes in the carbonatic context.

Figure 24. Experiment on a 40° model slope consisting of
relatively dense soils (e=1.86): a) suction and settlement
trends; b) pore-pressure at soil base and displacement rate
(Picarelli et al., 2020a)

Figure 24a plots the evolution of suction at
depths of 5 and 10 cm and the displacements
normal to the ground surface, measured at
different points of the slope. As shown, suction
rapidly drops as the wetting front reaches the
sensor depth, but this does not cause significant
soil deformations until the last stage of the
experiment, when suction vanishes due to soil
saturation. Since then, the pore pressures that is
recorded at the base of the slope become positive,
steadily increasing until slope failure. Figure 24b
shows that these remain practically constant or
display a small decrease after failure thus
evidencing an essentially drained response. At the
same time, videocamera records show that the
post-failure style of the mass is sliding down with
a displacement rate of almost 0.1 m/s (Fig. 24b).
This behavior, which is consistent with the void
ratio of the soil, appears to be representative of the
mechanical response to failure of moderately steep
slopes in the volcanic context.
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Figure 25, in turn, reports the results of an
experiment performed on a model slope similar to
the one described above and with the same soil,
with exception for the void ratio that is higher (e =
2.7). In this case the suction decrease is faster, in
agreement with the higher void ratio of the soil.
Moreover, soil deformations are rather different
than in previous case: in fact, the soil displays a
significant volumetric collapse.
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(slow rainwater infiltration), which is generally
thought to induce drained soil failure.
A further interesting result of this experiment
may be inferred from a simple calculation of the
hydraulic gradient in the direction normal to the
ground surface. In fact, this is about 0.5, which
compares very well to the critical hydraulic
gradient, γ’/γw, corresponding to the so called
“quick condition” (Lambe and Whitman, 1968). In
fact, when the hydraulic gradient attains the
critical value, effective stresses vanish and the soil
fluidizes (Musso and Olivares, 2004).
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Approaching failure, the pore pressures at the
base of the layer become positive indicating a
saturated condition (Fig. 25b), but in this case, in
the immediate post failure stage, a sudden and
sharp pore pressure increase takes place, revealing
a mechanism of undrained instability. Since in this
experiment a videocamera was not available, in
Figure 25b has been reported the displacement
rate measured in the early post-failure stage of
another very similar experiment. As shown, just a
few seconds after failure, the displacement rate
exceeds a value of 0.6 m/s, which is much higher
than in previous experiment. The landslide style is
also completely different, since the mass displays
a flow style. It is therefore interesting to notice the
important role played by the void ratio. In fact, it
favors the establishment of undrained failure
conditions, in spite of the nature of the trigger
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Figure 25. Experiment on a 40° model slope consisting of
loose soils (e= 2.7): a) suction and settlement trends; b)
pore-pressure at soil base and displacement rate (Picarelli et
al., 2020a)
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Figure 26. Results of an experiment on a 35° slope
consisting of loose soils (e=3.2) (Damiano et al., 2020)

Further experiments are now being carried out
using the same soil (e>2; φ’=39°), in order to
learn more about the hydro-mechanical slope
response to mechanisms of progressive failure
(Darban et al., 2019; Damiano et al., 2020). The
experiments are being carried out on model slopes
with a non-uniform profile. Figure 26 reports
some results of an experiment on a 1.1 m long 35°
slope with ground surface presenting a steeper
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inclination (40°) in the 0.35 m long uppermost
section. Figures 26a and 26b clearly show the
downslope progressive failure due to the slightly
non uniform natural state of stress, which shortly
triggers high excess pore pressures (Fig. 26c) and
flow-like post-failure movements. Again the
calculated hydraulic gradient is very high with a
maximum average value of about 0.6.

