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Abstract

Abstract

Rainfalkinduced debris flows involving adhll pyroclastic deposits covering steep mountain
slopes that surround the Somiviasuviusvolcano, are natural events representing the main cause

of risk for urban settlements located at footslopes. The presented research was based on the review
of the wide scientific literature and was aimed to the improvement of some crucial aspects
regardingthe initiation of debris flows by means of field and laboratory experimental methods and
modelling applied in representative sample areas of the Sarno Mountain Range, where deadly flow
like landslides initiated on May's 6™ 1998.

Detailed stratigraphic and topographic surveys carried out in three representative initiation areas led
to recognise that, depending on the slope anglefadishyroclastic deposits are discontinuously
distributed along slopes, showing a total thicknéss varies from a maximum value recognisable

in the slope angle range lower than 30° up to be negligible for slope angle values greater than 50°,
thus being strongly related to bedrock morphology itself. This distribution influences stratigraphical
settingof ashfall pyroclastic mantle leading to a downward thinning up to pinch out of pyroclastic
horizons. Three fundamental quantitative engineering geological models were identified, in which
the most part of the initial landslides occurred in May 1998 lwarclassified: i) knickpoints,
characterised by a downward progressive thinning of pyroclastic mantle; ii) rocky scarps, identified
as causing an abrupt interruption of pyroclastic mantle; iii) road cuts in pyroclastic mantle, whereas
they occur in a critial slope angle range.

Coupled geotechnical and saturated/unsaturated hydraulic characterisations of pyroclastic soils, led
to the hydremechanical modelling of slope stability in the initiation areas. Results demonstrated
that initial instabilities of pgoclastic mantle can occwvithout a hydraulic contribution from the
carbonate bedrock, therefore critical increase of pore pressure derives from the infiltration and
throughflow processes. Finally, the hyere@chanical modelling of slope stability perradtthe

deterministic definition of intensity/duration hydrological thresholds.
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Le instabilita che coinvolgono i depositi di origine piroclastica che ricoprono i versanti peri
vesuviani circostanti la Piana Campana sagmmofmeni franosi superficiali unici in Italia e rari in
tutto il resto del mondo. Essi sono molto rilevanti in Campania poiché costituiscono la principale
fonte di rischio per i numerosi insediamenti urbani localizzati nelle fasce pedemontane. Inoltre, per
la loro catastrofica natura e complessita, le instabilitd delle coltri piroclastiche sono di grande

interesse per la comunita scientifica nazionale che si occupa di suscettibilita e di rischio a franare.

Questa tesi di dot t ocolato scenario ¢ attivita i rickred sciéngficap i o
che e stata intrapresa, con rinnovata energia, dopo i tragici eventi del 5 e 6 maggio del 1998 che
col pirono i centr.i abitati circostant.i i Mo n 't
deimeccanismi di innesco e di propagazione delle frane e con la finalita di valutare la suscettibilita

ad esse connessa.

Il punto di partenza di questo lavoro di tesi é stat la consapevolezza che allo stato attuale non
esiste unbduni voc gprensione dettagliata deameccanmsmi didnnescd o questo
particolare tipo di frane, i Cui approfondin
dei criteri per la redazione di carte della suscettibilita e per la programmazione di evermeadiop
difesa attiva sui versanti. La rilevanza di questi problemi ha portato a concentrare la ricerca su un
approccio innovativo volto a comprendere i meccanismi di innesco i cui risultati potrebbero
consentire la progettazione di uno specifico modebtriduito per la valutazione della suscettibilita

a franare.

Partendo da unodattenta anal i si dei dati e de
di campo, e stato possibile fare riferimento ad un modello evolutivo delle frane nel quale son
riconoscibili fino a tre successivi differenti stadi evolutivi: dgbris slide(soil slip); 2) debris
avalanche(Hungret alii, 2001); 3)debris flow(Hungret alii, 2001). Da cio consegue che le frane,
nello stadio intermedio o finale, in cui assumdaaoeologia di un fluidodebris avalanche debris
flow), sono innescate da una piccola frana inizidieb(is slidei soil slip), pertanto esse sono
d e f i randslide tiiggefed debrisfloav ( Jakob & Hungr, 2005) .

In considerazione delle dimensionildée e fr ane inizial.i, spesso d
della ricerca si e concentrato sulla realizzazione di indagini dettagliate nelle zone di innesco
consistite in indagini stratigrafiche e nella caratterizzazione idraulica e meccanica degintorizz

piroclastici, mediante prove di laboratorio. | modelli geologidecnici ricostruiti possono essere
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considerati come un primo tentativo di definire quantitativamente le frane iniziali a scala di
dettaglio. Essi estendono ed approfondiscono queticetbuali gia noti in letteratura riguardanti

| 6influenza delle condizioni mor fologiche de
piroclastiche. Tra i fattori naturali erano gia stati identificati da diversi ricercatori il brusco aumento
del 6angol o di pendi o, connesso a discontinuit
interruzione della continuit”™ della coltre pi
della coltre ad opera di tagli stradali. In generakmsaerando il ruolo dei fattori morfologici
naturali, lo spessore e la geometria degli orizzonti piroclastici & fortemente legata alla variazione
del |l 6angol o di pendi o, che, nel caso di prog
dello spessa@ totale della copertura e la terminazione verso vallacfrout) degli orizzonti
piroclastici, fino a valori di angolo di pendio approssimativamente pari a circa 50°. Oltre questo
valore, lo spessore della copertura diventa trascurabile.

Dopo | bosseerevddDianal i si critica della maggi ¢
innescate nel maggio 1998 nei Monti di Sarno, sono stati considerati tre casi rappresentativi: in
corrispondenza dknickpoint al disopra di cornici morfologiche; a monte di taaftificiali nelle

coperture piroclastiche.

Sulla base della ricostruzione dei modelli geolog®onici delle tre frane iniziali ritenute
rappresentative, sono state effettuate la modellazione numerica agli elementi finiti dei processi
idrologicichehano | uogo all éinterno della copertura
La modellazione idrologica del pendio e stata effettuata mediante il modello alle differenze finite
VS2DTI, applicato sui modelli fisici di dettaglio delle tre framppresentative. Essa ha permesso di
comprendere i processi i drologi ci che si i st

caratteristiche delle piogge che determinano

| risultati di questa modellazione indicano che il flusso tunga che attraversa gli strati
costituenti la copertura tende a concentrarsi, con un incremento delle pressioni di poro, fino al
raggiungimento della saturazione, laddove la sezione idraulica si restringe per riduzione di spessore
della coltre piroclastica gli orizzonti di lapilli pomicei si chiudono. Questo fenomeno si osserva
per tutti i casi di studio presi in considerazione. In particolare, dalle simulazioni idrologiche, al
moment o della rottura, appar e c hiorgent®orizzdntle, i | f
e prossimo alle condizioni di saturazione, si concentra in un ristretto intervallo (5 + 10 m), in
corrispondenza del restringimento della sezione idraulica, ed in particolare laddove gli orizzonti di

lapilli pomicei (orizzonti C) hannana soluzione di continuita verso valle. Anche nel caso del taglio
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stradale, la concentrazione del flusso avviene in un intervallo di distanza ridotto, a monte della

scarpata. Queste osservazioni sono congruenti con le piccole dimensioni delle fralne inizia

Questi risultati possono essere considerati di grande rilevanza per la comprensione delle
questioni riguardanti la suscettibilita delle frane iniziali perché rivelano il ruolo cruciale svolto dalle
variazioni a piccola scala, sia dello spessore dellrecdi origine piroclastica (negli ordini di
grandezza di 10+ 10" m) che della morfologia dei versanti (negli ordini di grandezza 110’

m) i quali non possono essere semplificati come costanti e valutati dalle normali carte topografiche
(scalal:5.000). Di conseguenza, i risultati acquisiti dovrebbero essere considerati ed implementati
di uno specifico modello per la valutazione della suscettibilita da frana iniziale, su base distribuita.

Inoltre, i risultati ottenuti, se paragonati ai precedewdelli noti in letteratura, portano ad un

avanzamento nella comprensione dei meccani s mi
idrogeologiche che consentono | a formazione d
piroclastiche sufficiente per | 6innesco di frane ne
artificialdi. Léinnesco delle frane iniziald.

derivanti dal substrato carbonatico.

La chiara relazione diausae f f et t o tra | 6infiltrazione der.i
frane iniziald. ha fornito un ulteriore obiett
su base deterministica, di soglie idrologiche di intensita/durataogles sntensitd/durata ricavate
con la suddetta metodologia, possono essere considerate come un tentativo di superare o testare le
incertezze del classico approccio empirico basato su dati pluviometrici spesso registrati in settori
distanti dalle zone dinhesco delle frane e/o alle basse altitudini. Questi fattori possono, infatti,
condizionare | 6affidabilit”™ di tali sogli e, S

e elevata, soprattutto per eventi di pioggia di breve durata / elevatsita.

A tale scopo ¢ stata effettuata la modellizzazione idrologica di versante con tassi di infiltrazione
costante (5 mm/h; 10 mm/h, 20 mm/h e 40 mm/h), considerando come condizione iniziale la
distribuzione di pr es s i ouraepirodlasticgy normalmemte kesistermet e r
durante la stagione invernale (5 kPa + 15 kPa). Dalla contemporanea analisi di stabilita del pendio &
stato possibile identificare le durate critiche delle piogge che ne determinano la rottura. Le soglie di
intenst * / durata cos?® ottenute sono ovviamente di
fo) . Al fine di tener conto dell deffetto del | :
sogl i a, ~ stata effetttuamt au luln®amallii ssii  oti a tsiesnts

prove di laboratorio.
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Alcune incertezze sulla definizione delle soglie idrologiche deterministiche, esistono e sono
legate soprattutto alla valutazione dei parametri di resistenza al taglio. Sulla basstdiassunto,
ulteriori ricerche dovrebbero concentrarsi sulla realizzazione, in campo, delle misure della
resistenza a taglio al fine di determinare la stessa su volumi di terreno non disturbati, rappresentativi

anche di macrostrutture, altrimenti neadutabili mediante prove di laboratorio standard.
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Introduction

Introduction

The problem of the rapitb extremely rapid debriflows, i.e. the slope movements in which the
unstable massf unsorted and neplastic soils, constituted of residual, colluvial as well as volcanic
depositsmoves as a viscous fluigHgngr et al., 2001 recurredin recent years with extrenspatial
variability in the Campania regigrcausing high damage and dosf livesin urbansettlements
located at the footslope of the mountain ranges that surround the Séesuaus

In this part of the peiVesuvian area, &bris flows invole ashfall pyroclastic soilsand, due to
the high altitude and slope steepnessy ta@n move downhill with high mobility coveringn most
occasiondong distanceand then stoppingundredof metersor even some kilometers awépm
the sourceThe May 5" - 6™ 1998 landslides that affected the Sarno Mountain Range causing the
invasin of the flows into urban settlements and the loss of 162 lives, are the most representative
events within this frameworklhis type of landslides may propagatéh high speed downstream
and increag their volume with complex mechanisnis.is clear how, due to their characteristics,
these landslides result in a high destructive powepacing on buildings and infrastructureshd
harming human lives. On the basis of field observations, these phencarwme considered as
Alandslide triggered debris flow®(sensuHungr & Jacob, 2006 hamely flowlike landslides caused

by an initial landslide that often involves small volume of pyroclastic soils.

The research carried out in this thesis can be consideliadladedinto the wide and conbgx
frameworkof research activities carried out by many national research teamedhed:d different
aspects of the pyroclastic debris flow hazard and susceptibility analyssrésearch has had a
greatboost after the events of May 1998 this catext the specific aim of the doctorate reaseach

can be summarized in the following key points.

A. Improvament of theunderstanding of th&riggering mechanisms acquiirg new geological
and geotechnicalataby means of field surveys and laboratory testifige models known
in literature, allowed to focuspen issues and to plarspecific and innovativapproacho
the study of thenitial failure mechanismsThis allowed toadvance the existintgiggering
models, whose comprehension is fundameniialconddering that the wholeflow-like
landslide often with a magnitude of thousands and hundreds of thousdmidbic meters
can be triggered by a very small initlahdslide In such a view, surveys and measurements
were carried out at a detailed scalehivitthe initial landslide areasith the purpose to

reconstruct detailed engineeriggological models of the initial landslides
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B. Saturated and unsaturated hydraulic as well as mechanical characterizations of pyroclastic
soils involved in the initial landisles. In order to achieve this hydnoechanical
characterization a significant number of field and laboratory tests were carried out.

C. Hydrological andstability modeling of initial landslides by means of finite differences

numerical modelsimulating the effects of extreme rainfall events

D. Definition of hydrological thresholds for triggering of initial landslides through a
deterministic approach (Godt and McKenna, 2008) based on the reconstruction of detailed
engineering geological modedsid hydrological and stability modelling.

The significance of these problems leddous theresearclon aninnovative approachimed at
understanding the triggering mechanisms that would then permit the design of a specific model for
the assessment oistributedlandslide susceptibility.

10
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Chapter 1

Geological setting ¢ the gudy area

1.1 Geological setting of southern fgennines

The Southern Apennines orogenic belt is part of the central Mediterranean and consists of a
stack ofthrust resulting from the deformation of different MesozZ0@ozoic domains (Figure 1.1)
which are the result of CretaceeQsiaternary convergence between the African and European
plates (Channell et al., 1979, Dewey et al., 1989).

In the central andwestern Mediterranean, the convergence between Africa and Europe is
accompanied by the forman of deep extensional basilexally characterized by the formation of
oceanic crust. Herghe tectonic evolution of the region was deeply influenced by Adriactonic
domain formed by Mesozoic carbonate of platfob@asin deposits and Cenozoic sedimentary rocks
deposited on continental crust with African affinity (Argah@24).

On a narrower scale, the strain field on the Adria margins shows the substaniaility in the
style of deformationThis might be due in part to the interaction between crustal bbetieshed
from their basaluring the tectonic transport towards the European continental margin.

