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Abstract. Coastal and subaqueous landslides can be veryhat is still not deeply investigated and understood in the sci-
dangerous phenomena since they are characterised by themtific community.

additional risk of induced tsunamis, unlike their completely- Among the different types of coastal landslides, large, fast
subaerial counterparts. Numerical modelling of landslidesand extremely fast landslides, which are characterised by the
propagation is a key step in forecasting the consequences @idditional hazard of induced tsunami waves, are of particu-
landslides. In this paper, a novel approach named Equiviar interest. The tsunamigenic potential of both completely-
alent Fluid/Equivalent Medium (EFEM) has been devel- submerged landslides and subaerial landslides that impact
oped. It adapts common numerical models and software thalvater has been widely investigated (Jorstad, 1968; Plafker
were originally designed for subaerial landslides in order toand Eyzaguirre, 1979; Assier-Rzadkiewicz et al., 2000; Pa-
simulate the propagation of combined subaerial-subaqueousadopoulos and Kortekaas, 2003; Wagner et al., 2003; Hub-
and completely-subaqueous landslides. Drag and buoyandyard et al., 2005; Panizzo et al., 2005).

forces, the loss of energy at the landslide-water impact and The study of coastal landslides requires a combined
peculiar mechanisms like hydroplaning can be suitably simu-subaerial-submerged investigation (Mazzanti, 2008a). In ad-
lated by this approach; furthermore, the change in propertieglition, if the consequences of such landslides must be anal-
of the landslide’s mass, which is encountered at the transiysed, tools that are able to simulate the propagation of land-
tion from the subaerial to the submerged environment, carslides in terms of mass distribution, runout distance and ve-
be taken into account. The approach has been tested by motbcity are also needed.

elling two documented coastal landslides (a debris flow and

arock slide at Lake Albano) using the DAN-W code. The re-

sults, which were achieved from the back-analyses, demon2 Numerical modelling of coastal landslides

strate the efficacy of the approach to simulate the propagation

of different types of coastal landslides. Recently, in the field of subaerial landslides, great attention
has been focused on predicting the volume, velocity, runout
and mass distribution. Two different approaches are com-
mon:

1 Introduction

— An empirical approach that is mainly based on historical
Coastal landslides are complex phenomena that couple not  data records. Among these, the most common method
only the features of both subaerial and submerged landslides  which predicts the runout distances, deals with an ap-
but also a transition phase between the two different environ-  parent inverse relationship between the volume and the
ments during the propagation along a slope. This is a matter ~ Fahrlbschung (Heim, 1932) of landslides that have al-
ready occurred: several linear regression equations have
been proposed (Scheidegger, 1973; Corominas, 1996)

Correspondence td?. Mazzanti that are able to predict the landslide’s runout and ve-
m (paolo.mazzanti@uniromal.it) locity if the landslide’s volume is given. De Blasio et
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al. (2006b) obtained a similar plot by comparing differ- a consequence, few rheological and phenomenological con-
ent types of subaerial and submerged landslides. Sucktraints are available and, thus, few numerical models have
an approach, even if very powerful and extensively usedbeen developed for propagation in submerged environments.
for prediction purposes, has several limitations that arelmran et al. (2001) built the bi-dimensional BING model that
mainly related to the large variability of landslide fea- is suitable to analyse muddy and viscous flow-like mudflows
tures, such as topography, rheology and so on. or cohesive debris flows, whose resistance law can be derived
by the Herschel-Bulkley (Laigle and Coussot, 1997), Bing-
— An analytical approach, which is based on the mechan+am (Sousa and Voight, 1991; O'Brien et al., 1993; Whipple,
ics of the movement, involves the solution of a system 0f 1997) or bilinear rheological relations (Locat, 1997). Some
governing equations for the motion, either in a closed-models that analyse turbidity currents are available, and re-
form or numerically (see at Hungr et al., 2005a for an cently, a cellular automata model was also developed that is
extensive review). suitable for such a phenomenon (Salles et al., 2007). Only
one numerical model that can simulate underwater granular
Due to the high complexity of the mechanisms that are in-flows (like rock and debris avalanches) with a Savage-Hutter
volved in the post-failure stage of fast subaerial landslidestype model (Ferandez-Nieto et al., 2008) has been recently
(Cruden and Varnes, 1996), few models have been built thagieveloped; nevertheless, this model has not been applied to
try to capture the “real” physics of the movement (Den- real landslides yet.
linger and Iverson, 2001, 2004; Campbell et al., 1995). A further degree of complexity is related to the simula-
The most appropriate models that are used adopt a séMion of combined subaerial-submerged events since they are
empirical approach (McDougall, 2006) that is based on thegharacterised by a very complicated air-water transition.
principle of the equivalent fluid, which was formalised by | spite of the difficulties of the investigation and mod-

