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Abstract. Research on rockfalls and prevention of the associated damages is becoming in-
creasingly important and active particularly due to the often climate-change- or earthquake-
induced rock fragmentation in mountainous regions. Application of novel numerical methods on
rock-tree/forest interactions simulation is an important part of the rockfall dynamics modelling,
because understanding these issues would potentially improve the counter-measures manage-
ment and hazards mitigation levels. Hence in this work the non-smooth mechanics coupled
with hard contact laws is for the first time applied on modelling (non-)spherical rock-tree/forest
impacts. The aim of this study is to probe and thus better understand from a fundamental level
the role of rock shape in its energy dissipation during colliding with tree(s). The major findings
are: (1) spherical and cubic rocks lose relatively more energy (in particular translational en-
ergy) than flat and long rocks within all impact regimes; (2) depending on the impact regime
non-spherical rocks gain either stronger or weaker reflected rotation than a spherical rock; (3)
rock rotational energy acts as an energy reservoir potentially influencing the impact-induced
energy loss affected by rock shape and impact regime. Simulations of rockfalls along an ideally
inclined virtual slope with forest cover demonstrate that rock shape dominates the entire energy
dissipating process and consequently the run-out zone for these rocks.
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1 INTRODUCTION

Understanding the role of forest in rockfall hazards mitigation is significant in managing
trees as barriers counter-acting landslide-induced damages to human lives and public infras-
tructures [1, 2, 3, 4]. To reach this goal numerical simulation researches have been extensively
performed incorporating three aspects covering from rock to slope scales [5, 6, 7, 8, 9]. On a
rock geometry level, most studies have concentrated on spherical rock shape aiming to reveal
the rock-ground impact fundamentals by a very simplified modelling framework. However, re-
cent experimental and numerical studies have already showcased that it is intrinsically difficult
to reveal the rock energy dissipating process without considering the effect of rock geometry on
a rockfall process [10, 11]. Turning to the rock-tree scale, two main topics have been addressed,
i.e. the energy loss and the trajectory change of rocks after impacting with a single tree. These
lead hopefully to a more clear picture of rock dynamics at the forest and slope scale, where the
rock run-out zone and thus an effective forest management are key interests. Likewise, due to
the currently spherical rock shape modelled in most investigations, an extention of the existing
theories/findings to more general hazards situations is yet not available.

Hence this work intends to study and better understand non-spherical rock behaviour in par-
ticular its energy dissipation on a rock-tree impact level. The so-called non-smooth mechanics
coupled with hard contact laws [12], due to its unique advantage in computational efficiency
and simplification of mechanical representation [13], was for the first time applied on rock-
tree interaction modelling, aiming to reveal how rock’s energy, depending on its geometry, is
dissipated during a tree stem colliding process. The originally implemented computational al-
gorithms have enabled forest and slope scale simulations where the run-out zone of rocks being
significantly influenced by their shapes was highlighted.

2 NUMERICAL SYSTEM SETUPS

In our rockfall problems rocks are modelled as three-dimensional, convex, polyhedral, rigid
bodies, extracted from natural rock shapes using the software VisualSFM and Meshlab, with the
object surface being discretized into about 100 points for an accurate rock-environment contact
detection purpose. The governing equation for the non-smooth mechanics coupled with hard
contact laws reads as Mdu—h(q,u,t) = W(g)A [12], where M is the mass term containing
rock mass and moment of inertia, du is the change of rock’s translational and rotational velocity
in a given time step, h(q, u,t) is the external forces acting on the rigid body such as the grav-
itational force, the damping force and the gyroscopic force, and W (q) is the matrix recording
the generalized force directions which transfer the contact force vector A\ from the local contact
points on the rock surface to the forces and torques at the rock center of mass. Note that A may
contain contact forces arising from both rock-tree and rock-ground collisions.

A tree stem is simplified as a non-deformable, truncated cone, with the symmetry axis point-
ing along the gravitational 2 direction. As shown in Fig. 1, this simplification captures the main
feature of a general tree stem. The center R of the bottom surface specifies the  and y location
on the terrain surface for a tree stem, the dimensions of which are given by the bottom circle
diameter dj, the top circle diameter d;, and the height /. One also needs to appoint mechanical
parameters for the rock-tree interaction calculation, i1.e. the coefficients of restitution € and ep
in the contact normal and tangential directions respectively, and the coefficient of friction .