Although compression dominated in the Mesozoiad &enozoic deformation, combined
extensional and compressive evamsulted in lengthening and shortenthgt affected the western
margin ofAdria.

The ApennineMaghreborogen form a curved area around the eastern and southern margins of
the Tyrrhenianextensional basin. The deformation that affected Adria reflects the deformation
pattern that began in the late Mesozoic and Tertiary. The size of ikdsiheavily modified over
time by compressive strain fields that developed along the eastern, nomtdewestern edge of
paleatectonic domain. The rocklsom the Adriatic plate were detached from their lithospheric
basement andransferred tothe orogenic system. This mass transfexrs alsoaccompanied by
crustal detachment where the mantle and perhagwe fower crustwere separated from their
coverage and subducted under the orogerthe southern Apennines, contraction affected the
external areas and extension that affected the internal. dreiagproduced a complex spatial and

temporal pattern of vacal and horizontal displacements of which only the most recent epiacgles

11
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be described below.

Fromthe late Miocene tdhe Middle Pleistocene migration ofie compressioriront occurredwhich
was not accompanied by lifting of the front and theuntain rangeremaired below sea level
(Ferranti& Oldow, 2005). In southern lItaly, the str&wolvedduring the collision between Europe
and Africawhen Cenozoic rocks were strippfdm the western margin of Adria (Argand 1924,
Channel et al., 1979nd incorporatednto the Apennine as a thrust bdit'Argenio et al., 1975).

The extension that affected the internal sector caused crust stretching and the local formation of
oceanic crust in the Tyrrhenian basin. The deformation from the Miocene igloBd®e was
markedby the combined actioaf contraction and distension of the hinterlaadyancing towards

the Apulian sector of the Adriatic foreland (Patacca e18B0).

In the Southern Apennines, progressive development of compressive and extensional structures
is recorded in thregectonicsareas: hinterland, thrust belt and Apulian foreland. The formation of
compressive structures in the frdy@ganin mid-late Miocene(Patacca et al., 1990) asdntinued
during the Pliocenaup to the Pleistocene affecting Mesoz@ienozoic basinal rocks transported

toward the NE to the western edge of Apilian foreland.

The southern Apennines consists of stacked thrusts formingmgplex system of duplex
tectonicallytransported onto the South West margin of the Apubaeland (Cinque et al., 1993

The deeper tectonic units underlying the basal thrusts and consisting of MeBez@icy
carbonates of shallow marine depositsrevaratigraphically overlapped to Messinian and Pliocene
marine deposits. Thbasalthrusts comemainly from relatively deep basinal domaimsiginally
located between shallow water carbonate platfpohghich the eastern (inner platform Apula) is
represented by the buried thrusts. Finally, thrusts coming from the inner detaakedbefore the

formation of the Tyrrhenian sea aftdmedunits higher than the duplex system.

The last orogenic transport of the northern sector (MaliSannita) belongso the Pliocene

whereas in the southern sector (Campahiacanian)it belongs to the lower Pleistocene.

12
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Figure 1.1: Simplified tectonic framework of the Southern Apennines: 1) continental deposits and middle HelBteistocene;
Quaternary volcanoe®) late Pliocene depositdower Pleistocenenarine and continental deposi8);clastic deposits of the upper
Tortonian- Pliocene Upper accumulated in piggy back basins, on top of advancing ;tdjusisennine thrustsrising from the

internal palaeogeographic domains, originally placed on the edge of the plate and the European system of western carbonate
platforms. These include Mesozeigertiary basinal sequences and ophiolites that (Pennidic thrusts, and Ligailid),3n second

order pre- Alpine crystalline rocks (Calabrian thrusts), Mesozoic and Tertiary metamorphosed and not metamorphosed limestone
sequences (San Donato and Verbicaro units) and clastic deposits from lower Miocene, related to pigggpsdtietfasmation of
Albidona); 5) thrusts resulting from external carbonate platforms and from marginal areas, these include MeFed@cy
carbonate rocks from both shallow and deep sea; flysch deposits from upper Tortbieasininan; 6) Apenninehtusts from

basinal domains, originally located between the western and eastern Platforms: they include Ladoliegrdertiary units
(Frosolone, Agnone, Serra Palazzo and Daunia). The top of the Molise sequence consistslafssitiddessinian depits; 7) Unit

of Mount Alps 8) Carbonate MesozoicTertiary of the Apulian foreland; 9) frontal ramps of the Apennines thrusts; 10) thrusts out

of sequencgCinque et al., 1993

The Tyrrheniarmargin of the Apenningvasdissected during the Pleistocene by normal faults
oriented NW/SE (Apennine fault system) tlcausedvertical displacement towards the Tyrrhenian
Sea. Anti- Apennine normal system faults dissect the whole mountain range and cause, from the
Tyrrhenian coast to the Apulian foreland, horizontal dislocations (Cinque et al., 1993). Frontal
ramps of the CampaganlLucanian sector lie directlon the deposits of Upper Pliocene
Pleistocendocated at the top of the Apulian carbonates. The external sector of the Apennines form
a wide synclinal along the Adriatic edge of the Apennifdse axial field is mainlydrmed by

Miocene stacked thrustkat wereransported during Pliocene onto the Easpdatform.

13
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1.2 Evolution of the Campanian Plain and the Somm&/esuvius volcano

The study area of is located on the Tyrrhenian cobtte Campaniaegion where majoPlio-
Quaternary faults related to the extension of the Tyrrhenian Sea gave rise to the "Campanian
Graben".

The ridges bordarg the carbonate Campanian Plain belong to the massive Selratdémi of
Partenio, Caserta, Pizzo D'Alvano and M. Maggigreups. These reliefs consist of 1500 m of
Mesozoic limestone and dolomites seriglat only locally preserve Mi®liocene terrigenous
complexon the massifs and have gredtackness on th@lain, where they reach a depth of 1000
2000 m.

These massifs amorphologically complesince they have very steep slopes resulting from the
erosion of fault scarps and are the result of major Pleistocene extensional tectonic pbases
observed for the regional tectonic contexts of the Southern Apennines, massitd fasm
consequence of the uplift phase, were displaced by complex fault sy$teasmsmechanisncaused
subsidence phenomenadBngto theformationof semigraben systemsgng rise, in this context,
to the formation of the "Campanian Grabeat' whose celr the Somm&/esuvius systemis
located.

The dislocation thahvolved theCampanian Plain began about two million years agthe end
of the Pleistocene and throughout the Quaternary when the lifting phase of the Apennine Mountains
started. This volcamstartedits eruptive history after the Campanian ignimbrite erupfidiowing
which it is possible to reconstruct the evolutionary stages that led to the formation of its
characteristic bicuspid shape.

After the great ignimbrite eruption, a predomirgrgffusive phase began and a large volcanic
cone formed followed in turn, (after about 10,000 year), by a first explosive eruption dated about 25
k-year(Rolandi, 2001). For a certain period, the volcano probably returned to its previguis/e
style, ie. predominantly effusive, and for about 1-§&arthere were a series of a strongly explosive

eruptions: Sarn¢l7 kyear), Novelle (15 fyear), Ottaviano (8-ear).

These Plinian eruptionsere interspersedith periods in which the eruptivetyle wasmainly
explosive. Thereafterabout 3.5 kyeass B.P, the fifth explosiveeruptiontook place, (Avellino
eruption) with a strong interaction between magma and groundwater. phes@menon led tthe
formationof'base surgeo, i . efragmented ang boliddigul enagina dntl water o f
vapor whichgenerated overpressureapable of causing thdemolition of the western portion of
the volcano that, in turn, leto the formation of a volcanic caldera. The volcano formed by this

mechanisntontinuedits activity in the form of weak eXpsive activity for about 800 yearshiiee
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1.3 Geology of the Sarno mountain ranges

main eruptive phase®ok place with the last eruption occurrigg/ kyearB.P. following which
there was a stasghase culminating in thé9 AD eruption.Moreover, thdess @ergetic eruptions
were confined between two Plinian eruptions, (Avellino and the 79 AD eruptions).

As regarding interplinian activity, only the protostoric eruptions will be describedient
chroniclesreport the absence of a volcanic cone in the caldéthe Somma (Rolandi, 2001). After
the 472 AD eruption, also very destructive, the Medieval interplinian activity (472 39 AD),
mostly mildly explosiveeffusive, determines the formatiamside the caldera of the Somnthe
Vesuvius eruptive ceat (Rolandi et al., 2004).

1.3 Geology of the Seno mountain ranges

The ridges in pefVesuvian area are characterized by Mesozoic platform carbonate sequences
belonging to the Unibf PicentintTaburno Mountain and are covered by lasdfall pyroclastic
deposits The study area is a carbonate ridge belopgo the Sarno Mountain Rangagminating
in the Relief of Pizzo D'Alvano which rises to 1,133 m above sea dakis located ithe south
easterrsector of the Campanian Pldiounded a the west by Nol&lain, on thesouth by the Sarno
River Plain and to the north by the Lauro valley.

The structure consists of a sequence of dolomitic limestone alternating with Lower Cretaceous
microcrystalline and detritic limestone and Upper Cretaseguay limestones, white and
crystalline, whose passage is marked by a marhglomerate level with orbitolinae which is
dislocated at different altitudes from direct fault systeififiscting the carbonate series.

The most recent depositsainly consistof continental debris and pyroclastic deposits covering
both the Campanian plain and carbonate ridges. Here, pyroclastic cover is a few meters thick and is
linked with the main eruptions of the Pleistocét@ocene eruptive centers of the island of Ischia
(from 150 kyear to 1302 AD), the Phlegrean Fields (from 39elar to 1538 AD) and Mount

SommaVesuvius (from 25 #year to 1944).
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1.3 Geology of the Sarno mountain ranges

ISLE OF CAPRI

Figure 1.2: Geological sketch of peNesuvian area: 1) Eruption of Sarno: 1%dar (Rolandi et al 2000); 2) Eruption of
Ottaviano: 8 kyear(Rolandi et al, 1993a); 3) Eruption of Avellino: 3.5¥%ear(Rolandi et al 1993b); 4) Eruption of 79 A.D. (Lirer
et al, 1973); 5) Eruption of 472 A.D: (Rolandi et,&004); 6) Eruptionof 1631A.D.: (Ros et al, 1993); 7)Miocenic flysch 8)
middle Giurassic limeston®) dolomitic limestones and limestones of lower Triassiiddle Giurassic; 10) outcropping and buried
faults; 11) total isopachs of main eruptions of SoRvfeauvius system

A completepyroclastic sequence was identified at the foothills of the Sarno Mountain (Rolandi
et al., 2000), whose oldest products were attributed to the APC (Ancient Pyroclastic Complex) and
mainly consistof Canpanian Ignimbrite flow deposidated at about 39-fear and other products
of the eruptions of Phlegrean Fields and the Ischia island. T# macent pyroclastic deposits
belong to Recent Pyroclastic Complex (RP&ming fromthe Mount Somma eruptions: Sarno,
dated 17 kyear (Rolandi et al, 2000), Ottavio, dated 8 4year (Rolandi et al, 1993a), Avellino,
dated 3.76 year (Rolandi et al, 1993b). Products of RPC are also historical eruptions of Vesuvius:
79 AD (Rolandi et al2007), 472 AD (Rolandi et al, 2004) and 1631 AD (Rosi et al, 1993) and also
the subsequent eruptions, of minor importance foribleme of erupted materiahe last of which

occurred in 1944.
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1.4 Main plinian eruptions of the SommaVesuvius

1.4.1The Sarnoeruption (17 k-year)

The eruption of basal pumptepnal 6§ ROklmoavin at
succession of deposits made up, from the bottoofup

1 plinian fall deposits with subordinate surge deposits;

1 a series of volcanic landslides (lahars) &tldeposits flow and surge highlgnriched in

lithic components.

The eruptionvent was located, on théasis of the reconstructioof hysopach and ballistic
trajectories, in an eccentrgosition compared t6 h e S ocaldeaadwdich is inthe western
sector at 42.5 km from the current cone of Vesuvius. The large volumes of tephra erupted indicates
that the eruption of basal pumice was the strongest explesam which occurregh the last 20 k
year Indeed, thash falldeposits coveredn area of 2,600 Knwithin the sopach of 20 cm with a
volume of 4.4 km The main fallout deposierespread eastward maintéaig a thickness of about
6.5 m at 10 km from the volcan®he composition of the plinian fall ranges from white trachytic
pumice (SIQ :63 wt %) to dark latitic scoria (S¥O53.7 wt%), together with decreasing amount
of the clast vesciculation (from 80 to 45%, respectively). This compositional variation reflects a

chemicallyzoned magmatic camera that fed the eruption

1.4.2The Ottaviano guption (8 k-year)

The Ottavianeeruption was onef the most violent volcanic events in the history of the Somma
volcano.

On the slopes of the Monte Somma tieposits of the Ottavianormation are located between
the fallout pyroclast deposits of two Phlegrean Fieldsuptions which occurred, respectively
9.800 and 4.408-yearB.P. The Ottaviandormation consists mainlgf fallout deposits, locatedn
the northeast flank, of flow deposits all over the western and eastern sidaef degosits of typical
surge depositional mechanisms.