Hungr (1995). This approach, which is extensively OIeSCribeOleIIing of both submerged and coastal landslides, an increas-

in Hungr (1995), assumes that the moving mass behaveg, ,mper of case studies will be available in the future that

like a fluid whose rheological features cannot be measuredi 4o to constrain and calibrate the numerical models.
through laboratory or in situ instruments but can only be ob-

tained by the back-analysis of some real past events. The

approach is defined as “semi-empirical” because it uses a nu- ) ) ) .

merical model that accounts for the main physical features o8 The equivalent fluid/equivalent medium approach

the phenomenon. However, at the same time, it needs a large

historical record of real events in order to calibrate the pa-The proposed approach is named equivalent fluid/equivalent
rameters. medium. It represents a simplified solution for numeri-

In the past few years, these models are becoming fully 3.6& modelling of coastal landslides. Formally speaking, the
D (McDougall et al., 2008; Mazzanti et al., 2009), i.e. they equivalent fluid approach that has been used since the '80s
are able to simulate the distribution of the mass over real to{0 Simulate subaerial landslides should also be called equiv-
pography, and reliable enough to be used to assess the coftlent fIU|'d/eqU|vaIent medlym. It is b.ased in fag:t on the
sequences that are related to the occurrence of catastroph@SSUmption that the landslide moves like an equivalent ho-
fast subaerial landslides (lovine et al., 2003; Malet et al.,mogeneous fluid (usually depth integrated) in an equivalent
2004; Hirlimann et al., 2006; Wang et al., 2006; Toyos et m_edlum (air). Nevertheless, in the case of subaerial land-
al., 2008). Their effectiveness is the result of several backSlides, both the drag and buoyancy forces can be reasonably
analyses of past phenomena that allow parameters to be cofi€glected even if the drag forces that are exerted by the air
strained. can be sometimes relevant (e.g. Issler, 2003).

However, even if these models are calibrated upon real But, in water, the interaction between the mass and the
events and can thus be considered to be more “practicalMedium cannot be neglected because it controls some pro-
than “theoretical,” they are often based, or at least validatedcesses that modify the motion of the mass. These complex
on laboratory experiments (Bagnold, 1954, 1956; Hungr andProcesses are well constrained for the movement of very sim-
Morgenstern, 1984; Savage and Hutter, 1989; Denlinger an®!€ shape objects but they are not fully understood for the
Iverson, 2001; Iverson and LaHusen, 1993; Major and Piermotion of deformable large masses.
son, 1992; O'Brien and Julien, 1988; Pearsons et al., 2001). A model that is suitable for the simulation of coastal land-

With regard to landslides that occur underwater, less exslides has to account for the mass-water interaction and, at
perimental results are available (Marr et al., 2001; Tallingthe same time, it must be solid, have few parameters and be
et al., 2002; listad et al., 2004; Felix and Peakall, 2006;simple to use (in order to be calibrated for a number of case
Breien et al., 2007) and the direct observation of real phe-tudies as large as possible).
nomena is at the present time impossible. Furthermore, anal- It is suggested that an approach, which allows for the use
ysis of landslide deposits is more difficult in the submergedof common and well-known models developed for subaerial
environment; thus, indirect information is also limited. As landslides could represent, once calibrated to real events, a
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simple and useful tool for the investigation of subaqueous3.2 Drag forces
landslides.

