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�s  Local slope between two spheres constituting 
the soil

dUsoil
n

dt
  Relative velocity between the spheres in the 

direction normal to the contact surface
�soil  Ratio between Ksoil

t
 and Ksoil

n

�  Poisson ratio of a stem
�Elast  Elastic bending stress limit
�Rupt  Rupture bending stress
�  Damping coefficient
d�̇�x  Increment of the relative rotational velocity 

between two nodes around x axis
d�̇�y  Increment of the relative rotational velocity 

between two nodes around y axis
dΔ�1_2,x  Increment of relative orientation of the local 

coordinate systems of node 1 and node 2 
around x axis

dΔ�1_2,y  Increment of relative orientation of the local 
coordinate systems of node 1 and node 2 
around y axis

dFsoil
t

  Increment of tangential force
dM

Damp
x   Contributions of the damping to the interac-

tion moments around x axis
dM

Damp
y   Contributions of the damping to the interac-

tion moments around y axis
dMRoot

x
  Increment of moment added to the moment 

MRoot
x

dMRoot
y

  Increment of moment added to the moments 
MRoot

y

dUsoil
t

  Relative increment of tangential displacement 
between the block and the soil at the contact 
point

�x  Relative orientation of the local coordinate 
systems associated with the adjacent nodes 
around x axis

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.

Keywords Rockfall · Impact · DEM · Slope · Tree

List of symbols
�  Viscous damping coefficient
�cr  Critical damping coefficient
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�y  Relative orientation of the local coordinate 
systems associated with the adjacent nodes 
around y axis

�soil  Friction angle associated with the interaction 
between the block and the soil

�b_t  Friction angle associated with the interaction 
between a block and a tree

�t_t  Friction angle associated with the interaction 
between two trees

�  Heaviside function
A  Forests integrating the spatial aggregation of 

the stems
d  Distance between two spheres constituting the 

soil
DCon  Mean tree diameter between the nodes
dobs  Mean nearest neighbour distance in the 

pattern
DStem  Tree diameter at breast height
D1  Block first principal axis
D2  Block second principal axis
D3  Block third principal axis
Dist50

NFDEM
  Distances where 50% of the blocks were 

stopped in the simulations without forest from 
the DEM model

Dist50
NFRF3D

  Distances where 50% of the blocks were 

stopped in the simulations without forest from 
RF3D

Dist50
WFDEM

  Distances where 50% of the blocks were 

stopped in the simulations with forest from the 
DEM model

Dist50
WFRF3D

  Distances where 50% of the blocks were 

stopped in the simulations with forest from 
RF3D

EPlast  Equivalent modulus for the first linear relation
EUnld  Equivalent modulus for the unloading linear 

relation
Eb  Young modulus of the block
en  Normal restitution coefficient defined at the 

contact point between the block and the soil
Er  Radial elasticity modulus of fresh wood
Ed  Mean nearest neighbour distance expected for 

a Poisson point process of the same intensity
Fsoil  Contact force between a block and the soil
Fb_t  Contact force between the block and a tree
Ft_t  Contact force between two trees
Fsoil
n

  Normal component of the contact force 
between a block and the soil

Fb_t
n

  Normal component of the contact force 
between a block and a tree

Ft_t
n

  Normal component of the contact force 
between two trees

Fsoil
t

  Tangential component of the contact force 
between a block and the soil

F
b_t
t   Tangential component of the contact force 

between a block and a tree
F
t_t
t   Tangential component of the contact force 

between two trees
G  Basal area
g(r)  Pair density function
HT  Length of the tree, including the crown
I  Bending moment of inertia associated with the 

z-axis
KElast  Stiffness coefficient associated with the first 

linear relation
KPlast  Stiffness coefficient associated with the sec-

ond linear relation
KRoot  Stiffness coefficient associated with the behav-

iour of the root system
KUnld  Stiffness coefficient associated with the 

unloading linear relation
Ksoil
n

  Normal stiffness coefficient associated with 
the interaction between the block and the soil 
trees

Kb_t
n

  Normal stiffness coefficient associated with 
the interaction between between the block and 
a tree

Kt_t
n

  Normal stiffness coefficient associated with 
the interaction between two trees

K
t_t
t   Tangential stiffness coefficient associated with 

the interaction between two trees
Ksoil
t

  Tangential stiffness coefficient associated with 
the interaction between the block and the soil 
trees

K
b_t
t   Tangential stiffness coefficient associated with 

the interaction between between the block and 
a tree

l  Distance between two nodes
LC  Length of the crown
Ma  Threshold moment associated with the root 

rupture
MElast  Threshold moment associated with the occur-

rence of plastic strain
MRoot  Bending moment applied to the root system
MRupt  Threshold moment associated with the tree 

stem breakage
MRoot

x
  Bending moment applied to the base of the 

tree stem around x axis
MRoot

y
  Bending moment applied to the base of the 

tree stem around y axis
mC  Mass of the crown
mb  Mass of the block
mN  Additional mass assigned to nodes belonging 

to the crown
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Mx  Bending moment around x axis
My  Bending moment around y axis
MeanD  Mean diameters of the trees in a forest
MOE  Modulus of elasticity
N  Number of stems per hectare
NEd