The critical issue one encounters when a virtual rock impacts with the tree stem is to identify
when and where a contact occurs. The detailed mathematical derivation for the implemented
rock-tree contact detection phase is out of the scope of this paper. For non-spherical rock and
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tree geometries this can be challenging while determining the set of contact points requires
performing a series of mathematical calculations in time/spatial space. For instance, we have
utilized the Axis Aligned Bounding Box (AABB) [14] method to pinpoint the cases when the
rock is sufficiently close to a tree stem. Subsequently a tailored Separating Axis Test (SAT)
[15] method has been employed to acquire the actual contact points between the rock and tree.

Symmetry Axis ry—T
: = —= —tana
g Top Surface
Tree Stem Q Side Surface

Bottom Surface

0 Terrain L

(b)

(a)

Figure 1: Scheme of the tree stem model: (a) A tree stem is geometrically modelled as a truncated cone. (b) The
tree stem () is placed on top of the terrain L with the symmetry axis aligning with the gravitational direction. (c)
The parameter , which correlates the dimensions of a tree stem, is defined as k = (r1 — () /h. Here « is negative,
i.e. the diameter of the tree’s cross-section decreases from the bottom to the top.

Rock-Tree Impact Rock
Parameter Min-Max Test Values Density
dy (m) 0.05-0.6 0.55 2700 kg/m?
p(-) 0-1.2 0.6 Volume
Cor () 0-1 random 0.02 m?
Vi, (M/S) 5-40 random Mass
Wi, (rad/s) 0-60 random 54 kg
0 () 0-180 random Sphere Radius
x () -40-40 random 0.168 m

Table 1: Typical ranges and actual values of the input parameters used in the rock-tree impact simulations.

Before setting up the numerical system (Fig. 2) some simplifications to the problem studied
are made in order to highlight the effect of rock shape on its energy dissipation. First, geomet-
rically the relative size between the simulated rocks and the tree stem is determined, i.e. we
focus on rocks of a fixed volume 0.02 m?® with the density being set at 2700 kg/m? (this leads
to a rock mass m = 54 kg), and the tree diameters dy = 0.55 m and d; = 0.45 m. In addition,
following the investigations by Toe et al. [8] and the truncated cone model used in this work, it
is assumed that the rock-tree collision height does not govern the rock dynamics after impacts.
Thus the height of the tree stem is chosen as A = 10 m, resulting in x = (1, — ry)/h = —0.01.
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Furthermore, it is presumed that the tree stem can absorb any kinetic energy from the given
small rock, i.e. the tree stem is a rigid body perfectly ‘mounted’ to the ground. Finally, the
same as the rock-terrain interactions [12], the coefficients of restitution in the contact normal
and tangential directions are both set to zero for rock-tree contacts, and the coefficient of fric-
tion on the tree stem surface is chosen as 0.6. Therefore, the remaining mechanical parameters
that we must inspect are: the translational velocity v;, and the rotational velocity w;,, of rock at
impact, the eccentricity (o7 defining the impact regime, and the impact angle # and y measured
in the horizontal and vertical plane, respectively (Fig. 2b). The typical ranges (according to Toe
et al. [8]) and the actual values of the input parameters used in the rock-tree impact simulations
are listed in Tab. 1.

Symmetry Axis (a)
VUin

Arvin

g Lattices (Release Points)
¢
X P 2241
>l
. (b)
Symmetry Axis
Q
z y - rr
— [0 0.33) Frontal
x ~ —1{[0.33 0.67) Lateral

[0.67 1.0] Scratch

Figure 2: Definition of the input parameters for the rock-tree impact simulations: (a) the initial release conditions
for rock (blue) impacting with a tree stem (green), shown in the xy plane, and (b) the two angles 6 and x and the
eccentricity indicator (o which are used to describe the spatial impact position of a rock (blue) against a tree stem
(green). According to the value of (o1 the impact regime can be distinguished into frontal, lateral and scratch [16].

To start the rock-tree impact simulation, rocks are released in front of the tree stem from
the lattices spanning a 1 m? squared region (Fig. 2a). The distance between the neighboring
release points in the x and y directions is 0.01 m. 10 identical rocks with varying orientations
are released from each point, resulting in 11000 simulations in total for this rock shape. Initially,
the rock is appointed with randomly translational and rotational velocities which fall into the
parameter ranges suggested in Tab. 1. The initial rock release height is 5 m above the horizontal
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plane, and the mass center of rock has a minimum distance of 1 m away from the symmetry axis
of the tree stem. From the simulated trajectories, only the rocks that have collided with the tree
stem are collected, from which another 5000 trajectories are randomly sampled for analyses.
This procedure guarantees that the number of effective simulations is invariant among different
rock shapes investigated.