The following aspects must be taken into account in theWhen a body moves through a fluid, an interaction between
numerical simulation of coastal landslides: 1) the buoyancythe body and the fluid occurs. This interaction can be de-
effect; 2) drag forces; 3) the added mass factor (only for veryscribed in terms of a shear stress, which is due to viscous
thick landslides); 4) peculiar mechanisms like hydroplaningéffects, and a normal stress, which is due to pressure. Thus,
(Mohrig et al., 1998), and 5) the sudden change of environ-2 drag force exists, which is directed parallel to the flow di-
ment (water impact) since it can produce an impulsive losg€ction, and resists the movement of the body through the
of energy and several modifications in the flow behaviour. fluid. It is made up of friction forces that act parallel to the

This approach needs some solutions in order to considepody’s surface plus a pressure force that acts in the direction
some of the main aspects that are listed above. In the nexhatis perpendicular to the object’s surface. These forces are
paragraphs, these solutions will be discussed together with gescribed by the following equation:
brief physical description of the mechanisms. 1
DZEPU}'UZ'A'Cd (5)
where p,, is the density of waterlJ is the velocity of the
The buoyancy is the force that obeys Archimedes'’s principle mass A is the so-called “reference area” of the moving mass
which states that a body that is immersed in a fluid is buoyedhat corresponds to the area of the projection of the object
up by a force that is equivalent to the mass of the displacednto a plane that is perpendicular to the direction of motion
fluid. This force is directed upwards and can be seen as ghowever, it is largely dependent on the shape of the object
change in the gravitational acceleration that results irgthe and can be seen as the area that interacts with the surrounding

3.1 Buoyancy effect

value that is reported in Eq. (1): medium) andCy is a dimensionless parameter that mainly
, 1 depends on the shape of the body and on the Reynolds num-
g =8l(p=puw)/p] @D per (Batchelor, 1973). The value 6§, which strongly af-
Given fects the drag force, was derived from laboratory experiments
on regularly-shaped objects, even though it is practically im-
(p—puw)=p' (2)  possible to calculate its value for very complex objects that
. . continuously modify their shape during the flow, such as a
Equation (1) can be written as landslide
"'— oo 3 The drag has to be computed as an additional resisting
§=g'/p) 3) : _ :
force that is proportional to the square of the velocity.
whereg is the gravitational accelerationj is the average In several codes, which include the almy rheology
density of the material that is involved in the landslide and (Voéllmy, 1955), the resisting forces can be written as
pw is the density of water¥1 Mg/m?). (Hungr, 1995):
In some codes, where the unit weight is used instead of the 5
density, this aspect is still more clear. T=Ap-y-H <cosu + a—c) +Ap-y- i (6)
In practice, in order to obtain the reduction in gravity, the 8 §
value of : whereA, is the basal area of the body,is the unit weight
0 = (0—puw) (4) (pg), H is the height of the moving body, is the centrifu-

gal acceleration (dependent on the vertical curvature of the
is used in the submerged environment in spitpofSome  path),« is the slope anglg is the gravitational acceleration,
limitations are related to the use of this expedient in the pro-v is the velocity of the body and is the turbulence coef-
posed approach, which will be discussed below. ficient of friction. The second term of Eq. (6), in the orig-

A landslide that moves partly in the subaerial and partly inal purpose of V@llmy (1955), accounted for a basal fric-
in the submerged environment can be modelled by changingional term that is proportional to the square of the velocity.
the value of the density (or related values) as the water leveln the approach that is proposed here, the drag force is then
is approached. simulated by modifying the turbulence coefficient of friction,

In the case of a code that does not permit this change alonghich is proportional to the square of the landslide’s veloc-
the path, an average value for the subaerial and submergdty, by an amount that is inferred from the back-analysis. This
parts must be used; obviously, in terms of the velocity distri- coefficient will account in a fictitious way for either the in-
bution, the numerical simulation cannot be considered veryner turbulence effects in the landslide’s mass (assumed as an
effective when it uses this approximation. equivalent fluid) or for the drag forces that are due to the in-

teraction of the moving mass with the surrounding water.
The main intrinsic limitation in such a solution is related to
the density (or unit weight), which is used in Eqg. (6), where
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it refers top’ (see at Eq. 4) instead pf,. Nevertheless, such is very difficult to quantify. Hence, such a solution can only
a limitation can be overcome by modifying the turbulence be used for qualitative consideration of the phenomena that
coefficient since there is a direct relation between the term®ccur at impact.