  Number of trees in the forest
NA  Forests generated without spatial stem 

aggregation
PF50

DEM
  Protection index determined from the run-out 

distances of the DEM model
PF50

RF3D
  Protection index determined from the run-out 

distances of RF3D
r  Distance between two trees
RClark  Clark and Evans aggregation index
Rsoil  Radius of spheres constituting the soil
Rb  Radius of a sphere constituting the block
rb  Radius of the block
rs  Radius of a connection
Rs1  Radius of the stem 1 at the interaction point
Rs2  Radius of the stem 2 at the interaction point
S  Surface of the forest
StdD  Standard deviation of the diameters of the 

trees in a forest
Usoil

n
  Normal overlap between the block and the soil

Ub_t
n

  Normal overlap between the block an a tree in 
the direction normal to the contact surface

Ut_t
n

  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 
(Šmilauer 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 (Rb) is 
calculated as follows:

Rb is the radius of a sphere constituting the block. D1 is one 
of the block dimensions (D1 = D2 = D3) (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. 

(1)Rb =
D1

4

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 (�) (Bourrier 
et al. 2013; Olmedo et al. 2016). The interaction torques 

Fig. 1  Sketch of the interac-
tion between the block and 
the soil. D1 = D2 = D3 are the 
dimensions of the block. Rb 
and Rsoil are, respectively, the 
radius of spheres constituting 
the block and the radius of 
spheres constituting the soil. 
U

soil
n

 is the overlap between the 
block and the soil. Fsoil

n
 and Fsoil

t
 

F
soil
t

Tangential stiffness at the 
contact surface are the normal 
force and the tangential force 
at the contact surface between 
the block and the soil. Ksoil

n
 and 

K
soil
t

 are the normal stiffness 
and tangential stiffness at the 
contact surface. � is the viscous 
damping coefficient and �soil is 
the friction angle at the contact 
point
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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 Mx and My and the 
relative orientation of the local coordinate systems associ-
ated with the adjacent nodes �x and �y (Fig. 3).

During the loading phase the relationship between Mx (resp. 
My) and �x (resp. �y) is described by a linear relationship char-
acterized by a stiffness coefficient KElast. Once the threshold 
value MElast is reached, a second linear relationship charac-
terized by a stiffness coefficient KPlast 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 (Eqs. 2, 3, 4).

MOE, EPlast and EUnld are the equivalent modulus for the first, 
second and unloading linear relations of the stem response. l 
is the distance between two nodes. I is the bending moment 
of inertia associated with the z-axis (I = �×D

4
Con

64
). DCon is the 

mean tree diameter between the nodes considered.
The bending moment threshold (MElast), setting the limit 

between the first and the second linear relationships, is associ-
ated with the bending stress �Elast (Eq. 5).

Similarly, the maximum bending moment (MRupt) is associ-
ated with the equivalent rupture stress (�Rupt) (Eq. 6).

Although the relationships used in Eqs. (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 dMDamp

x  and dMDamp
y  to the interaction moments are 

calculated as follows:

(2)KElast =
MOE × I

l

(3)KPlast =
EPlast × I

l

(4)KUnld =
EUnld × I

l

(5)MElast =
�Elast × I × 2

DCon

(6)MRupt =
�Rupt × I × 2

DCon

(7)dMDamp
x

= 𝜏 × KElast × d�̇�x

(8)dMDamp
y

= 𝜏 × KElast × d�̇�y

Fig. 2  Sketch of a single tree and a coppice stool and corresponding 
DEM models. LC is the length of the crown. mN is the additional mass 
assigned to nodes belonging to the crown. HT 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

Fig. 3  Diagram representing the trilinear interaction law for the cal-
culation of the bending moments between contiguous nodes (Olmedo 
et al. 2016)
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d�̇�x and d�̇�y are the increments of the relative rotational 
velocity between the nodes considered along the x and y 
axes. � is the damping coefficient. This damping formulation 
is assumed to favour damping of high-vibration frequen-
cies analogous to Rayleigh formalism according to Chopra 
(2011).

dM
Damp
x  (resp. dMDamp

y ) is added to the interaction moment 
Mx (resp. My).

To take the influence of the root systems on single trees’ 
behaviour during an impact into account, a bending moment 
was applied to the base of the tree stem depending on its ori-
entation along the x and y axes (Toe et al. 2017) (Fig. 2) and 
following an elastic-perfectly plastic constitutive model. The 
bending moment was applied depending on the relative ori-
entation of the local coordinate systems of node 1 and node 2 
along the x and y axes using an incremental formalism.

where, Kroot is a stiffness coefficient. dMRoot
x

 and dMRoot
y

 are 
the increment of moment added to the moments MRoot

x
 and 

MRoot
y

 along the x and y axes. dΔ�1_2,x and dΔ�1_2,y are the 
increment of relative orientation of the local coordinate sys-
tems of node 1 and node 2 along the x and y axes.

In addition, MRoot is limited to a threshold moment Ma 
(Dupuy et al. 2005; Lundström 2009).

