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Seasonal effects of rainfall on the shallow pyroclastic
deposits of the Campania region (southern Italy)

Abstract The shallow deposits of unsaturated pyroclastic soils
covering the slopes in the Campania region (southern Italy) are
systematically affected by various rainfall-induced slope instabil-
ities. The type and triggering of these instabilities depend on
several factors, among which in situ soil suction—as an initial
condition—and rainfall—as a boundary condition—play a funda-
mental role. Based on the available database—which includes a
comprehensive catalogue of historical data, in situ soil suction
measurements and soil laboratory tests along with the results of
geomechanical analyses—this paper discusses the relationships
among in situ soil suction and rainfall conditions and induced
slope instability types. The goal is to reach a better understanding
of past events and gain further insight into the analysis and
forecasting of future events. In particular, the paper outlines how
the season strongly affects the spatial distribution and the type of
slope instability likely to develop. For example, erosion phenom-
ena essentially occur at the end of the dry season and originate
hyperconcentrated flows while first-time shallow slides prevail in
the rainy season and later propagate as debris flows or as debris
avalanches.

Keywords Suction . Failure . Landslides . Flow . Modelling .

Pyroclastic soils

Introduction
Soil suction (s)—defined as the difference between pore air pres-
sure (ua) and negative pore water pressure (uw)—in shallow de-
posits of unsaturated natural soils on steep hillslopes undergoes
remarkable changes in space and time due to the variability of
topography and stratigraphy in addition to seasonal soil-atmo-
sphere interactions (Blight 1997). These changes must be carefully
considered when dealing with slope stability conditions in the
back-analysis of past and/or the forecasting of future events for
susceptibility/hazard analysis (Fell et al. 2008) and/or engineering
(e.g. design) purposes.

This study looks specifically at the unsaturated pyroclastic soil
deposits largely diffused over the Campania region (southern
Italy). The region has long been affected by rainfall-induced slope
instabilities that often involve large areas and can develop—in the
propagation stage—as flow-like phenomena that can cause many
victims (Cascini et al. 2008b) and huge economic losses along their
run-out path. The last catastrophic event took place on 4–5 May
1998 when hundreds of slope instabilities were triggered over the
course of a few hours, all over the 60 km2 Pizzo d’Alvano massif
and along another slope 20 km away (Cascini 2004).

A noteworthy research activity following the May 1998 event
revealed that the initiation of typical rainfall-induced slope in-
stabilities in the pyroclastic deposits of the Campania region in-
cludes: (a) erosion phenomena (Coussot and Meunier 1996) that
largely result in hyperconcentrated flows (Costa 1988) and (b)
first-time shallow slides, such as flowslides (Hungr et al. 2001;
Cascini et al. 2010) or debris avalanches (Hungr et al. 2001;

Cascini et al. 2012a). Later, during the propagation stage, flowslides
usually become debris flows (Hungr et al. 2001; Cascini et al.
2012b) and debris avalanches may also turn into debris flows if a
well-established channel exists (Table 1).

Based on the available database—which includes a compre-
hensive catalogue of historic events, in situ soil suction measure-
ments and soil laboratory tests in addition to the results of
geomechanical analyses—this study begins with a discussion of
the relationships between rainfall, soil suction and slope instability
types that affect the shallow pyroclastic deposits in the Campania
region. Subsequently, a framework is proposed to obtain a better
understanding of past events and gain further insight into the
analysis and forecasting of future events.

Features of slope instabilities

Geological context
The study area corresponds to a portion of the Campania region
covered by so-called “pyroclastic deposits” originating from the
explosive activity of the Somma-Vesuvius and Roccamonfina vol-
canoes (Cuomo 2006). Figure 1a shows that the isopach lines of the
fallen pyroclastic materials from Somma-Vesuvius during the past
10,000 years are mainly oriented towards the western-southern
sector of the region. This sector, in turn, can be divided into four
homogeneous contexts (A1, A2, B, and C in Fig. 1a), each
characterised by specific geological, hydrogeological and geomor-
phological features (Cascini et al. 2009). Among these contexts, A1
(≈ 1,400 km2) has been the most affected by past events, with more
than 1,900 recorded casualties from 1640 to the present (Cascini et
al. 2008b).

In this context, slope instabilities relate to the existence of
some—often concomitant—predisposing factors such as (a) the
shape of mountain basins (Pareschi et al. 2000), (b) the slope
morphology (Cascini et al. 2011), (c) the thickness and stratigraphy
of pyroclastic deposits (Cascini et al. 2008a), and (d) anthropo-
genic (Guadagno et al. 2005) or hydrogeological (Cascini et al.
2008a) factors. Additional details regarding some selected areas
of the context A1 are provided hereafter.

