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Abstract In order to model rockfall on forested slopes,
we developed a trajectory rockfall model based on the dis-
crete element method (DEM). This model is able to take the
complex mechanical processes at work during an impact into
account (large deformations, complex contact conditions)
and can explicitly simulate block/soil, block/tree contacts as
well as contacts between neighbouring trees. In this paper,
we describe the DEM model developed and we use it to
assess the protective effect of different types of forest. In
addition, we compared it with a more classical rockfall simu-
lation model. The results highlight that forests can signifi-
cantly reduce rockfall hazard and that the spatial structure of
coppice forests has to be taken into account in rockfall simu-
lations in order to avoid overestimating the protective role of
these forest structures against rockfall hazard. In addition,
the protective role of the forests is mainly influenced by the
basal area. Finally, the advantages and limitations of the
DEM model were compared with classical rockfall model-
ling approaches.
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0, Relative orientation of the local coordinate Fol Tangential component of the contact force
systems associated with the adjacent nodes between a block and the soil
‘ around y axis F tb*‘ Tangential component of the contact force
@*°! Friction angle associated with the interaction between a block and a tree
between the block and the soil F- Tangential component of the contact force
@°- Friction angle associated with the interaction between two trees
between a block and a tree G Basal area
P Friction angle associated with the interaction g(r) Pair density function
between two trees H; Length of the tree, including the crown
¢ Heaviside function I Bending moment of inertia associated with the
A Forests integrating the spatial aggregation of z-axis
the stems Kelaa Stiffness coefficient associated with the first
d Distance between two spheres constituting the linear relation
soil Kpjast Stiffness coefficient associated with the sec-
D¢y Mean tree diameter between the nodes ond linear relation
d s Mean nearest neighbour distance in the Kroot Stiffness coefficient associated with the behav-
pattern iour of the root system
Dgtem Tree diameter at breast height K Stiffness coefficient associated with the
D, Block first principal axis unloading linear relation
D, Block second principal axis Kt Normal stiffness coefficient associated with
D, Block third principal axis the interaction between the block and the soil
DistSI\I(i:DE Distances where 50% of the blocks were trees
bt . . . .
stopped in the simulations without forest from  Ka Normal stiffness coefficient associated with
the DEM model the interaction between between the block and
Dist). Distances where 50% of the blocks were atree . . .
RE3D . ) . . K- Normal stiffness coefficient associated with
stopped in the simulations without forest from the interaction between two trees
Cw RF3D K- Tangential stiffness coefficient associated with
Distyyy. Distances where 50% of the blocks were the interaction between two trees
stopped in the simulations with forest from the Kf‘“l Tangential stiffness coefficient associated with
DEM model the interaction between the block and the soil
Distf)gF Distances where 50% of the blocks were trees
3 . . . . .
Rrsp wonped in the simulat th forest £ K> Tangential stiffness coefficient associated with
;;grg 10 the stmufations with forest lrom the interaction between between the block and
. . . atree
?,last Equwaien: moguius ior :Ee ﬁrit hcrll.ear l1r.e1at10n I Distance between two nodes
Unld (}utllva ent modulus for the unloading linear Le Length of the crown
relation . .
clatio M, Threshold moment associated with the root
E, Young modulus of the block rupture
e, Normal restitution coefficient defined at the . .
. ) Mg Threshold moment associated with the occur-
contact point between the block and the soil rence of plastic strain
E, Radial elasticity modulus of fresh wood . .
E Mean nearest neighbour distance expected for Moo Bending moment applied to the root system
d . . g p . My Threshold moment associated with the tree
a Poisson point process of the same intensity stem breakage
soil 1
F o Contact force between a block and the soil JRoot Bending moment applied to the base of the
F- Contact force between the block and a tree x d .
F- Contact force between two trees tree stem around x axis
. MR Bending moment applied to the base of the
o Normal component of the contact force Y tree stem around y axis
between a block and the soil
bt M Mass of the crown
F>- Normal component of the contact force
n my Mass of the block
between a block and a tree . . .
i my Additional mass assigned to nodes belonging
F Normal component of the contact force
n to the crown



A Novel DEM Approach to Simulate Block Propagation on Forested Slopes 813

M, Bending moment around x axis

M, Bending moment around y axis

Meany, Mean diameters of the trees in a forest

MOE Modulus of elasticity

N Number of stems per hectare

Ng, Number of trees in the forest

NA Forests generated without spatial stem
aggregation

PFISJ%M Protection index determined from the run-out
distances of the DEM model

PF%%D Protection index determined from the run-out
distances of RF3D

r Distance between two trees

Rejark Clark and Evans aggregation index

Rt Radius of spheres constituting the soil

Ry Radius of a sphere constituting the block

Ty Radius of the block

T Radius of a connection

R, Radius of the stem 1 at the interaction point

R, Radius of the stem 2 at the interaction point

S Surface of the forest

Stdp, Standard deviation of the diameters of the
trees in a forest

Ul Normal overlap between the block and the soil

UI‘:J Normal overlap between the block an a tree in
the direction normal to the contact surface

