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Abstract
In mountain areas rockfalls are frequent events. Their unpredictability, in terms of frequency and magnitude, determines the potential hazard for humans, settlements, and
infrastructure in these areas. Different artificial protection methods against rockfall exist,
such as barriers and restraining nets. However, a natural form of protection is provided
by the forest growing on mountain slopes. The difficulty when regarding the forest stand
as a protection barrier against rockfall is to assess and predict its protective effect. The
aim of this study is to develop a numerical model that can be used to estimate the energy
absorption capacity Ecap of a single tree during a rockfall. These values can thereafter be
implemented in a coupled rockfall singletree model, which can then be used to study the
protective effect of the forest.
The rock-tree interaction was investigated with full-scale impact tests, which simulated a
rock impact on a Norway spruce tree (Picea abies (L.) Karst.) in its natural environment.
Every test was monitored with high-speed cameras and accelerometers and provided information about the behaviour of the tree structure during a rock impact. The complex
interaction between a rock and a single Norway spruce tree was then simulated using the
finite element method. Despite the large natural variations in the wood and the soil material properties, as well as the complex interaction between single roots and the surrounding
soil; the numerical singletree model (NSTM) developed gave results, which agreed well
with the full-scale impact tests. These tests were performed with a lower energy than the
one required for a rock to penetrate through the tree stem. In order to validate NSTM for
higher energy levels, full-scale rockfall experiments performed at Cemagref in Grenoble
on Silver fir trees (Abies alba) growing on a natural slope were used. Even though these
trees are much related to Norway spruce trees, neither the material properties nor the
size of the root-soil plate are the same. However, comparing the experimentally obtained
energy absorption capacity Ecap with the calculated values, an excellent agreement was
obtained.
Using NSTM and performing parameter studies with a spherical rock, the energy absorption capacity Ecap could be predicted as a function of diameter at breast height DBH and
the position of the impacting rock in terms of impact height above ground level Himp ,
eccentricity with respect to the tree center line χ, and impact angle αimp . Using only
the size of the tree in terms of DBH as previously done to define Ecap is insufficient as
Ecap also depends on the position of the impacting rock. Furthermore, the tree stem and
the root-soil system absorbed different amounts of energy. When simulating the full-scale
impact tests, it was found that about 2/3 of the initial kinetic energy was absorbed by
the tree stem and ∼1/3 by the root-soil system. However, this relationship seems to be
dependent upon the impact velocity vimp and the shape of the impacting object. For a
spherical rock with diameter 1.45 m impacting the tree with 24 m/s, about 4/5 of the
energy was absorbed in the tree stem. Both cases show that the tree stem is the most
important factor for the energy absorption capacity.
In order to study the protective effect of damaged trees, a series of computations were
carried out assuming the inner part of the stem to be hollow. Removing a circular inner
part of the tree stem with a diameter corresponding to 50% of the tree stem diameter
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yielded a reduction of Ecap of just 15%, hence indicating that even a heavily damaged tree
can offer considerable protection against rockfall.
In order to estimate the protection effect of the forest the single tree behaviour was
implemented in a rockfall trajectory code. The energy absorption capacity implemented
for a single tree was based upon statistical analysis as a function of DBH, Himp , χ, and
αimp . For this purpose, NSTM is too complex to be directly implemented in a coupled
rockfall singletree model, thus the trees are only placeholders used to detect the impact
between the tree and the falling rock. This was done without explicitly considering the
directional change of the rock trajectory during the impact. The latter originates from
changes in the topography only.
None of the existing coupled rockfall singletree models includes the effect of Himp and αimp .
Therefore, with the improvements identified in this study, a more realistic behaviour of
the falling rock and the energy absorption capacity of a single tree can be simulated;
hence, the potential hazard caused by a falling rock when reaching settlements, buildings
or infrastructure can be more accurately estimated.
A case-study showed that the kinetic energy of the falling rock is strongly reduced by the
forest and that it is possible to investigate the protection effect of the forest accurately
with the developed coupled rockfall singletree model. However, for future simulations,
the developed code must be calibrated and validated. Furthermore, if the coupled rockfall
singletree model is extended with a module which is capable of simulating forest growth
and different forest management strategies; the long-term protection effect of the forest
can be studied and quantified.
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Kurzfassung
Steinschlag ist ein häufiges Phänomen in Berggebieten und bedroht die dortigen Siedlungen und Verkehrwege. Insbesondere, da die Auftretenshäufigkeit und die Grösse der
fallenden Steine nur schwer vorhersehbar sind. Verschiedene künstliche Baumassnahmen
wie Netzverbauungen, Dämme oder Wände können zum Schutz vor dieser Naturgefahr
verwendet werden. Im Gegensatz dazu ist der Bergwald eine natürlich gewachsene Schutzmassnahme. Es ist jedoch schwierig, die Schutzfunktion eines Waldes gegen Steinschlag zu
beurteilen bzw. zu quantifizieren. Ziel dieser Arbeit ist darum, ein numerisches Modell zu
entwickeln um die Energieaufnahmefähigkeit Ecap eines einzelnen Baumes in Bezug auf
Steinschlag zu bestimmen. Diese Information kann daraufhin in ein Einzelbaummodell
innerhalb einer Trajektorenanalyse integriert werden, um damit die Schutzfunktion eines
ganzen Waldes zu untersuchen.
Die Interaktion zwischen Baum und Steinschlag wurde mittels masstabgetreuen Feldexperimenten an Fichten (Picea abies (L.) Karst.) in ihrer natürlichen Umgebung untersucht.
Der Einschlag eines Versuchsschlittens und die Reaktion des Baumes wurden mit Beschleunigungsgebern und Hochgeschwindigkeitskameras detailliert erfasst. Die kinetischer Energie und die Einschlaghöhe wurden dabei variierten. Das komplexe Zusammenspiel zwischen Steinschlag und Baum wurde anschliessend mittels der Finiten Element Methode
simuliert. Trotz der grossen Parameterstreuung für die Holz- und Bodeneigenschaften
sowie der komplexen Interaktion zwischen einzelnen Wurzeln und dem sie umgebenden
Boden zeigte das numerische Einzelbaummodel (NSTM = numerical singletree model)
eine gute Übereinstimmung mit den Feldversuchen. Die Versuche waren so dimensioniert, dass der Versuchsschlitten die getesteten Bäume nicht durchschlagen konnte. Um
jedoch das NSTM für höhere Energien zu kalibrieren, wurden die Ergebnisse von Steinschlagversuchen - durchgeführt vom Cemagref in Grenoble - an Tannen (Abies alba)
ebenfalls in ihrer natürlichen Umgebung mit einbezogen. Obwohl die Holz- und Wurzeltellereigenschaften verschieden sind von denjenigen der zuvor getesteten Fichten, konnte
eine gute Übereinstimmung zwischen der theoretischen und der experimentell ermittelten
Energieaufnahmefähigkeit Ecap erzielt werden.
Mit Hilfe des NSTM und durch passende Parameterstudien mit einem kugelförmigen Stein
kann die Energieaufnahmefähigkeit Ecap als Funktion vom Durchmesser in Brusthöhe
DBH und der Einschlagposition; Höhe über Boden Himp , Exzentrizität χ und Einschlagwinkel αimp beschrieben werden. Es hat sich gezeigt, dass DBH als einziges Beschreibungskriterium des Baumes ungenügend ist, da die Energieaufnahmefähigkeit auch von
der Einschlaghöhe relativ zur Baumgrösse abhängt. Insgesamt werden nur 2/3 der Steinenergie durch den Baum selbst aufgenommen. Das restliche Drittel wird über den Boden
absorbiert. Aber auch dieser Wert hängt noch von der Einschlaggeschwindigkeit vimp und
der Form des Steins ab. Für einen kugelförmigen Stein mit einem Durchmesser von 1.45 m
und einer Geschwindigkeit von 24 m/s werden ungefähr 80% der Energie durch den Baumstamm aufgenommen. Weitere Simulationen zeigen, dass die Schutzwirkung von bereits
beschädigten Bäumen mit einem zu 50% innen hohlen Baumstamm sich nur um etwa 15%
reduziert.
Um die Schutzwirkung eines ganzen Waldes zu erhalten, wurde das Einzelbaumverhal-
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ten in ein Programm zur Berechnung von Steinschlagtrajektorien implementiert. Die Energieaufnahmefähigkeit der Einzelbäume variierte somit statistisch als Funktion von DBH,
Himp , χ, and αimp . Jedoch ist diese Art von Simulation zu zeitintensiv, um sie effizient
für eine statistisch angemessene Zahl von Trajektorien einzusetzen. Darum wurden die
Einzelbäume so simuliert, dass sie nur noch die Kollision mit dem Stein erfassen und
diesen entsprechend ihrer Energiekapazität abbremsen. Die dadurch weggefallenen allfälligen Richtungsänderungen der Steinbahn werden nicht mehr berücksichtig. Die Richtungsänderungen werden nur durch die Variation der Topographie verursacht.
Keines der existierenden Einzelbaummodelle berücksichtigt die Einwirkung von Himp und
αimp . Daher kann durch die in dieser Studie erarbeiteten Verbesserungen ein mehr realistisches Verhalten eines fallenden Steins und die Energieaufnahmekapazität eines Einzelbaumes simuliert werden. Folglich kann auch die potenzielle Gefahr eines fallenden Steins,
der Siedlungen, Gebäude oder Infrastrukturanlagen erreicht, genauer abgeschätzt werden.
Mittels einer Fallstudie wurde gezeigt, dass die kinetische Energie eines fallenden
Steins durch Wald stark reduziert wird und dass es möglich ist, die Schutzwirkung des
Waldes mittels des gekoppelten Steinschlag - Einzelbaummodells ausreichend genau
vorhersagen zu können. Für zukünftige Simulierungen sollte das entwickelte Programm
kalibriert und validiert werden. Weiters kann, wenn das gekoppelte Modell mit einem
Zusatzmodul versehen wird, das imstande ist, Waldbewachsung und verschiedene
Forstverwaltungsstrategien zu berücksichtigen, die langfristige Schutzwirkung des Waldes
näher studiert und quantifiziert werden.
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1 Introduction
This dissertation focuses on the interaction between an individual rock and a single tree
during an impact. The goal is to gain a deeper mechanical understanding of this process
and to quantify the energy absorption capacity of a single tree. This work represents a
first step towards the possibility to assess and predict the protection capacity of a forest
stand against rockfall. It is the first attempt to model the complex interaction between a
rock boulder and a tree using numerical methods.
Trees are complex biomechanical systems and their interactions with rock boulders were
modelled using finite elements (FEM). Experimental full-scale tests performed on trees
growing on subalpine forested slopes provided the quantitative mechanical properties and
the boundary conditions for a simulated rockfall using the model established in this dissertation. Finally, to evaluate the forest protection capacity, the modelled mechanical
behaviour of a single tree was implemented in a rockfall trajectory code. This makes it
possible to study the protection capacity of different forest management strategies in the
future.

1.1 Motivation
People living in the mountains have known for a long time about the enormous importance of the forest in protecting against natural hazards such as avalanches and rockfalls.
In Switzerland, this can be traced back to the 14th century when the first regulations
protecting forest above the mountain villages of Flüelen and Andermatt were reported.
According to the Swiss Federal Office for the Environment (BAFU), which is responsible
for forest management in Switzerland, over 7000 hectares of settlements, 130 000 buildings, thousands of people, and significant infrastructure are protected by mountain forests.
A total of 80 000 hectares of forest in Switzerland are considered to have some protective
effect against natural hazards such as rockfall and avalanches.
In mountain areas rockfalls are frequent events. The unpredictability of a rockfall, in terms
of frequency and magnitude determines the potential hazard for humans, settlements, and
infrastructure in these areas. Various artificial protection methods against rockfall, such
as barriers and restraining nets have been developed to prevent falling rocks from causing
damage. However, even with these protection systems, a rockfall can be a catastrophic
event causing destruction of infrastructure, traffic interruption, and even death (e.g. Gurtnellen, Switzerland 2006). Not only are these barriers expensive and time-consuming to
mount, they also affect the natural scenery. A more natural protection against falling
rocks can be provided by the natural forest stands growing on many mountain slopes.
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1 Introduction
BAFU defines the guidelines for the minimum required maintenance of these protection
forests and supplies subsidies to landowners. These subsidies must be used in an optimal
way such that the forests maximize their protective capacity at a minimum cost. The
challenge when utilising the forest stand as a protection barrier is to assess and predict
the protective effect of the forest. Thus, several important research questions arise. For
example, what is the energy absorption capacity of a single tree? What is the protective
effect of a forest? How do trees physiologically and mechanically withstand the impact of
a falling rock? Does the protection effect of the forest depend on the age of the forest?
In order to gain a deeper understanding of the forest’s mechanical stability against natural hazards, and to answer some of the above questions, the ‘Tree Stability Project’ was
initiated at the Swiss Federal Institute for Snow and Avalanche Research (SLF) in 2001.
The main aims of the project were to:
• Understand the mechanical stability of trees faced with natural hazard processes.
• Determine the protection effect of trees against natural hazard processes.
• Reconstruct natural hazard events by the interpretation of damaged trees and forest
stands.
The ‘Tree Stability Project’ consists of three different sub-projects, one of which is this
dissertation. Each sub-project has its own related set of questions that need to be answered
toward the fulfilment of the overall project aims:
• Biological-physiological investigations: Which effects do natural hazards (e.g. rockfall scars) have on the tree physiology and how quickly does a tree recover from such
damage? (See [39, 40] for more information).
• Cost-benefit analysis: How can forest management optimize the protection function
of the forest against natural hazards from a mechanical, economical, and ecological
point of view? (See [62] for more information).
• Modelling of the rock-tree interaction: Quantification of the energy absorption capacity of a single tree and assessment and prediction of the protective effect of a
forest stand against rockfall (present study).

1.2 Expectations and accuracy working with natural
hazards
When predicting the physical behaviour of natural hazards (rockfalls and avalanches),
it is fundamental to ask both what level of accuracy can be expected and what level of
accuracy is required when simulating natural hazard events in order to predict the level
of risk. The magnitude and frequency of such events cannot be perfectly predicted, but
are rather based upon empirical formulas. Not only the magnitude and the frequency are
difficult to predict; also the size and the shape of the rocks are difficult to define as clearly
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shown in Figure 1.1. When calculating the protection capacity of a forest against these
events, the wood material itself is also important. Wood is a living material, showing
large variations in its properties due to different stands, expositions, growth conditions
etc. Thus, neither the natural hazard itself, nor the material properties of the wood are
perfectly known. This means that we are dealing with a process that is not perfectly
understood and a material that shows large variations in its properties.

Figure 1.1: Dealing with natural hazards is dealing with only partially known parameters and
with uncertainties. In order to calculate the protection capacity of the forest against rockfall,
knowledge about both the tree and the rock are required. This picture gives a glimpse of the
difficulties arising while trying to predict natural hazards processes. (Photo F. Schweingruber
WSL).

1.3 State of scientific knowledge
The aims of the following review are to introduce the reader 1) to the methods that have
been developed to estimate the energy absorption capacity of a single tree, 2) to how
these results are implemented in a coupled rockfall singletree model, and 3) to illustrate
existing methods for modelling a rockfall. In order to provide a basic understanding of
the rockfall process and the protection effect of the forest, a summary of these current
research fields is also given.

1.3.1 Rockfall mechanics
A rockfall consists of fragments of rock moving down a slope. The most important modes
of motion are: free-fall through the air, bouncing on the slope surface, rolling and sliding
over the slope surface. The rocks usually move by a combination of these modes. The
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characteristic size of a rockfall can be classified into four different categories: 1) single block
fall (10−2 to 102 m3 ), 2) mass falls (102 to 105 m3 ), 3) large mass falls (105 to 107 m3 ), and
4) mass displacements (more than 107 m3 ) [1]. The general causes of rockfall in all these
categories are well understood and are mainly due to frost weathering, rainfall, earthquake,
and human activities such as by undercutting slopes [1, 35]. The major challenge is to
detect the detachment area and to calculate the most probable trajectories, bouncing
heights, and run out distances of the falling rocks. For a single block, the most dominant
size is 1 to 2 m in diameter [35] and the maximum kinetic energy is ∼3000 kJ. However,
this value depends on the rock size, slope angle, number of impacted trees, velocity, etc.
For larger rocks and higher energies, the forest protection capacity is limited [103]. The
kinetic energy consists of both translation and rotational energy. A common assumption
is to assume that the rotational energy amounts to ∼20% of the total kinetic energy [15].