Regarding the shape of the mountain basins and slope mor-
phology, the Lattari mountains (located along the Amalfi coast)
and the Salerno mountains (located in the inner part of the region)
exhibit funnel-shaped mountain basins with areas up to 10 km2

that are characterised by a high order of drainage networks
(Fig. 1a, b). Conversely, the basins in the Sarno mountains
(Fig. 1a) are characterised by low-order drainage networks and
smaller areas (Fig. 1c). Furthermore, the Sarno and Avella-Partenio
mountains (Fig. 1a) are characterised by bedrock ridges tens of
metres high; whereas, such ridges are small or almost absent in the
Lattari and Salerno mountains.

The thickness and stratigraphy of pyroclastic deposits depend
on several factors such as (a) distance from the Vesuvius volcano,
(b) the intensity of volcanic eruptions, and (c) prevailing wind
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directions (Cioni et al. 1999). Specifically, the Sarno and Lattari
hillslopes underwent several volcanic eruptions that formed pyro-
clastic deposits up to 5 m thick and mainly comprise continuous
ashy and pumice soil layers. Conversely, the pyroclastic deposits in
the Salerno and Avella-Partenio mountains originated from a few
volcanic eruptions and are characterised by lower thicknesses and
a few discontinuous soil layers.

It is worth noting that trackways and cut slopes are wide-
spread, especially in the Sarno (Guadagno et al. 2005) and
Avella-Partenio (Fiorillo et al. 2001) mountains, and they play
a major role in predisposing the occurrence of slope instabilities.
Furthermore, springs from bedrock (Cascini et al. 2008a) have
been recognised as a key triggering factor for several of the first-
time shallow slides occurred in the Sarno mountains (Cascini et
al. 2005a, 2008a) and, in some cases, in the Lattari mountains
(Di Crescenzo and Santo 2005).

Temporal–spatial distribution of critical rainfall
Inside the Campania region (Fig. 2a), three main types of rainfall
events occur (De Luca et al. 2010): (a) frontal rainfall, (b) hurri-
cane-like rainfall, and (c) isolated convective storms.

Frontal rainfall affects large areas (103–104km2) and even-
tually exhibits high-intensity rainfall secondary cells that last
between several hours and several days. An example is pro-
vided in Fig. 2b, which shows the frontal rainfall event

recorded on 17 November 1985, which caused floods in the
Naples area and the overflow of the Sarno river, along with
slope instabilities in the Ariano Irpino and Cava de’ Tirreni
municipalities.

Hurricane-like rainfall (Fig. 2c) is characterised by much
higher intensity than frontal rainfall and generally affects
specific areas near/along the sea coast, depending on the
presence of a suitable topography. Such events may be de-
fined as “extreme” because they are associated with 30–50 %
of the annual average rainfall and may cover up to 100–
1,000 km2 in less than 24 h. Typically, they are observed from
the end of August to November (Reale and Atlas 2001).
Figure 2c shows an example of such events that caused wide-
spread slope instabilities along the Amalfi coast and in
Salerno town.

Finally, isolated convective rain cells have a spatial extent
of about 10–50 km2, with instantaneous and average intensity
spanning a wide range of typically 10–100 mm/h in a few
minutes. The spatial distribution of convective rainfall is also
heterogeneous. Each cell usually lasts less than an hour (typ-
ical summer storms) and it may take several hours for all of
the active cells to dissipate (Fig. 2d).

The occurrence of these rainfall events and the cumula-
tive rainfall over a given zone are influenced by both the
season and hillslope orography (Cuomo and Guida 2010)
because a high relief can represent a so-called “orographic
barrier” for warm moist masses that are lifted and driven
towards cold air masses. A schematic of this last effect
(Fig. 3a) is proposed by Tropeano et al. (2005), who identify
two effects: (a) a linear amplification of rainfall intensity (I)
at upwind hillslopes (x<x2) related to the height (H) and
width (L) of the relief and (b) a later reduction of rainfall
intensity at downwind hillslopes (x>x2). Therefore, the iden-
tification of these barriers is a relevant issue. Cuomo et al.
(2011) indicate the leeward and windward sides for the most

Table 1 Main slope instabilities occurring in the Campania region (southern Italy)

Initiation Propagation

Erosion 
phenomena Hyperconcentrated flows

First-time 
shallow slides

Flowslides Debris flows

Debris avalanches Debris avalanches / 
debris flows 

Fig. 1 a Map of pyroclastic soil deposits in the Camapania region. b Regina Maior mountain basin (Lattari mountains, Amalfi coast). c Tuostolo mountain basin (Sarno
mountains)

Original Paper

Landslides

Author's personal copy



important reliefs in the Campania region in the case of north-
east oriented winds (Fig. 3b), which are common most of the
year and obviously consistent with the main transportation
direction of pyroclastic materials during the explosive erup-
tions of the Vesuvius volcano (Fig. 1a).

