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Calibration of rheological properties of materials 
involved in flow-like landslides
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Summary
One of the effects of climate change is an expansion of the areas affected by flow-like landslides and an increase in human loss 

and economic damage caused by these natural hazards. The risk assessment connected to flow-like landslides utilizes several study 
approaches, such as the mapping of lands affected in the past, the understanding of triggering and propagation mechanisms through 
the monitoring of some watershed basins periodically subject to flow-like landslides, and the prediction of flow-like landslide propa-
gation by means of advanced mathematical models. Research has made much progress in the development of advanced mathematical 
models able to account for various rheological models, 3D morphology of the slope, and engagement of other materials from the 
boundary, etc. Calibration of the parameters is, however, one of the most problematic phases of numerical modelling; the validation 
of propagation models is usually carried out on the basis of laboratory flume tests executed in very simple conditions or on the basis 
of data achieved from field observation, which are very often of low quality. After a brief state-of-art review concerning the most re-
cent developments in flow-like landslide modelling, the present paper examines the techniques adopted for calibrating the models. 
Particularly, it considers the difficulties linked to the upscaling of rheological properties moving from the physical tests performed 
in viscometer or artificial flume and attaining the estimation of average properties of the heterogeneous materials involved in real 
flow-like landslides.
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1. Introduction

Flow-like landslides are gravity-induced mass 
movements that involve volumes of soil from some 
m3 up to several millions of m3 and many types of 
material, ranging from rock fragments (rock ava-
lanches) to very fine materials (mud-flows). They 
can flow in both dry and wet states [VARNES, 1978; 
HUNGR et al., 2014].

Their occurrence is generally associated with ex-
ceptional rains or earthquakes, although natural pro-
cesses and human activities, such as river erosion or 
quarrying, could also be predisposing causes. De-
pending on the local topography and geological set-
ting of the developing area, flow-like landslides may 
be classified as either channelized or hillslope flow-
like landslides. Channelized landslides follow existing 
channel type features (Fig. 1a), e.g. valleys, gullies, de-
pressions, hollows, etc. [CRUDEN and VARNES, 1996]; 
flow-like landslides form their own path, such as tracks 
or sheets, down-hill along a slope (Fig. 1b). The latter 
could travel over long distances, also engaging oth-
er materials from the bottom or lateral sides through 

erosion. Finally, they deposit the transported material 
in areas where the flow rate is reduced, due to physi-
cal obstructions or changes in topography. 

Depending on the flow conditions, these phe-
nomena could be extremely destructive and dan-
gerous: figure 2a shows the case of the Mimami-Aso 
earthflow which occurred in Japan in 16/4/2016 af-
ter a 7.3 M-earthquake, while figure 2b presents the 
damage caused by the Giampillieri earthflow which 
occurred in Italy on 01/10/2009 after a strong rain-
storm. In recent decades, one of the most evident ef-
fects of climate change in mountainous regions has 
been an increase in intense rain frequency, with a 
consequent enlargement of the area characterized 
by landslide phenomena [KIRSCHBAUM et al., 2015]. 
Flow-like landslides, in particular, characterize the-
se regions, causing greater social and economic da-
mage. 

Thus, the risk assessment of flow-like landslides 
applies several areas of expertise. The first step of 
analysis consists in creating an inventory of past 
events which have occurred in a specific area. The 
next step consists in comprehending the predispos-
ing geomorphological and geological conditions 
and then evaluating the potential volumes involved 
in the collapse process. All these steps require a good 
competence in geological studies.

Conversely, hydrological experts are involved in 
studying the minimum rainfall duration and intensi-
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ty which are likely to result in shallow landslides and 
debris flows (for a review of studies on this issue see, 
e.g., GUZZETTI et al., 2008; BERTI et al., 2012). These 
hydrological studies produce satisfactory results only 
when they are site specific [GUZZETTI et al., 2008], be-
cause the nature of local soil controls water infiltra-
tion and the consequent landslide trigger. Moreover, 
since the intensity of a rainfall is strongly dependent 
on the local ground morphology and elevation, the 
reference rainfall stations must be located in key po-
sitions inside the controlled basin, in order to collect 
representative rain data.

At the same time, a geotechnical characteriza-
tion of the mobilized materials must be carried out 
in order to define the most appropriate material 
model. This operation is generally very difficult due 
to the high heterogeneity of materials and the pres-
ence of many large boulders or rock fragments in-
side the mass, as depicted in figures 3 and 4 [ZHANG et 
al., 2015; CALABRÒ, 2011; MUNARI, 2012]. Moreover, in 
post-fire debris-flows, lahars, or avalanches, the mass 
can contain also large amounts of wood (fragments 

of tree trunks or small bushes). The heterogeneous 
composition inhibits the collection of representative 
soil samples or the use of traditional geotechnical 
equipment for material testing. Even the most sim-
ple and fundamental geotechnical test, i.e. the de-
termination of the grain-size distribution, proves to 
be very difficult and alternative strategies must be 
pursued [ZHANG et al., 2015]. For the calibration of 
rheological models, the routine is to apply back anal-
ysis on data collected from real case-histories or from 
experiments carried out in the laboratory in scaled 
physical models.

Finally, a prediction of the propagation run-out 
may be obtained considering the worst in-situ condi-
tions and using advanced mathematical models. At 
this point, it is important to note that a model is a 
simplification of reality, which tries to reproduce the 
most relevant features of the simulated phenome-
non. Consequently, even if the mathematical and nu-
merical models developed in the last two decades for 
simulating the flow-like landslides are able to take 
into account various features of these phenomena, 

Fig. 1 – a) Channelized and b) hillslope flow-like landslides. [CRUDEN and VARNES, 1996].
Fig. 1 – a) Colata canalizzata e b) non canalizzata. [CRUDEN and VARNES, 1996].

Fig. 2 – a) Mimami-Aso (Japan, 16/4/2016) and b) Giampillieri (Italy, 01/10/2009) earthflows.
Fig. 2 – Colate in terra di a) Mimami-Aso (Japan, 16/4/2016) e b) Giampillieri (Italy, 01/10/2009).
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a)

b)
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they remain a strongly simplified reproduction of 
reality and much care must be taken not to assume 
their absolute reliability.

The main aim of the present work is to make a 
critical review of the most recent research findings 
on this issue. Particular attention is given to the dif-
ficulties encountered when calibrating the rheolog-
ical properties by means of laboratory tests on the 
fine fractions, or through the execution of flume 
tests or, finally, through the simulation of real cases.

2. Models for the prediction of flow-like land-
slide propagation

Empirical, analytical or numerical models can be 
used to predict flow-like landslide propagation.

Empirical models derive from statistical analy-
ses of data related to observed phenomena. For in-
stance, using the observations carried out on 256 
debris-flows and flow-slides in Central America, DE-
VOLI et al. [2009] proposed a relationship between 
the run-out distance and the height of fall; TANG 

et al. [2012], studying the rainstorm-induced de-
bris flows which occurred after the 2008 Wenchuan 
earthquake, suggested some multivariate regressions 
among the runout distance and the width of de-
bris flows, the volume of removable sediment in the 
catchment, the catchment area and altitude differ-
ence; SCHEIDL and RICKENMANN [2010] analyzed the 
118 debris-flows and debris-floods which occurred in 
the Alps region and obtained statistical regressions 
among the event’s volume and the catchment area 
or the cross-section flow. Empirical models provide 
straightforward predictions even though the logical 
thread of the regression cannot always be continu-
ously traced. 

Analytical solutions [MANGENEY et al., 2000] are 
more attractive because developed within an exact 
or approximated physically-based theory and, usual-
ly, are easily used. However, exact closed-form solu-
tions are in general restricted to a limited set of con-
ditions and cannot be applied in many cases. 

Finally, numerical models are based on math-
ematical models solved using specific numerical 
schemes. Their adaptability to every geometrical 

Fig. 3 – Natural profiles of the alluvial fans for a) Mengguohe and b) Zhuzhahe catchments. [ZHANG et al., 2015].
Fig. 3 – Profilo verticale del terreno in depositi di colata nei bacini di a) Mengguohe e b) Zhuzhahe. [ZHANG et al., 2015].

Fig. 4 – Examples of heterogeneous soil mass in a) Tessina and b) Rotolon earthflows. [CALABRÒ, 2011; MUNARI, 2012].
Fig. 4 – Depositi di materiale eterogeneo nelle colate in terra del a) Tessina e del b) Rotolon. [CALABRÒ, 2011; MUNARI, 2012].
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situation and the recent developments in comput-
er technology make their use very promising. Con-
siderable effort has been made in order to improve 
these numerical tools and they are gaining in popu-
larity [HUNGR, 1995; CHEN and LEE, 2000; MCDOUGALL 
and HUNGR, 2005; PIRULLI, 2005; PITMAN et al., 2003; 
BATEMAN et al., 2007; PASTOR et al., 2009; CHRISTEN et 
al., 2010]. However, numerical models still have lim-
itations and drawbacks that necessitate further study. 

The numerical modeling process generally follows 
several steps (Fig. 5), each of which introduces some 
simplifications and errors [CECCATO, 2014]. First, the 
real physical problem is idealized with a reasonable 
mathematical model, respecting the mechanics prin-
ciples, i.e. conservation laws, in relation to the materi-
al constitutive models. The assumptions at the basis of 
this mathematical model lead to the so-called idealiza-
tion error. Secondly, the governing equations are dis-
cretized in order to solve a finite system of equations, 
thus the discretization error is introduced. Thirdly, 
the approximate solution of the discretized equations 
is achieved numerically; this process adds approxima-
tion errors to the solution. Consequently, in order to 
evaluate the reliability of a numerical model, an essen-
tial step of the process is the validation, i.e. the com-
parison between reality and simulation, which permits 
the admissibility of overall error to be checked. 

A more in-depth discussion can be made about 
numerical modelling in geomechanics. Since at a 
microscopic scale the soil is formed of small particles 
assembled together, while at a macroscopic scale it 
looks like a porous continuum, two idealized mod-
els are adoptable, i.e. the discrete and the continu-
ous models (Fig. 6). The discrete model is general-
ly adopted when the main interest is to analyze the 
mutual grain actions, for instance in order to evalu-
ate the force chains or the segregation. In this case, 
the soil is simulated as a system of rigid or deform-

able particles mutually interacting according to var-
ious physical processes. This model is character-
ized by the loss of continuity, i.e. the loss of contact 
among particles [ZHOU and NG, 2010; COETZEE and 
ELS, 2009]. The second approach aims to describe 
the overall soil behavior without an investigation at 
the scale of particle contact; the soil is considered to 
be a continuous medium whose behaviour is mathe-
matically described using various formulations, gen-
erally based on the continuity conservation.

A more detailed model classification can be 
based on the simplification adopted for the problem 
geometry or on the governing equations adopted for 
describing the soil behavior. Regarding the geome-
try, the problem may be represented in one, two or 
three dimensions depending on the shape and sym-
metries of the analyzed volume and on the stress/
strain state; the more dimensions are used, the larg-
er the number of unknown variables and equations 
required to describe the problem, and the more 
complex the final model becomes. In this regard it 
is important to note that 3D models are typically un-
manageable and demand huge computational ef-
forts when applied to reproduce mass flows at natu-
ral-scale, where masses as large as millions of m3 can 
be involved [LEGROS, 2002; CROSTA et al., 2004; STROM 
and KORUP, 2006; PUDASAINI and HUTTER, 2007; SOSIO 
et al., 2008]. A good compromise adopted in almost 
all the models for flow-like landslide propagation is 
to assume that the flowing mass is distributed along 
a longer (or wider) base with respect to its depth. A 
depth-averaging in the z direction is adopted for the 
evaluation of physical quantities such as the veloci-
ty, the density, etc. Thus, one dimension of the flow-
ing mass is lost because the velocity and the displace-
ment perpendicular to the base are not considered. 

Models applying the depth-averaging technique 
can be grouped based on the geometry of the base on 

Fig. 5 – Flow-chart of the numerical modeling process 
[CECCATO, 2014].
Fig. 5 – Schema del processo di modellazione numerica [CECCA-
TO, 2014].

Fig. 6 – Classification of numerical models used in geome-
chanics.
Fig. 6 – Classificazione dei modelli numerici utilizzati in geomec-
canica.
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which the mass flows. It may be a 3D approximation 
of the real slope surface or, conversely, the topogra-
phy may be described considering only the maximum 
slope profile and the flow follows this profile without 
considering displacements perpendicular to it. For 
instance, numerical models like DAN [HUNGR, 1995], 
TITAN2D [PITMAN et al., 2003], TRENT2D [ARMANINI 
et al., 2009] and FLO2D [O’BRIEN et al., 1993] adopt-
ed a bi-dimensional scheme; MADFLOW [CHEN and 
LEE, 2000], DAN3D [MCDOUGALL and HUNGR, 2005;], 
SAMOS [SAILER et al., 2002], FLATmodel [BATEMAN et 
al., 2007], RAMMS [CHRISTEN et al., 2010], and Geo-
Flow-SPH [PASTOR et al., 2009] are, instead, examples 
of depth-averaged 3D models, because they use a 3D 
topographical base. ANURA3D [SOGA et al., 2016; YER-
RO et al., 2016; CECCATO and SIMONINI, 2016; CECCATO et 
al., 2017] is a real 3D model because it does not apply 
the depth-averaging.