precipitations on earthflow triggering
evolution is one of the topics of this report.
rock fragment
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rock fragment

slip surface
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shear lenses

3.2 Earthflows in highly fissured clay shales
3.2.1 Soil and landslide features
Vast areas of the Italian peninsula are occupied
by tectonized flysch deposits, which mostly
outcrop along the Apennines chain and in Sicily.
The fine grained component of these formations
consists of millimetric to centimetric fragments of
indurated clay (Fig. 27a) separated by polished
fissures (respectively, shear lenses and minor
shears, Skempton and Petley, 1967). Generally the
mass includes also major shear surfaces (principal
shears). After immersion in water, the clay
fragments tend to slowly turn into a much softer
material, which still includes harder microlithorelicts of sandy/silty size. This is confirmed
by grain size determination performed after
wetting-drying cycles, which show a gradual
change of the soil composition into a finer and
finer material (Rippa and Picarelli, 1977). The
nature of bonding seems hence to be essentially
due to high internal negative pore pressures,
which vanish upon prolonged wetting. This can
explain the high softening potential of the
material, which is clearly displayed through the
remarkable swelling phenomena that take place
upon unloading in simple oedometer tests. A
major effect of softening is then a strong
modification of the mesofabric (Fig. 27b). Such a
fabric is typically displayed by the uppermost
layers of natural deposits and by earthflow bodies.
Thanks to studies carried out by scholars from
the Università della Basilicata (see for example Di
Maio and Onorati, 2000), Picarelli and Di Maio
(2010) suggested that infiltration of fresh water
can enhance the swelling/deterioration process by
a modification of the soil micro-structure. Recent
field investigations have in fact demonstrated a
strong decrease in sodium content of the
uppermost soil layers due to infiltration of “fresh”
rainwater (Di Maio et al., 2015).
Tectonized clay shales are highly susceptible to
landslide. In fact, the Apennines chain is dotted by
landslides of any type (slide, flow and spread) in
these materials. The mechanical impact of
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Figure 27. A sketch of the mesofabric of tectonized clay
shales: a) fresh material; b) softened material (Comegna et
al., 2004)

Earthflows are widespread in tectonized clay
shales (Iaccarino et al., 1995). The landslide
generally presents three well distinct zones: i) an
alimentation zone (or source area), often
consisting of quite a flat area bounded by a steep
arched scarp; ii) a main track, which often
corresponds to a pre-existing gully, in which the
material discharged from the alimentation zone is
conveyed downslope; iii) a fan shaped deeper
accumulation zone, which collects the material
conveyed by the track. Table I reports the main
characteristics of a number of earthflows
described in the Italian literature. Interestingly,
while the landslide size may greatly change from
case to case, the variation of the average slope
angle is extremely limited (9-12°).
Differently from flows in volcanic ashes, which,
due to their high velocity, have a very short life
(tens to hundreds of seconds) then definitely stop,
earthflows may be active over tens of years; the
final displacement rate, which is initially metres
per hour, generally drops to centimetres per year.
As an example, the Brindisi di Montagna and
Masseria Marino earthflows, investigated since
the late Seventies and the early Eightees of the last
century by people from the Universities of Bari,
and Napoli (Cotecchia et al., 1984; Pellegrino et
al., 2004), are still active.
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Table I. Geometric features of earthflows in tectonized clay
shales in Italy
Earthflow
Length1 Width2 Depth2 Slope3
(m)
(m)
(m)
(deg)

1

Acqua di
Luca
S. Agata
d’Esaro
Alverà
Brindisi di
Montagna
Calitri
Caposele
Costa della
Gaveta
Covatta
M. De Nicola
Fontanaluccia