U Normal overlap between two trees in the

direction normal to the contact surface

1 Introduction

Rockfall is a natural hazard that endangers infrastructure and
residential areas worldwide. On forested slopes, foresting
and lying trees can, however, mitigate this rockfall hazard
due to the energy dissipation during a tree impact (Volkwein
et al. 2011). The efficiency of a forest mainly depends on
the mass of the falling rock, its velocity, the tree diameter
distribution in the forest, the basal area (sum of the cross-
sectional area of all tree trunks 1.3 m above ground within
1 ha of the study area) and the length of the forested slope
(Dupire et al. 2016; Toe et al. 2017). Only a few rockfall
trajectory models explicitly take into account forests (spa-
tial tree distribution, distribution of tree diameters and tree
species) and their mitigating effect (Volkwein et al. 2011).
These models mostly integrate the forest’s protective effect
based on empirical relationships which describe the block
trajectory deviation and the energy loss as a function of the
tree diameter, the impact height and the eccentricity of the
block impact on the trunk (Dorren and Berger 2006; Jancke
2012). However, these relationships do not integrate all the
physical processes occurring during block/tree or tree/tree
impacts.

The calculation of the block’s reflected trajectory after an
impact on a tree requires a numerical model describing the
mechanical response of the tree during the impact. In recent
years, advanced methods to model the dynamic response of
a tree subjected to the impact of a block have been proposed
by several authors. Jonsson et al. (2007) and Bertrand et al.
(2013) have proposed models based on the finite element
method (FEM). The model proposed by Jonsson et al. (2007)
includes, in particular, the contact between the block and
the tree (spruce) and the role of the root system. Toe et al.
(2017) proposed a model to simulate the impact of blocks
on a tree based on the discrete element method (DEM). In
this approach, the tree is represented as a deformable beam
and the contact between the block and the tree is modelled
explicitly. The use of this method provides a more simplified
modelling of the tree compared to FEM modelling, with the
advantage of being more efficient in terms of computation
time.

Over the past few years, rockfall models using the DEM
have proved their ability to model rockfall propagation inte-
grating block shape, block fragmentation and protection
structures (Plassiard and Donzé 2010; Xinpo et al. 2010;
Thoeni et al. 2013, 2014). However, forest effects have not
yet been integrated into DEM-based rockfall models.

This paper proposes a novel approach to integrate the pro-
tective role of forest against rockfall hazard in a DEM-based
rockfall model. The proposed approach is used to simulate
block trajectories through forest in order to quantify their
protection function. Finally, the results obtained are com-
pared with block trajectories simulated using a probabilis-
tic lumped-mass model, called RockyFor3D (Dorren 2012)
to identify the advantages and limitations of the model
proposed.

2 Materials and Methods
2.1 DEM Rockfall Model

The model developed is based on a DEM approach (Cundall
and Strack 1979) using the open-source code Yade-DEM
(émilauer et al. 2014). One advantage of this method is
that the interactions between a block, the soil and the trees
are explicitly taken into account. The trees and the soil are
modelled as assemblies of rigid, locally deformable spheres
interacting by contact and/or remote forces. The resolution
scheme of this method is based on an explicit time-stepping
algorithm. At each time step, contact forces calculated from
the particle locations and relative velocities are applied to
all overlapping particles. The motion of the particles during
the time step is then determined by solving Newton’s equa-
tions, which allows updating the locations and velocities of
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the particles for the following time step (Cundall and Strack
1979).

2.1.1 Modelling the Block and the Soil

The soil is modelled as an unbreakable assembly of spheres
as in the block trajectory model CRSP-3D (Andrew et al.
2012). Successions of spheres are generated along a slope
profile or along a surface corresponding to a digital terrain
model (DTM). The diameter of each sphere of the soil is
constant and set to 1.4 m following the same approach as
in Andrew et al. (2012). The distance between adjoining
spheres is set constant in order to generate a constant rough-
ness along the profile (Fig. 6). This modelling approach inte-
grates both the macroscopic topography, using a DTM or a
slope profile, and the local topography changes, as a local
roughness modelled by the spheres composing the slope
surface.

In this study, we analyse the propagation of cubic blocks
because it is a simple and realistic block shape. Each block
is made of an unbreakable assembly of 27 spheres with iden-
tical diameters. The radius of each of these spheres (R,) is
calculated as follows:
R, =
b= M
Ry, is the radius of a sphere constituting the block. D, is one
of the block dimensions (D, = D, = D;) (Fig. 1).