Stratigraphic correlations of the Ottaviano formati@olandi et al., 1999, were made by
referring to two markerthat is the Avellino formation (3.7-kear) and Min Pumice formation (9
k-yeal), respectively located on top and bottom of the sequence (FigB)eAll the analyzed
sequences, (Rolandi et al., 1898nd upwith a pyroclastic flow depos#énd are well represented in

the Ottaviano cross section (Rolandi et al.,, )93 he stratigaphic sequence located in Lagno
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1.4 Main plinian eruptions of the SomnrAwesuvius

Amendolare represents the flow depositssisting of dower, middle and upper flow units. The
fallout products of this eruption, mainly consist of pumice layers, representing the products of a
single explosive phas@&hedifferent dispersabxes arerelatedto the changes in physical conditions
during the eruption (Figurd.4). Individual sopach maps for eaclevel show an elliptical
distribution with its main axis oriented eastwadd its dispersion axis EaNbrth-East (Figure

1.3). In conclusion, it carbe argued that the amals of the sequences describaitbwed the
recorstruction of theeruptive event thatwvas defined as suplinian. The presence of highly
vesicular pumices indicates a high fragmentation of magmalrenlow presence of crystals within

the pumice also suggests a high concentration of gas within the magma cHdmsbevidence

suggests that th®@ttaviano eruption was mainly magmatic (Rolandi et al., 493
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Figure 1.3: Ottaviano eruption: direction of distribution of pyroclastic deposits(a) and correlation between stratigraphic sequences
investigated in the argh) (Rolandi et al., 1998.
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Figure 1.4: isopach mafior the Ottaviano eruptiodeposits, the thickness is tot@dRoland et al., 1993)

1.4.3The Avellino eruption (3.7 k-year)

It is considered as the major Plinian eruption of the Soiesuvius thatgaverise to a
complex sequence characterized by pyroclastic units made of pyroclastic flow and pyroclastic
surge.

A typical section of the Avellino eruption is located in Lagno Trocchia, on the western side
of the volcano (Rolandi et al., 1993 It is mostlymade up of thinly laminated ashy layers with a
uniform layer of white pumicdapilli, a thin layer of white pumice, a massive layer of gray
pumiceous lapilli, with reverse grading (coarsening up) until it becomes a thirolag@nsolidated
cineritic layers. The whole unit is very rich in lithic elements. The sequence continues with a layer
of well gradedandglassy ash alternating witn thinner levelstill ashy and withwavy lamination
(Figurell5).
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amdl air Eall
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Figure 15: correlation of pyroclastic deposits of Avellino eruptibetween the stratigraphic sections locatetth@North sector of
Somma- Vesuvius(Roland et al., 1998).

Based on the description of the iggl sequence andn stratigraphic correlations mady the

Authors, it is possible to define two main units:

1 thelower unit of basal breccia and coarse fallout unit represented by coarse lapilli

1 thehigher unit of fine and laminated ash and lapilli and coarse massive blocks.

Stratigraphic analysis carried out by tAeithors shows a different distribution of the main
volcanic units (Figurel.6). It is possible to observe a variation in the orientation of the dispersion
axes; theéasal breccia has a less widespread dispeasisriowards the east

The white pumiceous lapillevel, on the other hand, hasdispersion axis oriented ENE and
finally, the gray pumice uniwhich is the main and more widespread event, has a dispersion axis

towards NNE (Rolandi et al, 1988 In geneal, the directiorof isopach elongation is ENE.
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1.4 Main plinian eruptions of the SomnrAwesuvius

Figure 16: isopach map of thashfall units ofthe Avellino formation The three main levels fall eruptiame represented: the basal

1f, 2f member of white pumice and gnaymice member JfRoland et al., 1998).

The isopach map of deposits shows a dispersion axis predominantly oriented towards NNE.

Finally, thecareful analysis of Avellino eruption shows, according to the authors, a close analogy

with the 79 AD eruptionBoth eruptions show evidencé a compositionally zoned magmath

upward increments in gas concentration and initial interaction, although limited, between magma

groundwater with volatilgich magma at the top. Such a mechanism gives rise to basal dewkls

followed by major plinian episodes mainly characterized by magtease interruptedy limited

hydromagmatic events.
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1.4 Main plinian eruptions of the SomnrAwesuvius

1.4.4 The 79 M eruption

The 79 AD plinian eruption produced pyroclastiadepositsby fall mechanisms (tephra)
consising of white pumice at the bottom and gray pumice in the umaet which wasthen
followed by a change in the eruption dynamitise sequence is interrupted by typical deposits that
are the result of pyroclastic flows and pyroclastic surge mechanisms dw®lapse of the Plinian
column. The dispersion axis of this eruption, oriented SE, is considered by thesaathe unusual
probablybecause othe winddirecton and speed (relatively higland the height reached by the
Plinian column, tht isthe main factor affecting the distribution of tepfiRolandi et at., 2007).

The eruption of 7RD, with its different eruptive mechanisms, and mainly consisting of fallout
deposits, surge, pyroclastic flow and ashy levels is one of the most studiad Bliants.

Stratigraphic correlation®©f markers levels allowed to recognizethe typical pyroclastic
sequence of this eruptiowhose stratigraphy isften complicated by lateral and vertical variations
in textureof layers(Figure1.7). The type sectionf the 79 AD eruption is characterized by white
pumice falloutdepositedonly in the ESE sector in the towns of Terzigno Pozzelle and Pompei
(Lirer et al., 1993). An important marker that indicates the beginning of the deposition of gray
pumice is widely pread in Pompei, Villa Regina, Oplontiier et al., 1993). The transition from
magmatic to hydromagmatic activity (the asterisk in figiré) suddenly takes place in the
sequences withouat transition.

The main stages of the eruption may be summarized as follows (Rig)rashfall deposition
and early stages of deposition of fallout pumice (A), fahgbositionof the white pumice anaf the
surge deposits (B), first depositiontbe gray pumice anaf pyroclastic flows (C), final deposition
of gray pumice resulting from pyroclastic flow deposits (D), deposition of hydromagmatic products
(E) (Lirer et al., 1993).
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Figure 1.7: stratigraphic correlations made depositshe79 AD depositgLirer et al., 1993

Figure 1.8: chronological reconstruction and spatial phase of the 79 AD Eruption (Lirer et al., 1993)
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1.4.5The 472 AD eruption

The 472 AD explosive eruption began from tbelderaof the MountSomma. Thestratigraphy
of pyroclastic deposits suggests a complex series of events that can be grouped into four main
phases:
1 Small magmatic explosion resulting in welésicular pumice layers §{} dispersed in a
N-NE direction and representirige opening phasd the vent.

1 The fallout deposits divided intopland Lyax levels and scattered, respectively, towards
the NNNE and NESE sectors. The latter are mainly phreatagmaticbecause of the
influence of groundwater and of its interaction with the magma within the system

chamber magma conduit.

1 The rising pressure due to strong interaction between magma and water is the main cause
of the formation oflebris flows of the thirdtage(Rolandi et al., 200).

1 The fourth phase is the final activity that proddiserge deposits rich in lapilli and ash
fallout which are closely related tohe phreatanagmatic activity. The typical

stratigraphic sectiowasfound in Somma Vesuvian&¢landi et al., 2004).

The typical stratigraphyof this eruption is shown in Figure 1.9. iidicatesthat prolonged
phases characterized by intense convective columns, were alternated wittxgioaibngRolandi

et al., 2004)whose products were disgsed in a NNE direction.

There was also an evolution to highly hydromagmatic processes that produced a very dense
column rich in lithicelements the collapseof the columnwas responsible for thdormation of
debris flow. The increased interaction witlvater also caused the development of base surge
deposits with the formation of laminated structures representing the final stage of the powerful

freatomagmatic phase.

According to theAuthors, the presence of lithic elements consisting of lava fragments indicates
that the 472 AD eruptiomainly consisted of hydromagmatic processes améhgclassified by the

Authors as Plinian.
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Figure 1.9: stratigraphic correlations falepositsof the 472 AD eruption along a transect located in the proxiraata of the
volcanic complex (Rolandi et al., 2004).

1.4.6The 1631 euption

The reconstruction of the stratigraphy of the 1631iption was performed in the proximal
area of thevolcano andevealedthe presence of fallout deposits, pyroclastic flows, lavas and only
subordinately surge deposits.

The ashfall products of 1631 are placed dime eruption representing the last phase of
medieval explosive activity. A good example of the eruppiorducts outcrops in the eastern sector
of the volcano where the basal levetmsist of small white pumicdhe intermediate levebasists
of pumicerich crystalsand the upper level is a scoriaceous coarser and dark gray layer topped by a
thin ash layerdeposited during the same eruption. The gradual color change within the deposit
obviously reflects a change in the mineralogical and chemical composition of pumice and glass
(Rolandi et al., 1993). The dispersion axes of these levels are toward NE adtrabthinning in
this direction. The pyroclastic flowseemto be discontinuous in the southern sectmut also
outcrop in the NW side of Mount Somma. The type section of the flow deposits can be divided into

three units. The basal unit is a dark gray menand lithic elements and ditetop it has an erosion
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1.4 Main plinian eruptions of the SomnrAwesuvius

surface consisting of a horizontal massive gray horizon that marks the transition to the upper unit.
In a quarry in theown of LagnoAmendolare a surge deposit with a limited aréistribution
outcrops (Rolandi et al., 1993The emission of lava during the eruption is well documented
although its existence is controversial (Rolaed al., 1993). The pyroclastic flow deposits are
dominated by an epiclastic deposihose type sectioconsists of two units contang elements of
stone blocks and variable lithology (Rolandi et al., 1993). The origin of this deyasitssociated
by theAuthors to the strong explosive eruption that causedébkguction of the peak of Vesuvius
Finally, from the stratigraphic reconstruction it is possible to guessathanitid explosive
eruption took placeproducing a strong convective column (Rolandi et al., 199&erwards,
according to the whors, a change in eruptive stylecurredwith the sart of a phreatomagmatic
phase. In the last stage the magma intrudes into the system of lateral fractures and produces a
spectacular effusive phase (Rolandi et al., 1993).

------

Figure 1.10: stratigraphic sections and correlations of the 1631 eruption deposits in proximal system-Sésmaus.(Roland et
al., 1993.
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1.5 Distribution of asffall pyroclastic deposits along mountain slopes

Figure 1.11:dispersion axes identified for the fall deposits by the 1631 eruption, the thickness of isopach a&olasrdi et al.,
1993

1.5 Distribution of ashfall pyroclastic deposits along mountain kbpes

The pyroclastic depositeantlingcarbonate ridges dhe Sarnomountainranges were emplaced
after the main morphogenetic stagesartingfrom 40 kyear B.P. and are the resultf the most
important eruptive phases of the Somiesuvius system andubordinately of theéPhlegrean
Fields.After depositions, thes#epositsveresubjecedto denudational processes égosion and by
gravitationalmassmovementsphenomena. Actually their thicknesssentially depersdon slope
angleand often reflects amcomplete volcaniclastic sequene2n the other hand, more complete
sequences are present in the Campanian Pdepending onthe distance from the vent, the
orientation of the dispersion axis and the lateral variability induced by erosion and deposition in the
hydrographimnetwork.

A referencevolcaniclastic series waslentified in the western foot of the Sarno Mountains,
where the oldest pyroclastic depositere ascribed to the Ancient Pyroclastic Complex (APC)
primarily consisting of pyroclastic flow deposits of the Campanian Ignimbrite {&2K) and other
products coming from Phlegrean Fields and from Ischia islsiwdte recent depositsereascribed
to Re@nt Pyroclastic Complex (RPC) comprisimine ofthe Mount Somma eruptions, including
Codola (25 kyear) (Rolandi et al 2000), Sarno, dated 1#ykar (Rolandi et gl 2000), Ottaviano,
dated 8 kyear (Rolandi et gl 1993a)and Avellino, dated 3.76 ¥ear(Rolandi et al 1993b).The

RPC alsancludesthe products of the middle age (historical) eruptions of Vesuvius: 79 AD (Lirer et
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1.5 Distribution of asffall pyroclastic deposits along mountain slopes

al., 1973), 472 AD (Rolandi et.aP004 and 1631 AD (Rosi et al1993) and the subsequent ones
characterized by smallerupted volums the last of which occurred in 1944.

In order to understand the distribution and thicknesthepyroclasticmantle along slopesa
total isopach map of the main eruptionstied SommaVesuviusvolcanic complex (Figurel.12)
was achievedy means of the algebraic sum of numerical maps of thickness, and of geostatistic
interpolation based on data available in litera{ire Vita et al., 2006)it is possible to observe that
the RPC gets the maximum theoretical thickness with values raf@ing4 to 7 m on Sarno

Mountains, and variable values of about 2 m on Lattari Mountains.

The total isopach thickness(Sesults fromashfall deposition mechanismgiving rise to a
stratification parallel to the slop&igher, 198% It is fundamentato point out that real thickness of
ashfall deposits (S), measured @an inclined plané.e. slope) as the lengtitthogonal to the plane
oftheslopgisa f unct i on oando$theaheaeticalnhickness df dal deposits (St)
up to the limit case of vertical slope where there is no deposition, according to the relation

S=5 -cos(V

This relationship accounts for the theoretical distribution offallpyroclastic deposits along

slopes expressed in tesof real thickress.

Mt. Somma-Vesuvio
g~
-

“Monti di
~Salerno

CAPRI

[y - Y

Figure 1.12: totalisopach map concerning RRI€rived by the algebragum of isopachs of the eruptions of CodolaK2®&ar9,
Sarno (1k-yeary; Ottaviano (&-year$; Avellino (3.7k-year$; 79 AC; 472 AC; 1631 M.) (De Vitaet al, 200&).
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With the aim to verify such relationship a series of field surveys were carried out in different
morphological conditions along the mountain slopes of the Sarno and Lattari mountain ranges (De
Vita et al., 2006a; 2006b).

The total isopachs that indicatlyeindicates the maximum theoretical thickness of-fadh
deposits was verified with field measurements only in the most conservative areas oHslepes
morphological conditions led to a negligible erosion and secondary depositional processes, such as:
secondary order morphological divides and gently inclined slopes. Instead, for all those areas with
greater slope angle, the real thickness offalihpyroclastic deposits was measured as reduced
respect to the theoretical values derived from the prewquation (Figure 1.13).
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Figure 1.13 Theoretical (curves) and real (data points) distribution offalslpyroclastic deposits along slopes of the Sarno and
Lattari mountain ranges (De Vita et al., 2006b), espressed in terms of real thickngssssibite to point out the divergence of real
thickness data from the theoretical distribution for slope angle values greater than 30°. The pyroclastic mantle begiteeforegli
slope angle values greater than 50° (outcropping of the carbonate bedrock).
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Following field investigations, carried out in order to estimate the thickmiese pyroclastic
mantleit was possible to reconstruct the stratigraphy ofvitleaniclastic series inample aresof
the Sarno Mountaindocatedin the NE sector of P DAlvano (Figurel.14). Here complete
volcaniclastic sees were observed depending on the slope angle values.

