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A micro-directional model for cohesive-frictional 
materials: application to snowpack

François Nicot,* Félix Darve**

Summary
Designing avalanche net structures stands as a particular complex problem in as much as it requires to model the me-

chanical interaction between unusual materials, namely an heterogeneous multi-phases time-changing material and a flex-
ible-open structure. This review paper shows the relevance of a multiscale approach that makes it possible to determine
forces acting in the different parts of the structure by taking into account micro-structural processes occurring within the
snowpack. For this purpose the micro-directional model is used to describe the behavior of snow as an assembly of bonded
ice grains. Afterwards, a coupled analysis of both the net structure and the snow mantel is developed through a Lagrangian-
Discrete approach. Some computational results are finally commented.
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1. Introduction

Mountainous areas are generally characterized
by strong snow precipitations. Furthermore, these
regions have common geomorphological features:
erosion has formed a set of valleys whose slopes are
often steep. With the effects of gravity, a snow man-
tel on a slope is likely to develop mechanical “insta-
bility”. Its development depends on several factors
such as the rheological properties of the material,
the type of soil, the topography, and the climatic
conditions. Snow “instability” induces many natural
phenomena characteristic of the mountain envi-
ronment during winter: avalanches, snow mantel
creeping, etc. Risks stemming from snow “instabil-
ities” can be reduced in different ways. Active risk
intervention aims to prevent the failure of the snow
mantel and the resulting avalanche; this is possible
by stabilizing the snow mantel. Passive intervention
does not prevent the triggering of the avalanche,
but aims to control the avalanche flow in terms of
avalanche direction, velocity, width, and height.
Snow avalanche net structures belong to the cate-
gory of active intervention. Because of their linear
shape, snow avalanche net structures are often a
well-adapted solution to such problems caused by
local topographic conditions. These structures are
composed of a set of panels of metallic net, held by

poles and anchors (Fig. 1). The downward move-
ment of the snow mantel is composed of a sliding
motion (translation displacement of the entire
mantel, considered parallel to the ground surface)
and a reptant motion (creeping deformation with
settlement). This complex movement directs a
strain field and then a stress field into the net
sheets. Consequently, a reaction force is applied to
the snow mantel; this force results in a stabilization
effect [NICOT, 2002].

Realistic design of snow avalanche net structures
requires first and foremost introducing adequate
constitutive relations for snow, and then a proper
mechanical analysis of the interaction between both
the snowpack and the structure. In what follows, we
make use of our micro-directional model [NICOT,
2004a] to describe the behaviour of snow modelled
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Fig. 1 – Example of a snow avalanche net structure (EI
Montagne).
Fig. 1 – Esempio di rete paravalanghe (EI Montagne).
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as a cohesive granular material. Based on a multi-
scale approach, this model allows the overall behav-
iour of the snowpack to be inferred from the local
properties. Then the case of a snowpack in interac-
tion with an avalanche net structure is considered
through a Discrete-Lagrangian approach.

2. Constitutive modelling of a snowpack

2.1. Introduction

As mentioned above, improving defensive struc-
tures such as avalanche net structures requires a
thorough description of the constitutive behaviour
of the snowpack. In the past, many authors have
proposed different models using phenomenological
approaches ([MELLOR, 1975]; [SALM, 1975];
[DESRUES, 1980]), but these models introduce nu-
merous parameters which are often difficult to cali-
brate. Similarly, Gagliardini [GAGLIARDINI, 1997] has
developed a model by inferring the behaviour of a
dense snow mantel from the behaviour of polycrys-
tal ice. The importance of the snow micro-structure
to deformational processes has been known for
many years ([BADER, 1939]; [KRAGELSKI, 1949];
[HANSEN, 1987]; [BROWN, 1991a]). The assessment of
the macroscopic properties of a snow mantel from a
local description of the micro-structure can be a rel-
evant alternative in as far as the structure at the mi-
cro level can be regarded as a granular assembly.
Nevertheless, developing a constitutive model using
micro-structural properties remains to be done
[SHAPIRO, 1997]. The adaptation of the micro-direc-
tional model for snow was developed to take in part
this challenge.

