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Abstract In the last 20 years, major efforts have been made to
investigate shallow flow-type landslides. Such phenomena are
usually rainfall-induced and in the geological context of Campania
(Southern Italy) occur in pyroclastic soils resting on steep slopes
mainly constituted by carbonate or volcanic bedrock and by flysch
deposits. They are generally complex landslides with an early soil
slide and a subsequent flow evolution. In this paper, a database of
flowslides occurring in recent years within the flysch deposits of
Avellino (Campanian Apennines) is first discussed and then the
case study of Bosco de’ Preti landslide on March 4, 2005, is
described. The geological and geotechnical characteristics of the
soils involved are described and the monitoring of the groundwa-
ter heads collected over 1 year from June 2005 to June 2006 is also
shown. The last part of the paper illustrates the results of numer-
ical modelling of the landslide triggering to gain insights into such
phenomena. Slope stability analyses are preceded by hydrological
modelling of the slope based on the monitoring data. Numerical
analysis demonstrated that the rainfall during the 2 months pre-
ceding the event was able to fully saturate the pyroclastic cover
and to establish positive pore water pressure at the depth of the
surface of rupture, a soil condition never witnessed in carbonatic
contexts. Hence, a combination of antecedent (predisposing fac-
tors) and single rainfall events (triggering factors) led to slope
failure, as usually happens in pyroclastic soils in carbonatic and
volcanic contexts. Finally, analysis of the historical landslides
together with detailed investigation of the Bosco de’ Preti case
study permitted comparison between flow-type landslides in py-
roclastic soils on carbonatic/volcanic bedrock and those on flysch.

Keywords Flow-type landslides - Flysch - Pyroclastic
soil - Partially saturated slope - Campania (southern Italy)

Introduction

In the last 20 years, major efforts have been made to gain insights
into shallow flow-type landslides, which frequently affect the re-
gion of Campania (southern Italy), causing extensive damage and
resulting in loss of life (Calcaterra et al. 1997; Celico and Guadagno
1998; Del Prete et al. 1998; Di Crescenzo and Santo 1999; Cascini
et al. 2000; De Vita 2000; de Riso et al. 2004).

Landslides classified as flow-type encompass several kinds of
phenomena, which occur in both natural and man-made slopes
with strongly heterogeneous physical and mechanical properties
(Cascini et al. 2003). As pertains to the kinematics of such events,
several differences can be identified in the triggering, evolution
and depositional stages of the landslides. In Campania, these
events were also classified as “debris avalanches or debris flows”
(Revellino et al. 2004; Guadagno and Revellino 2005) or
“flowslides” (Cascini et al. 2003; Cascini and Sorbino 2003;

Cascini and Ferlisi 2003; Cairo and Dente 2003; Olivares and
Picarelli 2006), given the material involved, the natural water
content and the geometric and kinematic features (Hungr et al.
2001). In the case of flowslides, a major role is played by in situ
fluidification of the soil (Musso and Olivares 2004), which can
liquefy when saturated (Olivares and Picarelli 2001).

Such landslides are usually rainfall-induced and occur in pyro-
clastic soils resting on steep slopes mainly overlapping carbonate,
volcanic bedrock and flysch deposits. In this regard, several papers
have dealt with flow-type landslides in carbonate and volcanic
contexts, focusing on the evaluation of the triggering susceptibility
(Andriola et al. 2009), material properties, on the modelling of the
triggering conditions, volume estimates (De Falco et al. 2012), run-
out and relationships between water content in the soil and rain-
fall (Cascini et al. 2005; Olivares and Picarelli 2006; Damiano et al.
2012; Papa et al. 2013; Pirone et al. 20153, b; Pirone and Urciuoli
2016, Pirone et al. 2016a, b). Several years of research on the topic
have also shown that these soils are in partially saturated condi-
tions even in the winter period. Hence, the failure could occur in
correspondence of negative pore water pressures and should be
analysed in the framework of partially saturated soil mechanics
(Fredlund et al. 2013). The regime of pore water pressure in the soil
is mainly controlled by contact with the underlying fractured
carbonate bedrock, characterized by very high permeability, which
drains infiltrating water toward the deep water table. Thanks to
advancements in knowledge coming from several years of re-
search, complex numerical analyses can now be performed on
the hydraulic behaviour of the slopes subject to several rainfall
events in order to forecast the triggering of this kind of flow-type
landslides (Pagano et al. 2010; Pirone et al. 2016a).

However, few studies have focused on landslides in pyroclastic
soils resting on flysch bedrock (despite their frequent occurrence
in Campania), which affect infrastructures and road networks and
result in damage and loss of life. This paper attempts to reduce this
gap, identifying the main similarities and differences between
flow-type landslides affecting geological settings made of carbon-
ate and flysch, focusing on a well-documented case study in flysch:
the Bosco de’ Preti landslide, which occurred on March 4, 2005, in
the Campanian Apennines in southern Italy.

The paper presents the main geomorphological features of land-
slides in similar geological settings (“Geological and geomorpholog-
ical setting” section), especially the description of the March 4, 2005,
event (“The Bosco de’ Preti landslide” section) with the stratigraphic
and geotechnical characterization of the soils recognized at the site
(“Stratigraphic and geotechnical characterization” section). The
methods adopted to study and analyse the Bosco de’ Preti landslide
are summarized in the “Methods” section and the results from the
monitoring stage and numerical analyses are presented in the
“Results and discussion” section. The geotechnical characterisation
of the soil was enriched with the results from a test field examined in
depth 10 km away from the case in question, in fact the two soils
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involved were practically the same as coming from the same erup-
tion. Finally, several considerations are made on the differences
between pyroclastic flow-type landslides on flysch and on carbonate
bedrock.