y(p) and&. . ,
3.5 Additional mechanisms that occur underwater

3.3 Added mass . ) ) ) .
Some particular mechanisms, which play a major role in sub-

When a body accelerates in a fluid, it must also accelerat@gqueous mass movements, can be taken into account by us-
part of the fluid. This force can be defined as the inertia thatng the EFEM approach, such as hydroplaning (Mohrig et al.,
is added to a system because an accelerating or deceleratid§98; Harbitz et al., 2003; De Blasio et al., 2004) and glide
body must displace some volume of the surrounding fluid agdlocks (De Blasio et al., 2006a; Engvik et al., 2006).
it moves through it. These mechanisms, which are considered to be effective
The added mass can be incorporated into most physiconly for high-speed mass movements, imply a drastic reduc-
equations by considering a “virtual mass” that is given by tion in the basal friction of the landslide that is due to the
the sum of the body’s mass and the added mass. For exanpresence of a water layer, which is trapped between the land-
ple, a simple formulation of the added mass for a sphericaslide and the slope. Such an effect only occurs when the
body permits Newton’s second law of dynamics to be writtenlandslide body reaches a threshold velocity (Mohrig et al.,

in the form: 1998; De Blasio et al., 2004).
Since hydroplaning implies a reduction in basal friction, it
F = (m+madded -a (7 can be reproduced by setting a very low value of the basal

friction parametersy) in the Vaelimy rheology once the
threshold velocity (which must be previously computed) is
reached in the simulation.

In other words, the simulation can be divided into two
steps (Fig. 2).

wherem is the mass of the bodyaggeqis the virtual mass
and a is the acceleration of the body.

This effect is important for objects when the section that
is perpendicular to the flow direction is large in comparison
to the length along the flow direction and when the density
of the body and the medium are similar. On the contrary, 1. First, a simulation is carried out by setting the param-
the added mass is less effective for bodies that mainly extend  eters that do not take into account the hydroplaning ef-
along the flow direction. fect; hence, the travel distance, at which the threshold

Since landslides mainly extend along the flow direction velocity is reached for hydroplaning, is obtained.
and since their densities are usually quite higher that those
of the fluid, the added mass force can be neglected without <
significant errors (Lastras et al., 2005). Nevertheless, this
effect must be taken into account in the uncommon cases of
very thick landslides that are characterised by a low density Nevertheless, some limitations are connected to the use
(not presented in this paper). of such method. First of all, the extension of the area af-
fected by the reduced friction is difficult to be estimated and
no ways are available in literature to solve this uncertainty.

The impact of landslides against water has been poorly in_Anyway, the method suggested above can be considered ef-

vestigated (Mazzanti, 2008b) even if the water-impact isf_e_ctive (even if simplified) and in_Iine with the_: present scien-

. tific knowledge of the hydroplaning mechanism.
well-known for other objects, see for example by von Kar-
man (1929), Wagner (1932), Fasanella et al. (2003) and
Kleefsman et al. (2005). The moving mass experiences @& Back analysis of combined subaerial — submerged
large impact load as it strikes the water’s surface in front of it |andslides by the EFEM approach
and becomes fully submerged while descending towards the
sea or lake bottom. During the impact, the mass significantlyThis approach requires an intense calibration to real cases
reduces its velocity thus modifying its momentum (Mazzanti, in order to be validated and to constrain the parameters. In
2008b). However, due to the limited research on this topic athe past few years, such a calibration has been carried out
present it is quite impossible to quantitatively estimate thisfor subaerial landslides by back-analysing different types of
value. This impulsive loss of energy and consequent decelerevents; a large dataset of past landslides is now available
ation can be tentatively simulated by setting a high frictional (Hungr and Evans, 1996; McDougall, 2006) and the choice
layer, a few meters long, near the coastline (Fig. 1). Thisof parameters is reasonably constrained.
solution is able to reproduce the effect of a sudden and lo- A widespread model for the post-failure analysis of sub-
calised brake in the movement of the mass that results in aerial landslides is DAN (Hungr, 1995), which is a “user-
quasi-instantaneous loss of velocity. Nevertheless, this effedriendly” code that includes several rheological laws that are

In the second step, a layer with a very low friction co-
efficient (close to zero) is applied from the distance that
was obtained in the previous step.