1350

30

6

10.5

350

45

3-5

9.5

1000
750

40-50

5
4-5

8
10

500
3000
1250

350
500
150

12
40
23

10
6.5
10

1400
1000
1000

8-12
5
15-30

10.5
10
11

V. Fossate A
V. Fossate B
Lama del
Gallo
M. Marino
T. Miscano

300
500
1400

20
120400
50
25

5-10
5
≤12

7
7-16
8.5

350
1000

30
-

6
3-4

10.5
9.5

Montaguto

3100

150

4-30

15°

Senerchia

2500

500

40

8.5

V. Sinni

300

80

3-6

10-12

Tessina
Todi
Torella dei
Lombardi
Varzi

3000
150
1100

80
3
400

11
11
8.5

500

50

3

11

2

3

Total length; main track only; average value over the
entire length

Guida and Iaccarino (1991) recognize four
distinct stages (from A to D) in the “life” of an
earthflow, essentially based on the morphological
features of the landslide body during movement.
During stage A, the ground surface is highly
softened and very irregular, with frequent steps
and large cracks, and the displacement rate ranges
from very rapid to moderate (Varnes, 1978).
During stage B, the landslide slows down, moving
within well-defined lateral shears; in this stage,
the velocity turns to moderate then slow. In stage
C, the landslide surface is more and more regular
and “rounded” and the typical initial
morphological features of the mass (main and
secondary scarps, lateral shears) tend to disappear;
in this stage the displacement rate is still
decreasing, ranging from slow to extremely slow.
During the final stage (D), the landslide body

could not be easily recognisable on the slope and
the movement is extremely slow.
Picarelli (2001) and Picarelli et al. (2005)
focused on the mechanical features of the
movement. Commenced displaying a well-defined
flow style, it more and more takes a slide-like
style. Even though precise data about the initial
phase are not available, based on field surveys and
on clues left by the mass during movement,
Comegna et al. (2007) describe the very initial
displacement profile as the one shown in Figure
28. In contrast, data from monitoring in the
subsequent stages reveal the presence of a welldefined and thick basal shear zone subjected to
high shear strains, and an uppermost body
subjected to much smaller shear strains.
The shear zone has been carefully described by
unique field investigations conducted by digging a
number of pits through some extremely slow
earthflows (Guerriero, 1995; Picarelli, 1997).

Figure 28. Idealized displacement profiles of an earthflow in
the initial stage after triggering, and in the long-term phase
(Comegna et al., 2007).

3.2.2 Interpretation of landslide mechanisms
Triggering
The first convincing interpretation of the
mechanisms leading to earthflow type movements
was proposed by Hutchinson and Bhandari
(1971), who suggested that the flow style
displayed in the first phase of movement (stage A,
according to Guida and Iaccarino) is the result of
mechanisms of undrained loading (Fig. 29). They
reported some piezometer data which in some way
can confirm such an interpretation. The process
would be essentially triggered by debris
accumulation consequent to slope failure, which
can generate positive excess pore pressures,
especially in highly softened deposits. The event
is generally induced by precipitations, but in some
cases it has been due to seismic activity (D’Elia et
al., 1985).
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Figure 29. The mechanism of
(Hutchinson and Bhandari, 1971)

undrained

loading

The photo in Figure 30, taken in a hydrographic
basin in Central Italy, shows nice and perfect
multiple replies of the sketch in Figure 29. The
paler zones in the photo (stage A) represent the
debris discharged from the source area into the
track of pre-existing, possibly quiescent or slowly
moving, earthflows (stage C or D). This is a
typical situation in the Apennine chain. In fact,
once generated, at time intervals, an earthflow can
reactivate due to further failures and retrogression
of the main scarp. The high softened state of the
soil mass, which is surcharged by the debris
(Picarelli, 1997), favours the building up of
positive excess pore pressures. In some cases, this
mechanism can mobilise the entire pre-existing
earthflow body. However, as this grows in size,
the consequences of undrained loading diminish.
Depending on size of both, often, the mobilised
debris can only flow over the pre-existing
landslide body (surging) possibly accelerating the
slow movement of this last (Fig. 31). These
reactivation processes may repeat at time
intervals, spaced out by intermediate “rest”
phases, leading to clay tongues which contribute
to the thickening of the accumulation zone.

Figure 30. Some active earthflows in the Biferno basin.

Figure 31. Displacement profiles of the Miscano earthflow
(Picarelli et al., 1999).

Through investigations in a wide area in the
Basento valley, Giusti et al. (1996) show that
surging might take place at time intervals of 5-15
years, but this is only a weak indication since the
return time of these events strongly depends on
local weather conditions, seismic activity, soil
state and properties.
The mechanical slope response of tectonized
clay shales to precipitations is then essentially
brittle and progressive downslope, just as for
volcanic ashes, even through the differences in
terms of displacement rate and duration of the
active landslide phase are great.
Just to outline such differences, Figure 32
reports some data about the typical displacement
rates of these special landslides. As shown, the
movement rate of earthflows may be even five
orders of magnitude less than the one of the other
flows, and this, of course, has to be related to the
great differences in the material response to
undrained loading (magnitude of induced excess
pore pressures and differences between “driving”
and “resisting” forces, energy dissipation during
movement, ….).