Coppice stools are modelled as assemblies of stems that 
are fully embedded in the soil. This modelling assumption 
is based on the work of Jancke (2012), which highlights the 
small influence of the root system of the coppice stool on the 
block energy reduction. The position of the stems in a stool 
and their diameters are defined in agreement with field inven-
tories (Sect. 2.2.2).

The length of the single trees and of the stems of a stool (HT),  
including the length of the crown (LC), are defined according 
to allometric relationships developed for beech (Fagus syl-
vatica) (Quetel 2005). The crown of the stems is modelled by 
an additional mass (mC) uniformly distributed along a distance 
LC from the top of the tree. The mC was calculated using allo-
metric relationships from Bartelink (1997) 

DStem is the tree diameter at breast height.

(9)dMRoot
x

= KRoot × dΔ�1_2,x

(10)dMRoot
y

= KRoot × dΔ�1_2,y

(11)HT = 1.3 + (73.805 × DStem) − (54.734 × D2
Stem

)

(12)LC = 0.40642 × HT

(13)mC = 0.0031 × D3.161
Stem

2.1.3  Interactions

In the DEM model, the contacts between the block and the 
soil, the block and the stem and between the stems were mod-
elled by forces applied at the contact points. These forces 
were calculated using the interpenetration and relative veloci-
ties between the objects. Each contact force (F) is split into a 
normal component to the contact surface (Fn) and a tangential 
component to that surface (Ft).

Block/Soil Interaction The interaction forces between 
the block and the soil are calculated using the interactions 
between the spheres which constitute the block and the soil 
(Fig. 1). The energy dissipated at the contact between the 
block and the soil is modelled by a viscous damping in the 
direction normal to the contact surface (Thoeni et al. 2014).

Fsoil
n

, Ksoil
n

 and Usoil
n

 are respectively the force, the stiffness 
and the overlap between two spheres in the direction normal 
to the contact surface. � is a viscous damping coefficient and 
dUsoil

n

dt
 is the relative velocity between the spheres in the direc-

tion normal to the contact surface.

The damping coefficient � can be related to the normal 
restitution coefficient en defined at the contact point using 
Eq. (14).

�cr is the critical damping coefficient defined as in Eq. (15)

mb is the mass of the block.
The tangential force to the contact surface (Fsoil

t
) is directed 

in the opposite direction to the relative tangential velocity 
between two bodies in contact. This force is calculated incre-
mentally from the relative displacement between the spheres 
at the contact point. At each time step, the increment of tan-
gential force (dFsoil

t
) is added to the tangential force calculated 

at the previous time step.

dUsoil
t

 is the relative increment of tangential displacement 
between the block and the soil at the contact point. Ksoil

t
 is 

the tangential stiffness. �soil is the friction angle. � is the 
Heaviside function: �(x) = 1 if x > 0 and �(x) = 0 if x ≤ 0.

The tangential force is limited in agreement with the Cou-
lomb criterion:

(14)Fsoil
n

= Ksoil
n

× Usoil
n

+ �
dUsoil

n

dt

(15)
�

�cr
=

−ln(en)
√

�2 + ln2(en)

(16)�cr = 2 ×

√

Ksoil
n

× mb

(17)dFsoil
t

= Ksoil
t

× dUsoil
t

× �(Fsoil
n

× tan(�soil) − Fsoil
t

))
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The tangential stiffness is defined in relation to the normal 
stiffness using the �soil ratio:

Block/Stem and Stem/Stem Interactions The interaction 
forces between the block and a stem (Fb_t

n
 and Fb_t

t ) (Fig. 4) 
or between two stems (Ft_t

n
 and Ft_t

t ) (Fig. 5) are modelled 
by forces applied to the contact surface (Bourrier et al. 
2013). These forces are calculated from the interpenetra-
tion and relative velocities between the objects in contact. In 
this study, the energy dissipated due to the permanent stem 
deformation at the contact surface was ignored compared to 
the energy dissipated due to the deformation of the stems 
during the impact. Thus, Fb_t

n
 and Ft_t

n
 were calculated using 

elastic relationships:

Kb_t
n

 is the normal stiffness. Ub_t
n

 is the overlap between the 
block and a connection.

Ut_t
n

 is the overlap between two connections.

(18)∣ Ft ∣≤ Fn × tan(�soil)

(19)�soil =
Ksoil
t

Ksoil
n

(20)Fb_t
n

= Kb_t
n

× Ub_t
n

(21)Ft_t
n

= Kt_t
n

× Ut_t
n

The normal stiffness coefficients characterizing these lin-
ear relationships are related to the radial elasticity modulus 
of fresh wood (Er) and the Young modulus of the block for 
block/stem interactions (Eb) (Eq. 21) and are only related to 
the radial elasticity modulus of fresh wood (Er) for stem/stem 
interactions (Eq. 22).

rb is the radius of the block and rs =
DCon

2
.