3.4 Impact with the water’s surface
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Fig. 1. Sketch that describes how to set the landslide to water impact in the EFEM approach.

able to capture the main features of a large variety of land- , STEP1
slide types.

This model is available in two versions: the bj- _froesemeses ——
dimensional version DAN-W (Hungr, 1995) and the three-
dimensional DAN3-D (McDougall and Hungr, 2004).

Both models are at the same time very flexible and suitable
for application of the EFEM approach when the following
features are considered: Dlatance

— use of different rheological functions for different parts
of the landslide’s path; SHmergeq e

ile
— use of different density values for different parts of the \
landslide’s path (only for DAN-W, not DAN3-D);

Unique layer without hydroplaning

Velocity

Water level

— use of Vi@llmy rheology.

By applying the proposed approach, back-analyses of two
coastal landslides were performed with DAN-W. These sim-
ulations represent a first validation of the approach and a first %‘

step in the calibration of the parameters. 984 profig

Water level

4.1 DAN-W
Layer without hydroplaning Layer with hydroplaning

The DAN-W model (Hungr, 1995) is based on a continuum

finite difference numerical solution of the depth-averagedFig. 2. Sketch that describes how to simulate the hydroplaning ef-
Lagrangian equations of motion. The solution includes anfect in the EFEM approach.

open rheological kernel in order to implement a variety of

rheologies. For use in the solution, each rheological equation

is integrated with respect to the depth under the approximate The rheological function for the frictional model is:
assumption that the horizontal shear stress within the flow
varies linearly with depth. The model accounts for the third
dimension by allowing for lateral widening and contraction *
of the landslide’s body along the flow path while maintaining
continuity and assuming shallow, broad channel flow. How-wherert is the resisting stress at the base of the flovg the
ever, the distribution of the width along the path must be en-slope angley is the unit weight of the flowing materialf is
tered as an input parameter. The rheological relationshipshe flow depthg is the dynamic friction angley, is the pore
that are available in the program are extensively discussed ipressure coefficien, is the centrifugal acceleration (that is
Hungr (1995); only the frictional rheology and the&tmy dependent on the vertical curvature of the path) amglthe
rheology, as modified by Hungr (1995), are discussed belowgravitational acceleration.

:7/~H-<0081+%C>~(1—ru)tarkj> (8)
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The rheological function for M@Imy rheology is:

304267

ac v2
r:y-H-(com+—)-u+y— (9)

g §
where i is the dynamic friction coefficient of the material
(equal to tap) and¢ is a turbulence coefficient with dimen-
sions of [L - T7?].

The main difference between the two functions is the ad-
ditional resisting stress term that is proportional to the square
of the velocity and that, in the original purpose of the model,
accounts for the turbulence effects of the moving mass.

4626430

4.2 The study area: Lake Albano (Rome, Italy)

Lake Albano partially occupies a large multiple-maar depres-

sion that is located on the western slope of the Colli Albani

volcanic edifice in central Italy, about 25 km southeast of the §

city of Rome. — S
The overall morphology of this multiple maar is featured AR N meisad 2

by a low aspect ratio edifice that is characterised by gently-

dipping outer slopes and steep inner slopes that correspond

to the crater walls. The latter forms an elliptical crater rim, Fig. 3. Aerial photo and bathymetry shaded relief of Lake Albano.

which has an axis maximum of about 4300 m and an axig/Vhite ellipses enclose the Lake Albano rock slide and the 1997

minimum of about 2800 m; Lake Albano has a maximum debris flow (modified from Bozzano et al., 2009).

