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Abstract In this paper, it is described the development and the assessment of a 1D

numerical procedure for the simulation of debris flow phenomena. The procedure focuses

on: (1) the rainfall triggering, and the effects induced on slope stability by both rainfall

infiltration and groundwater dynamics; (2) the possible inception of debris flows during the

propagation phenomenon itself, due to the actions exerted on the slope by the already

triggered flowing masses; (3) the propagation phenomenon over complex topographies; (4)

the non-Newtonian internal dissipative processes that develop within the sediment–water

mixture; (5) the effects induced by the evolution of the boundaries where the propagation

phenomenon occurs; (6) the run-out and arrest phenomena. In order to show the perfor-

mance and capabilities of the model, the results of its application to an analytic test and to

laboratory experimental tests are first analyzed, and finally, the application to a plausible

debris flow scenario, taken from a real case study, is discussed.

Keywords Debris flows � Pyroclastic soils � Rainfall triggering � Slope stability analysis �
Propagation � Finite volume method

1 Introduction

The hydrogeological risk is an issue of great importance, due to its detrimental conse-

quences such as human injuries and economical losses related to the damage of buildings,

industrial facilities and infrastructures. Among the many forms of hydrogeological
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instability phenomena, debris flows are one of the most dangerous, because they are

characterized by rapid movements of large masses of soil and water along very steep

slopes, with non-homogeneous grain-size distribution (Chen 1988; Takahashi 1991, 2007;

Iverson 1997, 2013). Numerous countries are affected by this kind of phenomenon, which

is strongly influenced by several factors: (1) the extreme heterogeneity of the geological,

geomorphological and hydrogeological structures; (2) the wide range of different micro-

climatic conditions, even in neighboring or apparently similar areas, which can trigger the

instability of the soil; and (3) the effect of human activities, such as the abandonment of

mountainous terrains, the deforestation, the use of invasive agricultural techniques, the

opening of borrow pits and the lack of slopes maintenance.

The study of debris flow phenomena is motivated by a number of needs:

• the identification of the causes of the inception, aiming at preventing the onset of such

phenomena;

• the identification of the pathways through which these large volumes of material can

propagate;

• the evaluation of both the velocities that can be attained by these moving masses and

the thrusts that may act on buildings and infrastructures;

• the evaluation of the run-out distances and of the areas susceptible to these forms of

instability;

• the risk assessment for human beings, structures, infrastructures and whatever has a

value.

Debris flow modeling is a challenging task due to the several complex phenomena

involved. In first instance, regarding the triggering phenomenon, distinct mechanisms are

reported in the scientific literature: (1) the impact of failed soil masses on stable deposits

(Costa and Williams 1984; Di Crescenzo and Santo 2005; Guadagno et al. 2005; Hutch-

inson and Bhandari 1971; Wang et al. 2003); (2) rainfall infiltration from the ground

surface (Guadagno et al. 2005); (3) karst spring from bedrock, as observed for pyroclastic

soils in southern Italy (Budetta and de Riso 2004; Cascini et al. 2005; Di Crescenzo and

Santo 2005; Guadagno et al. 2005); (4) runoff from bedrock outcrops, as evidenced for

shallow landslides in cohesionless soils of the Eastern Italian Alps (Tarolli et al. 2008); and

(5) multiple failures in the landslides source areas, as recently evidenced by Cascini et al.

(2008).

Numerous 1D and 2D models devoted to mimic the main features of debris flow

phenomena have been presented in the scientific field. O’Brien (1986) designed a 1D

mudflow model for watershed channels that utilized the Bingham model. Takahashi and

Tsujimoto (1985) proposed a 2D finite volume model for debris flows based on a dilatant

fluid model coupled with Coulomb flow resistance, and then modified in order to include

turbulence (Takahashi and Nakagawa 1989). O’Brien et al. (1993) conceived a 2D finite

difference model (FLO-2D) for routing non-Newtonian flood flows on alluvial fans, based

on de Saint–Venant equations. An extension of the lumped mass approach has been pro-

posed by Hungr (1995), in which the sliding mass has been represented by a number of

blocks contacting each other, free to deform and retaining fixed volumes of material in

their descent down a vertically curving path, thus leading to a Lagrangian finite difference

solution of the hydrodynamic equations (Potter 1972). On the basis of the integral method

(Cunge et al. 1980), a 1D fixed bed debris flow model able to take into account the

influence of cross-sectional velocity, density and pressure on debris flow modeling has

been proposed by Papa and Pianese (2002). Pianese and Barbiero (2003) presented a 2D

finite volume model of the shallow flow type (FVM_2D) able to capture debris flow
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propagation over complex topographies with fixed bed devoted to the risk assessment of

areas prone to such hazardous phenomena. Mangeney-Castelnau et al. (2003) demonstrated

a 2D numerical model of debris avalanches based on depth-averaged de Saint–Venant

equations using a finite volume kinetic scheme, in a frame linked to bed topography.

Denlinger and Iverson (2004) through a hybrid finite volume/finite element procedure

solved a set of 2D depth-averaged momentum and mass conservation equations, following

the key elements of the work by Savage and Hutter (1989, 1991), where granular ava-

lanches behave as shallow, isochoric flows of finite volumes of continuous media in which

mass and momentum are conserved and shear and normal stresses on internal and bounding

surfaces obey the Coulomb friction equation. Pudasaini et al. (2005) demonstrated a shock

capturing, total variation diminishing numerical scheme to solve the highly nonlinear

equations of their model, which includes the effects of curvature and torsion of the

topography in the dynamics of the debris flow, with an explicit influence of the pore

pressure distribution. Pastor et al. (2009) developed a 2D smoothed particle hydrodynamics

model based on the Biot-Zienkiewicz equations (Biot 1941, 1955; Zienkiewicz et al. 1980,

1999).

These models have often supplied satisfactory results when applied to real-world cases,

and a few examples are reported hereinafter: Lin et al. (2005) used FLO-2D for the debris

flow simulation of the Chui-Sue River watershed (Taiwan); Cetina et al. (2006) applied

both 1D and 2D dam-break flow models, together with FLO-2D, to capture debris flows

occurred in 2000 below Stoze (Slovenia); Cosenza et al. (2006) employed the FVM_2D

model (Pianese and Barbiero 2003, 2004) with the aim to design concrete structures

devoted to the mitigation of debris flow hazard in the Montoro Inferiore area (Southern

Italy); Medina et al. (2007) used a finite volume method to solve the 2D shallow water

equations in order to mimic the behavior of debris flows in the Northeastern part of the

Iberian Peninsula; Sosio et al. (2007) employed the FLO-2D code to replicate the debris

flow events on November 2002 of Rossiga Valley (Lombardia, Italy); Quan Luna et al.

(2011) tested a 1D model, based on the shallow water assumptions, on a debris flow event

that occurred in 2003 in the Faucon torrent (Southern French Alps); in order to reproduce

the Sarno-Quindici (Campania, Southern Italy) debris avalanches occurred on May 1998,

Cascini et al. (2012) employed a smooth particle hydrodynamics numerical procedure,

based on the Biot-Zienkiewicz equations, coupled with both limit equilibrium method and

finite element method analysis.