It should be noted that the integration of fluid 
and solid momentum equations poses some diffi-
culty due to the mathematical description of viscous 
and drag forces, the fluid and solid stress tensors, 
and the depth distribution of the solid volume frac-
tion, etc. [PUDASAINI, 2012], i.e. the description of the 
rheological behavior of each phase composing the 
flowing mass but also of their inter-actions. 

In this regard, the soil generally is idealized as an 
equivalent one-phase material and the rheological be-
haviour of the water-solid mixture is described only 
by assuming a relation between the displacement rate 
and the equivalent shear stress. The momentum equa-
tion is strongly simplified by substituting the vertical 
distribution of the displacement rate with an average 
rate, calculated according to the chosen rheological 
law. In more advanced models [PUDASAINI, 2012 and 
2016], the bi- or tri-phase nature of the flowing soil is 
described; since a rheological law has to be assigned 
to each phase, and additional laws are required to ac-
count for the interactions among the phases, the num-
ber of equations needed to solve the problem increas-
es according to the number of considered phases. 

Finally, numerical models may be classified in re-
lation to the adopted discretization technique, dis-
tinguishing between mesh-based and particle-based 
methods. 

In the following section, each group of models 
will be examined in relation to their applicability for 
the analysis of flow-like landslides. Thus, validation 
and calibration difficulties will be discussed.

2.1. Continuous and discrete approaches

The continuum theory is normally used for 
modelling many geotechnical problems. The gov-
erning laws are the conservation of mass, the con-
servation of momentum, the conservation of energy 
and the Clausius-Duhem inequality (second princi-

ple of thermodynamic). The continuum theory was 
first developed for studying single-phase solid mate-
rials. In geomechanics, a traditional and simple ex-
ample is the Boussinesq solution for the stress incre-
ment due to an external load applied on a semi-in-
finite space of homogenous, isotropic, linear-elastic 
material. The continuum theory was then extended 
to porous materials (both natural substances, such 
as rocks, soils, cork, etc., and man-made materials, 
such as ceramics, zeolites, etc.) assuming that each 
component of the porous material (solid, fluid and 
gas) behaves as a continuum, overlapped and inter-
fering with the other components. The relationships 
describing the stress-strain response of each compo-
nent and the interactions among the various compo-
nents are defined matching the macroscopic behav-
ior of the overall system in relation to the physical 
properties of the porous skeleton (i.e. density, void 
ratio, degree of saturation, etc.). Traditional models 
for solid and soil mechanics in civil engineering fo-
cus on the investigation at small strain rate and the 
Lagrangian approach is adopted for describing the 
strain variations induced in the continuum by loads 
or displacements imposed at the boundaries.

The numerical models developed for continuum 
analysis are generally implemented using the finite 
element and finite difference approaches. These 
are both mesh-based schemes, since the continu-
um body is divided into small elements (the mesh) 
and quantities characterizing the specific problem 
(stress, strain, pore water pressure, flow rate, temper-
ature, etc.) are determined in some specific points 
inside the elements. The models are then special-
ized for geotechnical applications with the inclusion 
of constitutive models specifically developed to de-
scribe the main features of the soil behavior and wa-
ter-solid or gas-water-solid interactions.

Numerical modelling of flow-like landslides is 
still a challenging task. As in many other geotech-
nical applications, such as the installation of driven 
piles or in-situ test tools, the impact of a heavy block 
on ground, etc., large deformations also must be re-
produced. Consequently, for a long period of time 
studies on the modelling of flow-like landslides with-
in the continuum approach did not advance and re-
searchers preferred to concentrate their efforts on 
discrete models. 

The use of discrete models in the analysis of flow-
like landslide propagation seems very promising, be-
cause they offer the possibility to describe the mi-
croscale interactions among particles and simulate 
large displacements. An important contribution to 
the micromechanical study of granular materials is 
the development of the Discrete Element Method 
(DEM), originally introduced by CUNDALL [1971] for 
application to rock mechanics and then extended to 
the modelling of systems of homogeneous spherical 
particles [CUNDALL and STRACK, 1979]. DEM has been 
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progressively improved for reproducing non-spheri-
cal particles, materials with heterogeneous compo-
sitions or the presence of inclusions like fibers, the 
presence of water or cohesion, etc. The main differ-
ences are related to the particle shape, which can dif-
fer from spherical, and to the formulations describ-
ing the contact mechanisms among particles. Under-
standing and correctly reproducing the microscopic 
behavior which governs these interactions is there-
fore the key point of the method [CALVETTI, 2008]. 

Some examples of DEM for the simulation of par-
ticle flow are those proposed by GHABOUSSI and BARBO-
SA [1990], MISHRA and RAJAMANI [1992], MUNJIZA et al. 
[1995], KAWAGUCHI et al. [1998], GABRIELI et al. [2012], 
etc. For instance, figure 7 shows the simulation of cu-
bical particle pouring on a flat surface [GHABOUSSI and 
BARBOSA, 1990]; figure 8 presents the evolution of a wet 
granular slope subjected to drying and reproduced 
taking into account the adhesion due to water capil-
lary bridges among particles [GABRIELI et al., 2012]. Fi-
nally, figure 9 shows the propagation and the final de-
posit of a dry granular flow at the end of a flume [GA-
BRIELI and CECCATO, 2016] predicted by a DEM. 

DEM simulations can provide dynamic informa-
tion, such as the particle trajectories or the evolu-
tion of inter-particle forces. It is well suited to stud-
ying fundamental soil behavior during flow or dur-

ing the impact on a structure. The main disadvan-
tage of DEM is its enormous computational expense. 
The maximum number of particles and the duration 
of a virtual simulation are limited by the computa-
tional capacity. Typical flows contain billions of par-
ticles, but only recently some DEM simulations on 
large cluster computers could be elaborated to ap-
proach this scale for a sufficiently long simulating 
time. When modelling full-scale problems, it is nec-
essary to adopt a scaling procedure for reducing the 
particle number and keeping the problem computa-
tionally feasible [GABRIELI et al., 2009].

Another limit of DEM is the difficulty to simu-
late bi-phase mixtures when the water amount is con-
siderable and the fluid phase can move with respect 
to the solid phase. Different approaches have been 
developed to face these problems. A promising way 
seemed to couple a DEM studying the solid particles 
and a FEM for describing the water flow in a fixed 
porous media [SØRENSEN and STEWART, 1974; EDWARDS 
et al., 1990; WANG et al., 2003], but this approach 
proved to be too computationally expensive. On the 
other hand, a coarse-grid computational fluid dy-
namic approach (CFD) is more computationally effi-
cient, but may be applied only to dilute particle sus-
pensions or dense materials at low strain rates. In or-
der to accelerate the computation of the fluid phase, 

Fig. 7 – DEM simulation of cubical particle pouring on a flat surface [GHABOUSSI and BARBOSA, 1990].
Fig. 7 – Impatto di particelle cubiche su un piano, simulato con codice DEM [GHABOUSSI and BARBOSA, 1990].
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the traditional FEM approach has been substituted 
with the easily parallelizable Lattice-Boltzmann (LB) 
scheme, like the one used by LEONARDI et al. [2016] 
for studying the impact of an idealized debris-flow 
against a net-barrier (Fig. 10), or implementing a 
pore-network model [CHAREYRE et al., 2012]. 

The limits of DEM (high computational cost and 
difficult simulation of bi-phase or three-phase mix-
tures) induced researchers to bring their attention 
back to continuous models, developing strategies 
that, even with respect to the continuity hypothesis, 
are more suitable for tackling soil flows. Advanced 
continuous models for propagation analysis have 
been developed using Eulerian or mixed Eulerian/
Lagrangian approaches, and often adapting models 
used in other scientific branches, such as hydraulics, 
dynamics of granular materials, molecular dynamics 
or also astrophysics. 

A great stimulus came from the adoption of 
depth-averaged equations [SAVAGE and HUTTER, 
1989], similar to hydrodynamic equations for wa-
ter flow in open channels. This brought about the 
well-known generalized Saint Venant equations, 
which were integrated within the Lagrangian ap-
proach [HUNGR, 1995; CHEN and LEE, 2000; SAILER et 
al., 2002; MCDOUGALL and HUNGR, 2004; TARTAKOVSKY 
et al., 2009] or the Eulerian, [O’BRIEN et al., 1993; 
PITMAN et al., 2003; MANGENEY-CASTELNAU et al., 2003; 
PIRULLI, 2005] or also a mixed Eulerian/Lagrangian 
approach [PASTOR et al., 2009].

Regarding discretization, the propagation mod-
els developed within the continuity hypothesis can 
be grouped into two families: the mesh-based meth-
ods and the particle-based (or mesh-less) methods. 

In the mesh-based models the discretization and 
the solution are based on a grid or mesh, which can 
be slightly modified. Inside the grid some points are 
localized, and the solution of fundamental equations 
is calculated for these points, while the solution in 

Fig. 8 – DEM simulation of the evolution of a wet granular slope subjected to drying [GABRIELI et al., 2012].
Fig. 8 – Simulazione con DEM dell’evoluzione di un versante di materiale granulare umido soggetto ad essiccamento [GABRIELI et al., 2012].

Fig. 9 – a) Propagation and b) final deposit of a dry granular flow at the end of a flume predicted by a DEM model [GABRIELI 
and CECCATO, 2016]. Note that the horizontal plane in the picture corresponds to a sliding plane 30° dip. 
Fig. 9 – a) Propagazione e b) deposito finale alla fine del canale di un flusso granulare simulato con modello DEM [GABRIELI and 
CECCATO, 2016]. Il piano orizzontale corrisponde nella simulazione ad un piano inclinato di 30°.

Fig. 10 – Impact of a saturated granular flow against a flex-
ible barrier simulated with a DEM+LB+FEM [LEONARDI et 
al., 2016].
Fig. 10 – Impatto di un flusso granulare saturo contro 
una barriera flessibile simulato con modello accoppiato 
DEM+LB+FEM [LEONARDI et al., 2016].

a) b)
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the intermedia space is then obtained by interpola-
tion. This family includes the finite difference meth-
ods (FDM) [O’BRIEN et al., 1993; WANG et al., 2010], 
finite volume methods (FVM) [MANGENEY-CASTELNAU 
et al., 2003; PIRULLI, 2005; BATEMAN et al., 2007; AR-
MANINI et al., 2009; CHRISTEN et al., 2010] and finite 
element methods (FEM). 

The FEM is the most used for its good adaptabil-
ity to complex geometry. In Lagrangian FEM, the 
mesh moves with the material. Hence, the nodes lo-
cated at the boundary of the continuum will always 
remain on the boundary throughout the computa-
tions. This means that the free surface of the continu-
um is well defined, allowing both easy tracking of the 
interface between different materials and simple im-
position of the boundary conditions. Another advan-
tage of Lagrangian FEM is that, by definition, it does 
not allow the material to flow from one element to 
another, hence history dependent material behavior 
can be easily handled as the quadrature points always 
coincide with the material points. However, mesh dis-
tortion makes the method cumbersome in modelling 
very large deformations. In Eulerian FEM, the com-
putational mesh is fixed while the material deforms 
over time. Large deformations are handled without 
the problem of mesh distortion that appears in the 
Lagrangian FEM. As the computational mesh is com-
pletely decoupled from the material, convective terms 
appear in Eulerian FEM, introducing numerical dif-
ficulties when history-dependent materials are simu-
lated. 

In particle-based methods the discretization 
is based on a cloud of material points or particles, 
which do not have an explicitly defined connectivi-
ty among them for the definition of the shape func-
tion. Instead, each material point (MP) has a do-
main of influence, which does not depend on the 
spatial arrangement of the MPs. The domain of in-
fluence is the part of the domain over which the 
shape function of that specific MP is non-zero. All 
the physical properties are attached to the particles, 
whereas in FEM models they are attached to the el-
ements. 

The main advantage of particle-based methods 
is their capacity to handle large deformations, over-
coming the drawbacks associated with mesh distor-
tion encountered in mesh-based methods. The com-
plexity and computational costs are highly depend-
ent on the specific method; in general, they are larg-
er than those required by FEM and FDM.