2.2. The micro-directional model

2.2.1. A MULTI-SCALE APPROACH

Phenomenological approaches aim to directly
formulate the observed phenomena in an appropri-
ate mathematical formalism. They differ from

multi-scale approaches, which attempt to derive
macroscopic properties from a local description of
the medium. Such approaches can make use of ho-
mogenization techniques. An abundant literature
deals with this question, we just mention here a few
references: [DE JOSSELIN DE JONG, 1959]; [DE JOSSELIN

DE JONG, 1971]; [SPENCER, 1964]; [MEHRABADI, 1978];
[NEMAT-NASSER, 1981]; [NEMAT-NASSER, 1983]; [NE-
MAT-NASSER, 1984]; [KANATANI, 1983]; [KANATANI,
1984]; [SATAKE, 1978]; [SATAKE, 1982]; [CHANG,
1992]; [CHANG, 1994]; [CAMBOU, 1993]; [CAMBOU,
1995]. The term “multi-scale” means that this range
of methods was developed to account for the micro-
structure of granular media. The micro-directional
model belongs to this kind of approach. Fundamen-
tally, this model is based on a homogenization pro-
cedure within a Representative Volume Element
(RVE) which is assumed to contain a “sufficient”
number of spherical grains (or contacts). In this ap-
proach the location of each grain is ignored and
contact directions are only accounted for; given an
initial texture, the evolution of the probability that
some contacts exist in a given direction is investi-
gated and averaging of local variables is performed
in each direction of the physical space, so that direc-
tional local variables are introduced. The homoge-
nization procedure can be resolved into three stages
(Fig. 2), which will be briefly commented in the fol-
lowing: first, a kinematic localization procedure al-
lows to assess the directional average displacement

field d  in terms of the macroscopic strain tensor
d ; then, local constitutive equations are introduced
to relate both kinematic and static directional aver-
age variables; and finally a static averaging proce-
dure is built to infer the macroscopic stress tensor
d  from the distribution of directional average

forces d  between neighboring particles in contact.
The complex macroscopic behavior comes first and
foremost from the multiplicity of intergranular con-
tacts.

More details can be found in [NICOT, 2003a];
[NICOT, 2004a]; [NICOT, 2004b]; [NICOT and DARVE,
2005].

Fig. 2 – General homogenization scheme relating the stress tensor and the strain tensor.
Fig. 2 – Schema generico di omogeneizzazione.
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2.2.2. THE MACROSCOPIC STRESS TENSOR

Considering a representative volume element
located around a given point M, the macroscopic
stress tensor  is computed from the local contact
forces  between each pair of particles in contact in
the RVE. The averaging procedure necessary to go
from the local intergranular forces to the stress ten-
sor has been largely discussed ([LOVE, 1927]; [WE-
BER, 1966]; [CHRISTOFFERSEN, 1981]; [MEHRABADI,
1982]; [CAILLERIE, 1995]), and now it seems well es-
tablished that  and  can be related by the Love
formula of homogenization:

(1)

where Fi
c is the ith component of the contact force ,

ljc is the jth component of the branch vector  join-
ing the centers of particles in contact on contact c,
and the sum is extended to all the contacts occur-
ring in volume ve.

Eq. (1) is expressed under a discrete formalism,
but it can be extended to a continuum one by inte-
gra t ing  over  a l l  the  contac t  d i rec t ions

(θ,ϕ) = cos ϕ 1+ sin ϕ cos θ 2+ sin ϕ sin θ 3,
where ( 1, 2, 3) constitutes a direct Cartesian
f rame o f  the  phys i ca l  space .  Def in ing
ωe(θ,ϕ)=ω(θ,ϕ)ve the number of contacts oriented
along a given direction, it follows [NICOT, 2004b];
[NICOT et DARVE, 2005]:

(2)

where rg denotes the mean radius of the sphere-

shaped grains and  is the average of all contact forces
 associated with contacts oriented in the direction .