However, several features of debris flow phenomena still constitute an open issue, such

as: the entrainment mechanisms, which are able to change significantly the mobility of the

flow, through rapid changes of the flow volume and its rheological behavior (Iverson et al.

1997; McDougall and Hungr 2005; Takahashi 2007; Crosta et al. 2008); large grains

accumulation at surge fronts, as a result of grain-size segregation and migration within the

debris, together with lateral levee formation (Gray and Kokelaar 2010; Iverson 2013); the

effects on depositional processes of pore-fluid pressure and friction concentrated at flow

margins (Major and Iverson 1999; Major 2000).

Although it is well known that risk assessments of fast-moving flow-like phenomena

usually require a 2D approach, in the present work, a 1D approximation is presented. The

model described hereinafter cannot be considered a practical tool yet, but rather an attempt

to put together into a single numerical procedure several additional complex processes,

without the difficulties induced by the 2D aspects of the phenomenon. In order to embody,

in the next future, the features described above into a 2D tool, the purpose of the present

work is to stress and challenge the potentialities of the 1D model to capture the phe-

nomenon in its entirety.
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In this framework, far from wanting to describe all the existing peculiarities of this

challenging phenomenon, the attention has been focused on the following features:

• the rainfall triggering, and the effects induced on slope stability by both rainfall

infiltration and groundwater dynamics;

• the possible inception of debris flows during the propagation phenomenon itself, due to

the actions exerted on the slope by the already triggered flowing masses;

• the propagation phenomenon over complex topographies;

• the non-Newtonian internal dissipative processes that develop within the sediment–

water mixture;

• the effects induced by the evolution of the boundaries where the propagation

phenomenon occurs;

• the run-out and arrest phenomena.

Regarding its structure, the model consists of the following modules:

• an infiltration/groundwater module, which allows to define both the position of the

moistening front induced by rainfall infiltration and of the groundwater table, supplying

the water pressure distribution in the ground;

• a slope stability analysis module, which allows the evaluation of the most probable

failure surface along the slope;

• a propagation module, which describes the complex phenomenon of debris flow

propagation by means of a second-order accurate finite volume method, allowing the

evaluation of flow depths and velocities, and the assessment of the morphological

changes.

In the remainder of the paper, the abovementioned modules are described in detail: in

Sect. 2, the infiltration and groundwater modules are presented; Sect. 3 concerns the

description of the slope stability method adopted; and Sects. 4 and 5 are devoted to both

the mathematical and numerical characterization of the propagation module. Furthermore,

in order to demonstrate the propagation module, in Sect. 6, its applications to an analytical

test case (Begnudelli and Rosatti 2011; Cozzolino et al. 2014a), a laboratory dam-break on

movable bed (Spinewine and Zech 2007), and a large-scale USGS debris flow experiment

(Iverson 2003; Iverson et al. 2010), are presented. Afterward, in Sect. 7, the entire

numerical procedure is employed for the simulation of a plausible debris flow scenario

involving a slope transect of the Northwestern side of the Posillipo Hill (Naples, Italy),

which surrounds the area that, in the next future, will be interested by the construction of

the Campegna Station (Mostra-Arsenale section of the Naples underground system, Linea

6). Finally, a section is devoted to the conclusions.

2 Rainfall triggering: infiltration and groundwater modules

Rainfalls have a crucial role in the inception of debris flow triggering mechanisms (Iverson

et al. 1997; Iverson 2000), affecting the equilibrium of a slope in different ways. They may

cause the rise of the phreatic surface which, in turn, involves an increase of the pore water

pressure and a decrease of the shearing resistance of the soil, together with the increase of

the soil weight and the increase of destabilizing forces. Moreover, ephemeral springs

generated by prolonged rainfalls are able to magnify these effects and in spite of the short

period of activity (often shorter than 24 h) and low discharge (10-4–10-5 m3/s) can rep-

resent the main triggering mechanism for a debris avalanche (Budetta and de Riso 2004;
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Cascini et al. 2012). For this reason, the knowledge of the dynamics of soil water content,

infiltration and groundwater processes is of great importance for the prediction of these

phenomena.

In the present work, the assumptions that both the hydraulic conductivity and the

hydraulic diffusivity are constant and independent of the moisture content are made, and

the Horton’s model is used in order to evaluate the effects of the infiltration mechanism

(Chow et al. 1988). Briefly, the equations of the infiltration module are as follows:

f tð Þ ¼ P tð Þ
f1 þ f0 � f1ð Þe�kt

t\tp

tp� t

�
ð1Þ

F tð Þ ¼
r
t

0

PðsÞds

f1t þ f0 � f1ð Þð1� e�ktÞ
k

t\tp

tp� t

8>><
>>:

ð2Þ

where P(t) is the rainfall rate; f? is the asintotic infiltration capacity; f0 is the infiltration

capacity at time t = 0 s; k is a decay coefficient, a constant related to the rapidity of the

decrease in infiltration; f(t) is the infiltration rate; F(t) is the total water volume infiltrated

per unit of surface area, up to the instant t; tp is the ponding time, the instant in which the

saturation on the surface of the soil is reached.

The groundwater module is based on the hypothesis of steady flow in the vertical (x, z)

plane, incompressible fluid, homogeneous and isotropic porous media, no-deformable solid

matrix and Darcian regime. As a consequence, the equations on which this module is

established are the same utilized to analyze free surface flows in open channels, exception

made for the different dissipative processes within the fluid, which are prevalently of

viscous nature. In brief, these equations are shown below:

ohv

ox
¼ q ð3Þ

dH

dx
¼ I � J ð4Þ

J ¼ v

f
ð5Þ

where x is the space-independent variable; h is the water depth; v is the fluid profile

averaged velocity; q is the uniform discharge influx rate per unit length, supposed

orthogonally entering along the path; H is the total head; I is the bed slope; J is the friction

slope; and f is the permeability coefficient. The previous equations are solved, for each

time interval, by using a classic finite difference method such as the standard step (Chow

1959).

3 Stability module

In order to model the triggering of debris avalanches, a limit equilibrium method (LEM)

analysis is carried out by means of the Bishop’s method (Bishop 1955). The choice of a

LEM analysis is based on the following needs:
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• less computational time burdens than those required by more complex analysis, such as

finite element method (FEM) analysis, due to the requirement of a model able to run

during debris flow propagation. Furthermore, it has been proved (Cascini et al. 2012)

that LEM analysis provide factors of safety similar to those given by FEM analysis in

the case of geological contexts similar to those examined in the present work

(pyroclastic soils, as shown in detail in Sect. 7);

• the possibility to take into account complex topographies together with a stratified soil

with different mechanical properties rather than an homogeneous infinite slope (Lambe

and Whitman 1968), usually taken as reference for shallow landslides, thus having a

tool more suitable for general applications which involve different geological contexts;

• the capability to take into account the simultaneous presence of a moistening front

induced by rainfall infiltration and of a groundwater table of any shape.

Among the numerous limit equilibrium methods available in the scientific literature, the

Bishop’s method has been chosen owing to its proven simplicity, reliability and accuracy.