Figure 32. Displacement rate of different types of flows
(Fell, 2000).
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Urciuoli et al. (2016b) report the pore pressures,
which were recorded in the Masseria Marino
earthflow, in a time interval of three years, by two
automatic vibrating wire piezometers installed, at
a depth of three meters, at two different sections
(A and C in Figure 33). The pore pressures are
coupled with ground surface displacements
measured at the same sections. As shown, on
May, 1998, the landslide is experiencing a sudden
acceleration at section C, which is associated with
a water level that shortly reaches an elevation of

about 3 m above the ground surface (Fig. 33b).
This clearly indicates an undrained phase in which
the pore pressure appears to be close to the mean
local total stress. It is interesting to notice that,
just before reactivation, an almost simultaneous
pore pressure decrease is measured by the
piezometer located in the upslope alimentation
zone (section A, Fig. 33a). This is reasonably due
to some local decompression of the mass
associated with the reactivation mechanism.
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Figure 33. Pore pressures and displacements measured at different sections of the Masseria Marino earthflow (Urciuoli et al.,
2016b).

Previous data then highlight that the earthflow
behaviour is governed by similar mechanisms as
in volcanic ashes, even though with very different
rates. In particular, in some way, earthflows are
equivalent to debris flows. In fact, both are
channelized movements driven by downslope
undrained progressive failure. However, as shown,
in the first case the energy of the soil mass can
easily involve the entire slope, which loses
strength as a result of liquefaction, while only in
rare cases (large reactivations on rather shallow
deposits) earthflows can produce similar effects.
Often, the result of failure is formation of a surge
which propagates over the slope (or over the preexisting earthflow) with a moderate to rapid
velocity (Figure 31). This of course, can in turn
generate excess pore pressures in the subsoil

under the surge weight. Local effects of surging
were recognized and analysed by Picarelli et al.
(1995) and Russo (1997).
Just referring to previous considerations,
Figure 34 reports the displacement profiles
obtained at different sections in the Masseria
Marino earthflow. The figure shows what, in the
same instant, occurs at three sections of the same
landslide: while a surge is running in the depletion
zone, the track, which has not yet been mobilised
by surging, is still slowly moving as a C/D stage
following a previous surging phase.
Moving from the stages defined by Guida and
Iaccarino (1991) and accounting for data
regarding the mechanisms of earthflow triggering,
an
updated
and
simpler
“mechanical”
interpretation of earthflow evolution can now be
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The slide-style stage
In the long-term slide-style stage the pore
pressure regime in the earthflow body is (or
should be) definitely in equilibrium with the
hydraulic boundary conditions; this situation will
not change as far as a new surging phase will take
place. The scenario is then the one of a soil mass
that is sliding over a slip surface, driven solely by
pore pressure fluctuations. It is worth noting that
this reproduces with little differences the case of
active slides in fine grained soils.
In this situation experience suggests that the
mechanical slope response to precipitations is
ductile. In fact, the soil reacts with its minimum
constant strength (the residual shear strength),
while moving slowly with only modest temporal
changes driven by pore pressure fluctuations. As
an example, Figure 35 shows the pore pressure
evolution and the cumulated yearly displacements
of the Miscano earthflow (Picarelli et al., 1999) in
a long-term slide-style stage (the C/D stage
according to Guida and Iaccarino, 1985).