The use of the pedological nomenclature of the nsaih horizons(Soil Survey Staff, 1998;
Terribile et al., 2000fombined with thdithostratigraphic methodsllowed to recognize different
depositional episodesiternated withpedogeniacdeposits From a lithostratigraphic point of view
the sequence can be related taking into account the C horizons features to the succession of
Ottavianoeruptions (Cb horizon) and Avellino (C horizon). In this succession, Bb horizons can be
considered as the result of pedogenic processes that acted on pyroclastic materials in primary
deposition.

The investigations carried out in less conservative actasdcterized by a greater slope angle),
show lower thickness and incomplete sequences, highlighting the existence of a single horizon C
until the complete absence, the welding of the basal horizons B with Bb. The latter may also be
classified as AndosolfUSDA, 1998), because they are pedogenetic products on volcaniclastic
deposits (Figurd.14).

The relationshipbetween slope angle and thickness of pyroclastic layers decreases ad angle
increasegFigure 1.13). ie maximumvalue ofreal thicknesss found for slope angle of about 30°.
Over this valuetherealthickness progressively reduces to zero, for slope aodlapproximately
50°(De Vita et al., 2006a)
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Figure 1.14: representativestratigraphicalcolumns (eal thicknessgsderivedfrom exploration trenches carried out in the sample

area of Sarno Mountain different slope angle conditions: S¥1 2 8 A ; S7 Y 38A; S A holzordclaskified &o i | h o
organic soil (Pt)B horizon, characterized by pumiceous lapilli, valéain grain size from coarse to fine ash, subject to pedogenesis
processes and classified as sand with silt (SM); C horizon, consisting of pumiceous lapilli, angular and little altegegiatesth

size up to 30 mm, variable from lapilli to coarse atdgssified as clean gravel and sand well graded (GW or GP); Bb horizon that is a
paleosoil, corresponding to a buried B horizon by subsequent depositional event and, classified as sand with silt (M&)n.Cb ho
representing a buried C horizon, consistuagiable in grain size from pumiceous lapilli to coarse ash, classified as the C horizon

(GW or GP); Bb basal horizon, corresponding to a residual pyroclastic deposit subject to intense pedogenetic processes,
representative of t dtsealspcalassified@sissand with gilp (EM)joBrizend corpespondint the limestone

bedrock. De Vita et al., 2006).

1.6 The climate in Campania egion

The Campania Region is 38 knf wide, with the exception of the insularea andit extends
in a relatively narrowbelt of latitude (40 ° N- 41 ° N) and a relatively wide range of latitude,
varying from sea leveto 2.050 m above sea lev@\lount Miletto). The distribution of bands of
altitude is characterized by the prevalence of aatdsw altitude, in fact, the average altitude is

440 m above sea level.

The Campanianclimate is generally homogeneous, and is attributable to the Mediterranean

climate,temperatevintersandwet or poorly wetsummers. The climate generdly homogeneos)
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1.6 The clirate in Campania region

but variableat a local scale, particularly ifunction of the variedorographic patternwhich allows
the division into two zones: the coassalctor represented by wide floodplajresnd innersector

which includes the Apennimmassifs

From analysis of data fromir tempertaure and rain gaustationsmanaged byHydrographic
and TidalNational ServicgServizio Idrografico e Mareografico Nazionglé is possible to state
that rainfallaredirectly related to théeightand that this reladnship varies spatially in @mplex
orographicterritory. In fact, the differeniexpositionof the slopes of thenassifsto the wet air
currents mainly coming from West, determines a subdivision of rainfall in diff@lemiometric
subzones.

In particulr, in Campaniawo subzones were individuatedhe first comprehendsall the
mountain slopes overlooking the Tyrrhenian Sea, culminating in the higher watetBhedire
affected bywet air currents comindrom the seathe second is represented by aresershadowed
by reliefs with respect to the airflow coming from the sea.ansuch away, the different
distribution of precipitationsin Campaniaregion can be justified. It explicatesin a higher
concentratiorof areas exposed to wfet air currentscoming fromfrom the seaThe first climatic
zone, comprehending the Campanian Plain, ®ele plain and thesmaller coastal plains, the
climatic conditions are much less influenced by the proximity of theasdéhereforeas elsewhere

in the Mediterranen areathey arecharacterized by mild winters ahdt summersrelatively dry

The first rains begin when there is a deficit in soil water content, that is at the beginning of the
wet season. Such rains have the effect to increase soil moistureaedyrén the same amount of
rain falling on the ground during the wet season, makes the soil being close to saturation and then
leach into deeper levels of the pyroclastiantleand into the bedrock, or to move downslope as

surface runoff or lateral flofthroughflow).

Moreover, the soil moisture accumulated during the antecedent precipitations and the onset of
wet season have an important effect on how a new precipitation event interacts with the slope. In
particular the lack of soil moisture must beisféed before the pore pressures becomes positive,

thus creatinglopeinstability.
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2.1. Landslides phenomena and their classification

Chapter 2

Instability conditions of Ash-Fall pyroclastic soilsmantling peri i
vesuvianhillslopes a review of the scientific literature

2.1. Landslidesphenomena and their tassification

The term | andslide denotes fithe movement of
(Cruden, 1991) primarily controlled by the force of gravity. The term landslide refers to all the
phenomena of shallowr deep, rpid or slow mass movement of rock or soil caused mainly by the
forces of gravity (Varnes, 1978; Cruden & Varnes, 1996). Gravitational slope phenomena play a
major role in the morphological evolution of the slopes because they represent one of main
processs of erosion. The volumes involved in the landslide can vary from a févtodmillion nv.
Landslide phenomena occurring in a given area can be due to the combination of several
unfavorable factors as regards the stability of a slope. It is clear thd¢tidmnination and control
of these factors may be useful in order to avoid the recurrence of events that harm lives and
infrastructures.

Natural disasters recorded in the State Archives in which instability phenomena involves
pyroclastic cover can be easitecognized and they highlight a marked occurrence/repetition of
debris flows in mountain slopes surrounding the Som@suvius volcano since the first half of the
XVII Century. The first evidence derives from historical sources such as literary wonkBngs
and documents stored in the parish archives. Other information can be found in the CNR archives
such as the AVI Project (Guzzetti et al.,, 1994) and documents preserved in the State Archives of
Salerno where it is possible to examine surveys caaugdn order to deal with the emergencies
(Cascini & Sorbino, 2002). The analysis of known disasters in the area of the Sarno and Lattari
Mountains demonstrates a high level of mortality due to debris flows. The historical sequences of
debris flow eventsknown from different chronicles sources can be shown both as single or
distributed phenomena together with the number of victims and main eruptions of the Vesuvius in
time (Figures 2.1a and 2.1b).
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Historical sequence of debris flow
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Figure 2.1 historical series of debris flow events, concerning the Sarno (a) and Lattari (b) Mountains, known by historical
chronicles.

The abovementioned figures show the high level of risk due to this type of event, especially if

one considers a whole series of events which occurred on both the Sarno and Lattari Mountains and
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2.1. Landslides phenomena and their classification

which show a tendency to increase in the last six hundred.ydayne considers the number of
deaths caused by debris flow (Figure 2.2) the significance of these catastrophic events and the need
to reduce the risk becomes clear. This, in turn, demonstrates the importance of understanding well
the predisposing andidggering factors and the need to stabilize slopes historically affected by
landslides and those potentially affected.
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Figure 2.2: cumulative curve, representing number of victims in the Lattari and Sarno Mountains.

2.1.1Classification of landslidephenomena

Many classifications for landslides were proposed in literature (Sharpe, 1938; Varnes, 1978;
Sassa, 1985; Pierson & Costa, 1987; Hutchinson, 1988; Cruden & Varnes, 1996; Hungr et al., 2001)
based fundamentally on the type of mechanisms (edg sl flow) and on the type of materials
involved (e.g. earth or debris, etc.) rather than on the causes or on geotechnical characteristics. The
type of mechanism was considered the principal character of a landslide that can also be recognized
by means ofa geomorphological analysis, that provides a practical means of identifying and
classifying landslides. Thus, a basic discrimination does not concern the nature of the geological
materials involved such as cohesive or loose rocks because their phydioa@manical properties
can vary significantly. Furthermore, the type of movement, among other characteristics, leads to an

easier reading since it is based on the interpretation of morphological characteristics of landslides.
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2.1. Landslides phenomena and their classification

It is necessary at this poinb describe the main distinctive morphological and geometric
features characterizing a landslide taking into account a cross section of a slope. To better
understand the different parts of a landslide, the following nomenclature as proposed by (Working
Paty on World Landslide Inventory) (1993b) and confirmed by Cruden & Varnes, (1996), can be
considered (Figure 2.3). These elements can be defined as:

Crown: is the uppermost sector of the landslide of undisplaced material is adjacent to highest part of
main scarp.

Main scarp is the first vertical scarp in the downstream direction which identifies the nearly
undisturbed area around the top part of the landslide, and it is caused by movement of displaced
material

Top: highest contact area between the undlistd material and main scarp

Head is the upper part of landslide along contact between displaced material and main scarp.
Minor scarp: steep surface produced by relative movements of the displaced material.

Main body. part of displaced material overlyinge surface of rupture between main scarp and toe

of surface of rupture.

Foot: part of a landslide that moved beyond the toe of surface of rupture and overlies the original
ground surface.

Tip: is the portion of material that is moved downstream of theledge of the fracture surface.

Toe is the lower and most distant point from main scarp. It is usually curved.

Surface of rupture forms or formed the lower boundary of displaced material.

Toe of surface of ruptureintersection between lower part afrface of rupture and the original
ground surface.

Surface of separationis a sector of the original ground surface, now overlain by the foot of the
landslide.

Zone of depletionarea within which the displaced material lies below the original grounacsurf

Zone of accumulation area of a landslide within which the displaced material lies above the
original ground surface.

Depletion volume bounded by main scarp, depleted mass and original ground surface.

Depleted massvolume of displaced material thaverlies surface of rupture, but underlies original
ground surface.

Accumulationt volume of displaced material lying above original ground surface.

Flanks: undisturbed soil located laterally to the failure surface.
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2.1. Landslides phenomarand their classification

Transverse cracksdue to longitudinamovement of the material and the progressive loss of water
from the soil mobilized; they may represent a sign for the evaluation of dormancy or the resumption
of the landslide phenomenon.

Area of longitudinal cracks a morphologically depressed area whereoff water and stagnant
groundwater form ephemeral ponds. Here the landslide material due to the different rates of

mobilization, proceeds downward resulting in longitudinal fractures between different edges.

ORIGINAL GROUND,
SURFACE _~%

Figure 2.3: simplified crosssection of dandslide (Varnes, 1978).

Landslide phenomena occur in a given area due to the combination of several unfavorable
causal factors. It is clear that the determination and control of these factors may be useful to avoid
recurrence of the events that catsaer m t o | ives and infrastruct.?
distinction regarding causal factors of a landslide, it is possible to distinguish three main processes:

1 Increase in shear stress

9 Contribution to low shear strength

1 Reduction of material sheatrength

As regarding risk, many factors have to be monitored: natural, anthropogenic and

geological. It must be taken into account that some factors are characteristic of a slope and remain
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2.1. Landslides phenomena and their classification

stable over the time whereas others must be periodicallamthuously checked since they are
characterized by extreme variability.

Referring to this observation, landslides can be initiated by natural or anthropogenic factors
able to change the existing equilibrium conditions. For this reason, it is necesghisyinguish
between predisposing factors, those particular boundary conditions that make a slope more or less
susceptible, from the triggering factors that are natural or anthropogenic phenomena altering
stability conditions. Among the predisposing fastoit is important to include those remaining
almost unchanged over time and which are widely discussed in the bibliography (Cruden & Varnes,
1996 and Wieczorek, 1996):

A Geological and structural factors such as the type of rock, weak, sensitive, wiathere
sheared or jointed or fissured materials; presence of fractures or faults, surface layering,

adversely oriented structural discontinuity, unconformity.

A Morphological factors, such as tectonic or volcanic uplift, glacial rebound, fluvial erosion of
slope toe, wave or glacial erosion of slope toe, subterranean erosion (solution, piping),

deposition loading slope, vegetation removal by forest fire.

A Physical factors, such as intense or prolonged precipitations, rapid snow melt, earthquakes,

volcanic eruptios, freezeandthaw weathering.

A Human causes, such as excavation of slope or its toe, loading of slope or its crest,

deforestation, irrigation, mining, artificial vibrations.

The shear strength of rocks and soils is usually the sum of friction and colresidferent
ways according to the conditions in which they are located. Also, a slope rarely appears as
inhomogeneous and compact because it is crossed by several fractures, stratification or other
surfaces weakness along which virtually only the fortdriotion operates. In materials whose
shear strength is also due to cohesion, failure occurs along more or less regular concave surfaces
(Aspoon shapedo) . On the other hand, mat er i al
have a true faile surface although there is a settling of particles with the tendency to recreate a
surface whose inclination coincides with the friction angle.

Water is usually the most important agent for destabilizing slopes. When soils are saturated, the

failure mechaism is more complex and mainly concerns conditions in which-pees pressure
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2.1. Landslides phenomena and their classification

does not exist (drained condition) or does exist (undrained condition) during deformation. However,
since saturation is a factor of great importance for most of landslideief adtline is necessary. If

one considers the influence on cohesion, water has a minimal destabilizing effect on coherent
materials (e.g. rocks or soft rocks) limited to the dissolution of the matrix binding the particles when
it has soluble naturein incoherent materials it has different effects according to the initial
conditions. When water is at less than saturation levels it does not completely fill the voids between
particles, thus it creates a thin but tenacious film that envelops the partagdi(g meniscuses).