The relationship between rainfall type and the initiation
of slope instabilities involving the pyroclastic soils is an im-
portant topic for which the literature proposes few sugges-
tions. For instance, Rossi and Chirico (1998) define a rainfall
threshold for triggering slope instability, based on two param-
eters: (a) the 2-day cumulative rainfall causing the event
(called Pe) and (b) the amount of the antecedent rainfall
(Pa) computed from the start of the rainy season (i.e. 1
October). Given these suggestions, an early warning system
for critical rainfall was set-up in some portions of the
Campania region (Chirico et al. 2000). In addition, De Vita
and Piscopo (2002) recognise different rainfall thresholds in

the Lattari and Sarno mountains, highlighting that slope in-
stabilities can be triggered in the Lattari mountains by a daily
rainfall higher than 50 mm, whereas a lower daily rainfall
after a high antecedent rainfall is needed to trigger instabil-
ities in the Sarno mountains. However, in all of the encoun-
tered cases, the use of a “black-box” approach does not
support the forecasting of future slope instability types, par-
ticularly where they might be triggered (on a given hillslope)
and how they would propagate (e.g. as hyperconcentrated or
debris flows).

Spatial–temporal distribution of fatal events
Focusing on the geological context A1 (Fig. 1a), the available cata-
logue of incident data (Operative Unit 2.38 1998; Cascini et al. 2002;
Cascini and Ferlisi 2003; Cascini et al. 2008b), which refers to a
period spanning from 1640 to the present, generates considerations
about the spatial and temporal distribution of fatal events.

Fig. 2 a Shading of 25×25 m digital terrain model (DTM) of the Campania region. Examples of rainfall event types: b frontal (17 November 1985), c hurricane-like rainfall
(26 October 1954), and d isolated storms (29 December 1970). (modified from De Luca et al. 2010)
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Regarding the spatial distribution (Fig. 4), fatal events may be
broadly classified into three groups—each characterised by an areal
extent—and named (a) local, (b) distributed, and (c) widespread
events.

Local events occur inside areas not larger than a few square
kilometres and can be notably influenced by anthropogenic factors;
for example, (a) the debris avalanche (Table 1) that caused six
casualties in Gragnano in January 1971 (Mele and Del Prete 1999),
(b) the debris avalanche that killed three people in Nocera Inferiore
in March 2005 (Pagano 2009), and (c) the hyperconcentrated flow
that occurred in September 2010 in the Atrani territory and in which
one person died (Bovolin 2012).

Conversely, distributed events include slope instabilities affect-
ing tens of square kilometres, such as those of February 1986 in
Palma Campania territory (8 casualties) and of January 1997 in the
territories of Pozzano (4 casualties) and Pagani (1 casualty).

Finally, widespread events involve very large areas that extend
from tens to some hundreds of square kilometres. As Cascini et al.
(2008b) note, the worst slope instabilities were triggered during the
last century in the Lattari mountains (October 1910, March 1924, and
October 1954) and in Pizzo d’Alvano massif (May 1998).

Focusing on the last two catastrophic events, it can be observed
that 319 casualties (Fig. 4) and huge damages were recorded on
October 1954 along the Amalfi coast and in Salerno and Cava de’
Tirreni town (Cascini et al. 2008b) due to a cumulative rainfall of
504 mm in 16 h after a 9-day-dry period (Tranfaglia and Braca 2004).
This hurricane-like phenomenon (Fig. 2c) affected funnel-shaped
mountain basins with high-order drainage networks (Fig. 1b) and,
as a consequence of huge erosive processes and localised instabilities
along stream banks, it generated channelled mass transport phenom-
ena (Penta et al. 1954) classifiable as hyperconcentrated flows. The
first-time shallow slides that occurred onMay 1998 affected the whole

Pizzo d’Alvano massif (≈ 60 km2; Cascini et al. 2008a, 2011) and were
triggered by a critical frontal rainfall of 240 mm cumulative value in
48 h (Rossi and Chirico 1998; Cascini et al. 2005a) following a 7-day
period of rainfall. Six mechanisms characterised the first-time failures
(Cascini et al. 2008a, b) and the mobilised masses propagated down-
slope essentially as debris flows (Hutchinson 1988; Bilotta et al. 2005;
Cascini et al. 2005a, 2012b) or debris avalanches (Cascini et al. 2008a,
2012a). These flow-like mass movements hit four towns located at the
toe of the Pizzo d’Alvano massif causing 159 casualties and huge
economic losses. An additional casualty was recorded later in the
proximity of another relief about 20 km from Pizzo d’Alvano (Fig. 4).