2.2.3. THE STRAIN LOCALIZATION RELATION

The localization method for deducing a local
displacement field from the strain tensor is more
controversial and the solution, by principle, is not
unique. The strain localization relation is inferred
from the assessment of the strain energy increment
on the one hand from macroscopic variables ( , d )
and on the other hand from the average local varia-

bles ( (θ,ϕ), d (θ,ϕ)), where (θ,ϕ)is the directional

kinematical variable linked to (θ,ϕ). Thus, if the
representative volume element is macro-homoge-
neous (in the sense given by [HILL, 1967]), it can be
shown that the kinematical average local field can
be deduced from the macroscopic strain tensor as
follows [NICOT, 2004b]; [NICOT and DARVE, 2005]:

(3)

2.2.4. LOCAL CONSTITUTIVE RELATIONS

Granular-like materials can be particularized
through local constitutive relations that describe
how the particles interact with each other. The mi-
cro-directional model makes it possible to introduce
specific local models to describe various types of be-
havior. This is of course a great advantage of this ap-
proach: for instance frictional materials such as
sand can be described by a simplistic frictional-elas-
tic model; concrete can be described by a classical
elastic-perfectly plastic model including a tensile
limit [BAZANT, 1988]. Let us now consider a sample
of snow. For a wide range of densities, the sample
can be considered as an assembly of elementary ice
particles, denoted ice grains. Although the shape of
ice grains can vary considerably as a result of mete-
orological conditions (wind effects, melt-freeze phe-
nomena, water content, pressure sintering, etc.), it
will henceforth be assumed that the grains are
spherical bodies. An ice bond may develop in the
neck region between two adjoining ice grains
(Fig. 3), allowing stresses to be transmitted within
the specimen [KRY, 1975]. As a first approximation,
grain bonds can be represented by thin cylinders of
radius rb (Fig. 3). If we assume that the stress state

b(θ,ϕ) within the grain bonds oriented in a given
direction  is homogeneous, then we have:

(4)

(5)

where →t  belongs to the plane perpendicular to
the axis of the contact cylinder, and S is the area of
the cross-section of this cylinder (Fig. 3).

On the microscopic scale, the behaviour of grain
bonds is governed by the behaviour of the ice. As
highlighted by [HANSEN, 1988], the local behaviour
on the microscopic scale strongly depends on the
density of the sample. For small densities of less
than 400 kg/m3, the deformational mechanisms are
essentially governed by gliding occurring between
the grains. For large densities, the volumetric defor-
mation of ice bonds seems to play a major role. In
what follows, in spite of the range of densities which
is investigated, gliding phenomena will be omitted.
Several authors in the past, such as [LLIBOUTRY,
1993], [AZUMA, 1994], [GÖDERT et al., 1998] or
[GAGLIARDINI et al., 1999], meticulously developed
advanced models for describing the behaviour of ice
polycrystals. As a first approximation, shear
strength can be ignored with regard to compressive
or tensile strength; transmission of forces is ensured
first and foremost by the set of normal directions of
contact. At least for small densities of less than 300-
400 kg/m3, this approximation is motivated by fail-
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ure occurring essentially by shearing. We are obvi-
ously aware of the approximate nature of this de-
scription, whose interest is first and foremost peda-
gogic. Of course, other complex phenomena may
occur in the normal direction, such as grain collapse
(in particular with recent snow), but this is ignored
in this paper. Hereafter, only local normal strain εb

and stress σb will be considered on the scale of the
ice bonds. Generally, the local behaviour is de-
scribed well by using σb, εb and their first time-deriv-
atives ·σb and ·εb: f(σb, ·σb, εb, ·εb)=0. For instance, a
non-linear viscoelastic tensile-compressive behav-
iour is described by the well-known non-linear Kel-
vin relation [LEMAITRE et al., 1988]:

(6)

where Kice and ηice are, respectively, the Youngs
modulus and the viscosity of the ice, and αice is an ex-
ponent taking non-linear phenomena into account.
Usually, αice is chosen equal to 1/3, so that the viscous
part of the Kelvin law corresponds to the Glen law.
Henceforth we adopt αice=1/3. In this paper, local
strain rates ·εb are assumed to be sufficiently large,
typically, ·εb > 10–4 s–1, for grain bonds to be regard-
ed as a brittle material. Thus, the following failure
criterion can be chosen:

(7)

where σl terms the tensile stress limit σl
t or the com-

pressive stress limit σl
comp. Ideally, the (tensile or

compressive) failure stress should be given as a func-
tion of the size of defects taking place within the
bonds; assessing the size of defects in terms of relia-
ble local indicators such as stress or geometric pa-
rameters is as yet too complex. As a first approach,
we consider the (tensile or compressive) failure
stress to be uniform within the snow volume.

