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Introduction

Chapter lintroduction

1.1 Preface

Flow-like landslides (bwslides, debris flows and debris avalanghepresent a
major natural hazard worldwide, occurring widely in many geological settings, such
as weathered covers, eluvial and colluvial ones on clayshales and also pyroclastic soils
resting on igneous, carbonate or flysch bedrock in the vicinity ofamoles (Italy:

Crosta & Dal Negro, 2003; Cascini et al., 200Bong Kong: Dai et al., 1999; Central
America: Capra et al., 2003; Crosta et al., 2005; Harp et al., 2009; Devoli et al., 2009).
These types of landslides are particularly dangerous becaupeetiaiure phase is

hard to be predicted and the post failure phase is characterized by a rapid propagation
of the soil involved. Once the shear failure occurs, the material begins to change into
a debris avalanche, but in many cases the landslidetowamfo a steep channel and
evolve into a debris floWHungr et al. 2014)reaching either high speed, with peaks

of 30-40 km/h, or high impact energies. When the huge volume of soil (up to 200000
mq) arrives at the foot of the slope, culminating in a longaut) causes damages to

the structures and fataliti€€ascini et al. 2008Budetta and de Riso 2004)

In the last centuries, a wide numberflow-like landslides induced by rainfall
occurred in the Campania regioso(ithern Italy) and brought about more than 800
casualtiegCascini et al. 2008b)lhe most recent events which determined several
fatalities and huge damage in the involved areas took place in Cervinard"on 15
December 1999, in Sarno, in Siano and in Bracigliano"oi&y 1998, in Cervinara
on 4" March 2005 and in Casamicciola on"3®lovember 2009In the Campania
region, debris flowsre the most common rapid landslides and oiftenlve steep
slopes covered by pyroclastic loose granular cohesionless deposits, usually in
unsaturated conditions, origiteal from the eruptions of SommnAw&esuvius and

Phlegrean Fields over the last 40€8@00 yeargRolandi et al. 2003)Although the
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average slope angle is generally greater than the friction angle of the pyroclastic soils,
the equilibrium of the steepest slopes is possible thanks to the contribution to shear
strength of apparent cohesion, offered by matric suction in unsaturatediamndit
(Damiano and Olivares 2010Qlivares et al. 2019)After a long peod of persistent
rainfall, rainwater infiltration causes increasesoil moisture and reductioin matric
suction and, consequently, reduatio shear strength. In this scenario, during winter

or spring, after a long wet period, the main triggering eafflow-like landslides is

a heavy rainfall ever(Pirone et al. 2015a,h,€omegna et al. 2016)n combination

with local topographical facterand stratigraphic featurédi Crescenzo and Santo
2005) The Lattari Mountains are a classical example of this situation. They are
frequently hit by flow-like landslides involvingpyroclastic soils superimposed on

fracturedlimestone bedrock.

1.1 Motivation

In order to predict flowslide and debris flow occurrence, Early Warning Systems
(EWSs) were developed, based on empirical precipitation thresholds in terms of
intensity and duratiarGlobal thresholds have beproposed by Caine (1980), Crosta
and Frattini (2001), and Cannon and Gartner (20@4jle regionalthresholdsfor
pyroclastic slopes in Campania have bpesposed byGuadagnq1991), Calcaterra
et al.(2000 andCalcaterra and San{@004) However, the consequence of a heavy
rainfall event does not depend only on its duration and intensity, but also on the
hydraulic conditions in the subsoil reigg before the potentially critical eveitirone
et al. 2015b)combined with local geomorphological factors, such as stratigraphic
(Crosta and Dal Negro 2008) geometrical discontinuities. Furthermore, the response
of slope to precipitation is governed by Horear hydrological process (infiltration,
drainage and storage), which invawhe hydraulic behaviour of the subsoil. Thereby,
to better predict the triggering cdinfall-induced landslidest is necessary to consider

the response of the slope to previous precipitg@ascini et al. 2014 Napolitano et

2
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al. 2016) Neglecting this infanation and considering only the characteristics of the
rainfall, the precipitation intensigluration thresholds suffer from missed and false
alarms (Bogaard and Greco 2018Therefore, in the absence of suitable in situ
measurements to characterise the hydraulic state of the sylgsitally-numerical
models by adopting coupled and uncoupled hydromechanical numerical codes, have
been developed to baehkalyse past flovike landslides and to predict their
occurrence provided that the hydraulic and mechanical characteristics of tlse so
involved are correctly definegd.aloui 2016;Balzano et al. 2019&reco et al. 2021
Sitarenios et al., 2021 These models takento account either the hydraulic
mechanicabehaviour of subsoil or the antecedent rainfall. However, many of these
models consider thglope as amfinite one andnheglect the role of local factors. In
addition, soil water retention curves (WRC) and raydic conductivity functions
(HCF), which highly affect analysis results (Dias et al., 2021a, b), are often assumed
with no field determinations carried out at the considered area.

This thesis that aims to overcome these limitatiorsspart of a wide research on
landslides of the Lattari Mountains whose stratigraphic and geotechnical homogeneity
has been recognized at the basin scale. The underlying strategy of the study consists
in setting up a test site on an arepresentativef theentire basin (on Mount Faito in
the municipality of Castellammare di Stabia, 40 km southeast of Naples) and then
using the hydranechanical characterization obtained on the soils, sampled at the test
site, to interpret landslides occurred in all the sumthng area. A wide soil hydro
mechanical characterization was carried out (Forte et al., 2019; Dias et al., 2021a, b)
and field measurements of matric suction and volumetric water content were collected
over two years at various depths (Dias, 2019) aMbent Faito test site.

In this thesis it is shown that missing direct measurements, the current hydraulic
condition in the subsoil (antecedent the rainstorm provoking slope instability) can be

reproduced through an infiltration analysis carried out tona long enougto reach

3
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the hydraulic equilibrium in the slope. This time (TA) is defined as thestiatly
sufficient toachieve a pore pressure distribution in the slope not depending on the
condition fixed at the starting of the analysis (SC). Alsdh regard to empirical
approaches, which consider antecedent cumulated rainfalls as a possible trigger factor
(these procedures are widely used in the practice), this study is useful to determine
which is the period of time to be considered before YeateFurthermorethe role of

water storagéWs) as an indicator of the hydimechanical response of the slope to
rainfall is provedWS is defined athe amount of water accumulated in the voida of

unit section column of soil from the sliding to thegnd surface_astly, the influence

on the triggering of local factors and stratigraphic features are also discussed in details
In summary, the aim of this thesis is to analythe role of:

1 the starting conditionSC, and the duration of the antecedenmfal, TA, onthe
response of the slope in order to reproduce a landslide event;

1 water storage, WS, as an indicator of the hydiechanical response of the slope
to rainfall

1 topographic, stratigraphi@nd morphological discontinuitiesn ithe trigger
mechanism.

This study is carried otiirough an application to two case histoireBozzano and
Pimonte (both in the province of Naples), where ofi Jdnhuary 199Tetesinduced
landslides occurred. Thesges are located in the Lattari Mutains and were chosen
because for their proximity to the Mot Faito test site. Thanks to the hydromechanical
soil characterisation carried out (Forte et al., 2019; Dias et al., 2021a, b), the field
measurements of matric suction and volumetric wateeobebllected over two years
at various depths (Dias, 2019) at theuvibFaito test site and the knowledge of the
geometry and stratigraphy of thevo studiedsections, it has been possible to

implement a numerical model, reproducing the landslides ofaozand Pimonte.
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1.2 Organization of the thesis

In the following chapter the main points necessary for the development of this thesis
research work are presented including results ofebearch donen unsaturated soil,
on classification of landslides, onethnistoricalflow-like landslides occurreth the
Campania region, involving granular soil such as pyroclastic cover, the hydraulic

behaviour of pyroclastic soil covers in the Campania region, the early warning system.

The 3" chapter includes the casetbises of Pozzano and Pimonte. Furthermore,

Lattari Mountains study area and the WhoFaito test site are described.

In the 4" chapter a description of materials and methods used in this study is given,
in particular the building of the physicalbased model in order to reproduce the
landslide eventsn Pozzanoand Pimonte and the implementation of the physical

mechanical and tdraulic properties of the materials are described.

The 8" chapter explains a procedure for predicting the triggering of meteorological
induced landslides in unsaturated soils. This procedure is based on the values assumed
by the amount of water stored ovuane by the soitover, whose fluctuations are due

to rainwateiinfiltration.

In the 8" chapter the role of the rainfall duratiand of the starting condition of the
soil at the beginning of the analysis te triggering of flowlike landslides are

investigated.

The 7" chapter shows how stratigraphic and morphological discontinuities

influence the trigger mechanism.

The 8" chapter describes how the hydraulic condition imposed at the bottom

boundary affects the hydraulic response of the hydraulic habdee slope.

Lastly, the main contributions of the developed research wezsented and

summarized n Chapter 9 AConclusions and futur e
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explores possible improvements to the thesis and ways of complementing the

developedvork.
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Chapter 2Literature review

2.1 Unsaturated soil

An unsaturated soil can be considered a medium with three components both in terms
of its constituent phases (solid, liquid and gas) and in terms of its materials (usually
minerals, water and air). The solid phase consists of soil particles of diffeegrssh
and sizes, and the space between these particles determines pores, which are similar in
size to grains. The gaseous phase, usually air, occupies the volume of pores not occupied
by the liquid. The liquid phase generally consists of watech contaiis dissolved air.

It may bereleased as the temperature increases and/or the pressure decreases.

In a partially saturated soil, configurations in which air and water are arranged are
very varied and distributed with a certain degree of randomness. Cotbigarare
conventionally defined on the basis of the continuity of the phases present. Wroth and
Houslby (1985), with reference to a schematic situation in which the unsaturated zone

is above the free water table, distinguished three possible cases:

{1 continuous liquid phase and discontinuous aeriform phasehis configuration is
prevalent in the first region above the free surface of the water table, i.e. in the
capillary fringe. In this zone, the degree of saturation is high (>90%) and air is
present in théorm of individual bubbles trapped in the liquid phaSgre2-1a);

1 continuous liquid phase and continuous aeriform phasehis configuration can
be present in the twphase zone, i.e. in that portion of unsaturated soil above the
capillary fringe and below the dried surface layer. It corresponds to degrees of
saturation between 20% and 90Figure2-1b);

1 discontinuous liquid phase and continuous aeriform phasehis configuration is
generally established near the ground level, where the soil is dried, i.e. the degree

of saturations very low <20% [Figure2-1c).
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Figure 2-1. Fluid configuration inunsaturated soils: continuous liquid phase discontinuous aerial
phase (a); continuous liquid and aerial phases (b); discontinuous liquid phase and continuous aerial

phase (c)

The portion of ground between the free surface of the water table and the sdirfac
the ground plane is generally defined in literature as the vadose zone (Bouwer 1978).
However, stratigraphic conditions in which the water table is completely absent and the
ground is partially saturated as a result of water contributions of vayipesduch as
infiltration from the ground plane and/or underground inflows from particularly
permeable stratifications, are frequent. The configuration of the liquid phase is generally
heterogeneous within the neaturated domain: in the presence of wiatele, the water
rises from it towards the ground surface by capillarity and there is a progressive
rarefaction of the liquid phase from the bottom to the topnediately above the free
surface of the water table there is generally a zone of completatsat; above this
there is a partially saturated zone formed by the entry of air from the atmosphere from

the atmosphere and/or by cavitatiéiglure 2-2)