1.3.2 Protection measures against rockfall
Many different technical protection measures against rockfalls, such as barriers and restraining nets, have been developed to prevent falling rocks from causing damage [15, 100].
These barriers were all developed to address different energy levels. Comparing the energy
absorption capacity for Norway spruce trees with those values, it can be seen that a forest
is a good complement only for low energy levels (Figure 1.2).
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Figure 1.2: Comparison between different protection measures and the range for which they
are used. DBH = tree diameter at breast height. The energy absorption for Norway spruce
trees is taken from [31]. The other data are taken from [37], and adjusted to fit the actual
state of knowledge.
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1.3.3 Forest as protection against rockfall
The forest growing on mountain slopes forms a natural protection against falling rocks
(Figure 1.3). Its importance has been recognized for many years and has been highlighted
by several authors [30, 31, 64, 85, 111]. The path of the rockfall trajectory can be divided
into three different zones: the starting zone, the transit zone, and the deposition zone.
The protection effect of the forest varies with the different zones and is summarized in
the project ‘Nachhaltigkeit im Schutzwald’ (Sustainable protection forest) initiated by the
Swiss Federal Office for the Environment, BAFU [42] as follows:
Protection effect of trees in starting zone: In the potential starting zone of a rockfall
(slope angle βs > 30◦ ), tree roots can keep the stones in place. However, large trees
may be tilted by strong winds, and cause the root-soil plate to rotate to the extent
that stones may be loosened and start to move. A forest located in and shortly below
the rockfall starting zone is particularly important to prevent the rocks from gaining
high velocities. Not only the standing trees play an important role for protection
in the starting zone; trees lying on the ground or tree stem also have a positive
influence on the protection function as they keep rocks in place. However, the lying
timber only gives a effective protection as long as the stems do not move.
Protection effect of trees in transit zone: In the transit zone (βs > 30◦ ), a rock can
reach its maximum velocity after a travel distance of about 40 m. The recommended
size of forest openings in the fall line should therefore not exceed 20 m. In the rockfall
transit zone, trees can slow down rocks or stop them temporarily. This also reduces
the bouncing height of the flying rocks. If rocks are moving slowly, they carry little
energy and even thin trees can be effective enough to stop them. Thin trees will
bend when hit by a rock and hence, the deceleration effect is minor. Depending on
the energy level of the impacting rock, thicker trees can be damaged or even broken;
consequently, the velocity and therefore the energy of the rocks are significantly
reduced. With the present knowledge, the minimum effective diameter for a tree to
stop a given rock cannot be computed. The protection effect of the forest against
large rocks (defined as > 5 m3 ) is said to be limited. Not only the size, but also the
number of trees is important.
Lying timber also has a positive effect because the surface roughness is increased.
This causes the rock to lose more energy during the impact with the ground. Furthermore, if the timber is lying diagonally or perpendicularly to the fall-line, there is
an increased probability that the rock will be stopped. If the timber is lying perpendicularly to the fall-line, the rocks might be collected at certain spots. An increased
rockfall activity can then be expected when the lying timber rots and the rocks can
start moving again. The rocks must be secured or removed prior to the end of such
a degradation process.
Protection effect of trees in deposit zone: In the deposit zone (βs < 30◦ ) trees react
similarly to those in the transit zone. However, the velocity and thus the energy
of the rocks in this zone are normally smaller. The tree diameter necessary to stop
a rock here is therefore smaller than that of a tree in the transit zone. In general,

5

1 Introduction
the tree covered areas in the transit and deposition zones must have a minimum
length in order to be effective; for short transit and deposition zones, dense thickets
are recommended. The lying timber increases the surface roughness, which should
increase the probability of a rock remaining after losing its velocity.

Forest roads may also contribute to the forest protection effect [32]. If the rock impacts
the forest road, the road acts as a plateau and the rock cannot accelerate, leading to a
loss of kinetic energy.
One way to investigate the protection effect of the forest is to carry out full-scale rockfall
experiments and to monitor the number of rocks stopped by the forest [40]. The results
obtained are accurate and give a good representation of the protection given by the forest
investigated. However, this method is both time- and manpower consuming, and thus
expensive. Furthermore, the results are only representative for the forest investigated and
its specific slope characteristics. Thus, to quantify the protection function of other forests,
experiments would have to be carried out in different mountain regions. An alternative
approach to full-scale rockfall experiments is to simulate the trajectory of the falling
rock through the forest using different numerical models. The key to such a simulation
is accurate knowledge about the energy absorption capacity of a single tree during a
rock-impact.

Figure 1.3: Rock with a mass of ∼5000 kg (∼2 m3 ) stopped in the transit zone by a larch tree
(Larix decidua Mill.) with diameter at breast height of DBH = 0.6 m, slope angle βs = 30◦ .
(Photo W. Gerber WSL).
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1.3.4 Energy absorption capacity of a single tree
A single tree dissipates energy in several different ways during a rock impact: rotation
and translation of the root system, deformation and oscillation of the tree stem, and
local penetration of the rock at the impact location [18, 31, 40]. The quantification of the
total amount of energy absorbed by a single tree has proved to be difficult [71]. Three
different simplified methods exist. The first method, suggested in [113], uses data from
static winching experiments to calculate the amount of energy required to cause a failure
in the root-system. The energy absorption capacity Ecap is calculated as the integral of
the total overturning moment M (θ) over the stem base rotation as
Z

θmax

Ecap =

M (θ)dθ

(1.1)

0

where θmax is the angle at which the tree overturns. The second method, suggested in
[18], assumes the bending energy to be fully developed in the whole tree stem due to the
oscillation of the tree stem. This assumption is justified with the argument that the treetop
breaks due to a rock impact near the ground. The bending energy developed within the
tree stem can then be expressed as
Ecap = Vd UfrWood

(1.2)

where UfrWood is the bending energy per unit volume and Vd the volume of the tree; UfrWood
can be derived from stress-strain diagrams of fresh wood. The third method, suggested in
[110], is the simplest one and uses values derived from dynamic impact tests. The fracture
energy is derived from standardized tests: a test sample is placed between two supports
and a mass falls upon the test sample with a known velocity. The energy required to break
the sample is then referred to as the fracture energy and calculated as the difference in
energy of the falling mass before and after the test sample fails. This type of test is
mostly done on small knot-free samples. Recent investigations on green fresh tree stems
originating from Norway spruce trees (Picea abies (L). Karst) have shown that the fracture
energy increases by a factor of 5 compared to small knot-free samples [63]. It is therefore
important to use the correct value when applying them for rockfall analysis.
None of the above mentioned methods consider the dynamic effects of the whole tree stem,
the root-soil plate and the soil itself and all the processes for which a tree absorbs energy.
Furthermore, until 2004, no published data existed for the energy absorption capacity of
a living tree standing on a slope. In response to this lack of data; field experiments were
carried out on a forested (Silver fir (Abies alba) trees) slope in the French Alps [31] to
obtain ‘realistic’ values for the energy absorption capacity. Individual spherical rocks were
thrown down a slope using an excavator and the velocity of the rocks was monitored. The
kinetic energy was estimated before and after a tree impact, which made it possible to
determine the energy absorbed by a single tree. Trees with different diameters, measured
at breast height, were impacted. Thus, the energy absorption capacity for a single tree as
a function of its diameter at breast height could be determined. Furthermore, the effect of
the eccentricity was also investigated during these tests. Comparing the measured fracture
energy of different tree species with the fracture energy of Silver fir, a relationship for the
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energy absorption capacity for several different tree species could be represented. A more
detailed description of the field experiments carried out is given in Section 2.7.
The energy absorption capacity obtained from the field tests presented in [31] has shown a
higher value than those obtained using the other method outlined above. This is illustrated
with an example in which the energy absorption capacity Ecap is evaluated for a single
Norway spruce tree (DBH = 0.45 m) using each of the expressions given in [18, 110, 113],
and the field experiments [31], respectively. Using these expressions, the following values
of Ecap are obtained
Ecap ≈ 184 : 8 : 125 : 230 kJ.
(1.3)
From this comparison (Eq. 1.3), it can be concluded that using the values presented in
[31], which are obtained from the field tests, the energy absorption capacity Ecap for a
single tree has been underestimated for a long time.

1.3.5 Numerical simulation of the rock-tree interaction
Most of the mechanical properties available for wood are derived from dry, homogeneous
test samples without any defects. This is problematic because knots, moisture content,
temperature, and internal damages, such as rot, affect the mechanical properties of a tree
[16, 65]. Furthermore, wood also exhibits strain-rate effects, i.e., the material strength
increases when the load is applied rapidly. This effect is more pronounced when the load
is perpendicular rather than parallel to the wood fibre. Data presented in [86, 87] give
evidence that strain-rate effects are negligible in a direction parallel to the wood fibre for
strain-rate lower than 10 s−1 . For a strain-rate of ∼10 s−1 in the perpendicular direction,
the same source reports an increase in the maximum strength by ∼10 (∼500% increase in
strength by a strain-rate of 500 s−1 , data reported for Southern yellow pine (Pinus spp.)).
For the rock-tree interaction, only one study exists where the strain-rate was investigated
[71]. However, only values in the longitudinal wood fibre direction were calculated and it
was concluded that the strain-rate in longitudinal wood fibre direction can be neglected
as the maximum value found is about 1 s−1 .
As mentioned earlier, the root-soil plate translates and rotates during the rock impact.
Thus, the root-soil plate as well as the surrounding soil absorb a certain amount of the
initial energy of the impacting rock. The only existing investigation where the amount
of absorbed energy in the root-soil plate has been investigated has shown that about
50 − 60% of the initial kinetic energy is absorbed in the root-soil plate and in the surrounding soil [40]. Accurate knowledge about the surrounding soil is therefore required
for an accurate model. However, soil behaves as a linear elastic material only for small
deformations. The stress-strain characteristics depend on several different factors such as
soil structure, average principal stress, stress history, shear strain amplitude, internal friction angle, cohesion etc. [114]. The shear strain of the soil is one of the most important
parameters as both the damping ratio and the shear modulus are functions of the shear
strain level [16, 107]. Furthermore, granular soils such as gravel and dry sand cannot take
up any tension forces whereas clay soils can.
The behaviour of the root-soil plate under a static load has been studied for many years
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[41], mainly because windblown trees are a major cause of economic loss and because they
mostly fail due to breakage in the root system. The ultimate rotational moment for the
root-soil system depends on four components as shown in Figure 2.8: 1) the mass of the
root-soil plate, 2) the failure strength of the soil, 3) the resistance to failure in tension
for tree roots on the windward side, and 4) the resistance to bending of the tree roots on
the leeside (as the tree tilts, the roots on the leeside bend and provide a resistive bending
moment) [14]. In order to model the root-soil interaction correctly, all these factors must
be considered. Furthermore, it is also reported that the root-soil system reacts differently
to a dynamic load than to a static load [90]. However, accurate mechanical models that
predict the mechanical resistance of the root-soil system are not available.
A numerical simulation of the rock-tree interaction can only be performed when knowledge
about the entire tree structure including the material properties, the root-soil interaction
as well as qualitative and quantitative data to calibrate the numerical simulations is
available.

1.3.6 Rockfall trajectory codes
In order to study the protection effect of the forest, the energy absorption capacity for the
trees must be implemented in a rockfall trajectory code. In general, such a code must be
able to simulate the correct movements of the rock i.e. sliding, rolling, and bouncing. In
order to simulate the behaviour of the rock, different methods exist. In [30], a complete
overview on how to model rockfalls can be found. However, summarizing the work done
in [30], it can be stated that two major types of rockfall trajectory codes exist;
Empirical models: an empirical model is generally based on the relationship between
topographic data and the length of the run-out zone of one or more rockfall events
e.g. the energy line method (‘Pauschalgefällemethode’) [44].
Process based models: process based models simulates the different modes of motion
(free fall, sliding, rolling, and bouncing) of the falling rock over the slope surface
using numerical algorithms [1].
Additionally, both models can be implemented on a GIS (Geographic Information System)
platform, where the input data are provided by a corresponding GIS analysis [34]. A GIS
based model generally applies three procedures: 1) identification of the rockfall source
areas; 2) simulation of the rock trajectories, and 3) calculation of the bouncing heights,
run-out zone, and the kinetic energy of the rock (Figure 1.4). Step 3) is carried out either
by an empirical or by a process-based model.
The existing process based simulation tools are developed for both two and threedimensional models. The modes of motion of the falling rock depend upon several different
factors including slope geometry, slope material properties, rock geometry, rock material
properties, starting zones, and initial velocities [1, 35, 100].
A common method to determine the probability of a rock trajectory is to perform several
simulations with one single rock each time. For every simulation, slightly different initial
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values for the velocities, the starting zone of the rock, and the roughness of the ground
are used. This accounts for the natural variation of all these parameters and gives a
probabilistic distribution of the rock trajectories. From this, conclusions can be drawn
about the possibility of a rock causing damage to humans, settlements, and infrastructure.

1)

2)

3)

Figure 1.4: Schematic representation of the three steps during rockfall analysis using the
method developed in this study. 1) Implementation of the digital elevation model into the
rockfall code (top). 2) Several simulations with different initial conditions to obtain a statistical distribution of the trajectories, run-out zones, and jumping heights (middle). 3) Evaluation
of the results on a statistical basis (bottom).

Different approaches are available to include the protection effect of the forest: 1) Using
the energy line model, the angle between the release position and the run-out zone can
be decreased to account for the forest [44]. 2) An increase in the damping and friction
coefficient of the ground can be used to account for the effect of the forest [1]. 3) A
statistical approach where the probability of the number of rocks impacting the tree is
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calculated and from the known energy absorption capacity for a single tree, the total
amount of energy absorbed by the forest can be estimated [18]. 4) A mechanical approach
where the location of every tree on the slope is modelled and thus every impact with a
tree can be determined. The deviation of the rock and the energy absorption capacity
of a single tree during the rock-tree interaction are then accounted for in the model by
using statistical relationships [34]. When studying these different approaches, it can be
concluded that none of them takes into account the height at which the rock impacts the
tree. Furthermore, only the model developed in [34] uses the values obtained from the
field experiments to calculate the energy absorption of the trees.
The calibration of a rockfall trajectory code has proven to be demanding as every rockfall
occurrence is a one-time event and therefore no statistical base can be obtained. A large
database with several rockfall events exists at the Swiss Federal Institute for Forest, Snow
and Landscape Research (WSL). Many of these events are carefully documented and are
based upon measurements after the rockfall. Data for the rock such as starting position,
volume, bouncing height, and run-out distance exist, as do forest data such as tree size
distribution and number of impacted trees.

1.4 Aim of study and research questions
Due to the significant difficulties and the time-consuming work involved in performing
field experiments, there is a demand for a physical model that can realistically predict
the behaviour of a single tree during a rock-impact. With such a model, the influence of
parameters such as the diameter at breast height, impact angle, etc. can be investigated.
Furthermore, due to the large uncertainties in the boundary conditions for the rock during
the field experiments there is a need to verify the results already obtained. Additional
understanding of the process during a rock-tree impact can therefore be obtained. No
literature on the modelling of the rock-tree interaction was found. To the best of the
author’s knowledge, the present study is a pioneering work in this field.
This dissertation focuses on the interaction between an individual rock and a single tree
during an impact. The objective is to gain a deeper mechanical understanding of this
process and to quantify the energy absorption capacity of a single tree during a rockfall.
The following research questions were selected for further analysis:
• Where and to what degree is the energy absorbed in the tree structure during a rock
impact?
• How does the energy absorption capacity Ecap of a single tree depend upon the
diameter at breast height DBH and the impact height Himp above ground level?
• How does Ecap change with the impact angle αimp and how does the tree react when
the rock impacts the tree eccentrically?
• How do the material properties of the wood influence Ecap and is there a significant
difference in Ecap between a healthy tree and a tree with a partially rotten tree
stem?
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1.5 Dissertation outline
Information about tree’s mechanical properties and the rock-tree interaction was acquired
by performing the following accurate tests on trees in their natural environment: 1) Swaying tests to provide information about the natural frequencies and damping characteristics of the tree structure (Section 2.3). 2) Winching tests to quantify the moment-rotation
characteristics of the root-soil system and Young’s modulus of the tree stem (Section 2.4).
And finally, 3) Full-scale impact tests on trees to obtain a better understanding of the
complex interaction between a rock and a tree (Section 2.5). For the latter test series, the
deformation, the failure mechanism, and the energy dissipation capacity of the tree and
the root-soil system were studied.
The numerical simulation of the rock-tree interaction was carried out with the commercial finite element software LS-Dyna (Section 3). A single tree impacted by one rock was
studied in detail aiming at reaching the highest possible level of accuracy. The tree stem
was characterized with a transversely isotropic wood material model using relevant failure criteria. The surrounding soil was modelled using a hydrostatic pressure-dependent
soil-material model and the rock was modelled as a non-deformable body. The material
properties needed to fully characterize the model were taken from performed material
tests and from literature.
Before simulating the rock-tree interaction, every component of the numerical singletree
model (NSTM) was calibrated separately using different types of tests. 1) The wood
material-model was calibrated by means of four-point bending tests carried out at the
Swiss Federal Institute of Technology (ETH) in Zurich (Section 3.2.2). 2) The stiffness of
the root-soil system was calibrated using the winching tests (Section 3.5.1). 3) The stiffness
and mass distributions of the tree structure were then verified by means of the swaying
tests (Section 3.5.2). Finally, full-scale impact tests where a trolley sliding on guiding ropes
and acting as a rock boulder, which impacts a tree at about breast height (∼1.3 m) were
simulated to verify the behaviour of the numerical model. This was done using material
and mechanical properties derived from the calibration process, thus the required input
parameters were not tuned to obtained the best results. For the full-scale impact tests, the
calculated deformation behaviour of the tree structure and the deceleration of the trolley
were compared with the measured values obtained from the field tests (Section 3.5.3).
In order to validate the assumptions made when developing NSTM, sensitivity analyses
were done for the most critical parameters (Section 3.6). The full-scale impact tests were
performed with a lower energy level than the energy required for a rock to penetrate the
tree stem. Therefore, full-scale rockfall experiments performed on a natural slope were
used to validate NSTM (Section 3.5.4). These experiments were carried out during 2004
at the Institute for Agricultural and Environmental Engineering Research (Cemagref) in
Grenoble, France.
Before using NSTM and performing parametric studies, the reliability of NSTM was
discussed and a failure criterion was defined that is based on the time span for which
the NSTM can predict the tree response accurately (Section 4). With this criterion, the
energy absorption capacity Ecap of a single Norway spruce tree (Picea abies (L.) Karst.)
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could be calculated as a function of diameter at breast height DBH, the position of the
impacting rock in terms of impact height Himp , eccentricity with respect to the tree center
line χ, and impact angle αimp (Section 5).
The results obtained from the parametric studies were finally implemented into a rockfall
trajectory code so that the protection effect of the forest could be studied (Section 6). A
suitable rockfall trajectory code is currently being developed by Dr. Axel Volkwein at SLF
and is used throughout this dissertation. The energy absorption capacity implemented for
a single tree was based upon statistical relationships for which the energy absorption
during a rock impact is calculated as a function of DBH, Himp , χ, and αimp . For this
purpose, NSTM is too complex to be directly implemented in a rockfall code. Thus, the
trees are only placeholders used to detect the impact between the tree and the falling
rock. Finally, to demonstrate the capability of the coupled rockfall singletree model, a
case-study is performed (Section 6.3).
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2 Experimental determination of
relevant tree properties
The mechanical description of the tree structure requires knowledge about the mechanical
properties of the tree stem as well as of the root-soil system. As the basic knowledge of
these properties is missing for trees growing on subalpine forested slopes, accurate tests
were carried out on trees in their natural environment. Three different test series were
performed within this dissertation:
1. Swaying tests to obtain data of the natural frequencies and the damping characteristics of the trees (Section 2.3).
2. Winching tests to gain information about the elasticity of the tree stem and of the
root-soil interaction (Section 2.4).
3. Full-scale impact tests with a simulated rock impacting the tree stem in order to
obtain information about the energy absorption capacity of the tree, as well as to
collect data for the calibration of the numerical singletree model (NSTM) (Section
2.5).
All three kinds of tests were performed on all trees if possible. This in order to gain as
much information as possible about every individual tree. After the tree had fallen to the
ground, either due to the simulated rock or manually winched, different tree characteristics
such as stem diameter, stem weight, crown extension, crown weight etc. were measured.
In order to validate NSTM, two additional test series that were used were not performed
within this dissertation. For this reason, a short overview of these two tests is also given
in this document.
1. Four-point bending tests on green wood carried out 2000 at the Swiss Federal Institute of Technology (ETH) in Zurich (Section 2.6), see also [51, 69].
2. Full-scale rockfall experiments with real size boulders on a natural slope, carried
out 2004 at the Institute for Agricultural and Environmental Engineering Research
(Cemagref) in Grenoble, France (Section 2.7), see also [31].