More generally, the combined analysis of available incident data
and related types of critical rainfall suggests that widespread events
associated with hundreds of casualties can be triggered by hurricane-
like rainfall occurring at the beginning of the rainy season (i.e. after a
dry period), or by frontal rainfall occurring in winter or spring (i.e.
during a rainy period). Distributed events, however, are associated
with few casualties and are essentially related to frontal rainfall
occurring in the winter months while local events appear to be
randomly distributed throughout the year. Therefore, it can be
argued that the features of the initiation processes for both
hyperconcentrated and debris flows/avalanches typically observed
in the geological context A1 of the Campania regionmay be related to
the initial in situ soil suction values, which drastically change
throughout the year (Cascini and Sorbino 2004; Sorbino and
Nicotera 2012).

Regarding these aspects, the scientific literature only provides a
general overview of the occurred slope instabilities for the May 1998
event. For instance, the recorded first-time shallow slides were
characterised by a variety of triggering mechanisms (Cascini et al.
2008a) and spatial and temporal occurrences (Cascini et al. 2011). In
all of the cases, a major trigger for the first-time shallow slide was a

Fig. 3 a Schematic of the effects of the orographic barrier on rainfall intensities (modified from Tropeano et al. 2005). b Orographic barriers in respect to north-east (N-E)
wind direction (modified from Cuomo et al. 2011)

Original Paper

Landslides

Author's personal copy



pore water pressure increase (corresponding to a soil suction de-
crease); that is, the latter was related to both rainfall infiltration from
the ground surface and water springs from the bedrock (Cascini et al.
2008a). Therefore, after the 1998 events, pore water pressures began
to bemonitored at several test sites across the Pizzo d’Alvanomassif,
as discussed in the following section.

Spatial and temporal trend of soil suction

Tested areas
Early suction measurements were performed all over the Pizzo
d’Alvano site (PA), just after the 1998 events and for a subse-
quent period of about 3 years (Cascini and Sorbino 2004). A few
years later, similar monitoring was initiated at the Cervinara
(Ce) and Monteforte Irpino (MF) test sites. Recently, suction
measurements have also been conducted at the Nocera
Inferiore (NI) test site.

Figure 5 shows the location of test sites in the geological
context A1. Table 2 shows the measurement period for each test
site, along with the equipment used, which includes portable
“Quick Draw” (QD) tensiometers and in-place “Jetfill” (JF) ten-
siometers (Soil Moisture Equipment Corp 2013) for matric suc-
tion measurements in addition to TDR sensor probes for water
content measurements. Portable QD tensiometers were used at
most of the test sites to investigate the shallower pyroclastic

soils (up to 1.5–2.0 m) and in-place JF tensiometers were used
to measure the deepest pyroclastic soil layers—in some cases, as
deep as the bedrock contact (4–5 m from the ground surface).

The acquired suction data support (a) the evaluation of
the effects of some factors, such as the slope aspect, which
can affect the soil suction regime, and (b) the outlining of
new remarks on the soil suction time trends in the geological
context A1 (Fig. 1a).

Regarding the first aspect, it can be observed that
Cervinara and Nocera Inferiore are mainly exposed to the
north, whereas Pizzo d’Alvano represents a special test area
offering the possibility of investigating a complete series of
hillslopes because (a) Quindici has a main aspect that faces
north, (b) Sarno and Siano are exposed to the south, and (b)
Bracigliano is exposed to the east (Fig. 6).

Therefore, referring to the dataset collected throughout
the Pizzo d’Alvano massif, the following section focuses on
the suction time trend that is also qualitatively compared to
in situ measurements available from the other sites to identify
general initial conditions characterising the slope before the
occurrence of any instability phenomena.

Typical trend of soil suction
The data collected at PA over a 3-year period are shown in
Fig. 7. A significant scattering of the measured suction data can

Fig. 4 Spatial distribution of casualties caused by flow-like phenomena within the geological context A1
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be noted (Fig. 7b) and is essentially related to the differences
among the test sites and depths at which the measurements
were performed. Data scattering also depends on several other
factors that can locally induce significant changes during a
rainfall period, essentially at the end of the dry season.
Therefore, suction data cannot be directly correlated with daily
rainfall (Fig. 7a).

However, it can be observed that suction values never
exceed 65 kPa regardless of the measurement site, the depth
or the rainfall regime. If the collected data are processed in
reference to monthly average suction values and distinguished
with respect to various depths from the ground surface, two
different time trends can be clearly observed: (a) high almost
constant average suction values equal to 25 kPa from June to
October for depths lower than 1 m (Fig. 7c) and lower values
in other periods, and (b) a two-peak trend for depths higher
than 1 m with relative maximum values equal to 25–30 kPa in
July and October (Fig. 7d).