Displacements
(mm)

proposed, which recognizes the following three
distinct phases:
● Phase I: landslide triggering and
subsequent mass movement characterized
by a flow style (“flow-style stage”); in
this stage the mass moves with a rate of
metres per hour probably eroding the top
soil over which it is running, which is
incorporated in the landslide body
(Bromhead; 2004);
● Phase II: transition from undrained to
drained condition (“sliding-consolidation
stage”,
Hutchinson,
1996);
the
displacement rate slowly decreases and
possibly, a shear zone forms at the base of
the landslide; in this phase a series of
minor and principal shears might
continuously form and vanish in the shear
zone as a result of slope movement
(Cruden, 1993); this scarcely investigated
transition phase has been discussed by
Comegna et al. (2007);.
● Phase III: final long-lasting stage, in
which the landslide displays a slide style
(“slide-style stage”) while moving over a
persistent slip surface located in the shear
zone; in this stage the displacement rate is
very slow or extremely slow (centimetres
per year or less).
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Figure 35. Pore pressures and cumulated displacements in
the Miscano earthflow (Picarelli et al., 1999)
Figure 34. Displacement profiles obtained by inclinometer
readings in the Masseria Marino earthflow (Giusti et al.,
1996).

It is interesting to notice that, compared to
earthflows, the movement of debris flows and of
debris avalanches in volcanic ashes practically
consist in the phase I solely.
The slide-style stage is discussed in some detail
in the following.

Since the residual strength is fully mobilised at
any point of the slip surface, assuming a nil value
of the cohesion, a simple back analysis can
provide the mobilised friction angle. This is a
common and useful exercise performed by many
when analysing active landslides. However, a
scarcely considered point is that the calculated
value of φ’r strictly depends on the current pore
pressure regime. In fact, it is as higher as higher
the average pore pressure. Going back to the
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Miscano earthflow, some simple back-analyses
show that the mobilised friction angle grows from
about 15° to about 17.5° as the landslide
displacement rates increases from 0.03 to 0.2
mm/day (Fig. 36). This intriguing point deserves
close attention.
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Figure 36. Friction angle mobilised at the base of the
Miscano earthflow.

Under the hypotheses of simple usual methods
of analysis, which treat the soil as a rigid plastic
material (the Limit Equilibrium Methods, LEMs),
this result would have a precise interpretation if
the residual strength envelope was non linear.
In this respect, some dependency of the residual
friction angle on the normal effective stress has
been observed by different Authors. First,
Chattopadhyay (1972) found that the shear
strength envelope should be slightly non linear up
to normal stresses of, say, 150-200 kPa, which
correspond to the operative value at the base of
fairly deep landslides. Just referring to tectonized
clay shales with well oriented shear lenses,
Picarelli (1991) remarks that their residual shear
strength envelope is anisotropic and non linear
(Fig. 37). In fact, he assumes that both features
depend on the “effective” shape and size of the
clay aggregates, which decreases with the normal
effective stress, σ’. On the other hand, further
Authors don’t find a clear dependency of the
residual friction angle on σ’. Therefore, the non
linearity of the strength envelope is only one of
the possible answers to the problem.
Since higher pore pressures are associated with
higher displacement rates, another possible answer
to the problem at hand is the dependency of the
residual shear strength on displacement rate. This
hypothesis is strongly supported by people who
are sensitive to the role of time on the mechanical
soil parameters. Corominas et al. (2005) interpret
in this way the response of the active Vallcebre
slide to pore pressure changes.

Figure 37. Influence of mesofabric and normal stress on the
residual strength of the Laviano clay shale (Picarelli, 1991).