water thickness of about 165m. Regarding the geological

setting in the inner slopes of the Albano maar, the hydromag- ) o . .

matic deposits (alternation of scoria lapilli beds and ash-rich®Ut that the material that is involved in the failure of the

layers that are generally cemented for zeolitisation and mas'OCk slope is constituted by massive and chaotic ignimbrite
geposits; these deposits belong to one of the previously-

sive, chaotic, ash-matrix-supported, ignimbrite deposits tha ; X ) | i
mentioned intracrater facies of the hydromagmatic deposits,

are up to 30-m thick) related to the Albano maar activities lo-""'~ ) X )
cally overlay thick banks of lava and scoria deposits that aréVich are characterised by a marked dip slope attitude of the

ascribed to previous volcanic phases (Trigila, 1995). Due tcconstitutive layers that is quite parallel to the slope. Based on

its complex geological and geomorphological features, thgorPhologic evidence (such as the straight and sharp shape
inner slopes of the multiple-maar crater are characterise@f Poth the crown and the flanks of the Iands_llde scar, the_flat
by several gravity-induced landforms (Mazzanti et al., 2007; M0rPhology of the topmost part of the debris accumulation
Bozzano et al., 2009). Landslides can be recognised both ifind the abrupt slope angle reduction in the lower part of the

the subaerial and submerged parts of the slopes. They sparc§2" @réa) and on the geological-structural setting, this land-
wide range of types (rock fall, debris flow, rock slide, com- sl!de can be preliminarily classified as a type-E (b!ock slide

pIeX IandS"deS, debris slide and Slump) and volumes (fromWIth toe breakout) Comp-OUnd translational rock slide StrU-C'
10° m? to 1 md). turally controlled, according to Hungr and Evans (2004). Itis

f also characterised by negligible inner deformations and frag-

A

Numerical modelling of the post failure propagation o

two deeply-investigated past landslides (Fig. 3) is discussednentation of the mass. _ o
below. Such a mechanism is suitable for the first calibration of

the EFEM approach. Several numerical simulations have
4.3 Numerical modelling of the Lake Albano rock slide ~ been performed by DAN-W using the topography (Fig. 5)

that was derived from the combination of aerial LiDAR and
The Lake Albano rock slide (Mazzanti et al., 2007; Bozzanosonar multibeam swath bathymetric surveys (Pietrantonio et
et al.,, 2008) has a large, completely-subaerial detachmerdl., 2008). The rigid-block option (O. Hungr, personal com-
area and a mainly-subaqueous deposit; based on geomorphwnication, 2008) was applied while a frictional rheology for
logical reconstruction, the total mobilised volume was aboutthe subaerial path and a frictional or&fimy rheology for the
3x 10°m3 (Fig. 4). submerged path were set. Different combinations of friction

The geological setting of the subaerial part of the herebyangles have been tested in the range 622, which cor-

discussed slope sector is a superposition of hydromagmaticespond, respectively, to the peak and residual static friction
deposits upon a thick bank of lava lenses and scoria deangles that were estimated for the material along the sliding
posits. In particular, detailed geological surveys have pointedsurface (Bozzano et al., 2008).
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Fig. 4. 3-D perspective view and cross-section of the Lake Albano rock slide.

Table 1. Parameters used in simulations 1, 2 and 3 of the Lake Albano rock slide and achieved results.

Casel Case2 Case3
Subaerial Rheology Frictional Frictional  Frictional
Unit Weight (kN/nv) 20 20 20
Friction Angle €) 28 28 27
Erosion (m) 0 0 0
Subaqueous Rheology pmy Frictional  Frictional
Unit Weight (kN/n®) 10 20 20
Friction Coefficient (1) 0.4 (=Tan 22)
Turbulence Coefficient) (m/s?) 40
Friction Angle €) 22 27
Erosion (m) 0 0 0
Peak Velocity (m/s) 12 175 15
Max Runout (m) 747 843 749