As a matter of fact all the methods based on the global moment equilibrium are more

reliable than those ones based on the global force equilibrium: satisfying the global

moment equilibrium usually implies the fulfillment of the global force equilibrium, but not

vice versa (Bromhead 1986).

Briefly, the Bishop’s method assumes that the border of the failure mechanism is

defined by a circular surface and imposes a set of hypothesis that allows to reduce the

number of the unknowns; otherwise, the equilibrium problem would be underdetermined.

The equations on which this model is established are here briefly recalled:

• a vertical force equilibrium equation for each vertical slice in which the potential

failure domain is divided

Qi þWi ¼ N 0i cos ai þ Uw;i cos ai � Ti sin ai ð6Þ

• the Mohr–Coulomb failure criterion for each slice

Ti ¼
c0Ds

Fs cos ai

þWi cos ai � Uw;i

Fs

tan u0 ð7Þ

• a global moment equilibrium equation

Ri �
X

Wi sin ai ¼ Ri �
X

Ti ð8Þ

which lead to the following definition of the factor of safety, which is evaluated by means

of an iterative approach due to the nonlinearity of the constitutive law:

FS ¼

P QiþWi�Uw;i cos ai� c0Ds
Fs cos ai

cos ai�sin ai
tan u0

FS

� tan u0 þ c0Ds
cos ai

� �

P
Pi

dP

R
þWi sin ai þ Qi

dQ

R

� � ð9Þ

where Wi is the weight of the i-th slice; Ni, Uw,i, and Ti, are the resultant effective normal

force, the force exerted by water pressure and the mobilized resultant shear force acting at

the base of the i-th slice, respectively; Qi and Pi are the resultant vertical and horizontal

external forces acting on the surface of the i-th slice, respectively; R is the radius of the

circular failure surface; dQ and dP are the force arms of the resultant vertical and horizontal

external forces, respectively; u0 is the effective soil friction angle; c0 is the effective
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cohesion; Ds is the thickness of the single slice considered; ai is the angle to the horizontal

obtained by the lower contour of the single slice; and FS is the factor of safety.

Equation (9) shows clearly how the presence of a pore water pressure regime in the

ground can significantly affect the equilibrium of a slope. For example, a rise of the

groundwater table causes an increase of Uw,i while the presence of a moistening front

propagating from the upper bound of the domain due to rainfall infiltration implies an

increase of the soil weight Wi, which, together, concur to a whole decrease of the factor of

safety, thus leading to a less stable configuration of the slope.

In the present work, in order to model both the failure stage of a debris avalanche and

the possible inception of debris flows during the propagation phenomenon itself, and to

reduce the overall computational burden, the stability analysis is accomplished every l time

intervals, where l is an user defined value depending on whether the simulation is carried

out either under rainfall or under the debris flow propagation, once an appropriate grid of

instantaneous rotation centers has been defined, as will be shown in detail in Sect. 7.

4 Propagation module

4.1 Description of the governing equations

The mathematical model used to describe the propagation of 1D debris flows is the fol-

lowing (Cozzolino et al. 2014a; D’Aniello et al. 2014):

oU

ot
þ oF Uð Þ

ox
þH Uð Þ oU

ox
¼ S Uð Þ ð10Þ

where

U ¼

h

qh

qhu
z

2
664

3
775; F Uð Þ ¼

hu

qhu

pþ qhu2

0

2
6664

3
7775; H Uð Þ ¼

0 0

0 0

0

0

0

0

0 0 0 qgh

0 0 0 0

2
6664

3
7775;

S Uð Þ ¼

Nb

cb

qbNb

cb

�qghSf

�Nb

cb

2
666666664

3
777777775

ð11Þ

In Eqs. (10) and (11), x and t are the space and time-independent variables, respectively;

U is the vector of the conserved variables; F(U) is the vector of the fluxes; h is the mixture

depth; u is the profile averaged mixture velocity; q is the profile averaged mixture density;

p is the hydrostatic thrust, defined as p = 1/2qgh2; g is the gravity acceleration; z is the bed

elevation; Nb is the net volume of sediment transferred from the erodible bed to the flowing

water–sediment mixture per unit time and unit bed surface area; Sf is the friction slope; cb

is the sediment concentration in the saturated bed; and qb is the density of the saturated

bed.
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In the vector Eq. (10), the scalar equations from the first to the third express the

conservation equations for volume, mass and momentum of the flowing water–sediment

mixture, respectively, while the last scalar equation represents the volume conservation

equation for the saturated sediment bed. These equations form a nonlinear system of

hyperbolic partial differential equations, which can develop discontinuous solutions also

starting from continuous initial conditions (Pianese 1993, 1994). Furthermore, in addition

to the discontinuities of the flow field (hydraulic jumps, propagating bores), the bed ele-

vation z can be discontinuous for the presence of artificial and natural bed sills, trenches

and deep excavations.

In order to characterize the governing equations, we discard temporarily the source

vector S(U), and rewrite Eq. (10) in quasi-linear form:

oU

ot
þ A Uð Þ oU

ox
¼ 0 ð12Þ

where A = J ? H, and J ¼ oF=oU, is the Jacobian of the fluxes vector.

The matrix A has four eigenvalues, which are all real and distinct for u2
= gh (Pianese

1993, 1994; Begnudelli and Rosatti 2011). It is easy to see that the term qgh qz/qx in the

product A Uð ÞoU=ox contains the unknown z, and it is not a source term but it is actually

part of the hyperbolic problem: it cannot be recast in divergence form, and then difficulties

arise in the definition of the discontinuous solutions of Eq. (10). In order to avoid the

restriction of Eq. (10) to the case of continuous bed, and elude the ambiguity introduced by

the presence of the non-conservative products, the theory by Dal Maso et al. (1995) is used

by Cozzolino et al. (2014a, b, c) for the definition of the weak solutions. In particular, a

properly defined vector path / in the space of the conserved variables is chosen between

the states UL and UR, to the left and to the right of the generic discontinuity, respectively,

obtaining the Generalized Rankine-Hugoniot condition:

n UR � ULð Þ ¼ F URð Þ � F ULð Þ þ S/ UL;URð Þ ð13Þ

where n is the discontinuity speed, while the subscripts L and R refer to the variables and

the fluxes at the left and at the right of the discontinuity, respectively. In Eq. (13), the

vector S/ has the form:

S/ UL;URð Þ ¼
0

0

P/ UL;URð Þ
0

2
64

3
75 ð14Þ

It can be shown (Cozzolino et al. 2011) that the path / has a clear physical meaning,

and its choice coincides with the choice of the pressure distribution acting on the bed

discontinuity, while the scalar function P/ represents the force exerted by the flow on the

bed discontinuity. Actually, the appearance of the non-conservative products reveals the

lack of autonomy of the traditional shallow flow-type mathematical model, which is

oversimplified with respect to the physics to be represented when bed discontinuities are

present: this lack of autonomy is resolved introducing additional external physical

knowledge represented by the path /. In the present work, a hydrostatic pressure distri-

bution is assumed at the bed discontinuities, obtaining the following definition for the

scalar function P/ UL;URð Þ:

• in the case zR C zL
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hL þ zL � zR [ 0; hR [ 0! P/ UL;URð Þ ¼ � 1

2
gqLh2

L þ
1

2
gqL hL � zR � zLð Þ½ �2

hL þ zL � zR� 0; hR� 0! P/ UL;URð Þ ¼ � 1

2
gqLh2

L

8><
>:

ð15Þ

• instead, in the case zR \ zL

hR þ zR � zL [ 0; hL [ 0! P/ UL;URð Þ ¼ 1

2
gqRh2

R �
1

2
gqR hR � zL � zRð Þ½ �2

hR þ zR � zL� 0; hL� 0! P/ UL;URð Þ ¼ 1

2
gqRh2

R

8><
>:

ð16Þ

For a more detailed characterization of Eq. (10), the interested reader is addressed to

Cozzolino et al. (2014a).