Rs1 and Rs2 are the radii of the stems at the interaction point.
The tangential force between two block/stem (Fb_t

t ) or stem/
stem (Ft_t

t ) interactions are calculated in a similar manner as 
the tangential force between the block and the soil. The param-
eters for the calculation of the tangential force between the 
block and a stem are: the ratio between the normal stiffness 
and the tangential stiffness (�b_t) and the friction angle at the 
surface of contact (�b_t). The parameters for the calculation of 
the tangential force between two stems are: the ratio between 
the normal stiffness and the tangential stiffness (�t_t) and the 
friction angle at the surface of contact (�t_t).

(22)Kb_t
n

=
2 × Er × rs × Eb × rb

Eb × rb + Er × rs

(23)Kt_t
n

=
2 × Er × Rs1 × Rs2

(Rs1 + Rs2)

Fig. 4  DEM models of the tree impacted by a block. Ub_t
n

 is the block 
overlap with the tree, Rb and Rs are the block radius and tree radius 
at the contact surface. Fb_t

n
 and Fb_t

t
 are the normal and the tangential 

forces to the contact surface between the block and the tree. Kb_t
n

 is 
the normal stiffness, Kb_t

t
 is the tangential stiffness of the contact and 

�b_t is the friction angle

Fig. 5  DEM models of tree/tree interactions. Ut_t
n

 is the block over-
lap with the stem, R

s1 and R
s2 are the radius of the first and second 

tree at the contact surface. Ft_t
n

 and Ft_t

t
 are the normal and the tangen-

tial forces to the contact surface between the stems. Kt_t
n

 is the normal 
stiffness of the contact, Kt_t

t
 is the tangential stiffness of the contact 

and �t_t is the friction angle
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2.2  Modelling the Block Propagation Along a Slope

2.2.1  Slope Studied

The topography used for this study was a virtual slope built 
following three steps.

The first step consisted of building a slope profile repre-
sentative of the slopes located in the vicinity of the city of 
Grenoble. The slope profile was extracted from a DTM of 
the Vercors Mountains over a horizontal length of 630 m 
(resolution, 2 m). The second step was the generation of a 
succession of spheres along the slope profile to integrate a 
local roughness (Fig. 6). In the third step, the profile was 
extruded over 200 m along y-axis. To prevent a perfect align-
ment of the spheres along the slope, each row of spheres 
placed at the same height was offset by a random value 
between 0 and 2 × Rsoil (Fig. 7).

2.2.2  Forests

We compared the protective effect against rockfall of eight 
forests. Six forests were located close to the city of Gre-
noble, two forests were located near the village of Auzat 
in the French Pyrenees. The main species composing these 
forests were Fagus sylvatica, Acer Opalus, Quercus Pube-
scens, Fraxinus Excelsior. All forests were located on regu-
lar slopes from 20◦ to 35◦ in an active rockfall zone where 
no trace of forest management could be found. Eight field 
inventories using rectangular plots measuring 50 × 50m 
were completed in each forest. The position of each inven-
tory plot was selected randomly in the most homogeneous 
part of the forest. For each plot, the coordinates, the species 
and the diameter at breast height (measured 1.3 m from the 

Fig. 6  Calculation of the 
roughness along the two X and 
Y axes. d is the distance between 
two spheres, Rsoil1 and Rsoil2 are 
the radii of two spheres and �s is 
the local slope between the two 
spheres

Fig. 7  Virtual slope used for simulations
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ground at the upslope side of the stem) of each living stem 
with diameter ≥ 5 cm were recorded. In addition, we dif-
ferentiated between stems belonging to the same coppice 
stool and individual trees. A coppice stool was defined as 
a stump with at least two stems of the same species. Abso-
lute tree coordinates were measured using an ultrasound 
distance-measuring device (Vertex VL3, Haglöf, Sweden) 
and a compass on a tripod.

Most of the forests were composed of both coppice stools 
and single trees. The spatial stem distribution of each forest 
was analysed using the pair density function g(r) (Ripley 
1977; Stoyan 1987). The overall distribution of the stems 
in all plots had higher stem densities for distances r ≤ 1 m 
(close to the trunk of the stools). This spatial stem aggrega-
tion is typical of coppice forests (Radtke et al. 2013). Fol-
lowing a similar analysis, we showed that the single trees 
were as randomly distributed as the centroid of the coppice 
stools.

For each forest inventoried, two virtual forests were gen-
erated covering the extent of the virtual slope: one integrates 
the spatial aggregation of the stems (A), the second is gener-
ated without spatial stem aggregation (NA).

The virtual aggregated forests were generated by first 
sampling the coordinates of the coppice stool centroids. 
Then, for each stool, the number of stems in the stool, the 
stool geometry and the diameter of each stem was sampled 
from the inventory data. When all the coppice stools were 
created, single trees were randomly generated until the total 
number of stems in the forest was reached. No stem superpo-
sition was allowed. The forests without spatial stem aggrega-
tion were generated by randomly sampling tree coordinates 
in a uniform distribution. The diameters associated with 
each stem were sampled from a distribution based on the 
field inventories.

To compare the stem aggregation between inventoried 
and virtual forests, the Clark and Evans aggregation index 
was computed with edge correction (Donnely 1978).

where dobs is the mean nearest neighbour distance in the 
pattern, Ed is the mean nearest neighbour distance expected 
for a Poisson point process of the same intensity, NEd

 is the 
number of trees in the forest and S is the surface of the forest 
calculated on the horizontal plane.