If grain size is fairly small (sand, silt or clay) the water film holds together the particles by
electrostatic forces. The smaller the grain size is, the bigger the attraction forces. This phenomenon,
which accounts for the capiliy, acts as an increase in shear strength by means of an adjunctive
form of cohesion existing only in unsaturated conditions. In fact, when water content undergoes
complete saturation there is a complete filling of voids between particles and thendgb®icaiue
to the capillary water bonding soil particles vanishes determining a global decrease of the shear
strength. This form of cohesion is called apparent cohésion

The fundamental landslide classifications, among those considered significatitiefor
comprehension of instability phenomena involving-tghpyroclastic cover, are described in the
following chronological order . The Varnesod c

largely included and updated in that of Cruden & Varne9¢)1L9

It is necessary in this context to include, among others, a physically relevant and quantitative
classification based on the rheological behavior of materials involved in subaerialikbow
movements (Pierson & Costa, 1987). It is based on theatpeal response of a poorly sorted
watersediment mixture to an applied shear stress. The Authors single out, irdamesmsional
matrix, three main thresholds where sediment concentration varies from 0 (clear water) to 100 (dry
sediment), depending on diment concentration (Figure 2.4). The latter is the main feature
controlling the rheological behavior of a watediment mixture and, to a lesser extent, grain size
distribution and physicathemical features of the particles. The authors indicate setinser
flows referred to as streamflow and hyperconcentrated streamflow.

A normal streamflow is a Newtonian fluid, defined as a fluid whose stress at each point is

linearly proportional to the strain rate at that point and whose viscosity is indepehdbear rate.

! In this research a special effort was carried out on the comprehension of unsaturated conditions and their effects on
shear strength (Chapt@r).
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2.1. Landslides phenomena and their classification

In most natural streams firgrained sediment and bubbles are commonly dispersed in the water; as
long as the dispersion is relatively diluted, the sediment particles and air do not interact and the
fluid maintains the characteristics of @ntinuous phase (Van Wazer et al.,, 1963). Normal
streamflow is defined in Pierson & Costa (198
small sediment concentration that its flow behavior is not affected by the presence of sediment in
tansmrt 0. As the particle concentration suspen:i
particles start to interact and the fluid starts to be-Mewtonian acquiring a yield strength, is
reached. At this point, the concentration of particles issdrae at which the threshold is crossed
and it is highly dependent on the grain size distribution.

Hyperconcentrated streamflow is a flowing mixture of water and sediment possessing a

measurable yield strength but which appears as to flow like a fluidré~j4).
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Figure 2.4 rheologic classification of sedimewater flows (modified after Pierson & Costa, 1987).
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One of the main classifications of slope movements was carried out by Hutchinson (1988), and
mainly regards the morphology of slopeovements which are strongly related to specific
geological, morphological and hydrogeological frameworks as well as geotechnical features of
materials involved in landsliding. This classification is based on the previous work of Hutchinson
(1968), Skempto & Hutchinson (1969), and in particular that of Varnes (1978). Among different
types of massno v e me n't recognized by the aut holri kieto i
movements category in which landslides occurring in pyroclastic cover can hi&eda3$ie main
criteria of classification are based on the type of material involved, the morphology and the type of
failure surface. The main types of mamevements identified by the author are listed below.

A) Rebound, corresponding to deformation of gp@und caused by natural (e.g. erosion) or
artificial (e.g. excavation) unloading. In this case, the deformation can be considered as a partial
recovery of the original deformation due to the natural loading (e.g. deposition of sediments)
that can be oceeither with elastic (hard soils and rocks) or swelling (clay) mechanisms.

B) Creep, corresponding to extremely slow movements, which can be recognized only in long

periods of observation. It can be differentiated in three types.

1) Superficial creep, correspdimg to extremely slow downslope movement of fgrained
regoliths, also known in neperiglacial climates as soil creep and due moisture change of

soils to frost. It can occur also in periglacial climates, also involving coarser materials.

2) Deepseatedmass creep, due to viscous behaviour of materials when subject to a constant

stress during time.

3) Prefailure creep, consisting in accelerating viscous deformations preceding the global

failure of slopes.

C) Sagging of mountain slopes, corresponding to enosmmassmovements involving whole
mountain slopes and recognizable by morphological effects more than on actual measurements.
This category can be also considered as intermediate betweemmamsents due to tectonics

and gravity.

D) Landslides, consisting imelatively rapid dowrslope movements of soil and rock, which
characteristically take place on one or more discrete bounding slip surfaces which define the

moving mass. This category can be differentiated in the followingEgses.
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1)

2)

3)

4)

Confined failures tht may occur on natural or mamade slopes. They do not produce a
continuous and outcropping failure surface, because the displacement is not sufficiently
developed (Figure 2.5a).

Rotational slips occurring in thick homogeneous deposits of silt or shialeylgr materials
or closely jointed rocks where peweater pressure is high enough to generate a rotation,
rather than translational failure. This type of instability occurs with a moderate speed and

are discriminated in the following:

I) Single rotational lgps, with a single and concave upward slip surface. This type form
can also occur as a sequence of shallow or moderatelysdaggd rotational slips
(successive rotational slips), that are typical of freely degrading cliffs or fissured clays.

i) Successiverotational slips, consisting in a succession of shallow rotational slips,
arranged approximately head to toe up a slope and usually of retrogressive habit.

iif) Multiple rotational slips, that is the retrogression of a single rotational slip that causes
the famation of more slipped blocks. They are typical of situations where relatively
thick layers of clays or shale are sdxizontal and are underlain by a more competent

stratum (Figure 2.5a).

Compound slides, that are an intermediate type forms betwediomataand translational
failures, and are characterized by a 4owoular slip surface. They can be released by
internal shearing. If the material is of lewedium brittleness, the failure velocity is

moderate and the slip surface is lystric oplainar(Figure 2.5a).

Translational failures characterized by planar surface, are discriminated in: sheet slides, that
is very shallow translational failures, affecting dry and cohesionless materials (Figoe 2.5
Slab slides in coherent but unlithified matesi@fFigure 2.6). Peat slides, in homogeneous
cover (Figure 2.5a), rock slides with a planar slip surface, involving rocks with
discontinuities, such as joints, cleavage or foliation planes filled by clayey material (Figure
2.5b).
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Figure 25a: confined failures: (a) in
natural slopes, (b) in mamade slopes;
rotational slips: (c) single, (d) successive,
(e) multiple; compound slides: (g) released
by internal shear, (h) progressive slides
(Hutchinson, 1988).

Figure 2.5b: (b) main ypes of translational
failuresJ (a) shear slides,(b) slab slides,(f)
slab of debris, (g) active layer slide; rock
slides (c) planar slides, (d) stopped slides,
(e) wedge failures (Hutchinson, 1988)
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5)

6)

7)

8)

9)

Debris movements of flovike form that differ in theype of movement.

Mudslide is mostly a slide rather than flow, is slawving and involves soft clay (Figure
2.6). Longitudinal profile is generally steeper in the back part of the slope and less inclined
in the downstream part where debris accumulatesisities (Figure 2.6) are distinguished

in periglacial and noperiglacial: the latter are slemoving masses of accumulated debris

in a softened clayey matrix. Periglacial mudslides arise from periglacial solifluction,
previously described by HutchinsonBhandari (1971).

Flow slides have a varying degree of sliding and flowing in loose cohesionless materials,
lightly cemented silts, high porosity, weak rocks; they are characterized by a sudden
collapse and extensive, very to extremely rapid-oun Due to some disturbancthe
overburden load is partially or fully transferred to the pore fluid where overpressures are
generated. The loss of strength gives the falling material afkgchtharacter thus allowing

a flow slide to develop (Figure 2.6). An important mechanismdebris flow is the
generation of excess of pore pressures both in water or air. The consequent loss of strength
gives the falling material a seffluid character and allows a flow slide to develop (Figure

2.6). The pore fluid is usually water, but in smeircumstances can be also gaseous. In this
connection Casagrande (1971) suggested for

and Afluidization slideso (Hutchinson 1988

Debris flow also has a slide and flow mechanism and is very to extremayweapdebris.
It can involve loose, cohesionless materials, fine sand, lightly cemented and high porosity
silts and weathered rocks. This kind of slope movement is associated with mountainous

areas where a sudden access of water can mobilize debrisngatufes.

Sturzstroms are extremely rapid flows of dry debris (Figure 2.6). Some large rockslides and
rockfalls transform into hig peed streaming flows of debri
(1932). In fact, these types of flows reach velocities ofuat®) m/s. The motion of
sturzstroms depends on turbulence of grain flow with upward transfer due to momentum of
the collision of grains; this mechanism may explain the sturzsiikemfeatures on the

moon.
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Figure 2.6: main types of debris movementftdw-like form: mudslides (a) and (b); flowslides (c) and (d); debris flow
(e) and (f); sturzstrom (g)(Hutchinson, 1988)

E) Topples occur when the resultant vector of applied forces falls through or outside a pivot point
in the base of the affected blockh&@ Author distinguishes between topples bounded by pre
existing discontinuities and topples released by tension failure in previously intact material
(Figure 2.7).

F) Falls comprise the more or less free and extremely rapid descent of masses of soibbamngck
size from steep slopes or cliffs. They were considered as primary when bonds betweéo-prone
instability blocks and soil or rock mass are broken. Moreover, a secondary category of falls

which occur by means of the mobilization of unbounded blecksnsidered.

G) Complex slope movements when two or more of the abovementioned types of slope movement

are combined to form a complex movement (Varnes, 1978).
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2.1. Landslides phenomena and their classification

Figure 2.7: main toppling and falls: bounding by pegisting discontinuities: (a) single, (Imultiple; released by
tension failure at rear (wave cut notch at the bottom) (c); falls: (d) primary, rock and soils falls, (e) secondary, stone
falls (Hutchinson, 1988).

Another classification that is important to consider in this introductory chaptifieione
proposed by Cruden & Varnes (1996). It is important because it considers parameters introduced for
the first time, such as water content of unstable mass, and reconsiders velocity classes as proposec
in the previous classification of Varnes (1978ws taking in account movements ranging from

extremely slow to extremely rapid (Table 2.1).

The classification proposed by Cruden & Varnes (1996) is based on two main features and

basically combinesnovement and material typerms. It enables an ampriately descriptive
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2.1. Landslidephenomena and their classification

landslide name to be formulated. Description can be more detailed with the addition of other
descriptive features related to activity state, style, distribution of movements, water content and rate
of movement if known (e.gactive, omplex, extremely rapid, dry rock falkbris flow. Only a

small selection of the wide spectrum of landslide types that may develop in nature are shown below
(Figure 2.8).
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Figure 2.8: scheme terminology is also suggested by the UNESCO WorkingdPetitye ‘World Landslide Inventory (WP/WLI
1990, 1993a) (http://www.bgs.ac.uk/science/landUseAndDevelopment/landslides/How_does_BGS_classify_landslides.html).
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VELOCITY CLASS DESCRIPTION VELOCITY Typical velocity

7 extremely rapid 5.00E+00 5 m/sec

6 very rapid 5.00E-03 3 m /min

5 rapid 5.00E-04 1.8 m/hr

4 moderate 5.00E-06 13 m/month
3 slow 5.00E-08 1.6 m/year
2 very slow 5.00E-10 16 mm/year
1 extremely slow

Table 2.1 Landslide velocity after Cruden & Varnes (1996).

In addition, the classification introduces velocity (based on a quantified scale) and moisture
content that is used for a second order of subdivisfoulistinctive feature of a landslide and
certainly much considered by many authors is the type of moventes detectable to a high
degree of accuracy and with little margin of error by surface observations and analysis of aerial
photographs. It refers to relative motion between the landslide body and the material not mobilized.
As regards the nature ofehinvolved material, a distinction made for landslides classification
regards lithotypes with cohesion due to hardening material with resistance to simple compression >
25 MPa (rocks) and lithotypes with friction behavior and possible presence of colemiths).
Soils are further distinguished as regards de
than 20% and fine earth (earth) when the gravel fraction is lower than 20%, tappéemnal

slides (slumps), translational (planar) slideseagds, flows and complex slides (Figure 2.8).

In general, the state, distribution and style of a landslide activity is also defined:

1 The state of activity describes what is known about chronology of movement. The
activity of a landslide is described aactive, reactivated, suspended (landslides that
moved within the last annual cycle, but not at the present), inactive (quiescent), inactive
(naturally or artificially stabilized), inactive (relict) (WP/WLI, 1990, 1991, 1993).

1 The distribution of activityd how the landslide evolves and in which direction, thus
allowing classification of landslides in function of their evolution: advancing,
retrogressive, widening (surface of rupture extends at one or both margins), enlarging
(surface of rupture enlargesprttinually adding to the volume of displaced material

Hutchinson, 1988) diminishing (volume of material displaced is decreasing with time)
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2.1. Landslides phenomena and their classification

and confined landslides (movements that have a scarp, but not visible rupture surface at
the foot of the displaceshass (Hutchinson, 1988).

1 The style of activity indicates that different movements within a landslide may
contribute to its total movement. It can be composite (different types of movements
occur in different areas simultaneously), multiple (repeated mentaf the same type),
successive (type of movement is the same, but the displaced mass or rupture surface are
not the same), single (single movement of material, often as unbroken block).

Finally, as shown in the figure below the classification of adate can be made by rules based
on the state of activity, distribution, style, velocity, water content, material and type of movement

This type of succession can be repeated in the case of complex landslides (Figure 2.9).

Activity /Evolution of the movement Description of the first movement
State Distribution Style . .
Y Velocity Water Material Type
Active
Reactivated Advancing Complex Extremely rapid
Retrogressive Composite Very rapid D Fall
Suspended Enlarging Mulrt)iple - Rapid Mo?ét Rock Topple
Dormant Widening . e Moderate Wet Earth Slide
. — Diminishing Single Slow Very wet Debris Spread
Inactive | Stabilized Confined g Very slow ery we Flow
Relict Extremely slow

secondmovement

)

Figure. 29: rules to beespected for classification of a single movement type or complex landslide (Cruden & Varnes, 1996). The
cycle can be repeated more times in the case of complex landslides characterized by more than two type of movements.