4.2 Description of the sediment transport model

In order to take into account the effects of the erosion and deposition of the bed material,

the complete Eq. (10) is considered, with source terms defined in Eq. (11). In particular,

the net flux of sediment exchanged between the erodible bed and the flowing water–

sediment mixture is defined as:

Nb ¼ E � D ð17Þ

where E and D are the sediment entrainment and deposition fluxes, respectively.

These fluxes are evaluated by means of (Cao et al. 2004):

E ¼ b #� #cð Þ uj jh�1d�0:2

0; #�#c

�
; D ¼ acx0 1� acð Þm ð18Þ

In Eq. (18), # is the Shields’ dimensionless shear stress; #c is a threshold value of the

Shields parameter; b is the erosion parameter; d is the sediment equivalent diameter; xo is

the settling velocity; m is the coefficient of the hindered settling; a is a coefficient for the

evaluation of the sediment concentration near the bed; c is the sediment concentration in

the flowing mixture; cb = 1 - v is the sediment concentration in the saturated bed; and m
is the bed porosity. The profile averaged density q of the flowing mixture, the density qw of

the water, the density qs of the sediments and the sediment concentration c are related by

q ¼ qw þ c qs � qwð Þ, while the density qb of the saturated bed and the concentration cb of

the sediment in the saturated bed are related by qb ¼ qw þ cb qs � qwð Þ.

4.3 Description of the rheological model

Debris flows are characterized by wide particle-size distributions, with high concentrations,

and then, large particle interactions. In this case, the augmented viscosity and the particle

collisions may play significant roles in momentum exchange (Chen 1988). With the aim of

taking into account the different dissipative processes within the flowing mixture, the

Visco-Plastic-Collisional rheological model is considered. This model is based on the

studies made by O’Brien and Julien (1985), O’Brien et al. (1993), who proposed a
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physically based quadratic model of the shear stress, that includes yield, viscous, collision

and turbulent stress components:

s ¼ sy þ ld

du

dy
þ lc þ ltð Þ du

dy

� �2

ð19Þ

In Eq. (19), the symbols are defined as follows: sy is the yield shear stress; ld is the

dynamic viscosity; lc = a1qsk
2d2 is the dispersive parameter, defined by Bagnold;

lt = qlm
2 is the turbulent parameter, with q the mixture density and lm the mixing length of

the mixture. In general, the turbulent parameter is significantly lower than the dispersive

one.

Equation (19) can be recast in the following friction-slope form:

Sf ¼ Sy þ Sv þ Std ð20Þ

where

Sy ¼
sy

cmh
; Sv ¼

Kgu

8cmh2
; Std ¼

n2
Mu uj j
h4=3

ð21Þ

In Eqs. (20) and (21), the symbols are defined as follows: Sf is the total friction slope; Sy

is the yield slope; Sv is the viscous slope; Std is the turbulent-dispersive slope; nM is the

Manning coefficient; K is the viscous resistance parameter; cm is the specific weight of the

sediment mixture; and g is the fluid viscosity.

5 Proposed numerical procedure

In this work, a second-order extension of the propagation numerical model presented by

Cozzolino et al. (2014a) is proposed. A time-splitting procedure is used in order to treat

separately the hyperbolic part of the propagation mathematical model and the source terms.

5.1 First-order scheme for the solution of the hyperbolic part: prediction step

Preliminarily, a finite volume scheme first-order accurate in time and space is considered,

and the numerical domain is divided into NV finite volumes of length Dx. If Un
i is the value,

averaged over the i-th cell, of the vector U at the time level tn = nDt, the predicted solutionbUi of the hyperbolic part of the Eq. (10), assumes the following form:

bUi ¼ Un
i �

Dt

Dx

fHLLC u�iþ1=2; u
þ
iþ1=2

� �
� fHLLC u�i�1=2; u

þ
i�1=2

� �
0

" #

þ Dt

Dx
S/ U�iþ1=2;U

þ
iþ1=2

� �
þ S/ U�i�1=2;U

þ
i�1=2

� �h i
ð22Þ

In Eq. (22), the states U�iþ1=2 and Uþ
iþ1=2

are reconstructed at the interface i ? 1/2

between the cells i and i ? 1 following the generalized hydrostatic reconstruction pro-

posed in Cozzolino et al. (2014a) and are defined as:
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U�iþ1=2 ¼ h�iþ1=2 qh�iþ1=2 qhu�iþ1=2 ziþ1=2

� �T¼ u�iþ1=2 ziþ1=2

� �T

Uþ
iþ1=2

¼ hþ
iþ1=2

qhþ
iþ1=2

qhuþ
iþ1=2

ziþ1=2

� �T

¼ uþ
iþ1=2

ziþ1=2

� �T

8<
: ð23Þ

where u ¼ h qh qhuð ÞT is the reduced vector of the conserved variables, and

ziþ1=2 ¼ max zn
i ; z

n
iþ1

	 

.

Regarding the evaluation of the numerical flux fHLLC, an adaptation to variable density

shallow flows of the approximate Riemann solver HLLC, originally developed by Toro

et al. (1994), has been used (Cozzolino et al. 2014a).

5.2 Second-order extension for the advection part: prediction step

The second-order accuracy in space and time is achieved using a TVD second-order

Runge–Kutta method. The choice of the method is justified by the following properties of

the scheme (Gottlieb and Shu 1998):

• it maintains stability in whatever form, of the Euler forward first-order time stepping,

for the high-order discretization, under the Courant-Friedrichs-Lewy (CFL) time-step

restriction;

• if an entropy inequality can be proved for the Euler forward, then the same entropy

inequality is valid under a high-order TVD time discretization;

• the TVD high-order time discretization is useful not only for TVD spatial

discretization, but also for TVB (Total Variation Bounded), or ENO (Essentially

Non-Oscillatory), or other types of spatial discretization for hyperbolic problems;

• the low computational storage required;

• it guarantees that each middle stage solution is also TVD.

The TVD second-order Runge–Kutta method is given by:

U 1ð Þ ¼ Un þ DtL Unð Þ

Unþ1 ¼ 1

2
Un þ 1

2
U 1ð Þ þ 1

2
DtL Uð1Þ
� � ð24Þ

where the superscripts n and n ? 1 refer to the time levels tn and tn?1 = tn ? Dt,

respectively, while L represents the space discretization operator. Variables reconstruction

and limitation is needed at each sub-step in order to evaluate the space discretization

operator.