(24)RClark =
dobs

Ed

(25)
Ed =

1

2 ×

√

NEd

S

2.3  Comparative Analysis

A comparison between the DEM model and a process-based 
rockfall trajectory model Rockyfor3D (RF3D) was per-
formed in this study. The efficacy of the forests to mitigate 
rockfall hazard was evaluated using indices calculated from 
the ratio between run-out distances along the slope, calcu-
lated from simulations with and without forest.

2.3.1  RF3D

RF3D is a model that simulates block trajectories on forested 
or non-forested slopes (Dorren 2012). The block, modelled 
as a sphere, propagates along a slope modelled by a DTM 
in raster format. The block propagation is modelled by a 
succession of phases of free flights, impacts on the slope 
surface and impacts on trees. The rolling motion of the block 
is considered as a succession of rebounds and the sliding of 
the block over the slope surface is not taken into account.

The computation of the rebound on the soil is made in two 
independent steps. The first step allows one to calculate the 
block trajectory deviation according to its incoming trajec-
tory and slope. The second step calculates the translational 
and rotational velocities of the block after an impact on the 
soil based on the incident block velocities, block shapes, 
soil roughness and soil types (Dorren 2012). Rockyfor3D 
roughness is defined as the representative obstacle height 
at the slope surface. This parameter plays an important role 
in the calculation of the tangential coefficient of restitution.

The trees were modelled by cylinders distributed along 
the slope defined by the X and Y coordinates and the diam-
eter of each tree.

The impact against a tree is detected when the distance 
between the block’s position and the tree is lower than the 
sum of the tree radius and block equivalent radius. For each 
impact, the block kinetic energy reduction is calculated 
based on the eccentricity of the impact, the impact angle, the 
impact height, the species of the tree and the tree diameter 
(Dorren and Berger 2006). The kinetic energy reduction is 
distributed to the different components of the block velocity 
according to their contribution to the incident velocity. The 
change in the block trajectory after the impact against a tree 
is calculated based on the impact eccentricity.

RF3D perfoms a probabilistic analysis and several param-
eters are random variables. In particular, the parameters used 
to calculate the rebound are random variables determined 
by distributions calibrated with back-analyses of rockfall 
events. Furthermore, the block trajectory change during each 
rebound is also calculated by random sampling in distribu-
tions calibrated with experimental data (Dorren and Berger 
2006).
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2.3.2  Simulation Parameters

Input parameters associated with the block and the soil for 
the two models were first calibrated in order to obtain similar 
run-out distances without forest. These parameters were also 
used in all rockfall simulations with forest.

The parameters of the DEM contact law were set for 
impacts on a scree (Thoeni et al. 2014) (Table 2). The soil 
roughness of the profile was set equal to 0.1 m. A single 
starting point was considered (X = 100m and Y = 100m).  
The initial fall height, the block volume and block density 
were set equal to 5 m, 0.5 m3 and 2.7 t/m3, respectively. 
Before each simulation, the block orientation was ran-
domly drawn to introduce variability in the simulations 
(different orientations were considered ranging from 0◦ to 
180◦ in x, y and z directions). Three thousand simulations 
were performed with the DEM model.

The RF3D input parameters were calibrated to obtain 
a distribution of the block stopping distances similar to 
block propagations observed from the DEM simulations. 
Three thousand simulations were performed. In these sim-
ulations, the fall height and the block properties were set 
at the same values as those used in the DEM model. The 
calibrated values of the input parameters associated with 
the soil for RF3D are presented in Table 1.

The protective effect against rockfall hazard of the eight 
forests was tested with the DEM model and RF3D. For 
each forest, only 100 simulations were performed with the 
DEM model due the long computation time and 60,000 
simulations were performed with RF3D. A propagation 
non-forested area measuring 30 m was defined down-slope 
of the rockfall release area (Fig. 7), to enable the blocks to 
reach a representative propagation velocity (15 m/s) when 
entering the forested zone (Dorren et al. 2007). To explore 
a wide range of block propagation in the forested zone, the 
X coordinate of the release location was set at X = 100m 
and the Y coordinate was randomly chosen between 80 and 
120 m (Radtke et al. 2013).

In a previous study, Toe et al. (2017) highlighted that 
the mechanical properties of the tree involved in the DEM 
model, which are directly linked to the tree species, had 
no significant influence on the block trajectory changes 
due to the impact on a tree. Therefore, the mechanical 
characteristics of the single trees and coppice stools are set 
to average values defined for beech F. sylvatica (Table 2).

2.3.3  Protective Capacity of Forests

The quantification of the protective capacity of the forests 
with respect to rockfall is generally based on indices based 
on the runout distance of the blocks or their kinetic energy 
at a given distance from the departure zone (Volkwein et al. 
2011; Radtke et al. 2013). These indices are then compared for 
forested and non-forested situations. In this study, the indices 
used to quantify the protective capacity of forests were based 
on run-out distances along the slope, given that the indices 
based on block energies are less sensitive to forest effects 
(Radtke et al. 2013; Dupire et al. 2016).