2.1 Selected tree species
Norway spruce (Picea abies (L). Karst) is the most common species in European subalpine
forests [38]. In Switzerland, about 56% of the forests with protective task against natural
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hazards (rockfall and avalanches) consist of ‘spruce-fir forests’ and a mixture of ‘spruce,
larch, and stone-pine forests’ [17]. Therefore, this dissertation focuses on the energy absorption capacity and the protection effect of Norway spruce trees against rockfall.

2.2 Experimental sites
To obtain the necessary information about the mechanical properties of trees growing
on subalpine forested slopes, tests at three different sites in subalpine forests near Davos
(Figure 2.1), Switzerland, were performed during the vegetation periods (May/June - September) of 2003 and 2004. For all sites, the vegetation type is a Norway spruce (Picea
abies (L.) Karst.) forest with single European larch trees (Larix decidua L.). All three
forest stands are moderately thinned. The ground is covered by a mixture of grass (Calamagrostis villosa (Chaix) Gmel.) and dwarf shrubs, e.g. bilberry (Vaccinium myrtillus).
Davos is located in the central Alps in the north-eastern part of canton Grisons (In
German, Graubünden) at an altitude of 1560 m. The surroundings of Davos have an
alpine topography with peaks reaching 3100 m. The climate is characterized by a mean
annual precipitation of 1082 mm (Jan 74 mm, Aug 146 mm) of which ∼40% is snow and
an average daily temperature of 2.8 ◦ C (Jan −5.3 ◦ C, Aug 10.8 ◦ C), evaluated between
1961 − 1990 [80]. In average, Davos has more than 200 days per year with frost, and 64
days of average temperature below 0 ◦ .
The dominant wind direction in the valley of Davos is north to south with the strongest
winds coming from the north [80]. Because all test sites were located inside the forest stand,
the trees were exposed to moderate wind only and neither to rockfall nor to avalanches.
The trees on the three test sites were all mature, with a mean diameter at breast height
DBH (± one standard error) of 0.32 ± 0.14, 0.40 ± 0.15 and, 0.26 ± 0.10 m, and mean total
tree height H of 33.0, 35.0, and 28.0 m, respectively. The stand densities for the respective
test sites were ∼450, 320, and 580 trees per hectare. The soil at all experimental sites was
podzolic brown earth (well-graded gravel with silt and sand) with a high proportion of
stones.
Table 2.1: Average slope angle, altitude, exposition, and location of the test sites used for the
swaying, winching, and full-scale impact tests.

Nr Experimentalsite
1
Mattawald
2
Brüchwald
3
Seehornwald

16

Slope- Altitude Exposition
angle
34◦
1700 m NW
32◦
1800 m SE
10◦
1636 m SW

Latitude

Longitude

9◦ 500 2400
9◦ 480 1200
9◦ 510 700

46◦ 470 4200
46◦ 460 5900
46◦ 480 5500

2.2 Experimental sites

N

Figure 2.1: The area of Davos community with the locations of the three different test sites.
The approximate locations are indicated with the arrows; 1) Mattawald, 2) Brüchwald, and
c
3) Seehornwald (PK200 °2006
Swisstopo (DV033492)).
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2.3 Swaying tests
Swaying tests were conducted with the aims to 1) quantify the first natural frequency for
the tree structure and 2) to obtain quantitative data for the damping ratio on Norway
spruce trees (Picea abies (L). Karst) growing on subalpine forested slopes. The results
from these tests were used to validate the mass and stiffness distributions of the NSTM
(Section 3.5.2). The swaying tests and their results are extensively reported in [61].

2.3.1 Introduction
The natural frequencies and the damping characteristics of a tree are important parameters when modelling the wind-tree interaction. A tree absorbs wind energy at all its
natural frequencies. However, most energy is absorbed at the tree’s first natural frequency
f1 [54, 78, 92]. The relationship between f1 of the tree structure and the frequency of the
acting wind provides guidelines on how to model the wind induced swaying of a tree [119].
For this reason many trees have been tested in the past for their first natural frequency
[84]. Trees were also tested in two perpendicular directions [81] and during summer and
winter conditions [9]. However, no tests have been performed on Norway spruce trees
growing in subalpine forests, which are of interest in this dissertation. Thus, 24 Norway
spruce trees were subjected to swaying tests in both fall-line and cross-slope direction
in order to investigate the natural frequencies fn and the damping ratios ξ n for all the
excited vibrations modes.
Tree

Model

Equivalent SDOF
system
mt

m*
L

mb
βF

cs

k
ct
k*, c*
ki

Figure 2.2: Tree, model, and equivalent single degree of freedom system (SDOF) for a clamped
cantilever beam with the bending stiffness k, ki = root-soil rotation stiffness, concentrated
mass mt at the beam tip, and the distributed beam mass mb = µb L where L is the beam length
and µb the distributed mass per meter, cs = damping in the root-soil system, ct = damping
in the tree stem, m∗ , k ∗ , and c∗ are the equivalent mass, stiffness, and damping of the SDOFsystem, respectively.

A tree is a complex mechanical system with distributed mass and stiffness and hence a
multi-degrees-of-freedom (MDOF) system (Figure 2.2, left picture). Because of the complexity of the tree, it is useful to define a simplified mechanical model (Figure 2.2, middle
picture). For such a system, the assumed mass and stiffness distributions have to be cor-
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rect [23]. However, as mentioned earlier, of special interest are the dynamic properties
relevant to the first mode of vibration. For this reason, an equivalent single-degree-offreedom (SDOF) system corresponding to the first mode of vibration of the tree, f1 can
be calculated (Figure 2.2, right picture). The analytical expression for f1 , when neglecting
the root-soil stiffness ki is given in [8] and can be expressed as
r
1
3EL I
k∗
f1 =
, with k ∗ =
and m∗ = mt + 0.23µb
(2.1)
∗
2π m
L3
where EL = Young’s modulus, I = bending moment of inertia, L = length of the cantilever
beam, k = bending stiffness of the beam, mt = concentrated mass at the beam tip, and
µb = distributed mass per meter.
Energy dissipation in a dynamic system can be described by a damping model. For a
natural system like a tree, this model is complex and difficult to define, as the dissipation
mechanisms are not completely understood. The total damping in tree structures is due to
both internal and external damping [53]. Internal damping is caused by energy dissipation
in the root-soil system and internal friction within the wood material of the stem and of
the branch system [84, 119]. External damping is due to aerodynamic drag of the crown
and due to collision with neighbouring trees [81]. When studying the contribution from
each of these terms to the total damping, the ratio between damping due to contact with
neighbouring trees, aerodynamic damping, and damping in the tree stem and root system
is found to be ∼50/40/10%, respectively [81]. However, this relationship might not be
constant because the damping ratio is often non-linear and amplitude dependent [84].
Furthermore, the aerodynamic damping also increases with wind speed [119] and is it
believed that the damping due to the contact with neighbouring trees depends on the
number of trees within the forest stand.
A signal recorded from a free vibration experiment (acceleration, velocity or displacement)
contains in most cases the contribution of many different vibration modes excited by the
applied initial deformations [2]. In order to determine the number of excited frequencies,
the Fourier transformation method is commonly used [23]. Several different methods used
to evaluate the damping are mentioned in literature. The most common ones are the
logarithmic decrement, the half-power bandwidth method, or the resonant amplification
method [23]. However, none of them is sufficient to obtain the continuous relation between
the damping and the amplitude of the oscillation as the damping is evaluated between
two adjacent amplitude peaks or averaged over several peaks [23]. In order to obtain the
continuous relation, the damping ratio must be evaluated between two adjacent points
in the measured signal and not between two amplitude peaks [2]. A possibility to obtain
this continuous relation is to use the properties of the Hilbert transformation [2]. In this
chapter, this method will be carefully described and also used to evaluate the damping
ratio for the tree structure.

2.3.2 Materials and methods
A method to obtain the continuous relationship between the damping and the amplitude
of the oscillation based upon the properties of the Hilbert transformation is proposed
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in [2]. An overview of this method is given in the following paragraph. The equation of
motion for a linear SDOF (Figure 2.3) can be written as
mẍ(t) + cẋ(t) + kx(t) = P (t)

(2.2)

where x(t), ẋ(t), and ẍ(t) are the displacement, velocity, and acceleration, respectively.
The parameters m, c, and k describe the mass, damping, and the stiffness for the system.
For free vibrations, no forces are present which means that P (t) is zero [8]. Assuming
viscous damping, the analytical solution describing the free vibrations can be expressed as
x(t) = Ae−ξωd t sin(ωd t + ψ)

(2.3)

where A is the amplitude, ψ the phase shift, ξ the damping ratio (i.e. the ratio between
the actual and the critical damping), and ωd the damped angular frequency. A tree is
a complex mechanical system, with many degrees of freedoms. For such a system the
final motion can be approximated as the sum of all excited modes [2]. For a measured
acceleration ẍ(t), obtained from a swaying experiment, which contains M excited modes
the acceleration can be expressed as
ẍ(t) =

M
X

An e−ξ

n ωn t
d

sin(ωdn t + ψ n )

(2.4)

n=1

where An is the amplitude, ψ n the phase shift, ξ n the damping ratio (i.e. the ratio between
the actual and the critical damping), and ωdn the damped angular frequency for mode n.

k

c
m

x(t)
P(t)

Figure 2.3: Single degree of freedom system (SDOF) with stiffness k, mass m, damping coefficient c, and acting force P (t).

Every periodic signal can be written as a series of sine and cosine terms [23]. When
the series is defined only by a number of finite points N , the measured signal can be
represented by the finite series, at t = tk , k = 1, ..., N the measured signal can be written as
N
¶
2 µ
a0 X
2πnk
2πnk
f (tk ) =
+
an cos
+ bn sin
.
2
N
N
n=1

(2.5)

The result of the Hilbert transformation is the original signal plus a complex part that is
phase shifted 90◦ . Rewriting Eq. (2.5) with the assumption that the acceleration is zero
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at the beginning of the test, and that the tree oscillates around the z-axis (Figure 2.5),
the following expression is obtained
¶
µ
µ
¶
µ
¶¶¸
2 ·µ
X
2πnk
2πnk
2πnk π
2πnk π
h(tk ) =
an cos
+ bn sin
+ i an cos
+
+ bn sin
+
.
N
N
N
2
N
2
n=1
(2.6)
Applying basic trigonometric relationships, Eq. (2.6) can for a specific time step be expressed as
N

¶
µ
¶¸
2 ·µ
X
2πnk
2πnk
2πnk
2πnk
h(tk ) =
an cos
+ i −an sin
. (2.7)
+ bn sin
+ bn cos
N
N
N
N
n=1
N

Calculating the amplitude of the signal given by Eq. (2.7) for every time step, the following
expression is obtained
p
|h(tk )| = a2n + b2n .
(2.8)
Performing these operations for every time step, the envelope of the signal is obtained. To
investigate the properties of only one frequency at a time, the measured signal is filtered to
obtain the frequency of interest. The acceleration for every frequency found in the signal
can then be expressed as follows
ẍ(t) = An e−ξ

n ωn t
d

sin(ωdn t + ψ n ).

(2.9)

Calculating the envelope for every frequency that was found during the analysis and
plotting the relationship in a logarithm plot, the slope of the curve will be the variation
in time of ξ n ωdn . If the damping is linear, a first order polynomial will be sufficient to fit
this curve [58]. In this study, the envelope was fitted using a regression analysis with a
first order polynomial. Note that if the envelope cannot be approximated using a first
order polynomial, the damping is non-linear. This can mean that the damping is either
dependent on the amplitude of the oscillation or not viscous at all. The main steps needed
to obtain an estimation of the damping ratios ξ n and the natural frequencies fn through
Hilbert transformation can be summarized as follows.
1. The recorded acceleration is plotted in the time domain and the interesting part
(IP) is selected for further analysis. The minimum requirement for IP was set to six
swaying cycles but eight or more cycles were used in most cases (Figure 2.4a).
2. IP was transferred to the frequency domain using the Fourier transformation and
the calculated power spectra showed all the frequencies excited (Figure 2.4b).
3. IP is filtered, using a first order Butterworth filter.
4. Thereafter, the Hilbert transformation is used to obtain the envelope of IP as a
function of time (Figure 2.4c).
5. Finally, the slope of the fitted line divided by ωdn is defined as the damping ratio ξ n
(Figure 2.4c).
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Figure 2.4: Example given for tree 4 at experimental site 2: a) The recorded acceleration plotted
in the time domain. b) The recorded acceleration transferred to the frequency domain using
the Fourier transformation, the calculated power spectra shows the two excited frequencies
during the test. c) The envelope was fitted using the least square method in a logarithmic plot.
The slope of the fitted line divided by the angular frequency ωdn was defined as the damping
ratio ξ n .

To record the acceleration of the tree during the free vibration tests, two sensors mounted
in the swaying direction were used (Figure 2.5). In order to mount these sensors on the
tree stem, it was necessary to climb the tree. To do this without any risk of failure of
the tree stem, the upper sensor was mounted at 75% of the total tree height H (0.75H).
When climbing the tree, a minimum of branches was removed to maintain the tree crown
as intact as possible and thus to minimize the influence on fn and the damping ratio.
The lower sensor was mounted at 0.53H, which corresponds to the position of the node
of the second vibration mode [77]. The sensors used for the swaying tests were of the
type AMOS-ABM-25 [4] featuring a range of ±10 m/s2 and a precision of ±0.2 m/s2 .
The sampling rate for both sensors was 20 Hz. The tests were carried out by manually
winching the tree into initial position using a steel cable fixed to the tree at 0.53H or at
0.75H and releasing it.
After estimating the first natural frequency f1 of every tree using the procedure outlined
in the previous paragraphs, a statistical investigation using the commercial software SR
plus°
[105] was carried out. Aim of the statistical investigation was to find the most
meaningful correlation between f1 and other important mechanical and geometrical characteristics of the tree. To this purpose, the analytical expression (Eq. 2.1) given for the
equivalent SDOF-system corresponding to the first mode of vibration of the tree can be
used (Figure 2.2, right picture). However, the major drawback of this equation is that the
input parameters are difficult to measure. In order to measure Young’s modulus EL or
the bending moment of inertia I etc., demanding tests or measurements are required. For
this reason, a new equation relating f1 to tree properties easy to obtain such as DBH and
H was searched in the litterateur. Assuming the tree as a beam with a distributed mass
and using the Rayleigh-Ritz method [23], an approximate theoretical relationship for f1
could be derived in [43]. It was shown that the time T1 for the first swaying period could
be expressed as
T1 = po
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q
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where dL is the basal diameter (the diameter of the tree stem where it intersects with
the ground surface), EL Young’s modulus of the tree stem, ρwood the wood density, and
H the total tree height. Assuming that the ratio between EL and ρwood is approximately
constant and that dL is proportional to DBH, Eq. 2.10 can be rewritten as
H2
T1 = p o
DBH

or

f1 = p 1

DBH
,
H2

(2.11)

where the coefficients po and p1 are constant values containing the product of dL and the
ratio between EL and ρwood . Main goal of the statistical investigation was the computation
of the coefficients pi by means of regression analysis. In the framework of this regression
analysis, the sum of squared errors R2 and the level of significance P of the coefficients
were calculated. Note that the coefficients po and p1 of Eq. 2.11 are not dimensionless.
For these analyses, SI-units were used, i.e. both H and DBH are expressed in meter.
Swaying direction

0.75H
Pulling direction
H

0.53H
z

δh
θ
x
ßs

Anchor point

Figure 2.5: To mount the two sensors and the steel cable it was necessary to climb the tree
(left). The right picture shows the schematic test setup used when the swaying direction is
in the fall-line direction, 0.53H and 0.75H indicate the positions of the sensors, the pulling
height was 0.53H or 0.75H, H = total tree height, βs = slope angle, δh = horizontal deflection
of the winching point before release, θ = stem base rotation.