Moreover, we assume that the normal displace-
ment field uc is related to the local normal strain

field εb within each grain bond as follows [NICOT,
2004A]; [NICOT, 2004b]:

(8)

with  and , so

that eq. (3) can be rewritten as:

(9)

Eq. (9) makes it possible to relate the local strain
rate dεb to the macroscopic strain rate dεij, by using
the so-called affine approximation given in Eq. (3).
Along each spatial direction, corresponding to a
given contact direction, the local strain rate takes a
value that is obviously different from the value of
the macroscopic strain rate.

Finally, the parameters of the model can be
summarized as follows:
– Initial contact distribution (fabric)
– Initial density of the specimen ρ0

– Initial grain size rg

– Initial grain bond size rb 
– Youngs modulus of the ice Kice

– Viscosity of the ice ηice 

– Tensile stress limit of the ice σl
t

– Compressive stress limit of the ice σl
comp

For recently deposited snow, as that considered
in the following section, the initial contact distribu-
tion can be assumed isotropic. However, it must be
emphasized that any type of distribution could be
accounted for. Eq. (9) has shown that the ratio

 is of great importance. This ratio can be as-

sessed from experimental investigation [KRY, 1975].
However, in absence of further experimental infor-
mation, this ratio will be calibrated from compari-
son between both numerical and experimental re-
sults.

Fig. 3 – Definition (a) and modelling (b) of an ice bond between two grains in contact.
Fig. 3 – Rappresentazione schematica (a) e modello (b) del legame coesivo tra due particelle di ghiaccio.
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2.3. Validation along standard loading paths

Various numerical simulations were carried out
and compared with the experimental tests per-
formed in Grenoble in the seventies [DESRUES,
1980]. In what follows we focus only on axisymmet-
ric triaxial tests. For a more complete presentation,
refer to [NICOT, 2004a].

2.3.1. EXPERIMENTAL TRIAXIAL TESTS

During the tests [DESRUES, 1980], snow samples
were first confined by a constant isotropic stress
loading σ0. Then, from an isotropic stress state
within the material, triaxial loading was applied.
During the triaxial loading test, a constant axial
strain rate is maintained ·(ε1=const), while a con-
stant lateral pressure is imposed (σ2 = σ0). The
stress σ1 is recorded. Four tests were carried out with
different values for both the initial isotropic loading
and the axial strain rate. The forth loading experi-
ment is an unconfined axial compressive test (σ0=0
kPa). The initial density of the samples varies within
the range [125 kg/m3–150 kg/m3]. The experimen-
tal data are reported in Table I. The changes of the
axial pressure, σ1 in terms of the axial strain, ε1 are
recorded for each test.

2.3.2. NUMERICAL RESULTS AND DISCUSSION

As shown in Table II, typical values for ηice and
Kice were considered. The values of a0 were cali-
brated by a comparison between experimental and
computed results. It must be noted that the depend-
ence between a0 and the initial density is quite per-

plexing (Table II): a0 should increase with the initial
density, which is not observed here. This divergence
could be explained by the fact that the assumption
of the granular-like micro-structure is contestable
for the recently deposited snow that was tested.

The tensile stress limit σl
t is chosen equal to

zero. Furthermore, it appears that a compressive
stress limit σl

comp should be expressed in terms of the

local strain rate ·εb(ϕ). As a first approximation, the
empirical relation between σl

comp and ·εb is depicted
in Figure 4. It ought to be noted that the curve is ap-
proximately linear. Even if this local relation is ad-
missible from a physical point of view, further re-
search, now in progress, is required to establish this
relation from local ice properties and not from a cal-
ibration process.

Tab. I – Triaxial tests: experimental data.
Tab. I – Prove triassiali: dati sperimentali.

Initial density (kg/m3)
Axial strain rate

(10–3 s–1)
Initial isotropic stress 

(kPa)
Axial strain after 

confinement phase

Test 1 135 1.075 5 3.68 10–2

Test 2 150 0.45 5 2.76 10–2

Test 3 150 0.15 5 3.98 10–2

Test 4 125 0.15 0 0

Tab. II – Triaxial tests: mechanical parameters.
Tab. II – Prove triassiali: parametri meccanici.

