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ABSTRACT: Rock avalanches present high velocities of propagation, and large volume of materials that generate extremely 
mobility capable of travelling long distance and spreading over large areas causing high destructive power. The accurate prediction 
of runout, depth and velocity of rock avalanches is of paramount importance since, in general, preventing it is not possible. 
The purpose of this paper is to assess the influence of the rheology on the avalanche properties using a depth integrated, SPH 
model. The paper compares the performance of different rheological models to reproduce the track, runout and depth of the final 
deposit for a real event such as Thurwieser rock avalanche. The paper provides information on the proposed model accuracy and 
limitations.  
.  

RÉSUMÉ: Les avalanches de roches présentent des vitesses de propagation élevées et un grand volume de matériaux qui génèrent 
une mobilité extrême capable de parcourir de longues distances et de se répandre sur de vastes zones provoquant une forte 
puissance destructrice. La prédiction exacte du décalage, de la profondeur et de la vitesse des avalanches rocheuses est d'une 
importance primordiale puisque, en général, la prévention de ce n'est pas possible. 
Le but de cet article est d'évaluer l'influence de la rhéologie sur les propriétés d'avalanche à l'aide d'un modèle SPH intégré en 
profondeur. Le papier compare les performances de différents modèles rhéologiques pour reproduire la piste, l'évanouissement et la 
profondeur du dépôt final pour un événement réel tel que l'avalanche de roche de Thurwieser. Le document fournit des 
renseignements sur la précision et les limites du modèle propose. 

 

KEYWORDS: rock avalanche propagation modelling, depth integrated model,  

1 INTRODUCTION 

Landslides cause a large number of casualties around the world 
every year. In order to assess the hazard and the vulnerability of 
the territory, engineers could use advanced simulation tools 
suitable for foreseeing the landslide propagation path, its 
velocity and the height of the deposits. These tools aid to 
understand the mechanisms involved in the processes of both 
triggering and propagation.  

Rock avalanches present high velocities of propagation, and 
large volume of materials that generate extremely mobility 
capable of travelling long distance and spreading over large 
areas (Hungr, 2004). The accurate prediction of runout, depth 
and velocity of rock avalanches is of paramount importance 
since, in general, preventing it is not possible. 

The approach we propose in this work is based on 
continuum mechanics, and consists in a depth integrated 
mathematical model, which is discretized by using the SPH 
method. Depth integrated models present a reasonable 
compromise between computational cost and accuracy (Savage 
and Hutter (1991), Pastor et al (2009). 

A fundamental ingredient is the model used to describe the 
behaviour of the fluidized material. Most of the approaches 
used so far are based on rheological laws relating effective 
stress and rate of deformation tensors. On the other hand, 
triggering is usually described using constitutive models where 
the increments of the stress and strain tensors are given by a 
suitable constitutive law. 

This makes the whole process difficult to model, because at 
a certain moment one has to switch from a constitutive law to a 
rheological model (Cuomo et al. 2012)  

A possible alternative has been to use viscoplasticity of 
Perzyna type, because it can provide suitable laws both for the 

solid and the fluidized behaviours, as is shown in (Pastor  et al. 
2010,Pastor et al 2013) 

One most interesting conclusion is that from Perzyna's 
viscoplasticity, it is possible to derive simple rheological laws, 
which can be used for frictional fluids. 

The purpose of this paper is to apply such types of laws to a 
special case of a rock avalanche: Thurwieser Avalanche (Sossio 
and Crosta 2007), comparing the results obtained with them and 
with other more classical approximations based on Voellmy or 
frictional fluid laws, such as those presented in Pastor et al 
(2009) and Manzanal et al. (2016).   

 
2 GENERAL FRAMEWORK  

2.1 Depth average mathematical model 

Depth integrated models are a convenient simplification of
3D models, providing an acceptable compromise between  
computational cost and accuracy.  

Savage and Hutter (1991) proposed their 1D lagrangian 
model for the case of avalanche dynamics, where a simple 
Mohr-Coulomb model allowed a description of the granular 
material behaviour.  

Depth  averaged  models  are  obtained by integrating
along depth the balance of mass and momentum equations.
 Details of the general framework can be found in Pastor 
et  al. (2009). 