DRY SOIL
- Discontinuous water phase S—+0%
- Air filling most voids

TWO PHASE ZONE

- Continuous water phase

pressures)

- Continuous air phase

gative pore-water

2 CAPILLARY FRINGE
- Water filling most voids S »100%
- Air phase discontinuous

UNSATURATED SOIL

h 4

Groundwater Table

=

fater filling the voids

- Air in a dissolved state

SATURATED
SOIL
(positive
pore-water
pressures)

Figure 2-2. Classification of the regions within a saturatathsaturated soil profile. S, degree of
saturation (Fredlund, 1999).
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In unsaturated soil the physical continuity of the liquid phaséliserified at least
until the degree of saturation assumes very small values (<20%). In the latter
circumstance the water is close to the contacts between the particles and it is not clear
whether the pore pressure analysis models in the porous mediure considered
reliable. In the case of physical continuity of water, the vertical profile of the pore
pressure can be calculated. Pore pressures higher than hydrostatic indicate infiltration
of water from the ground to the water table, pore pressokesrithan hydrostatic
indicate an upward flux toward the ground surface. In the upper portion of the
unsaturated zone liquid water can vaporise, depending on the temperature at the ground.
Through this mechanism, the passage of water from the subsoi tatrttosphere
occurs. This phenomenon is of great importance in finite problems, as it contributes to
regulating the pore water pressure regime in the subsoil, as well as other possible
hydraulic boundary conditions such as the infiltration of rainwatdrabeurs during

rainy days Figure2-3).

W @@
L N S S I

Upward -
flux
(pore-water
pressures less
than hydrostatic)

Capﬁ!fz?r; fringe :r
_ A4 + Water table ? .
SATURATED
(A \ SOIL
I »
I Uy \ G \
S N
Pressure " Hydrostatic
equals zero 1 f
| Total stress
, | (@)
Negative Positive

ore-water ¢————p————p
%ressures I pore-water
pressures

b Dov\;lnward
ux
Moo b N (pore-water |\ e o ATED

m pressures greater
han hydrostatic) SOIL

Figure 2-3. lllustration of the effect aheteorological conditions on the peweater pressure profile
near the ground surface (Fredlund 1999)
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In an unsaturated soil, pores contain partly air and partly water, generally at different
pressures. This is possible because the two media are sepgrétiednembranes made
up of water molecules, called meniscus, which adhere to the solid particles by
incorporating the porosity water, which is located near the-pasdicle contactsHigure
2-4). The meniscus are only a few molecular layers thick and are able to withstand
tensile stress, allowing the air pressukgto be greater than the water pressukeThis

difference in pressure galled matric suction:

i 6 o (2-1)

Figure 2-4. Volume element of unsaturated soil (a); meniscus pressures (b) (Papa
et al, 2011)

However, suction has a more general meaning: it is defined as the amount of free
energy of the pore water per unit volume of the liquid (total suction). Thus, the total
suction,y, is the relative pressure to which distilled water must be subjected nterde
be in equilibrium, through a permeable membrane, with the water present in the soil.
The total suction can be divided into two rates: the matric sugiarhich depends on
the pressure of the porosity watex, and the osmotic suction, which degnds on the

ionic concentration:

T4 6 ¢ (2-2)
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In unsaturated soils, only matric suction is generally considered, since experience
shows that a change in the water content of theceaiesponds to a modest change in

the osmotic suction and a significant matric suction (Fredlund et al, 2001)

2.1.1 Waterretentioncurves

The Water Retention Curv@VRC) for a soil is defined as the relationship between
water content and suction for the soil. The water content defines the amount of water
contained within soil pores. In soil science, volumetric water conténs most
commonly used. In geotechnical émgering practice, gravimetric water contentjs
most commonly used. The degree of saturagris another commonly used measure
to indicate the percentage of the voids which are filled with water. The above variables
have also been used in a normedl form where the water contents are referenced to a
residual water content (or to zero water content). Suction may be either the matric
suction of the soil or total suction. At high suction (i.e., greater than about 1500 kPa),
matric suction and total stion can generally be assumed to be equivalent. As a result
of the different terminologies used, the soil water characteristic curves have taken on
numerous forms. It is suggested that the termvgaier characteristic curve is used to
represent the rei@nship between volumetric water conterdnd matric suction. Saeil
water characteristic curves over the entire suction range are often plotted using a
logarithmic scaleligure2-5 shows a typical plot of a seilater characteristic curve for
a silty soil, with some of its key characteristics. Hieentry value(AEV) of the soill
(i.e., bubbling pressure) is the matric suction where air starts toteatkargest pores
in the soil. Thaesidual water content}, is the water content at which a large suction
change is required to remove additional water from the soil. This definition is vague and
an empirical procedure for its quantification would befuk A consistent way to define

the residual water contens shown inFigure 2-6. A tangent line is drawn from the
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inflection point. The curve in the higduction range can be approximated by another
line. Theresidual water contentan be approximated as the ordinatehaf point at
which the two lines intersect as fiigure 2-6. The total suction corresponding to zero
water content appears to be essentially the sansdlftypes of soils. A value slightly
belowl® kPa has been experimentally determined for many different soils (Croney and
Coleman 1961). This value is also supported by thermodynamic considerations
(Richards 1965). In other words, there is a maximum sotetion value corresponding

to a zero relative humidity in any porous medium.

For suction smaller than AEV, the soil is saturated or nearly saturated, so it can be
treated as a saturated soil with a compressible fluid due to the existence of occluded air
bubbles. For water content smaller tidhnthere is little water in the soil, so the effects
of water content or negative pengter pressure on soil behaviour may be negligible.
Therefore, the soil in these two unsaturated ranges is not the key foausatirated
soil behaviour (Bao et al. 1998). What is of great concern to interpret the behaviour of
unsaturated soils is the range between AEVdnih which both air and water phases
are continuous or quasontinuous, and hence the soil propertiesstnangly related to
water content or negative penater pressure. It can be seen frBigure 2-6 that the
WRC between AEV andl; is nearly a straight line on a semilogarithmic scale. The
linear part of thelVRC can be approximately represented with theeairy value, the
saturated and residual volumetric water content, and the desaturation rat&\ét@he

(i.e., the slope of thérlear part).
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Figure 2-5. Zones corresponding to the swaiaterretentioncurve WRQ (Vanapalli2009).

TheWRC can be obtained through drying paths, starting from a saturated sample, or

imbibition starting from a dry sample. Respectively,dhgng or desorption curvend

thewettingor adsorption curvebtained in this way do not coincide with each other due

to the hydraulic hysteresisat the same suction, the water content depends on the

direction of the phenomenon. This phenomenon is called hydraulic hysteresis. The end

point of the adsorption curve may differ from the starting point of the desorption curve

because a significant amount of air remains trapped during wefBngrfone and

Wheeler, 2022)Both curves have a similar form as showirigure2-6.

Volumetric Water Content

60 T -
6 Air-entry value
o &1
S \\
[ . Residual air content
40 A +
‘\ \ Desorption curve
30 )
20 =
Adsorption ™.
curve
10 e
Residual water \_:
content, 8, T —
0 : :
0.1 1 10 100 1000 10000 100000 1000000

Matric Suction (kPa)

Figure 2-6. Typical soitwater characteristic curve (Fredlurehd Xing1994)
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Hysteresis associated with wetting and drying stages of a soil also indicates that there
iS no unique soilvater characteristic curve. The wetting and drying branches form the
extreme bounds for the sailater characteristic curve. In addition, there arénéinite

number of intermediate (drying or wetting) scanning curves as shokrgurne2-7.

R I

Drying scanning

___curve

40 =

Initial stress state from
soil could dry or wet

.

30 N
UWetting or adsorplionj
(Bounding) curve

f" .y
.

Drying or desorption

20 _(Bounding) curve 1

Water content (%)

Wetting scanning
curve N

e

e

~m iy
T

0.1 1 10 100 1000 10000 100000 1000000
Soil suction (kPa)
Figure 2-7. Description of wetting and drying scanning curves. (Fredi2d0.

The WRC for low suction values is strongly influenced by the structure of the soil,
while for high values it depends mainly on its grain size assortmeitheAfine fraction
increases, the amount of stored water increases at the same suction value, resulting in
an increase in the air entry value and a slight slope of the curve in the linear range. In
coarsegrained soils, the initial emptying of the largeres leads to an immediate and
rapid reduction in the water content, which already reaches the residual condition at low

suction valueKigure2-8).
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Figure 2-8.Water retention curves of sandy, silty and clayey soils (Fredlund and Xing, 1994)
Among the most welknown expressions of the characteristic curve in the literature
there are those by Brooks and Corey (1964), van Genucthen (1980) and Fredlund and

Xing (1994).

Van Genuchtei(1980) proposed the following equation:

P
p | 26 0o (2-3)

whereUis the inverse of the pressure at the inflection point of the curve, which in turn
is related to AEVn is a parameter function of the porosity distributions a parameter
expressing the asymmetry of the curve with respect to the inflection point.

In an attempt to obtain a closémm expression for hydraulic conductivityjan

Genuchter{1980) relatedn andn through the following equation:

a p 3z (2-4)
The Van Genuchtenformulation manages to represethe Sshape of the
experimental curve more effectively than the Brooks and Corey relation and does not
present any discontinuity at the air entry vaBimoks and Corey (18 and Fredlund

and Xing (1994 are described in ppendixA-Waterretention curve.
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2.1.2 Water conductivity functions

In a saturated soil, hydraulic conductivifi(s) is the dimensional constant of
proportionality between the hydraulic gradient and seepage rate. For a given particle
size, hydraulic conductivity depends on porosity and therefore, with no variation in
porosity, can be considered constant for a givenlsoéin unsaturated soil, on the other
hand, hydraulic conductivity depends primarily on the content of water flowing into the
soil through pores occupied by the liquid. As suction increases, water content decreases
and, therefore, with it, the current ual of hydraulic conductivityfFigure 2-9 shows
qualitative trends of the hydraulic conductivity functii(s) as a function of matric

suction,s, for acoarsegrained soil and a fingrained soil respectively.

Kg1f~

\ — - — Sandy soil
kg2 \ Clayey soil

Hydraulic conductivity (log m/s)

Matric suction {log kPa)

Figure 2-9. Relationships between hydraulic conductivity and matric suction (Zhan and Ng, 2004)
The experimental measurement of hydraulic condugtigi a complex and costly
operation, which leads to a preference for indirect methods. MuaR8® classified
the approaches for the indirect estimation of hydraulic conductivity function into three
types:empirical, macroscopic and statistical approaicat are dtailedin AppendixA-

Hydraulic conductivity function.
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In particularthe Brooks and Corey1963) model is quite popular betweere th
macroscopic model
oo i
0 8 . (2-5)
LY l l
where/ is the pore size distribution indexdit is the slope of the water retention curve

in a loglog plotand& expresssthe effective satation:

Yo —— (2-6)

On the basis othe assumptionf the statistical modelyan Genuchter{(1980)
proposed an expression of the hydraulic conductivity function in a closed form,
combining the equation of the characteristic curve with the expression proposed by

Mualem (1976), that predicts the relative taulic conductivity K.