&
<

( Description of the ]

Finally, it is necessary to menh a more recent classification of landslides of the ftgpe
(Hungr et al., 2001) that relates the involved materials, the water content, special conditions and
velocity of the landslide to get the formulation of a unique nomenclature for severalidasdsl
(Table 2.2). The authors also deal with correspondence of three different classifications (Table 2.3):
Varnes (1978), Hutchinson (1988) and that of Hungr et al, (2001).
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2.1. Landslides phenomena and their classification

Material Water Content' Special Condition Velocity Name
Sile, Sand, dry. moist or - N excess pore-pressure, various Non-liquefied sand
Gravel, Debris saturated - limited volume (silt, gravel, debris)
(talus) flow
Silt, Sand, saturated at rupture - liquetiable material®, Ex. Rapid Sand (silt, debris, rock)
Debris, Weak rock? surface content - constant water flow slide
Sensitive clay at or above - liquefaction in situ? Ex. Rapid Clay flow slide
liguid limit - constant water content*
Peat saturated - BXCEss pare-pressure Slow 0 Peat flow
very rapid
Clay or Earth near plastic - slow movements, < Rapid Earth flow
limit - plug flow {sliding)
Debris saturated - established channel®, Ex. Rapid Debris flow
- increased water content*
Mud at or above -fine-grained debris flow > Very rapid Mud flow
liquid limit
Debris free water - flood® Ex. Rapid Debris flood
present
Debris partly or fully - no established channel®, Ex. Rapid Debris avalanche
saturated - relatively shallow,
steep source
Fragmented Rock various, mainly - intact rock at source, Ex. Rapid Rock avalanche

dry

- large volume’

L O

3

-

Water content of material in the vicinity of the ruplure surface at the time of failure.

Highly porous. weak rock (examples: weak chalk, weathered wif, pumice).
The presence of full or partial in sine liquefaction of the source material of the flow slide may be observed or implied.
Relative to in sifu source material.

Presence or absence of a defined chanmel over a large part of the path, and an established deposition landform (fan). Debris flow is a

recurtent phenomenon within its path, while debris avalanche is not.

Peak discharge of the same order as that of a major floed or an accidental flood. Significant tractive forces of free flowing water, Presence

of floating debris.

Volume greater than 10,000 m* approximately. Mass tlow, contrasting with fragmental rock fall.

Varnes (1978)

Wet, sand, silt flow

Rapid earth flow
Loess flow
Dry sand flow
Earth flow
Debris avalanche
Debris flow

Rock avalanche

Table 2.2: classification of landslide of flow type (Hungr et al., 2001)

Hutchinson (1988)
Flow slide
Flow slide (clay)
Flow slide (loess)
Mudslide
Mudflow
Hillslope dedris flow
Debris flow
Hyperconcentated flow

Sturzstrom

Hurgr et al. (2001)

Sand, silt, flow slide

Clay flow slide
Loess flow slide
Dry sand flow
Earth flow
Mudflow
Debris avalanche
Debris flow
Debris flood

Rock avalanche

Table 2.3 correspondence betwedifferent classifications (from Hungr et al., 2001).
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2.1. Landslides phenomena and their classification

2.1.2.Landslides types on pervesuvian hillslopes

Due to their catastrophic nature and geological peculiarity, these landslides were of great
i nterest to the scientifRicsocoanmdbnNbya sDaEEoO(
especially after the catastrophic events of M&yafd 6" 1998 after which several hundred papers,
employingdifferent methodologiesvere publishedThese landslide events affected areas of five
towns in the Campania req (Bracigliano, Siano, Quindici, Sarno) causing serious damage and
great loss of lives. The consequent crisis provoked by the event highlighted the necessity of
beginning a series of scientific activities coordinated by the National Group for Defemnse fro
Hydrogeological Disasters (GNDCI) and aimed at emergency management,

The main research was aimed at resolving important issues regarding the identification of the
extent of the areas potentially affected by further landslides. Additional aims were the establishment
of a threshold value of rainfall for the temporary evaamdf the population and the identification
of guidelines for control and safety of areas at risk.

It is also important to assess risk due to debris flow in the whole of Campania. Results of studies
conducted in the area are in agreement with a prelmiesolution model of the slope at the
mountain relief scale. It is based on geological, geomorphological and hydrogeological analyses and
on analyses of historical events that in the last century affected the Pizzo D'Alvano area and, in
particular, the fre towns affected by the May 1998 flowslides.

The historical analysis of previous landslides events was carried out in order to better
understand the spatial and temporal distribution of the landslides. It was based on the analysis of
thematic mapgroduced between the "L&entury and the present combined with the study of the
urban growth of the municipalities involved in the disaster. A very important factor in specific risk
assessment (Rs = P x V) in addition to the magnitude of the event thalsocupation of areas not
suitable for urban development (UNESCO, 1972, WP/WLI 1993b). This observation becomes
important when considering that, starting from the reconstruction of the municipalities after the war
and continuing to the present and doi¢hie lack of guidelines for urban growth, there was a gradual
urbanization of areas previously used for other purposes and this growth moved progressively

closer to the effluent of mountain basins.

Field investigations were also carried out in ordeptepare thematic maps on a large scale
(1:5000 and 1:2000) such as dAincipient i-nstab

structur al map o . Topographical surveys, t oge

51



2.1. Landslides phenomena and their classification

fundamental to acquimg data over the entire area of study and for the creation of detailed thematic

maps used to assess the volumes involved in t

Based on past scientific achievements, one can define these mass movements more generally
known by the term debris flow. They can also be considerddnaslide triggered debris flows
(sensuHungr & Jacob, 2006) and may propagate with high speed downstream and increase their
volume with complex mechanisms. To understand better the characdeaistl the kinematics of
debris flow, they should be defined in the following way:

1 An initial stage, where the initial slide, also classifiable as soil slip (Campbell, 1975),
involves small volumes of pyroclastic soils with a gravel content greate20%n(debris)
and defined adebris slidg(Cruden & Varnes, 1996).

1 Anintermediate stage akbris avalanch¢Hungr et al., 2001, Fiorillo et al., 2001) in which
the mass mobilized by the slide impacts downstream on terrains close to saturation
determiningits liquefaction due to undrained loading mechanism (Hutchinson & Bhandari,
1971, Sassa, 1985). This flow involves increasing volumes of soil with a mechanism quite
similar to an avalanche (Figure 2.10), expanding on an open slope and assuming a typical

triangular shape.

1 A final stage, which does not always exist, nandsris flow occurring when the flow is

channeled into the existing hydrographic network (Hungr et al., 2001).

Initial Landslide

~

Debris avalanche- flow

Figure. 2.10: Landslides triggered debris flow (after HutchinsoBBandari, 1971; Sassa, 1985).

52



2.1. Landslides phenomena and their classification

With regard to the stages following the first, according to Cruden & Varnes (1996), the rate of
movement varies from rapid to extremely rapid and the propagation takes place far away from
source areas. These typedarfdslides are characterized by high mobility (Corominas, 1996). The
sequence of phases can be differentiated according to the morphological conditions of the slope and
to the presence of pyroclastic cover. The initial slide may evolve directly into dadnfh@wv
(debris flow), or to an avalanche (debris avalanche). The initial stage of sliding is always present

and can be regarded as the trigger of the following phases.

The problem of transition from soil slip to debris flow of complex landslidesamas/zed in
detail by several authors starting from the eighties. Particular attention should be given to the issue
regarding the mobilization of debris flows. Many qualitative hypotheses were advanced to explain
debris flow mobilization and a quantitativeodel was formulated by some authors (Iverson, 1997).
Field observations, laboratory experiments, and theoretical analyses indicate that landslides may
mobilize to form debris flows by means of three processesidespread Coulomb failure within a
soil mass;b) partial or complete soil liquefaction by high pdh&id pressures that may cause or
accompany Coulomb failure, and)(conversion of landslide translational energy to internal
vibrational energy (i.e. granular temperature). These processes emmieomdependently, but in
many circumstances they appear to operate simultaneously and synergistically. Early work (e.g.
Johnson & Rahn, 1970; Rodine 1974; Takahashi 1978) on digwismobilization described a
similar interplay of processes but exclddeorepressure effects that cause soil liquefaction
(Iverson et al., 1997). Besides, most landslides that mobilize to form debris flows are triggered by
increased porgvater pressures associated with rainfall, snowmelt, or groundwater inflow from
adjacentareas. If soil pore space throughout the landslide mass is saturated or nearly saturated at the

time of slope failure, the potential for debfisw mobilization is increased.

Regarding the terminology wused intitali sl dmes
represents the first stage of evolution of these complex phenomena (soil slip) that is dealt with in
some detail in this section. The research concerns the triggering mechanisms of initial landslides

constitute the specific topic of thisgearch.

The area historically most involved in debris flow is the Campanian carbonate ridge close to
eruptive vents of the Somméesuvius, the Phlegrean Fields and the Ischia Island belonging to the
Sarno, Lattari and Salerno Mountain Ranges. Thesdgalieen have slope angle values ranging

from 30° to 35° up to 90 degrees and, during the different volcanic eruptions which occurred during
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2.1. Landslides phenomena and their classification

Pleistocene and Holocene, these slopes were covered Hgllgsyroclastic deposits that strongly
influenced theirstability. Indeed, they were often affected by debris flows activated as a result of
intense hourly / daily meteorological events, and especially if preceded by rainy periods of days or

months.

These kinds of high speed, highly destructive landslidegrosthout warning signs on steep

sl opes. I n addition, flows may develop on Afr e
|l andslideso take place (Figure 2.11). Along s
hand, A c hann mayeavelop & a tbsehtialdhead for example (Di Crescenzo & Santo
2005).

Rocky cliff Man-made cuts and tracks o\ nprLED

DEBRIS SLIDE-RAPID EARTH FLOW

UNCHANNELLED

DEBRIS SLIDE-RAPID EARTH FLOW = Crown zome

\ _Sliding and liguefaction zone

Sliding and liguefaction zone § frts ¥ =} T V ,"F = - I f‘-’. MIXED
g TN ! L - : o \‘/\k '\ DEBRIS SLIDE-RAPID EARTH FLOW
e ] R e e -
ar™ ,".;_—\‘—" = 3 & Ao\ acky cliff
1 T AL = =
—— === — \
S;S\Sk{ A\ Chammelization zone
ST ~ A
Sre : . )
ey G : \
E‘\Q\}Q\"\ B b . b g = \
SIS PN A \  Landslide body

/
Landsiide body

Legend
I:l Paloosoil and sod wi rewericad pyroclastic
deposts:
=
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i = altitnde of the fina break of
A besn shope o the fioot of the sope]

Sre = siope relict onerEy

Figure 2.11 scheme of the main morphological and morphometric parameters concerning slips of debris/ rapid eabh flow (
Crescenzo and Santo, 2005).

In order to investigatéhe role played by pumiceous lapilli in the triggering mechanisms of the
initial landslides, detailed surveys were carried out in the source areas of some of the most relevant
debris flow which occurred in the main carbonate contexts of Campanian regi@nedzenzo &

Sant o, 2005). The authors use the term fAdetac

landslide which includes two distinguished areas (Figure 2.12).

54



2.1. Landslides phenomena and their classification

T The area of Afirst breako is of¢clfandisocal i
characterized by very high steep slopes (ranging from 35° to 45°). Slide often involves
few nt of material and may be due to fall or sliding that can have a translational or a
rotational component (Di Crescenzo & Santo, 2005).

T APl anarzoxleiodi ng placed i mmediately in th
steepness values mostly between 25° and 35°. In this case, large volumes of
volcaniclastic deposits are involved. In this zone, the landslide mass is subjected to a
liquefaction proess (Olivares et al., 2002) and intensifies downstream (Di Crescenzo &
Santo, 2005).

Stratigraphical differences between the two zones cannot be neglected since derivation of
stratigraphy in the detachment area of the landslide in most of the case shaies limited
presence and thickness of pumiceous levels. The failure surface in this area is almost always settled

into one of the interposed paleosoils between the several eruptions.

FIRST BREAK
A

FIRST BREAK " %
Rocky cliff
kY
PLANAR Road cut ;
SLIDING ZONE PLANAR
SLIDING ZONE

V

Figure2.12 det achment ar ea, di st iphanoarsliding (DilCeesceneoeand Santoy2006)n zone o

Areas affected by planar sliding zone on the other hand, are located where wide layers of
pumi ce are present. Theyodére attribut adAlR, de
eruption (Lattari - Sorrerto Peninsula), orMercato eruption ( Pi z z o D &Sarhov andh 0
Bracigliano sides), oAvellino eruption (Pizzo Alvano- Quindictside), orAgnaneMonte Spina
eruption(Avella MountainrCancello) orAvellinoeruption(Partenio Mountains).

Often, a morphologial separation between the detachment area and the planar sliding zone is

present due to lithological discontinuities or road cuts (Figure 2.12), but in some cases
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2.1. Landslides phenomena and their classiforati

morphological continuity exists and it is not always easy to make a clear distinctiontdntpor
differences were also found (Di Crescenzo e Santo, 2005) in slope steepness which are generally
greater than 35° in the detachment zone and lower (35) in the planar sliding zone. Initial

slides usually involve limited volumes and may have diffié origins- mostly from collapse or

sliding (mainly translational and rarely with a rotational component). They play a key role since
they act as a "detonator"” for the development of a successive portion, sliding over a broader planar
surface, which deslops in most cases at the base or within an extensive and continuous pumice
level. In the different stages of a debris flow Di Crescenzo & Santo (2005) discriminate a first phase
of impact on the underneath slope against a further phase of planar slimwafection and
channeling of landslide mass. The pumice horizons play an important role in influencing the planar
sliding and, consequent|l vy, the phase of fndarea
of slope where these conditions dot rexist or where pumice levels are not widespread the
landslide tends to stop netdue source.