The study area

Geological and geomorphological setting

The study area shown in Fig. 1 is located in the NE sector of
Campania, where the carbonate ridges and the flysch hills are
covered by several metres of pyroclastic fall deposits (constituted
by ashes and pumices) from the eruptions of the Somma-Vesuvius
volcano (Rolandi et al. 2000). The carbonate bedrock (Cretaceous)
is part of the stratigraphic unit of Mts. Partenio (Bonardi et al.
1988) and is crossed by major regional normal faults which orig-
inated the Avellino graben. The latter is overlain by Miocene-
Pliocene deposits in flysch facies, the tuff layer of the Campanian
Ignimbrite and several pyroclastic fall deposits. In the E and SE
sector, marly-clayey deposits (Miocene-Pliocene) crop out: they
constitute small ridges with a maximum elevation of 700 m a.s.l.
(Mt. Le Croci, Mt. Termito), on which small urban settlements lie
(i.e. Aiello, Contrada, Forino). The shallowest part of those slopes
is covered by pyroclastic soils made of intercalations of
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pedogenised ashes, palaeosoils and pumices, generally several
decimetres to a few metres thick (Rolandi 1997; Rolandi et al.
2000; Pareschi et al. 2002). Flow-type landslides in these succes-
sions have repeatedly affected some major urban settlements,
namely Avellino, and some small towns in its province
(Monteforte, Contrada and Forino). In fact, between January
1997 and March 2005, nearly 20 landslides more than 100 m long
were triggered by rainfall in the area (see Table 1 and Fig. 1).

In Fig. 2, geological cross-sections of some of the landslides
listed in Table 1 are shown. They allow critical slope values for
triggering to be estimated at around 15°-20°, which is lower than
those estimated for the same phenomena on carbonate ridges (Di
Crescenzo et al. 2008). Furthermore, the landslide crowns are
mainly located in morphological concavities, where the pyroclastic
soil is thicker (1-3 m) and lie on the underlying marly-clayey
bedrock, as shown in the stratigraphic logs of Fig. 3. In contrast
to what is observed for flow-type landslides in carbonate ridges,
the same in flysch are unaffected by natural and artificial cuts
(Guadagno et al. 2003; Di Crescenzo and Santo 2005; Guadagno
et al. 2005), and the zones of depletion are wider than the total
dimension of the landslide. Although the reach angle (Heim 1882;
Hst1 1975; Scheidegger 1973; Corominas 1997; Calcaterra et al. 2003)
has very low values of around 9°-19° (see again Fig. 2), these

500 1000 m

Fig. 1 Distribution of the main pyroclastic fall deposits of Somma-Vesuvius (data from Rolandi et al. 2000) and geological sketch of the study area with the location of the
main landslides (see also Table 1). In the key: a recent alluvial deposits, b detrital deposits, ¢ Campanian Ignimbrite, d Terrigenous Mio-Pliocene deposits, e cretaceous
limestones, f flowslides on the carbonatic slope, g on the terrigenous slope, A rain gauges of Forino and Avellino
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Table 1 Flow-type landslide inventory and main morphometric parameters (for the location in the plan, see Fig. 1)

Bedrock

Crown height

Volume (m®)

Length (m) Reach angle (°)

(mas.l.)

1 Avellino 1990 Conglomerate

2 Avellino 1997 Flysch 367.5 19.5 13 1140

3 Avellino 1997 Flysch 398 234 22 543

4 Avellino 1997 Conglomerate

5 Forino 1997 Flysch 521 54 1 19,500
6 Monteforte Irpino 1997 Limestone 750 175 23 6000
7 Monteforte Irpino 1997 Limestone

8 Monteforte Irpino 1997 Limestone

9 Avellino 2005 Flysch 442 37 18 950
10 Avellino 2005 Flysch 468 26 13 538
1 Avellino 2005 Flysch 509 41 16 2250
12 Avellino 2005 Flysch 495 15 198
13 Avellino 2005 Flysch 504 34 15 3264
14 Avellino 2005 Flysch 521 43 15 2130
15 Avellino 2005 Flysch 443 31 18 525
16 Avellino 2005 Flysch 515 18 13 625
17 Avellino 2005 Flysch 511 21 12 792

18 Avellino 2005 Flysch

19 Avellino 2005 Flysch 557 37 12 5325
20 Avellino 2005 Flysch 578 21 14 2970
21 Avellino 2005 Flysch 564 24 15 5940
22 Contrada 2005 Flysch 4425 69.5 9 6435
23 Aiello del Sabato 2005 Flysch 538 45 13 3400
24 Avellino 2005 Limestone 772 232 27 21,840
25 Avellino 2005 Limestone 775 255 26 14,175
26 Monteforte Irpino 2005 Limestone

27 Monteforte Irpino 2006 Limestone

phenomena present highly fluid bodies and velocities of around a
few meters per second, which pertains to velocity classes 6-7 from
the classification by Cruden and Varnes (1996).

The Bosco de’ Preti landslide

The rainfall occurring between 4th and 5th of March 2005 strongly
affected a small catchment in flysch (Mt. Le Croci), triggering three
flowslides (19, 20, 21 from Table 1), as shown in Fig. 4. The events
occurred on slope angles values between 10° and 20° in an area
drained by small streams reaching the Sabato River. The main
event (19), which occurred in the Bosco de’ Preti area, is described
in Figs. 5 and 6. It can be classified as a complex slide, initially
triggered as a soil slide, which developed into a flowslide (Hungr
et al. 2014). The main landslide crown formed on a mean slope
angle of 16° and was located at 557 m a.s.l. The maximum length
was of 180 m, with landslide toe located at 520 m a.s.l. affecting an
overall area of 1400 m® The volume of pyroclastic soil mobilized

was estimated by comparing previous and post-event aero-photo-
grammetric surveys, proving to be around 2700 m®.