The spatial accuracy is achieved by means of piece-wise linear functions (Toro 1999,

2001). A piece-wise linear reconstruction gives:

Ui xð Þ ¼ Un
i þ x� xið Þ Di

Dx
; x 2 Ii ð25Þ

where xi ¼ i� i
2

� �
Dx is the center of the computing cell Ii = [xi-1/2, xi?1/2]; Di is a slope,

actually a vector difference, which may be found by differencing of neighboring states.

An average between the intercell slopes is taken:

Di ¼ 1

2
1þ xð ÞUi�1

2
þ 1

2
1� xð ÞUiþ1

2
ð26Þ

where the parameter x lies in the interval [-1; 1]. In general, for most applications, x = 0

is taken, and in the present work, this approach has been followed.
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The TVD constraint is enforced in the reconstruction step by limiting the slopes Di, in

order to avoid the expected spurious oscillations. The limited slopes are as follows:

Di ¼
max 0;min wDi�1

2
;Diþ1

2

� �
;min Di�1

2
;wDiþ1

2

� �h i
;Diþ1

2
[ 0

min 0;max wDi�1
2
;Diþ1

2

� �
;max Di�1

2
;wDiþ1

2

� �h i
;Diþ1

2
\0

8<
: ð27Þ

with

Di�1
2
¼ Ui � Ui�1; Diþ1

2
¼ Uiþ1 � Ui ð28Þ

The value w = 1 reproduces the MINBEE (or MINMOD) flux limiter and w = 2

reproduces a SUPERBEE limiter. In the present work, w = 1 has been chosen. It is worth

noting that, adopting a MINMOD reconstruction, the only choice which preserves the

steady state and the nonnegativity of the flow depth at a wet–dry interface is to work with

the quantities h and h ? z (Audusse et al. 2004).

Ultimately, at each Runge–Kutta sub-step, the solution is achieved by means of the (22),

introducing the following term on the right-hand side of the equation:

Sc U�iþ1=2;U
þ
i�1=2

� �
¼ 0 0 �0:5g qh�iþ1=2 þ qhþ

i�1=2

� �
z�iþ1=2 � zþ

i�1=2

� �
0

h iT

ð29Þ

where Sc is a central source term introduced in order to satisfy the consistency of the

numerical scheme (Audusse et al. 2004).

5.3 Source term treatment: correction step

In order to take into account the friction and erosion–deposition source terms, once that the

predicted value bUi of the conserved variable U has been found, at each Runge–Kutta sub-

step the inhomogeneous problem is solved by means of the Backward Euler method, which

is an implicit algorithm:

Unþ1 ¼ bUi þ DtS Unþ1
� �

ð30Þ

where S Unþ1
� �

is the vector source term from Eq. (10). Due to the nonlinearity of the

source terms, the Newton–Raphson algorithm is adopted for the solution of Eq. (30),

(Cozzolino et al. 2012, 2014a).

In spite of the more computational burden required, the choice of an implicit method

instead of an explicit one is motivated by its robustness: as a matter of fact, due to the

complexity of the source terms involved in the phenomenon, an explicit source term

treatment could have easily induced unexpected oscillations or even instability of the

model.

6 Numerical tests

In order to demonstrate the propagation numerical model proposed, a battery of numerical

test-cases is considered:

• a synthetic test case (Begnudelli and Rosatti 2011; Cozzolino et al. 2014a) is used to

verify the ability of the model to capture analytic solutions on fixed bed with a bed step

together with variable density within the fluid;
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• a laboratory test case (Spinewine and Zech 2007) is used in order to evaluate the

capability of the model to simulate conditions with movable bed;

• the large-scale USGS debris flow experiment (Iverson 2003; Iverson et al. 2010) is

reproduced to show the ability of the model to capture the typical features of debris

flow during the propagation phenomenon.

6.1 Dam-break over a bed step

In this dam-break test (Begnudelli and Rosatti 2011; Cozzolino et al. 2014a), a horizontal

prismatic channel of length Lc = 200 m, with the vertical gate located at x0 = 100 m, has

been considered. The effects of erosion, deposition and friction have been neglected, and

then, the source term S(U) has been set to zero. The initial conditions, expressed in terms

of primitive variables, are defined on the left and on the right of the gate, respectively:

hL = 5 m, uL = 0 m/s, qL = 1,165 kg/m3, zL = 0 m, hR = 0.9966 m, uR = 0 m/s,

qR = 1,495 kg/m3, zR = 1 m. The numerical solution at time t = 8 s has been obtained

with NV = 200 finite volumes (Dx = 1 m; Dt = 0.05 s), considering both the first- and the

second-order accurate approximations. The results obtained by using both first- and sec-

ond-order approximations are represented in Fig. 1 and are compared with the analytical

solutions reported in Cozzolino et al. (2014a).

From Fig. 1, it is possible to observe that the numerical method proposed is able to

capture with fidelity the contact discontinuity at the bed step, confirming that the hydro-

static pressure distribution at the bed step is enforced, as required by the analytic solution,

and that the conservation of mass and volume fluxes at the bed discontinuity are satisfied.

In particular, the second-order approximation allows to reduce considerably the differences

between the analytical and numerical solutions, especially in correspondence of the shock

front.

6.2 Dam-break on movable bed

This test is devoted to verify the capability of the model to cope with movable beds in

realistic cases, and for this reason, it has been applied to a laboratory experiment

described in Spinewine and Zech (2007). The test is run considering a horizontal rect-

angular channel of length Lc = 6 m, width b = 0.25 m, and with the vertical gate

located at x0 = 3 m. The bottom is covered on the entire length with a saturated layer of

cylindrical PVC pellets, with diameter d = 3.9 mm, density qs = 1,580 kg/m3, and

porosity v = 0.42. At the beginning of the experiment, a layer of tranquil water with

depth h0 = 0.35 m is present upstream the gate, and the sudden removal of the gate

causes the formation of a dam-break wave that erodes the movable bed. In order to take

into account the bed friction and the effects of the erosion and deposition of the bed

material, the complete Eq. (10) has been considered, with source terms defined in

Eq. (11). The values assumed by the parameters figuring in Eq. (18) are, respectively:

hc = 0.045; b = 0.0015 m1.2, obtained after a brief calibration, by comparing both the

computed water surface and bed elevation profiles with the experimental ones with the

aim of finding the best fitting of the data; xo = 0.15 m/s; m = 2.0; a = min{cb/c; 2}.

Regarding the friction slope, the Manning formula has been used with nM = 0.02 s m-1/

3. Numerical solutions at t = 0.5 s, t = 1 s and t = 1.5 s have been obtained with

NV = 120 finite volumes (Dx = 0.05 m; Dt = 0.0025 s), with reference to the second-
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order approximation. In order to take into account dry cells, the limit depth has been set

to eh = 10-5 m. The results obtained are drawn in Figs. 2, 3 and 4.