Referring to the site-specific data, it is worth noting that
most of the differences are linked to soil stratigraphy and
hillslope aspect (Fig. 8). Soil stratigraphy, in particular, is a
key factor in soil suction vertical profiles (Cascini et al. 2011)
due to the presence of various soil layer arrangements. Pumice
soils essentially comprise sands and gravels. Coarser superficial
materials include ashy, silty sands (class B) and finer materials
include ashy, sandy silts (class A) located at the bedrock
contact. The saturated hydraulic conductivities range for ashy soils
is between 5.0×10−6m/s and 4.8×10−5m/s, whereas pumice soils
have hydraulic conductivity values ranging between 1.0×10−5m/s
and 1.0×10−2m/s. These values were obtained through permeameter
tests on undisturbed specimens of ashy soils with reference to the
empirical relationships between conductivity and the grain-size dis-
tribution curve for pumice soils (Sorbino and Foresta 2002; Sorbino
2005). Given these stratigraphic arrangements, the soil suction in
Bracigliano and Siano is always among the maximum measured
values, mainly due to the absence of deeper layers of fine, ashy soils

Table 2 Soil suction measurements in the Campania region

No. Site Area (km2) Measurements periods Equipments References

PA Pizzo d’Alvano 60 Nov 1999–Mar 2002 Quick Draw tensiometers
Jetfill tensiometers

Cascini and Sorbino (2004)

Ce Cervinara 0.4 Nov 2001–Oct 2004 Jetfill tensiometers Damiano et al. (2012)

Jan 2006–Mar 2007 TDR probes

Mf Monteforte Irpino 0.015 Oct 2005–Sept 2007 Jetfill tensiometers TDR probes Evangelista et al. (2008)

Mf Monteforte Irpino 0.015 Oct 2005–Sept 2009 Quick Draw tensiometers Pirone et al. (2010)

NI Nocera Inferiore 4 2011 Quick Draw tensiometers unpublished data

Ce Cervinara 16 2012 Quick Draw tensiometers unpublished data

Fig. 5 Soil suction measurement
sites in the context A1 of the
Campania region
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Fig. 6 Aspects of hillslopes at the tested sites

Fig. 7 a Daily rainfall, b suction data, c monthly average of suction values at depths lower than 1.0 m, and d higher than 1.0 m
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(Fig. 8). The hillslope aspect also plays a fundamental role, particu-
larly during the dry period, due to high sun radiation and intense
evapotranspiration. For instance, in the case of Sarno, which is
south-exposed, soil suction reveals the maximum values among
those measured in the whole Pizzo d’Alvano in July and August,
i.e. in the summer (Fig. 8).

It is worth noting that both values and the time trend of the in
situ suction observed at the Pizzo d’Alvano site were later confirmed
by other measurements collected from other sites of context A1.
Particularly, Pirone et al. (2010) recorded comparable data at the
Monteforte Irpino site (MF in Fig. 5) where pyroclastic soils have
grain-size distributions and porosity values similar to those at the
Pizzo d’Alvano site (Sorbino andNicotera 2012). Furthermore, recent
suction measurements performed along the Nocera Inferiore
hillslopes, which are quite similar to the Quindici hillslopes in both
stratigraphy (setting 2) and slope aspect (north-exposed), confirm
the preceding in situ suction values and the time trend.

Hence, typical in situ suction values can be drawn for the whole
A1 context during the year. Table 3 categorises the suction time trend
through four reference suction values classified as low (<10 kPa),
medium (up to 20 kPa), high (up to 30 kPa), and very high (larger
than 30 kPa). This classification is based on suction data, seasons and
rainfall (rainy or dry) periods as defined by Rossi and Chirico (1998).
Referring to the suction values reported in Table 3, soil suction
modelling is hereafter proposed to obtain a general framework for
the interpretation of recorded slope instabilities. Furthermore, a

relationship between in situ soil suction and slope instability type
is suggested.

Insights into slope instability triggers

Suction modelling
Due to the extent of the context at hand (about 1,400 km2), soil
suction modelling must consider the large variations, from site to
site, in the stratigraphical settings, hydraulic soil properties, and
initial and boundary conditions.

The various stratigraphical settings throughout the Pizzo
d’Alvano massif have been previously introduced and are further
highlighted in Fig. 9a. It is worth noting that Guadagno et al. (2005)
reported similar evidence for other sites in the Campania region.

The initial and boundary conditions strictly depend on the
rainfall period (rainy or dry), the soil cover thickness and a few other
factors such as the presence of trackways along the slopes.