Interviews with local people permitted better description of the
landslide evolution: the triggering stage was made up of two
subsequent events, the first occurring around 2:00 pm and involv-
ing a volume of 1200 m?, which reached the downslope stream with
high velocity and swept a person walking on the down valley road
for over 100 m (see again Fig. 5a). The second event followed at
4:00 pm and mobilized nearly 1500 m? of pyroclastic soil along the
same path as the previous flowslide. Both phenomena started as
soil slides along a surface of rupture between the pyroclastic cover
and the clayey bedrock as shown in Fig. sb, c. The initiation was
followed by liquefaction and channelling of the mass. The phe-
nomenon evolved into a flowslide, as demonstrated by flow traces
located on the slip surface and on the flanks of the landslide. The
mass was characterized by high fluidity and speed (several m/s).
According to the descriptions provided by eyewitnesses and the
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Fig. 2 Geological cross-sections of some of the landslides reported in Table 1. In the key: a landslide body, b reworked material, ¢ recent alluvial deposits (Holocene), d
reworked and weathered pyroclastic deposits (Holocene), e Miocene terrigenous deposits, f Joint, g rupture surface, h spring, i reach angles (modified from Di Crescenzo

et al. 2008)

impact marks left on the walls of two houses, the height of the mud
reached 1.2 m (Fig. se).

The impact was slightly inclined to the flow and the moving
mass was characterized by a high water content. Indeed, greater
damage would have been found at a lower water/solid ratio. Field
surveys carried out in the aftermath of the event highlighted the
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presence of groundwater outflows in the crown and in the transi-
tion area (Fig. 5d). They were mainly located between the pyro-
clastic cover and the clayey bedrock. This evidence provides major
insights into the groundwater regime and the role of pore pres-
sures that were positive at the moment of triggering. By contrast,
in carbonate contexts, landslides in pyroclastic soils are usually
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Fig. 3 Stratigraphic logs of the studied flowslides (see Fig. 1 for location on the plan). In the key: 1-2 reworked material, 3 actual pyroclastic soil with reworked pumices, 4 brown
weathered fine-grained ashes with reworked pumices, 5 rounded white pumices (max. 3 mm) with a reverse graded bedding in sandy matrix (reworked material of the Avellino
eruption), 6 pumice level of the Avellino eruption, 7 brown fine-grained ashes with reworked pumices, 8 weathered pyroclastic material with clay (palaeosoil), 9 pumice level of
the Mercato eruption), 10 pyroclastic palaeosoil, 11 Marl with clay (Irpine Unit Flysch), 12 failure surface (modified after Di Crescenzo et al. 2008)

triggered in partially saturated conditions with negative values of
pore water pressure.

Stratigraphic and geotechnical characterization

In order to identify the geological and geotechnical model of the
landslide, an investigation campaign was carried out, consisting in
seven boreholes, 4 SPTs, 6 CPTs and a collection of some undis-
turbed soil samples for the geotechnical characterization in the
laboratory for both the pyroclastic soil cover and the underlying
flysch bedrock. The above information allowed the identification

of the stratigraphic setting of the materials involved in the land-
slide and the reconstruction of some detailed cross-sections of the
slope topography before and after the event (Fig. 6).

The pyroclastic soils involved are partially saturated and their
geotechnical behaviour was investigated in the framework of un-
saturated soil mechanics (Fredlund et al. 2013). In this regard, in
2005, the authors chose to study and monitor a test site at the
municipality of Monteforte Irpino (in Southern Italy) as represen-
tative of an area frequently affected by flowslides and character-
ized by a homogeneous pyroclastic cover. The latter mainly belong
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Fig. 4 Geological and geomorphological sketch of the area located on the southem slope of Mt. Le Croci). In the key: 1 recent alluvial deposits (Holocene), 2 pyroclastic deposits (Holocene),
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house

to the stratigraphic sequence of the Ottaviano eruption (8.0 ky BP).
Their hydro-mechanical properties are well known to the authors,
as they are the same soils characterized at the Monteforte Irpino
test site, located at only 10 km from the site of Bosco de’ Preti
(Papa et al. 2013; Pirone et al., 2015a, b, c). At the test site of
Monteforte Irpino, these soils are located below the pumices of

the Avellino eruption at the depth of 2 m from the soil surface and
they were well characterized by means of evaporation and drying
tests and suction-controlled triaxial tests (Nicotera et al. 2010;
Nicotera et al. 2015). In accordance with the above, the grain-size
distribution of the samples collected in the area of Bosco de’ Preti
resulted completely contained in the grain-size envelope of the
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soils of the Ottaviano eruption analysed in Monteforte Irpino (Fig.
7a). Henceforth, the same curves of soil water retention, hydraulic
conductivity and value of the critical state of friction angle can be
adopted (Fig. 7b, ¢).

These soils present (i) the typical hydraulic behaviour of coarse-
grained soils with a low suction entry value (<10 kPa), (ii) a saturated
hydraulic conductivity of about 1.2 x 10~® m/s, and (iii) a friction
critical state angle of 37°. The physical and hydro-mechanical param-
eters of the soil cover are summarized in Table 2.

The flysch bedrock consists of a bluish soil, although a yellow
layer a few decimetres thick is sometimes recognized below the
pyroclastic cover as products of alteration and oxidation processes
of the bedrock. On the basis of the grain-size distributions, the
bedrock can be classified as clay with silt (Fig. 7a); both “yellow”
and “blue” clay showed a porosity ranging between 0.48 and o0.53,
a plastic limit, wp, between 26 and 31% and a liquid limit wy,
between 68 and 74%. Therefore, they can be identified as high
plasticity inorganic clay (Table 2). Peak friction shear strength was
obtained by performing some direct shear tests on the yellow and
blue clay: the blue clay exhibited a friction angle of 19° and
cohesion of 12 kPa (Table 2).