2.3.3 Results
The first natural frequency f1 was calculated for every tested tree (see Tables A.1 and
A.2 for a summary of all the results). No differences were found between f1 evaluated for
fall-line and cross-slope directions for trees growing at experimental site 2 (Table A.1).
For this reason, it was assumed that f1 in fall-line direction could be used to represent
f1 for the tree structure. The differences between the three experimental sites in terms of
f1 were not considered, as the variation within a given experimental site was larger than
between the different experimental sites. All tests in the fall-line direction for all the three
experimental sites were therefore evaluated together. The first natural frequency was best
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expressed by the relationship f1 = p1 · DBH/H 2 , p1 = 454.53, P < 0.001 with a R2 = 0.31
(Figure 2.6). For four trees, more than one frequency was excited and observed (Table
A.2). The amplitudes of the two separated oscillations (f1 and f2 ) were different, with the
amplitude for the second oscillation (f2 ) always smaller (Figure 2.7).
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Figure 2.6: First natural frequency f1 for the 23 tests in fall-line direction. The solid line
indicates the best regression line, f1 = p1 · DBH/H 2 , p1 = 454.53 and R2 = 0.31, the dashdotted lines indicate the calculated lower and upper 95% confidence interval. Note that both
H and DBH are given in meter.
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Figure 2.7: Measured acceleration from sensor at 0.75H for test in fall-line direction, tree 4,
experimental site 2, separated into its two excited frequencies. The solid line represents the
oscillation for the first natural frequency f1 = 0.23 Hz, damping ratio ξ1/0.75H = 3.18%,
the dash-doted line represents the oscillation for the second natural frequency f2 = 0.56 Hz,
damping ratio ξ2/0.75H = 3.78%.

No significant correlation was found between the damping ratio and different tree char-

24

2.3 Swaying tests
acteristics such as DBH, H, and crown length. The statistical analysis showed that the
damping ratio calculated using the data at 0.53H was slightly higher than at 0.75H. Calculating the average value of the damping ratio for all trees using data for the first mode
of vibration in fall-line direction evaluated at 0.53H and 0.75H, ξ1/0.53H = 5.06% and
ξ1/0.75H = 5.04% were obtained, respectively. No statistical difference in damping ratio
was found between fall-line and cross-slope directions.
A non-linear damping was observed for two trees. The low number of trees showing a
non-linear damping ratio indicates that using a viscous damping when modelling tree
structural damping is an appropriate assumption. Comparing the damping ratios between
the first and the second modal oscillation in fall-line direction using data from the sensor
mounted at 0.53H, it was found that the damping ratio was of the same order of magnitude
(n = 3) (Table A.2).

2.3.4 Discussion
For trees growing in subalpine terrain, the first natural frequency f1 was best modelled
using the constants H 2 and DBH (Figure 2.6 and Eq. 2.11). However, the correlation
obtained, expressed by the sum of squared errors R2 was only 0.31. This indicates a
discrepancy between model and real behaviour. The assumptions made when this relationship was derived were: 1) The basal diameter dL is proportional to DBH and 2) the
ratio between EL and ρwood is approximately constant. Investigations on Norway spruce
trees have shown that ρwood increases and EL decreases with increasing tree height [69].
This indicates that the ratio between ρwood and EL is not exactly constant as assumed.
Further reasons explaining this weak correlation might be:
• An increased soil moisture context can cause an increase in f1 of ∼10% [77]. Considering that the trees were tested under different weather conditions and during
two successive years, this effect cannot be neglected. Unfortunately, the effect could
not be quantified because no measurements of the soil moisture were carried out.
• If branches are removed from the tree crown, an increased f1 is reported [81]. For a
tree with an asymmetric tree crown, a different f1 can also be expected. The trees
tested within this study were all growing inside a forest stand and due to individual
competition between the trees, an asymmetric tree crown was observed.
No difference was found between f1 evaluated in fall-line and cross-slope directions. This
is in accordance with earlier observations where f1 in two perpendicular directions of
Sitka spruce trees (Picea sitchensis (Bong.) Carr) growing on flat ground in a Scottish
plantation were investigated [81]. Although the root architecture is asymmetric on slopes
[29, 109], no difference in f1 between the two different directions could be observed. This
might indicate that the root architecture does not have a large influence on f1 . However,
with the data available, it was not possible to identify to what extent the form and size
of the root-soil plate influences the frequencies. One hypothesis is that for such small
rotations of the stem base, as during these swaying tests, neither the shape nor the size
of the root-soil plate influence f1 or the damping ratio.
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The damping ratios for tree vibrations obtained from these swaying tests by means of a
method based on the Hilbert transformation are in accordance with known literature values [84]. Despite assuming viscous damping, an assumption which is actually not totally
correct because aerodynamic damping, which is one of the components of the total damping during tree vibrations, increases with wind speed [119] - good results could be obtained
for all but two tests. Furthermore, the experiments showed that the damping ratio of the
first and the second mode of vibration were similar (Tables A.1 and A.2). Hence, the experiments confirmed that using the same amount of damping for all modes of vibrations
is an acceptable simplification while modelling the dynamic behaviour of trees.
No significant correlation could be found between important tree structural parameters
such as DBH, H, and the damping ratio. Previous studies came to the same conclusion [84,
118]. The difference in damping ratio between two perpendicular directions of vibration
has been investigated in the past by other authors for Sitka spruce trees [81]. A difference
between the two directions was observed and related to asymmetric crown shape and
contact with neighbouring trees. The present study could not verify this finding.

2.4 Winching tests
Winching tests were conducted in order to 1) quantify the Young’s modulus EL of the
tree stem and to 2) investigate how the root-soil rotation θ changes with increasing stem
base moment for trees growing on subalpine forested slopes. These results were used
within the NSTM to estimate the elastic coefficients for the tree stem as well as the
fracture energy needed to model the softening behaviour in the stress-strain behaviour of
the wood material (Section 3.2.1). Furthermore, the winching experiments were used to
calibrate the stiffness of the root-soil plate of the NSTM. To reach this goal, the winching
experiments were simulated using the NSTM and the numerical results were compared
with the experimental (Section 3.5.1). The winching tests and their results are extensively
reported in [60].

2.4.1 Introduction
The root system is a crucial element for the growth and the stability of a tree. Its main
functions are to provide the tree with water and nutrients and to prevent the tree from
being overturned when exposed to external forces caused by wind, rockfall or avalanches.
In order to predict the probability of uprooting for a tree’s root system, knowledge is
required about the ultimate rotational moment and the stem-base moment caused by the
forces applied to the tree. The ultimate rotational moment of the root system is made up
by four components as shown in Figure 2.8: 1) the weight of the root-soil plate, 2) the shear
strength of the soil, 3) the resistance to tensile failure of the tree roots on the windward
side, and 4) the resistance to bending and shear of the tree roots on the leeside [14]. The
relationship between these four components was investigated for Sitka spruce trees (Picea
sitchensis (Bong.) Carr) in [26]. The authors concluded that the major contributions to
the ultimate rotational moment come from the windward roots and from the mass of
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the root-soil plate. To investigate the ultimate rotational moment of the root-soil system,
winching experiments were carried out by a number1 of research teams [27, 41, 83, 93].
Experiments have also been performed on trees growing
on slopes [89], as well as on
0.9
dead trees [3]. However, no tests have been performed on Norway spruce trees growing in
0.8
subalpine forests, which are of interest in this dissertation.
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Trees bend and eventually break when exposed to external forces such as wind, rockfall,
and avalanches. A common simplification when modelling the tree response to these forces
is to simplify the system as a cantilever fully fixed at the stem base meaning that the stem
deflection is due to the stem flexibility only. However, part of the stem deflection originates
from the rotation of the root-soil plate as can be seen in Figure 2.9 and as reported in
[88]. This contribution can be quantified by means of the root-soil rotation stiffness kroot .
The importance of taking kroot into account when calculating the tree response to wind is
highlighted in [88]. More accurate predictions of the stem’s deflected shape, the natural
frequencies fn of the tree structure, and of the longitudinal Young’s modulus EL of the
tree stem are obtained when including kroot in the mechanical model of the tree [120]. In
addition to the above mentioned reasons for including kroot , a strong correlation between
kroot and the ultimate rotational moment of the root system can also be expected [20]. A
method proposed in [20] uses kroot evaluated for a given stem-base rotation to estimate
the ultimate rotational moment. Thus, if kroot is known, the ultimate rotational moment
can be calculated without the needs of winching experiment up to total failure of the
root-soil system.
In order to accurately predict the mechanical behaviour of Norway spruce trees exposed
to external forces, 23 trees on subalpine forest slopes were subjected to winching tests to
quantify the rotational stiffness kroot for the root system and EL of the tree stem.

2.4.2 Materials and methods
Two different test setups were used for the winching tests. With the first setup, the
rotation of the tree stem at 2%, 5%, and 20% of total tree height H were recorded. The
height of the applied force was Hf = 0.2H. With the second setup, the rotation of the

27

0.7

0.8

0.9

2 Experimental determination of relevant tree properties
tree stem was measured at 2%, 20%, 53%, and 75% of H, with Hf = 0.53H. The second
setup was also used for the swaying tests (Section 2.3). When winching the tree to its
release position before the swaying test, the winching force and the stem-base rotation
were recorded. Due to this, this setup could also be used for evaluating EL and kroot .
δθ δp
P

θ

k
ct

cs
ki

Figure 2.9: Additional deflection of a cantilever beam due to a rotation θ at stem base. P = Applied force, δP = deflection due to the deformation of the stem, δθ = deflection due to the
stem base rotation θ, k = bending stiffness in the tree stem, ki = root-soil rotation stiffness,
cs = damping in the root-soil system, ct = damping in the tree stem.

The stem rotations at 2% and 5% of H, was recoded by means of inclinometers PMP-2.5
TZL-A-SW2 [99], with a range of ±2.5◦ and a precision of ±0.0375◦ . To record the stem
rotation at 20%, 53%, and 75% of H, inclinometers PMP-20 TZL-A-SW2 [99] with a range
of ±20◦ and a precision of ±0.3◦ were used. The applied winching force was measured with
a load cell MTS [79], with a maximum capacity of 100 kN and a precision of ±0.2 kN. The
sampling rate was 5 Hz for the first and 20 Hz for the second test setup. To record the
stem base rotation θ without the contribution from the stem bending deformations, the
sensor was mounted as low as possible on the tree stem. The lower sensor was mounted on
the tree, above the buttress area at an elevation of approximately 0.02H. The stem section
below this point was considered to be rigid. The trees were winched up to θ ∼ 2.5◦ , which
corresponds to the full range of this sensor. At experimental site 3 (Table 2.1), preliminary
winching tests were conducted to optimise the test setup.
A finite element model (FE model) of every tree was created using the commercial finite
element code ANSYS [6]. To model the tree, beam elements BEAM188 based on Timoshenko’s beam theory were used. This type of element includes both shear and flexural
deformations. Every tree was modelled with 99 elements and 100 nodes, evenly distributed
over the tree height. The stem diameter was based on the field measurements, including
the bark. The measured force F was divided into a horizontal Fh and a vertical Fv component, based upon the angle of the applied force βF (Figure 2.10). This angle was measured
when the cable was fully stretched (Figure 2.10), using a portable inclinometer. The point
of rotation of the root-soil plate was not quantified during the winching tests. For this
reason, it was assumed that the tree rotates around the point where the stem centerline
intersects with the ground, even thought it is known that in reality the tree rotates around
the leeward side of the tree trunk [26, 89]. The recorded stem base rotation θ was applied
as a prescribed rotation for the stem base in the FE model. Thus, when the measured
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force was applied in the FE model, the correct rotation of the root-soil plate was obtained. Hence, the only unknown parameter in the FE model is the Young’s modulus for
the tree stem.
For the FEM calculations, the tree stem was assumed to be straight. The density of
green wood and Poisson’s ratio were set to ρwood = 850 kg/m3 [109] and ν = 0.26 [65],
respectively. The tree material was assumed to be isotropic and constant over both the
cross-section and the height [81, 82]. In order to calculate the rotational stem base moment
large deflection theory was used, i.e. the additional moment from the vertical forces due
to the overhanging tree stem and crown (branches) was considered. For every tree, the
rotational stem base moment was calculated in 100 load steps.

H

Fh
z
Hf

F

F

Fv

x

βs
Winching point

Figure 2.10: Real test setup for the winching tests (left), and schematic overview (right).
H = total tree height, Hf = height of applied force, F = applied force, Fh = horizontal force,
Fv = vertical force, βF = angle of the applied force, βs = slope angle.

Due to experimental reasons, at the beginning of the test, the sensor measuring the stem
base rotation was zeroed even if at that point, the winching force F was not equal to zero
due to the self weight of the winching wire attached at Hf . Thus, for a measured stem
base rotation θ = 0◦ , the stem-base moment was not zero but M0 (Figure 2.11). In order
to account for this fact, a stem base rotation θ0 corresponding to zero stem base moment
was extrapolated as shown in Figure 2.11. To find θ0 , it was assumed that the rotation
of the root-soil plate is elastic within the range 0.0◦ < θ < 0.1◦ . Note that this elastic
range is somewhat smaller than the one suggested in [20], which goes up to 0.25◦ . For
this elastic range, a linear regression model, intercepting with M0 was calculated using
the least square method. Thus, a constant secant stiffness was obtained for θ < 0.1◦ . This
constant value was then used to find θ0 by extrapolating the curve back to zero stem-base
moment. In order to calculate the ‘correct’ secant stiffness ki , the measured rotation had
to be adjusted as follows
Mi
ki =
(2.12)
θi − θ0
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where θ0 is the stem base rotation corresponding to zero stem base moment, ki is the
secant stiffness corresponding to the stem base moment Mi , and θi is the measured stem
base rotation (Figure 2.11).
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To estimate ki and EL the following procedure was used: 1) The measured rotation θi and
the applied force Fi were averaged over one second to smooth the data, 2) An initial EL
was chosen and thereafter iteratively changed until measured and calculated rotation for
the inclinometers mounted at 0.02H, 0.05H, and 0.2H differed less than 5%, in order to
estimate the correct deflected shape of the tree stem, 3) The rotational stem base moment
Mi was plotted against the stem base rotation θi , and the least square method was used to
calculate θ0 , and 4) The secant stiffness ki was calculated for every measured θi according
to Eq. 2.12.

k

.

i
.. .

Stem base rotation

Figure 2.11: Schematic representation of how the calculated stem base moment Mi changes
with increasing stem base rotation θi during a winching test; ki indicates the secant stiffness
calculated for a given θi outgoing from the corresponding Mi , θ0 indicates the stem base
rotation that corresponds to zero stem base moment and M0 the stem base moment obtained
for zero stem base rotation θ = 0◦ .

In order to compare the stiffness between all trees, the calculated secant stiffness ki at
θ = 0.5◦ was used. In the following, this value is referred to as the root-soil rotation stiffness
kroot . The reason for selecting θ = 0.5◦ was that all trees were winched to at least 0.5◦ . After
calculation of EL and kroot for every tree, a statistical investigation using the commercial
software S-plus [105] was carried out. Main goal of the statistical investigation was to find
the most meaningful correlation between EL , kroot , and other important mechanical and
geometrical characteristics of the tree such as DBH, H, stem masses etc. In the framework
of this regression analysis, the sum of squared errors R2 and the level of significance P of
the polynomial coefficients pi were calculated.

2.4.3 Results
It was possible to estimate Young’s modulus EL for the tree stem by iteratively changing
its value until measured and calculated stem rotation corresponded (Figure 2.12). No
correlation between EL and tree characteristics such as DBH and H was found when
including all trees in the statistical analysis (See Table A.3 for a summary of all the
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results). Therefore, only the mean value, EL = 8289.1 MPa, and the standard deviation,
s = 3601.6 MPa were calculated. One outlier was observed and identified as tree 3 on
experimental site 3 (Table A.3). For this tree, EL was almost three times higher than the
average value calculated for all trees. For this reason, the results of this tree were dropped
while calculating the average value (In Section 2.4.4, possible explanations for this large
variation are given), yielding a mean and a standard deviation of EL = 7634.1 MPa and
s = 1802.9 MPa, respectively.
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Figure 2.12: Calculated stem rotation at 0.2H (H = total tree height) for tree 1 at experimental
site 2 as a function of applied winching force F and different Young’s modulus EL for the
tree stem.
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Figure 2.13: Calculated secant stiffness ki as a function of stem base rotation θ for tree no 3,
4, and 5 at experimental site 1. Tree 4 had a smaller DBH, but a larger stiffness than tree 5.
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For all trees, the secant stiffness ki decreased as θ increased (Figure 2.13). When performing two consecutive tests on the same tree, ki was always lower for the second test
(Table A.3). This was not only valid for a specific point, but for the whole recorded range
(Figure 2.14). The decrease in kroot calculated between the first and the second test was
in average 30.9% (n = 5).
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Figure 2.14: Secant stiffness ki as a function of stem base rotation θ for two trees tested twice at
experimental site 2. The secant stiffness is lower for both trees during the second experiment.