Insights into these conditions during the rainy period are
furnished by the analyses developed by Cascini et al. (2005a), who
investigated the in situ soil suction regime before and during the
May 1998 event. Particularly, Fig. 9a refers to the sample basin
“Tuostolo” (slope section AA’ in Fig. 8a), located in the Sarno sector,
which is representative of the in situ conditions of the zero-order
basins (ZOBs) of the Pizzo d’Alvano massif. Details on the geology of
this site are available in Cascini et al. (2008a). A finite element (FE)
analysis is performed to simulate the two-dimensional transient flow

Fig. 8 Examples of site-specific measurements and averaged suction values from the Pizzo d’Alvano site: a soil stratigraphy with the indication of the slope section AA’
later used for modelling; typical monthly average suction values at depths b lower than 1.0 m and c higher than 1.0 m
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regimen in saturated and unsaturated conditions. To this aim, the
well-known Richards’ differential equation (Richards 1931) is solved
using the commercial finite element code SEEP/W (GeoSlope Int.
Ltd. 2005) and the finite element mesh consists of about 4,000
quadrilateral elements with lengths lower than 1.0 m. Specifically,
the solution of Richards’ equation requires the definition of the soil
water characteristic curve, the permeability function and the bound-
ary and initial conditions. The used soil water characteristic curves
and permeability functions are shown in Fig. 9b, having been
obtained through suction-controlled oedometer tests, volumetric
pressure plate extractor tests and the Richards’ pressure plate tests.
Details on tested soil samples and experimental procedures are
provided by Sorbino and Foresta (2002) and Bilotta et al. (2005).
For the slope section of Fig. 9a, the boundary conditions are: (a) the
daily rainfall intensity recorded from 1 January to 5 May 1998 at the
ground surface (data from Cascini et al. 2003) and (b) an impervious
boundary at the contact between the soil cover and the bedrock,
except for the central part of the slope section (Fig. 10a) where a
spring from bedrock was found seeping since 2 May 1998. As initial

conditions, the soil suction values varying from 5 to 20 kPa are
assumed throughout the slope section.

Figure 10a shows the computed pore water pressure values along
the slope section, assuming an initial pore water pressure of −10 kPa
(on 1 January 1998). It is worth noting that suction is the opposite of
pore water pressure in the case of nil air pressure, as is typical for
natural slopes. In Fig. 10a, most of the soil layers are found to be
nearly saturated just before the critical rainfall of 4–5May 1998, except
for the seeping zone, where positive pore water pressures develop.
This condition is simulated independently from the value adopted for
the saturated conductivity of the pumice soils (Fig. 10b). The ob-
served, highly saturated conditions—which can be considered repre-
sentative of the soil moisture distributions occurring at the end of the
wet seasons—enhance the infiltration capacity of pyroclastic soil
layers and, consequently, allow for the possibility of developing
positive pore water pressures when intense rainfall events occur.
These positive pore water pressures have the potential to cause slope
instabilities, as verified by Cascini et al. (2005a) through their back-
analysis of the first-time shallow slide triggered along the slope of

Table 3 Typical time trends of soil suction in the A1 context

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

season * Autumn Winter Spring Summer

rainfall * rainy period dry period

suction ** high medium low very high high
*
Typical trend for Mediterranean areas

**
Data from Cascini and Sorbino (2004) and Pirone et al. (2010)

Fig. 9 a Hillslope stratigraphy reconstruction and b soil water characteristic curves used for modelling
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Fig. 9a. The increase of pore water pressures can, in time, be derived
from Fig. 10a and b by comparing the achieved results with the initial
pore water pressure of −10 kPa.

Conversely, fully unsaturated conditions develop in pyroclas-
tic soil covers during dry periods, as verified by the high soil
suction values recorded at the test sites (Figs. 7 and 8).
Figure 11a shows the typical stratigraphic settings of the Pizzo
d’Alvano massif as adopted by Sorbino (2005) to perform a
numerical modelling of the monthly average soil suctions during
the entire year. FE analyses of the Richards’ equation are
performed using the SEEP/W code and assuming the following
input data: (a) soil water characteristic curves of Fig. 9b, (b) an
impervious surface as the boundary condition at the bedrock
contact, (c) the daily rainfall infiltrating the ground surface in
the rainy season and a negative flux from the ground surface in
the dry season to simulate the evapotranspiration, and (d) uni-
form suction equal to 10 kPa as the initial condition at the
beginning of the simulation period, i.e. January 2000. The results
of the performed analysis support a satisfactory simulation of the
suction regime, both in dry and rainy periods (Fig. 11b). This is a
valuable validation of the numerical model, and thus can be
confidently used to forecast future pore water pressures once
the initial and boundary conditions have been provided.