Two indices were calculated from the results of the DEM 
model and RF3D:

Table 1  Input parameters used for RF3D simulations

Soil
 Roughness [m] 0.04
 Soil type 4: Talus slope
 Resolution [m] 2

Block
 Shape Cubic
 Volume [m3] 0.5
 Density 2.7

Tree
 Species 100% Broadleaf

Table 2  Input parameters for 
the DEM model simulations Soil

 Roughness [m] 0.1
 Kn 1 × 106

 �soil 0.05

 
�

�cr
0.54

 �soil [◦] 30
Block
 Shape Cubic
 Volume [m3] 0.5
 Density 2.7
 D1 [m] 0.794
 �b_t [◦] 30
 Eb [MPa] 80 × 103

Trees
 MOE [MPa] 8.7 × 103

 Eplast [Mpa] 2.1 × 103

 EUnld [Mpa] 5.3 × 103

 �Elast [Mpa] 3.7 × 101

 �Rupt [MPa] 9.4 × 101

 � 5 × 10−4

 Density 1.2
 �t_t [◦] 0
 Er [MPa] 1.5 × 103

 �b_t 0.3
 � t_t 0.3
 Ma [Nm/rad] 7.5 × 106

 Kroot [Nm] 200 × 103
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PF50
DEM

 and PF50
RF3D

 are the protection index determined from 
the run-out distances of the DEM model and RF3D. 
Dist50

WFDEM
 and Dist50

WFRF3D
 are, respectively, the distances 

where 50% of the blocks were stopped in the simulations 
with forest from the DEM model and RF3D. Dist50

NFDEM
, 

Dist50
NFRF3D

 are those for the simulations without forest.

(26)PF50
DEM

= 1 −
Dist50

WFDEM

Dist50
NFDEM

(27)PF50
RF3D

= 1 −
Dist50

WFRF3D

Dist50
NFRF3D

3  Results

3.1  Forest Generation

The generated virtual coppice forest (A and NA) had mean 
diameters (MeanD), standard deviation of the diameters (StdD)  
and basal areas (G) close to the inventoried forests (differ-
ence less than 1%) (Table 3).

Since the number of stems per hectare (N) is an input 
parameter for the forest generation, N values were the same 
for generated and inventoried forests. Differences between 
RClark values for virtual and inventoried forests varied from 
2 to 5% (mean of the difference: 1.4%). A greater difference 
(8%) was observed for the PY1 forest. The absence of spatial 
aggregation for NA forests was confirmed by RClark values 
equal to 1.

3.2  Simulations Without Forest

The run-out distances along the slope from DEM model 
simulations were distributed over a small distance interval 
(the majority of the deposit areas ranged between 325 m and 
375 m). The lateral dispersion of the blocks was also reduced 
(about 40 m) and preferential block deposit areas were 
observed around 330 m from the departure zone (Fig. 8).

Rockfall simulations without forest using RF3D were set 
to have block stopping distances similar to the DEM model 
simulations. Stopping distances from RF3D simulations 
are distributed over a larger distance interval compared to 
the DEM model (from 250 to 450 m). Moreover, the lateral 
dispersion of the blocks was twice as large in RF3D simu-
lations (over 80 m at 350 m from the departure zone). For 
both models, the blocks were doing short bounces with low 
bounce heights ≤ 1 m and a propagation velocity ranging 
from 10 to 15 m/s.

Table 3  Dendrometric parameters for inventoried and virtual forests

MeanD and StdD are the mean value and standard deviation of the tree 
diameters
N and G are, respectively, the number of stem per hectare and the 
basal area of a forest

Name MeanD (cm) StdD (cm) N G (m2 ha−1) RClark

GR1 16.98 8.20 1172 32.74 0.58
GR1

A
17.25 8.14 32.52 0.60

GR1
NA

17.11 8.10 32.99 1.00
MO1 13.32 6.52 1920 43.33 0.69
MO1

A
13.31 6.41 42.91 0.67

MO1
NA

13.31 6.43 43.00 1.00
MO2 9.65 4.40 2508 26.78 0.73
MO2

A
9.64 4.38 26.68 0.70

MO2
NA

9.64 4.35 26.62 1.01
SP1 12.35 8.05 1668 28.47 0.65
SP1

A
12.04 7.66 28.71 0.68

SP1
NA

12.08 7.65 28.81 1.00
SP2 14.45 6.21 1956 38.00 0.82
SP2

A
14.46 6.16 37.98 0.82

SP2
NA

14.38 6.13 37.57 1.00
SP3 12.40 5.06 2552 35.98 0.80
SP3

A
12.37 5.05 35.62 0.79

SP3
NA

12.28 5.02 35.32 1.00
PY1 21.71 11.77 916 43.87 0.75
PY1

A
21.50 11.48 42.79 0.69

PY1
NA

21.38 11.36 40.56 1.00
PY2 21.84 7.70 972 40.92 0.69
PY2

A
21.56 7.62 39.9 0.67

PY2
NA

21.72 7.70 40.56 1.00

Fig. 8  Cumulative distribution of the run-out distance of the blocks 
and stopping positions of the blocks



822 D. Toe et al.

1 3

3.3  Simulations with Forest

Regardless of the model (DEM or RF3D), the run-out dis-
tances with forest (A and NA) were significantly smaller than 
those without forest (Figs. 9, 10). The distribution of the 
run-out distance distributions from the DEM model were 
close to those from RF3D. 