A large number of particle-based methods has 
been developed. There are those known as:
– Material Point Method, MPM [SULSKY et al., 1994; 

WIECKOWSKI, 2001; BEUTH et al., 2008; ZABALA and 
ALONSO, 2011; CECCATO and SIMONINI, 2016; CEC-
CATO, 2016];

– Particle Finite Element Method, PFEM [OÑATE et 
al., 2004; IDELSOHN et al., 2006];

– Smoothed Particle Hydrodynamics, SPH 
[MONAGHAN and KOCHARYAN, 1995; RITCHIE and 
THOMAS, 2001; MCDOUGALL and HUNGR, 2004; 
LAIGLE et al., 2007; PASTOR et al., 2009; CHEN et al., 
2015].
 In the MPM, for instance, the continuum is 

represented by Lagrangian points, called Material 
Points (MPs) or particles. The MPs move through 
a Eulerian fixed mesh that discretizes the domain 
within which the body is expected to move. In this 
way, large deformations can be modelled. MPs main-
tain all physical properties of the continuum such 
as mass, momentum, material parameters, strains, 
stresses as well as external loads, whereas the Euleri-
an mesh and its Gauss points do not carry any per-
manent information. At the beginning of each time 
step, all the relevant quantities are transferred from 
the MPs to the computational mesh (Fig. 11). The 
integrals characterizing the discretized equations of 
motion are computed. The mesh is then used to de-
termine the incremental solution of the governing 
equations. This nodal solution is mapped back to 
the MPs to update their position, velocity and all the 
other quantities. Afterward, the mesh can be reset to 
the initial configuration or changed arbitrarily. Fig-
ure 12 shows the same results visible in figure 9, i.e. 
the propagation and the predicted final deposit of 
a dry granular flow in a flume obtained, this time, 
using an MPM model [GABRIELI and CECCATO, 2016].

The Particle Finite Element Method (PFEM) us-
es a Finite Element mesh to discretize the physical 
domain and to integrate the differential governing 
equations. In contrast to classical Finite Element ap-
proximations, the nodes transport their momentum 
together with all their physical properties, thus be-
having as particles. Their location is updated accord-
ing to the equations of motion in a Lagrangian fash-
ion. At the end of each time step, the mesh is re-
generated. A fast and robust algorithm based on the 
Delaunay Tessellation is used to generate the new 
mesh. The mesh is not only needed for the integra-
tion of the differential equations, but it is also used 
to identify the contacts and to track the free surface. 

The Smoothed Particle Hydrodynamics method 
(SPH) was originally developed for astronomic appli-
cations by LUCY [1997] and GINGOLD and MONAGHAN 
[1977]. The method has been extended to a wide 
range of applications in computational geomechan-
ics, such as granular flows [MINATTI and PARIS, 2015; 
ALDUÁN and OTADUY, 2011], bearing capacity of shal-
low foundations [BUI and KHOA, 2011], slope failure 
[BUI et al., 2011; BUI and FUKAGAWA, 2013], soil-struc-
ture interaction [BUI et al., 2008; WANG and CHAN, 
2014], and seepage flows [MANENTI et al., 2011; MAE-
DA et al., 2006]. The computational domain is dis-
cretized by a finite number of particles (or points), 
while the definition of a mesh is not required. These 
particles, which carry all the material properties, 
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have a spatial distance, known as the smoothing 
length, over which their properties are smoothed by 
a kernel function. This means that a physical quanti-
ty in a generic point is obtained by summing the con-
tributions of all the particles that lie within the range 
of the kernel. The contribution of each particle is 
weighed according to distance and density. Math-
ematically, this is governed by the kernel function, 
commonly choosing between the Gaussian function 
and the cubic spline. 

MPM has shown some advantages with respect to 
SPH: spatial derivatives in MPM are calculated based 
on a regular computational grid, so that time-consum-
ing neighbour searching is not required; boundary 
conditions can be applied in MPM as easily as in FEM; 
contact algorithms can be efficiently implemented.

2.2. Material models used in propagation models based on 
continuous approach

Another fundamental issue that distinguishes 
the various models is represented by the theoretical 
approaches proposed to describe flow dynamics of 
heterogeneous soils involved in the flow and the me-
chanical processes contributing to the momentum 
conservation.

In the majority of models developed over the 
last 20 years, the soil is modelled as an equivalent 

single-phase homogeneous material [O’BRIEN et 
al., 1993; HUNGR, 1995; CHEN and LEE, 2000; MAN-
GENEY-CASTELNAU et al., 2003; MCDOUGALL and HUN-
GR, 2004; PIRULLI, 2005; PASTOR et al., 2009]. This 
choice reduces the complexity of the system, but it 
neglects the reproduction of important aspects re-
lated to interactions among soil phases and soil frac-
tions (coarse fraction and fine matrix) coexisting in 
the mass. Some of these important aspects are drag 
forces due to seepage, reduction or increase of shear 
strength due to negative or positive pore water pres-
sure in saturated or partially saturated soil, segrega-
tion effects, etc. In this case, the calibration phase is 
strongly dependent on the ability to find a reliable 
combination of parameters. In fact, the model prop-
erties cannot be directly measured because they ex-
press a compromise among the properties of various 
components.

According to a single-phase model, in the past 
various rheological laws were implemented to express 
the internal strength of flowing soil. Simple models, 
such as Bingham, Herschel-Bulkley, and Bagnold 
models, have received preference, because they in-
clude a low number of parameters to calibrate. The 
choice of a rheological law and its consequent calibra-
tion are essential for analysis, since the formulation of 
the equation system depends on the rheological mod-
el employed to estimate the shear stress at the bottom 
of the flow and its profile according to depth. 

Fig. 11 – Computational scheme of MPM: a) interpolation of state variables at the grid nodes, b) solution of the governing 
equations of motion at the nodes, c) update of MP velocity, strain, stress etc., d) reset of the mesh and update of MP hou-
sekeeping. [CECCATO, 2014].
Fig. 11 – Schema computazionale del MPM: a) interpolazione delle variabili di stato nei nodi della griglia, b) soluzione delle equazioni fon-
damentali nei nodi, c) registrazione delle informazioni di velocità, deformazione, ecc. negli MP, d) aggiornamento della mesh e della posi-
zione relativa degli MP. [CECCATO, 2014].

Fig. 12 – a) Propagation and b) final deposit of a dry granular flow at the end of a flume predicted by a MPM model [GABRIELI 
and CECCATO, 2016]. Note that the horizontal plane in the picture corresponds to a sliding plane 30° dip.
Fig. 12 – a) Propagazione e b) deposito finale alla fine del canale di un flusso granulare simulato con modello MPM [GABRIELI and 
CECCATO, 2016]. Il piano orizzontale corrisponde nella simulazione ad un piano inclinato di 30°.

a) b)



RIVISTA ITALIANA DI GEOTECNICA

14 COLA - BREZZI - GABRIELI

The choice must consider the nature of the flow-
ing soil that may contain elements ranging from 
clays to boulders. A first approximation can subdi-
vide the solid particles into two main groups, based 
on their interaction with water: on one hand, fine 
particles (<40µm) give rise to colloidal interactions 
and can be subject to Brownian motions; on the oth-
er hand, granular particles are characterized princi-
pally by frictional and collisional interactions. The 
first group describes mudflows and, in general, flows 
involving mainly cohesive materials. The second 
group, conversely, contains fluxes of granular mate-
rial like the debris flows. 

Given this distinction, three main types of rheo-
logical models can be identified: the frictional, the 
collisional and the visco-plastic model. Intermediate 
models are also available, which try to include more 
regimes of flow in the same formulation.

Frictional models are adopted when the mass 
movement is slow enough that the particles are kept 
in almost permanent contact and the moment ex-
change is mainly due to frictional mechanisms. The 
flow in this regime behaves as a plastic material, with-
out a correspondence between the stresses and the 
strain rate and with a fairly constant relationship be-
tween normal and shear stresses. The pure friction-
al model is the well-known and largely adopted Cou-
lomb friction law, governed by the friction angle 
[HUNGR and EVANS, 1996; SHERIDAN et al., 2005; MCKIN-
NON et al., 2008; PIRULLI and MANGENEY, 2008; SOSIO et 
al., 2008]. In order to include in the analysis, the col-
lisional nature of debris flows, the Coulomb friction 
law was firstly modified by VOELLMY [1995] and sub-
sequently by KÖRNER [1976], with the inclusion of a 
term considering energy dissipation due to inner tur-
bulences, characterized by a turbulence coefficient. 
Since this new parameter has no real physical mean-
ing, it has to be determined by calibration. Voellmy’s 
rheological law is commonly adopted when the in-
volved material is mainly composed of debris, so the 
frictional and turbulent coefficients are able to ex-
press the nature of the flow [HUNGR and EVANS, 1996; 
REVELLINO et al., 2004; BERTOLO and WIECZOREK, 2005; 
BERTOLO and BOTTINO, 2008; MCKINNON et al., 2008; 
PIRULLI and MANGENEY, 2008; SOSIO et al., 2008; HUSSIN 
et al., 2012; COLA et al., 2015; BREZZI, 2016]. 

Conversely, the pure collisional regime describes 
the behavior of a mass characterized by a wide sep-
aration between solid particles, like in high-concen-
trated flows. In these cases, the strain rapidly varies, 
the contact duration is short, and the momentum is 
mainly transferred by collisions. Dilatant fluid mod-
els, like BAGNOLD [1954] and TAKAHASHI [1978], are 
examples of models that describe the collisional re-
gime. However, they are rarely adopted for simulat-
ing flow-like landslides.

Visco-plastic conceptualization, on the other 
hand, is based on the fact that sediment concentration 

increases viscosity, thus increasing the shear strength 
of the flow. In debris flows, this property is provided by 
the fine matrix that favours cohesion and, with its vis-
cosity, reduces the ability of the coarse particles to set-
tle, which therefore appear as if suspended inside the 
fine matrix. According to COUSSOT [1994], a clay frac-
tion (particle size less than 40 µm) greater than 10% 
is necessary in order for the behaviour of the debris 
flow material to be described as a visco-plastic fluid. In 
this case, the flow begins only when the applied shear 
stress exceeds the shear strength, the so-called yield 
stress, and viscous effects dominate the movement. 

A typical visco-plastic model is by BINGHAM 
[1919], characterized by a linear relationship be-
tween shear stress and flow rate; this correlation can 
be defined using two material parameters, i.e. the vis-
cosity and the yield stress. They, in turn, are linked 
to the solid concentration and grain-size compo-
sition of sediment [COUSSOT and PROUST, 1994; LIU 
and CHANG, 2010] and could be determined by labo-
ratory tests on the fine fraction. The Bingham mod-
el is largely adopted in literature for mudflows or de-
bris flows with large fine content [HUNGR and EVANS, 
1996; HÜBL and STEINWENDTNER, 2001; CHEN and LEE, 
2002; BERTOLO and WIECZOREK, 2005; MARTINEZ et al., 
2008; MCKINNON et al., 2008; PEN and LU, 2013; ŽIC 
et al., 2015; HUANG et al., 2015; BREZZI et al., 2016]. 
Other visco-plastic models are those suggested by 
the following studies: HERSCHEL and BULKLEY [1926], 
in which a non-Newtonian fluid with a non-linear 
stress-flow rate relationship represents the viscous 
component; O’BRIEN and JULIEN [1985], whose mod-
el is also called the quadratic model; CHEN [1988] 
and CHEN and LING [1996], which proposed the gen-
eralized visco-plastic models, introducing an addi-
tional parameter that requires empirical calibration. 

Nowadays, the majority of the commonly used 
propagation models (Tab. I) assumes a single-phase 
material and implements the various rheological 
laws previously described. 

The most recent research efforts regarding the 
propagation model focus on the development of a 
comprehensive theory for bi-phase or three-phase 
mixtures, accounting for the interactions between 
solid particles and fluid or air present in the flowing 
mass. Two important features must be described in 
order to correctly reproduce the behavior of flow-
like landslides: drag forces, which are generated by 
the different rates of fluid and solid phases, and vis-
cous effects, the latter influenced by the fine matrix 
presence and composition. IVERSON and 

DENLINGER [2001] AND PUDASAINI et al., [2005] have 
made the first attempts to take these features into ac-
count. Even if they include viscous effects and adopt 
equations that allow basal pore fluid pressure to 
evolve, these models are only “quasi two-phases” be-
cause they do not consider water and solid separate-
ly, flowing at two different rates. Other attempts have 



15

GENNAIO - MARZO 2019

CALIBRATION OF RHEOLOGICAL PROPERTIES OF MATERIALS INVOLVED IN FLOW-LIKE LANDSLIDES

been proposed by MONAGHAN et al. [1995], RITCHIE 
and THOMAS [2001], PITMAN and LE [2005], ARMANINI 
et al. [2009], GEORGE and IVERSON [2011]. Some of 
these models were developed in order to reproduce 
phenomena different from flow-like landslides, such 
as the flowing of gas with varying density in tubes or 
in interstellar space [RITCHIE and THOMAS, 2001].

At present, one of the most advanced models re-
producing flow-like landslides with a real three-phase 
approach was proposed by PUDASAINI in 2012. With 
respect to the previous model by the same author, 
the revised version introduced a drag force formula, 
combining the RICHARDSON and ZAKI [1954] relation-
ship between the sedimentation rate and the termi-
nal rate of a single particle falling in a fluid, with the 
Kozeny-Carman packing of spheres. In relation to the 
value of the generalized drag coefficient present in 
the formula, the model can reproduce a wide range 
of problems from simple linear drag to quadratic 
drag. The model adopts a Mohr-Coulomb plasticity 
for the solid phase and a non-Newtonian rheology for 
the fluid phase. Figure 13 offers an example of the 
results obtained by this advanced model. They show 
how, during the propagation, water tends to advance 
or remain included within the solid phase, depend-
ing on the value assigned to the drag coefficient.