The following rock-tree/forest simulations are performed. Firstly as the control group the
spherical rock (Tab. 1) is released against the single tree stem placed on the horizontal plane.
Subsequently in the second group non-spherical rocks are simulated impacting against the same
tree stem. We investigate one typically cubic, elongated and flattened rock each (Tab. 2). The
volume of these natural rocks is scaled to 0.02 m*. Here rock shape is quantified by the aspect
ratio quantity IT = 100/ linin, Where laq (Lnin) is the length of maximum (minimum) principal
axis of a rock. It is defined such that a rock is cubic only when II < 1.2; otherwise the rock is
either flat or long depending on whether [,,;4 is closer to [,,,4, OF .- Finally in the third group
the non-spherical rocks modelled above are released from an ideal, virtual slope of inclination
1 = 40° being covered with forest. The aim is to further identify if rock shape has a significant
effect on falling rock’s energy dissipation and, in turn, the run-out zone.

Rock Name cubicl.2 flat2.2 long2.2
Dimension z/y/z (m) 0.38/0.36/0.31 0.48/0.42/0.22 0.55/0.31/0.25
Aspect Ratio 11 (-) 1.2 2.2 2.2

Rock Shape oy T o 922 L o 2

Table 2: Shape and dimensional parameters of the non-spherical rocks modelled in the simulations. All rocks are
volume and mass equivalent to the sphere defined in Tab. 1.

3 RESULTS AND DISCUSSION

In this section results of our numerical simulations will be first presented on rock-tree impact
level and then extended to rock-forest interaction scale.

3.1 Rock total/translational energy loss

The total and translational energy losses after rock impacting with the tree stem are first
investigated since they are direct measures of how rock motion has been changed due to such a
process. Note, non-spherical rocks may generate more than one impact to the tree stem owning
to their rotational motion and shape. Nonetheless, in this work only the very first impact, i.e.
the impact lasting from the beginning of contact to the first coming moment when there is
no ‘touching’ between the rock and tree stem, is considered for the data analyses. The total
energy loss is defined as AEyot0 = (Epppy — Eibiat)/ Erorar» Where E;, ., and E;°, 1 is the rock
total energy before and after impact, respectively. Similarly, the translational energy loss is
given by AEyans = (Eprans — Eitans)/ Eirans» where Ey .., and E;f . - is the rock translational
energy before and after impact, respectively. Fig. 3 shows using probability density function

1616



G. Lu, A. Caviezel, M. Christen, A. Ringenbach, G. Meyrat, and P. Bartelt

(PDF) plots the change of total energy investigated for different rock shapes within three impact
regimes. It can be seen that, independent of rock shape, the highest probability for a total energy
loss approximately decreases from 85% for frontal impact, to 70% for lateral impact, and then
to 50% for scratch impact. This aligns with our common recognition that frontal impact tends to
directly ‘stop’ the rock motion. Importantly, A ), is higher for sphere and cubic1.2 than for
flat2.2 and long2.2 in all three impact regimes, showing the effect of rock shape on its energy
dissipation possibly relating to the rotational motion of the object. Overall A E,..,,s shows very
similar trends in the PDF diagrams to the ones observed for A F,; in Fig. 3.

Change of total energy investigated for three impact regimes

008 Frontal impact oos Lateral impact I 005 s:ratchlimpact
[ sphere o [ sphere o 0 [0 sphere
0 cubicl.2 85 A) E cubicl.2 70 A)I 50 /ol 0 cubicl.2
0.04 0.04 0.04
[0 flat2.2 * [0 flat2.2 I I [0 flat2.2
[ ]

[ long2.2

[ long2.2

0 0 a0 60 80 100 60 a0 60
Total energy change (%) Total energy change (%) Total energy change (%)

Figure 3: PDF plots for the change of rock total energy investigated for different rock shapes within three impact
regimes. The total energy dissipation is higher for the spherical and cubic rocks than for the flat and long rocks.

3.2 Rock reflected rotation

It is worth further investigating how rock rotates, namely the reflected rotation, after impact,
which adds another perspective to the change of rock motion. The change of resultant rotational
speed is defined as Aw = (w™ —w™)/w™, where w™ and w™ is the rock resultant rotational speed
before and after impact, respectively. From Fig. 4 one clearly identifies that rocks gain different
reflected rotations within different impact regimes. The change of resultant rotational speed
is strongly linked to rock shape as well, i.e. after impact flat2.2 and long2.2 acquire stronger
rotations for frontal impact but weaker rotations for scratch impact compared to sphere and
cubicl.2. This observation can be in depths studied considering the rock’s tensor of moment of
inertia and the relative positions of contact points to the rock center of mass.