Modelling the triggering of slope instability
The effects of soil suction on the onset of first-time shallow
slides are investigated using a specific parametric analysis de-
veloped with reference to summer and autumn, i.e. when
several events were recorded in the available dataset. The
parametric analysis is performed by computing the slope factor
of safety (FS) for accurate stratigraphical sections of the
hillslopes at the Bracigliano site, whose details are given by
Dell’Osso (2000) and Cascini et al. (2005b). The FS is evaluated
using the methods described by Janbu (1954) and Morgenstern
and Price (1965), referring to the soil failure criterion of

Fig. 10 Pore water pessures simulated for the slope section in Fig. 9a

Fig. 11 Comparison of monthly average of computed suction values with evapotraspiration and the measured values
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Fredlund et al. (1978) for the shear strength increase due to
suction. The SLOPE/W code (GeoSlope Int. Ltd 2005) is used
for FS computation, assuming the pore water pressure regime
as input data (Fig. 12a). The regime alternatively consists of (a)
a uniform soil suction profile (ua−uw) along the vertical with
values higher than 10 kPa that is typically recorded during the
months of September and October, (b) a uniform suction profile
with values lower than 10 kPa and up to nil, as recorded from
December onwards, (c) saturated conditions at the lower portion
of the pyroclastic cover with a water table height (Lf) lower than the
medium cover thickness (Sm), and in this case, water seepage parallel
to the ground surface and a constant 5 kPa suction above the
piezometric line are assumed. In all cases, the soil water content
and unit weight are derived from the soil water characteristic curves
of Fig. 9b, which is considered representative of the features of
pyroclastic soils across the A1 context of the Campania region. The
soils’mechanical properties are summarised in Table 4, which refers
to soil samples collected all over the Pizzo d’Alvano massif (Bilotta et
al. 2005).

An example of the obtained results appear in Fig. 12b, which
outlines the FS for any combination of initial suction and shear
strength parameters (c’ and φ’). Specifically, if the effective cohesion
(c’) changes, but the friction angle (φ’) is kept fixed, then FS/φ’ is
constant at failure (FS01) and a series of horizontal straight lines are
obtained in the plot of Fig. 12b that can be referred to as reference
“failure lines” for the cases of interest. Thus, provided an initial
suction higher than 10 kPa, the curve FS/φ’ does not intersect the
“failure line” for any combination of soil strength parameters (c’≥
0 and φ’≥32°). On the contrary, as Fig. 12b reveals, suction values

lower than 10 kPa consistently reduce the unsaturated soil strength
and this can lead to limit equilibrium conditions (FS01) for the soil
strength parameters comparable to those measured for pyroclastic
soils.

These results clearly show that the triggering of first-time shal-
low slides depends on season. More generally, the type of slope
instability may differ between summer/autumn and winter/spring.
This issue is correlated to other findings such as (a) information
provided by the available historical documents describing the events
that have occurred in the past, (b) the characteristics of events that
recently affected the study area, and (c) the rainfall threshold given
by Rossi and Chirico (1998).

Regarding past events, it is worth noting that in some of en-
countered cases, areal and linear erosive processes played a major
role in sediment mobilisation at the ground surface, which occurs
when suction is in the range from “high” to “very high” (Table 3). The
examples are supplemented by the events that occurred on October
1954 along the entire Amalfi coast (Penta et al. 1954) and in the Atrani
territory in September 2010. In the latter event, a rapid increase (in
about 2 min) of the peak discharge of water and debris (Bovolin
2012) was observed and can be related to extensive erosion phenom-
ena across the hillslopes. This observation was made in the main
street of the urbanised area located at the closure of the mountain
basin. Furthermore, all of the technical documents describing these
two or other similar phenomena are focused on the erosive processes
recorded along the slope or the channel below, with only minor
attention devoted to the first-time shallow slides triggered by rainfall.

Finally, referring to the rainfall threshold of Rossi and
Chirico (1998), which relies on the antecedent rainfall in the

Fig. 12 Site-specific slope stability
analyses for initial suction values: a
slope sections, b soil properties, and
c slope safety factor depending on
initial suction and soil mechanical
properties

Table 4 Soils’ mechanical properites

γd(kN/m
3) n(−) w(−) γsat(kN/m

3) φ’(°) c’(kPa) φb(°)

7.9 0.68 0.43÷0.76 11.3÷14.7 32, 34, 36, 38, 40 0, 2.5, 5 15

γd 0 dry unit weight, n 0 porosity, w 0 natural water content, γsat 0 saturated unit weight, φ’ 0 friction angle, c’ 0 effective cohesion, φb 0 rate of increase in shear strength due to
suction (according to the failure criterion given by Fredlund et al. 1978)
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rainy season (Pa) and the 2-day cumulative rainfall causing the
event (Pe), the critical Pa values can be correlated with the
average monthly rainfall and suction data. Thus, four periods
can be individuated in a year (Table 5), i.e. period 1: from
September to October, when soil suction assumes the highest
values; period 2, including November and December, corre-
sponding to intermediate values of soil suction; period 3, from
January to May, with the lowest values of soil suction; and
period 4, from June to August, when soil suction values are
very high due to intense sun radiation.