However, experimental data are once again
contradictory. Tika et al. (1996) report several
data obtained with the annular shear adopting a
wide range of displacement rates. In some cases
the results show a clear strength increase with
velocity, in other cases a decrease. This is also the
experience of some of us (Picarelli and Urciuoli,
1988). However, as the same Authors stress , the
results could be affected by induced excess pore
pressures. On the other hand, there are Authors
who deny any significant influence of the
displacement rate on the residual friction angle
(Kenney, 1967; Skempton, 1985; Mesri and
Huvaj-Sarihan, 2012).
Accounting for the little differences, which
characterise the mobilised shear strength, the main
problem is that both data and available
instruments are inadequate. An obvious
consideration concerns the quality of data, which
generally consist of only local (in space and in
time) values of the parameters at hand (pore
pressure, friction angle, displacement rate). For
example, the soil displacement that is accounted
for when analyzing the problem, is often measured
at the ground surface rather than on the slip
surface thus it is affected by the deformation of
the landslide body (Picarelli et al., 1995; Russo,
1997). Another potential source of errors is due to
even small very local excess pore pressures, which
might be induced by local stress changes in the
clayey mass (Comegna et al., 2007) thus affecting
piezometer readings. In some cases, high pore
pressures might be operative, as cleft pressures, in
open fissures present in the mass thus strongly
influencing the overall slope behaviour. Some
piezometer records in the Vallcebre landslide
(Corominas et al., 2005), for example, seem to
suggest such an idea.
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Table II. Soil properties adopted in the analyses: hydraulic
conductivity normal to the slope direction, Kn; hydraulic
conductivity parallel to the slope direction, Kt; saturated
water content, Θsat ; coefficient of volume compressibility,
mv.
Soil

Kn [m/s]

Kt [m/s]

sat

mv [kPa-1]

Earthflow body
Shear zone
Parent formation

2.2E-09
8.6E-11
1.5E-09

2.2E-09
4.7E-10
1.5E-09

0.34
0.40
0.24

3.7E-05
8.0E-05
2.3E-05

Moreover, in order to simplify the analysis, a
vertical axis of symmetry was placed through the
hilltop, the total head along the opposite vertical
boundary was kept constant with depth
(hydrostatic condition) and an impervious
horizontal surface was put at a depth of 50 m from
the landslide toe (Fig. 38). Finally, a constant film
of water (nil pore pressure) was imagined to stay
on the ground surface over a time interval of six

months corresponding to the wet season. This
allowed to examine in a simple way the effects of
rainwater infiltration.
b)
P

Q

650 m

impervious boundary

550 m

100 m

a)
impervious boundary

hydrostatc
condition

Further considerations on the relationship
between pore pressure and mobilised friction
angle are proposed in the following based on
simple analyses on the presumed groundwater
regime in an active earthflow in the Basento
valley. (Comegna et al., 2020).
The starting point is the special macrofabric of
the soils involved in earthflows. In fact, due to
movements, the mass is completely softened and
presents cracks and fissures. The effects of
movements are even higher in the basal shear
zone, which has completely lost its original fabric
and is close to a “normally consolidated”
condition (Picarelli, 1997).
A rich and unique campaign of laboratory tests
on samples taken from the Masseria Marino
earthflow provided good and useful data about the
properties of the parent formation, of the
earthflow body and of the shear zone (Urciuoli,
1994; Comegna and Picarelli, 2008). In particular,
it was clearly recognized that the hydraulic
conductivity and the volumetric compressibility of
the shear zone are respectively lower and higher
than the corresponding parameters of the
uppermost earthflow body.
In order to capture the role of such parameters
on the groundwater regime induced by rainwater
infiltration, some simple 2D numerical analyses
were carried out on a hypothetical earthflow
having similar features as the Masseria Marino
earthflow, and in particular a 1 m thick shear zone
(Figure 38). The soil properties used in the
analysis come from laboratory tests (Comegna and
Picarelli, 2008) and are reported in Table II.

Figure 38. a) Slope profile and hydraulic boundary
conditions adopted in the analysis; b) cross section of the
landslide body in the main track (Comegna et al., 2020).