In Figs. 2, 3 and 4, the comparison between the numerical and experimental results

shows a satisfactory agreement between the wave-front celerity positions and an overall

agreement between free-surfaces profiles and bottom profiles. A V-shaped longitudinal

profile is present close to the dam location due to the change in the sign of the bottom slope

downstream the point of maximum excavation, representing a hydraulic jump that is

present also in the laboratory experiment by Spinewine and Zech (2007). No ad hoc

numerical trick, as small initial flow depth in dry cells, has been used in order to tackle the

propagation over dry bed: nonetheless, no negative flow depth has appeared because the

Riemann solver used is depth-positivity preserving.

Fig. 1 Dam break over a bed step. Comparison between analytical and numerical solution at time t = 8 s

Fig. 2 Dam break on movable bed. Comparison between numerical and laboratory results at time t = 0.5 s
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6.3 Water-saturated debris flow with a fixed volume: the large-scale USGS

experiments

The large-scale USGS experiments (Iverson 2003; Iverson et al. 2010) consist of a wide set

of debris flow dam-break tests carried out with different solid materials and water contents.

The tests reproduced in the present work refer to the SGM (sand–gravel–mud) subset

experiments on rough bed. The SGM textures consist of 56 % gravel, 37 % sand, and 7 %

mud by dry weight, with modal concentrations of grains in the 8–32 mm size classes and

secondary modal peaks in the 0.25–0.5 mm size class. In each experiment, the flow is

initiated by a sudden release of a wedge-shaped prism of loosely packed, static sediment

with 1.9 m height behind the flume head gate. The average prism volume is 9.7 m3, with

sediment porosity of about 0.39, with total water content of about 3.3 m3 prior flow release.

Fig. 3 Dam break on movable bed. Comparison between numerical and laboratory results at time t = 1 s

Fig. 4 Dam break on movable bed. Comparison between numerical and laboratory results at time t = 1.5 s
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Moreover, the geotechnical test results give further information about the properties of the

water-saturated debris flow slurry, which are summarized hereinafter: q = 2,100 kg/m3;

g = 0.1 Pa s; sy = 100 N/m2.

Regarding the geometric configuration of the experiment, the USGS debris flow flume is

a 95 m long, 2 m wide, rectangular concrete channel that slopes 31� throughout most of its

length and flattens at its base to join a run-out surface that slopes 2.5�. Although the steep

slope and the width of the channel encourage the development of a nearly 1D flow, the

unconfined run-out pad strictly imposes a 2D behavior. Therefore, in order to compare

numerical predictions of the proposed 1D second-order accurate propagation model with

experimental results, the mean value of the aggregated time series data has been used, with

reference to sections located 32 and 66 m below the gate, where the 1D assumption is still

verified.

The numerical computation has been carried out considering Eqs. (10), (21), (22),

neglecting the erosion and deposition effects. Regarding the remaining parameters used in

the course of the simulation, the following values have been assumed: K = 24;

nM = 0.035 m-1/3 s, which is really close to that one used by Paik (2014) for the same

test.

The computational domain has been divided in NV = 742 finite volumes with

Dx = 0.1 m, while the computational time step has been set to Dt = 0.001 s. In order to

take into account dry cells, the limit depth has been set to eh = 10-4 m, and no ad hoc

numerical trick, as small initial flow depth in dry cells, has been used in order to capture

the propagation over dry bed. The boundary conditions that have been applied are those

ones of supercritical outflow.

In Fig. 5, the comparison between the numerical and experimental results shows an

overall good agreement. The propagating front position has been well captured at both

locations downstream of the gate, and so the arrival time after the flow release, of about 4

and 7 s for each location, respectively. Particular attention must be focused on the arrival

time at location 32 m below the gate: Iverson (2013) shows that this arrival time implies

that the flow initially attains speeds only slightly less than that of a frictionless body, which

theoretically reaches 32 m at t = 3.56 s. The large initial flow-front speeds result not from

near-zero friction, but instead from a strong downslope thrust (roughly proportional to -

qh/qx) that is produced during collapse of the debris as the head-gate opens. As this thrust

diminishes, the effects of friction become more apparent.

Regarding the flow thickness, instead, the most discrepancy between numerical results

and experimental measurements has been found at location 32 m, where the computed flow

thickness has been overestimated by about 50 %. As already observed by Denlinger and

Iverson (2001), Paik and Park (2011) and Paik (2014), this discrepancy is attributable to

that the depth-averaged models ignore vertical accelerations, which are not negligible in

the first instants of a dam-break problem.

7 Case study

In order to stress and challenge the potentialities of the numerical model proposed in the

present work, an application of the whole procedure to a plausible debris flow scenario,

taken from a real case study, is discussed hereinafter.
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7.1 Case study framework

The case study area falls in the district of Fuorigrotta (Naples, Italy), in the old Arsenale

Militare area located in Campegna Street. It is a flat area limited to the South-East by the

Northwestern side of the Posillipo Hill. The plain, of about 20 m above the m.s.l, will be

interested by the construction of the Campegna Station (Mostra-Arsenale section of the

Naples underground system, Linea 6) and of the railway warehouse (Fig. 6).

The hill–slope reaches a maximum height of about 190 m on the m.s.l., and it is

characterized by steep slopes densely covered with vegetation. The area is currently

occupied by the old Arsenale Militare (Military Arsenal), where a series of abandoned

warehouses lies, close to the hill–slope base. Moreover, different access points to the

numerous galleries which extend themselves for tens of meters inside the hill have been

noticed, as shown in Fig. 7.

Large areas of the hill–slope are prone to fast-moving flow-like phenomena, as shown in

the Landslides Susceptibility Map, Fig. 8, extracted from the Hydrogeological Master

Plan, prepared by the Regional Basin Authority of Central Campania. Most of the slope

reaches the highest level of susceptibility (P3), while the flat zone at the base of the hill

attains the minimum level (P1).

Furthermore, the Landslides Census Map, Fig. 9, arranged by the Regional Basin

Authority of Central Campania, shows that the area of interest has already been affected by

eight recent landslides: six complex movements (falls with consequent fast-moving flow-

like evolution of the phenomenon), and two translational slides.

In the Landslides Risk Map, Fig. 10, extracted from the Hydrogeological Master Plan, a

moderate level of risk (R1) is attributed to the area at the base of the slope, while few

limited areas are denoted with a high (R3) and very high level (R4) of risk. These areas are

characterized by the presence of abandoned sheds and buildings, next to be torn down and

replaced by the structures planned for the underground station and the railway warehouse.

If compared to the actual situation, the planned works lead to a change in terms of

vulnerability and value at risk. The Landslides Susceptibility Map, with reference to the

future interventions, Fig. 11, shows that both the station and the warehouse mostly concern

the flat area, in which no risk is expected, while only lead tracks and some sheds reach the

base of the slope, thus involving a local change of the risk to a moderate level (R2), due to

the high value at risk (E3) and the low level of susceptibility (P1).

Fig. 5 Large-scale USGS experiment. Comparison between numerical and experimental results at sections
a x = 32 m, b x = 66 m
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Fig. 6 Case study framework. Satellite view (US Department of State Geographer � 2014 Google)

Fig. 7 Case study framework. Schematic representation of the areas of intervention and of the existing
system of galleries
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7.2 Examined slope transect: a debris flow scenario

In this section, a slope transect of the hill is examined, Fig. 12, with reference to a

plausible debris flow scenario. The slope transect under exam is very steep, with slopes

ranging from 45 to 80 % with respect to the horizontal.