Initial density (kg/m3) a0 ηice (MPa.s1/3) Kice (GPa)

Test 1 135 0.09 242 9.5

Test 2 150 0.084 242 9.5

Test 3 150 0.071 242 9.5

Test 4 125 0.074 242 9.5

Fig. 4 – Local compressive stress limit as a function of lo-
cal strain rate.
Fig. 4 – Resistenza a compressione locale, in funzione della 
velocità di deformazione.
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As shown in Figs. 5-8, a satisfying agreement is
observed between experimental and computed
curves. These preliminary results are fairly encour-
aging, corroborating that the micro-directional
model is able to take into account much of the phys-
ical phenomena which occur within a loaded snow
sample. The fundamental advantage of such an ap-
proach lies in the very small number of internal pa-
rameters that are required. On the other hand, phe-
nomenological approaches generally introduce nu-
merous parameters of which the calibration can be
complicated. It is important to note that the com-
parison was carried out for recently deposited snow.
Even though numerous experimental tests investi-
gated higher density snows in the past [SALM, 1977],
quantitative results are generally not detailed in the
papers. As mentioned by [SHAPIRO, 1997], the lack of
experimental data is one of the obstacles to the de-
velopment of novel models, and the building of a
large public data base must be regarded as a major
challenge.

3. Modelling of a snowpack in interaction with a 
structure

3.1. A Lagrangian-Discrete approach

Just after snow falls, gravity effects continue to
occur, inducing changes in the micro-structure of
snow [BROWN, 1991B]. As for geologic deposit mate-
rials, a laminar structure can be rapidly observed,
transforming the snowpack into a set of parallel lay-
ers. Omitting settlement phenomena, this feature al-
lows to infer that each material point of the mantel
undergoes a downward motion along a direction
parallel to the slope. From a physical point of view,
both height and density profiles are time depend-
ent; but in the proposed approach, the settlement
phenomenon is assumed not to have a strong inter-
action with the creeping phenomenon. Further-
more, it seems to be relevant to consider that the
loading applied by the snowpack to the structure is
mainly caused by the creeping phenomenon, and
not by the settlement phenomenon. Thus, the creep-

Fig. 5 – Comparison between experimental and comput-
ed results – Triaxial test 1.
Fig. 5 – Confronto tra risultati sperimentali e modello – Prova 
triassiale 1.

Fig. 6 – Comparison between experimental and comput-
ed results – Triaxial test 2.
Fig. 6 – Confronto tra risultati sperimentali e modello – Prova 
triassiale 2.

Fig. 7 – Comparison between experimental and comput-
ed results – Triaxial test 3.
Fig. 7 – Confronto tra risultati sperimentali e modello – Prova 
triassiale 3.

Fig. 8 – Comparison between experimental and comput-
ed results – Triaxial test 4.
Fig. 8 – Confronto tra risultati sperimentali e modello – Prova 
triassiale 4.
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ing phenomenon is investigated by taking into ac-
count the final values of height and density of the
mantel after settlement. It is therefore meaningful to
describe the snowpack by means of a set of rigid par-
allelepiped bars, denoted snow elements (Fig. 9).
The mechanical behavior of snow is accounted for by
introducing contact forces between adjoining bars.
These forces can be related to the relative displace-
ments of the bars through an adequate formulation
of the constitutive relations of the micro-directional
model ([NICOT, 2003a]; [NICOT, 2004b]; [NICOT,
2004c]). The net sheet can be described by a set of
nodes located at the intersection points between sin-
gle wires. The straight lines which appear in Fig. 10
are merely fictitious: the structure is completely de-
scribed by a set of nodes [NICOT et al., 2003b]. This
means that the contact between the snowpack and
the net sheet will occur only at the nodes of the mesh
and not along the lines joining the nodes. The nodes
located at the connection points between the net
sheet and the poles or the anchors will be assumed
to be fixed. Even if the structure gives rise to consid-
erable deformation, it must be noted that strains