2.4.4 Discussion
In this study, a new method was used to calculate Young’s modulus EL for the tree stem
giving an average EL = 7634 MPa. Comparing this value to values published earlier for
boreal areas (EL = 7730 MPa, [93]) and for mountain areas (EL = 5000 − 9000 MPa,
[19]), it can easily be seen that the results obtained with the proposed method are of the
same order of magnitude. This indicates that it is possible to estimate EL of the tree stem
when iteratively changing its value until measured and calculated stem rotations are the
same (Figure 2.12). As already mentioned, the calculated EL for tree 3 on experimental
site 3 (Table A.3) was almost three times higher than the calculated average value for all
trees. Experimental site 3 was mainly used for tuning the test setup. The high value of
EL could indicate a problem with the test setup, or an error in the recorded data during
the measurements. Further explanations were not searched.
The secant stiffness ki decreased with increasing θ. This behaviour was observed from the
very beginning of the test (Figure 2.13). When assuming that the root-soil plate behaves
elastically up to 0.25◦ stem base rotation as suggested in [20], then ki would be constant.
However, the experimental results indicate that the elastic range is small, or does not even
exist at all. Five tests were carried out to investigate whether there is a difference in ki
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when performing two consecutive tests on the same tree. A difference was always observed
(Table A.3 and Figure 2.14). This might originate from the fact that plastic deformations
of the soot-soil plate could have occurred during the first test.
In [20], a method to estimate the ultimate rotational moment of the root-system is developed. This method uses the fact that the ultimate rotational moment can be estimated
when the stem-base moment calculated for a given stem-base rotation is known. Hence,
the ultimate rotational moment can be estimated without winching the tree to a total
failure. In this study, a decrease in the secant stiffness kroot , which is defined as the secant
stiffness evaluated for θ = 0.5◦ , was observed when performing two consecutive tests on
the same tree. This observation implies that the stem-base moment evaluated for θ = 0.5◦
is lower for the second winching test than for the first winching test. A major question
is therefore whether or not a difference in the ultimate rotational moment can also be
expected when performing two consecutive tests on the same tree. This issue could jeopardize the applicability of the method proposed in [20] and for that reason, it should be
further investigated. However, do to time limitation it was not possible to include this
investigation in the present work.
When performing two consecutive tests on the same tree, the winching force was released
after the first test (the trees were winched up to about θ = 1.5◦ during the first test,
Figure 2.14). Analyzing the stem base rotation after the first test, a residual rotation of
the root-soil plate was found. This supports the idea that the deformations of the root-soil
plate have exceeded the elastic limit. The reason for the plastic deformations might be
deformation (damages) in the soil, leading to a redistribution of the soil-material, damage
of the fine roots, or a combination of both.
Two possible methods are identified that can be used to reveal which of these processes
is responsible for the residual rotation of the root-soil plate:
Buried microphones: Winching experiments were performed on Sitka spruce trees (34
year old co-dominant trees with a mean height of 20 m and mean DBH of 0.21 m) and
buried microphones were used to record the breakage of the tree roots or of the soil
[25]. On the windward side of the root-soil plate, an upward movement was observed
and sequential breakage of roots/soil was observed in the interval θ ∼ 0.5◦ − 1.0◦ .
Recording the breakage of the roots/soil and carefully measuring the stem-base
rotation, the exact rotation for failure of the tree roots can be determined.
Sapflow measurements: By investigating the changes in sapflow pattern in the tree stem
during winching experiment an indication whether the roots break or not can be
obtained. Such investigations were performed on Maritime pine (Pinus pinaster Ait)
and oak (Quercus petraea) trees winched up to 10◦ inclination [112] (measured at
the cable attachment point, which was 3.6 m above the ground surface. No information is given about the stem base rotation.). During these experiments, a decreased
sapflow was observed only in the oak tree. The suggested explanation of the decreased sapflow in [112] was due to stretching and to compression of the longitudinal
wood cells, which then caused a temporarily redistribution of the sapflow within the
tree stem. However, the tested trees were small, DBH = 0.13 m, and considering
that smaller trees are more elastic, the effect of root or soil breakage might not have
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been observed. In order to identify if the major failure process is breakage of the
roots or of the soil, is it suggested to perform sapflow measurements on larger trees
while carefully monitoring the stem base rotation.
Within the present work, successive winching tests on the same tree were conducted during
the same day. However, it would be meaningful to perform successive tests on the same
tree waiting a longer time between them in order to gain information about the healing
process of the root-soil system.

2.5 Full-scale impact tests
The complex interaction between a rock and a tree was simulated with full-scale impact
tests. Aims of these tests were: 1) To obtain necessary data for the calibration and validation of the numerical singletree model (NSTM), 2) To describe the deformation and the
failure mechanism of the tree structure during a rock-tree impact, and 3) To evaluate how
much energy a tree structure can absorb during a rock-tree impact. A further goal of the
tests was the evaluation of where and to which amount energy is absorbed within the tree
structure. This latter investigation was carried out on only one of the tested trees. This
chapter is a short summary of the test setup, the analysis method, and the major results
obtained. The full-scale impact tests and their results are extensively reported in [71].

2.5.1 Introduction
Field experiments where rocks are thrown down a forested slope [68], suggest that the
rock-tree impact implies that energy is absorbed by the entire tree structure, similar
to when a tree interacts with avalanches [10]. From a mechanical point of view, trees
are complex. The anchorage of the roots and the stem morphology adapts to growth
conditions [19, 101]. Due to these natural variations is it difficult to predict the rock-tree
interaction and it can be expected that a tree absorbs the kinetic energy of the rock in
several different ways and to different degrees: rotation and translation of the root system,
deformation and oscillation of the tree stem, and local penetration of the rock into the
tree stem at the impact location [18, 31, 40].
Rocks display a wide variety of shapes and forms, making it difficult to predict the center of
mass and moments of inertia accurately. Falling rocks tend to rotate around their smaller
axis [7], contacting the ground in a jumping motion that can include significant sliding
[68]. Typical translation velocities are ∼ 10 − 30 m/s. Recent investigations of rockfall
scars on tree stems [94], indicate that impact heights Himp = 1.1 ± 0.6 m are common.
Due to the large uncertainties in the boundary conditions for the rock-tree impact (Himp ,
impact velocity vimp , and eccentricity χ) during field observations, a large need exists to
perform full-scale impact tests where these values are well-defined and a high level of
accuracy can be obtained. Only then, the correct energy absorption capacity of a single
tree can be calculated and additional understanding of the process during a rock-tree
impact obtained.
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2.5.2 Materials and methods
The impacting rock was simulated by a trolley with a wedge shaped front guided by
two catenary wires that were pre-stressed to about 50 kN between two groups of trees
(Figure 2.15). The position of the catenary wires was adjustable in height and sideward
with steel supports at the lower and upper ends of the wires. The dimensioning of the
anchorage of the catenary wires was done according to current SUVA-regulations [104].
In order to get the trolley into the start position, a third cable was attached to the back
of the trolley and connected to a jeep driving on a forest road. By driving the jeep, the
trolley was winched up along the pre-stressed catenary wires. From there, the trolley was
released so that it accelerated and impacted the tree centrically. With concrete blocks
positioned behind the trolley front, the trolley weight was adjustable from 292 kg to
892 kg. The achievable impact energy depends on cable length, slope angle, and impact
mass. With a cable length of 55 m (for practical reasons) and an average slope angle of
30◦ , the maximum energy that could be reached was ∼250 kJ. A steel wire protection net
was mounted on the lower side of the tree in order to stop the trolley in case the tree
would fail (Figure 2.15).

Figure 2.15: The upper group of anchorage trees (left) used to pre-stress the catenary wires
and the steel wire protection net used to capture the trolley in case the tree would fail (right).

Investigating rock deposits originating from rockfall, it was found that a common rock edge
is right-angled but slightly rounded [109]. On this base, the trolley front edge was designed
with an angle of 90◦ , rounded off with a 20 mm radius. The trolley front was made of solid
steel with a rough surface, showing a friction coefficient of µ = 0.35 against green wood.
The friction between the trolley front and the bark was measured by pulling a piece of the
same material as the trolley front over a lying stem surface and measuring the drag force.
Assuming Coulomb friction, it was possible to calculate µ. The tested trees were equipped
with six accelerometers positioned on the downhill side of the tree stem. The sensors were
mounted at relative tree heights of 2% (acceleration range ±500 m/s2 ), 7% (±500 m/s2 ),
20% (±200 m/s2 ), 35% (±200 m/s2 ), 53% (±100 m/s2 ), and 75% (±100 m/s2 ).
Two accelerometers were mounted on the trolley (acceleration range ±500 m/s2 ), one
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parallel to the catenary wires and one perpendicular to it (Figure 2.16). The two sensors
mounted on the trolley were connected to the data logger via a cable. To prevent obstacles
such as tree roots and rocks to tangle with the cable and to fail it, a plastic cover was
placed on the ground below the two catenary wires (Figure 2.16). The sampling rate for
all sensors was 10 kHz, ABM-25-4-20 [4] accelerometers were used.

Figure 2.16: Photo of the full-scale impact tests. The tree shown has a diameter at breast height
DBH = 0.44 m, the impact velocity was vimp = 19.0 m/s, the impact height was Himp = 1.8 m,
and the impact mass was mimp = 492 kg. The coordinate system shown represents the two
perpendicular directions for the trolley sensors (left). The trolley seen from behind during the
preparation of the test (right), the plastic cover used can be seen under the trolley.

Four cameras recorded the impact event simultaneously. Two high-speed cameras Redlake
MotionScope-PCI (DEL Imaging Systems, LLC, USA) with a sampling rate of 250 Hz and
two digital video cameras Sony DCR-TRV900E (Sony Corporation, Japan) with sampling
rates of 25 Hz were used. The lower and upper parts of the tree were both monitored by
one high-speed camera and one digital video camera each. As other trees concealed the
view of the impacted trees, the position of the cameras had to be changed for every
test. The distance and the angles to the impacted tree were recorded so that the camera
position could be reconstructed. In this way, the image processing software STEMTRACK
[59], which requires a set of distance and angle measurements, could be used to calculate
the stem deflection from the images recorded by the high-speed cameras and the videocameras when the trolley impacted the tree stem.
In order to synchronize the recording of the accelerations and of the images, the data
logger was triggered when the trolley passed a POLIFEMO photocell (Microgate, Italy),
positioned about 1 m in front of the test tree. The data logger was connected via a firewire
(IEE394) cable to a portable computer that controlled and synchronized the measuring
devices by means of a LabView program (National Instruments Corporation, USA). All
persons taking part in the experiments were specially educated and informed about the
possible risks. During the preparation of the tests, the whole test area was closed for
unauthorized persons. Furthermore, especially dangerous places such as the areas around
the anchorage trees were marked. To assure that the forest road was cleared before the test,
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people were situated along the road and all communication was done via walkie-talkies.
In order to calculate the velocity and the displacement of the trolley and of the treestem, a Newmark-beta time integration method was used [23]. This method uses the fact
that the change in velocity and displacement depends on the assumed variation of the
acceleration within the time step. The essential concept is represented by the following
equations
ẋt+∆t = ẋt + (1 − γ)∆tẍt + γ∆tẍt+∆t ,
(2.13)
1
xt+∆t = xt + ẋt ∆t + ( − β)∆t2 ẍt + β∆t2 ẍt+∆t
(2.14)
2
where ẍ, ẋ, and x are the acceleration, velocity, and displacement respectively, ∆t is the
time step between the sampling points (∆t = 1/10000 s in this study). Setting γ = 12 and
β = 61 , the linear acceleration method is obtained, i.e., it is assumed that the acceleration
between two sampling points varies linearly. In those tests where the acceleration (deceleration) for the trolley was missing due to broken cables, not triggered recording of the
accelerometers, etc., the image processing software WinAnalyse (DEL Imaging Systems,
LLC, USA) was used to calculate vimp .

Figure 2.17: Graphical user interface for STEMTRACK developed at SLF [59]. The calculated
stem edge lines can be seen, every manually marked point is indicated with a star.

To analyse the different energy absorption processes, it was necessary to calculate the
displacement d(z, t) and the velocity distributions v(z, t) along the tree stem and of the
root-soil system. This was done using the software STEMTRACK developed at SLF [59]
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(Figure 2.17) according to the following procedure: 1) Both stem edge lines on the tree
were manually indicated on every pictures taken during the impact. 2) The center line of
the stem was then automatically identified by the software itself from the edge lines using
a regression analysis with a polynomial function of user-selectable degree. This routine
is applied to every picture, which finally gives a polynomial function d(z, t) that can be
used for further analysis (Figure 2.18). 3 ) Knowing the time gap between the pictures, an
average velocity over the whole tree height v(z, t) can be calculated for every time step.
4) To calculate the curvature w00 (z) and the shear strain w000 (z) along the tree stem, the
polynomial function d(z, t) was differentiated with respect to the height coordinate z two
and three times, respectively.
25

Tree height (m)

20

15

10

5

0
−0.4

−0.2

0
0.2
Deflection (m)

0.4

0.6

Figure 2.18: Calculated horizontal deflection for tree 4008 as a function of time t and tree
height. The deflection is calculated with the special image processing software STEMTRACK
developed at SLF [59], the time between the evaluated displacement curves is t = 20 ms. This
tree failed ∼2 m above the point where the tree stem intersects with the soil-surface.
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(2.15)

shear energy

where w00 (z) and w000 (z) represents the curvature and the shear strain along the tree stem,
EL (z), I(z), G(z), and A(z)/β stand for the variation along the tree stem of the Young’s
modulus, bending moment of inertia, the shear modulus, and the effective shear area. To
calculate the strain energy EStrain Root for the root-soil plate in rotation, the stem-base
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rotation θ versus the stem-base moment M curve was integrated up to the maximum
stem-base rotation θmax measured during the full-scale impact test according to
Z
EStrain

Root

θmax

=

M dθ.

(2.16)

0

The stem-base rotation was calculated by differentiating the polynomial function d(z, t),
which was then evaluated for the stem base. Combining the mass distribution m(z) of the
tree with the calculated velocity field v(z, t) for the tree, the kinetic energy absorbed in
the tree stem EKinetic Stem was calculated according to
EKinetic

Stem

1
=
2

Z

H

m(z)[v(z, t)]2 dz

where H is the total tree height. The rotational kinetic energy EKinetic
plate was estimated by the following expression
EKinetic

(2.17)

0

Root

1
= J θ̈
2

Root

of the root-soil

(2.18)

where J is the mass moment of inertia for the root-soil plate and θ̈ is the angular acceleration for the root-soil system in rotation. The correct position of the point of rotation
for the root-soil plate was not measured during the full-scale impact tests. Therefore, in
order to calculate J, it was assumed that the rotation occurred around the axis where
the centerline of the tree intersects with the soil-surface despite the fact that the rootsoil plate rotates around its leeward side [26, 89]. The point of rotation can also be seen
visually in Figure 2.8. The shape of the root-soil plate was assumed to be elliptical. To
calculate θ̈, the polynomial function d(z, t) was differentiated twice with respect to t and
evaluated for the stem base. For a full overview of all the equations used to evaluate the
absorbed energy within the tree structure and the underlying assumptions, see [71].

2.5.3 Results
In total, 15 trees were tested in full-scale impact tests. Different failure mechanisms were
observed during the full-scale impact tests. Failure was seen in the tree stem at the impact
location due to penetration of the trolley (Figure 3.1), in the root-soil system due to
uprooting (Figure 3.17), and in the tree stem on the opposite side to where the trolley
impacted the tree (Figure 3.23). One of these failure mechanisms was always observed
during the tests. Out of the 15 tested trees, 5 broke in the tree stem and only one tree was
uprooted while 9 trees did not fail. Furthermore, an additional failure mechanism observed
during the impact tests was the breakage of the tree-top (the time until failure was not
measured) (Figure 2.20). This type of failure occurred during most of the impact tests.
However, this must be considered to be a secondary process, because the trolley already
had zero velocity by the time this kind of failure occurred (Figure 2.19). This effect is
believed to be a combined shear-bending failure due to the propagating shear wave along
the tree stem.
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For every test, the trolley velocity and the tree displacement were obtained as a function
of time t. Using the velocity and the mass of the trolley, the kinetic energy as a function
of t could be calculated. Normalizing each curve with respect to the initial energy of the
trolley, it was observed that the kinetic energy of the trolley decreases rapidly. About 90%
of the initial kinetic energy was absorbed within the first 30 ms after the initial impact
(Figure 2.19). This was independent of vimp , Himp , and mimp .
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Figure 2.19: Kinetic energy of the trolley in percent as a function of time t for 6, out of 15 tested
trees with different impact heights Himp , impact masses mimp , and impact velocities vimp . Note
that more than 90% of the initial kinetic energy is always absorbed in less than 30 ms.

Analyzing the different energy absorption processes applying Eqs. 2.15, 2.16, 2.17, and
2.18 to one of the tested trees, it was found that ∼4/5 of the initial kinetic energy of the
trolley was absorbed by the tree stem due to bending and dynamic effects. The remaining
energy was absorbed in different ways according to Table 2.2.

2.5.4 Discussion
The full-scale impact tests gave valuable information about the tree behaviour during
a rock impact. Based on the calculated displacement and velocity fields in combination
with the mass-distribution of the tree stem and the root-soil plate, the amount of absorbed
energy could be calculated. When studying where and to which degree the energy was
absorbed within the tree structure, only one tree was investigated. For this tree, it was
observed that different processes such as stem bending, rotation, and translation of the
root-soil plate, etc., absorbed the initial kinetic energy of the trolley. Table 2.2 shows that
about 4/5 of the energy were absorbed in the tree stem and ∼1/5 in the root-soil system.
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Although the results in this study refer to one tree only and therefore should only be
regarded as indicative, the detailed investigations show that a tree’s energy absorption
capacity is a combination of several phenomena. In order to verify how the absorbed
energy is distributed between the different processes, more trees should be evaluated.
This ratio is further investigated with NSTM, see Section 5.1.1.
Table 2.2: Relative and absolute contributions of different energy absorption phenomena to the
total absorbed energy for the only investigated Norway spruce tree, as well as a reference to
the equation used to calculate the absorbed energy, results reprinted from [71].