 
2.2 SPH approach  

Smoothed particle hydrodynamics (SPH) is a meshless
method introduced independently by Lucy (1977) and Ging
old and Monaghan (1977). It has been applied to a large 
variety of problems. For avalanches propagation we can  
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 menetion the recent work of Rodriguez-Paz and Bonet, 20
05; McDougall and Hungr, 2004; Pastor et al 2009, 2013.
  Fast landslides is treated as fluidized masses of either  
soil or rock blocks to simulate their propagation. SPH is a
numerical technique able to describe these phenomena.   

Smoothed particle hydrodynamics is based on the appro
ximation of given properties and its spatial derivatives by 
integral  approximation  defined  in term of the smoothed
function or kernel function. An interpolation process calcu-
lates the relevant properties on each “particle” over neigh-
bouring“particles”. Therefore, SPH is based on  introdu- ci

ng a set of nodes {xk} with K=1..N and the nodal variabl
es on landslide problem are:  height  of the landslide atno
de I, depth averaged, 2D velocity,  surface force vector at
 the bottom and pore pressure at the basal surface. 

If the 2D area associated with node I is  Ω1, we will 
introduce for convenience:  (i) a fictitious volume m1 mov
ing with this node: m1= Ω1h1 and (ii) an averaged pressu-
re term  p1 = 0.5b3hI

2.  m1 has any physical meaning, as 
when node I moves, the material contained in a column of
 base Ω1 has entered it or will leave it as the column mo-
ves with  an averaged velocity which is not the same for 
all particles in it. Details of the formulation can be found 
in Pastor et al 2009a, Manzanal et al 2016. 

 
3 CONSTITUTIVE AND RHEOLOGICAL MODELS 

3.1 Introductory 

Rock avalanches, at large scale, behave as fluidized granular 
materials. At small scales we can observe phenomena such as 
inverse grading and crushing of rock blocks, which results into 
a change in granulometry and in dilatance properties.  

The behaviour of this granular fluid can be modelled using 
either discrete element methods or continuum based rheological 
models. The former presents the advantage of reproducing in a 
natural manner crushing and inverse grading phenomena, but 
the computational cost of modelling a real avalanche is still 
difficult to afford. 

On the other hand, the latter reduces the cost, but suitable 
models have to be used to describe the constitutive/rheological 
behaviour of the granular fluid. 

And it is because of this fluid like behaviour that rheological 
models have been used traditionally to model rock avalanches, 
as in other types of avalanches. 

While mudflows, lahars, and some cases of debris flows 
have been approximated using models such as Bingham or 
Herschel-Bulkley (Coussot 2005), rock avalanches present a 
dominant frictional behaviour requiring a different approach. 
3.2 Simple infinite landslide 

Simple shear infinite landslide models are on of the simplest, 
which can be used to describe the behaviour of a landslide. The 
main assumptions are the following (see Fig. 1): (i) flow is 
steady, (ii) all variables are independent on the position along 
the landslide, which is assumed to have an infinite length. We 
will use here x as the abscissa along the infinite plane and z the 
axis perpendicular to x within the plane.  

As the acceleration is zero, the shear stress varies linearly 
along depth: 

t
(z)

= t
b

1- z
h

æ
èç

ö
ø÷
 (3) 

where b =h sin  is the basal shear stress,  is the 
density of the mixture and g the acceleration of gravity. The 

shear stress depends on the rheological law used. A general 
approach can be defined as:   

t = s+ m ¶v
¶z

æ
èç

ö
ø÷

m

 (4) 

where s is the basal shear strength,  is the viscosity, m is a 
model parameter and v is depth average velocity. From here, it 
is possible to derive simple cases as:  (i) newtonian fluids with 
s = 0 and m = 1; (ii) Bingham fluids with s = y  and , m = 1 
where y is the cohesive strength of the fluid; (iii) s = 0 and m = 
2 (Bagnold, 1954) (iv) Visco-Frictional s = n tan  where n is 
the effective stress normal to the basal plane, and  the friction 
angle, m =2 (Chen et al. 1988, Pastor et al 2009) and for the 
velocity profile given in Manzanal et al, (2016) is obtained: 

t
b

= r ghcosq tanf + 25

4

1

h2
m
F
v2  (5) 