O 0Y p p Y/ (2-7)

2.1.3 Effective stress for unsaturated soils

Stresses acting on soil particles are referred as effective stresses, whiahtladfect
mechanical soil behaviour, i.e. shear strength and volume changes. In saturated soils,
the Terzaghi 6s definition of (28),Wwwethé ve st
effective stress,(Nj) 1 s the differ eng)anddhe porcewaater t he t
pressuredo):

woow 0 (2-8)

However, in unsaturated soils, effective stresses are more complex to quantify
because the soil in those conditions presents three phases instead of two as in the

saturated soil. The effective stress depends on pore air pressure and on suction. In the
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formulation proposed by Bishop (1959), the effective stress in unsaturated conditions is

represented by Equati¢g-9):
s = 0 .0 0 (2-9)

where....is the effective stress parameter, and the t&mhog) is named matric
suction. The parameter.variesbetween 0 and 1, in which 1 corresponds to the soll
saturation and 0 to the dry soil. The parametean be considered equal to the degree

of saturationS, for Neapolitan pyroclastic soils.

2.1.4 Shear strength
In order to take into account the effectsoiction on shear strength, Fredlund et al

(1978) extended MokhCoulomb's failure criterion to unsaturated soils:
1 6 o0 0wt (2-10)

where (if 0a)f and Owl 0a); are respectivelyhe net normal stress and suction at
failure conditions,c is the cohesion{i is the friction angle andi, is the angle
describing the shear strength contribution due to suction for consiaos).( By
assigning a constant valuede , smaller than the friction angle of the soil, the shear
strength is expressed by the Equaf®i0) as a linear function of suction. The equation

(2-10) is shown inFigure2-10in respect of Cartesian ax&8s 0a), (OwT 0a), t.
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Figure 2-10. Mohr-Coulomb failure envelope extended to unsaturated soils (Fredlund1&x7a).
Experimental evidence shows a relationship between the retention curve and the
mechanical properties of unsated soils (Fredlund and Rahardjo, 1993) as shown in

Figure2-11.
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Figure 2-11. Relationship betwee&WRC and shear strength envelope for different soil types: a)
various zones alon@/RGC b) shear strength envelopes for different soils for different ranges of
saturation(Vanapalliet al. 1996).
Taking the effective stress defined by Bishop (1959) for pbrisalturated soils as

the stress variable, the Mohr Coulomb criterion becomes:

T o o, 0 .0 0 0WE (2-11)
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2.1.5 Stress and deformation
In unsaturated soilthe local slope of th&ergin curvecan present increasing or

decreasingn function of suctiondepending on the level of netenstress

VA Inp
‘ ———J—
|
:} \ (s = s1)
; §1> 8

(s = s2)

Figure 2-12. Proposed variation of specific volume with nmetan stress and suction along virgin
and unloadig- reloading pathgAlonso et al. 1990)

A reduction in suction (wetting) for a given confining stress may induce an
irrecoverable volumetric compression (collapse). Any partially saturated soil may either
expand or collapse on wetting if the confining stress isaefitly low (expansion) or
high (collapse). Suction controlled experiments have revealed, however, that a reversal
in volumetric behaviour may also occur during the wetting process. In facttipyen
collapsible microstructures subjected to a suction reduction from a relatively high initial
value have been reported to experience first an expansion and then a compressive strain

(Josa, Alonso, Lloret & Gens, 1987).
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Figure 2-13. Proposed variation of specific volume with metan stress and suction along virgin
and unloadig- reloading pathgAlonso et al. 1990)

The volumetric response of partially saturated soils depends not only on the initial
ard final stress and suction values but on the particular path followed from the initial to
the final state. However, significant departures from this result are obtained when the
stress path involves an increase in suction and an increase in extern@haages in
suction may induce irreversible volumetric deformations. This behaviasrbeen
investigated by subjecting samples of soil to drywegting cycles. Tests of this type
have been reported hjosa et al. (1987pr a kaolinie in whichplastic vdumetric

strains were measured as a consequence of a drying process.
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Figure 2-14. Relatimship between preconsolidation stressgapd p*: stress path and yield carve
in (p, s) stress plang@lonso et al. 1990)

2.2 Evapotranspiration

The evapotranspiration is the combination of two separate processes whereby water
is lost on the one hand through the soil surface by evaporation and on the other hand
from the crop by transpiratioivaporation ad transpiration occur simultaneously and
there is no easy way of distinguishing between the two processes. Apart from the water
availability in the topsoil, the evaporation from a cropped soil is mainly determined by
the fraction of the solar radiation mang the soil surface. This fraction decreases
during the growing period as the crop develops and the crop canopy shades more and
more of the ground area. When the crop is small, water is predominately lost by soll
evaporation, but once the crop is wetvdloped and completely covers the saill,
transpiration becomes the main process. In particid®s,is a climatic parameter

expressing the evaporation power of the atmosphere in presence of a reference plant
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cover consisting of a hypothetical grass crothvepecific characteristics. As shown in

Figure 2-15, in presence of a crop other than grass, evapotranspiration changes.
Therefore, the crop evapotranspiratide]., differs distinctly from the reference
evapotranspirationETo as the vegetatio cover, canopy properties and aerodynamic
resistance of the crop are different from those of reference grass. The ratio of the crop

ETcto the referenc&Tois represented by the crop coefficieikt)( which integrated the

effects of characteristics thdistinguish field crops from grass. These characteristics

are:

A Crop height. The crop height i nfluences:c
turbulent transfer of vapour from the crop into the atmosphere.

A Al bedo (r ef |-sitsura@ The albedofis affebtesl bycthre draction of

ground covered by vegetation and by the soil surface wetness. The albedo of the crop

soil surface influences the net radiation of the surf@gewhich is the primary source

of the energy exchange for the evegimn process.

A Canopy resistance. The resistance of the
(number of stomata), leaf age and condition, and the degree of stomatal control.

A Evaporation from soil, especially direct
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Figure 2-15. Reference (Egj and crop (ET) evapotranspiration (Allen 1998).
ETo can be computed from meteorological data adoptingthe FAO Penman

Monteith methodand detailed ippendixA-Evapotranspiration

2.3 Uncoupled mmerical modelling

Numerical modellings very usefuto simulate real physical processegeh aghe
infiltration of rainwater into a slopandevaluateits stability.In order to evaluatéhe
mechanical and hydraulic response of the shapeainfall an uncoupled numerical
modelling can be usedhis approach allows the hydraulic and mechanical response of
the slope to be studied separatdly particular thenydraulic behaviour isnodelled
neglecting the soil volume changedthe mechanical aspects of soil behaviour are
treated separately and in a simplified form by adopting a limit equilibrium method
assuming an elastiperfectly plastic constitutive soil behaviour

Referring to pyrolastic soils, the hydraulic modelling of infiltration phenomena
neglecting the soil volume changes correctly takes into account the amount of water

stored in the soil sample as provedRBgano et al. (201@nd Greco et al. (2013In
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particular, inPagao et al. (2019a good match between the volumetric water content
measured at physical prototype filled by pyroclastic soil collected from a site in
Campania, and the value estimated by a model not accounting for soil volume changes
was foundGreco efal. (2013)reproduced satisfactorily measurements collected at the
monitored pyroclastic slope in Cervinara (Campania) by using a numerical model

solving the Richardsdé equation.

The calculation codes SEEP/W, based on Finite Elements Method (FEM), allow to
investigate the hydraulic response of the slope to the variation of the hydraulic boundary
conditions, assuming a riggkeleton of the soil. Once the pore water pressure
distribution in the soil is known, the calculations code SLOPE/W, based on Limit
Equiibrium Method (LEM), allovsto investigate the global stability of the slope itself,
assuming a rigid plastic behaviour of the sBidth SEEP/W and SLOPE/W belong to

the software GeoStudio.

2.3.1 Hydraulic modelling

Through the calculation code SEEP/W, thidtnation phenomenon within the slope
of the rainfallscan beinvestigated.

In general, the process of infiltration of rainwater into the slope, both in the case of
saturated or unsaturatedil, is modelled using Darcy's law

b 00 (2-12)

where

®[LT Y is the flow Darcian velocity vector;
K [LTY] is the hydraulic conductivity;

i [-] is the gradient of total hydraulic head.
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Note that the actual average velocity at which water moves through theasdie
estimated as the linear velocity, which is equal to Darcian velocitgativby the
porosity of the soil. In unsaturated soil, it is equal to Darcian velocity divided by the
volumetric water content of the soil. SEEP/W computes and presents only the Darcian

velocity.

Darcy's Law was originally derived for saturated soil, but later research has shown that
it can also be applied to the flow of water through unsaturated soilgfis 1931 and

Childs & CollinsGeorge, 1950). The only difference is that under conditions of
unsaturated flow, the hydraulic conductiviky, is no longer a constant, but varies with
changes in water content and indirectly varies with changes in paier pressure.

When water flows through an unsaturated soil, the mass balance equation can be written

as:
QM — 1 (2-13

where
d[-] is the volumetric water content;
t[T] is the time.

By submitting Equation(2-12) in Equation(2-13), the seepage process under 2D

conditions is governed by the differential equation:

r.,r o1 1o . 1 —

With
H [L] is the total head;
Kx andKy [LT Y] are respectively the hydraulic conductivity in the x ardirgction;

Q[L3TY is the applied boundary
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t[T] is the time.

Equation(2-14) states that the difference between the #xering and leaving a
generic controvolumein the unitary timas equal to the change water storagef the
soil systems. More fundamentally states that the suwf changes irflows in the x
and ydirections plughe flux furnished by the internal souriseequal to thehange in

volumetric water content with respect to time.

Under steadystate conditions, the flux entering dedving the ontrol volumeis the
same at all times. The right side of the equation consequently vanishes and the equation
reduces to:
I 1o 1 o .

T_(l)U T_(JO T—o,oU T_(D ) Tt (2-15)

Changes in volumetric water conterg @liependent on changes in the stress state and
on the propertieof the soil. The stress state for both saturated and unsaturated
conditions can be described by two state variables as shown in s&dtemd2.1.4
These stress state variables are total net strdsds;)( and suction,dwi 6a). SEEP/W
is formulated for conditions of constant total stress; that is, there is no loading or
unloading of the soil maghiring the hydraulic procesSEEP/W also assumes that the
poreair pressure keeps on constamtatmospheric pressure. This meamat (A1 0a)
keeps on constant and has no effect on the change in volumetric water content, that
consequently dependsly on changes in thed4 6w) stress variableKeeping on
constantda, the change in volumetric water content is a function only of-pater
pressure changes. As a result, the change in volumetric water content can be related to

a change in porvater pressure by the following equation:

C s (2-16)

where:
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my [M1LT?] is the slope of th&VRC

The total hydraulic headH, is defined as:

0 FJ_ o (2-17)

where:

uw [FL™?] is the porewater pressure;
av [FL™3 is the unit weight of water;

yis the elevation.