3.3 Rock energy partition after impact

To understand the rock rotational behaviour it is important to investigate rock energy parti-
tion after impact. This provides us more insights into the transfer of rock translational/rotational
energy between each other. Fig. 5 plots rotational energy change, 6F,.; = (E.,; — E,), as
a function of translational energy change, 0 Eiqns = (Eirans — Eibans)» Obtained for different
rock shapes and impact regimes. In agreement with Fig. 4, for frontal impact rocks flat2.2
and long2.2 gain more rotational energy from their translational energy in comparison to rocks
sphere and cubicl.2; whereas for scratch impact the trend is exactly the opposite. These obser-
vations point to the fact that rock rotational energy plays a role as an energy reservoir, which
partially ‘stores’ rock translational energy during a tree impacting process. The ‘functional-
ity’ of this energy reservoir apparently depends upon rock shape and impact regime. A further
understanding requires dissecting the mass distribution and the contact position for these rocks.
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Figure 4: PDF plots for the change of resultant rotational speed investigated for different rock shapes within three
impact regimes. Both rock shape and impact regime influence the rock reflected rotation.

-2000

-4000

-6000

Rotational energy change ())

-8000

~-10000

Rotational energy change vs. Translational energy change

Frontal impact

Lateral impact

Scratch impact

-2000

-4000

-6000

Rotational energy change ())

-8000

—— sphere: y=-0.011x+213.738
—— cubicl.2: y=-0.023x+199.580
— flat2.2: y=-0.034x+222.291

-10000

long2.2: y=-0.041x+266.952

~—— sphere: y=-0.075x+223.648

—— cubicl.2: y=-0.069x+157.378

— flat2.2: y=-0.063x+122.651
long2.2: y=-0.060x+46.716

Rotational energy change ())

-2000

-4000

-6000

-8000

-10000

—— sphere: y=-0.161x+219.256

—— cubicl.2: y=-0.121x+104.512

— flat2.2: y=-0.103x+177.769
long2.2: y=-0.088x+97.613

10000 20000 30000 40000
Translational energy change (J)

50000

10000 20000 30000 40000
Translational energy change ()

50

00

10000 20000 30000 40000
Translational energy change (J)

50000

Figure 5: Plots of rotational energy change as a function of translational energy change investigated for different
rock shapes within three impact regimes. Both rock shape and impact regime influence the rock energy partition.

3.4 Rock run-out zone formed on a slope

As final tests for rock shape effect on rockfall dynamics simulations are performed using the
same group of non-spherical rocks on an ideal, virtual slope of inclination 7 = 40°. The aim
is to investigate whether rock shape will significantly affect the run-out zone at the slope scale.
Rocks, which are released at an altitude of 200 m corresponding to a slope length of 240 m, run
through a forest and eventually land on the horizontal plane at sea level. In addition, trees are
randomly distributed on the inclined terrain surface with a growth density 500 /ha. The mean
diameter at breast height (DBH) for trees is 0.5 m with a standard deviation 0.05 m, and the
averaged tree height is 22.87 m with a standard deviation 1.82 m. The coefficient of friction on
the surface of tree stems is fixed to 0.1. For each rock shape in total 500 simulations are carried
out with varying rock orientations before the release. Fig. 6 shows trajectory plots coloured by
total rock energy for the three rock shapes simulated. Evidently, flat2.2 generates the longest
run-out distance and the widest influencing region; while long2.2 corresponds to the opposite
situation where the trajectory dispersion from the 500 simulations is the smallest. These ob-
servations confirm our assumption that rock shape is an important factor to be considered in
rockfall run-out zone estimation. Out of a forest management perspective, it is crucial for the
next step to understand the role of rock shape in its trajectory change after impacting with trees.
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Figure 6: Influence of rock shape on rock run-out zone on an inclined, virtual slope with forest cover: plots of 500
(a) cubicl.2, (b) flat2.2, and (c) long2.2 trajectories coloured by rock total energy.

4 CONCLUSIONS

Non-spherical rock-tree interactions have been modelled within the non-smooth mechanics
framework. Overall, simulations of rock-tree/forest impacts have exhibited interesting phenom-
ena on both single tree and entire forest levels. Most importantly, it has been demonstrated that
rock energy dissipation during the process of colliding with a tree stem is greatly influenced by
rock geometry. The major findings are:

e Spherical and cubic rocks lose relatively more total energy (also translational energy) than
flat and long rocks in all impact regimes.

e Depending on the impact regime non-spherical rocks can gain either stronger or weaker
reflected rotation than spherical rock.

e Rotational energy acts as an energy reservoir potentially influencing the impact-induced
energy loss dependent upon rock shape and impact regime.

Furthermore, the behaviour of non-spherical rocks reproduced by our non-smooth mechanics
model in the entire forest slope simulations has well confirmed the significant role of rock shape
in rockfall run-out zone development.
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