It is interesting to note the similarity with Voellmy’s law 
(Voellmy 1955 ): 
 

t
b

= r ghcosq tanf + r gv2

V
   (6) 

 

 
Figure 1. The simple shear infinite landslide model 
 
3.3 Perzyna based rheological models for frictional fluids  

There exists an interesting similitude between simple shear 
rheological laws of the type of equation 4 (see eq. 7) and 
Perzyna elasto-viscoplastic models in 1D (Perzyna, 1963), 
where the rate of viscoplastic shear strain is given by equation 8. 
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we can derive a simple shear model which can be used for 
frictional fluids. By neglecting the elastic components, the shear 
strain rate is given by: 
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The basal shear stress is 

t
b

= s
b

1+ 2m
PZ
v / h( )1/N( )     (9) 

where we have introduced FF , which is the inverse of the 
fluidity F.  

As an alternative, it is possible to define  

¶v
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where N = n1 + n2 and patm is the atmospheric pressure or an 
alternative reference pressure. The velocity profiles depend now 
on n1, being given by v= vmax(1-(1-z/h)n1+1, where vmax is the 
velocity at the top (z = h). It is important to note that the 
curvature of the velocity profile depends on n1. 
Regarding the basal shear stress, it is given by: 

t
b

= s
b

1+ 2m
PZ
v / h( )1/N

s
b

n2- N
N

æ

èç
ö

ø÷
  (11)  

where v is the depth averaged velocity. The viscoplastic 
constitutive model presented derives from the continuum 
mechanics rather than empirical results as previous rheological 
laws. This approach allows reproducing the transition between 
initiation and propagation of the failure in a consistent manner 
and represents a generalization of the previous rheological law. 
  So far, we have considered three rheological laws, which can 
be applied to model frictional fluids: (i) Voellmy law (eq. 6); 
(ii) The viscous frictional law (eq. 5) and (iii) The Perzyna 
based law (eq. 12). These laws have been implemented in a 
SPH depth integrated code, and they will be applied to simulate 
real rock avalanches and to assess the influence of the rheology 
on the avalanche properties. 
 
4 VALIDATIONS 

4.1 Case study description 

Thurwieser rock avalanche took place in the Central Italian 
Alps on 18th September 2004. The location was the south slope 
of Punta Thurwieser, and it propagated through Zebrú valley. 
Its propagation path extended from 3500 m to 2300 m of 
altitude, with a travel distance of 2.9 Km. Sossio and Crosta 
2007 have provided the information concerning this avalanche, 
including a detailed digital terrain model, the triggering area 
and the volume of rock involved, estimated to 2.4 million cubic 
meters. Figure 2 provides a general view of the avalanche and 
its location. 

This avalanche presents several modelling difficulties, such 
as crossing of terrains of different materials, such as the Zebrú 
glacier. There, the basal friction is very small, and erosion of 
ice and snow is possible. This entrained material can melt due 
to the heat generated by basal friction, providing extra water, 
and probably originating basal pore pressures. GEOFLOW-
SPH can adopt different shear resistance laws along the 
topography in order to simulate different materials. For the 
glacial deposit, the adopted basal shear resistance was zero 
between the altitude 2900 and 3050 m.a.m.s.l. 

Figure 2. General view of Thurwieser rock avalanche 
 

4.2 Parameter calibrations 

In the present work, Thurwieser rock avalanche has been 
studied with four rheological models (i) the simple frictional 
rheology, (ii) the Voellmy rheology given by equation (6) 
(Voellmy, 1955),  (iii) cohesive-frictional viscous rheology 
given by equation (5) (Chen 1988, Pastor et al. 2009b) and 
viscoplastic- Perzyna rheology given by equation (11). The 
constitutive parameters have been obtained from back analysis. 
Since the material involved is mostly dry fragmented rock, the 
simulations have been carried out with zero pore pressure ratio. 
Concerning erosion, we have used the law proposed by Hungr 
(1995).  
The rheological parameters for the different rheologies 
summarized has been:  
(i) pure frictional rheological model: tan = 0.39.  (ii) viscous 
frictional model: tan = 0.39 and viscous coefficient CF = 
0.002kPa.s-1 (iii) Voellmy model: tan= 0.35,Voellmy 
coefficient V=1000m/ s  and (iv) viscoplastic - Perzyna 
model: sb =0.19, PZ = 0.001, N = 0.5, n2 = 0.5.  
These parameters were obtained by trial en error, as the only 
values reported concerned times of propagation and runout. For 
the different rheologies used, we adopted a erosion coefficient 
0.0030m-1. 