Equation(2-17) can be rearranged as:

6 [ 0O ® (2-18)

Substituting equatio(-18) into equatiorn(2-16) the following equatioran be derived:

C a0 6 (2-19)

which now can be substituted into equatia14), leading to the following expression:

T Tolaold T o

(2-20)

Since the elevation is a constant, tlegivative ofy with respect to time disappears,
leaving the following governing differential equation used in SEEP/W finite element

formulation:

r.or ot 1o . | 10
— U0 — —,0—, U a7 —

Tow Tow ! ow To T o (2_21)

Applying the Galerkin method of weighed residual to the governing differential
equation, theD finite element seepage equation can be derived and can be expressed

in an abbreviated forras reported il\ppendixA- Finite element water flolwquations.
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2.3.2 Mechanical model
Once the response of the slope to antecedent rainfalls has been evaluated, knowing
the value of pore water pressure and volumetdter contenat all nodes of the mesh,
it is possible to calculate the safety factor with respect to the global stabtliy sibpe
as a function of timeUsing the geological and geotechnical characterization discussed
in section3.2.], slope stability analyses were gad out for Pozzano and Pimonte
sections.Assuming therigid plastic behaviour for thesoil (with the Mohr-Coulomb
failure criterion),slope stability analyses wecarried out usinghe limit equilibrium

method (LEM) implemented in the code SLOPE/W (KraR0(B).

In thisthesisthe MorgensteniPrice method was adopted. If the soil is unsaturated, due
to the presence of suctiog),(there is an increase in the shear strength expressed by
equation(2-10) reported in sectio@.1.4 Equation(2-10). By assigning a constant value

to (ib, the shear strengthis a linear function of suction which tends to overestimate the
unsaturated shear strength even when the soil suction is very highig-oeason,

SLOPE/W implemented the following equation proposed by Vanapalli et. al. (1996):

t &, 6 OAl o6 6 O A (2-22)

where
dw is the volumetric water content;
ds is the saturated volumetric water content;
d: is the residual volumetric water content.
Limit equilibrium method (LEM) is detailedn Appendix ALimit equilibrium
method (LEM)
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2.4 Varnes classification dandslides

Starting from the classification of landslide by Varnes (1978) and taking also into
account concepts introduced by Cruden and Varnes (1996), Hungr et al) (201
proposed the following classification consisting of 32 types of landslides, a@assifi
according to the type of kinematic mechanism and the type of material involved in the

landslide phenomenon:

Table2-1. Summary of the proposed new version of the Varnes classification system (Hungr et al.

2014).
Type of movement Rock Saoll
Fall 1. Rockl/ice fall 2. Boulder/debris/silt fall
Topple 3. Rock block topple 5. Gravel/sand/silt topple
4. Rock flexural topple
Slide 6. Rock rotational slide 11. Clay/silt rotational slide
7. Rock planaslide 12. Clay/silt planar slide
8. Rock wadge slide 13. Gravel/sand/debris slide
9. Rock wedge slide 14. Clay/silt compound slide
10. Rock compound slide
Spread 15. Rock slope spread 16. Sand/silt liquefaction sprei
17. Sensitive clagpread
Flow 18. Rock/ice avalanche 19. Sand/silt/debris dry flow
20. Sand/silt/debris flowslide
21. Sensitive clay flowslide
22. Debris flow
23. Mud slow
24. Debris flood
25. Debris avalanches
26. Earthflow
27. Peat flow
Slope deformation 28. Mountain slope deformation 30. Soil slope deformation
29. Rock slope deformation 31. Soil creep

32. Soilfluction

Particular attention in this thesis is paid to the following categories:

1 20. Sand/silt/debris flowslide;

1 22. Debris flow;

M 25. Debris avalanche.
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20. Sand/silt/debris flowslides are very rapid to extremely rapid flow of sorted or
unsorted saturated granutaaterial on moderate slopes, involving excess-poessure

or liquefaction of material originating from the landslide source. The material may range
from loose sand to loose debris (fill or mine waste), loess and silt. Usually originates as

a multiple rérogressive failure. May occur subaerially, or under water.

Loose, saturated granular soils can fully or partially liquefy during or after failure and
create extremely rapid flowslides. The earliest descriptions of liquefaction flowslides
relate toevents occurring underwater and involving loose deltaic deposits, as well as
hydraulic fills (e.g., Bjerrum 197 LCasagrande 1940Qocat and Lee 2002). The rapidity

and large displacements of the underwater flows is often evidenced only indirectly, by
sudeen removal of large volumes of sediment from the sea floor and generation of
surface waves. The trigger was spontaneous liquefaction, caused kstregsing of
loosesaturated soil, probably aided by undensolidation of the rapidly aggrading

deltaic &and deposits (Morgenstern 1967).

Figure 2-16. Fig. 24 A flowslide caused by multiple retrogressive failure oficdte permafrost (a
thaw flow) in the Mackenzie Region, Novtlest Territories, Canada (Hungt al., 2014)

22. Debris flow: Very rapid to extremely rapid surging flow of saturated debris in a

steep channel. Strong entrainment of material and water from the flow path.
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It is distinct from other types of landslides in that it occurs periodicallgstablished

paths, usually gullies and firsdbr second order drainage channels. Thus, debris flow
hazard is specific to a given path and
periodicity of occurrence at the same location, influences theoahalthgy of hazard
studies and contrasts with related phenomena, such as debris avalanches (type 25),
whose occurrence is not bound to an established path. Debris flow events often occur
simultaneously with floods. The flow may be initiated by a slide, idetwalanche or

rock fall from a steep bank, or by spontaneous instability of the steep stream bed. Once
soil material begins to move in a steep channel, the bed becomes subject to rapid
undrained loading, often so sudden that it could be characterizetpast loading
(Sassa 1985). Under such conditions, even coarse material can liquefy, or at least suffer
a significant increase in pepessure. The bed material will become entrained in a
growing surge. As the surge moves dewtieam, erosion undermindge steep banks

and further soil material, as well as organic debris, is added to the flow. The surges
travel down the channel on slopes steeper thaB0and entrain saturated soil, as well

as surface water present in the channel. The bulk of theiatateolved in a debris

flow event usually originates from entrainment from the path, while the volume of the
initiating slide is insignificant. The magnitude of debris flows therefore depends
primarily on the characteristics of the channel and can beatstl by empirical means

(Hungr et al. 2005).

Figure 2-17. Debris flow surge in the Kamikamihori Valley. (Hungr et al, 2014)
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25. Debris avalanche: Very rapid to extremely rapid shallow flopaafially or fully
saturated debris on a steep slope, without confinement in an established channel. Occurs

at all scales.

In contrast to a debris flow, a debris avalanche is a unique event that can be found
anywhere on steep slopes. This difference issdexfor the selection of methodology
during hazard studies. In many cases, debris avalanches enter established channels, de
stabilize channel infills, and become debris flows. Debris avalanches initiate as debris
slides (type 13) and are associated Mattures of residual soil, colluvial, pyroclastic,

or organic veneer. In some cases, failure of thicker accumulations of granular material
on steep slopes, such as deep pockets of residual soil or artificial loose fills, may initiate
large debris avalancheln such cases, it is difficult to make distinction between debris
avalanches and flowslides (type 20). The source volumes of debris avalanches may
contain liquefiable material (Picarelli et al. 2008). Cohesion loss, spontaneous
liquefaction, and undraéd loading can all occur simultaneously in a landslide on a
steep slope. However, it is suggested that the term flowslide be reserved for failures
where spontaneous or earthquake liquefaction is clearly the dominant mechanism. The
rapid undrained loadingrpcess also allows debris avalanches to be triggered by impact
from rock fall or rock slide on sedovered slopes (e.g., Lacerda 2007). Once initiated,
rapid undrained loading continues progressively as material moves down the slope. In
this way, an inital landslide of a few tens ofman strip material from a large segment

of the slope, entraining many thousand$ Rrediction of potential debris avalanche
magnitude (volume) therefore requires both the estimate of the thickness of entrainable
layer andhe plan dimensions of the avalanche path. The paths widen downslope, as the
undrained loading destabilizes an increasing width of the slope segment. Guadagno et
al . (2005) defined napex angleo as the

avalanches fnm the 1998 Sarno disaster in the Campania Region of Italy and found it
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to vary between 5° and 50°, depending on the depth of the pyroclastic veneer and the

slope angle. Debris avalanches move at extremely high velocities.

Figure 2-18. A debris avalanche in sandy colluvium, Jasper national Park, Canada (Hungr et al.
2014)

The definitions of all landslides categories are reparie@innex A-Classification of

landslides

2.5 Pyroclastic slopes in the Campania oggi

A large part of Campania region (Southern ltaly), one of the most crowded regions
in Europe, is covered by ndithified pyroclastic soils derived from the eruption of
Roccamonfina, Phlegrean Fields and Somma Vesuvio.

Nontlithified pyroclastic depositsan be differentiated according to age, deposition
mechanism, grain size and nature of the bedrock. As suggested by Picarelli et al. (2008),

in Campania can be recognized the six following mareas Figure2-19b):

1 Roccamonfina volcano area (A). In this maarea the bedrock is constituted by
lava. The pyroclastic products are very old (more than 150 ky) and consist-of fine

grained or humified ash.
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1 Phlegrean Fields and phlegrean inlands (B). The pyroclastic soils were deposited on
tuff through flow, surge or fall. The average slope angles are quite high (about 35°)

and tuffaceous cliffs are frequent.

1 Northern side of the MSommaVesuvius system (C). Coarse pyroclastic materials
(pumice and scoria) are spread (proximal deposits). The slope angles are quite gentle:
values higher than 35° can be found only along main drainage channels around the

volcano.

1 Matese Mt., Maggiore Mt Massico and Tifatini MtgD). The calcareous slopes are
mantled by some decimetres of airfall products erupted by Roccamonfina and

Phlegrean Fields.

fLattar.i Mts., Sorrentina Peninsul a, Pice
(F). These mountas are the closest ones to Sorviesuvius system. The studies
of the dispersion axis of pyroclastic deposits have shown that the thickest pyroclastic
levels (pumice and cinerite) in the area of the Sorrento Peninsula can be certainly
attributed to the AD 9 eruption (Sigurdsson et al., 1982), while at Northeast of
Vesuvius, in the hills of the Lauro and Partenio Valley, there are more ancient pumice
levels, intercalated with paleosoils and linked to $a&nqg Ottavianoor Mercato
and Avellino eruptions wheh occurred between 17 and 3.7 ky ago (Rolandi et al.,
1993a,bh Di Vito, 1999). These levels are locally covered by a few centimetres of
volcanic sands from the AD 472 eruption (Rolandi et al., 2003). In general, the area
(F) is characterised by a fractdrimestone bedrock with an angle between 30° and
45° with the exception of thigpinia hills where the bedrock consists of flysch or

clay and the slopes are fairly gentle-@%).