The stratigraphic sequence that characterizes the site is of volcanic origin and it is

composed of the following soil types, listed above, in order from the surface:

• landfill;

• reworked pyroclastic soil, formed by ashes and pumice due to the eruptions successive

to those ones of the Neapolitan Yellow Tuff;

• loose pyroclastic soil, consisting of deposited volcanic ashes, volcanic sands and

pumice levels formed as a result of the eruptions successive to those ones of the

Neapolitan Yellow Tuff;

• Neapolitan Yellow Tuff;

• pyroclastic rocks, at the base of the Neapolitan Yellow Tuff, consisting of dense white

volcanic ashes, with levels of slag and pumice.

Both data and parameters employed in the analysis, and the assumptions made to build

the plausible debris flow scenario are discussed hereinafter.

Fig. 8 Case study framework. Landslides susceptibility map—hydrogeological master plan (current
situation)
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7.3 Rainfall data

The storm has been deduced from the following expression of the IDF curve (Chow et al.

1988) provided by Rossi and Villani (1995), assuming that the basin in exam falls within

the pluviometric sub-area ‘‘A1-Litoranea’’, as identified in the Hydrologic Report,

extracted from the Hydrogeological Master Plan, prepared by the Regional Basin Authority

of Central Campania:

id;T ¼ lid
KT ¼

I0

1þ d

dc

� �CþDZ
� KT ð31Þ

where id,T (mm/h) is the annual maximum of the rainfall intensity averaged over the

duration d (h), having return period T (years); lid
(mm/h) is the law with which the

expected value of id, the annual maximum of the rainfall intensity averaged over the given

duration d, varies with the duration itself; KT = 3.06 is the growing factor for the assigned

return period, T = 100 years, as imposed by the Regional Basin Authority for the risk

assessment of areas affected by fast-moving flow-like phenomena; I0 ¼ 89:447mm/h is the

average of the annual maximum of the instantaneous rainfall intensity; dc ¼ 0:2842h is the

‘‘characteristic’’ duration; Z = 100 m is the hill–slope average elevation above the mean

sea level; and C = 0.758 and D = -0.000145 m-1, are model parameters, calibrated by

Fig. 9 Case study framework. Landslides census map—hydrogeological master plan (recent landslides)
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means of the pluviograph data extracted from the hydrological stations located in the area

surrounding that one examined in the present work.

7.4 Infiltration and groundwater module data

The parameters of the Horton’s model have been evaluated with reference to the soil

classification provided by the Soil Conservation Service (1972). In particular, it has been

assumed that the soil under exam falls in the B category, ‘‘soil with moderately low

runoff.’’ In this condition, the infiltration parameters are, respectively:

f0 ¼ 200 mm/h; f1 ¼ 12:7mm/h; k ¼ 2h�1.

With reference to the groundwater model, a value of the permeability coefficient

consistent with the type of soil found along the slope has been estimated equal to

0.00001 m/s (Bilotta et al. 2005).

7.5 Stability module data

In natural conditions, pyroclastic soils exhibit a complex mechanical behavior due to the

partial saturation of the pores. Water is present within the pores, and it is subjected to

negative pressures (suction), which decreases when the saturation degree decreases. The

suction gives a cohesive contribution (apparent cohesion) to the soil mechanical resistance.

A suction increase modifies the stress state of the soil, increasing the effective stress, due to

Fig. 10 Case study framework. Landslides risk map—hydrogeological master plan (current situation)
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the reciprocal attraction among solid soil particles acted by capillary meniscuses (De Vita

et al. 2008).

Unfortunately, the decaying law of the apparent cohesion with the soil water content can

be acquired only through a sophisticated and difficult testing. Moreover, neglecting the

Fig. 11 Case study framework. Landslides susceptibility map—hydrogeological master plan (future
interventions)

Fig. 12 Examined slope transect: a topographic view, b examined section
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apparent cohesion leads to precautionary condition. In this paper, this approach has been

followed owing to the lack of information about the soil water retention curve.

The geotechnical parameters assumed for the different layers of soil are listed in

Table 1.

These geotechnical parameters have been determined at the former Geotechnical

Laboratory of the University of Naples Federico II, Department of Hydraulic, Geotechnical

and Environmental Engineering (now Department of Civil, Architectural and Environ-

mental Engineering), using numerous samples taken during in situ inspections.

7.6 Propagation module data

The parameters used to take into account the non-Newtonian internal dissipative process

and used in the O’Brien and Julien formula are as follows: nM = 0.25 m-1/3 s; K = 24;

g = 0.574 Pa s; sy = 71.69 N/m2. These results are based on the rheometric laboratory

analyses carried out at the University of Naples Federico II on the pyroclastic deposit

samples. The effects of the erosion and deposition of the bed material have been taken into

account in the Cao’s formula assuming the following parameters: b = 0.0000005 m1.2;

qs = 2,600 kg/m3; d = 0.2 mm; #c = 0.045; x0 ¼ 0:000035m/s; m = 2; m = 0.58. The

analysis has been performed assuming time step of Dt = 0.001 s, with a spatial grid of

N = 1,840 cells of length Dx = 0.5 m. In order to take into account dry cells, the limit

depth has been set to eh = 10-4 m, and no ad hoc numerical trick, as small initial flow

depth in dry cells, has been used in order to capture the propagation over dry bed.

7.7 Slope stability and debris flow inception

A preliminary analysis aimed to investigate the stability of the hill–slope in exam, con-

sidering the different layers of soil under natural conditions, taking into account only the

effective cohesion and soil friction angle, and assuming dry weather. The analysis supplied

a minimum factor of safety equal to 1.077 along the slope, which is really close to the

critical value of 1.0, thus confirming the slope tendency to instability phenomena.

Successively, the effect of rains has been considered. Past analyses carried out at the

University of Naples Federico II have shown that, for geological conditions similar to those

ones described above (a layer of pyroclastic soil over tuff or calcareous rocks) one of the

main causes of debris flow triggering is to be found in the formation of karst springs due to

rainfalls of duration of about 32–40 h (Pianese 1999). Therefore, in the first instance,

according to Eq. (31), the slope has been subjected to a constant rainfall of duration

d = 40 h, and the progress of the moistening front has been evaluated at fixed time

intervals equal to 2 h. At the end of each time interval, a stability analysis has been

performed, in order to evaluate the triggering of the instability phenomenon. In these

circumstances, only a slight decrease of the minimum factor of safety along the slope has

been detected.

The preceding analysis shows that the rain infiltration through the surface layer is not

sufficient to cause the debris flow triggering phenomenon. Then, the existence of one or

more ephemeral springs, fed by previous intense rainfall, should be taken into account. On

the basis of the field data observed by Cascini et al. (2012) for similar geological contexts,

the formation of natural wellsprings with constant discharge equal to Q = 0.05 l/s due to

the rainfall event has been considered from a given point of the slope (x = 126 m;

z = 141.3 m) to (x = 245 m, z = 83.3 m), Fig. 12b, and the groundwater analysis has

been performed in steady-state conditions, leading to precautionary results. Most of the
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surface layer of reworked pyroclastic soil is saturated even though the discharge consid-

ered is very low. In these conditions, the stability analysis shows that the failure of the

pyroclastic layer occurs. The failure domain, shown in Fig. 13, has been obtained as an

envelope of all the critical surfaces for which a factor of safety lower than 1 has been

found.