within every individual wire remain very limited.
Thus, the behaviour of wires belongs to the elastic
domain. The mechanical interaction between the
snowpack and the structure is modeled by a kinemat-
ical constraint. Indeed, it is assumed that a node of
the structure that is in contact with a snow element
cannot penetrate it; this implies that these two bod-
ies has the same incremental displacement along the
direction of the slope. This constraint allows the re-
action force between the snow element and the node
to be computed. The set of both balance and consti-
tutive equations are solved by using an explicit finite
difference scheme. Furthermore, as inertial phe-
nomena are negligible for such quasi static prob-
lems, it was established that a double time step and
an explicit numerical scheme could be carried out
([NICOT et al., 2003b]; [NICOT, 2004c]). This scheme
introduces thereby two different time steps for the
balance equations of both the structure and the man-
tel, each time step being assessed in terms of the me-
chanical parameters of the materials (Young modu-
lus of wires, viscosity of snow). In addition, it was es-
tablished that the forces existing in the different
parts of the structure do not depend on the constitu-
tive parameters of the snowpack (and then on the
ice) but only on physical parameters such as the co-
ordinate number or the density profile of the snow-
pack. Nevertheless, it must be noted that this result
is not general but must be regarded as a mathemat-
ical consequence of the form of the constitutive rela-
tions. This feature gives rise to a significant reduc-
tion of computational time, which is of course a cru-
cial point for practical applications requiring inten-
sive computations ([NICOT, 2004c]; [NICOT et al.,
2004d]).

3.2. An example of advanced simulation: influence of the 
mantel layering

The previous numerical scheme was introduced
into a home-developed computational software that
makes it possible to simulate the evolution of the

Fig. 9 – Laminar structure of the snowpack.
Fig. 9 – Struttura laminare del manto nevoso.

Fig. 10 – Spatial description of avalanche net structure.
Fig. 10 – Schema tridimensionale della rete paravalanghe.
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forces acting in the different parts of the structure as
a function of various nivological and meteorological
conditions. In order to show the capabilities of this
engineering-oriented tool, a complete simulation
will be described in this section. Typical successive
meteorological events are considered. The structure
is composed of a line of four poles. The height of
the net sheet is equal to 4 meters. Each pole, which
is hollow, has a diameter of 168.3 mm and a wall
thickness of 4.5 mm. The distance between two ad-
joining poles is 3.50 meters. The slope ψ above the
structure is equal to 45 degrees. The geometrical
settings of the structure are described in Figure 11.

As depicted in Fig. 12, two successive snow situa-
tions were analysed. First, a three-layer mantel was
considered, in which a recent snow layer and an old
dense snow layer are separated by a thin layer. This
situation is typical of February in the French Alps.
Second, a two-layer mantel was examined, whose
snow layers were very dense. This is the usual spring
situation: the snowpack has been subjected to the ef-
fect of melting and settlement. Even if the height of
the mantel is lower in the second case, the total weight
of the mantel remains unchanged. Although this fea-
ture may not occur, it was adopted in order to exam-
ine the sole influence of the height of the mantel.

To perform the two numerical simulations, the
number of grain bonds in a RVE was fixed at 1000.
The snow elements measure 0.02 metre high by
0.02 metre wide by 25 metres long (the description
of the entire mantel required 120,000 elements). A
sliding condition was introduced between the soil
and the snowpack, with a friction angle ϕs equal to
20 degrees.

Table III compares the forces acting in the an-
chors in the course of the two situations. It can be
observed that the forces are slightly greater in the

first situation. Even if the weight of the mantel is
identical for the two scenarios, the first loading in-
duces the strongest forces. That means that the
forces acting on the anchors are a function of the
weight of the mantel, but also of the total height of
the mantel.

The comparison of the pressure applied to the
poles in February and April is illustrated in
Figure 13. First, the curve corresponding to the
February situation shows that the presence of a thin
light layer induces a strong decrease in the pressure.
Thus, because of the influence of the layering of the
mantel, it is of great importance to have a physical
description of the site that is as accurate as possible.
Furthermore, it can be observed that the pressure
corresponding to the April situation is the greater of
the two. Thus, the loading applied by a snowpack to
the poles seems to depend substantially on the

Fig. 11 – Geometrical configuration of the structure.
Fig. 11 – Caratteristiche geometriche della struttura considerata.