Methods

Monitoring

The investigation campaign was coupled with the analysis of
rainfall measurements, as shown in Fig. 8. Data came from the
rain gauge of the Genio Civile of Avellino, located at 383 m a.s.l,
close to the Sabato River (see again Fig. 1). The study area has a

Mediterranean rainfall regime, with a particularly long wet period
stretching from Autumn to Spring. The average annual rainfall is
around 1062 mm; the wettest month is usually November
(198 mm), while the driest is July (24 mm).

In order to monitor the groundwater regime, eight piezometers,
comprising five open pipe (p;, P.» P3> P4» Ps) and three Casagrande
piezometers (p,c, P.o Psc)> reaching the flysch deposit, were
installed outside the landslide area in June 2005 (see again Fig.
6). The pipes ranged between 8 and 20 m long, the Casagrande
piezometers between 3 and 4 m. In both types of piezometers, the
level of the water table rising up into the tube was measured by
lowering an ultra-sound probe inside. From the water level in
Casagrande piezometers (labelled p,, p,c, Psc in Fig. 10b), the pore
pressure heads at the depth of the cells could be measured. The
pipe piezometers (p;, P, Ps» P Ps in Fig. 10b) consist of a tube-
drilled full-height; thus, the level of the water table measured in
the tube is roughly related to the soil water table in the surround-
ing soil.

Numerical modelling

In order to model the “Bosco de Preti” landslide, some uncoupled
hydro-mechanical analyses were performed. Infiltration analyses
were carried out by the Finite Element Code, SEEP/W, to obtain
the pore pressure distribution in the subsoil as a response to
rainfall.

SEEP/W adopts Darcy’s law and Richard’s equation to analyse
the water flow through both saturated and unsaturated soil; the
finite element form of the two-dimensional seepage equation is
derived by applying the Galerkin Method of weighted residual to
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Table 2 Soil physical, hydraulic and mechanical properties

Ashes 7.11 1211 2.62 0.71 = = = 12676 37 0
Yellow clay 13.90 18.70 2.73 0.48 0.95 0.68 0.26 1.087° 25 55
Blue clay 12.64 16.78 2.76 0.53 0.85 0.74 031 1.0E7° 19 12

the governing differential equation, while the time integration is
performed by a finite difference approximation scheme. The
governing differential equation for two-dimensional seepage
solved by the code is the following:

OH OH
("*@ - <"y@)

where H is the total head, Q a possible internal source term, 6 the
volumetric water content, ¢ the time and k, and kjthe hydraulic con-
ductivity in the x and in the y direction, respectively. The analyses were
carried out by iterative equation solver and adaptive time stepping.

The hydraulic properties adopted for the pyroclastic soil were
determined on the same soil located at 2 m from ground surface at
Monteforte Irpino test site (Table 2), for which the authors col-
lected a wide set of data from laboratory and field experimenta-
tion. These data define a wide hysteresis domain. All paths in the
soil water retention plane are contained in the region delimited by
the main drying and wetting curve, which are the upper and lower
boundary, respectively, as represented in Fig. 7b. In particular,
these are named scanning paths or intermediate curves character-
ized by negligible hysteresis (Fredlund, 2013).

9
ox

9
oy

o0

+Q:E (1)

The hydraulic characterization adopted in the analyses are
reported in Fig. 9a-e, where the following curves are represented:

(A): a scanning path and the hydraulic conductivity curve corre-
sponding to the median saturated hydraulic conductivity (Fig. 9a—c);
(B): a scanning path and the hydraulic conductivity curve
corresponding to the maximum saturated hydraulic conduc-
tivity (Fig. 9a-c);

(C): a scanning path and the hydraulic conductivity curve
corresponding to the minimum saturated hydraulic conductiv-
ity (Fig. 9a—c);

(D): the drying curve and the hydraulic conductivity curve
corresponding to the median saturated hydraulic conductivity
(Fig. 9d-f);

(E): the wetting curve and the hydraulic conductivity curve
corresponding to the median saturated hydraulic conductivity

(Fig. od-f).

The hydraulic saturated conductivity of the flysch deposit was
not investigated. Hence, a value of 1 X 107° m/s (Fig. 7¢c) was
adopted, as equal to that measured on site in similar flysch de-
posits of the southern Apennines (Urciuoli et al., 2016a).
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The pore water pressure distribution calculated by SEEP/W at
fixed time was adopted in the slope stability analyses carried out by
means of the limit equilibrium method (LEM), using SLOPE/W. The
apparent cohesion, c,, when the suction establishes within the
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pyroclastic cover, was taken into account by using in SLOPE/W the
extension of Mohr-Coulomb criteria to unsaturated soil. Neverthe-
less, this approach implies a fixed location of the rupture surface in
advance and does not allow the development of the failure to be



followed. Furthermore, it is less time-consuming and requires fewer
parameters than those needed to calibrate a constitutive law for
unsaturated soil, like the Barcelona basic model, available in fully
coupled model. In the examined case, the adopted procedure is
particularly suitable because the shape and position of the rupture
surface are known, being observed in the field. However, such an
uncoupled approach consisting in the use of FEM for infiltration
model combined with the LEM for slope stability analyses is widely
used in the literature to model flow-type landslides. See for instance
Collins et al., (2004), Rahardjo et al., (2007), Lu and Godt, (2008),
Eichenberger et al., (2013), Springman et al,, (2013), Zhang et al,,
(2014), Comegna et al., (2016b).