2.3. Material entrainment

Another important feature of flow-like land-
slides is their tendency to erode soil from the later-
al sides and bottom of the channel created by the 
flow, a process known as material entrainment. This 

process seems to be linked to a water pore pressure 
increase due to undrained loading of the underly-
ing materials at the passage of the main flow. The in-
crease of pore pressure causes the soil to liquefy and 
consequently to detach from the boundary. To sim-
ulate this process, various formulations are available 
in literature, generally describing the rate of basal 
surface erosion. 

For a comprehensive revision of the most com-
monly adopted laws, it is possible to refer to PIRULLI 
and PASTOR [2012], who divided the formulations into 
two main groups: the process-based laws and the em-
pirical rules. The formula of the first group relate the 
erosion of the bed material to its physical causes, i.e. 
the ratio between the bottom shear stresses and either 
the basal resistance [MEDINA et al., 2008; SASSA, 1988; 
DE JOODE and VAN STEIJN, 2003] or the dynamic impact 
of the flow front [SOVILLA et al., 2006]. In these laws, 
the erosion rate depends on the friction angle of basal 
soil, bed slope, incoming water amount, impact nor-
mal stress and compression strength of in-situ materi-
al. The empirical formula of the second group relates 
either the yield rate Yt, defined as the volume erod-
ed per meter of channel length [HUNGR et al., 1984], 
or the erosion rate Et, defined as the rate of materi-
al entrainment at the base of the flow over time, to 
one of the following: the solid concentrations of the 
flow-mass and of the bed [TAKAHASHI and KUANG, 1986; 
TAKAHASHI et al., 1992], the bottom slope compared to 
the lowest limit slope [PAPA et al., 2004], or a user-de-
fined parameter which requires calibration [MC DOU-
GALL and HUNGR, 2005; CHEN et al., 2006]. 

Empirical laws are more frequently adopted in 
the numerical models [HUNGR, 1995; SAILER et al., 

Propagation 
Model

Reference Implemented Constitutive models

Coulomb Bingham
Newton 
laminar

Newton 
turbulent

Cou-
lomb-vi-

scous
Voellmy Other models

DAN HUNGR, 1995 x x x x x x  

MADFLOW
CHEN and LEE, 

2000
x x x  

BING IMRAM et al., 2001
Herschel-Bulkley 

and bilinear

DAN3D
MCDOUGALL and 

HUNGR, 2005
x x x  

RASH3D PIRULLI et al., 2017 x x x x Quadratic model
TITAN2D PITMAN et al., 2003 x  

FLATModel
BATEMAN et al., 

2007
x Collisional model

GeoFlow 
SPH

PASTOR et al., 2009 x x x x x
Bagnold and 

Perzyna models

RAMMS
CHRISTEN et al., 

2010
x

Random kinetic 
energy model

Tab. I – Soil models implemented in the most commonly used numerical codes for propagation analysis.
Tab. I – Modelli costitutivi implementati sui modelli numerici più comunemente utilizzati per l’analisi della propagazione delle colate.
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2002; MCDOUGALL and HUNGR, 2005; BATEMAN et al., 
2007; PASTOR et al., 2009; PIRULLI and PASTOR, 2012], 
even if they may yield very different results when not 
correctly calibrated. Many studies compare the ero-
sion predicted by different laws with the observed ero-
sion in some case histories [ŽIC et al., 2015]; others in-
vestigate the calibration of the erosion models [CAS-
CINI et al., 2013; CUOMO et al., 2014; BREZZI et al., 2016].

3. Model validation and calibration

We have already stated that errors related to ideal-
ization, discretization and numerical integration inev-
itably affect the numerical models. Consequently, the 
numerical solution never completely matches the re-
al phenomenon, but can only be a good approxima-
tion of reality. Validation is the process that quantifies 
the correspondence between simulation and reality. 
It can be performed using one of these methods: 
i) other numerical solutions or analytical solutions;
ii) results of laboratory experiments;
iii) data monitored on in-situ cases. 

In the first case, the results requiring validation 
are compared with those obtained through another 
previously validated numerical model. The compar-
ison with analytical solutions is possible when there 
is a well-known theory interpreting the problem, but 
this possibility exists only in extremely simple cases, 
for which an analytical solution is sufficiently relia-
ble. Validation using experimental results or in-situ 
monitoring is the most attractive, because it proves 
the consistency of the model through reality.

Moreover, independently from the adopted nu-
merical model, the validation is strictly related to its 
calibration. Calibration consists in choosing the rhe-
ological law that best expresses the nature of the con-
sidered phenomenon, and, consequently, selecting 
the rheological parameters that optimize the adapta-
tion of the model to the reference case. It is possible 
to make this choice through different means, which 
include laboratory tests on the material or back-anal-
ysis of small-scale flow-like landslide tests or real cas-
es; the latter is also known as inverse analysis.

In the following section we present the different 
strategies that can be adopted for carrying out the 
calibration of a model. We also try to pinpoint the 
advantages and disadvantages of every strategy, refer-
ring to some real cases.

3.1. Calibration strategies

3.1.1. LABORATORY TESTS ON THE MATERIAL

One simple way of selecting the parameters for 
a rheological law is through laboratory tests on the 
material, such as viscometry tests or shear tests. The 

apparatuses are generally small and easy to use; just 
a small quantity of material is required for the exper-
iments, which can be repeated using different test 
conditions. Therefore, laboratory tests allow the rhe-
ological parameters to be related to some quantities 
connected not only to material classification, but al-
so to the material state [O’BRIEN and JULIEN, 1988] 
and stress imposed in the test.

Unfortunately, this strategy presents some limi-
tations. On the one hand, not all parameters can be 
physically measured. In fact, some rheological laws 
have empirical origins and include in their formula-
tion parameters without a real physical meaning. A 
clear example of this is the turbulence coefficient in 
the Voellmy formula, which, as already said, cannot 
be evaluated from laboratory tests on small samples. 

On the other hand, laboratory devices are small, 
and the experiments cannot be performed on all 
types of soil. For example, the traditional viscom-
eters available for sale (parallel plate and coaxial 
cylinder geometries) allow the testing of fine soils, 
mainly clays and silts, with a limited maximum size 
of particles; specimens including large amounts of 
sand or some coarse gravel particles (e.g. pebbles, 
boulders, etc.) cannot be tested in this equipment. 
Finally, another aspect to consider is how to reach 
large amounts of strain at different rates. This is pos-
sible in viscometers, but not in all the shear devices 
traditionally used for geotechnical tests. 

Large apparatuses specifically designed for testing 
sandy and gravelly materials at a large strain rate have 
been proposed by some researchers. For instance, 
MAJOR and PIERSON [1992] used a wide-gap coaxial cyl-
inder viscometer (Fig. 14a) to study the rheological 
behavior of debris mixtures containing particles up to 
3 cm-diameter and various amounts of finer particles; 
COUSSOT and PIAU [1995] used a similar rheometer 
(1.2 m diameter, 0.5 m3 of sample volume) and test-
ed various natural coarse mud suspensions directly in 
situ, including particles with diameters not exceeding 
1 cm; OKADA et al. [2004] developed one of the first 
large ring-shear devices with external and internal di-
ameters equal to 18 and 12 cm, respectively, able to 
impose large strains both in drained and undrained 
conditions (Fig. 14b). Similarly, IVERSON et al. [2010] 
conducted tests in a large ring-shear apparatus (exter-
nal and internal diameters equal to 60 and 37 cm, re-
spectively) on naturally aggregated dense loamy sand 
at low confining stresses (maximum 40 kPa). Oth-
er tests on debris materials have been recently per-
formed with large sphere-drag rheometers [SOSIO et 
al., 2008; PELLEGRINO et al., 2016].

The results of the laboratory analyses are large-
ly adopted, and many authors have created datasets 
of parameters directly connected to the material 
properties. On the other hand, the approximations 
introduced in the various numerical models make 
the simulations obtained with laboratory parame-
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Fig. 13 – Propagation of fluid and solid waves (dashed and solid lines) along a flume with a slope of 45° as simulated by PU-
DASAINI [2012] with a new bi-phase model. The conditions assumed for this simulation are homogeneous initial mass with an 
initial solid volume fraction as=0.5 (illustrated in the small scheme reported in the upper-right side of the plot) and a gene-
ralized drag coefficient CDG =1.
Fig. 13 – Propagazione disaccoppiata delle onde di terreno e fluido (linea solida e tratteggiata rispettivamente) lungo un canale inclinato 
di 45° e simulato con un modello bi-fase da PUDASAINI [2012]. Le condizioni assunte per la simulazione sono: massa inizialmente 
omogenea con un rapporto volumetrico iniziale as=0.5 (illustrato nel piccolo schema riportato in alto a destra nel diagramma) e un 
coefficiente di trascinamento generalizzato CDG =1.

Fig. 14 – a) Wide-gap concentric cylinder viscometer used by MAJOR and PIERSON [1992]; b) Wide ring-shear device used from 
IVERSON et al. [2010].
Fig. 14 – a) Viscosimetro a cilindri concentrici con largo spessore usato da MAJOR and PIERSON [1992]; b) Taglio anulare per campioni 
grandi usato da IVERSON et al. [2010].

a) b)
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a) b)

ters not very accurate. In other words, even when 
the parameters are obtained by a careful laboratory 
investigation, analogies between model results and 
the real measurements may be weak (e.g. SOSIO et 
al., 2008).

The studies carried out so far have shown that 
the Bingham viscosity µb and the yield strength τc 
are strictly related to the material composition, i.e. 
mineralogy, grain size distribution and solid con-
centration CV=VS/VT*100, VS being the volume of 

solid contained in a total volume VT. The relation 
with CV is generally expressed by exponential func-
tions in the form [O’BRIEN and JULIEN, 1988; MAJOR 
and PIERSON, 1992; COUSSOT and PIAU, 1994]:

 tc=a1e  b1c  v, mb = a2e  b2c v   (1a, b)

where a1, b1, a2, b2 are experimental coefficients. For 
instance, figure 15 presents the variation of Bing-
ham parameters in relation to the solid concentra-

Fig. 15 – a) Bingham yield stress and b) dynamic viscosity according to the data reported by O’BRIEN and JULIEN [1988] and 
compared with data obtained by other researchers.
Fig. 15 – a) Tensione di snervamento e b) viscosità secondo la legge di Bingham in base ai dati riportati da O’BRIEN and JULIEN [1988] e 
altri autori.

a) b)

Fig. 16 – a) USGS debris-flow flume at the H.J. Andrews Experimental Forest, Oregon [IVERSON et al., 2010]; b) test inside the 
debris-flow flume at DDFORS [ZHOU et al., 2015]. 
Fig. 16 – a) Canaletta per debris-flow utilizzata all’USGS presso il H.J. Andrews Experimental Forest, Oregon [IVERSON et al., 2010]; b) 
Debris-flow artificiale nella canaletta del DDFORS [ZHOU et al., 2015]. 



19

GENNAIO - MARZO 2019

CALIBRATION OF RHEOLOGICAL PROPERTIES OF MATERIALS INVOLVED IN FLOW-LIKE LANDSLIDES

tion, as presented by O’BRIEN and JULIEN [1988] and 
other authors, such as IIDA [1938], KANG and ZANG 
[1980], DAI et al. [1980] and CALABRÒ [2011]. It is 
evident that both the yield stress and the viscosity 
may vary by 1 or 2 orders of magnitude in relation 
to the composition of soil and to the concentration 
of solid particles.

3.1.2. BACK-ANALYSIS OF SMALL-SCALE FLOW TESTS

Simple small-scale physical models reproducing 
the soil-flow process are commonly used to select the 
rheological parameters for propagation models. Typ-
ical tests used for this purpose are the following: the 
slump test [RAJANI and MORGENSTERN, 1991], the soil 

a) b)

b)

Fig. 17 – a) Inclined plane at the CNR-IRPI of Padova, Italy [D’AGOSTINO et al., 2010]; b) rotating drum at the Boku Univer-
sity, Austria [KAITNA and RICKENMANN, 2007]. 
Fig. 17 – a) Piano inclinato al CNR-IRPI di Padova, Italia [D’AGOSTINO et al., 2010]; b) tamburo rotante alla Boku University, Austria 
[KAITNA and RICKENMANN, 2007]. 