The calculations were carried out starting from
a virtual steady-state condition characterised by a
groundwater level, just at the end of the dry
season, located at a depth of 4.7 m below the
ground surface. Figure. 39a) reports the evolution
of the piezometer level in the wet season at the
base of the earthflow body, just above the shear
zone (point P, depth 4.7 m), and in the shear zone,
(point Q, depth 5.5 m). As shown, due to
infiltration from the ground surface, the water
level experiences a smooth and continuous water
level rising favoured by the hydraulic barrier
created by the less permeable shear zone. Figure
39 b) also shows the evolution of the direction of
flow at both points (P and Q), which is
represented by the angle α that the velocity vector
forms with the horizontal. Strongly modified at
the beginning of the analysis by the transient
condition imposed by downward rainwater
infiltration (Iverson, 1990), at point P it gradually
tends to the slope direction, favoured by the less
permeable shear zone located just below. The
situation in the shear zone is quite different (point
Q). In fact, at the end of the wet season the water
level is well below the value attained at point P,
i.e. only 0.85 m above, and is also below the value
that would be reached in an homogeneous soil
mass (not reported here). Also, one month after
the beginning of the wet season the water flow is
almost vertical (Fig. 39b) and the difference with
the flow direction at point P increases with time.
This is an effect of the lower permeability and the
higher compressibility of the shear zone. In fact,
both delay the attainment of the local steady-state
condition, which is characterised by water flow
essentially parallel to the ground surface. In fact,
in the transient stage, swelling of the shear zone
due to decrease of effective stresses, forces water
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absorption from the earthflow body. An inversion
of this trend seems to initiate only at the very end
of the wet season. However, considering the short
duration of it, this outlines that the attainment of a
steady-state pore pressure regime is only an
unrealistic condition.
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angle based on local pore pressures is different,
and lower, than the one that would be calculated
through conventional analyses. Figure 39c reports
the values of this last at each time step of the
seepage analysis, assuming a slope angle of 10°
and a depth of the slip surface of 5.5 m. It ranges
between about 10.6° and 13.4°, values that are
significantly lower than those, which might be
calculated assuming the piezometric levels
measured in the earthflow body above the shear
zone (i.e. 10.6°-17.6°), and closer to the measured
value of the residual friction angle (11.4°).
Finally, the comparison between the mobilized
friction angles in the earthflow body and in the
shear zone shows that the variation of this with
pore pressure is much valuable in the earthflow
body (it increases of about 7° in six months) than
in the shear zone (the change is less than 3°). This
might be a clue to better understand the discussed
relationship between average pore pressure and
mobilized friction angle in active slides.
As a final interesting remark, such data and
considerations would allow to justify the fairly
low average slope angle of earthflows in
tectonized clay shales in the Apennines chain,
which generally ranges between 9 and 12° (Table
I) in spite of the high level of the groundwater
table and of the low residual friction angle of
these materials, which is often even less than 10°
(Picarelli, 1986).
4 CONCLUSIONS
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Figure 39. Results of analyses of the water flow in the M.
Marino earthflow at points P and Q (Fig. 38): evolution of
water level (a) and direction of flow through the angle α (b);
(c) mobilized friction angle (Comegna et al., 2020).

As a last interesting consideration, such data
clearly indicate that the slope stability conditions
are different from those that might be estimated
based on a conventional approach, which assumes
water flow parallel to the ground surface. In
particular, the presence of the shear zone favors
higher pore pressures (shallower groundwater
table) than expected in the earthflow body above
the shear zone, leading to more severe local stress
conditions and lower safety factor. Therefore, in
extreme weather conditions the formation of
further shear surfaces in the earthflow body above
the shear zone is a realistic scenario. On the other
hand, due to the special hydraulic conditions
existing in the shear zone, the mobilised friction

Precipitations represent the first cause of
landslide in the world. A major effect of rainfall is
a generalized pore pressure increase within the
shallowest soil layers. Depending on rainfall
duration and frequency, on initial conditions and
hydraulic and mechanical soil properties,
rainwater infiltration can lead to deformations and
sometimes to slope failure.
The mechanical consequences of soil failure are
quite variable from case to case depending on
different factors and primarily on the soil
response, which may be brittle or ductile. This
report is a review of the Italian experience on
rainfall-induced flow-like landslides both in
granular non plastic soils and in highly plastic
fissured clay shales. Available data highlight
strong similarities in the mechanisms of slope
failure and of post-failure evolution even though
the landslide impact is quite different due to the
major role played by the soil properties. The most
evident differences concern the mass velocity,
which is rapid to extremely rapid in the first case
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and moderate to rapid in the second one, and the
landslide active stage, which is respectively of
minutes and of tens of years. In particular, while
flows in granular soils definitely stop at the end of
their run-out, earthflows turn into slow slides,
which never stop definitely, displaying an
apparent viscous behavior.
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