1 Marzano Mt., Cilento and Vallo di Diano (EBecause of the large distanitem

vents, only thin deposits of pyroclastic soil (a few decimetres) are present.
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Figure 2-19. a) Geological map of the Campania Region; b) pyroclastic maoeas. 1. Pyroclastic
air-fall deposits (Quatenary). 2. Alluvial deposits (Quaternary). 3. Lavas, pyroclastic flows and tuffs
(Quaternary). 4. Arenaceous conglomerates (Pliocene). 5. Marly arenaceous terrigenous deposits with
clay interbeds (Tertiary). 6. Carbonate rocks (Mesozoic). 7. Volcanice=r@. Rivers. 9. Pyroclastic

air-fall deposits of Phlegrean Fields and Somyesuvius. (Picarelli et al., 2008)

The macreareas A, C, D and E are only marginally affected by flowslides, debris

flows and debris avalanches. In contrast, these are widespréhe macr@reas B

and F, especially the steep slopes of area (F) have been repeatedly subjected to

flowslides, debris flows and debris avalanches.

Accounting for the nature of the pyroclastic cover, furthera@as have been then

individuated in aa B and F as shown in

1 Phlegrean area (Ba). Pyroclastic covers generally do not exeged &d mostly

consist of ash. In this area mostly debris flows, but also small flowslides can occur.

1 Caserta Mts. and southern slope of the Avella Mts. (Fa). Thakareous

mountains are located at the boundary of the dispersion area of the Somma
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Vesuvius deposits. Pyroclastic covers, mainly made up by weathered ash and
pumices, reach thicknesses in the range of 1 m. Only small flowslides have been

identified.

Avella, Roccarainola and Cervinara M{gb). This sector is located in the distal
axial area of the aifall deposits of the Sommdesuvius and Phlegrean Fields
systems. The pyroclastic cover overlies fractured limestone and consists of products
of several muptions reaching a maximum total thickness of 4 m. This zone

experienced several large flowslides as the Cervinara one.

Pizzo doAl vano, Mo n t (Ed). Ghistzene ia lochtedMutigen a n o
distal axial zone of the dispersion products of the SoiMa®uvius system. The
thickness of the pyroclastic cover which rests on fractured carbonate rock, ranges

from 4 to 7 m. In 1998 this area was subjected to a lot of large flowslides.

Northern sector of Lattari Mts. (Fd). The sector is located in the andgbepximal
areas of the aifall products of the 79 AD Vesuvius eruption, thus the pyroclastic
cover (maximum thickness 2 m), is the result of only one eruption. In the past this
sector, whose bedrock is constituted by fractured limestone, experienged lar

flowslides.

Southern sector of Lattari Mts. (Fe). This zone is located in the distal axial area of
the airfall products of the 79 AD eruption. The thickness of the pyroclastic cover,
which overlies fractured limestone, can reach only 1 m, thus only fsoweslides

(tens thousands of cubic metres) can take place.

Sorrentina peninsula and Capri island (Ff). Also, this sector is located in the
marginal area of the airfall deposits of the 79 AD eruption. The pyroclastic cover is
discontinuous with a thiclkess smaller than 1 m. Only small local flowslides can

develop.
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1 Irpinia hills (Fg). The bedrock consists of flysch or clay. The slopes, which are quite
gentle (1525°), are located in the axial zone of thefall products of Somma
Vesuvius and Phlegrearelftls systems. The cover is generally thicker than 2 m. In
this context flowslides can be generated having a moderate size (less than 10,000

m°) but a long rurout.

1 Salerno Mts. (Fh). This sector is located in the marginal dispersion areaamf the
fall deposits of Somm&esuvius system. Discontinuous pyroclastic covers up to

1m thick rest on fractured carbonate rocks. Isolate small flowslides can take place.

1 Picentini Mts. (Sector Fi). The zone is located in the very distal dispersion area of
the airfall deposits of Somm&esuvius and Phlegrean Fields. The pyroclastic

covers have a high clay content and include ancient paleosoils.

'j,:: 7 | e 3760 ..
= === R000 b.p. 5
o =« =+ = 17000 bp.
@ ¥ |Phiagrean Fioids
s P 0 5000 10000m 5
| = =— 4000 bp. L
cesssssserssse 1ODOD-000 b,

Figure 2-20. Zoning of the macrareas B and F (Picarelli et al2008)
These pyroclastic covers, characterised by a value of the friction angle between 34°
and 38°, are generally unsaturated in natural condition, so the stability of very steep

slopes is due to suction.

41



Chapter2

2.5.1 Historical flowslides occurred in tH@éampania region

The main cause of slope failures in the pyroclastic context of Campania region is
rainfall, causing a drop in suction to a critical value depending on slope and friction
angle. In some cases, slope failure gives rise to a fast catastfioplslide or debris
flow, whose velocity can reach a few tens of metres per second. In other cases, induced
landslide is a slide or a debris avalanche.

In the last centuries, flowslides, debris flows and debris avalanchedifkevents)
induced by raifall have caused more than 800 fatalities in Campania as shé&uguie
2-21. In particular the area of the Lattari mountains has been the mostdibeetethe

years and it has recorded the highest number of victims.

Geological context A1
® Event of November 1773
@®  Event of October 1910
Event of March 1924
Event of October 1954
Event of January 1997
Event of May 1998
® Local event
N. of casualties 1to 4
N. of casualties 5to 10
N. of casualties 11 to 50
N. of casualties 51 to 100

u
n
B
e
OO0 O«

N. of casualties =100

1km

Figure 2-21. Spatial distribution of casugies caused by flodike phenomena within the geological
context characterised bylenmestone bedrock (Cascini et a014)

Flow like landslides occurred in Campania from 1954 to 2009 are reported in Table
2.2. The most recent events include the landslides at Casamicciola on 10 November

2009, causing one victim, at Barano d'Ischia oAB6l 2006, which killed four people,
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and at Nocera Inferiore on 5 March 2005, which killed three people. Less recent are the
landslide that occurred in Cervinara on the night between 15 to 16 December 1999,
causing five fatalities, and those ones thgigred on the steep slopes of Monte Pizzo
d'Alvano, destroying the municipalities of Sarno, Quindici, Siano and Bracigliano and

killing 160 people on 5 May 199&igure2-22).
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Table2-2. Flow like landslides occurred in Campania region from 1954 to 2009
Date (from Location Date (from Location
1998 to 2009) 1954 to 1997)
10/11/2009 Casamicciola 10/01/1997 Pozzano
30/04/2006 Barano d'Ischia 10/01/1997 Ospedaletto
05/03/2005 Contrada 10/01/1997 SantEgidio di Monte
05/03/2005 Bosco dei Preti 10/01/1997 Corbara
05/03/2005 Bosco d'Aiello 10/01/1997 Gragnano
05/03/2005 Bosco dei Preti 10/01/1997 Pimonte
05/03/2005 Cesine 10/01/1997 Pagani
05/03/2005 Tramonti 18/12/1992 Gragnano
05/03/2005 Monte Faliesi 22/02/1986 Palma Campania
05/03/2005 Monteforte Irpino 31/10/1985 Torre del Greco
04/03/2005 Nocera inferiore 16/02/1973 Mitigliano
15/12/1999 Cervinara 06/03/1972 Pagani
05/05/1998 Montoro Inferiore 02/01/1971 Gragnano
05/05/1998 Sarno 09/01/1968 Sarno
05/05/1998 Quindici 23/11/1966 Vico Equense
05/05/1998 Siano 21/02/1963 Sarno
05/05/1998 Bracigliano 17/02/1963 Gragnano
05/05/1998 San Felice a Cancello  24/05/1962 Palma Campania
05/05/1998 Monteforte Irpino 26/10/1954 Molina di Vietri
05/05/1998 Avella

Figure 2-22. Traces left on the slope of Monte Pizzo d'Alvano by the landslides of 5 May 1998
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Figure 2-23. Flowslide flooding the municipality of Sarno

In Table 2-3 features of the main historic flelikke landslides, such as number of

victims, length of landslides and volume of mobilised soil, are shown:

Table 2-3. Features of the main historic flelike landslides (Picarelli et al, 2008)

Site Date Victims Lenght (m) Volume (md)

Ischia 2006 4 450 3*10*
Cervinara 1999 5 2 *10° 4*10°
Avella 1998 - 15 *10? 2 *10*
Cancello 1998 1 8 *10? 3*10*
Srano 1998 137 2-4 *10° 5 *10°
Bracigliano 1998 - 1-2 *10° 15 *10*
Siano 1998 6 14 *10? 4 *10%
Quindici 1998 11 1-4 *10° 5 *10°

Gragnano 17641997 153 2-10 *1¢ 1-6 *10¢
Maiori 1954 >300 10° 5*10*
Massalubrens: 1973 10 3107 7 *10°
Avellino 2005 1 4 *10? 2 *10*
Montoro Inf. 1997 - 2 *10? 3*10°
Salza 1970 - 4 *10? 20 *10°

All landslides longer than 300 m which occurred in Campania in the last century

were investigated by Di Crescenzo and Santo (2005), who identified the
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geomorphological triggering factors. The analysed landslides are always characterized
by a limited area Wwere detachment first occurs, a second area where translational
sliding occurs and in which the landslide is greatly amplified, and finally, an area of
channelization, flow and accumulation; these slope movements can be defined as debris
flows. The differat phases occur in quick succession. Morphological analysis was
primarily concerned with predisposing factors; it confirmed that 86% of the slope failure
crowns developed in response to mmaade cuts and tracks (44%), or due to the
presence of cliffs (42%)In particular, the predisposing factor for most channelled
landslides (debris flows) was the presence of rocky cliffs. In summary, road cuts and
escarpments are the main topographical predisposing factors. The failure and fall of
even small portions of aterial from their upper portions can trigger landslides: their
impact on the slope below, in unstable equilibrium, gives rise to much larger slides.

As shown in Figure 2-24, subtriangular landslides are triggered on regular,
unchanneled slopes (these slope movements can be defined as debris avalanches);
mixed, often multiple channelled landslides and secondadglales develop on slopes
with hierarchized drainage basin. Morphometric analysis identifies critical values for
the steepness of the crown zones (from 35° to 45°) and the steepness of the sliding zone
(26 30°). Critical values of the apical angle of ttewn zone (15°30°) for mixed and

unchanneled landslides (debris avalanches).
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Figure 2-24. Scheme of the main morphology associated to debris flow type of landslide (Di
Crescenzo and Santo, 2005).

In the case of flowslides, a major role is played by in situ fluidification of the soll
(Musso and Olivares 23D which can liquefy when saturated (Olivares and Picarelli
2001). Such landslides are usually rainfiatluced and occur in pyroclastic soils negt
on steep slopes mainly overlapping carbonate, volcanic bedrock and flysch deposits.
Several Authors (Cascini et al. 2Q@livares and Picare|l2006; Damiano et al2012;

Papa et al2013; Pirone et gl2015a) have dealt with flotype landslidegn carbonate

and volcanic contextand they havehown than the soil cover is in partially saturated
conditions even in the winter period. Hence, failure could occur in correspondence of
negative pore water pressures and should be analysed in the franoévpanitially
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 infiltratuager toward the deep

water table.
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Santo et al., (2018) focused on landslides in pyroclastic soils resting on flysch
bedrock, in particular on the Bosco ded Pr
in the Campanian Apennines in southern Italy. yTe#ow critical slope values for
triggering to be estimated at around 11Z3°, which is lower than those estimated for
the same phenomena on carbonate ridges (Di Crescenzo et al. 2008). The landslides
started as soil slides along a surface of rupture d@vthe pyroclastic cover and the
clayey bedrock. The initiation was followed by liquefaction and channelling of the mass.
The phenomenon evolved into a flowslide and the mass was characterized by high
fluidity and speed (several m/s). Field surveys cdroet in the aftermath of the event
highlighted the presence of groundwater outflows in the crown and in the transition area.
They were mainly located between the pyroclastic cover and the clayey bedrock. This
evidence provides major insights into the grdwater regime and the role of pore
pressures that were positive at the moment of triggering. By contrast, in carbonate
contexts, landslides in pyroclastic soils are usually triggered in partially saturated

conditions with negative values of pore watersgree.