Fig. 18 – a) Scheme of tests performed by MANZELLA [2008]; b) Plan view and c) longitudinal section obtained with experi-
ment (solid line), DAN3D (DashDot line) and a first version of RASH3D (Dot line) by SAUTHIER et al. [2015]. Circle, “x” and 
“*“ symbols indicate the position the centre of mass for the test and for DAN3D and RASH3D simulations, respectively.
Fig. 18 – a) Schema del test eseguito da MANZELLA [2008]; b) Visione in pianta e c) sezione longitudinale ottenuto con l’esperimento (linea 
continua), con DAN3D (linea tratto-punto) e con la prima versione di RASH3D (linea a punti) da SAUTHIER et al. [2015]. Il cerchio e i 
simboli “x” e “*” indicano la posizione del centro di massa nell’esperimento e nelle simulazioni con DAN3D e RASH3D. 

a)
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column collapse on a horizontal plane [DAVIDSON et 
al., 2000; LAJEUNESSE et al., 2004; GABRIELI et al., 2013; 
BREZZI et al., 2016; BREZZI et al., 2018; etc.], flow on 
unconstrained inclined planes [COUSSOT and BOYER, 
1995; REMAÎTRE et al., 2005; SAUTHIER et al., 2015; COLA 
et al., 2013; etc.], flume test [BAGNOLD, 1954; MAINALI 
and RAJARATNAM, 1994; PARSONS et al., 2001; EGASHIRA et 
al., 2001; IVERSON et al., 2004; KAITNA and RICKENMANN, 
2007; COCHARD and ANCEY, 2009; IVERSON et al., 2010; DE 
BIASIO et al., 2011; IVERSON, 2015; BREZZI et al., 2016; BAR-
BOLINI et al., 2005; etc.], flow in a conveyor belt [BROWN, 
1992; HUIZINGA, 1996; HÜBL and STEINWENDTNER, 2000; 
KAITNA and RICKENMANN, 2007; etc.]. Figures 16 and 17 
show some devices existing around the world.

This calibration approach offers the following 
advantages: the flow mechanisms in small soil-flow-
ing tests are similar to the natural in-situ processes; 
conditions are controlled and repeatable; it is possi-
ble to measure quantities such as the basal pore pres-
sure, the flow rate, etc., which are very useful param-
eters for the subsequent procedure of calibration. 

The disadvantages are still related to the small vol-
ume and to the consequent impossibility to include 

large coarse particles inside the mixture. Clearly, the 
larger the equipment and the volume used for the test, 
the larger the maximum size of the soil particles which 
can be included. The largest equipment used for this 
type of experiment is the flume constructed by IVERSON 
et al. [1992], with a constrained channel measuring 80 
m in length (Fig. 16a), in which mixtures containing 
gravel particles could be tested. Even in this flume, 
boulders or larger stone fragments could not be intro-
duced. It is evident that, even if many authors have de-
clared to perform small-scale physical tests with mate-
rial collected from real debris flows (e.g. D’AGOSTINO et 
al., 2010; HÜRLIMANN et al., 2015), they have necessarily 
made a selection of the finest part. 

As the size of the equipment increases, greater 
quantities of material must be used for each test. At 
the same time, the number of sensors and elements 
controlling the test and, consequently, the overall 
costs increase consistently. 

Other complications linked to these types of test 
are mainly due to the scale effects related to internal 
dissipation, geometry effects, and the unsteady be-
havior of debris-flows. 

Fig. 19 – Simulation of flow-like landslide in the Tuostolo mountain basin (Sarno, 1998) with GeoFlow-SPH [CASCINI et al., 
2014]; a) Heights of the propagating mass and b) eroded materials computed with the best-simulation of the event.
Fig. 19 – Simulazione della colata di Monte Tuostolo (Sarno, 1998) con GeoFlow-SPH [CASCINI et al., 2014]. a) Altezze dell’onda di 
propagazione e b) di erosione ottenute con la migliore simulazione numerica dell’evento. 

a) b)
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For instance, IVERSON [1997] clearly demonstrat-
ed that the energy internally dissipated during the 
flow decreases as the volume increases. Particularly, 
he showed that the ratio L/H between the horizontal 
and vertical runouts decreases as the volume dimin-
ishes. This demonstrated that the larger the sliding 
mass is, the larger the horizontal distance covered 
for the same difference of elevation, i.e. the same ini-
tial potential energy. This fact has provoked an over-
estimation of values of dissipation parameters ob-
tained from small scale tests with respect to those ac-
tually characterizing in-situ flow-like landslides.

Geometry effects are linked to the presence of 
boundary resistance. For instance, in flume tests, the 
lateral walls exert a frictional resistance that is con-
firmed by the front lobe-shape of the sliding mass. 
Along a cross section the rate is not uniform, and 
this affects the reliability of simulations general-
ly performed in 2D conditions. Therefore, an axi-
al-symmetrical geometry may be preferable. 

Another aspect to consider is the adhesion of 
the material to the inner surface of the elements re-
taining the mass before the test is launched (gates 
in flume tests, the cylinder in column collapse, etc.). 
This cannot be completely avoided, and it can affect 
the initial development of the flowing mass, imme-
diately after the restraint is removed and the mass is 
freed [BREZZI, 2016; BREZZI et al., 2018].

Finally, it has been observed that not only debris 
flows, but also other types of flow-like landslides, habit-
ually move in one or more pulses or surges; rarely or 
maybe never does a steady uniform flow occur [IVER-
SON, 1997]. This behavior may be due to uneven de-
velopment of positive and negative excess pore pres-
sures inside the sliding mass, which cause a temporary 
aggregation of the grains in some areas and the over-
coming of the shear resistance in others. Clearly, this 
feature of flow-like landslides cannot be reproduced 
when the process is simulated with a numerical model 
adopting a mono-phase equivalent fluid.

In any case, these experiments, especially flume 
tests, have been used by several authors not only to 
investigate the flow’s dependence on material com-
position and the boundary conditions of the system, 
but also to calibrate their models. Certainly, the op-
timum values for parameters mainly depend on the 
specific features of the examined case (grain-size 
composition, water content, test type, roughness of 
the channel bed, etc.); moreover they depend on 
the numerical model adopted and on the criterion 
assumed for evaluating the similitude. For instance, 
SAUTHIER et al. [2015] used the tests performed by 
MANZELLA [2008; MANZELLA and LABIOUSE, 2013] to cal-
ibrate the Coulomb model inside the codes DAN3D 
and RASH3D, the adopted version of RASH3D be-
ing the one developed by PIRULLI [2005]. The test 
was carried out on a gravelly soil with a device (fig-
ure 18a) similar to that of figure 16a. Even if DAN3D 

and RASH3D are based on the same mathematical 
formulation, the optimum value of the dynamic ba-
sal friction angle obtained with the two models are 
24.4° and 30.3°, respectively, with a difference of 
24%. The criterion adopted for selecting the best fit-
ting simulation is a matching between the computed 
and measured positions of the mass centre of the fi-
nal deposit, but it was evidenced by figures 18b and 
18c that, even if both models capture very well the 
position of the centre, only one of them correctly de-
scribed the final deposit shape. As suggested by the 
authors, some of the differences in the obtained nu-
merical results of figure 18 are due to differences re-
lated to simplifications and methods adopted for the 
respective numerical implementation of the mathe-
matical model. For that reason, an improved version 
of RASH3D, including the centripetal acceleration 
term in the solved mathematical system of equations, 
has been implemented. In this way the optimum val-
ue of the dynamic basal friction angle turned out to 
be equal to 24.3°, which is very close to the value ob-
tained by DAN3D.

3.1.3. BACK-ANALYSIS OF IN-SITU FLOW-LIKE LANDSLIDES

The third possible method for selection of the 
best rheological parameters is the back-analysis of a 
flow-like landslide that has actually occurred. This 
strategy is also frequently used, and the following 
works can be cited: BERTOLO and WIECZOREK, 2005; 
ČETINA et al., 2006; RICKENMANN et al., 2006; PIRULLI 
and MANGENEY, 2008; SOSIO et al., 2008; BONIELLO et 
al., 2010; HSU et al., 2010; WU et al., 2013; ZHOU et al., 
2015; ŽIC et al., 2015.

In practice, not all the numerical models can 
be used to reproduce real scale phenomena, be-
cause the computational costs become excessive if 
the model considers too many features of the flow, 
such as the segregation, the water content variabil-
ity or the drag forces. One-phase models are always 
adopted for this type of study, because they strong-
ly simplify the problem and, therefore, require ac-
ceptable computational times. Nevertheless, the sim-
plification of the model increases the difficulties in 
parameter identification, while the attribution of a 
unique parameter set to a heterogeneous mass re-
moves the physical meaning inherent in the param-
eters themselves.

This critical issue makes it opportune to adopt a 
calibration procedure in order to improve the identi-
fication of the most reliable parameter combination 
and to reduce the related uncertainty of the model. 
This aspect will be discussed in the next section.

Another important issue concerns the data avail-
able for the calibration/validation procedure (ref-
erence data). In fact, the back-analysis strongly de-
pends on the measurements used to make this like-
lihood evaluation. This is highlighted in the already 
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cited work by SAUTHIER et al. [2015] and by some ex-
amples illustrated in the next section.

Normally, researchers use the information relat-
ed to a singular event that has occurred in a basin to 
calibrate the rheological parameters. Then, with the 
obtained values they predict the behavior of other 
possible events in the basin or in neighbouring ba-
sins in order to assess a risk map.

When considering a single event, it is gener-
ally easy to know the pluviogram, the total run-
out distance and the original morphology of the 
slope or the channel. If the economic resources 
are sufficient, it is possible to perform a survey of 
the post-event morphology and estimate the mo-
bilized volume. Information on the displacement 
rate of the first surge or of the central body of the 
flow in some sections is rarely available, because 
this would have required prior installation of a 
monitoring system. 

In the majority of the studied cases, only data of 
the run-out distance, a map of the final deposit and 
some rough estimations of the front rate or the erod-
ed zone are available. For instance, figure 19 reports 
some results of the best simulation which reproduc-
es with GeoFlow-SPH [CASCINI et al., 2014] a flow-like 
landslide that occurred in 1998 in the Tuostolo moun-
tain basin (Sarno, Italy). Particularly, the maps show 
the distribution of predicted final deposit heights and 
erosion depths overlapped with the map of involved 
areas. 

Even if the results seem satisfactory enough, the 
authors observed that an adequate modelling of the 
run-out distance can be obtained with different sets 
of rheological parameters if they are well calibrated, 
but they do not explain which criterion they adopt-
ed for their calibration. Moreover, in this condi-
tion, it is evident that the best-fitting parameter set 
obtained on a singular event is strongly dependent 
on the characteristics of that event. The adoption of 
this set for the estimation of the risk due to flow-like 
landslides in larger areas could introduce strong er-
rors, and analysts and administrators must be aware 
of this fact.

3.2. Inverse analysis

As previously pointed out and depicted in figure 
20, the inverse analysis or back-analysis of a phenom-
enon requires the definition of one or more perfor-
mance indices (or objective functions), as well as of 
a procedure for verification of the model reliability 
(optimization or minimization method). These defi-
nitions are directly connected to the selection of the 
reference data (prior information) and to the delin-
eation of their uncertainty values. On these starting 
points some remarks must be taken into account and 
here discussed.

3.2.1. REFERENCE DATA

The selection of the reference data depends 
on what the researcher is interested in studying or 
which measurements are available.

Often, information on a flow-like landslide is 
scarce, making it necessary to use all of the accessi-
ble data, without making an accurate selection. Oth-
er times, especially when working with laboratory 
tests and less frequently with real cases, it is possi-
ble to collect numerous measurements, so selection 
of the ones sufficient and necessary to describe the 
phenomenon is compulsory, in order to avoid desta-
bilization of the calibration procedure. In fact, if the 
researcher excessively increases the demand of simi-
larity, the calibration procedure may find a solution 
that is not the best, because the adopted numerical 
model cannot reproduce all the features of this nat-
ural phenomenon.

In these cases, if the calibration goal is to identi-
fy the area affected by the flow, without interest, for 
example, in reproducing the kinematic characteris-
tics of motion, it is beneficial to neglect the measure-
ments over time, such as the velocities. Contrarily, if 
the velocity field or the behaviour of the flow along 
the slope is the topic of analysis, it may be preferable 
to give importance to the kinematic measurements. 
Finally, when the goal is to reproduce the phenom-
enon entirely, the data to be compared should con-
tain information about both aspects: deposit shape 
and kinematic measurements.

Another important aspect to consider is the 
amount of data to be used. Indeed, despite the fact 
that the more data considered, the more informed 
the calibration becomes, it is also essential that the 
number of measurements taken into account not 
become too large. In fact, the request likelihood 
should remain reasonable; otherwise, the number of 
simulations needed to ensure the right choice of pa-
rameters becomes even larger, especially when some 
automatic calibrating algorithms are adopted.

3.2.2. PERFORMANCE INDICES

The second important ingredient of a calibra-
tion procedure concerns the objective functions or 
performance indices that quantify the similitude de-
gree of a numerical simulation. In fact, since in a cali-
bration procedure many simulations are performed, 
it is necessary to impartially identify the ones that 
better reproduce the considered flow-like landslide.