Results and discussion

Rainfall and groundwater regime

Figure 8a shows the daily and cumulative rainfall between 1 Sep-
tember 2004 and 30 March 2005. The cumulative rainfall of the
mean annual rainfall evaluated from historical rainfall data be-
tween 1974 and 2006 (Fiorillo and Wilson 2004; Fiorillo and
Revellino 2006) is reported too. In this regard, it is worth noting
that starting from October 15, 2004, the cumulative rainfall exceeds
the long-term averages in the same period (Fig. 8a).

Cumulative rainfall values are directly involved in triggering
landslides, because they affect the soil pore water pressure prior to
the event. In fact a distinction has to be made between predisposing
factors identifying the slope and current soil conditions (morpholo-
gy, stratigraphy, soil properties, suction and water content before the
critical event) and triggering factors (critical rainfall sequence) which
directly cause slope failure (Pirone et al. 2015a). The only reliable
option for a good prediction or a good back analysis of landslide
occurrence consists in assessing the current pore water pressure/
suction of the soil which can lead to slope failure. Therefore, the
seasonal pore pressure fluctuations are predisposing factors of slope
instability (Pirone et al. 2015a). Knowledge of seasonal evolution of
the corresponding pore pressure regime is extremely useful to eval-
uate the landslide susceptibility of the subsoil and to recognize the
most critical periods and unfavourable soil conditions for slope
stability in unsaturated pyroclastic soils. For instance, results from
monitoring carried out at some unsaturated instrumented slopes in
Campania (Comegna et al. 2016a; Pirone et al. 2015a) detect the most
dangerous period for slope stability from January to April when
critical steady conditions establish and suction attains values around
2-10 kPa in the whole pyroclastic cover.

As regards the critical precipitation, the daily rainfall around
101 mm recorded between 4 and 5 March 2005 by the Avellino rain
gauge (Fig. 8b) was not exceptional (albeit considerable). The
cumulative rainfall on the days preceding the event reached almost
100 mm at the Avellino rain gauge (Fig. 8b) and exceeded 200 mm
at Forino (Fig. 8c). The peaks were recorded between 2:00 and
4:00 am on 5 March 2005. Maximum hourly peaks, however,
occurred at 10:00 (7.4 mm/h) and 2:00 (7.2 mm/h), respectively,
for the 4th and sth at Avellino, and at 8:00 am (25 mm/h) for
March 4 at the Forino rain gauge. The recorded peaks lie outside
the time window of landslide triggering (yellow field in Fig. 8b, c)
and precede the beginning of the landslide by about 5 h at Avellino
and about 7 h at Forino.

During the post-event surveys, in the depletion area of almost
all the landslides, groundwater outflow was observed for several

days. This evidence indicates that the groundwater table was
mainly located in the pyroclastic cover above the marl-clay soil
of the flysch, which has a lower permeability than that of the
pyroclastic soil. Hence, the loss of a portion of the cover due to
the failure and topographic modification permitted groundwater
outflow forming several ephemeral springs (see again Fig. 5d).

Daily and cumulative rainfall recorded by the Avellino rain gauge
from June 2005 to June 2006 and the level of the water in the
piezometers collected twice per month over the same period are
reported in Fig. 10a, b, respectively. The measurements from
Casagrande piezometers show seasonal oscillations of about 3 m:
the minimum values are reached in August/September, the maxi-
mum in November/December (Fig. 10b). The amplitude of oscilla-
tions of the pore pressure heads at the depth of 3-4 m (2-3 m in Fig.
10b) agrees with findings in other flysch deposits (Urciuoli et al.,
20164, b). The amplitude of oscillations measured in pipe piezome-
ters ps, p; and p, exceeds 4 m (as much as 8 m) in 1 month. However,
due to this type of piezometer, no definitive conclusions can be
drawn about the water table in the soils. Nevertheless, it may be
hypothesised that full saturation of the pyroclastic cover occurred
around these open pipe piezometers (p,, p, and p,) and led to a
considerable increase in the level of the water table in the tube.

The water level rise in the piezometers starts at the end of
October and occurs after 198 mm of rainfall (total rainfall for
November), close to maximum mean monthly values recorded
from 1974 to 2006. Importantly, the increase from the end of
October to mid—/end of November occurred very rapidly, which
may be due to a preferential flow path in the system of disconti-
nuities found throughout the flysch deposits (Urciuoli 1998;
Urciuoli et al., 2016b; Cilona et al. 2016). During the winter, from
December to April, average rainfall was around 100 mm/month
and the water level in the piezometers was more or less constant.
Thus, steady conditions established, as was found in other clayey
and pyroclastic slopes during the wet period (Urciuoli et al,,
2016b). Indeed, in that period, several springs were observed in
the area hit by the landslide on 4 March 2005 where the flysch
deposit outcrops, indicating a water table positioned above the
contact between the pyroclastic cover and the flysch deposit, as
indicated also by piezometer data.

Summing up, the groundwater regime that establishes in the
wet period represents a predisposing factor also for these land-
slides; where a single heavy rainfall during the same period could
trigger a landslide, as demonstrated in the pyroclastic cover rest-
ing on carbonate and volcanic contexts by Pirone et al. (2015a and
¢) and Urciuoli et al. (2016b).

Infiltration analyses

Investigation of the hydraulic response of the slope to rainfall
infiltration is required to understand the triggering mechanism
of flow-type landslides. Indeed, rainwater infiltration reduces the
matric suction (negative pore water pressure) in unsaturated soils,
thus decreasing the soil shear strength (Fredlund et al. 2013; Pirone
et al. 2015a). In this regard, the hydraulic slope behaviour was
investigated by means of a numerical model set up in the Finite
Element Method code, SEEP/W (Krahn 2004).