No. Phenomenon

Relative
Absolute
Used Eq.
contribution contribution
(%)
(kJ)
1 Deformation of the tree stem 53
27.4
2.15
due to bending
2 Inertia of the tree stem due to 19
9.8
2.17
its deflection
3 Deformation of the tree stem 4.9
2.5
See Eq. 7 in [71]
due to local penetration of the
trolley front
4 Deformation of the root-soil 8.4
4.3
2.16
system due to rotation
5 Deformation of the root-soil 5.1
2.6
[71]2
system due to translation
6 Inertia of the root-soil system 1.4
0.7
2.18
due to rotation
7 Inertia of the root-soil system 5.9
3.0
See Eq. 13 in [71]
due to translation
8 Diverse losses1
2.3
1.2
[71]2
8 Total contribution
100
51.6
1
The value of this energy equals the difference between the applied impact energy and
the sum of the energy absorbtion phenomena in group No. 1 to 7.
2
These values are estimated outgoing from an energy balance, see [71] for more
information about the used method.
When the energy absorbed in the root-soil system due to rotation and translation was
evaluated, the curve describing how the stem base moment changes with the stem base
rotation was assumed to be identical during a static winching experiment and a dynamic
rockfall impact [71]. This might be a critical assumption because the effect of inertia
is difficult to determine. The root-soil system reacts differently to a dynamic load than
to a static load. For a dynamic load, the ultimate rotational moment for the root-soil
plate increases [90]. However, the inertia effect was not separately investigated in the
mentioned study and is therefore not quantified. Accurate mechanical models that predict
the mechanical resistance of the root-soil system due to static and dynamic loads are
not available. A second source of uncertainty is that the stress-strain relations for the
translation deformation of the root-soil system as well as the stress-strain relation for the
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wood material are unknown. It can only be stated that a good statistical database for
M (θ), σ(ε), and the stress-strain relation for how the root-system deforms in translation
reduces these uncertainties.

Figure 2.20: Not only a local failure of the tree stem at the impact location occurred, for some
trees also the top of the tree broke (indicated with an arrow in the right figure). This picture
shows an example from tree 2005, diameter at breast height DBH = 0.44 m, impact velocity
vimp = 19.0 m/s, impact height Himp = 1.8 m, and impact mass mimp = 492 kg. The tree top
broke at '30 m above the ground. The diameter where the tree stem failed was '6 cm.
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2.6 Four-point bending tests on green wood
Four-point bending tests were carried out in order to investigate the bending strength
of fresh green wood for the parallel wood fibre direction. These tests were carried out as
part of a diploma thesis [51] at the Swiss Federal Institute of Technology (ETH) in Zurich
and further evaluated in [69]. The tests were used for two purposes in this dissertation:
1) Calibration of the maximum strength of green wood in parallel fibre direction and 2)
Validation of the wood material model used for the numerical simulation of the rock-tree
impact (Section 3.2.2). This is a short summary of the test procedure and the major
results obtained. For a more detailed description of these tests, see [51].

Test procedure
Four-point bending tests were performed on 20 trunk sections from different stem heights
originating from four Norway spruce (Picea abies (L.) Karst) and four Silver fir (Abies
alba) trees [51]. The tested trees were felled in the middle of November 2000, and tested
within a week. To prevent any loss of humidity, the tree stems were kept outside in the cold
shade until testing. All eight trees grew in the same forest stand situated close to Zurich,
Switzerland at latitude 47◦ 14’N and longitude 8◦ 53’W, at 460 m a.s.l. At this location, the
mean annual precipitation is 1100 mm and the average temperature is +10◦ C. The stand
density was about 330 trees per hectare (only trees with DBH > 12 cm were considered).

Figure 2.21: Test setup used for the four-point bending tests on green fresh wood. The picture
is taken during the experiments at ETHZ (Photo U. Heiz).

In order to perform the four-point bending tests on green fresh wood, the trunks were
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placed on a 250 mm thick cylindrically sawn veneer board covering each support (Figure
2.21). The two points of load application were provided with cylindrically shaped ‘gloves’
and additional rubber inlays, to avoid local deformation due to stresses perpendicular to
wood fibre direction. The load was applied with constant rate, so that the maximal force
was obtained within 120 ± 30 s. In order to measure the force and the displacement, Parker
Hannifin hydraulic cylinders 8201-5500-H021A (HYDREL, Romanshorn, Switzerland) and
sensors TK-100-E-2 (PRECISOR Meßtechnik, Munich, Germany) were used. The data
were recorded with a Darwin DA100 data acquisition system (YOKOGAWA Electric
Corporation, Tokyo, Japan), using a sampling rate of 1 Hz. The displacement of the tree
trunk was measured at mid-span. Because of stroke limitation of the hydraulic cylinders,
the force-displacement curves are only available up to 200 mm mid-span deflection.
In order to calibrate the maximum strength in compression XC and tension XT in longitudinal wood fibre direction and to validate the wood material model used by NSTM,
five tree trunks originating from the Norway spruce trees were selected. All these tree
trunks had different diameters Θ, but with nearly constant diameter over the length. The
material properties of a tree change with height. Thus, in order to obtain representative
values, tree trunks originating from the expected height of a rock impact were chosen for
further study. The length of the tree trunks varied between 6.92 m and 7.08 m and the
distance between the loading points and the two support points were always 2.15 m and
5.92 m, respectively. The force-displacement curves for the five selected tree trunks are
shown in Figure 2.22 (left side).

60

Applied force (kN)

50

40

Trunk 12 Θ = 358 (mm)
Trunk 16 Θ = 348 (mm)
Trunk 18 Θ = 322 (mm)
Trunk 10 Θ = 299 (mm)
Trunk 7 Θ = 311 (mm)

30

20

1.89 m

2.15 m

1.89 m

10

P
0
0

20

40

60

80
100
120
140
Mid−span deflection δ (mm)

160

180

δ

P

200

Figure 2.22: The measured force-displacement curves (left) for the five tree trunks used to
calibrate the wood material model (Section 3.2.2). The schematic representation of the test
setup used can be seen on the right side. Θ = Diameter at mid-span of the tree trunk,
P = applied force, δ = deflection at mid-span. Note that the distance between the two supports
was always 5.92 m.
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2.7 Full-scale rockfall experiments with rocks on a
natural slope
ROCKFOR was a European scientific project1 that investigated the efficiency of the protective function of mountain forests against rockfall. The project’s objectives were to develop measures and methods to characterize the efficiency of forest stands against rockfall:
‘What, in a given environment (climatic conditions, geology, altitudinal belt, activity of
rockfall and other processes...), are the optimal properties of a forest stand (kinds of trees,
structure, texture, age distribution, resistance to/recovery after rockfall...) with respect
to the dynamics within the life cycle?’ For further information regarding the ROCKFOR
project, see [13].
During the ROCKFOR project, full-scale rockfall experiments were conducted on a
forested slope in the French Alps by a French research team [31]. This is a short summary of the test procedure and the major results. For a more detailed description of the
performed tests and a discussion of the obtained results, see [31]. The results from these
experiments were used to validate how well the NSTM could predict the energy absorption
capacity of a tree in function of its diameter at breast height DBH (Section 3.5.4).

Test procedure
The study site for the full-scale rockfall experiments, is situated in the Forêt Domaniale de
Vaujany in France (lat 45◦ 12’, long 6◦ 3’) with an altitude ranging from 1200 m to 1400 m
above sea level. It covers an area of ∼0.9 hectare on a forested, northwest facing Alpine
slope, with a mean slope angle βs = 38◦ . The main tree species growing on the slope are
Silver fir (Abies alba 50%), Norway spruce (Picea abies (L.) Karst. 25%), Beech (Fagus
sylvatica 17%), and Sycomore (Acer pseudoplatanus L. 4%). The stand density is ∼ 290
trees per hectare with mean DBH = 0.31 m. During the experiments, large, individual
rocks (spherical rocks with a mean diameter of 0.95 meter) were thrown down the slope
using a front-end loader. The main goal was to capture rockfall impacts against trees on
digital films in order to calculate the kinetic energy of the falling rocks before and after
the impact. For this purpose, five digital cameras were installed along the experimental
site (Figure 2.23).
To analyse the rockfall trajectories, the freeware software AviStep 2.1.1 was used. With
this software, the translation velocity of each falling rock before and after the rock-tree
interaction could be determined for every 1/25th second. A total of 118 rocks could be
used for analysis. However, only nine of these rocks caused an instantaneous breakage of
Silver fir trees. The amount of energy that was dissipated by a tree was calculated as the
difference between the kinetic energy of the rock before and after the impact. Only the
translation kinetic energy was used to eliminate uncertainties in the measurements of the
angular velocity. To calculate the kinetic energy of the rock, its shape was assumed to be
spherical with a density ρrock = 2800 kg/m3 .
1

EU Project Nr. QLK5 - CT - 2000-01302
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Figure 2.23: A sequence of images extracted from a digital film showing a 0.95-m-diameter
rock impacting an Abies alba tree with a stem diameter of 58 cm. The white circle indicates
the position of the rock. In photograph 1, the impacted tree is hidden behind other trees.
The following photographs show how the tree stem splits in two and consequently falls down
(Picture and text reprinted from [31]).

It was found that the energy absorption capacity Ecap for a Silver fir tree increases exponentially with DBH and can be best expressed as
Ecap = F Eratio 38.7 DBH2.31

(2.19)

where DBH is given in cm, Ecap in Joule, and F Eratio is the fracture energy measured
during dynamic impact tests on wood samples in relation to the fracture energy for Silver
fir trees [31]. Thus, when the F Eratio is known, Eq. 2.19 can be used to quantify Ecap for
different tree species. Depending on the tree species, F Eratio can vary between 0.7 and 2.2
[31].
In order to investigate the influence of an eccentric impact on the energy absorption for
the tree, the distance between the impact center (Ci) and the vertical central tree axis
(CTA) seen from the impact direction was measured for every impact (See Figure 5.10 for
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the definition of Ci − CTA). Analyzing the translational kinetic energy before and after
32 impacts on different tree species showed that the fraction of the energy dissipated by a
tree depends on the horizontal distance between Ci and CTA according to the following
equation
ηecc =

Eeccentric
0.98 + 0.046
= −0.046 +
≤ 1
−8.007(0.58−((Ci−CTA)/0.5
DBH))
Ecentric
1 + 10

(2.20)

where ηecc is the energy absorbed for an eccentric Eeccentric impact in relation to a centric
impact Ecentric . The effect of eccentricity was also investigated by means of the NSTM
and Eq. 2.20 is plotted in Figure 5.12.

2.8 Summary and further research
The mechanical description of the tree structure requires knowledge about the mechanical
properties of the tree stem and of the root-soil plate. As the basic knowledge of these properties was missing for Norway spruce trees (Picea abies (L.) Karst.) growing on subalpine
forested slopes, accurate tests were carried out on trees in their natural environment.
Three different test series were performed within this study to gain knowledge about tree
mechanical properties and the rock-tree interaction. These tests series are: 1) Swaying
tests (Section 2.3) to obtain data on the natural frequencies and the damping ratio of the
trees; 2) winching tests (Section 2.4) to gain information about the elasticity of the tree
stem and about the root-soil interaction; 3) full-scale impact tests (Section 2.5) with a
simulated rock impacting a single tree. The latter tests were done with the aim to gain
information about the energy absorption capacity of the tree, as well as to collect data
for the calibration of the numerical single tree model NSTM. The main results obtained
from these three test series can be summarized as follows:
Swaying tests: In total, 24 trees were tested. It was shown that the first natural frequencies f1 do not differ between the two main perpendicular directions, and that f1 can
be best modelled as a function of the squared total tree height H and diameter at
breast height DBH (Figure 2.6).
For the damping ratio, no significant correlation with EL and other tree characteristics such as diameter at breast height DBH, total tree height H etc. was found.
Furthermore, using a method based on the Hilbert transformation to evaluate the
damping ratio, it could be shown that using a linear viscous damping model is
accurate enough while modelling the dynamic behaviour of a tree.
Winching tests: In total, 23 trees were tested. The proposed method to evaluate the
Young’s modulus EL of the tree stem gave results that agreed with known literature
values (Section 2.4.4). No correlation between EL and other tree characteristics such
as diameter at breast height DBH, total tree height H etc. was found. Furthermore,
evaluating the root-soil rotation stiffness, it was shown that the rotation of the rootsoil plate behaves linearly only for small rotations or not at all (Figure 2.13). This
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is in contradiction to earlier observation, which suggests that the initial part of the
root-soil rotation can be considered as elastic.
In [20], a method is suggested which assumes that the ultimate rotational moment
correlates with the root-soil rotation stiffness kroot . However, it was shown that kroot
decreases when performing two consecutive tests on the same tree. As a consequence
of this, the stem-base moment calculated for the same stem-base rotation is lower
for the second test than for the first. Therefore, is it also important to investigate
whether a decrease in the ultimate rotational moment will be obtained when performing two consecutive tests. If a decrease is found, the ultimate rotational moment
for the root-system will be overestimated using the method suggested in [20]. This
can have severe consequences as the tree stability against external forces will then
be overestimated.
Full-scale impact tests: In total, 15 trees were impacted during the full-scale impact
tests which all gave valuable information on how the tree structure behaves during
the rock-tree interaction. Based on the calculated displacement, velocity, and mass
distributions along the tree stem, the absorbed energy in the tree structure could the
calculated. It was observed that different processes such as stem bending, rotation
and translation of the root-soil plate absorbed the energy (Table 2.2). A major
part of the initial kinetic energy of the trolley was absorbed by tree stem due to
bending and kinetic energy. However, this was investigated for one tree only. To
verify the results, more trees must be investigated. Furthermore, several different
failure mechanisms such as uprooting of the root-soil plate and failure in the tree
stem at the impact location or in the tree top could be identified.
It was also observed that the initial energy of the trolley was absorbed rapidly.
More than 90% of the energy was absorbed in less than t = 30 ms after the initial
impact (Figure 2.19). These tests allow a reproducible rock-tree impact experiment
under natural conditions with well defined initial conditions for the rock. Combined
with appropriate analytical methods or numerical simulations (e.g. the numerical
singletree model, Section 3), this type of experiment can be used to gain information
on more trees, different tree species, different impact heights, and impact objects
with another shape than used within in this study, etc.
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The numerical singletree model (NSTM) aims at simulating the full-scale impact tests
(Section 2.5) using the finite element method. Important phenomena observed during the
full-scale impact tests are taken into account in order to implement a realistic numerical
model of the rock-tree interaction. These phenomena include the rotation and translation
of the root-soil system, the penetration of the rock into the tree stem, and the failure of
the wood material in the impact zone (Figure 3.1). To meet these requirements, a 3-D
solid finite element model implemented into the general purpose finite elements software
LS-Dyna [49] was used. A transversely isotropic material model *MAT− 143 with relevant
failure criteria was used to characterize the wood. The surrounding soil was modelled
using the hydrostatic pressure-dependent material model *MAT− DRUCKER− PRAGER
and the rock was modelled as a non-deformable body.

Figure 3.1: Representation of the full-scale impact tests and the numerical singletree model
(NSTM). The picture taken by the video camera (left) shows the deformation after t ∼50 ms.
The picture from the numerical simulation (right) shows the deformations after t = 40 ms.

This chapter is structured in the following way. First, an introduction to wood and its
mechanical properties is given (Section 3.1). Then the wood material model (Section 3.2)
and the used values are described (Section 3.2.1). Thereafter follows the calibration of
the wood material model by means of the four-point bending tests (Section 3.2.2) and
an introduction to soil mechanics (Section 3.3.1). The theoretical background how the
soil mechanics parameters were selected and the modelling assumptions for root-soil plate
(Section 3.3.2) are described.
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To calibrate NSTM, two separate tests were used: The root-soil interaction was calibrated
by means of winching experiments (Section 3.5.1) and the stiffness and the mass distributions of the tree structure by swaying tests (Section 3.5.2). Finally, NSTM was validated
against the full-scale impact tests (Section 3.5.3). The recorded deceleration of the trolley,
the deformation behaviour of the tree stem, and the translation and rotation of the rootsoil plate were used as verification of the numerical simulations. The full-scale impact tests
were performed with a lower energy than the one required for a rock to fully penetrate
through the tree stem [31]. In order to validate the energy absorption capacity for a single
tree, the full-scale rockfall experiments performed on a natural slope (Section 3.5.4) were
therefore used.

3.1 Introduction to wood mechanics
Wood is an orthotropic material, i.e. stiffness and strength properties in longitudinal,
tangential, and radial direction are different (Figure 3.2). The strength of the wood in
these three different directions as well as for every point inside the wood sample are
affected by the internal structure such as knots, annual tree ring width, amount of late
and early wood, etc. [108]. The temperature, the moisture content, and the rate of the
applied loading also influence the material properties in these three directions [16, 65].
Fibre direction

Radial

Tangential
Longitudinal

Figure 3.2: The three principal axes of wood in a Cartesian coordinate system with respect to
the wood fibre direction and the growth rings.