Tab. III – Forces acting in the anchors: comparison be-
tween February and April situations.
Tab. III – Azioni negli ancoraggi (condizioni di tipo Febbraio ed
Aprile).

Forces (kN)

Internal 
anchor

Pre-external 
anchor

External
anchor

February situation 261 260 298

April situation 242 240 285

Fig. 12 – Changes in a layered mantel between February
and April.
Fig. 12 – Evoluzione del manto nevoso (Febbraio-Aprile).
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height of the mantel. During the settlement of the
snow cover, if the total weight of the mantel remains
unchanged, the pressure applied to the poles is
likely to increase dramatically. This makes it even
more important to perform several simulations with
different successive realistic snow conditions in or-
der to determine the most severe situation. Taking
this point into account will provide an effective de-
sign of the protective structure.

As depicted in Fig. 13, strong oscillations occur
in the pressure profile. These oscillations seem to be
related to the discrete representation of both the
wire net and the snowpack. In the vicinity of the
poles some snow elements can flow whereas the
other ones in contact with the wires (nodes) are
blocked. As the pressure applied to the poles is com-
puted from the velocity of the snow elements which
are in contact with those located upstream from the
poles, the discontinuous nature of the velocity field
then directs oscillations in the pressure profile. We
must admit that so large oscillations result from the
nature of the modelling system, but are not likely to
correspond to a physical phenomenon. Neverthe-
less, the simulated pressure profile brings some val-
uable mean information, which can be sufficient to
design the structure: further mathematical treat-
ment (a filtering process) can be used in order to
regularize the profile.

4. Concluding remarks

This paper has shown the relevance of a multi-
scale approach to solve an engineering problem,
namely the design of avalanche net structures, on
the basis of a proper mechanical analysis of the in-
teraction between a complex material (the snow
cover) and a flexible-open structure. Three succes-
sive scales are involved in this approach. First ice
grain scale is considered. Then the RVE scale is in-
troduced, allowing to define both strain and stress
fields in the sense of continuum mechanics; the link

between these two levels is completed by our micro-
directional model, that ensures that some important
micro-structural processes are accounted for. Fi-
nally the third scale corresponds to the mantel scale.
The transition from the RVE scale to the mantel
scale is achieved by a specific Lagrangian-Discrete
modeling. Beyond the practical interest of this work
for engineering purposes, we can point out that the
micro-directional model is convenient to describe
the mechanical behavior of a wide range of geoma-
terials, including not only cohesion-less materials
but also more complex materials such as snow. Fun-
damental results were already obtained in the case
of cohesion-less granular materials, making it possi-
ble to propose a sound physical interpretation of es-
sential constitutive features such as non-associative-
ness, incrementally non-linearity, as well as exist-
ence of a flow rule [DARVE and NICOT, 2005a]; [DARVE

and NICOT, 2005b]. Results derived from the inves-
tigation of snow highlight that the micro-directional
model is also a powerful model to investigate snow
mechanics from both qualitative and quantitative
viewpoints.
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Un modello micro-direzionale per 
materiali dotati di attrito e coesione: 
applicazione al manto nevoso

Sommario:
Il progetto di reti paravalanghe richiede la soluzione di un 

caso molto complesso di interazione tra due elementi di per sé 
caratterizzati da un comportamento di difficile modellazione (un 
materiale multifase, disomogeneo e con caratteristiche che 
evolvono nel tempo, come la neve, e una struttura di 
contenimento estremamente flessibile, e quindi soggetta a grandi 
spostamenti). In questo articolo vengono riassunti i contributi 
alla risoluzione del problema forniti dagli Autori tramite un 
approccio multiscala che, partendo dalla riproduzione 
micromeccanica del comportamento del manto nevoso, permette 
di studiare l’interazione neve-struttura e in particolare di 
determinare le azioni in alcuni punti significativi della struttura 
stessa. A questo scopo, la neve viene vista come un insieme di 
particelle di ghiaccio coese, il cui comportamento è descritto da un 
modello micro-direzionale. Quindi, l’interazione tra il manto 
nevoso e la struttura di contenimento viene studiata 
numericamente utilizzando un approccio discreto lagrangiano.