Both hydroplaning and the loss of energy during the im- path) and the buoyancy effect (settipg=y = 20 kN/n?)
pact with water have been neglected since we assume th&tave been set to zero. Hence, this is not a back analysis that
these mechanisms are not relevant for a rock slide with ds calibrated to the runout.
short runout and a small thickness to the length ratio. Also, in case 3, the EFEM approach has not been applied

In case 1 (Table 1), the EFEM approach has been applie@nd the real runout of the slide has been back-analysed by
by setting a unit weight of = 20 kN/n® for the subaerial  using a unique value of the friction angle and the unit weight
environment, which is consistent with the value for the mate-for the entire path. This simulation has been performed in
rial that was involved in the landslide (Bozzano et al., 2008),order to point out the differences in the velocity profile when
and a value of’ = 10 kN/n? in the subaqueous path, which the same final runout is reached in the cases where the EFEM
accounts for the buoyancy effegt/(=y — ywaten. The drag  approach is applied and neglected.
force in the subagueous path has been simulated by using Table 1 summarises the parameters that were used in the
Voellmy rheology with a friction coefficient valug =0.4  three simulations and the obtained results while Fig. 6 shows
(¢ = 22° corresponds t@,). A value of¢ =40m/$ has the front velocity profiles that correspond to the three differ-
been obtained from the back-analysis of the real landslideent cases. When comparing the first two cases, the runout
runout of nearly 750 m. of case 2 is about 100 m longer (where the presence of water

In order to infer the sensitivity of the proposed EFEM ap- is neglected) with respect to case 1 (Fig. 5) and has a higher
proach to the results, a simulation has been performed (casefeak velocity (Fig. 6). When comparing cases 1 and 3, where
of Table 1) with the same parameters as case 1. Howevethe same runout distance is imposed, a higher velocity has
the interaction with water has been neglected: both the dragtill been obtained when the presence of water is neglected.
force (frictional rheology with¢ = 22° in the submerged
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Fig. 5. Slope profile of the Lake Albano rock slide with the real and simulated runout distances obtained by using the parameters reported in
Table 1.
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|2

Velocity (m/s)

\ Fig. 7. (a)Aerial view of the debris flow that occurred in November
B A e L L T of 1997. (b) Morph.ologlcal reconstruction of the debris flow path
Distance (m) and the accumulation in the submerged area.

Velocity/Time
20

b

before it was channelled within a steep impluvium (about
%\ \ 40°). It subsequently evolved as a debris flow that entrained
a large amount of debris material along its path (Hungr et
\X\ \ al., 2005b). A small amount of material was deposited at the
coastline while the main part of the debris entered the wa-
o / \ \ ter and continued both flow and erosion activity in the sub-
N merged part of the slope, thus generating a small tsunami
L \ wave less than 1 m high.
0 20 _ 40 60 Detailed subaerial and submerged topographic data, which
Shcs was derived from aerial LIDAR and sonar multibeam
swath bathymetric surveys, was acquired in 2005 and 2006
Fig. 6. (a) Front velocity versus distance arfd) Front velocity ~ (Pietrantonio et al., 2008). From this data, both the sub-
versus time of the Lake Albano rock slide computed in simulations aerial and submerged detachment and deposition areas can be
1, 2 and 3 of Table 1. mapped in detail and their volumes can be estimated (Maz-
zanti, 2008a, b).
Several numerical simulations have been performed with
With regard to the velocity (Fig. 6), a lower value is ob- the DAN-W model by setting a \@lImy rheology for both
tained in case 1 with a peak of 12m/s as compared to thehe subaerial and submerged paths.
value of 17m/s and 15m/s that were obtained in cases 2 In cases 1 and 2 (Table 2), the EFEM approach has been
and 3, respectively. applied with and without considering the impact of water
while the same values of the unit weight, friction coefficient
4.4 Numerical modelling of the 1997 Lake Albano de- and turbulence coefficient/(= 18 kN/m?; y’ = 10 kN/n?;
bris flow with DAN-W w=0.1; £, =500m/&; &, =80m/¥) have been set for
both the subaerial and submerged paths. The values that
The debris flow (Mazzanti et al., 2007) occurred in the east-have been used in the subaerial part are reasonable when
ern slope of Lake Albano (Rome, ltaly) on the 7 Novem- compared with similar events that are reported in the liter-
ber 1997 after an intense rainfall event (Fig. 7). It began asature (Bertolo and Wieczorek, 2005; Revellino et al., 2004).
a soil slide that mobilised about 30Grof eluvial material ~ For the submerged path, a lower value of the turbulence

o

Velocity (m/s)

Case 1 Case 2
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Fig. 8. Slope profile of the 1997 Lake Albano debris flow with the real and simulated runout distances that were obtained by using the

parameters reported in Table 2.