When using wood in engineering analysis, it is common to treat wood as a transversely
isotropic material, i.e. the material properties in tangential and radial directions are identical. Transversely isotropic material behaviour is reasonable if the difference between the
tangential and radial directions is small in comparison to the difference between the tangential and longitudinal directions [16]. The relationship between the elastic constants in
longitudinal EL , radial ER , and tangential direction ET have been given in [16] as
EL : ER : ET ≈ 20 : 1.6 : 1.
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(3.1)

3.1 Introduction to wood mechanics
The behaviour of wood also depends upon the loading direction relative to the wood
fibres (parallel or perpendicular to the wood fibres when assuming transversely isotropic
behaviour). The stress-strain relationship for wood in tension parallel and perpendicular to
the wood fibres as well for shear are mostly linear up to the maximum strength, followed by
a softening until failure. In parallel and perpendicular compression, wood typically shows
a non-linear and ductile behaviour (Figure 3.3) [65]. The maximum strength also depends
on the loading direction (parallel or perpendicular) and the loading sense (compression or
tension). For the maximum strength in parallel direction, the difference is almost a factor
of ∼2 between tension and compression. Comparing the maximum strength in tension
between parallel and perpendicular directions, the difference is almost a factor of ∼25
(Figure 3.3).
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Figure 3.3: Single element simulations were performed to verify the stress-strain curves and the
behaviour of the wood material. The characteristic behaviour of the wood material in tension
(left) and compression (right), parallel k and perpendicular ⊥ to the wood fibre direction can
be seen.

A material model assuming transversely isotropic behaviour as well as a correct stressstrain behaviour is implemented under the name *MAT− 143 in the explicit finite element
code LS-Dyna [49]. This material model can be used either with implemented default
values or being supplied with the actual values for the desired wood species. The two
different tree species implemented per default are Douglas fir (Pseudotsuga menziesii ) and
Southern yellow pine (Pinus spp.). This dissertation focuses on how a Norway spruce tree
(Picea abies (L). Karst) reacts to a falling rock and therefore, all the material constants
needed to characterize the wood material model must be provided.
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3.2 Overview LS-Dyna wood material model *MAT−143
The wood material model *MAT− 143, consists of several different formulation that are
combined to form a comprehensive material model. In order to use *MAT− 143 for a tree
species not implemented in LS-Dyna, all the parameters in Table 3.1 must be known.
Table 3.1: Description of the input parameters required for the different formulations of the
wood material model *MAT− 143 in LS-Dyna [49].

Formulation Notation
EL
ET
Stiffness
GLT
GT R
νLT
XT
XC
YT
Strength
YC
Sk
S⊥
Gf Ik
Gf IIk
B
dmax k
Damage
Gf I⊥
Gf II⊥
D
dmax ⊥
ηk
ηck
nk
Rate effects
η⊥
ηc⊥
n⊥
Nk
ck
Hardening
N⊥
c⊥
Ghard

Description
Parallel modulus of elasticity
Perpendicular modulus of elasticity
Parallel shear modulus
Perpendicular shear modulus
Parallel major Poisson’s ratio
Parallel tensile strength
Parallel compressive strength
Perpendicular tensile strength
Perpendicular compressive strength
Parallel shear strength
Perpendicular shear strength
Parallel fracture energy in tension
Parallel fracture energy in shear
Parallel softening parameter
Parallel maximum damage
Perpendicular fracture energy in tension
Perpendicular fracture energy in shear
Perpendicular softening parameter
Perpendicular maximum damage
Parallel fluidity parameter in tension/shear
Parallel fluidity parameter in compression
Parallel power
Perpendicular fluidity parameter in tension/shear
Perpendicular fluidity parameter in compression
Perpendicular power
Parallel hardening initiation
Parallel hardening rate
Perpendicular hardening initiation
Perpendicular hardening rate
Perfect plasticity override

The wood material model assumes a transversely isotropic behaviour, meaning that the
elastic constants EL , ET , GLT , GT R , and Poisson’s ratio νLT must be given to describe
the elastic behaviour of the wood.
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The failure criteria (also called the yield criteria) are the set of points that determines
when the material starts to flow. This can be modelled either by a combination of stresses
or strains. There are two different types of failure criteria, the limit and the interactive
criterion. For the limit criterion, like the maximum stress criterion, there is no interaction
between different stresses, and therefore, failure depends only upon one component of
stress. Thus, if the stress reaches the maximum strength in one direction, failure occurs.
With an interactive criterion, such as the Hashin criterion, the stresses or strains interact
so failure depends upon more than one component of stress and strain. A reduced form
of the modified Hashin criterion is used for *MAT− 143. In [86, 87], a comprehensive
summary of the different failure criteria investigated can be found.
In order to calculate the point of failure, a yield function f must be defined. For
*MAT− 143, yield functions are defined for both the parallel fk and the perpendicular
directions f⊥ . Note that if a wood specimen fails in the parallel direction, the failure is
catastrophic and renders the wood useless. If a failure occurs in the perpendicular direction, such as crushing of the wood at the impact location, the wood specimen can still
carry load until failure in parallel direction occurs. Separate failure criteria for the parallel and perpendicular directions are therefore used. For the parallel direction, the failure
criterion is composed of two terms involving two of the five stress invariants1 of a transversely isotropic material. The failure criterion predicts that the shear stress weakens the
response, i.e. the presence of shear stress reduces the strength below that one measured
in a uniaxial stress test. Failure occurs when fk ≥ 0, which is defined as
½
2
2
2
σ11
(σ12
+ σ13
)
XT for σ11 ≥ 0
fk = 2 +
− 1 and X =
(3.2)
2
XC for σ11 ≤ 0
X
Sk
where σij are the stresses in the principal material directions for an orthotropic material.
For the perpendicular direction, the failure criterion also uses two terms involving two of
the five stress invariants2 . Failure is predicted when f⊥ ≥ 0, where
½
2
(σ22 + σ33 )2 (σ23
− σ22 σ33 )
YT for σ22 + σ33 ≥ 0
f⊥ =
+
− 1 and Y =
(3.3)
YC for σ22 + σ33 ≤ 0.
Y2
S⊥2
In order to define the point of failure for *MAT− 143, the maximum strength in compression and tension for both the parallel and perpendicular directions XT , XC , YT , YC , as
well as the maximum shear strength in parallel Sk and in perpendicular direction S⊥ are
needed (Eqs. 3.2 and 3.3).
To model the non-linear behaviour before the maximum strength is reached in compression
parallel XC and perpendicular YC to the wood fibres (normally noted as hardening), four
different parameters must be defined, i.e. the initial values for which the hardening starts
Nk,⊥ and the rate of hardening ck,⊥ (Figure 3.4, left picture). To model the post-peak nonlinearities in compression for the directions parallel and perpendicular to the fibres, the
parameter Ghard is used. Ghard describes how the plastic stress increases with additional
strain after the maximum strength is reached (Figure 3.4, right picture). The default
1
2

2
2
I1 = σ11 and I4 = σ12
+ σ13
2
I2 = σ22 + σ33 and I3 = σ23 − σ22 σ33
2
2
(I5 = 2σ12 σ23 σ13 − σ22 σ13
− σ33 σ12
)

53

3 Numerical singletree model

Parallel compressive strength

assumption for *MAT− 143 is a perfectly plastic behaviour, i.e. Ghard = 0. For the shear
stresses (S⊥ , Sk ) and the tension stresses in parallel XT and perpendicular YT direction to
the fibres, no pre-peak non-linearities are modelled; a linear relationship between stress
and strain up to the maximum strength is assumed.

XC
C large
C small

Increasing Ghard

N XC

Increasing rate of translation

(1-N )XC
Initial yield strength

Parallel Strain

Figure 3.4: Typical stress-strain behaviour for compression XC in parallel fibre direction. In
the left picture, the effect of the pre-peak non-linearities (hardening) is indicated and in the
right picture, the post-peak non-linearities also called late time hardening are shown. The left
figure explains graphically the two parameters needed to model the pre-peak non-linearities,
the initial value for the hardening Nk and the hardening rate ck , the same holds for N⊥ and c⊥
used for the perpendicular direction. The arrow indicates the shifting direction of the stressstrain curve with an increase in ck . The right figure shows the effect of the parameter Ghard ,
a positive value of Ghard increases the strength with plastic strain.

Stress

In addition to predicting the critical combination of stresses at failure, modelling postfailure degradation of these stresses (normally noted as softening) is important for the
energy absorption capacity. A high amount of energy is absorbed when the stresses decrease with increasing strain. In most cases when a falling rock impacts a tree, the tree
stem fails as explained in Section 2.5.3. Therefore, an accurate description of the softening
behaviour is of significant importance. Different approaches for modelling the degradation
of the stresses are available, i.e. simple degradation models such as instantaneous unloading, gradual unloading, or no unloading (constant stress after yielding) (Figure 3.5).

Strain

Figure 3.5: Simple degradation models such as instantaneous unloading (left), gradual unloading (middle), and no unloading (right), i.e. constant stress after yielding.
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An instantaneous unloading normally causes numerical instabilities. Using an explicit time
integration method, a small time step is needed to ensure a numerically stable solution. If
the time step is small enough, no equilibrium iterations as for an implicit time integration
are needed. For the gradual unloading, the number of time steps must be chosen properly.
For a small element, several time steps might be enough to unload the stress to zero,
which then avoids numerical instabilities. Using a too large time step, the stresses will
drop to zero within one time step, which can cause numerical instabilities, i.e. the gradual
unloading becomes an instantaneous unloading. A phenomenon which can lead to meshsize dependency.
A more sophisticated method for modelling the degradation of the stresses with increasing
strain is to use a scalar damage parameter d. The basic concept with a damage parameter
can be explained with the following example, taken from [57], which describes a uniaxial
test on a piece of wood. For this purpose, the material is idealized as a bundle of fibres
parallel to the loading direction (Figure 3.6a). Initially, all the fibres respond to the load
elastically and the load is carried by all fibres, A (Figure 3.6b). As the applied load
increases, the strain increases and some of the fibres break (Figure 3.6c). The effective
area (the wood fibres that still can carry load) carrying the load gradually decreases from
A to Ā and finally, when a complete failure occurs, to Ā = 0 (Figure 3.6d).
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Figure 3.6: Representation of a uniaxial damage model as a bundle of parallel elastic fibres
breaking at different strain level and thus different maximum strength.

Defining the nominal stress σ, as force per unit initial area A, and the effective stress σ̄,
as the force per unit effective area Ā, the two stress terms can be related to each other
according to
Ā
σ̄ Ā = Aσ → σ = σ̄ .
(3.4)
A
The ratio of the effective area to the total initial area β = Ā/A is then a scalar parameter
characterizing the damage of the material. Thus, the damage parameter can be interpreted
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as the area of the wood specimen, which still can carry load. In damage mechanics, it is
customary to work with the damage parameter defined as
d = 1 − β.

(3.5)

Thus, d is the reduction factor associated with the amount of damage. The damage parameter ranges between 0 and 1, where no damage is accumulated if d = 0 and full damage
is reached if d = 1. In the simplest case, each fibre is supposed to remain linear up to
the strain level for which plasticity is reached. Hooks law can then be used to express the
effective stress σ̄ according to
σ̄ = Eε.
(3.6)
Combining Eq. 3.4 with Eq. 3.6, the nominal stress σ can be expressed as
Eq. 3.6
−→

σ = (1 − d)σ̄

σ = (1 − d)Eε.

(3.7)

The function g(ε) can be obtained from the stress-strain curve and determines how damage
progresses with increasing strain according to
d = g(ε).

(3.8)



The evaluation of the effective stress, the nominal stress, and the damage parameters in a
material that remains elastic up to a peak stress is shown in Figure (3.7). This description
is valid for a monotonic loading with increasing strain.
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Figure 3.7: Evaluation of effective stress σ̄, damage parameter d, and nominal stress σ under
a monotonic loading.

The basic ingredients of the uniaxial damage theory can be summarized as follows:
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• a stress-strain law for the elastic phase (Eq. 3.6),
• an equation relating the nominal stress to the effective stresses using the damage
parameter (Eq. 3.7),
• a law describing how the damage parameter evolves with increasing strain (Figure 3.7
middle picture and Eq. 3.8) and a strain limit εd , which determines when softening
will start.
Wood is not an isotropic material, however the basic ingredients of the theory presented
can be extended to fit such a material as well. A major drawback of this treatment is
that the finite element mesh will be mesh size dependent, i.e. FE-models with different
meshes produce different results. How this is dealt within *MAT− 143, is discussed later.
For *MAT− 143, damage is modelled as follows. The stress tensor associated with the
undamaged state σ̄ij is transformed into a stress tensor associated with the damaged
state σij according to
σij = (1 − d)σ̄ij .
(3.9)
Two damage formulations are implemented for the degradation of the wood: one for the
parallel d(τk ) and one for the perpendicular d(τ⊥ ) direction. Damage formulations can be
based upon strain, stress, or energy [57]. In *MAT− 143, damage accumulation is based
on the history of total strains and undamaged elastic modulus by forming the undamaged
elastic strain norm τ as
p
τ = Cijkl εij εkl ,
(3.10)
where Cijkl is the linear elasticity tensor, εij and εkl the strain tensors. For simplicity,
∗
σkl
= Cijkl εij is assumed. Separate strain norms are implemented for modelling damage
accumulation in the parallel and perpendicular direction. Damage in the parallel direction
is based on the strain energy norm defined as
 p ∗
∗
∗
ε12 + σ13
ε13 ) for ε11 ≥ 0
 σ11 ε11 + 2(σ12
τk =
(3.11)
 p ∗
∗
2(σ12 ε12 + σ13 ε13 )
for ε11 ≤ 0.
Damage in the perpendicular direction is based upon the strain energy norm defined as
 √ ∗
∗
∗
ε33 + 3σ23
ε23 for ε22 + ε33 ≥ 0
 σ22 ε22 + σ33
τ⊥ =
(3.12)
 √ ∗
2σ23 ε23
for ε22 + ε33 ≤ 0.
The functional form of the damage parameters d(τk ) and d(τ⊥ ) implemented in LS-Dyna
is
Parallel Direction

·
¸
dmax k
1+B
d(τk ) =
−1 ,
B
1 + Be−A(τk −τ0k )

(3.13)

¸
·
dmax ⊥
1+D
d(τ⊥ ) =
−1 .
D
1 + De−C(τ⊥ −τ0⊥ )

(3.14)

Perpendicular Direction
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Damage accumulates when τk and τ⊥ exceed τ0k and τ0⊥ . The initial values, τ0k and τ0⊥
are not user-supplied parameters, they are calculated internally by *MAT− 143 when the
parallel or the perpendicular failure criteria Eqs. 3.3 and 3.2 are first fulfilled. Using these
expressions, three user specified parameters for each damage direction must be given (A, B,
and dmax k for the parallel direction and C, D, and dmax ⊥ for the perpendicular direction).
However, this can be reduced to two parameters per direction as will be explained later
in this section. The parameters dmax k and dmax ⊥ limit the maximum level of damage.
They range between 0 and 1, where no damage is accumulated if dmax k and dmax ⊥ = 0.
Typically is dmax k , dmax ⊥ ≈ 1, which means a maximum damage d(τk ), d(τ⊥ ) ≈ 1.
When damage is fully developed in an element, both the stiffness and the strength are
close to zero and the element cannot take any more forces, however it can still deform. To
avoid numerical problems with highly distorted elements, this element is removed from
the calculation; this process is referred to as element erosion. The advantage of setting
the maximum damage parameter close to one is that numerical instability is not critical
because an element is eroded after it has lost all its strength and stiffness.
Using the approach with a damage parameter relating the stress to the strain after the
maximum stress is reached causes the FE-model to be mesh size dependent. This can
be understood with the following example. Consider a bar with a constant cross-section
under a uniaxial tension test. If the bar is loaded in tension, the response is linear up to
its maximum value. After that, the resistance of the bar starts to decrease. At each crosssection, the stresses can decrease either at increasing strain (softening) or at decreasing
strain (elastic unloading). Real material properties are not perfectly uniform. When the
applied stress reaches its maximum value, the softening starts and the stresses are reduced.
Consequently, the material outside this weaker region must unload elastically. This leads
to the conclusion that the size of the softening region is dictated by the size of the region
where softening first occurs. In fact, all the energy absorbed during the softening phase is
absorbed in the softening region. If this region is captured by one element, the length of
this element determines the softening region and the absorbed energy. A requirement is
that the same amount of energy must be absorbed independent of the mesh size.
Different approaches are used to regulate mesh-size dependence. One approach is to manually adjust the damage parameters as a function of element size, thus keeping the fracture
energy constant (the fracture energy is defined as the area under the stress displacement
curve from peak stress to zero stress) in the softening region. This is not practical because
one has to use different damage parameters for each element. Another possibility is to
use a finite element mesh with a constant element size. However, it is mostly desirable to
keep the number of elements and thus, the number of nodes as low as possible in order
to reduce the simulation time. This is mostly done by increasing the mesh density in the
locations where the stress gradient is high.
For *MAT− 143, mesh size dependency is regulated by explicitly including the element
size and internally calculating the damage parameters d(τk ) and d(τ⊥ ) as a function of
element size. The idea is to modify the material softening behaviour in such a way that the
fracture energy integrated over the element is independent of the element size. To study
the theoretically implementation, see [86, 87]. Furthermore, when including the element
length in the damage function, the numbers of user-specified parameter are reduced to

58

3.2 Overview LS-Dyna wood material model *MAT− 143
only two parameters for each direction, B and dmax k for the parallel direction and D and
dmax ⊥ for the perpendicular direction.
In fracture mechanics, three different cracks modes can be identified. Mode I (opening
mode) occurs when tension forces are present, Mode II (forward shear mode) and Mode
III (transverse shear mode) occurs when shear loads are applied. In wood, six different
systems of crack-propagation can be identified [108]. In the wood material model, softening
occurs for four different crack modes: parallel tension, perpendicular tension, and shear
(both direction). In order to regulate the mesh-size dependence, the fracture energy must
be provided for all four crack modes (Figure 3.8).
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Figure 3.8: The four different crack modes included into the wood material model. The notation
explains the fracture energy for Mode I and II in parallel k and perpendicular ⊥ direction to
the wood fibres.