The adopted slope reported in Fig. 11a is part of the longitudinal
section A-A’ already shown in Fig. 6. It consists of a 166-m-long
slope at an inclination of 9°, for which an unstructured mesh was
adopted with the element’s shortest edge equal to 15 cm. Rainfall
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estimate crop evapotranspiration (Allen et al. 1998), assuming
vegetation constituted of bushes.

A wide set of numerical analyses that differ for soil water
retention curve and hydraulic conductivity function, according
to the scheduled combinations from A to E (see the “Numerical
modelling” section), was carried out in order to investigate the
influence of the hydraulic properties of the pyroclastic soil layer
upon the pore water pressure regime, and hence on the safety
factor of the slope. All the analyses performed are summarized in
the table reported in Fig. 9.

Pressure heads calculated in analyses A, B and C (which differ
in the permeability function) at depths of 0.5, 1.8 and 4.0 m in the
vertical section 2(s2c), and at the depth of 3.0 m in the vertical
sections 1(s1c) and 6(s6c) are reported in Fig. 12a-e. Measurements
in Casagrande piezometers are also overlaid on the pressure heads
calculated at the same depths in the clay layer. Analysis (A) seems

to provide the best fit between the pressure head calculated and
those measured in Casagrande piezometers at the depth of 3.00 m
(P10 Psc) and 4.00 m (p,c) from the soil surface, during the period
from June 2005 to June 2006 (Fig. 12c-e). Moreover, this analysis
provides compressive values of pore water pressure in the pyro-
clastic layer during the winter, even during the critical events of
March 2005 according to what was discussed in the “Rainfall and
groundwater regime” section. Analysis (C) returns smaller season-
al oscillation in pressure heads than that calculated by analysis (A)
according to the lower conductivity adopted. Consequently, the
pressure head calculated in analysis (C) does not at all match
measurements in piezometers; in addition, tensile values of pore
water pressure (suction) establish in the pyroclastic layer during
the winter. With regard to analysis (B), seasonal oscillations in
pressure heads exceed those calculated in the other two analyses
(A and C), as expected due to the higher hydraulic conductivity
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Fig. 12 Pressure heads calculated (lines) by SEEP/W in analysis A, B, and C at the vertical s2 at the depth of 0.5 m (a), 1.8 m (b), 4.0 m (d), at the vertical s1 at the depth of
3.0 m (c) and at the vertical s6 at the depth of 3.0 m (e). Pressure heads measured (symbols) in Casagrande piezometers at the depth of 3.0 m (c, €) and 4.0 m (d)
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values used. In particular, during the dry period, the pressure
heads fail to match the piezometer measurements well, while
during the winter, they are comparable with those calculated in
analysis (A). Therefore, the most suitable hydraulic conductivity
curve should lie between the curves corresponding to the median
and maximum value of in situ saturated conductivity. Neverthe-
less, it was verified that also the hydraulic conductivity curves
corresponding to the saturated conductivity half an order of mag-
nitude higher than the maximum measured at the Monteforte site
(here used in analysis (B)) provide very similar results in the wet
period. The median value of the permeability (A) is a threshold,
beyond which the hydraulic response of the soil to the precipita-
tions is quite fast and its transient phase quickly disappears (the
distribution of pore water pressure in the soil is more or less
steady).

Analysis (A)

Pressure heads calculated by analyses (A), (D) and (E) at the
same depths investigated in Fig. 12a-e are reported in Fig. 13 a-e.
This time, the analyses differ in soil water retention curves, thus, in
conductivity curves too. The seasonal oscillation in pressure heads
calculated by analysis (E) is smaller than the others according to
the lower conductivity adopted, and the response to single events
is very delayed. As regards analysis (D), the seasonal oscillation is
always lower than that calculated in analysis (A) although the
permeability values are higher than that used in analysis (A). This
is probably due to the lower value of the water storage modulus
(expressed as the arithmetic slope of the soil water retention
curve) for the scanning path used in (A) with respect to the main
drying curve adopted in (D). Therefore, observing the results in
Fig. 13a-e, the proper soil water retention curve has to be repre-
sented by a scanning path close to that used in (A). These results
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Fig. 13 Pressure heads calculated (lines) by SEEP/W in analysis A, D, and E at the vertical s2 at the depth of 0.5 m (a), 1.8 m (b), 4.0 m (d), at the vertical s1 at the depth of
3.0 m (c) and at the vertical s6 at the depth of 3.0 m (e). Pressure heads measured (symbols) in Casagrande piezometers at the depth of 3.0 m (c, €) and 4.0 m (d)
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show that the capacity of the soil to store water reduces the
amplitude of pore pressure fluctuations.

A further analysis, termed (F) (see the Table in Fig. 9), adopting
the properties of analysis A for the pyroclastic layer and the
saturated conductivity of 107'° m/s for the clay layer was carried
out to investigate to what extent the hydraulic properties of clay
can influence the pore pressure regime. For brevity’s sake the
results of analysis (F) are not included, yet they suggest that the
hydraulic saturated conductivity of clay does not affect the pore
water pressure in the pyroclastic cover. They provide only a slight
reduction of the seasonal oscillation in pressure heads in the clay
layer due to the lower saturated conductivity adopted.

Summing up, in light of these results, the curves used in analysis
(A) provide (i) the best fit between the pressure head calculated and
those measured in Casagrande piezometers, (ii) the compressive
value of pore water pressure in the pyroclastic layer during the
winter at the depth of the slip surface, according to what was
discussed in the “Rainfall and groundwater regime” section. In Fig.