7.8 Debris flow propagation

The propagation and run-out analysis have been performed by means of the second-order

accurate finite volume scheme described in Sects. 4 and 5, after having defined both the

failure domain, whose border turns into the bed over which the debris flow propagation

takes place, and, consequently, the volumes susceptible to propagate downstream of the

slope, which originate within the failure domain. During the propagation, a stability

analysis has been performed at fixed intervals of 1 s in order to evaluate the possible

additional failure surfaces induced by either the actions exerted by the unstable masses

over the stable ones or by the basis undermining of the surface layer. Figure 14 shows the

results of the analysis performed at times t = 1 s and t = 2 s, when the remaining portions

of the pyroclastic layer are triggered due to the actions exerted by the flowing masses.

For the sake of brevity, only few significant snapshots of the numerical results are

shown in Fig. 15.

The great destructiveness of a debris flow is clear, especially in the first instants of the

propagation phenomenon: in particular, a maximum velocity of about 15.3 m/s has been

computed at time 9 s. A few significant plots of both velocity and total thrust profiles are

shown at different simulation times in Figs. 16 and 17.

Regarding the arrest process, the stretching of the flow body, the reduction of the flow

depth, velocity and of the steepness of the front can be observed. The almost complete

arrest of the flowing masses has been attained at a time of about 1,100 s, Fig. 18, and the

maximum computed flow depth at rest in the flat non-erodible area is of about 2 m.

The information regarding the total volume per unit meter mobilized is reported in

Table 2.

Table 2 shows that in the first instants much of the entrainment is due to the inception of

portions of the pyroclastic layer during the propagation of the already flowing masses, and

it is of about 148.9 m3/m, whereas the remaining entrained volume of about 150.9 m3/m is

to be ascribed to the erosional processes of the bed over which the propagation takes place.

Furthermore, an indicative map of the estimate area of invasion has been depicted in

Fig. 19.

Although the model is able to capture both the run-out process and the arrest of the

flowing masses, it is not capable to reproduce the typical debris flow fan in the depositional

Table 1 Geotechnical parameters (Geotechnical Laboratory of the University of Naples Federico II)

Lithotype c (kN/m3) cdry (kN/m3) csat (kN/m3) c0 (kPa) u0 (�)

Reworked pyroclastic soil 12.36 10.88 16.55 7 29

Loose pyroclastic soil 14.42 12.75 17.71 12.7 34

Neapolitan yellow tuff 12.02 – – 1,000 30

c specific weight in natural conditions, cdry specific weight in dry conditions, csat specific weight in saturated
conditions
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area due to the 1D approximation, thus leading to an overestimation of both the run-out

distance and the point of arrest.

Finally, it is worth noting that the application of the whole numerical procedure to a

realistic debris flow scenario has demonstrated the capability of the model to capture the

following features:

• the effects induced on slope stability by both rainfall infiltration and groundwater

dynamics;

• the possible inception of debris flows during the propagation phenomenon itself, due to

the actions exerted on the slope by the already triggered flowing masses;

• the non-Newtonian internal dissipative processes that develop within the sediment–

water mixture;

• the propagation over complex topographies;

• the propagation over dry bed;

• the presence of steep fronts of propagations;

• the presence of rapid and sudden subsequent surges;

Fig. 13 Stability analysis. Initial triggering

Fig. 14 Stability analysis. Additional triggering phenomena during propagation at times a t = 1 s,
b t = 2 s
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Fig. 15 Debris flow propagation. Snapshots at time: a t = 5 s, b t = 10 s, c t = 15 s, d t = 20 s,
e t = 30 s, f t = 60 s

Fig. 16 Debris flow propagation. a Mixture velocity, b total thrust. Comparison between snapshots at time:
t = 5 s, t = 10 s, t = 15 s
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• the interaction between the flow and its solid boundaries;

• the formation of genuine shocks and contact discontinuities due to the presence of

geometric discontinuities of the bed;

• the run-out process and the arrest of the moving masses.

Fig. 17 Debris flow propagation. a Mixture velocity, b total thrust. Comparison between snapshots at time:
t = 20 s, t = 30 s, t = 60 s

Fig. 18 Debris flow arrest. Snapshot at time t = 1,100 s

Table 2 Volume mobilized
Time (s) Status Total volume (m3/m)

0 Initial triggering 382.6

1 Triggering during propagation 506.2

2 Triggering during propagation 531.5

1,100 Arrest 682.4
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8 Conclusions

In this paper, a 1D numerical procedure devoted to the modeling of debris flow phenomena

has been proposed. Although its applications to both analytical and experimental tests, and,

finally, to a realistic case study, have demonstrated promising and satisfying results, this

model cannot be rigorously considered a practical tool yet, but rather an attempt to put

together into a single numerical procedure several additional complex processes typical of

debris flow phenomena, without incurring in the difficulties induced by the 2D aspects of

the phenomenon. Furthermore, a calibration of the parameters is needed. This is achievable

only with a proper geotechnical and rheological characterization of the soils in exam. Even

though laboratory experiments are useful to get this goal, the comparison of computed

results with field measurements is of fundamental importance and cannot be left aside.

Indeed, in nature, debris flows can exhibit a behavior strongly different from that one

shown during experimental testing: as an example, accounting the presence within the

flowing masses of large pieces of heterogeneous materials, such as rocks, trees and veg-

etation, is a difficult task to deal with. Ultimately, the complexity of the calibration process

is enhanced by the lack of field data. As a matter of fact, fast-moving flow-like phenomena

are usually sudden and unexpected events: hence, the difficulty of monitoring the phe-

nomenon in its entirety and to gain a full set of field measurements (which involves speeds,

thrusts, etc.).

In order to embody, in the next future, the features described above into a 2D model,

this work configures itself as a first attempt devoted to challenge the concept itself of a

unified framework of modeling, together with the possible implications for the risk

assessment of these hazardous phenomena.
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Fig. 19 Indicative area of invasion
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Bromhead EN (1986) The stability of slopes. Surrey University Press, Glasgow
Budetta P, de Riso R (2004) The mobility of some debris flows in pyroclastic deposits of the northwestern

Campanian region (Southern Italy). Bull Eng Geol Environ 63:293–302
Cao Z, Pender G, Wallis S, Carling P (2004) Computational dam-break hydraulics over erodible sediment

bed. J Hydraul Eng ASCE 130(7):689–703
Cascini L, Cuomo S, Sorbino G (2005) Flow-like mass movements in pyroclastic soils: remarks on the

modelling of triggering mechanisms. Ital Geotech J 4:11–31
Cascini L, Cuomo S, Pastor M, Fernández-Merodo JA (2008) Geomechanical modelling of triggering

mechanisms for rainfall-induced triangular shallow landslides of the flowtype. In: Sànchez-Marrè M,
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