The longitudinal profiles of Thurwieser avalanche for 
different rheological models are presented in Figure 3a. 
Similarly, the comparison of cross section is shown in Figure 
3b.  

Figure 4 provides the comparison of computed results and 
field measurements. The results are shown as deposit depth 
isolines. They are compared with the topographic isolines and 
the contour of spreading of the rock avalanche. It can be 
observed that all the rheologies reproduce the run out shape at 
middle altitude and stay slightly behind for the maximum distal 
point. However, viscoplastic - Perzyna rheology gives a better 
approximation of the run out of the spreading and maximum 
distal point (Figure 4 d).  

Concerning deposit height distribution, it can be seen that it 
fluctuates slightly between different rheologies. Frictional and 
viscous frictional rheologies concentrate the maximum depth 
(29 - 31m) at middle altitude of spreading, between 2600 and 
2500 m.a.m.l.s. However, reported field measurements (Sossio 
and Crosta 2007) indicate that the maximum depth of the final 
deposit focuses between 2450 and 2400 m.a.m.l.s. similar as the 
numerical simulation of the depth integrated  SPH code with 
viscoplastic - Perzyna models (Figure 4 d). For the Voellmy 
rheology deposit height distribution varies between 2500 and 
2350 and the maximum mobilized mass depth is similar to the 
averaging values reported (25-28m).  
 

 
Figure 3 Longitudinal profiles of Thurwieser avalanche for different 
rheological models 
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a) Frictional rheology          b) Voellmy rheology  
 

 

 

 

 

 

 

 

 

c) Viscous Frictional rheology    d) Viscoplastic-Perzyna rheology 
 
Figure 4. Thurwieser avalanche after 90s. for different rheological 
models: Computed results (colour isolines and deposit height) versus 
field measurements (black isolines and red line for the spreading).  
 
5 CONCLUSIONS 

The model presented combines a depth-integrated model with 
basal friction laws obtained from different rheological models 
to reproduce the propagation of rock avalanches with 
GEOFLOW-SPH code (Pastor et al 2009). The real case of  
Thurwieser rock avalanches is analysed. The validation presents 
accurate prediction of runout, depth and velocity of Thurwieser 
rock avalanches. 

In the authors’ opinion, the visco-plastic based models 
provide a consistent bridge with continuum models and their 
results agree well with the benchmark presented. This approach 
allows to reproduce the transition between initiation and 
propagation of the failure in a consistent manner and represents 
a generalization of the classical rheological law (Voellmy and 
frictional). 

 
6 ACKNOWLEDGEMENTS 

The authors gratefully acknowledge the economic support 
provided by the Spanish Ministry MINECO (Projects 
GEOFLOW and ALAS). The first author gratefully 
acknowledges the support of CONICET and UNPSJB. The 
authors gratefully acknowledge the support of the Geotechnical 
Engineering Office, Civil Engineering and Development 
Department of the Government of the Hong Kong SAR in the 
provision of the digital terrain models for the Hong Kong 
landslide cases. 

 
7 REFERENCES 

Bagnold, R.A.: Experiments on a Gravity-Free Dispersion of Larg
e Solid Spheres in a Newtonian Fluid under Shear. Proc. R. 
Soc. A Math. Phys. Eng. Sci. 225, 49–63 (1954). 

Bonet J. and Kulasegaram S., "Correction and stabilization of smo
oth particle hydrodynamics methods with applications in metal
 forming simulations." International Journal for Numerical Met
hods in Engineering, 2000, 1189-1214  

Chen, C.L (1988), Generalized viscoplastic modeling of debris flo
ws. J.Hyd.Eng. ASCE 114, 3, 237-258  

Coussot, P.: Rheometry of pastes, suspensions and granular matter.
 John Wiley and Sons Inc (2005). 