14a, b, pore pressure heads against time, grouped by layer type
(pyroclastic and clay), calculated in analysis (A) are reported. In
particular, the numerical model well reproduced 3 m of seasonal
oscillations in pore pressure heads together with a 3-4 m lower water
table depth in July than in November in the clay bedrock. Seasonal
oscillations of 4-5 m in pressure heads are calculated in the pyro-
clastic soil. A mean pore water pressure value of 12-15 kPa at the
depth of 1.8 m and 6-8 kPa at 0.6 m is obtained over the winter from
January to April during both 2005 and 2006.

In this regard, in Fig. 14c, a detail of pore pressure heads and
rainfall over the wet period from January to April for both 2005 and
2006 is shown at the depth of the rupture surface, 1.4 m from soil
surface. The steady conditions established in February during 2005
and in March 2006 due to a smaller amount of antecedent rainfall in
2006 compared with 2005. Mean pore pressure head over the steady
period ranges between 0.8 m (8 kPa of pore water pressure) and 1.2 m
(12 kPa of pore water pressure). The variations in pore pressure
heads are reported in Fig. 14d to investigate the effect of single events.
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In particular, the critical rainfall of March 4 caused a variation in
pressure head of 25 cm (2.5 kPa) at the depth of the failure surface
(1.40 m) and the water table rose to the ground surface. Some other
intense rainfall events caused high oscillations that were even higher
than that corresponding to the critical event (i.e. 16 February 2005
(0.4 m, 4kPa)). However, none of these induced landslides due to the
lower initial pore pressure soil condition (initial pore water pressure
and volumetric water content).

Therefore, all the analyses show that seasonal fluctuations pre-
vail over daily ones, as also observed in other monitored slopes in
Campania (Urciuoli et al., 2016b). Hence, the predisposing factor
plays a decisive role in landslide triggering.

Slope stability analysis
The numerical model discussed in the previous section was used
to calculate pore water pressures from 1 January 2005 to 4
March 2005, adopting the hydraulic properties used in analysis
(A). However, the same results were obtained by using those from
analysis (B), in line with what was discussed above.

The pressure head values obtained were adopted in the Limit
Equilibrium Method (LEM) implemented in the code SLOPE/W
(Krahn 2004) to estimate the evolution of the safety factor along

the observed rupture surface. The Morgenstern-Price method was
adopted, the entry and exit of the slip surface were fixed in advance
as envisaged by the LEM, and the minimum slip surface thickness
was fixed at 0.5 m to avoid detecting very surficial failure.

The existence of a unique sliding surface located in the pyro-
clastic cover, triggered all at once, is not appropriate to justify the
occurrence of the landslide. Indeed, the safety factor would always
be higher than 1, even at the pore water pressure calculated on 4
March 2005. Therefore, in agreement with the evidence surveyed,
two flowslides occurred, with the second activated after the first, as
a consequence of the variation in topography induced by the first
landslide (Fig. 16b, c).

Slope stability analyses were applied to the section B-C’
crossing the trigger area (Fig. 16a). The failure surface that
detected the soil volume involved in the first trigger is traced
in Fig. 16b: it is located on a steeper part of the slope and
mainly crosses the pyroclastic layer. Only in a few points, it is
in contact with the flysch deposit, according to the geological
evidence observed after the events of 4th March (see Fig. 6). For
the pyroclastic soil, the critical state friction angle of 37° was
adopted (Table 2). Indeed, to take into account the apparent
cohesion when the suction establishes within the soil cover, the
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Fig. 15 Slope stability analyses: daily and cumulative rainfall measured at site (a); pressure head calculated at the depths of 0.30, 0.75, 1.50, 2.00 and 3.00 m (continuous
lines indicate depths located in the pyroclastic layer and dotted lines in the flysch deposit) (b); safety factor calculated on the sliding surface shown in Fig. 16 over
2 months before the triggering event (from 1 January 2005 to 4 March 2006) with the mean values of apparent cohesion (Eq. 4) establishing within the pyroclastic cover
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extension of Mohr-Coulomb criteria to unsaturated soil was
used in SLOPE/W (Fredlund et al. 2013):
Te= ¢ + (0p-uy) X tand + (uy-uy)x tandy, (2)

In Eq. (2), the term tand, is assumed equal to S;tan d>', and
the degree of saturation S, is detected on the soil retention curve
adopted in the SEEP/W code in correspondence with the mean
value of the calculated suction in the pyroclastic soil layer and
adopting a porosity of 0.70. A Bishop effective stress approach
(Bishop, 1959) was thereby implicitly adopted, with effective stress
0’ equal to:

o= (on=tta) + x(ua=—tty) (3)
and parameter y equal to the degree of saturation.

The third term of Eq. (2), is the apparent cohesion, c,:
ca = (Ug—uy) tand, = (ua—uw)-Sr-tand)' (4)

For the flysch deposits, a peak shear strength was adopted (see
Table 2) because no pre-existing slip surface was pointed out by
previous geological investigation and the failure occurred mainly
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in the pyroclastic soil layer. Pore pressure heads calculated
2 months before the trigger events of 4 March 2005 at five different
depths (z = 0.30, 0.75, 1.50, 2.00, 3.00 from the soil surface along a
vertical section crossing the unstable volume) are reported in Fig.
15b. Safety factors corresponding to pore pressures calculated on a
daily basis from 1 January 2005 up to 4 March 2005 are shown in
Fig. 15¢, together with the mean value of apparent cohesion, c,,
establishing within the pyroclastic cover.