Referring to these periods and given the available data for past
events, a reference scheme (Table 5) can be provided to categorise the
type of slope instabilities: (a) in period 1 mostly erosion phenomena
occur, typically turning into hyperconcentrated flows; (b) in period 3
first-time shallow slides (i.e. flowslides or debris avalanches) are
triggered, later propagating as debris flows or debris avalanches;
(c) both of the abovementioned classes of slope instabilities may
occur in period 2; and (d) local erosion phenomena and small-size,
first-time shallow slides may be triggered in period 4.

Concluding remarks
Shallow deposits of unsaturated pyroclastic soils are prone to
rainfall-induced slope instabilities whose initiation includes
erosion phenomena and first-time shallow slides. For these
two main classes of slope instabilities, type and triggering
strictly depend on initial (in situ soil suction values) and
boundary (rainfall pattern) conditions.

In the case featured in this paper, shallow pyroclastic deposits in
the Campania region (southern Italy) cover an area of about
3,000 km2 in four homogeneous geological contexts. In one of these
contexts (namedA1 and extending for about 1,400 km2) either local (a
few km2 of affected area), distributed (tens of km2) or even wide-
spread (from tens to some hundreds of km2) events repeatedly occur,
as highlighted by the detailed information recovered in a comprehen-
sive catalogue of historical data spanning from 1640 to the present.

This paper analyses the relationships among geological factors,
seasonal variations in soil suction, rainfall patterns and slope insta-
bility types recorded in the available database for the context A1.

Based on in situ soil suction measurements—recovered from
the literature or newly acquired—a typical time trend for soil suction
is depicted for the A1 context. Four periods are then individuated
(January–May, June–August, September–October, November–
December) corresponding to low (<10 kPa), very high (>30 kPa),
high (20–30 kPa), and medium (10–20 kPa) suction values, respec-
tively. Within this framework, each period is connected to a typical
rainfall pattern among frontal rainfall, hurricane-like rainfall or
isolated convective storms.

Independently from the period, the regional differences
in soil suction values are associated with slope aspect and
site-specific differences in suction are related to local varia-
tions in soil thickness and stratigraphy. The seasonal varia-
tion in suction—at regional and local scales—is then
satisfactorily simulated through FEM numerical modelling
considering observed stratigraphies, rainfall, and evapotrans-
piration. Finally, for the typical soil suction values (from low
to very high), limit equilibrium slope stability analyses are
performed for slopes that are representative of the A1 con-
text.

The achieved results outline completely different poten-
tial failure scenarios during the year. Particularly, (a) in the
period when low suction values are attained (January–May),
frontal rainfall typically occurs and may cause a distributed
or a widespread triggering of first-time shallow slides later
propagating as debris flows or debris avalanches; (b) in
June–August when very high suction values exist, isolated
convective storms may only cause local erosion phenomena
and/or small-size, first-time shallow slides; and (c) when
hurricane-like rainfall occurs (September–October), soil suc-
tion is high enough to prevent the initiation of any shallow
slides while widespread erosion phenomena—quite often

Table 5 Interpretation of slope instability types based on rainfall, suction and historical data

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

Rainfall * Rainy Dry

Pa - cumulative 
antecedent (mm) Pa < 200 200 < Pa < 500 Pa > 500

Pe - critical 48 hours 
rainfall event (mm) *

Pe > 120 120 > Pe > 60 Pe < 60

typical suction
range **

high medium low very high high

some events ***

1910, 1954, 
1966 

(Lattari 
mounts)

1999
(Cervinara town)

January 1841 (Gragnano town), 
March 1924 (Lattari mounts), 

May 1998 (Pizzo d’Alvano massif), 

August 1935 
(Gragnano town)

2010 
(Atrani 
town)

Period 1 2 3 4 1

* Data from Rossi and Chirico (1998)
** Data from Cascini and Sorbino (2004)
***

Data from Mete and Del Prete (1999), Cascini et al. (2008b) and Bovolin (2012)
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turning into hyperconcentrated flows—can be triggered by
high-intensity rains making ponds on the ground surface.

Given that similar issues may concern many worldwide
granular soil deposits originated by volcanic eruptions, it can
be concluded that the interplay of suction and rainfall must
be carefully considered when analysing the initiation process-
es of both hyperconcentrated flows and debris flows/ava-
lanches that may have huge consequences in terms of life
and economic losses.
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