The objective function is generally an average 
model-estimation error. If we indicate with , with 
t=1, 2, …n, the reference data describing the real 
flow-like landslide and by yt(ϑ) the values of  ob-
tained with an analysis using the parameter set ϑ, the 
general formulation of the average error associated 
to the analysis can be expressed as:
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where b≠0 and t≥0 are two coefficients. Varying b 
and τ, it is possible to obtain the mean absolute error 
(MAE for b = τ = 1), the root mean square error 
(RMSE for b = τ = 2) or others. Moreover, MAE could 
be defined in a relative expression, dividing the ar-
gument of the absolute value function by  and 
obtaining the mean absolute percentage error (MA-
PE). 

The most used error is the RMSE, but any per-
sonal choice is possible and other functions could be 
defined in relation to the specifically analyzed prob-
lem, as shown in the following.

3.2.3. INVERSE ANALYSIS PROCEDURE

An objective procedure for parameter identifica-
tion must be based on different minimization meth-
ods or optimization strategies, generally developed 
through statistical algorithms [LEDESMA et al., 1996A]. 
Several methods for inverse analysis based on statis-
tical theories are generally proposed, and many of 
their applications could be found in neighbouring 
research fields, such as hydrological analysis. In ge-
otechnics, these methods are easily applied most-
ly in excavation problems or landslide back-anal-
ysis [CIVIDINI et al., 1983; LEDESMA et al., 1996; GENS 

et al., 1996; ZHANG et al., 2003; CALVELLO and FINNO, 
2004; MALÉCOT et al., 2004; FENG et al., 2006; FINSTER-
LE, 2006; MEIER et al., 2006; LEVASSEUR et al., 2008; MEI-
ER et al., 2008; MIRANDA et al., 2011; SCHÄNDLER et al., 
2015]. Their use in the particular field of flow-like 
landslides is quite rare, where the parameter iden-
tification is still obtained in a subjective way, with a 
manual trial-and-error procedure, strongly based on 
expert knowledge. Likely, this is due to the difficul-
ties of obtaining reliable reference data.

The following are some of the most useful meth-
ods for inverse analysis in geotechnics [LEDESMA et al., 
1996a]:

1. Least-squares method: This method search-
es for the simulation which minimizes the RMSE. 
As previously stated, the choice of RMSE as perfor-
mance index is not the only one possible;

2. Maximum likelihood approach: This consists 
in computing the model parameters that maximize 
the likelihood of the model to obtain the reference 
data , which are considered random quantities. The 
likelihood of a hypothesis q, given some set of error 
measurements , is assumed to be proportional to the 
conditional probability of given a set of parameters q 
[LEDESMA et al., 1996b];

3. Bayesian approach: This considers the parame-
ters q as random variables and maximizes the probabil-
ity density function of q given a set of measured data .

4. Kalman filtering approach: Prior informa-
tion, i.e., model parameters and associated model 
results, are merged with the reference data from 
the true system to produce a posteriori a system esti-
mate that combines the true system data at obser-
vation points, still incorporating physically-based 
information from the numerical model. In particu-
lar, the application of a smoother allows the incor-

Fig. 20 – Ingredients for a calibration/validation of a nu-
merical model [BREZZI, 2016].
Fig. 20 – Elementi del processo di calibrazione/validazione di un 
modello numerico [BREZZI, 2016].

Fig. 21 – Kaolin properties according to Bingham rheo-
logy.
Fig. 21 – Proprietà del caolino secondo la legge di Bingham.
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poration of all past models and measurement in-
formation in a single assimilation step. The uncer-
tainty of the measurements and the variability of 
the model results are both considered in the algo-
rithm.

Even if these methods are conceptually differ-
ent, their mathematical formulation could be similar 
in some cases [LEDESMA et al., 1996b]. For instance, 
the least-squares method can be considered as a par-
ticular case of the maximum likelihood approach 
when error measurements are assumed to be inde-
pendent and respecting a Gaussian distribution with 
the same variance, and there is no prior information 
on the parameters. Also, under some conditions, an 
extension of the Kalman filter method has proven to 
be equivalent to the Bayes approach. Often, if two or 
more approaches are considered, they lead to sim-
ilar final expression and the main differences are 
principally a question of point of view.

4. Examples of calibration with different 
approaches

Three examples are reported in the last part of 
the paper to evidence the difficulties related to the 
calibration of the rheological properties. The exam-
ples refer to some original experimental tests carried 

out at the University of Padova and Boku University 
of Wien and reported in BREZZI [2016] and BREZZI 
et al. [2017]. Finally, the simulation of a real in-situ 
earth-flow, carried out at the University of Padova in 
collaboration with the CNR-IRPI of Padova and pre-
sented in some already published works [COLA et al., 
2014; BREZZI et al., 2016, BREZZI, 2016], is discussed.

4.1. Calibration of GeoFlow-SPH using slump tests with 
sand-kaolin mixtures

The first example deals with some slump tests 
performed in laboratory with bi-phase and three-
phase mixtures [BREZZI, 2016]. These experiments 
have been utilized to calibrate the GeoFlow-SPH 
model [PASTOR et al., 2009], specifically devoted to 
the analysis of flow-like landslide propagation.

The laboratory equipment consists of a trans-
parent tube positioned on a horizontal 40×40 cm 
glass plate and connected to a weight-pulley system. 
After being vertically lifted, the tube releases its con-
tent onto the plate. The tube is partially filled with 
a mixture of kaolin, medium-fine sand and distilled 
water, mixed together in different percentages. The 
sand, obtained by sieving a natural sandy soil draw-
ing on the Adige river shore, has the properties re-
ported in table II. All the mixtures are assumed to 

Fig. 22 – Sequence of images for the test WK1 with large cylinder.
Fig. 22 – Sequenza di immagini per il test WK1 con il cilindro grande.

Fig. 23 – Final profiles obtained for WK1-6 tests with a) large and b) small cylinder and c) for WSK2-7 tests. Not equal x-y 
scale.
Fig. 23 – Profilo finale del deposito nei test WK1-6 con cilindro a) grande e b) piccolo e c) per il test WSK2-7. Scale x-y non uguali.
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be saturated and with a volumetric concentration cv 
= Vs/Vtot in the range 0.26÷0.33 (Tab. III), being Vs 
and Vtot the solid (kaolin or sand or both) and to-
tal volumes of the mixture, respectively. The kaolin 
was previously tested in a coaxial cylinder viscom-
eter to evaluate the range of Bingham parameters 
with volumetric concentration (Fig. 21).

Two tubes, with the inner diameter d equal to 9.3 
cm and 5.8 cm respectively, are used. The material 
height h filling the tube is maintained equal to 8 cm; 
the total material volume is 545 and 214 cm3 for the 
large and the small cylinders respectively. 

A digital high-speed camera captures the lon-
gitudinal profile during the tests and the digitized 
images are processed in ImageJ and Matlab in or-
der to extract the height profiles h(r, t) of the col-
lapsing mass over time t, being r the radial coor-
dinate. Thanks to the axial symmetry of the phe-
nomenon, the 2D profiles obtained by the imag-
es are assumed to fully characterize the true 3D 
shape of the mass. 

Table III lists the composition of the tested 
mixtures. Six tests (WK1-6) consider water-kaolin 
mixtures with a water content varying from 43.5% 
(cv=0.33) to 52.6% (cv=0.26). Seven other tests use 
mixtures of water, sand and kaolin (WSK1-7); in this 
set, the kaolin/water ratio is kept equal to that of 
WK5 mixture and different quantities of sand are 
added. The tests WK1-5 and WSK2-7 are performed 
using both cylinders. 

Figure 22 shows a sequence of photos captured 
during the collapse test WK1 performed with the 
large cylinder. Note that despite the transparen-
cy of the cylinder, the profile evolution cannot be 
tracked in the central portion (r<d/2) in all the test 
instants, this part being hidden by the material ad-
hering to the inner surface of the cylinder. For this 

reason, only the final deposit profiles are used for 
analyses, while the initial photos are used to evalu-
ate the runout kinematics. Figure 23 depicts the fi-
nal profiles recorded at the end of all the experi-
ments, grouped into tests made with WK mixtures, 
performed in the large or small cylinder, and with 
WSK mixtures. 

In every test, the final configuration of the mass 
is a disk with a rather uniform height. At the centre a 
small bulge is highlighted, higher with increasing ka-
olin content. This is probably due to a confinement 
effect produced by the mud that adheres to the in-
ner surface of the cylinder while it is lifted; there is a 
delay in this material’s collapse (Fig. 22d), whose fall 
produces a shock on the mass already on the plate be-
low, thereby reducing its tendency to spread radially.

According to figure 24, the final runout distance 
linearly decreases with the increase of the kaolin 
content in WK1-6 tests or the increase of the sand 
content in WSK2-7 tests. 

The experimental tests are subsequently simu-
lated with the GeoFlow-SPH, describing the mixture 

Tab. II – Characteristics and properties of Adige sand 
[SIMONINI, 1987].
Tab. II – Caratteristiche e proprietà della sabbia dell’Adige 
[SIMONINI, 1987].

Physical properties Mineralogy

D50=0.42 mm
Cu=1.8
Mean rounding index= 0.8a

Gs=2.71
γmax=16.5 kN⁄m3

γmin=13.6 kN⁄m3

Quartz 47%
Feldspar 15%
Plagioclase 14%
Dolomite 9%
Calcite 5%
Chlorite 5%

Fig. 24 – Final runout distances in relation to a) the kaolin content in WK1-6 tests and b) sand content for WSK2-7 tests.
Fig. 24 – Distanza percorsa finale in relazione a) al contenuto di caolino nei test WK1-6 e b) al contenuto in sabbia nei test WSK2-7.

a) b)

Derived by visual estimation from Rittenhouse’s scale [1943].
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Fig. 25 – Final profiles predicted by the GeoFlow-SPH model for the test WK1: a) all the 100 simulations; b) the best simu-
lation.
Fig. 25 – Profilo finale simulato con il modello GeoFlow-SPH per il test WK1: a) tutte le 100 simulazioni; b) la simulazione migliore.

a) b)

rheology with the Bingham law and looking for the 
best set parameters, i.e. the yielding shear stress  
and the dynamic viscosity . The calibration proce-
dure is repeated for all the tests with both the large 
and small cylinders in order to verify if the cylinder 
size effects the outcome. The overall performance 
index Etotal adopted for the optimization is a combi-
nation of three relative errors: 

 E =total E +
+

d
E

2
h1 Eh2 (3)

being Ed the relative error on the final runout di-
stance, Eh1 and Eh2 the relative errors on the heights 
at a distance from the central axis of 1/6 of the ru-
nout distance. Note that the height value in the cen-
tral axis has not been taken into account because it 

is less representative due to the presence of the bul-
ge in the sample middle.

For each test, 100 simulations were performed 
varying the Bingham rheological parameters in a 
reasonable range ( = 0.01÷50 Pa·s;  = 1÷200 Pa). 
By way of example, figure 25 presents the final pro-
file obtained with GeoFlow-SPH for WK1 test for all 
the performed simulations and for the best one. 
The correspondence obtained between the exper-
imental and the numerical data is all quite satisfac-
tory, as the total errors determined according to (3) 
are below 10%. The optimum values of the Bingham 
parameters for the two-phase and three-phase mix-
tures are related to the kaolin content and the sand 
content, as shown in figures 26 and 27; the curves 
depicted in the plots predicted an exponential de-

Tab. III – Mixtures used in the collapse tests and their gravimetric and volumetric (in brackets) contents.
Tab. III – Composizione gravimetrica e volumetrica (in parentesi) delle miscele usate per le prove di collasso.

a test performed with small cylinder, b test performed with large cylinder.

Water-kaolin mixtures Water-sand-kaolin mixtures

Name Water (%) Kaolin (%) Name Water (%) Sand (%) Kaolin (%)

WK1a,b 43.5 (0.67) 56.5 (0.33) WSK1b 40.1 (0.64) 10 (0.06) 49.9 (0.30)

WK2a,b 45.5 (0.68) 54.5 (0.32) WSK2a,b 35.6 (0.59) 20 (0.13) 44.4 (0.28)

WK3a,b 46.7 (0.69) 53.3 (0.31) WSK3a,b 31.2 (0.53) 30 (0.21) 38.8 (0.26)

WK4a,b 48.1 (0.71) 51.9 (0.29) WSK4a,b 26.7 (0.48) 40 (0.29) 33.3 (0.23)

WK5a,b 49.5 (0.72) 50.5 (0.28) WSK5a,b 22.3 (0.42) 50 (0.38) 27.7 (0.20)

WK6a 52.6 (0.74) 47.4 (0.26) WSK6a,b 17.8 (0.35) 60 (0.48) 22.2 (0.17)

WSK7a,b 13.4 (0.28) 70 (0.59) 16.6 (0.13)
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pendence in agreement with the formulation (1). 
The addition of sand in the mixture, also in large 
amounts, increases the yield stress but affects the 
viscosity very slightly. In fact, in the WSK mixtures, 
even if the maximum tested solid concentration cv 
increases to 0.72 (test WSK7), the viscosity rises up 
to only 1 Pa, while in the WK mixtures the same val-
ue is reached with a cv=0.31. 