The first 50 cm is partially saturated up to about 20-21st of
January; hence the mean apparent cohesion, c,, is approximately
equal to 6 kPa and the safety factor is equal to 2.9. It is important
to remark that in shallow landslides (where the thickness of the
unstable cover is around 1-2 m) even such a low c, value can allow
the soil cover to be stable. After 120 mm of rainfall during the last
week of January, all the pyroclastic soil cover becomes saturated
apart from the first 30 cm (from soil surface) and the safety factor
dropped to 1.15. During that period, c, decreases from 6 to o kPa.
Over the first 2 weeks of February, suction values within the first
30 cm increase slightly because evapotranspiration prevails over
rainfall (Fig. 15a), while pore water pressures in the rest of the soil
cover remain constant. The safety factor also increases slightly
from 1.15 to 1.3. During the 2 weeks before the triggering event,
224 mm of rainfall fell and the whole pyroclastic soil cover became
fully saturated, with the safety factor fluctuating between 1.05 and
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Fig. 16 Slope stability analyses: section crossing the triggering area (a); sliding surface relative to the first trigger (b) and the second trigger (c). The green area in

panels b and ¢ points out the unstable mass in the two critical events
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1.03. Therefore, rainfall accumulating over 6 weeks prior to 4th of
March allowed the increase in volumetric water content to satura-
tion in the pyroclastic layer. Thus, this condition represented a
predisposing factor to landslide. Meanwhile, 82 mm of rainfall
concentrated in 1 day represented the triggering event able to
lower the safety factor from 1.03 to below 1 (detail in Fig. 15¢).

As recorded, 2 h after the first trigger there was a second trigger
involving the zone upstream of the first crown. This situation was
also investigated: a safety factor lower than one was obtained on
the surface of rupture which completely crossed the pyroclastic
volume no longer retained downslope (Fig. 16¢).

These results show that flow-type landslides could occur in the
pyroclastic cover resting on the flysch deposit with a slope angle of
even less than 15° only if antecedent rainfall is able to fully saturate
the cover and positive pore water pressures establish at the depth
of the sliding surface. Importantly, during the winter, the rise in
the groundwater table in the substratum up to the contact with the
ash layer facilitates saturation of the soil cover. Hence, a similar
combination of antecedent and single rainfall events could lead to
failure in the pyroclastic cover resting both on fractured limestone
with a slope angle exceeding 35° and on flysch deposits with a slope
angle ranging on average between 15°-25°.

This case study in Campania can be considered representative
of a large number of events which occur in other parts of Italy and
worldwide: the conceptual model of the case study is that in which
triggering involves a shallow permeable soil resting on an imper-
meable bedrock. It can be considered suitable also for crystalline
bedrocks with their weathered cover (Li et al. 2016; Ietto et al. 2016;
Schiliro et al. 2016; Pradhan and Kim 2015; Tsuchida et al. 2015) or
in the eluvial and colluvial covers on clayshales (Berti and Simoni
2012; Panek et al. 2010; Miko$ et al. 2009; Picarelli et al. 2005).

Conclusions
This paper focuses on the Bosco de’ Preti landslide (Avellino)
which occurred on March 4, 2005, in the Campanian Apennines
in southern Italy. It constitutes a case study of a complex landslide
affecting pyroclastic soils on flysch bedrock. Such landslides are
generally complex, characterized by an early slide and a subse-
quent flow evolution. The high fluidity and speed are noteworthy;
the landslides present reach angles around 9° and 15° and can be
triggered on gentle slopes (15°-25°). The rupture surfaces are
generally located at the contact between the clayey-marly bedrock
and the pyroclastic cover.

With regard to the case study presented here, some conclusions
can be drawn:

® Fluidification definitely played a major role in both triggering
and the run-out evolution. After the triggering, the mass was
channelled into a small gully. According to the descriptions
provided by eyewitnesses and the impact marks left on the
walls of two houses, the height of the mud reached 1.2 m. The
impact was slightly inclined to the flow and the landslide body
had a high water content. Furthermore, the slide mass started
in saturation conditions under positive pore pressures, as
demonstrated by numerical analyses and the in situ evidence
of the formation of ephemeral springs.

® From the monitoring data, the groundwater head in the clay
layer showed seasonal oscillations of 2-3 m. A steady condition
was established early on in the flysch deposit during the wet
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period from December to April of the years 2005 and 2006 (at a
depth exceeding 2.5-3 m) and along with the antecedent total
rainfall; this represented a predisposing factor for triggering
the flowslide.

® From the infiltration analyses, the use of a scanning path and
hydraulic conductivity function corresponding to the median
value of in situ saturated conductivity (analysis A) provides the
best fit between the calculated pressure heads and those mea-
sured in Casagrande piezometers; compressive pore water
pressure values in the pyroclastic layer during the winter at
the depth of the surface of ruptures. Rainfall during the
months preceding the events was then able to fully saturate
the cover and positive pore water pressures established at the
depth of the sliding surface. Hence, a combination of anteced-
ent (predisposing factors) and single rainfall events (triggering
factors) could lead to the failure, as occurs on other slopes in
Italy (Comegna et al. 2016b; Urciuoli et al., 2016b).

® Slope stability analyses appropriately reproduced the landslide
occurrence and the results confirmed two distinct flowslide
events, spaced a few hours apart, in agreement with the tell
of local eyewitness.

Summing up, the hydraulic regime of the flysch interacts with the
water circulation in the pyroclastic soil cover, as the presence of the
water table at the lithologic contact facilitates saturation of the cover
during the winter/spring. By contrast, for the triggering of pyroclastic
layers resting on the fractured limestones, rainwater infiltrates the
pyroclastic cover and drained off into the limestone toward the
deeper groundwater table. Therefore, landslides of the discussed type
involving flysch rocks can develop on less steep slopes (15°-25°) than
those which develop in pyroclastic soils overlying limestone (35°).
This consideration is relevant to the study of the susceptibility of the
landslides involving pyroclastic soils on flysch bedrock or, generally,
case studies where triggering involves a shallow soil much more
permeable than the bedrock on which it rests.
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