2.5.2 Hydraulic behaviour of pyroclastic soil covers in the Campania region

Slope stability problems typically arise during the rainy season which, in Southern
Italy, occurs from November/December to rAlly. During this season, called wet
period, suctia experiences a generalised decrease to values close to the AEV (Papa et
al., 2013; Pirone et al., 2015a; Urciuoli et al., 2016), due to rainwater infiltration.
Therefore, during the wet period when suction levels remain low, on a slope where
morphologicalfactors predisposing to landslides are already present, an extreme rain
event can act as a trigger (Urciuoli et al., 2016). In contrast, during the dry season
continuing evapotranspiration causes a pore pressure decrease. Generally, the worst

pore pressu conditions can be recognized only through careful monitoring. However,
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at least on a regional scale, some indications can be obtained from accurate
interpretation of results of loAgsting investigations carried out in sites located in the
same geologal/geomorphological context.

The site at Monteforte Irpino was selected as representative with regard to geological
and geomorphological features typical for the extensive upland area in western
Campania, to which Pizzo I1bd Aonioeedavertimel ongs.
suction and water content in pyroclastic soils in order to gain detailed knowledge on the
hydraulic regime in the subsoil. FFigure 2-25 the soil profile of the test site and the
grain size envelopes of soils constituting the pyroclastic soil cover are shown. Starting
from the ground surface, the profile consists of soil Ickiness, 0.40 m), the topsoil;
soil 2 (0.40 m), weathered and humified ashy solil; soil 3 (0.70 m), pumices from the
Avellino eruption (3,700 years ago); soil 4 (0.80 m), palaeosoil consisting of weathered
volcanic ashes; soil 5 (0.60 m), pumices from tha@ano eruption (8,000 years ago);
soil 6 (0.60 m), palaeosoil consisting of weathered volcanic ashes; soil 7 (0.20 m),
volcanic sand (sometimes missing in the soil cover); and soil 8 (0.30 m), highly
weathered fingyrained ashy soil. For each soil, thevelope of grain size distributions
of several samples taken for the same soil is showigure2-25b, c. Shallower soils
(1 and 2) have a fairly sinaif grain size envelope: the two envelopes are partially
overlapping. Soil 4 is wellgraded, ranging from sand to silt with a small clay fraction.
Soils 6 and 8 are finer than the others. Soils 3, 5 and 7 are described as relatively uniform
coarsegrainedmaterials: soil 7 is a medium sand with some silt, soil 5 is a coarse sand,
and soil 3 is a gravel. The grain size envelope for each solil is sufficiently narrow and
exhibits small scattering for samples taken from the same soils, demonstrating the
uniformity of deposits; the mean values of the main physical parameters are reported in
Figure 2-25. a) Simplified soil profile; b) and C) Grain size envelopes of soils

constituting theyroclastic soil cover (Pirone et al., 2015a, b).

Table2-4.
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1&2:

Topsoil & ashy soil {0.00+0.80 m)

: Pumiceous deposits of

Avellino eruption (0.80+1.50 m)

. Palaeosacil (1.50+2.30 m)

. Pumiceous deposits of

Ottaviano eruption {2.30+2.90 m)

. Palaeoscil (2.90+3.50 m)

Volcanic sand (3.50+3.70 m}

. Highly weathered fine-grained

ashy soil (3.70+4.00 m)

Fractured limestone

L

Figure 2-25. a) Simplified soil profile; b) and C) Grain size envelopes of soils constituting the
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pyroclastic soil cover (Pirone et al., 2015a, b).

Table2-4. Physical properties of the investigated soils (from Papa et al. 2008,.2013)

Sall Gs Dry wuni tgq Porosity,n
(KN/m?3)
1 2.65 8.06 0.69
2 2.6 7.77 0.7
3 2.55 4.8 0.8
4 2.64 7.09 0.72
5 2.55 4.63 0.82
6 2.57 7.13 0.72
7 2.46 7.93 0.67
8 2.49 10.64 0.57
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Measurements taken during the period from April 2008 to October 2010 (when both
matric suction and volumetric wateontent were measuraging tensiometers and
TDR probes respectivélyare shown irFigure 2-26. Monitoring data clearly showed
seasonal fluctuations inatric suction and volumetric water content in the slope. Both
variables within the top part of the soil cover appeared to be affected by single rainfall
events, but these fluctuations were relatively small compared to those occurring at the
yearly timesca, which are due to seasonal factors. In the intermediate and deeper parts

of the pyroclastic soil cover, matric suction and volumetric water content were affected
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by the seasonal trend alone, being in practice unaffected by single rainfall events.
Moreove, the amplitude of fluctuations of matric suction and volumetric water content
decreased with increasing depth, and fluctuations at deeper soils were delayed with
respect to those occurring within surficial soils. Therefore, this trend identifies the most

critical period for slope stability (from December to April)
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Figure 2-26. Monitoring data: daily rainfall recorded by the Monteforte Irpino rain gauge (a) and
the rain gauge on site (b). Meanction measured in soil 1 (c), soil 2 (d), soil 4 (e), soil 6 (f) and soil 8
(9) (Pirone et al., 2015a)
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Mean suction, s (kPa)

Mean water content, 6

AMJu [ Ja]s[oN[DJu[F[M]A[mM[J[J]A[s[o[N][D]]F]M[A[M[J]J[A]S]O
2008 2009 2010

Figure 2-27. Monitoring results: mean suction (a), mean volumetric water contentgbil 1, 2, 46
and 8(Modified from Pirone et al., 2015a)

Constant head permeability tests were carried out to determine the saturated
hydraulic conductivity of undisturbed soil samples. Forced evaporation tests and drying
tests in a pressure plate apparatus allovetl Wwater retention curves and permeability
functions to be determined. The test procedures adopted are extensively described by
Nicotera et al. (2010). Soil water retention curves and permeability functions determined
upon drying are shown iRigure 2-29. It is worth noting that the laboratory drying
curves are the upper boundary of the hysteresis domain and hence are likely above the
paths detected by suction and volumetric water contents obtained fraitu in
measurements. With regard to water retenpooperties, all the soils behave like a
coarsegrained material characterized by an air entry value between 8 and 13 kPa.
Starting from saturated conditions, specimens become almost dry when the applied
matric suction reaches about 100 kPa; in fact, tiemetric water content measured
during the test is very close to the residual value. However, some differences can be
noted between the shallower and intermediate soils (1, 2 and 4) and the deeper ones (6
and 8). Soils 6 and 8 are characterized by a anbally higher air entry value than the

shallower strata. Furthermore, the saturated hydraulic conductivity clearly decreases
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with depth. In particular, the hydraulic conductivity of soil 8 is significantly lower than
that of all other soils in the inveégated suction range.

This same soil was hydimechanically characterized in Papa et al. (2008) based on
triaxial tests in saturated and unsaturated conditibimseffective stress obliquity ratio

at critical statef each soi(M) is presented ifrigure2-28.
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Figure 2-28.7 Results of the saturated triaxial tests (Papa et al., 2088)cal state effective shear
strength of the investigated soils from laboratory tests (from Sorbino and Nicotera 2013)

Results varied from 36.2° for soil 2 to 40.3° for soil 7. Papa et al. (2008) also
concluded that r epr es entsiressgallowdd a satistadtoay i n t
interpretation of the results. Other pyroclastic soils in Campania have also been
investigated in unsaturated triaxial tess®ibino and\Nicotera 208) and direct shear

tests (Evangelista et al., Z8)0
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Figure 2-29. Monitoring results: matric suction and volumetric water content measurements
represented on the drying retention curves determined in the laboratory (modified from Papa et al.
2013) for soils 1 and 2 (a), soil(4), soil 6 (e), and soil 8 (g) and hydraulic conductivity function
obtained by experimental retention curves (from Papa 2007) for soils 1 and 2 (b), soil 4 (d), soil 6 (f)
and soil 8(h)
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2.5.3 The role of antecedent rainfalls in triggering landslides

Criteriaadopted for landslide prediction are generally empirical, based on statistical
interpretation of the meteorological events which in the past triggered a landslide in the
same geomorphological context. Caine's skalbbwn approach (1980), generally
referredto as the rainfall intensity (lfuration (D) approach, is based on defining a
threshold line in the plané D bounding all events which have caused a landslide in a
study area. Based on the rainfall that triggered debris flows in the Lattari Mountains
from 1950 to 1998, (Calcaterra et al. 2000) derived a relationship between rainfall
intensity and duration, also used by Calcaterra and Santo (2004).

The main trouble posed by such a method is therefore in the choice of the relevant
meteorological window toatculate | and DFigure2-30 reports some threshold lines
for landslides triggered in different soils including pyroclastic soils (Caine 1980;
Calcaterra et al. 2000; Crosta et al. 2001; Guadagno 1991; Guzzetti et al. 2005).
Landslide data represented by black dots were collectésduygelista et al. (2007) for
pyroclastic soils in Campania. The figure shows that regression lines and data points are
very scattered. It shows poor reliability of the approach and also confirms that the

triggering rainfall event is not the only signifidafactor.

1000 ¢ T
E Events occurred

Guadagno in Campania

[ .et\al., 1991
100 ¢

S~

: \ Calcaterra-gt

; al, 2000 |
Guzzetti et C@:\?}

s | N \\\S\w

0.1

-
o

—_

Rainfall intensity (mm/h)

0.1 - L o
10 100 1000
Rainfall duration (h)

—_

Figure 2-30. Thresholds for predicting rainfalhduced landslides and data concerning single
events in Campania. (Pagano et al. 2010)
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Due to the capability of pyroclastic soils to store watet maintain a low suction
over periods longer than few days, a further important factor is certainly represented by
antecedent rainfalls. Therefore, at least in the cases considered, Caine's approach
probably fails since it assumes implicitly that the swihditions at the start of each
potentially triggering rainfall are the same. Naturally, further-gechanical aspects
which are disregarded by these methods (slope morphology, internal structure, shear
strength and permeability function of soil) plafuadamental role in slope stability, in
conjunction with rainfall intensity.

The problem could be solved through more complex andd¢onsuming numerical
approaches. These models taking into account the main hydrological, geomorphological
and geotechnicdhctors which affect the stability of slopes in pyroclastic soils may be
developed by accounting for the governing equations and boundary conditions for
seepage flow through unsaturated soils. Such an approach considers rainfall intensity as
a hydraulic lbundary condition that governs infiltration. The length of time over which
the analysis has to be extended must be long enough to include the meteorological
window which has a valuable influence on slope stability.

Conceptually, the antecedemgdrologicalconditions predispose the slope to instability,
while the heavy rainfall event that directly precedes the landslide occurrence determines
slope instability.