Finally, figure 26 compares the parameters ob-
tained by the already described back-analysis and 

those obtained by means of viscometer. It is clear 
that the trend is quite different; even if it is expo-
nential in all the cases, the numerical viscosity in-
creases faster than the measured one. The numeri-
cal and measured yield stresses appear more in ac-
cordance; they present a similar trend in relation to 
cv, with the values obtained in viscosity tests always 
greater than the numerical values. 

4.2. Calibration of GeoFlow-SPH using flume tests with 
sand-kaolin mixtures

The second example is relative to the flow of bi-
phase and three-phase mixtures inside a rectangular 
channel, 174 cm long and 16 cm large, with a slope 
 of 19° [BREZZI, 2016]. The material is discharged from 
a trapezoidal prismatic container located at the begin-
ning of the channel and, at the end of the slope, it can 
stop on a horizontal plane (Fig. 28). The channel base 
and the horizontal plane are roughened by glued sand. 

Three laser sensors are fixed along the channel 
to measure the vertical heights of material over time 
in three sections respectively located 102 cm, 136.2 
cm and 170.4 cm distant from the detachment zone. 
After the material arrests, approximately 50 pictures 
of the deposit in the horizontal plane are taken us-
ing a high-quality camera. These images are then 
processed via a photogrammetry technique to ob-
tain the 3D geometry of the deposit on a digital sup-
port and aligned with a reference system. 

In total, 16 different mixtures subdivided into 4 
groups are tested within the channel (Tab. IV): 

Fig. 26 – Bingham parameters obtained after calibration of GeoFlow-SPH on WK1-6 test results compared with the physical 
ones.
Fig. 26 – Parametri di Bingham ottenuti mediante calibrazione del GeoFlow-SPH in base ai risultati dei test WK1-6: confronto con i 
risultati dei test in viscosimetro.

Fig. 27 – Bingham parameters obtained after calibration 
of GeoFlow-SPH on WKS1-7 test results.
Fig. 27 – Parametri di Bingham ottenuti mediante calibrazione 
del GeoFlow-SPH in base ai risultati dei test WKS1-7.

a) b)
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1) 5 mixtures of kaolin Type A and water with a wa-
ter-kaolin ratio (W/K) ranging from 1 to 1.25;

2) 3 mixtures of kaolin Type A, sand and water with 
W/K =1.00 and a variable sand content;

3) 3 mixtures of kaolin Type B, sand and water with 
W/K =1.25 and a variable sand content;

4) 5 mixtures of kaolin Type B, sand and water with 
W/K =1.00 and a variable sand content.
By way of example, figure 29 presents the data 

that are typically acquired with one test: the heights 
vs. time registered by the laser sensors in the control-
sections along the channel, the height profile of the 

final deposit in the central section and the semi-view 
of the deposit on the horizontal plane. 

Figure 30 highlights the effects of the composi-
tion on the mixture mobility during the tests. Par-
ticularly, it presents the final distance covered by 
the mixture and the deposit spread in the horizon-
tal plane in relation to the volumetric solid concen-
tration for all the executed tests. It is evident that 
the run-out distance strongly depends on the sol-
id concentration both in K and SK tests, while the 
spread does not change significantly and remains in 
the range of 0.3-0.6 m. Moreover, even if the three-

Fig. 28 – Flume apparatus for the 2nd example [BREZZI, 2016].
Fig. 28 – Apparato sperimentale utilizzato nel 2° esempio [BREZZI, 2016].

Fig. 29 – Results of KA1 test: a) heights vs. time registered by the laser sensors in the three cross-sections; b) deposit profile 
in the central section and semi-view of the deposit shape in the horizontal plan [BREZZI, 2016].
Fig. 29 – Risultati del test KA1: a) altezze registrate nel tempo nelle tre sezioni di controllo con laser; b) profilo nella sezione centrale e semi-
vista sul piano orizzontale del deposito finale [BREZZI, 2016].

a) b)
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phase mixtures with W/K=1 are prepared with the 
same water content, they show different mobility 
with an evident influence on the kaolin composi-
tion (Type A or Type B). Also, the displacement rate 

of the wave front registered by the laser sensors ex-
hibits a similar dependence on the solid concentra-
tion and the water content of the fine matrix (kao-
lin + water phase).

Fig. 30 – Final runout and spread in the horizontal plane and front velocity registered in flume tests along the channel in re-
lation to the volumetric solid concentration for a) bi-phase and b) three-phase mixtures.
Fig. 30 – Massima distanza percorsa, allargamento nel piano orizzontale e velocità di propagazione della colata nelle sezioni di controllo 
in funzione della concentrazione volumetrica del solido nei test in canaletta con miscele a) bi-fase e b) tri-fase.

a) b)

Fig. 31 – Comparison among experimental data and numerical results with Bingham law and for the WKA3 test: a) height 
profile in the central section of the final deposit; b) heights in time in the control sections along the channel.
Fig. 31 – Confronto tra misure sperimentali e risultato del modello numerico con i parametri di Bingham per il test WKA3: a) profilo 
centrale longitudinale; b) altezza nel tempo nelle sezioni di controllo lungo il canale.

b)

a)
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Like in the previous example, the experimental 
data are used for calibrating the GeoFlow-SPH model. 
In this case three performance indices are selected: 
1) The mean relative error on the final deposit 

heights:

 E = –
dep

hsim1 | |
� =n i

i hexp
i

hexp
i

1
n  (4) 

where is the number of points chosen for the com-
parison between the simulated and measured values, 

and are the deposit height at each node for the simu-
lation and the experiment, respectively;
2) The mean relative error on the heights along the 

channel over time: 

 E = –
time

h j,sim1 | |
�o

=3n t
t hj,exp

t

h j,exp
t

1
m � =j 1

3  (5)

where is the number of instants to compare between 
the simulated and the measured values for each sen-
sor, h j,sim

t  and hj,exp
t  represent the simulated and mea-

Group of
test

Mixture Water Kaolin Sand Density W/K cv,K=VS,K/V cv=VS/V

% Type % % kg/m3   

1

KA1 55.6 A 44.4 -- 1376 1.25 0.235 --
KA2 54.1 A 45.9 -- 1394 1.18 0.246 --
KA3 52.6 A 47.4 -- 1411 1.11 0.257 --
KA4 51.3 A 48.7 -- 1428 1.05 0.268 --
KA5 50.0 A 50.0 -- 1444 1.00 0.278 --

2
SKA1 41.7 A 41.7 16.7 1552

1.00
0.249 0.353

SKA2 38.5 A 38.5 23.1 1598 0.236 0.385
SKA3 35.7 A 35.7 28.6 1639 0.225 0.415

3
SKB1 50.0 B 40.0 10.0 1440

1.25
0.222 0.28

SKB2 41.7 B 33.3 25.0 1548 0.198 0.355
SKB3 35.7 B 28.6 35.7 1636 0.18 0.416

4

SKB4 45.5 B 45.5 9.1 1501

1.00

0.262 0.318
SKB5 41.7 B 41.7 16.7 1552 0.249 0.353
SKB6 38.5 B 38.5 23.1 1598 0.236 0.385
SKB7 35.7 B 35.7 28.6 1639 0.225 0.415
SKB8 33.3 B 33.3 33.3 1677 0.215 0.441

Tab. IV – List of tests performed in the flume for the 2nd example.
Tab. IV – Elenco dei test eseguiti nella canaletta usata nel 2° esempio.

Fig. 32 – Comparison among Bingham parameters from rotational viscometer test on kaolins Type A and Type B and the va-
lues obtained with the calibration procedure and minimizing the relative errors Edep, Etime and Eoverall: a) viscosity; b) yield 
stress.
Fig. 32 – Confronto tra i parametri di Bingham ottenuti da prove in viscosimetro sui caolini di Tipo A e B e i valori ottenuti mediante 
calibrazione e minimizzazione degli errori Edep, Etime and Eoverall: a) viscosità; b) tensione di snervamento.
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Fig. 33 – a) Map and main features of Rotolon basin, with the indication of area involved in the 2010 debris flow; b) subdivi-
sion of basin in homogeneous zones for the analysis with GeoFlow-SPH [BREZZI et al., 2016].
Fig. 33 – a) Mappa e principali caratteristiche del bacino del Rotolon, con indicazione delle aree coinvolte nel debris flow del 2010; b) 
suddivisione del bacino in zone omogenee per l’analisi con GeoFlow-SPH [BREZZI et al., 2016].

Fig. 34 – Frequency distribution of rheological parameters in input and output from the data assimilation analysis of the th-
ree procedure steps [BREZZI et al., 2016].
Fig. 34 – Distribuzione di frequenza dei parametri reologici in input e output nelle tre fasi dell’analisi di assimilazione dei dati [BREZZI et 
al., 2016].

a) b)
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sured heights in correspondence to the j-th sensor 
(with j=1, 2, 3) and at the instant t. 

3) The overall relative error obtained as an average 
of Edep and Etime:

 E =overall
E

2
+dep Etime

 (6)

 The three relative errors have been defined in 
order to quantify the geometrical or the kinema-
tical likelihood with the phenomenon. The cali-
bration is obtained using the Bingham and Vöel-
lmy rheological models, performing 100 simula-
tions with parameters selected with a Montecar-
lo procedure respectively in these ranges: yield 
stress 0 = 10÷200 Pa, viscosity  = 0.05÷15 Pa·s, 
dissipation coefficient ξ = 10÷1000 m/s2 and fric-
tion coefficient tan= 0.01÷0.40.

In figure 31, for instance, the experimental da-
ta of the KA3 test are compared to the best numer-
ical simulations with Bingham rheology, selected 
in relation to the three performance indices Edep, 
Etime and Eoverall. In this case, it is possible to de-

duce that data refering to the propagation in the 
channel play a minor role, because the curves h-t 
in the cross-section obtained with the best simula-
tions are not very different from each other. The 
information relative to the final deposit mainly in-
fluences the selection of the parameters. In any 
case, the mean relative errors are always very low, 
i.e. below 12%.

Similar results are obtained with the Vöellmy 
model, even if the central profile of the final depos-
it is not captured so well. The more advanced por-
tion of the tongue reduces its thickness more grad-
ually towards the toe. For more details on this anal-
ysis and the obtained results it is possible to refer to 
BREZZI [2016]. 

We have to note that it is not possible to find a 
set of parameters that minimizes all the errors. If one 
privileges minimizing the dynamic error, i.e. Etime, the 
description of the final deposit is not precise and vice 
versa. On the other hand, we can conclude that there 
is more than one combination of parameters able to 
minimize the chosen performance index and that 
the choice must be made considering which aspect 
of the phenomenon it is more important to describe. 

Fig. 35 – Comparison between the deposition and erosion maps of: a) the measured heights and the height values b) before 
and (c, d) after the Kalman filter application.
Fig. 35 – Confronto tra le mappe delle altezze di erosione e deposito a) misurate e quelle ottenute con il modello numerico b) prima e (c e d) 
dopo l’applicazione del filtro Kalman.

a)

c)

b)

d)
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Since both types of kaolin were submitted to rhe-
ological testing with rotational viscometer, it is pos-
sible to compare the best parameters obtained with 
the calibration of GeoFlow-SPH using Bingham rhe-
ology and the parameters obtained from laborato-
ry tests. Regarding this issue, figure 32 reports the 
trend of viscosity and yield stress vs. cv obtained with 
viscometer and with the calibration procedure in re-
lation to the indices Edep, Etime and Eoverall. As stands 
to reason, there are some important differences be-
tween data from viscometer (kaolin Type-A) and 
from GeoFlow-SPH calibration, especially for the vis-
cosity, which at larger solid concentrations cv exhib-
its differences of 200%. The curve of data from vis-
cometer for kaolin Type B is also reported to under-
line the variability of the physical results, even when 
using similar materials.

4.3. Calibration of GeoFlow-SPH for a real case: the 2010 
debris-flow in the Rotolon stream

The third example is relative to the calibration 
of GeoFlow-SPH on the data of a debris-flow that oc-
curred in November 2010 along the Rotolon stream 
(Fig. 33) in the North-East of Italy (Recoaro Terme, 
Vicenza). In this site, debris-flow phenomena have 
threatened the basin for centuries [TRIVELLI, 1991] 
due to the progressive detachment of large portions 
of debris colluvium and rock mass in the upper part 
of the basin. Even if many interventions, like dif-
fuse forestry protection against erosion, wires and 
small dams along the stream have been undertak-
en, the phenomenon has not yet been arrested. 
Two important debris flows occurred in May 2009 
and November 2010 after the detachment of about 
50,000 m3 and 330,000 m3, respectively, at the head 
of the creek. These debris flows continued along 
the stream for more than 1.2 km creating danger-
ous conditions for the two bridges, i.e. the Parlati 
and Luna bridges, which cross the stream and con-
nect the small hamlets located in the valley.