In conclusion, the study showed that, especially for analyses aimed at defining landslide
susceptibility, it is very important to understand the triggenmeghanisms of debris flows. It is also
essential to define the geomorphological and stratigraphic features of the areas located downstream
of the possible initiation zones. Indeed, the pumice levels may greatly facilitate translational slide,
liquefactionand amplification phases rather than influence the triggering mechanism. In conclusion,
it is possible to state that these landslides are quite complex and characterized by different

evolutionary phases which can be summarized as follows:

First break (saislide or fall).
Impact on the underneath slope (in case of fall or rapid overthrust).
Liquefaction, and propagation on open slopes with avalanche mechanism (depending on
slope morphology).
1 Channeling of the flow (depending on slope morphology).

Also otker studies, e.g. (Cascini, 2004) carried out by means of a geotechnical approach,
highlighted that the failure planes are generally located within pumice levels. Moreover, they
showed that the phases of liquefaction and spreading of pyroclastic soilgethwolthe landslide
are greatly influenced by the porosity of the medium and therefore by the amount epsamdyg

levels. In this study, starting from these assumptions and after initial careful bibliographical
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2.1. Landslides phenomena and their classification

analysis, detailed surveys of the pumit&rizons nearby the source areas of the landslides were
carried out.

Different researchers that studied such a type of landslide used different terminology for their
classification ranging from rapid earth flow to debris flow and to flowslides. However, such varied
points of view are becoming much less so in recent yearsy bmow limited to two basic
interpretations: flowslide (Cascini et al., 2003; Olivares et al., 2003; Picarelli et al., 2004, Bilotta et
al., 2005), sensu Hutchinson (1988) and Hungr et al. (2001), meaning an undifferentiated
mechanism of sliding and flowvolving very loose and close to saturation pyroclastic soils and
debris slide’ debris avalanché debris flows, (Fiorillo et al., 2001; Di Crescenzo & Santo, 2005;
Guadagno et al., 20059ensuCruden & Varnes (1996), Hungr et al. (2001) and Jakob amyH
(2005). This research followed the second type of classification, thus allowing the differentiation of
the evolutionary stages of a landslide and their analysis. The first stage of these complex landslides

was named ndinitial |l andslideo in this work

2.2 Morphological factors of slopes controlling susceptibility of initial landslides and
propagation along the slopes

Field surveys and observations carried out by some researchers in the initiation areas of the
landslides which occurred of'&nd " May 1998 in the Sarno Mountains (Celico & Guadagno,
1998; Crosta and Dal Negro, 2003; Guadagno et al., 2005; Di Crescenzo and Santo, 2005) pointed
out that there are many morphological factors triggering initial landslides. Among these, natural and
artificial morphological factors were recognized. One of the most recurrent factors, among the
others is road cuts or abrupt lithological interruptions that, by breaking off the continuity of the

pyroclastic cover, might favor unstable conditions (Celico & Ggada1998).

Landslide initiation in uphill areas of the Pizzo D'Alvano slopes show rather complex
kinematics; they are classified as debris slide (soil slip). According to the authors, the main
mor phol ogi cal conditionsinutiag dbheriAsnetide:«
discontinuities that may cause instable conditions due to natural slopes, artificial cuts, road filling
(in the downhill sector or in correspondence of bends), and to local stratigraphic and
hydrogeological conditiathat, even though they influence only a minority of cases, emphasize the
important role of water outflow in the triggering mechanisms at the natural scarps, bedrock joints,

or karst cavities (Figure 2.13).
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Figure 2.13 geomorphological structures ofhe main triggering conditions for |l and
(Guadagno et al., 2005).

These factors are responsible for the typical triangular shape of the landslides, and their apical
angle appears to be the most important morphologieshmeter because it seems to have an
important influence on the volume of material mobilized by landslides (Guadagno et al., 2005). The
apical angles of the landslides seem to be related to the impact energy of the initial rupture and to
the geometry ofhe pyroclastic cover. Indeed, the action of the abrupt load caused by the arrival of
material from upstream leads to the broadening of the landslides. Accordingly, due to local
variations of morphology, the volume of material involved in the debris aslaamay vary

significantly.

On the basis of these assumptions, a statistical analysis of morphometric parameters was

performed (Guadagno et al.,, 2005). It is clear that the ratio between the initial volumes and the
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volumes of debris avalanche(MV,) decreases as length of the slope increases, i.e. the volume of
debris avalanche increases with increasing path length (Figure 2.14).
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Figure 2.14 relationship between volume of material involved in the initial break and volume involved in the aletbaische
against slope length (Guadagno et al., 2005).

The role of discontinuities in pyroclastic cover was identified by means of a statistical study
of landslide initiation zonedt was found that 75% of the landslides occur along the axes of the
channels or on its sides or at points of convergence of shallow wate(Glmsta & Dal Negro,

2003) Statistical analyses show that more than half of the initial soil slips or debeis stcurred
in correspondence with the upstream areas of morphological discontinuities and that the landslides
triggered in limestone cliffs in the southern side of Pizzo D'Alvano massif are the most impressive,

while in the northern sector there is @&ajer presence of landslides triggered by road cuts (Figure
2.15).
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Figure 2.15 a) road cuts with instability in the upstream sector and within the filling material; b) rocky benches causing irc3tability
Morphological characteristics afource areas and relative frequency for the towns of Sarno, Siano, Quindici and Bracigliano; (d)
percentage of landslides triggered where discontinuity exist, for the four towns Sarno, Siano, Quindici and Bracigltan® B2tos
Negro, 2003).

Among thke main geomorphologic factors predisposing initiation of landslides in pyroclastic
cover and especially channeled ones, there are road cuts or lithological benches which interrupt the
continuity of the pyroclastic cover. Di Crescenzo and Santo (2005)idhgnd the role of the
presence and distribution of vegetation. Results ensuing from the statistical analysis show that most
of the May 1998 landslides were triggered in presence of shrubs. Nevertheless, it should be pointed
out that this is not a signiiat parameter because landslides were triggered both in forested and

nonforested areas (Figure 2.16).
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Figure 2.16 distribution of vegetation along slopes, with the crown zones and the sliding areas; the number refers to the considered
elements foeach case (Di Crescenzo and Santo, 2005).
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Four types of slopes (Figure 2.17) can be distinguished where channelled, unchannelled and
mixed debris sliderapid earth flow may occur: planar slopes without drainage basin, slopes with a
single and nothierarchzed drainage basin, slopes with lowly hierarchized basins, slopes with
highly hierarchized basins. Ceamppliedx elaandns | fi Id
characterized by initial rupture and a subsequent phase of slip on slopes and planainghannel
the main impluvium and sometimes in the secondary one.

Geomorphologic analysis to identify different types of slopes and landslides and a detailed
morphometric analysis of them based on descriptive parameters were carried out (Figure 2.18a,
2.18b, 2.18c), in order to identify sewuantitative values of morpheetric parameters useful for
highlighting areas to be monitored or stabilized (Di Crescenzo and Santo, 2005).
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Figure 2.17 topographical diagrams representing the types of slopes and landslides: (a) regular slopes discriminated in concave,
convex, plaar, without hierarchized drainage basins , with lowly and highly hierarchized drainage basins (b): three main types of
landslides, channeled, not channeled, and mixed debris slides / earth flows, representing a kind of midway betweeteboi slips
flows rapid earth flow and are characterized by an initial triggering phase and planar sliding on the slopes, followed by the
channelization main channels (Di Crescenzo and Santo, 2005).
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Figure 2.18 morphometric data related to soil slipapid earth flow, the classes of slope angle are differentiated between crown
zone (a) slip area (b), landslide body (channeled, not channeled, mixed, debris slide / rapid earthflow; (d) triangubér shape

l andslide on Pizzo Dbéihléteasene theesinall exfent of tidgeringeared, if comparedpo the one affected
from debris avalanche (Di Crescenzo and Santo, 2005).

The charts (Figures 2.18a, 2.18b, 2.18c) summarize data regarding morphometric parameters
commonly found in literature, that is the slope angle of the crown zone, of the sliding zone and of
the landslide body of studied landslides according to each typofdgndslides.
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The morphology of debris flow / earth flow path in pyroclastic soils is characterized by small
crown zones and by size of sliding area2l0times greater due to the amplification process (Figure
18d) of the landslide mass (Di Crescenmd &anto, 2005).

Based on a statistical anal ysi s, the critic
most landslides it varies between 15° and 29°. The authors distinguished between channeled and
mixed (figure 2.19a) and unchanneled landslides (figure 2.19b).

In such an interpretation the Authors consider as sliding zone the whole area pertaining to the

initial debris slide, and they recognize that can it be interpreted as belonging to the avalanche phase,
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Figure 2.19 relations betweeslope relief Energy and slip zone : (a) channeled and mixed landslides: the distribution of points is
represented by an power law, (b) not channeled landslides: distribution of points is approximated to a linear law (2o @escen
Santo, 2005).

Finally, the authors found some interesting relationships between morphometric parameters,
including the relationship between the height of the crown area and of slope relief energy. It is
defined as the difference in elevation between the watershed line odpleeaslected by a landslide

and the first slope break at the foot of the slope that, in most of the landslides, is higher than 80%.
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2.3 Landslide mobility

This result may be used to predict the zones
by landslides.

2.3Landslide mobility

As previously mentioned, debris flows involving pyroclastic soils can suddenly initiate and
move downhill with high mobility covering on most occasions long distances and then stopping
hundreds of meters or even some kilometers away fhe source. It is, therefore, clear that both
the path of landslides and rHomit distances must be estimated in order to assess the potential impact

on buildings and infrastructures.

The parameters that must be considered in the calculation includemakienum distance
reached by the flow, its velocity, thickness and the distribution of deposits and flow behavior where
it is forced to bend due to obstructions in the flow path. Based on literature data and morphometric
parameters derived from field invegtions, a specific empirical analysis for this type of landslide
was performed (Budetta and De Riso, 2004), aimed at determining the mobility of landslides on the
slopes of Sarno, Siano, Quindici and Bracigliano. Two main types of flows were identified:
unchanneled flow (very common on the Lattari Mountains area and the Sorrento Peninsula) and a
channeled flow (as those found on the Quindici and Sarno slopes)

Frequently, these phenomena can flow along existing roads at the foot of a slope for much
longerdistances. Bends in the channel, bifurcations and obstacles in its path can strongly influence
the distance of the flow. This is clearly visible on the Sarno slopes where the debris banging against
a quarry slope often divides in two segments one of whicisses the watershed interposed

between the two incisions and joins the debris flow coming along another channel.

The two types of flows above mentioned are characterized by different mobility determined by
the relationship between the height (H), cdesed as the difference in altiiude between the
uppermost point of the crown and the tip, and the horizontal distance (L) (Hutchinson, 1988;
Corominas, 1996). The debris avalanches show greater mobility because they consist of thick
suspensions of pyrocks/debris sediments consisting primarily of volcanic sands and ash, of
clayey soils and pumice with low resistance and also include small blocks arising from erosion of

the limestone bedrock that are transported for long distances. Probably, this esbdtuektlifting
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2.3 Landslide mobility

because of the forces acting on fine particles in suspension as a result of friction between the fluid
and rock blocks sunk for gravity (Budetta and De Riso, 2004).

The relationship between the tangent of angle of reach (which indicaesahility of a
landslide) and the logarithm of the volumes of material involved seems to show a decreasing linear
trend for increasing amounts of material mobilized. Data set in Figure 2.20 refers to all investigated

landslides, both channeled and redranneled (indicated as points from 1 to 6, 8, 9, 11, 14 and 23).
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Figure 2.2Q0 Relationship between the tangent of angle of reach and the logarithm of involved volume. The dashed line is the
theoretical one (Budetta e De Riso, 2004).

Besides the greater mobility of channeled debris flows with respect to thehaoneled

ones (debris avalanchegensuHungr et al., 2001), due to the concentration of kinetic energy,
differences in mobility can probably also be enhanced by differencesdrtlithostratigraphic
features <characterizing slopes invol ved i n
characterized by an abundance of thick pumice layers that, due to the low consolidation and
susceptibility degrees to the hydrostatic amgbrodynamic lifting of the suspension of fine
particles, turns out to have a great mobility. Therefore, factors that influence the degree of mobility
of debris are length and steepness of the path. These landslides can have the charadteristics

hypercorentrated flows in which the water is the main factor that favors long paths.
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2.4 The causeffect relationship between heavy rainfalls and landslide initiation

2.4 The causeeffect relationship between heavy rainfalls and landslide initiation

The instability phenomena involving pyroclastic layers are essentially shallow landslides
that are triggered by hydrological conditions, such rainfall and soil moisture conditions, related to
the period preceding the failure. The time scale of precipitation influencing landslides is generally
proportional to the magnitude of the event. Theydainfall readings at Montoro Superiore were,
therefore, taken into account; it was the only data available at the time.

Many studies aimed at understanding the critical values of precipitation for slope stability were
carried out by means of an empitiaggpproach (Cascini & Versace, 1986), thus permitting the
graphical interpretation of hydrological parameters recorded in the period immediately before the
start of the landslide. Such graphical analysis can identify the minimum values of the hydrological
parameters which can trigger a landslide. These conditions describe a lower envelope known as the
empirical hydrological threshold, because it is based on a database (archive) of recorded
homogeneous landslide events for which hydrological measurememtsagerded.

Some hydrological thresholds were issued for landslide initiation in pyroclastic soils covering
mountain slopes surrounding the Sormwesuvius considering the following as hydrological
parameters: a) intensity/duration of precipitation (Cair®80); b) the amount of precipitation in the
day of the landslidesthe cumulated precipitations of the days before the day of the event (Crozier
and Eyles, 1980); c) hydraulical conceptual model of the pyroclastic cover corresponding to a
Al eaky madredél (Wil son and Wiezoreck, 1995) .