2.1.2 Modelling the Tree

Both single trees and coppice stools composing mountain
forests (Jancke et al. 2009) are integrated into the model.

Fig. 1 Sketch of the interac-
tion between the block and

the soil. D = D, = Dy are the
dimensions of the block. R,
and R are, respectively, the
radius of spheres constituting
the block and the radius of
spheres constituting the soil.
U=ilis the overlap between the
block and the soil. F5°! and F{°!!
FITangential stiffness at the

Coppice stools are characterized as a tree stems belonging
to the same stump. The tree stems are modelled as flexible
cones according to the approach developed in Bourrier et al.
(2013).

The cones are represented as chains of nodes linked by
cylindrical connections that can be considered as chains
of interconnected cylinders with radii decreasing from the
bottom to the top of the tree. Interaction forces between
the impacting block and the connections allow character-
izing block/tree contacts, while interaction forces between
the nodes allow modelling the stem as a deformable beam
(Fig. 2). The stem mass is distributed along the stem and
assigned to the corresponding nodes following the assump-
tion that the stem is conical. The interaction forces and tor-
ques are applied to adjacent nodes along the stem’s main
axis (z) and along two axes perpendicular to the z-axis (x
and y). The interaction forces along the z-axis are related to
tensile loadings, while those along the other axes are associ-
ated with shear loadings. In addition, the interaction torques
along the z-axis are related to twist loadings, while those
along the y and x-axes are associated with bending loadings
(Toe et al. 2017).

We assumed that no substantial tensile and twist load-
ing develops because of the sliding of the block along
the stem. In addition, the impact location is assumed far
enough from the root system so that the shear stresses
remain small compared to bending stresses. Consequently,
the normal, shear, and twist induced forces and torques
are modelled using linear elastic relationships between the
node position (resp. orientations) and interaction forces
(resp. moment) depending on the modulus of elasticity
(MOE) and the Poisson ratio of the stem (v) (Bourrier
et al. 2013; Olmedo et al. 2016). The interaction torques

contact surface are the normal
force and the tangential force

at the contact surface between
the block and the soil. K**! and
K" are the normal stiffness
and tangential stiffness at the
contact surface. a is the viscous
damping coefficient and ¢* is
the friction angle at the contact
point
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Fig. 2 Sketch of a single tree and a coppice stool and corresponding
DEM models. is the length of the crown.  is the additional mass
assigned to nodes belonging to the crown.  is the length of the tree,
including the crown. The root system is modelled by a rotation spring
depending on the orientation of the local coordinate systems associ-
ated with node 1 and node 2
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Fig. 3 Diagram representing the trilinear interaction law for the cal-
culation of the bending moments between contiguous nodes (Olmedo
et al. 2016)

between adjacent nodes in bending (i.e. along x and y axes)
are calculated incrementally using a multi-linear relation-
ship between the bending moments M, and M, and the
relative orientation of the local coordinate systems associ-
ated with the adjacent nodes § and 6 (Fig. 3).

During the loading phase the relationship between M, (resp.
M,) and 6, (resp. 6,) is described by a linear relationship char-
acterized by a stiffness coefficient Ky, Once the threshold
value My, is reached, a second linear relationship charac-
terized by a stiffness coefficient Kp,, is used. The unloading
phase is also linear. It is associated with a stiffness coefficient
KUnld'

If the threshold MRupt is reached, the tree stem breaks,
which leads to a complete loss of the mechanical resistance
along all axes. The coefficients involved in the bending torque/
orientation relationships are related to the geometrical and
mechanical properties of the stem (Egs. 2, 3, 4).

MOE x I

Kjas = f 2
Epo X1

Kpg = =5 3)
Egpa X 1

Kuma = —— @

MOE, Ep,, and Eyy,,4 are the equivalent modulus for the first,
second and unloading linear relations of the stem response. [
is the distance between two nodes. [ is the bending moment
of inertia associated with the z-axis (/ = e ). D¢y 18 the
mean tree diameter between the nodes considered.

The bending moment threshold (Mpg,,), setting the limit
between the first and the second linear relationships, is associ-
ated with the bending stress oy, (Eq. 5).

Okjast X I X 2
M, Elast — - (5)

D Con
Similarly, the maximum bending moment (My,,,) is associ-
ated with the equivalent rupture stress (og,,,) (Eq. 6).

Mpupe = —F—— (6)

Although the relationships used in Egs. (2), (3), (4), (5), and
(6) are only valid for elastic material, we also used them
when materials non-linearities developed for consistency
purposes.

A viscous damping of the bending moments is integrated
to adequately model the response of a fresh wood stem under
dynamic loading (Olmedo 2015). The contributions of the
damping dM)]?amp and dM;3 4P to the interaction moments are
calculated as follows:

d Damp — TX Elast X d9 (7)

AMY™ = 7 X Koy X d6), (8)
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