In DEM simulations the run-out distances were slightly 
shorter for NA forests compared to A forests (Figs. 9, 10). 
The RF3D simulations also highlight that the run-out dis-
tances were shorter for NA forests compared to A forests 
(Figs. 9, 10).

The PF50
DEM

 indices ranged from 0.4 to 0.6 and the PF50
RF3D

 
indices ranged from 0.3 to 0.6. The index values were lower 
for A forests compared to NA forests, which highlights that 
A forests have a smaller capacity to mitigate rockfall hazard 
for both models (RF3D and DEM) (Fig. 11).

The forest’s capacity to mitigate rockfall hazard is ranked 
from 1 to 8, where 1 is associated with the least effective 
forest and 8 with the most effective forest (Fig. 11). The 
ranking of the forests slightly differs between A and NA for-
ests. The SP1, MO2, GR1, SP3 forests usually receive the 
lowest scores while the SP2, MO1 and SP3 forests generally 
perform best.

PF50
DEM

 indices tended to increase with increasing basal 
area and mean tree diameters (Fig. 12). A more pronounced 
trend was observed for PF50

RF3D
 indices. No significant trend 

was observed between PF50
DEM

 and the number of stems per 
hectare of forests. However, PF50

RF3D
 tended to decrease with 

an increasing number of stems per hectare. The variation 
of PF indices as a function of the dendrometric parameters 
of the forests was not influenced by the spatial structure of 
forests regardless of the model used.

Fig. 9  Distribution of the block propagation distances for simulation 
with and without forest for the DEM model and RF3D

Fig. 10  Distribution of the block propagation distances for simula-
tion with and without forest for the DEM model and RF3D

Fig. 11  PF50 indices of the different forests calculated from the DEM 
model and RF3D simulations. DEM_A and DEM_NA are the results 
from the DEM model for forests with spatial aggregation and forests 
without spatial aggregation. RF3D_A and RF3D_NA are the results 
from RF3D for forests with spatial aggregation and forests without 
spatial aggregation
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4  Discussion

4.1  Rockfall Propagation Without Forest

Rockfall simulations without forest are required to compare 
the results with simulations under forested conditions so as 
to assess the capacity of a forest to mitigate rockfall hazard. 
The input parameters of RF3D were calibrated by match-
ing model run-out distances without forest to those obtained 
with the DEM model. No field data were available to cali-
brate or validate RF3D simulations. However, the energy 
lines obtained in the simulations varied between 32◦ and 25◦.  
These values can be considered realistic (Jaboyedoff and 
Labiouse 2011).

Despite this correspondence between the two models, 
in RF3D the blocks are deposited over a long distance, 
275 m to roughly 450 m measured from the departure zone, 

whereas in the DEM simulations most of the blocks stopped 
before 310 m. Moreover, RF3D simulations showed a lateral 
block dispersion that was twice as large as those with DEM. 
The higher variability of the propagation distances and lat-
eral dispersion of the blocks in RF3D could be related to the 
high number of random variables used in RF3D and to the 
greater variation ranges of these variables compared to the 
DEM model. Indeed, the only source of variability in the 
DEM model was the initial orientation of the block. On the 
contrary, in RF3D, the sources of variability are the normal 
restitution coefficient and the block lateral dispersion after 
rebound on the soil and on the trees.

Several preferential block deposit areas, aligned along an 
axis perpendicular to the propagation direction of the blocks 
(Fig. 8) were observed in simulations performed using the 
DEM model. These preferential deposit areas were not 
observed in RF3D simulations where the block deposit was 
homogeneously distributed along the slope. This difference 
between the two models is likely related to a different model-
ling approach of the slope surface in the two models. In the 
DEM model, the soil is modelled by spheres that explicitly 
take into account soil roughness. The presence of a pref-
erential deposit area in the vicinity of topographic breaks 
could be explained by the combined effect of the topography 
and the roughness, which leads to the creation of barriers. 
In RF3D, the soil is modelled by facets oriented using two 
angles: the slope and the facet orientation. However, soil 
roughness is implicitly taken into account in the calculation 
of the block rebound. The method used to model the soil 
leads to a smoothing of the topography and a better distribu-
tion of the stopping distances (Lambert et al. 2013).

4.2  Block Propagation Along a Forested Slope

Regardless of the model used for the simulations, all the for-
ests tested showed a significant capacity to mitigate rockfall 
hazard. Similar run-out distances were observed for different 
forests using both models, in particular for the PY2, MO1 
and MO2 forests (Figs. 9, 10). The DEM models and RF3D 
have almost the same capacity to model the protective effect 
of these forests.