The first hydrological thresholds for the initiation of landslides in pyroclastic soils covering
mountain slopes surrounding the Somvha suvi us were presented cons
1991) intensity / duratiomodel. Subsequently, after the deadly landslides"afrEl 6" May 1998,
ot her empirical hydrological thresholds were
2000; Chirico et al ., 2000; De Vit atalg 8000; Pi s c
Crosta and Dal Negro, 2003) and Wilson and Wiezoreck model (Fiorillo and Wilson, 2004).

Foll owing Crozier and Eylesbés model and fr
Vita, 2000; De Vita and Piscopo, 2002), rainfall parameters werived for the precipitation of the
day of the event (P), the day before the evenj {Fat accumulated on the days preceding the event

including the day of the landslide event. Also, the hydrological analysis considered the precipitation
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2.4 The causeffect relationship between heavy rainfalls and landslide initiation

recordeddirng t he periods befgrnrettemeg)dayswd Ry, i day s
forty @dayssi(xER). days (EP

Thus, links between P and the cumulative rainfall of previous periods were created: one day
(P1) , f oursp),dineydayf BEP ni net egdthidyay e ( ER)fifty-ning P
d a y seop) FOPdebris flows which occurred in Lattari Mount&alerno (Figure 2.21), these
relationships show a lower envelope representing a hydrological threshold. In partisulbe, a
previous cumulative period increases, the envelope evolves until it reaches stabilization for the
highest previous periods (in the curves for 39 and 59 days). In these cases, the envelope decreases
to values of P = 50 mm while the previous periode highlighting the strong influence of the soil
moisture content and evapotranspiration in the previous period (Figures 2.21 and 2.22). The
envelope for the highest antecedent periods indicates a strong reduction of the antecedent
cumulative rainfall on he threshold values and might be considered as a valid empirical

hydrological threshold for Lattari and Salerno Mountain (Figure 2.21).

Rainfall in the day of debris-flow occurrence (aum)

a . i , ; . ; .
0 100 200 300 400
Aptecedent rainfall cumlated an adifferent periods (mm)

----- 4 days — - — 19 days — -- - 39 days —— 50 days |

Figure 2.21 lower envelopes (hydrological threshold) for historical data of rainfall events at the day of thesetrenaintecedent
rain, cumulated for several periods; there is a general migration and stabilization of the envelope to increase ashageriod
increases (De Vita and Piscopo, 2002).
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2.4 The causeffect relationship between heavy rainfalls and landslide initiation

Rainfall sequences regarding landslides which occurred in Samhd attari Mountains were
also analyzed (Figure 2.22) Historical analysis carried out by the authors shows that, in two cases,
the sequence takes place during autumn rainfall followed by landslide in the winter which means
that during the autumn seasamil snoisture is still being charged and this gives further evidence

suggesting that the sequence of homogeneous rainfall is not enough to trigger a landslide.
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Figure 2.22 example of relation between rainfalls in the day of the event (P) and cunmaliaiadis, in this case related to four days
bef or e t heg. Teewaations rdla@ve to 9, 19, 39, 59 antecedent days show the same trend, but increasingly marked (De
Vita & Piscopo, 2002).

Finally, it can be argued that the critical conditidior initiation of debris flows differentiates
the Lattari and Salerno areas from the Sarno Mountains. The former are, in fact, characterized by
rainfall values greater than 50 mm on the day of the event and by highly significant cumulative
rainfall in the period before the event. On the other hand, in the second case, rainfall values are less
than 32 mm and cumulated rainfalls are characterized by a homogeneous distribution over a very
long time. In order to check the homogeneous distribution of pre@mitan the analyzed rainfall
sequences, correlation coefficients between the cumulated daily rainfall values and elapsed time
were also calculated.

In the cases of the landslides which occurred on the Sarno Mountains, the high value of the
correlation cefficient indicates that it is, approximately, a straight line indicating a homogenous
distribution of values of cumulated rain in antecedent periods. According to the authors (De Vita,
2000), this might indicate, total amount and duration of rainfallgoegual, the presence of a more
homogeneous sequence distribution of rainy days and may be regarded as qualitatively indicative of

the best conditions for the infiltration of a rainfall sequence for mediwwrpermeability soils.
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2.4 The causeffect relationship between heavy rainfalls and landslide initiation

Subsequently, different tbsholds were proposed, (Crosta and Dal Negro, 2003), based on
Ca i n e s 0 -duratibre mosiel thay was synthesized into a single graph (Figure. 2.23).

1000

Py a0 International lterature
\I=33.2?’*D . "'-\ [=176.4*D™"
Y \/ . &  Campanian Apennines

o  Sarno 1995

-
=]
)

Crosta & Frattini, 2001

—— Calcaterra et al.,, 20000, (1)
— — Calcaterra et al., 20008, (2)

- ==« .- Ceriani et al., 1992

_____ Guadagno, 1991

Rainfall Intensity (mm/h)
=

-y

. ~ Ty
|=2817D%% =7 ""'-.:"-.
001 01 1 10 100 1000 10000
Duration (h)

0.1 T T T T

Figure 2.23 empirical hydrol ogi cal t hr e d§ Huoatiod model fort debrisnflows @idatiowint h t h ¢
pyroclastic soils mantling mountain slopes that surround the Sevesiavius (Crosta and Dal Negro, 2003). It is possible to observe
hydrological thresholds proposed by Guadagno (1991) and Calcaterra et gl. (2000

In order to analyze historical data related to rainfall and debris flow occurrence in western
Campania and to examine the type of relationship, a model based on the combination of physical
and empirical approaches was proposed by Fiorillo & Wilson (2004 eli ng t he @Al eak
approach (Wilson and Wiezoreck, 1995).

Some of the most intense rainfall events analyzed triggered several debris flows and affected
large areas with at least one rain gauge in them.

The rain gauges network only recorded the nmisinse events in part (Tables 2.4 and 2.5).
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2.4 The causeffect relationship between heavy rainfalls and landslide initiation

Main storms recorded at Cervinara (8. Martine V.C.), Samo, Lauro and C rain gauges
Rain gauge, Main storm Rainfall Duration Max retum time Antee, Demage" Diehris flows
yearly mean {mm) 1] {years) fora rainfall {estm. ng)
specific rinfall {mm)
duration
Cervinara 16-19 December | 968 T84 n =100 {24 h-§ days) 3852 Flood in the Caudina
1386 mm Valley
16-19 November 1975 199.2 &7 17 (2 days) 344 - -
14-15 April 1978 138.2 39 4(2 days) 11276 - -
13 November 1997 141.2 [ =100(3h) 3344 Many erosion phenomena -
and damages in Sannio area.
e also Lawro rain gauge.
14-16 December 1 999 314 52 =100 {12 h-3 days) 496.% Cervinara village was =10
destroyed. Many damages
in 8. Marting V.C.
Casiellammare 15-16 Febnuary 1963 100 2 da}sb 2(2 days) BRI Many damages in =10
1099 mm Gragnano village.
1-3 January 1973 345 3 days® =100 (2-5 days) 389 Many damages in Naples -
area due to flooding.
17 November 1985 86 12 16 (6h) 17.2 See Sarno rain gauge. -
9-10 November 1987 182 16 58 {1 day) 137.6 Inundation in Naples area. -
Rock falls near
Castellammare.
26 October 1990 752 B 36(3h) 1822 Rock falls near -
Castellammare.
10 January 1997 163 38 {24 W =753 Flood of Samo river. =50
Shallow landslides in
Naples area. Many
landslides in the
Sorreno Peninsula.
4-5 May 1098 1362 2% 5(2 days) 9366 See Sarno rain gauge.
Samo 19-20 December 1964 124 2 days® 15 (2 days) 456 See Laniro rain gauge.
1016 mm 1-3 January 1973 166.2 57 51 (2 days) 387 Flood of Samo river. -
34 November 1976 103.8 35 B (2 days) 2516 Flood near Nola. Rock ‘
fall along Somentina
State Road. Flood of
Samo river. Landslide
in Salerno.
17-1% November 1985 164 48 =100 {6 h-5 days) 1598 Inundation in -
Naples arca. Flood of
Samo river. Landslides
near Ariano [pino
amd Cava de” Tirreni.
4-5 October 1992 1012 11 60 (30 634 Flood of Fenestrelle 1"
toment.
910 January 1997 121 8 40 £ (2 days) TI94 Flood of Samo river =5
and in Celei di Forino.
4-5 May 1998 936 30 4 (2 days) RIZE Samo, Siano, Bracigliano, =100
Quindici and 5. Felice
a Cancello villages were
hit by landslides
Lauro 18-21 December 1964 1092 51 6 (2 days) 454 Flood of Samo =10*
1152 mm and Voltumo rivers. Many
damages in Puglia
{rearby region).
Landslide in Positano.
1-3 hnuary 1973 1402 63 T (2 days) 389 Fee Sarno rain gauge. -
17-19 November 1985 m2 43 =100 (6 h-5 days) 200 See Sarno rain gauge. -
23-24 November 1986 139 32 E3{12h 1778 - -
11-12 January 1987 1242 35 10 (24 1) 4002 Damages along the -
coast. Rock fall: near
Castellammare.
Flood near Avellino.
Snow above TO0m usl
13 November 1997 614 19 26N 2561 Many damages in 1"
Sannio aea
4-5 May 1998 1548 31 22 (24 ) 81287 See Sarno rain gouge.

The estimated number of debris flows was obtained from the literature data and by aerial photos.
* Data from news and literature,
B No hourly data
“ Debris flow occurred near Bracighano.
¢ Debris flows occumed near Tonetie di Mercogliane and Mugnano del Cardinale, about 20 km from Samo.
® Few debris flows occumed also near Monteforte Irpino and Gaudi, about 20 km from Lauro.
* Dam from Sarno rain gauge.

Table 2.4 main pluviometric events recorded in Cervinara (S. Martino V. C.), Sarno, Lauro and Castellammare rain gauges (Fiorillo
& Wilson, 2004).

Main debris-flow events occurred in Campania since 1954

Date Locality Death {Nr.) Deb. flows 2 days cum. rainfall,
{Nr.} mm {rain gauge)

26 October 1954 Salerno, Vietri, Maiori. 318 =100 504 (Salerno)

8 December 1960 MNocera 2 128.3 (Nocera)

17 February 1963 Gragnano =10 238.8 (Gragnano)

24 November 1966 Vico Equense 3 1 182.5 (Gragnano)

9 January 1968 Sarno 1 24.2 (Sarno)

15 March 1969 Agerola =10 178 (Agerola)

2 January 1971 Gragnano [ 1 176 (Gragnano)

6 March 1972 Nocera 1 1 115 (Nocera)

16 February 1973 Termini 9 1 62 (Turro)

22 February 1986 Palma Camp., Castellamm. 8 4 43 (Palma Camp.)

23 February 1987 Castellanumare 1 B0 (Caste llamim. )

3 October 1992 Bracigliano 1 102.6 (Sarno)

10 January 1997 Castellamm., Nocera, Quindici 5 =350 163 (Caste llamm. )

13 November 1997 Lauro 1 1 61.4 (Lauro)

5 May 1998 Sarno, Quind., Siano, Bracigl. 161 =100 157.8 (Lauro)

16 December 1999 Cervinara, 8. Martino V.C. 5 =10 321.2 (8. Mart. V.C)

Table 2.5 main debris flow occurred in Campamégion, starting from 1954 (Fiorillo & Wilson, 2004).
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2.4 The causeffect relationship between heavy rainfalls and landslide initiation

The analysis of data from Sarno, Lauro, Castellammare and Cervinara rain gauges was based on
records of hourly rainfall. The isohyets map for the M&ya#d 5" 1998 event is shown in Figure
2.24. Although less intense than others, it produced severaldeadg debris slides exceeded only
by the event of October 1954 (Figure 2.24).
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Figure 2.24 isohyets relative to the May 1998 event (Fiorillo e Wils2004).

The authors observe that the amount of rainfall able to trigger debris flows depends on the
percentage of water in the soil in the antecedent period. In a way, they identify the hydrological
thresholds above which positive pore pressures castadlished and hence the initiation of debris
flow (Figure 2.25).

The authors established empirical hydrological thresholds (Figure 2.25) that are linked to storms
occurring when soil moisture is close to field capacity.fh rainfall needed to reachefd capacity
was estimated in the range between 350 and 450 mm from the beginning of the rainy season
(Fiorillo & Wilson, 2004). The duration of these events, capable of triggering debris flow2#& 12
hours. Finally, short storm (duration up to 6 h) does seem to favor initiation of debris flows

since the high intensity rainfall does not allow infiltration (Reid, 1994).
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2.4 The causeffect relationship between heavy rainfalls and landslide initiation

Figure 2.25 empirical hydrological thresholds for debris flow initiation in Campania region, derived from data from only one rain
gauge, while theoretical thresholds are derived from moregeaige data (Fiorillo and Wilson, 2004).

2.4.1Hillslope conceptual hydrogeological models

Many researchers investigated the hydrogeological features of the superficial system pyroclastic
cover-carbonate bedrock in order to discover the direct catfeet relationship between heavy
rainfall and landslide initiation. Different hydrogeological models were issued based on the
hydraulic interpretation of the complex superficial stratigraphyefdlopes surrounding the Mount
SommaVesuvius. This complex stratigraphical system is the result of the superimposition of
incoherent asffall pyroclastic deposits produced by volcanic eruptions of SoMesavius and
Phlegrean Field volcanoes on the cadte rocks which constitute the bedrock. The deposits are
characterized by lateral and vertical variations of hydraulic conductivity that, together with the top
layer of the bedrock, form a rather complex hydrogeological system. The bedrock is chadacterize
by a hydraulic conductivity varying with the degree of fracturing and filling of joints and can have a

high altitude groundwater flow as well as a very large basal one.

With particularly high rainfall, an occasional groundwater flow may develop andrigevéo a
temporary water table that feeds ephemeral springs. It is important in this context to emphasize the
presence of marly interbeddings (marls with Orbitolinae) that behave as which are relatively

impermeable and which leads to the formation oflsoraerground reservoirs that feed the high
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