Table 2. Parameters used in the simulations 1, 2 and 3 of the 1997 25

Velocity/Distance

. . a
Lake Albano debris flow and achieved results. o A/ AN
20 /\N/ ) R
Casel Case2 Case3 _ /J \ A
£15 .
Subaerial Rheology \&imy  Voéllmy  Voellmy § | /
Unit Weight (kN/n#) 18 18 18 20 f L\
Friction Coefficient (t) 0.1 0.1 0.1 | \/
Turbulence Coefficient) (m/s?) 500 500 500 ; A
Erosion (m) 2 2 2 f \/\\’\\« \\
Subaqueous Rheology gmy Voellmy  Voéllmy 0 ""\
Unit Weight (kN/n®) 10 10 18 200 oo 600 800
Friction Coefficient 1) 0.1 0.1 0.1 o=
Turbulence Coefficien) (m/s?) 80 80 500 2 VelocityTime
Friction Angle |b)
Erosion (m) 2 2 2 -
Water Impact Yes no no
Peak Velocity (m/s) 23 23 23 T
Max Runout (m) 728 730 794 g R L
§1O
N
5
coefficient €,, = 80 m/€ instead of ,, = 500 m/€) has been NQQ%:
used in order to account for the drag forces. A value of ° ‘ ‘

¥’ =10kN/n? has been used for the submerged pathway.

Case 1

40

80
Time (s)

Case 2

120

Case 3

160

This value has been calculated by considering the unit weight

of the saturated materiay (~ 20 kN/m?) instead of the unit  Fig. 9. (a) Front velocity versus distance ard) Front velocity
weight of the soil-water mixture){~ 18 kN/nP) that was  versus time of the 1997 Lake Albano debris flow obtained in the
used in the subaerial slope. Unlike cases 1 and 2, in case 3 tremulations 1, 2 and 3 of Table 2.

EFEM approach has been not applied and the same value of

the unit weight, friction coefficient() and turbulence coeffi-

cient ¢) have been set for both the subaerial and submergegy one another apart from the sudden reduction of velocity in
paths. case 2 that is due to the water impact. The impact effect has
The runout distances that have been computed for casesdnly been used to infer qualitative insights since no physical
and 2 are more or less the same and are consistent with thsr empirical constraints were available to set a reliable value.
real event (the impact effect does not seem to significantlya very high frictional layer has been set at the water level
affect the travel distance); however, there is a significant in-in order to observe the reaction of the model and to analyse
crease in the runout of case 3 (where the ambient fluid ighe obtained results. An interesting phenomenon has been
neglected and the EFEM approach is not used) (Fig. 8).  detected, even if it is predictable, in case 1. Apart from the
With regard to the front velocity, profile 1 is completely sudden deceleration of the front, significant thickening of the
different from profiles 2 and 3 (Fig. 9), which are very similar landslide at the water level has also been observed (Fig. 10).
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Fig. 10. Front thickness versus time of the 1997 Lake Albano debrisgig, 11. Front thickness versus time of the 1997 Lake Albano debris
flow computed at the lake level in the simulations 1, 2 and 3 of fiow computed at 30 m below the lake level in the simulations 1, 2
Table 2. and 3 of Table 2.

The front thickness of the landslide, which was com- . .
uted~30m below the lake level, shows the highest ValueAcknowIedgementsThe authors wish to thank the two reviewers
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In case 2 while cases 1 and 3 reach more or less the SaM&rrections that significantly contributed to the improvement of the
value (Fig. 11). paper.
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