Cuomo, S., Prime, N., Iannone, a., Dufour, F., Cascini, L., & Dar
ve, F. (2012). Large deformation FEMLIP drained analysis of
 a vertical cut. Acta Geotechnica, 8(2), 125–136. doi:10.1007/s
11440-012-0179-2 

Gingold R. A. and Monaghan J. J., "Smoothed Particle Hydrodyna
mics - Theory and Application to Non-Spherical Stars." Mont
hly Notices of the Royal Astronomical Society, 1977, 375-389 

Hungr, O. (1995). A model for the run-out analysis of rapid flow
 slides, debris flows, and avalanches. Canadian Geotechnical J
ournal, 32: 610–623. 

Hutter, K. & Koch, T. (1991). "Motion of a granular avalanche i
n an exponentially curved chute: experiments and theoretical p
redictions", Phil. Trans. R. Soc.London, A 334, pp 93-138.   

Lucy L. B., "Numerical Approach to Testing of Fission Hypothesi
s." Astronomical Journal, 1977, 1013-1024 

Manzanal, D; Drempetic, V.; Haddad, B.; Pastor, M.; Martin Stick
le, M.; Mira, P. (2016). Application of a new rheological mo
del to rock avalanches: an SPH approach. J. of Rock Mechan
ics and Rock Engineering. DOI: 10.1007/s00603-015-0909-5. 

McDougall, S., and Hungr,O. (2004). "A model for the analysis o
f rapid landslide motion across three-dimensional terrain." Can
adian Geotechnical Journal 41.6 (2004): 1084-1097. 

Pastor, M., Quecedo, M., González,E., Herreros, I., Fernández Mer
odo, J.A., and Mira, P. (2004), “A simple approximation to b
ottom friction for Bingham fluid depth integrated models”, Jo
urnal of Hydraulic Engineering ASCE, Vol. 130, No. 2, pp. 1
49-155 

Pastor M., Haddad B., Sorbino G., Cuomo S. and Drempetic V. 
(2009a), "A depth-integrated, coupled SPH model for flow-like
 landslides and related phenomena." International Journal for 
Numerical and Analytical Methods in Geomechanics, (2009a), 
143-172.  

Pastor, M., Blanc, T. and Pastor, M.J (2009b), A depth-integrated
 viscoplastic model for dilatant saturated cohesive-frictional flu
idized mixtures: Application to fast catastrophic landslides J. 
Non-Newtonian Fluid Mech. 158 (2009) 142–153  

Pastor M., Manzanal D., Fernandez Merodo J.A., Mira P., Blanc 
T., Drempetic V.,Pastor Elizade M.J., Haddad B., Sanchez M.,
 2010, From solid to fluidized soils: Diffuse failure mechanis
ms in geostructures with applications to fast catastrophic lands
lides, Granular Matter , Vol. 12, Number 3, pp. 211-228, ISS
N: 1434-7636  

Pastor, M., Stickle, M. M., Dutto, P., Mira, P., Merodo, J. F., Bl
anc, T., & Benítez, A. S. (2013). A viscoplastic approach to 
the behaviour of fluidized geomaterials with application to fast
 landslides. Continuum Mechanics and Thermodynamics, 1-27. 

Perzyna, P. (1963).: The constitutive equations for rate sensitive p
lastic materials. Q.Appl. Math. 20, 321–332. 

Rodíguez Paz, M.X. and Bonet, J. (2005). “A corrected smooth p
article hydrodynamics formulation of the shallow-water equatio
ns”. Computers and Structures 83, pp. 1396 – 1410. 

Savage, S.B. and Hutter, K. (1991). "The dynamics of avalanches
 of granular materials from initiation to runout. Part I: Analys
is", Acta Mechanica 86, pp 201-223. 

Sossio, R. and Crosta,G (2007)., “Thurwieser Rock avalanche”, in
 the Information package, Geotechnical Engineering Office, Ci
vil Engineering and Development Department, The Governmen
t of the Hong Kong Special Administrative Region. 

Voellmy, A.: Über die Zerstörungskraft von Lawinen. (1955). 
 

- 3512 -


	Return
	Print