Different authors have used numerical models to reproduce the triggering conditions
of historic landslides in Campania, investigating the effect of antecedent rainfall. By
implementing a simple 1D numerical approach in order to reproduce the Nocera
Inferiore landslide event occurred on 5 March 2005 and provide a tool capable of
predicting slope instality, Pagano et al. (201@mphasised the role of antecedent rain
in triggering landslides. Starting from an initial suction of 40 kPa imposed over the
whole thickness of the soil cover, they showed that the triggering rain alone does not

generate any significant change in suction. They have also shown that the progressive
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extension of the duration of the antecedent rainfall in the numerical analysis aauses
progressive decrease of the soil suction and that the same suction profiles at different
depths are obtained for a time span of at least 4 months and that starting from different
initial suctions, after a while, the suction values converge, regardietse anitial
conditions; the deeper the point considered, the longer the time required for the suction
to converge. Pagano et al, (2010) also found that during rainfall, absorbed water
decreases as the water content increases, due to the progressiv®rreduthe
hydraulic gradient near the ground surface. These results suggest that the same
predisposing state to Nocera Inferiore landstrifggering could have been caused even

by a much moderate rainfall.
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Figure 2-31. Infiltrated water compared with the rainfall height recorded during the season leading
to the March 4th 2005 event (Pagano et al., 2010)

Cascini et al. (2014xlso used numerical modelling to investigate triggering
conditions of different sections on Pizzo d'Alvano at the landslide event of 5 May 1998.
Applying the rainfall recorded from 1 January to 5 May 1998, they reproduced the pore
water pressure trend the soil cover, starting from an initial condition characterised by
a uniform suction distribution of 10 kPa all over the slope obtained from later in situ
measurements in the Pizzo d6Alvano test
phenomena ahfirst-time shallow slides, type and triggering strictly depend on initial
(in situ soil suction values) and boundary (rainfall pattern) conditions. Particularly, in
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the period when low suction values are attained (Janhtay), frontal rainfall, as
defined by De Luca et al. (2010) and characterised by-imggmsity rainfall secondary

cells that last between several hours and several days, typically occurs and may cause a
distributed or a widespread triggering of fitshe shallow slides later propagajias

debris flows or debris avalanches; in Julagust when very high suction values exist,
isolated convective storms may only cause local erosion phenomena and/esizmall
first-time shallow slides; and when hurricdile rainfall occurs (Septembgdctober),

soil suction is high enough to prevent the initiation of any shallow slide while
widespread erosion phenomena, quite often turning into hyperconcentrated flow, can be
triggered by higkintensity rains making ponds on the ground surface. Similstdyting

from in situ measurements obtained in the proximity of some sections located on Pizzo
d'Alvano, Napolitano et al. (2016) also calibrated a numerical hydrological model,
evaluating its response to precipitation recorded from 2000 to 2012. Ttezynohed

that the effects of drier antecedent conditions led to a strong increase in the duration
and/or intensity of precipitation required to generate slope instability compared to wetter
antecedent conditions. In order to reproduce the landslide esk@sagnano and
Corbara occurred on 10 January 198&|zano et al. (2019bnplemented a physical
model based on the hydraulic and physioaichanical characteristics derived from
studies carried out on pyroclastic soils of the Monteforte Irpino test site. Considering an
infinite slope malel, they investigated the response of the model to applied rainfall and
reproduced the historical landslides of 10 January 1997. In particular a distinct
numerical analysis was carried out by considering rainfall and evapotranspiration
occurring in 1994 ad 1995 and repeating the same rainfall and evapotranspiration
pattern for three times for Gragnano (for a total of 6 years) and for 1 time for Corbara
(for atotal of 2 years). Threesteasit at e o6i nfinite sloped initd.i
assuminghat suction at the bottom of the soil profile was equal to 10 kPa, 40 kPa and

100 kPa respectively. The results turned that the effect of the (arbitrary) initial condition
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is eventually cancelled if the water flow analysis is carried out for a timeisutly
long (after about 4 years for Gragnano and 0.2 years for Corbara). Once suctions
generated by the three different initial conditions converge, suction tends to fluctuate

around an average value that tends to remain constant over time.

2.6 Back analysi®f landslidesn unsaturated soill

Recently, physicalsnumerical models by adopting coupled and uncoupled
hydromechanical numerical codes, have been developed teabaljse past floviike
landslidesoccurred in different part of the world

Laloui et al. (2016)performedcoupled hydromechanical analysisvith a two
dimensional (2D) finiteelement slope model aimed at reproducing a real landslide
prone site on the foothills of the Irazu volcano in Costa.Rikea Irazu volcano erupted
ash almet continuously from March 1963 through February 1965, forming loose ash
deposits of up to 30 m that exist in the surrounding sldgesAuthors paid prticular
attention to the analysis of the spdtiamporal evolution of matric suctions, degree of
satuation and unsaturated flow, as wel| emversible and irreversible volumetric and
deviatoric deformations induced by rainfall infiltration. Emphasis is placed on a realistic
representation of the hydraechanical behaviour of volcanic ashes by means of an
elastoplastic constitutive model fompartially saturated soilsTo calibrate the
constitutivemodel, the Authors usdbe results ofaboratory testing programme carried
out by Ferrari et al. (2013) to characterise the hydezhanical behaviour of the
involved volcanic ash

The evolution ovetime of matric suction is plotteid Figure2-32 alongthe main
vertical of interestMatric suctions within the first metre of soil depth fluctuate in
accordance witdaily rainfall input. At the toe of the slope, the suction response is more
progressive as a consequence of lateral subsurface flow moving water from the top to
the bottom of the slopelhe response is smoothened out with increasing depth and

delayed initne. Between 2 and 3 m soil depth, matric suctions remain low even during
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longer dry periods (e.g. daysiZb). In the G m above the bedrock, suctions are

monotonically decreasing, which is an indicator for worsening slope stability conditions

throughoutthe wet season
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Figure 2-32. Evolution of matric suction at different depths for tha&in vertical of interesfslope
angleb=51°) and (b) direction angle of water flow vect¢msodified from Laloui et al. 2016).

The results show that flow directions fluctuate strongly in accordance with rainfall

input down to 1 m of soil depth. It is noticed through comparison of the evolutions of
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suctions and flow directions during event Atlfior decreasing matric suctions the flow
direction angles indicate upslope water movement. During the relatively dry period
following event A, suctions begin to slightly-establish down to 2 m of soil depth and
at the same time the directions of floectors invert and take positive values indicating

a downslope water movement

The rainfaltinduced suction losses lead not only to a decrease of the mean effective
stresses but also to a decrease of the size of the elastic domain, which both are
responsil@ for the generation of deviatoric plastic strains in the slope at the onset of a
shear failure mechanismhe capillary stress changes, together with total stress changes
from rain infiltration and stress redistributions within the slope, lead to cyaliations
in mean effective stresses and deformations. Volumetric plastic strains occur primarily
in locations with strong losses in matric suctions due to the normally consolidated state
of the volcanic ashesNoticeable increases in contractive voluntetstrains are
observed after 15, respectively 39 days, both of which correspond to series of 3 to 4
days of consecutive rainfanalogously to the volumetric behaviour, plastic deviatoric
strains increase significantly after particularly rainy periodsitoric stresses undergo

cyclic variations correlated to wetting and drying periods
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deviatoricst r esses g at himodified fom ldalod et ah 2@16)i | dept
On the distinctive magnitude of plastic deviat@ii@ins in the lower part of the slope
towards the surfacguggesthat the most probable failure mechanism surface at the toe
of the slope. The location of the bedrock has clearly a strong influence on the probable

failure mechanism.

Sitarenioset al. (2@1) haveinterpreed the hydromechanical behaviour of a steep,
forested, instrumented slope during an artificial rainfall event, which triggered a shallow
slope failure 15 h after rainfall initiatioThe full-scale field tests were carried out in
northernSwitzerland in a forested area near Ruedlingen villigee s oi | 6 s mec hz«
response has been simulated by coupled hgdrohanical finiteelement analyses,
using a critical state constitutive model that has been extended to unsaturated conditions.
Failure occurs within a colluvium shallow soil cover, characterised as a silty sand of
low plasticity. The numerical results were compared with field measurements and very

satisfactory agreement was observed, with slope failure occurring approximately 15 h

after rainfall initiation in both cases.
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Figure 2-35. Field data and esults of analyseg&volution of (a), (b) displacements and (c), (d)
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Sitarenioset al. (2021) have carried out the analyses applying with different

values of saturated permeability, homogeneously and isotropically, in the soil layer

Resultsreveaéd a dominant effect on the predicted time of failuddthough when

compared thealues of permeability are within the same order of magnitud® (i),

the failure time differs by up to 20 h. This is directly related to the time required for

saturation of the slope close to cluster 3. The higher the permeability, the less time that

water infiltrating from precipitation and flowing into the base of the slope from the

exfi

trat

on boundari

es requires t o moyv e

portion of the soil cover, thus accelerating failure.
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Figure 2-36. The effect of the saturated hydraulic permeabilityarthe evolution of
displacementsandpore pressureb) volumetric water conter{Sitarenioset al. 2021).

The predicted failure area coincides wiitle field observations and the evolution of
displacements with time was predicted accurately, with the analyses capturing both the
initiation of significant straining as well as the abrupt acceleration of movements
corresponding to the threshold betweeabkt and unstable behaviour. A thorough
examination of the evolution of both the hydraulic and the mechanical response up to
failure revealed that the main triggering agent is the water exfiltration from the
bedrock in the upper part of the slope, whicbederates saturation of the soil cover
and increases the pore water pressures above the hebinedkedrock geometry also
plays a role in the exact location of failure surface migration towards the slope surface,

as its shape seems to follow a steepergfahe bedrock
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Chapter 3The study area

3.1 The Lattari Mountains

The Lattari Mountains (in southern Italy) are located at southeast of Naples,
separating the Plain of Campai@allf of Naples (to the north) from the Plain of Sele
Gulf of Salerno (to the south) and form the backbone of the Sorrento Peninsula,
consisting 6 pre-orogenic Triassic to Upper Cretaceous carbonates deposited in
platforms, with dolostones in the lower part and limestones in the upper part (D'Argenio
et al. 1973). Locally, synorogenic Miocene flysch deposits crop out. The whole
peninsula is represged by a NWdipping monocline (Triadliocene), affected and
dislocated by normal faults and thrusts with a stslke component (Guerriero et al.,
2011; lannace et al., 2014; Santo et al., 2017; Vitale et al., 2017). Morphologically, the
area is characteed by the presence of ancient erosional terraces separated by steep
fault scarps, originating from the interaction between erosion, uplift and block faulting
during PlicQuaternary and the slopes are generally steep (slopegl530Quaternary
debrisand alluvial fan deposits (lowieniddle Pleistocene) and Holocene pyroclastic
sediments cover the Cretaceous limestones (Aucelli et al., 1996). The femmele
up of calcareous gravel, alternating with Sitgndy beds (> 30 m thick). The area is
very dose (around 2040 km) to the active volcanic district of Campania, i.e. Phlegraean
Fields and Somm#esuvius. These volcanoes have greatly affected the local geological
setting, with several Plinian eruptions emplacing large quantities of pyroclast&itdepo
(tuffs, ashes and pumices) both in plains and on slopes. The deposition of the fall
products is mainly NEriented as influenced by the prevailing winds of the southern
Tyrrhenian sector. Only the 79 CE eruption had a southeast ward dispersiors axis, a
shown inFigure3-1, towards the Sorrento Peninsula (Sigurdsson et al., 1982; Lirer et

al., 1993).
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Figure 3-1. The study area and distribution of the dispersion axes of Mt. Sénvesuvius