From a geomorphological point of view, the Roto-
lon stream can be ideally subdivided into two seg-
ments: an upper part between 1350 and 850 m of ele-
vation (bed slope around 30%) and a lower one hav-

ing a medium slope of less than 10%. At the junction 
of the two portions there is a 5 m high hydraulic weir 
and, immediately after, the injection of a small lateral 
stream, specifically the Agno of Campogrosso, which 
contains water only during exceptional rain events.

After the 2009 event and just before the sec-
ond debris flow, the Regional Territorial Service 
performed a LiDAR survey of the area and repeat-
ed it immediately after the 2010 event. The compar-
ison between the two derived Digital Terrain Mod-
els (DTMs) (Fig. 33a) provides a precise map of the 
flooded and erosion/deposition areas along the 
stream [BOSSI et al., 2014] and makes it possible to 
calibrate the GeoFlow-SPH model.

Some erosive zones were part of the debris flow: 
the detachment area in the upper part, with an ero-
sion depth of up to 27 m, and others along the path, 
where the velocity of the flow or the geometry and 
the mechanical properties of the bed allowed exca-
vations. On the basis of these data the basal topogra-
phy and the initial volume of the sliding mass were 
defined and used in the code.

The calibration procedure developed within this 
proje ct [BREZZI et al., 2016] employs an Ensemble 
Smoother (ES) or data assimilation algorithm to pro-
vide improved estimations of geotechnical parame-
ters of GeoFlow-SPH. The ES is a Bayesian data as-
similation method [BAÙ et al., 2015] which, by min-
imizing the variance of the estimation error, merg-
es “prior” information from a theoretical or numeri-
cal model, i.e. the propagation model, with field data 
collected from the real phenomena in order to pro-
duce a corrected “posterior” estimate. For more in-
formation on the method see EVENSEN, [2003]; EVEN-
SEN, [2009]; MCLAUGHLIN, [2002] and BAILEY and BAÙ, 
[2010].

In this case study, the ES algorithm assimilates 
the prior information with the deposited soil heights 
determined by the comparison of pre- and post-
event LiDAR surveys. In order to select the prior in-
formation, it was considered that, to be correctly ap-
plied, the Kalman procedure requires the number 
of simulations to be comparable to the number of 
measurements. On the other hand, each simulation 
with GeoFlow-SPH produces more or less 15000 da-
ta referring to the heights of deposited soil along the 

Tab. V – Limit elevations and rheological parameters assumed in the various zones [BREZZI et al., 2016].
Tab. V – Quote limite e parametri reologici assunti nelle varie zone [BREZZI et al., 2016].

Zone
(Limit 

elevation)

1
(1576-1000)

2
(1000-978)

3
(978-834)

4
(834-731)

5
(731-532)

6
(532-478)

Common
(1576-478)

mean std mean std mean std mean std mean std mean std mean std
tan -- -- -- -- -- -- -- -- -- -- -- -- 0.6 0.05
tan 0.410 0.010 0.220 0.015 0.220 0.015 0.130 0.015 0.020 0.005 0.020 0.005 -- --

Es [m-1] 3*10-04 3*10-05 3*10-04 3*10-05 0 0 0 0 8*10-05 3*10-06 0 0 -- --
ξ [m/s2] -- -- -- -- -- -- -- -- -- -- -- -- 700 60
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river at the end of the debris flow propagation (in 
the following briefly indicated as soil height or hs); in 
the same way, the comparison between pre and post 
DTMs could supply a large amount of data, approxi-
mately a million and half values.

A number of 1000 data is considered to suffi-
ciently represent the final deposit, and consequent-
ly the procedure would produce 1000 simulations. 
From each of these the soil height values are taken 
in 1000 positions selected along the talweg line and 
along two parallel polylines 15 m away from the tal-
weg. In this way, data along the talweg takes into ac-
count the propagation of the debris flow, while in-
formation along the parallel polylines considers the 
mass spreading along the path.

The ES algorithm also needs to assign the nor-
mal distribution of error associated to soil heights 
and the error distribution affects the final result sig-
nificantly. In this case, no information on the Gauss-
ian distribution of error of the LiDAR data was avail-
able; as a result, the error is set constant and equal 
to ±0.28 m according to the analysis of BOSSI et al. 
[2014].

To simulate the Rotolon debris-flow the Voell-
my model is adopted, coupled with the Hungr law 
[1995] to reproduce the debris entrainment along 
the path. Thus, the model needs the following pa-
rameters:
1) The internal friction angle ;
2) The turbulence coefficient ;
3) The basal friction coefficient tan;
4) The mean value of the erosion parameter Es.

Preliminary analyses carried out by COLA ET AL. 
[2015] have shown that the 2010 debris flow could 
not be adequately simulated assuming a unique val-
ue for each parameter, and it was clear that the pa-
rameter values needed to be varied in relation to the 
distance from the triggering zone. Thus, the basin 
was subdivided into 6 zones (Fig. 33b) chosen by sub-
dividing the run-out length in homogeneous parts 
with respect to the erosion/deposition behavior of 
the debris flow resulting from the previous analysis. 
According to the input structure of GeoFlow-SPH, 
the zones are identified by a maximum and a mini-
mum elevation (Tab. V).

Table V lists the mean values chosen as prelim-
inary values of the rheological parameters for the 
6 zones and their standard deviation. These values 
are chosen in accordance with the results of previ-
ous simulations [COLA et al., 2015] and literature. In 
total, the parameters are 8: 4 basal friction angles, 2 
erosion coefficients, 1 internal friction angle and 1 
turbulence coefficient.

The data assimilation procedure applied here 
follows a two-step forecast-update process: the fore-
cast process consisted in performing 1000 simu-
lations with input data obtained applying a Mon-
te Carlo procedure to the data reported in Table 

V; the results of these 1000 simulations formed the 
prior information on which the Kalman filter was 
applied the first time, producing posterior infor-
mation. The Kalman filter was then applied a sec-
ond time, using the posterior information deriv-
ing from the first filter application, as prior data 
in the second application. Figure 34 compares the 
frequency distribution of each parameter that was 
obtained from the prior and posterior matrices af-
ter the application of the filter one and two times. 
This comparison provides some information on the 
best values for each parameter and on its relevance 
for the analyzed problem; the more the algorithm 
reduces the variance of the normal distribution of a 
parameter, the more important and better defined 
the parameter will be. 

The most relevant parameters are the basal 
friction angles. For each of these, the filter fur-
nishes a more grouped frequency distribution 
with respect to the input one. The internal fric-
tion angle plays a secondary role since its frequen-
cy curve restricts to a lesser extent with the filter 
application. The same can be said about the tur-
bulence parameter, even if the analysis indicates 
that the mean value is a great deal smaller with re-
spect to the input one. Finally, it is interesting to 
note that the mean value of the erosion parameter 
E1, even if initially assumed greater than E2, with 
the filter application reduces to one order of mag-
nitude less than E2.

With the second application of the Kaman al-
gorithm, some distributions maintain the same 
mean value and further reduce the variance, which 
occurred for tanδ3; for other distributions, such as 
that of the turbulence, the algorithm gives new 
corrections even with regard to the mean value. 
It is necessary to remember that the statistical fil-
ter applied considers each parameter as a number 
and does not take into account its physical mean-
ing. This is why the second application of the ES 
algorithm gives a negative value for the erosion co-
efficient E1, but since its absolute value is extreme-
ly small, it is reasonable to consider this parame-
ter null.

Finally, in figure 35 the soil heights from Dif-
ference of DMT are compared with the heights ob-
tained by means of simulations performed assign-
ing to each parameter the initially assumed value 
as reported in table V, or the mean value of the 
normal distribution updated with the 1st and the 
2nd filter application. The correspondence be-
tween the total run-out of debris-flow in-situ and 
in the model after two filter applications is excel-
lent. Also, the soil height distribution along the 
stream is sufficiently well described by the numer-
ical model, even if the model seems to overesti-
mate the deposition in the lower portion of the 
basin and, on the contrary, to underestimate the 
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soil height in the upper part. Comparing the min-
imum values of MAPE, i.e. the value characterizing 
the optimum simulation, it decreases from 36.9% 
for the prior data (Fig. 35b) to 33.6% with the first 
filter application (Fig. 35c) and to 26.9% with the 
second filter application (Fig. 35d).

5. Conclusion

Flow-like landslides are natural processes con-
trolled by phenomena which are not entirely under-
stood. Their study requires the cooperation of ex-
perts with different areas of competence. 

The modelling of these landslides has greatly 
improved in the last decade and currently, models 
based on shallow water waves, which involve a one-
phase material, are frequently used not only to an-
alyse their propagation and to reproduce past mass 
flows, but also to make predictions for future events 
and to draw risk maps for the safe management of 
manmade structures. Nevertheless, the present work 
has demonstrated that, in order to have reliable sim-
ulations of reality, selecting the optimum set of rhe-
ological parameters and calibrating the model are 
crucial steps for multiple reasons. 

First of all, the parameters for a one-phase mod-
el are not actual properties of the soil, and they can-
not be obtained from laboratory tests due to the het-
erogeneous nature of the materials, not easily sam-
pled and tested in laboratory equipment. The only 
remaining possibility is the calibration of the numer-
ical tools on the basis of data obtained through mon-
itoring real-life cases. Also in this case, anyway, the 
strategy presents numerous difficulties.

Inverse analysis is a powerful tool that could 
help calibration and also avoid subjectively choosing 
the parameters. However, its correct application re-
quires the selection of a suitable database of infor-
mation from the real event. In fact, the output of 
the inverse analysis strongly depends on the meas-
urements adopted as reference for the calibration, 
as demonstrated by the examples here presented. 
To include or exclude from the calibration process 
measurements related to the propagation rates or 
the final deposit of a flow-like landslide drastically af-
fects the obtained results. 

In addition, the optimum values are not only 
model-dependent, i.e. different values may be ob-
tained with different propagation models even if 
they adopt the same rheological law, but also site 
and event-dependent. This means that the opti-
mum set obtained for an event which occurred in a 
site may not be optimum to simulate another event 
in another site, or even another event in the same 
site. This is due to the fact that the parameters are 
strongly affected by the composition of the materi-
als, as demonstrated by the data here reported re-

ferring to laboratory tests performed with mixtures 
having different mass compositions. Both the water 
content and the granular/clay ratio influence the 
behaviour of the flowing mass and the parameters 
determined with inverse analysis applied on the lab-
oratory data. 

Consequently, it is important to recognize that 
the propagation models currently available could 
cause serious mistakes if used for predictive study. 
This is because the parameters, strongly influenced 
by the mass composition, could significantly change 
from one event to another, even if occurring in the 
same site. In other words, calibration based on past 
events can give helpful indications as to the most ap-
propriate rheological law and therefore parameters. 
However, the prediction of future events using cali-
brated rheological parameters must be intended as 
a rough indication, with a very low degree of relia-
bility.

When a calibrated model is applied to define 
risk maps, it is important to take into account the 
probability associated with their output. The anal-
ysis must be performed considering the probabili-
ty distributions of all the parameters, and the maps 
could indicate the probability associated with a con-
sequence, i.e. the flooding of an area or the impact 
against a manmade structure with a specific energy. 
In these cases, the role of the numerical models is 
nevertheless extremely important, because they per-
mit identification of the areas in which the probabil-
ity of material flow is high or low, and, consequently, 
the evaluation of residual risk.
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Calibrazione dei parametri reologici dei 
materiali coinvolti nei processi di colata

Sommario

Uno degli effetti del cambio climatico è un aumento dei 
fenomeni di colata con incremento delle aree coinvolte e delle 
conseguenti perdite, in termini economici e di vite umane. 
La valutazione del rischio da colate si basa su un approccio 
multidisciplinare, interessando argomenti che vanno dalla 
mappatura degli eventi passati, alla comprensione dei meccanismi 
di innesco e di propagazione, al monitoraggio dei bacini 
periodicamente interessati dalle colate, fino all’individuazione 
delle zone di propagazione mediante modelli numerici avanzati. 
La ricerca nel settore dei modelli di propagazione ha fatto molti 
progressi, sviluppando modelli in grado di tener conto di varie 
reologie per descrivere il comportamento dei materiali coinvolti, 
della morfologia tridimensionale dei versanti, del fenomeno di 
inglobamento per erosione dei materiali di contorno, ecc. La 
calibrazione dei parametri costitutivi rimane, tuttavia, una delle 
fasi più problematiche della modellazione di questi fenomeni; la 
validazione dei modelli è in genere ottenuta sulla base dei risultati 
di prove di laboratorio eseguiti in condizioni molto semplici o di 
dati raccolti su casi reali, che sono spesso di bassa qualità. Dopo 
un breve esame dei recenti sviluppi nel campo della modellazione 
dei processi di colata, il presente lavoro analizza le tecniche adottate 
per la calibrazione dei modelli. In particolare, sono presentate 
le difficoltà connesse alla trasposizione delle proprietà reologiche 
determinate in laboratorio ai casi reali e alla calibrazione dei 
modelli comunemente impiegati nelle analisi delle colate.