Previous work based on the study of block propagations 
in coppice forests (Radtke et al. 2013), concluded that if the 
spatial structure of the forests is not taken into account in the 
simulation, an overestimation of the protective capacity of 
the forest against rockfall hazard can be expected. This result 
is confirmed in this study. In the DEM rockfall simulations, 
the NA forests have a higher capacity to mitigate rockfall 
hazard compared to A forests. However, this conclusion has 
to be considered with caution due to the small differences 
between the cumulative distributions of the block stopping 
distances for A and NA forests (e.g. SP3, SP2, PY2, GR1) 
and the lower number of simulations.

Fig. 12  PF50 indices as a function of the basal area (G), the mean 
diameter and the number of stems per hectare (N)
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The ability of coppice forests to mitigate rockfall hazard 
was quantified using indices based on block stopping dis-
tances. The forests studied can significantly reduce run-out 
distances of the blocks and the classification of forests based 
on their efficacy is similar for both models used.

The ability of coppice forests to mitigate rockfall haz-
ard slightly differs for the different forests. Their ability to 
mitigate rockfall hazard depends on their spatial structure 
(NA forests are more effective at stopping blocks compared 
to A forests) and their dendrometric characteristics. The 
influence of the dendrometric parameters on the forest’s 
effectiveness in mitigating rockfall hazard slightly differs 
depending on the model used. In the DEM model, G has a 
significant influence on PF indices. In RF3D, PF indices are 
significantly influenced by G, N and the mean diameter. The 
significant influence of G on PF indices are in agreement 
with syvicultural guides that establish empirical relation-
ships to characterize the protection capacity of forest based 
on the basal area (Gauquelin and Courbau 2006; Berger and 
Dorren 2007).

In this study, each PF index is calculated from simulations 
based on only one generation of a A or NA coppice forest. 
However, the coppice forest generation for an identical set of 
input parameters could lead to the creation of virtual forests 
with more or fewer spatial aggregations compared to the 
inventoried forests. These differences are due to multiple 
random processes involved in the virtual forest generation. 
The ranking of the different forests could therefore change 
if new virtual forests are generated.

A better characterization of the protective function of 
coppice forests could be achieved by generating more vir-
tual forests for each inventoried forest. Then, for each virtual 
forest, a high number of rockfall simulations would have to 
be carried out to take into account the variability of blocks 
propagating along the slope. However, such a study would 
be too time-consuming when using the DEM model, since 
the computation time required for 100 single block propaga-
tions on a slope with forest is 72 h compared to 0.5 s for 100 
simulations with RF3D (on the same computer).

For either rockfall model used (DEM or RF3D) and for 
identical dendrometric input parameters, a forest only com-
posed of single trees mitigates rockfall hazard more effec-
tively compared to a forest composed of single trees and 
coppice stools. Due to their spatial structure, coppice forests 
have small areas with a high stem density, but also larger 
areas with very low stem density. In the latter, blocks can 
accelerate, which eventually could lead to decrease the abil-
ity of the forest to mitigate rockfall hazard.

Silvicultural guides for the management of rockfall pro-
tection forests have been developed on the basis of empirical 
data that do not take the spatial structure of the forests into 
account (Gauquelin and Courbau 2006; Jean et al. 2012). 
In this paper, small differences were found between the 

protective function of A and NA forests. Therefore, it seems 
that the recommendations given in the silvicultural guides 
remain valid for both NA and A forests. However, in the 
case of coppice forests, a safety factor has to be considered 
when estimating the residual hazard below a coppice forest 
to avoid overestimating its protective function.

5  Conclusions and Perspectives

A new approach to model the propagation of blocks in for-
ests was presented in this paper. Each of the forests studied 
significantly reduces the rockfall hazard for the block size 
considered. The results highlight that, even if the spatial for-
est structure has a small influence on the block propagation, 
it has to be taken into account in simulations to avoid over-
estimating the protective role of forests against rockfall haz-
ards. In addition, we found that the basal area of the forest is 
the key indicator for the protective capacity against rockfall 
hazards compared to the other forest parameters considered.

One advantage of the DEM model, compared to classical 
rockfall models, is that it can explicitly model soil rough-
ness, the block/soil, block/tree contacts and the shape of the 
block. Although the slope surface is modelled in detail in the 
DEM model, it remains an approximation of the real slope, 
and the deterministic approach of the DEM model cannot 
reproduce local slope variability. In RF3D, this problem can 
be partly taken into account using a probabilistic calculation 
of the rebound. Finally, DEM simulations are highly time-
consuming compared to probabilistic lumped-mass rockfall 
models.

Further research has to be conducted in order to improve 
the DEM model. The next step in the DEM model develop-
ment would be improving the modelling of the slope. This 
would allow taking into account the effect of the topography 
(e.g. corridors), which has a large influence on the rock-
fall propagation, into account. In addition, the influence of 
the surface roughness on the run-out of the blocks needs to 
be investigated to determine how accurately this parameter 
must be recorded in the field.

The block/soil contact is currently modelled with a con-
tact law which needs to be calibrated and validated using 
real-scale impact experiments. These experiments would 
first validate the relevance of the contact law used to predict 
the run-out distance of the blocks and second to characterize 
different soil parameters for the slope surface and subsurface 
types commonly occurring in mountain areas.
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