Holocene eruptions (Forte et al. 2019)

A shown inFigure3-2, the Lattari Mountains have long been affected by landslides,

causing more than 300 fatalities between 1880s and thd990s.The oldest events

occurred in 1910 and 1954, when substantial clowdts resulted in the triggering of

hundreds of flowslides and debris floods into the watersheds

the Sorrento Peninsula. The towns of Cetara and Vietri (1910), and Amalfi, Maiori and

Salerno (1954) were the most severely affected by the abo

beween the 1950s and 1990s, many other landslides

of the southern slopes of

ve events. More recently,

occurred with a major

concentration in January 1997 due to a very rainy wirtable 3-1 highlights the

number of victims associated with the above landslides and fl
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Figure 3-2. Historical flowlike landslides occurred in Lattari Mts

Table3-1. Historical flowlike landslides occurred in Lattari Mts (modified from Forte et al., 2019)

ID Event Area Fatalities
1 10 January 1997 Castellammare di Stabia 4

2 10 January 1997 Pimonte -

3 25 October 1954 Molina di Vietri >250
4 19 February 1973 Massa Lubrense 10
5 10 January 1997 Piano di Sorrento -

6 05 March 2005 Nocera 3

7 10 January 1997 Sant'Egidio di Monte Albino -

8 23 November 1966 Vico Equense 3
9 06 March 1972 Pagani 1
10 04 March2005 Tramonti -
11 09 September 2010 Atrani 1
12 26 March 1924 Vettica 61
13 05 February 2011 Amalfi -
14 01 March 2014 Casola di Napoli -
15 02 January 1971 Gragnano 1
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3.1.1 Landslide phenomena related to the rainfall event BfJaBuary 1997
As reported byCalcaterraet al. (1997) the rainfall event of"910" -11" January
1997 originated from an atmospheric depression, which occurred on 7 January in the
western Mediterranean and then migrated towards the Tyrrhenian Seeeridthe
whole of Campania, with an elongated rainfall centre along a line running from

Castellammare towards Gragnano and Chiunzi as shokigumne 3-3:

[ ] +0-s0mm
[] so0-80
[] so-100
] 100-120
B 1z0-140
Bl 120160
| RERC .
= 180 - 200 o

200 - 220
B oo
| LR

Figure 3-3. January 911, 1997 storm: isohyete map of the Sorrento Peninkaltari Mts
(Calcaterra and Santo 2004)

The Castellammare di &tia rainfall station of the Italian Hydrographic Service
recorded a daily rainfall of 150 mm, measured at 9 a.m. 8ddiuary. On®9, 10" and
11" January, the accumulated rainfall reached a value of approximately 190 mm. The
hourly intensity of theainfall reached a maximum of 17 mm/hour (between 6 and 7
a.m. on 18 January) and an average e54nm/hour over a 2iour period. Comparing
the specific data with historical data from 1954 to 1997, the daily maximum was
recorded by the CastellammareSiabia rain station on'®January 1973 with a value
of 193 mm. In particular, the critical event that triggered the landslide in 1997 was
exceeded twice, in 1973 and 19Figure 3-4 shows the daily precipitation values
cumulated in thethree months preceding the triggering event compared with the

corresponding average values recorded from 1954 to 1997.
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Figure 3-4. Comparison of 4@ear (from 1954 to 199 @veragevalue of cumulative daily rainfall
from September to January and cumulative daily rainfall f@ctober1996 to January 1997.

Following the meteoric event of 10 January 1%#out 400andslides occurred.he
northern side of the Sorrento peninsula was the most affecték bgrger numbeof
events, in accordance with the trend of the isohyets-1® 9anuary. The absolute
prevailingones were rotational and translatiosdies(43% of the total), followed by
falls (37% of the total) and complex landslides (16%). Most of the landslides (74%)
occurred along excavation fronts or road cuts, along which falls and slides predominate.
On the contrary, complex phenomena are madespreadilong naturaklopes. Most
of the landslides involved modest thicknesses (less than 5 m), mobilising volumes
ranging from a few rhto about 40,000 f The largest volumes maingharacterised
flow-like eventswhile smallest volumewere mainlyfall and slide events. Landslides
mainly involved incoherent Phlegrae¥esuvianpyroclastic soil{67%) while flysch
landslides (12%) and rock landslides (tuffs and carbonate rocks (10%) were largely
subordinate. With reference to the main geologgeainorphological contexts, a high
number of landslides was highlighted in the piedmont and terraced areas. In particular

flow-like landslides involvedhe steep calcareous slopes with inclinations, measured in
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the detachment zone, between 20° and 45° couvayeolyroclastic material, causing
fatalities and extensive damagd-low-like landslides occurred in Pozzano
(Castellammare di Stabia), Monte Pendolo (Gragnano and Pimonte), Corbara, Pagani

and Sant Egidio di Monte Albino and the main features are shoWaie3-2.

Table3-2. Flow-like landslides and damages related to the 10 January intense rainfall (modified
from Calcaterraet al., 1997)

Volume Average

Localities (md) slope Casualities Injuries Damages
Pozzanc(Castc_eIIammare di 37000 a1 4 29 SFate Roa_d 145
Stabia) interruption
M. Pendolo (Pimonte) 20000 45 1 0 buildings
M. Pendolo (Gragnhano) 10000 41 0 0 proc_iu_the
activities
S. Pantaleone (Pagani) 4500 37 0 2 interruption A3
S. Egidio di Monte Albino 3000 34 0 0 road interruption

Particular attention in this thesis was paidltov-like eventsoccurred inPozzano
and Pimonte as they are very close to the test site couM Faito, which will be

discussedbelow.

The Pozzandandslide, with approximately 40000°raf mobilised materialis the
most significant event of January 1997. It occurred at about 8.45 p.m. on 10 January as
an extensive planar slide evolving into a debris flow which involved a house and State
Road 145 over a distance of more than 800 m, causing 4 fataltie$rst detachment
crown of the landslide is quite small and was generasé¢dabout 450 m a.s.l. in
correspondence of small trail atmid-slope on a section of the slope withhigh
steepnesgabout 45°). In this firsmovement a volume of about 20C of pyroclastic
soil was involved. The landslide then precipitated downstream, climbing over a series
of rocky cliffs and impacting on the slope belafter a jump of 100 mgenerating the
main detachment represented by a debris avalanche with a surfaceag@@pinately
6,000 n?. Subsequently, the landslide was channelled into a small riverbed (40 m wide
and 6 m deep), transforming itself into a rapid debris flowghety stoped on a quarry

forecourt below. Some tens of metres downsldpe mass was dided into two parts

80



Chapter 3

by a small calcareous ridge. The western portion of the mass (about 15)0@ached

the quarryfilling it for a length of about 120 m. The remaining part invaded two tunnels,
situated at dower altitudewith respect to the quarrythe eastern tunnel has been
invaded for about 60 m, and the western tunnel for 15 m. It can be stated that at least
1500 n¥ of sediment accumulated into both the tunnels. The eastern portion of the mass
continued to travel along the pegisting gully, patially destroying a house. As shown

in Figure 3-5 a first part of this debris stopped in the landslide channel, covering the
limestones with no more thdl m of material. Another part of the debris (about 10,000
m°) stopped on State Road no. 1aad on thebeach underneath the motorway. The
remaining part of the mass reached the sea, moving away for aboub&gpomndthe
shorelineThis landslide is chacterised by two detachmeeriowns the firstat a higher
altitude, locatedipstreanof a rocky cliff, was investigated this thesis; the secome

was locatedlownstreantespect to the first ondhetop crownis characterised by-3

m thick coverconsisting of pyroclastic soil, covered by a 50 cm layer of topsoil. The
second crowis characterised not only by the presenceyobclastic ashgoil, but also

by pumices from the eruption of 79 AD.
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Figure 3-6. Geological section of the Pozzano landslides (modified by Calcaterra and Santa, 2004)
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4503500

Figure 3-7.Landslide body of the Pozzano event (modified from Forte et al.,.2019)

Figure 3-8. Some details of the landslide. (a) The Castellammare tunneled\mdthe landslide
debris. (b) The private house destroyed by the Pozzano landslide. (c) Retrieval of some cars from the
sea, on 10 January, 1997, after the Pozzano landslide (Calcaterra and Santo, 2004).
The Pimontelandslide was triggered at about 5 p.m. on 10 January 1997 on a slope
which had already been affected by another landslide in 1963. The debris avalanche was
triggered at the base of the forecourt of a house under construction (above 475 m a.s.l.).
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It wasabout 240 m long and mobilised about 4300ofnmaterial which, after having
covered the whole slope, stopped at a small valléye crown,about 30 m wide,
revealed a stratigraphic section showing a bedrock formed by karstified limestone
covered by a layeof pedogenised asthich in turn was covered by a layer of pumice
from the eruption of 79 AD. The stratigraphic succession is closed by another layer of
pedogenisg@ ash on which a layer of topsoil rests. The landslidedy in the
accumulation zone corsts of sandyclayey material with reworked pumice and the

remains of tree trunks.

Figure 3-9. The rapid debris avalanche of Pimonte that took place on 10 January 1997 along the M.
Pendolo slope (Pimonte) {@rescenzo and Santo, 1999)
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Figure 3-10. Landslides body of the Pimonte event (modified from Forte et al.,.2019)

3.2 The MauntFaito test site

Thework carried outn the present thesis was based on the study of a test site located
on Mount Faito, part of the Lattari Mountains; in particular it is based on the hydraulic
and physicamechanicalcharacteristics determined iprevious research by Dias
(2019), for all the soils recognized inthe test site. Mount Faito belongs to the
municipality of Vico Equense and Castellammare di StabihenCampania regioim
southern Italy. As shown iRigure 3-11 and inFigure 3-12 the test site is located at
latitude 40°40'32.29"N and longitude 14°28'23.35"E on a slope ofStwentina
peninsulafacing North at approximately 850 m of altitude. The study area is only 15
30 km away from the active volcanoes of Campania, i.e. SenMasuvius and
Phl egraean Fields and itdés far only 1.7 K
where Andslides occurred on 10 January 1997. The site was cthoseaathe presence
of the main geological and stratigraphic features signifitariandslide initiation The

area is characterised by the presence of a fractured limestone bedradassidwer,

1-2 m thick, of pyroclastic soilsdeposited bythe 79 AD eruption; slope angles are
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between 27° and 35that may not be critical for landslide triggering, in order to

safeguard the installed instrumentation.

Rt s et ;
S A Al e
Castellammaredi Stabia (NA)

Pozz{ano
Test site YPIonto
Lattari Mountains

Legend

Historical landlsides investigated
@ Testsile

Figure 3-11. Location of the test site

Figure 3-12. Detail of the location of the test site (modified from Di Maio et al., 2020)

86























































































































































































































































































































































































































































