The fracture energy can either be measured with standardized tests or calculated by
analytical expressions. To calculate the fracture energy, the following expressions are recommended
2
2
Gf Ik,⊥ = CI KIk,⊥
and Gf IIk,⊥ = CII KIIk,⊥
(3.15)
where the constants CI and CII are related to the modulus of elasticity and expressed as
sµ
¶µ
¶
S11 S22
S22 2S12 + S66
CI =
+
,
(3.16)
2
S11
2S11
r
S11 S22 2S12 + S66
CII = √
+
2S11
2 S11
where the coefficients Sij can be expressed as
S11 =

1
−νLT
1
1
, S22 =
, S12 =
and S66 =
.
EL
ET
ET
GLT

(3.17)

(3.18)

The parameters KIk,⊥ and KIIk,⊥ are the fracture intensities, also called the fracture
toughness. Because only few values exist for the parallel modes (KI,IIk ), it is recommended
to use values for the perpendicular modes (KI,II⊥ ) and then scale them [86, 87]. For
Douglas fir and Southern yellow pine, the fracture intensity for Mode I measured parallel
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to the wood fibres is about 7 times those measured perpendicular [86, 87]. Furthermore,
[45] gives evidence that the ratio between the parallel and the perpendicular factor is close
to 10 for several different tree species.
Wood exhibits strain-rate effects, i.e. the material strength increases when the load is
applied rapidly. This effect is more pronounced perpendicular than parallel to the wood
fibres. In *MAT− 143, the effect of the strain-rate is implemented for both directions. Two
different methods are implemented: The Shifted Surface Model Theory and Viscoplastic
Model Theory. The difference between these two methods is that the Shifted Surface Model
Theory expands the yield surface whereas the Viscoplastic Model Theory allows the stress
state to exceed the yield surface. Both theories scale all six strength components. For a
more detailed description of *MAT− 143, see [86, 87].

3.2.1 Values used for wood material model *MAT− 143
The young’s modulus for the longitudinal wood fibre direction EL was taken from the
winching tests (Section 2.4) and set to EL = 7634 MPa for all trees. To calculate the
elastic constants ET , GLT , and GT R , their relationship with EL was used. The elasticity
in radial direction ER and the shear modulus of elasticity GLT can be related to EL as
ET = 0.0358EL + 156.6 MPa,

(3.19)

GLT = 0.0181EL + 510.2 MPa.

(3.20)

These relationships are presented in [16] and are valid for dry wood. It was however
assumed that they can be used for green fresh wood as well. To calculate GT R , the following
relationship was used
ET
GT R =
(3.21)
2(1 + νT R )
which is suggested in [87]. The value used for νT R , was taken for water saturated Sitka
spruce (Picea sitchensis (Bong.) Carr) and set to νT R = 0.37 [65]. The parallel shear
strength Sk and the perpendicular compressive strength YC were both taken from material tests performed on green fresh wood within the EU project ROCKFOR and set
to Sk = 3.6 MPa and YC = 2.1 MPa, respectively [11]. For the perpendicular tensile
strength YT , no values were obtained during the material tests. This value was therefore
estimated. In [108], values for both YT and YC are given for Sitka spruce. Calculating the
quotient between these values, YT /YC = 1.21 was obtained. Assuming that the same relationship is valid for Norway spruce and multiplying YC with 1.21, YT = 2.55 MPa was obtained. The perpendicular shear strength S⊥ was not a result of the material test, however
[86, 87] suggest that S⊥ can be calculated as S⊥ = 1.4Sk , which gives S⊥ = 5.04 MPa.
In order to model the pre-peak non-linearities for compression in parallel and perpendicular direction, both the hardening rates ck,⊥ and the points for which hardening starts
Nk,⊥ must be given (Figure 3.4). The default assumption was that both parameters Nk
and N⊥ were set to zero, i.e. the hardening rates ck and c⊥ do not affect the stress-strain
curve. A perfect elastic-plastic behaviour was then obtained. To model the post-peak
non-linearities in compression for the parallel XC and perpendicular direction YC to the
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wood fibres, the parameter Ghard was used. The default assumption was a perfectly plastic
behaviour (Ghard = 0). The reason for these assumptions was that no material tests on
green wood were performed within this study that could be used to quantify Nk , N⊥ , ck ,
c⊥ , and Ghard accurately enough. Calculating the area under the stress-strain curve, for
compression in parallel direction with and without the hardening until 2% strain (Figure
3.4), the difference will be about 4%. Thus, neglecting the hardening phase has only minor
effect on the amount of absorbed energy and is therefore considered to be a reasonable
assumption.
To calculate the fracture energy in perpendicular and parallel direction, Eq. 3.15 was used
with the factor 10 between the parallel and the perpendicular fracture intensity, as suggested in [45]. The fracture intensities for dry knot-free wood at 12% moisture content for
the perpendicular direction (KI,II⊥ ) have been measured in several investigations (Table
3.2). No values for Norway spruce trees in green conditions were found. Both KI⊥ and
KII⊥ vary with moisture content and the maximum value is reached around 6 − 15%
moisture content [108, 106]. In [86, 87], values for KI,II⊥ as a function of moisture content
for Southern yellow pine is given. The calculated decrease in percentage for KI,II⊥ at
moisture content 12% and saturated values were used to recalculate the values for green
wood. This gives a decrease of 38.8% and 33.6% for KI,II⊥ , respectively. The values used
in this study were taken as the average value of those given in Table 3.2.

Table 3.2: Some published values (given for 12% moisture content and knot-free wood) for the
fracture intensity for the perpendicular modes (KI,II⊥ ). The values used for *MAT− 143 are
indicated at the bottom line, these values are reduced to match green wood.

Author
Jernkvist (2001)
Wood Handbook (1999)
Tan (1995)
Values used for *MAT− 143

Ref

Tree Species

KI⊥ √
MPa m
[56] Picea abies (L). Karst 0.58
[108] Picea abies (L). Karst 0.42
[115] Picea abies (L). Karst 0.45
0.30

KII⊥√
MPa m
1.52
1.92
1.73
1.14

The values B and D (Table 3.1) describe how the damage parameters dmax k and dmax ⊥
change with increasing strain norms τk and τ⊥ (Eqs. 3.13 and 3.14). No information on
how B and D changes with the strain norm was obtained during this project and the
default value 30 was therefore used for both parameters [86, 87]. The strain-rate effect
was neglected in NSTM. Thus, the parameters ηk , ηck , nk , η⊥ , ηc⊥ , and n⊥ were all set to
zero. Calculations presented in [87] with and without strain-rate effects included showed
that the peak force is increased by only ∼10% during a simulated car impact on a wooden
post. Evaluation of the full-scale impact tests has also shown that the strain-rate effects
can be neglected [71]. Due to the uncertainties how the strain-rate effects influence the
overall tree response and the energy absorption capacity for the tree structure during a
rock-impact, sensitivity analyses were performed. For more information, see Section 3.6.3.
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3.2.2 Calibration using four-point bending tests
The four-point bending tests presented in Section 2.6 were used to validate the behaviour
of the wood material model *MAT− 143. The aims were to recalculate the force-deflection
curves and determine the maximum strength in compression XC and tension XT in parallel wood-fibre direction for green fresh wood. The material properties used for these
simulations were based on the assumptions in Section 3.2.1 with the exception of the
elastic constants EL , ET , GLT , and GT R . Hence, EL was taken from [69] that presents the
evaluation of the four-point bending tests. To calculate ET , GLT , and GT R , Eqs. 3.19, 3.20,
and 3.21 were used. No failure of the wood material was modelled because the measured
force-deflection curves obtained from the experiments were generally only valid up to a
vertical mid-span deflection of 200 mm. In most of the tests, failure occurred at larger
mid-span deflections.
The measured diameters of the tree trunks were used for the modelling in LS-Dyna. To
account for the fact that the bark does not have any, or negligible mechanical properties,
the diameter of the tree trunks was reduced by 10 mm. The tree trunk, the support, and
the load bars were all modelled with single point integrated solid elements SOLID164. For
the load bar and the support, the non-deformable, rigid material model *MAT− RIGID was
used [49]. The boundary conditions selected for the load bar allowed vertical displacement
along the y-axis and rotation around the x-axis. For the support, displacement along the
z-axis and rotation around the x-axis were allowed (Figure 3.9).
L1

L2

L3

Load bar
Θ
y
z

Support

Figure 3.9: Schematic representation of the test setup used for the four-point bending tests seen
from the front (above). The lower picture shows the deformed shape of the FE-model used
for one of the simulations. Only one fourth of the tree trunk was modelled due to symmetry.
For the lengths L1 , L2 , and L3 , see Section 2.6. Θ = Diameter at mid-span of the tree trunk.

During the tests, sliding between the load bar and the tree trunk was observed. This effect was included by modelling a contact with a sliding friction between the load bar and
tree trunk using the contact algorithm *CONTACT− AUTOMATIC− GENERAL. This algorithm automatically generates slave and master surfaces and uses a penalty method
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where normal interface springs are used to resist penetration between element surfaces
[49]. The friction coefficient µ between these parts was set to µ = 0.35 (determined experimentally).
The load was applied as a prescribed displacement on the load bars located on top of
the tree trunk. The contact force between the load bar and the tree trunk was calculated
using the card *CONTACT− FORCE− TRANSDUCER− PENALTY. The FE-analysis was
performed to represent a quasi-static experimental test setup. Implicit finite element methods are usually desirable for such analysis. However, an explicit solution algorithm was
selected due to the plasticity in *MAT− 143 and the contact definitions. With an explicit
solution, no equilibrium iterations as for implicit time integration are needed. The major
disadvantage using an explicit algorithm compared to an implicit is that the load step is
normally much smaller. Therefore, in order to reduce the calculation time, the prescribed
displacement was applied over two seconds. In order to further minimize the number of
elements in the calculation and thus reducing the calculation time, symmetry boundary
conditions were used and only one fourth of the tree trunk was modelled (Figure 3.9). For
all calculations, cubic elements with the size 30 mm were used.
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Figure 3.10: Comparison between calculated (LS-Dyna) and measured force-deflection curves
for the four-point bending tests, Θ = Diameter at mid-span of the tree trunk (mm). Notice
the larger deflection capacity for Θ = 358 mm and Θ = 322 mm in the simulations than
during the tests.

When comparing the kinetic energy with the strain energy, it was seen that the kinetic
energy was just a fraction of the strain energy. Thus, a duration of two seconds for the
load application was deemed to be long enough to avoid dynamic effects. Analyzing the
stress distribution over the cross-section when iteratively changing XC and XT , it was
seen that the transition from a linear to a non-linear behaviour was controlled by XC .
On the other hand, the maximum force in the force-deflection curves was given by XT .
Performing the iteration until the simulated and measured force-deflection curves agreed,
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XT = 50 MPa and XC = 24 MPa were obtained (Figure 3.10). The linear shape of the
force-deflection curves up to a mid-span deflection of ∼80 mm also indicates that the
elastic constants EL , ET , GLT , and GT R evaluated in [69] are accurate. Notice that the
simulated tree trunks has a larger deflection capacity in two cases compared to the tested
tree trunks (Figure 3.10, Θ = 358 mm and Θ = 322 mm). This originates from the fact
that no failure was modelled for the wood material during these simulations.

3.3 Modelling the root-soil interaction
The ultimate rotational moment for the root-soil system depends on four components as
shown in Figure 2.8: 1) the mass of the root-soil plate, 2) the failure strength of the soil,
3) the resistance to failure in tension for the tree roots on the windward side, and 4) the
resistance to bending of the tree roots on the leeside (as the tree tilts, the roots on the
leeside bend and provide a resistive bending moment) [14]. The relationship between these
four components was investigated for Sitka spruce trees (Picea sitchensis (Bong.) Carr)
[26] and it was found that the major contributions to the ultimate rotational moment
come from windward roots and the mass of the root-soil plate. Studying the structure
of an excavated root system, a complex interaction between fine and coarse roots and
the soil can be seen (Figure 3.11). Furthermore, during the full-scale impact tests, it was
observed that the root-soil system both translates along the slope and rotates around the
stem base. All these factors must be considered when modelling the root-soil interaction.
Two different possibilities to model the root-soil interaction have been identified: 1) either
using a discrete spring system, or 2) using a 3-dimensional soil model.
Upper side of
the slope
(windward)

Lower side of
the slope
(leeward)

Figure 3.11: Profile of the excavated root system (left), and uprooted (right). Notice the numerous fine and coarse roots and their complex interaction with the soil.

1) Discrete spring system: to model the root-soil interaction using springs, it is necessary to characterize the translational and rotational movement for both the crossslope and the fall-line directions. The springs in cross-slope direction are necessary
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when studying how the tree behaves when impacted eccentric for which the rootsoil plate moves sideways. The rotational spring in fall-line direction can be well
characterized when knowing how the stem base moment changes with the stem base
rotation. The rotational spring in cross-slope direction is more difficult to characterize, due to lack of data on how the tree behaves during rotation in this direction. A
large number of investigations have presented relations between different tree characteristics and the ultimate rotational moment [27, 41, 83, 93]. However, only a few
investigations exist where the continuous relationship between stem base moment
and stem base rotation is investigated [26, 91], and almost no data are available for
the maximum stem base rotation for which the root-system fails. The main problem
with this approach is to define the force-displacement curves for the translational
springs. These relationships must include the behaviour of the tree roots in tension
and compression as well as the soil in compression (a cohesionless soil cannot take
any tension forces). The main advantages using this approach is the decreased calculation time due to the lower amount of elements and the possibility to predict the
failure of the root-soil plate in rotation.
2) 3-dimensional soil model: using this approach, the root-soil plate and the surrounding soil are modelled separately. The main advantage is that the translational movement of the tree as well as the correct point of rotation for the root-soil plate is given
by the model itself and no extra constrains are necessary. This makes it possible to
study effects such as eccentric impacts for which the root-soil plate moves sideways.
The main problems are to determine the stiffness and the size of the root-soil plate,
the mechanical properties of the soil, and the failure strength between the root-soil
plate and the surrounding soil.
Despite the larger computational time and the additional number of parameters that
need to be estimated to fully characterize the 3-dimensional soil model, this was the
approach selected to model the root-soil interaction. The 3-dimensional model yields a
way to describe the root-soil interaction more realistically and allowing the investigation
of the influence of the shape of the root-soil plate, soil types, internal angle of friction,
and soil density etc. in the future. This section is structured in the following way. A
short introduction to soil mechanics and to the theoretical approach how to select the soil
mechanical properties are given in Section 3.3.1 followed by the approach used to model
the root-soil plate and its interaction with the surrounding soil (Section 3.3.2).

3.3.1 Soil mechanics
Soil behaves as a linear elastic material only for small deformations. The relationship between strain and stress depends on several factors such as soil structure, average principal
stresses, stress history, shear strain amplitude, internal friction angle, cohesion, moisture
content, pore-water pressure etc. [114]. Furthermore, granular soils such as gravel and
dry sand cannot take any tension forces whereas clay soils can [114]. The failure criterion for soil is mostly based upon shear stresses and the corresponding shear strains. In
the most simplified case, the stress-strain relationship can be characterized according to
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Figure 3.12. If shear tests on soils are performed with different effective normal stresses
σn0 acting on the soil, the maximum shear strength τf can be expressed by the following
expression
τf = c0 + σn0 tan φ
(3.22)
which is normally known as Mohr Coulomb’s law [114], c0 is the effective cohesion and φ
is the internal angle of friction. When the stresses in the soil reach τf , the soil starts to
behave plastically and the shear stresses remain constant with increasing strain.
τ

τ

τf

τf
γ

τr
γ

Figure 3.12: Graphic representation of shear stress τ versus shear strain γ for a dense soil
without (left) and with (right) volume expansion, τf , τr = maximum and residual shear
strength.

One of the most important properties in any analysis involving soil is the shear modulus
G. Just as the Young’s modulus relates the stress to the strain below the proportional
limit, G relates shear stress to shear strain γ. It is known that G decreases with increasing
γ [50, 72, 107]. Based on the level of γ, G can be classified into three stages, i.e. small
shear strain γ < 10−6 , medium strain 10−6 < γ < 10−4 , and large shear strain γ > 10−4 .
The deformation within the first stage is recoverable and G starts to decrease in the
second stage depending upon the soil type. The third stage corresponds to large strain,
where G further decreases. From now on, the variable G will be used to identify the
shear modulus corresponding to large strains (γ > 10−4 ) while the variable Gmax will be
used to identify the shear modulus corresponding to small strain (γ < 10−6 ). To estimate
Gmax both experimental and analytical methods can be used. One of the most common
experimental methods is to measure the shear wave velocity Cs in the soil profile during
in-situ experiments and calculate Gmax using the following relationship
Gmax = Cs2 ρ

(3.23)

where ρ is the bulk density of the soil. This method could not be used in this study because
no field measurements of Cs were performed. Before using the analytical expressions, the
soil must be characterized. This was done by performing a particle size analysis of the
B-horizon, the biological active soil horizon with roots and a small amount of humus, in
laboratory. The soil was characterized as a GW-GM soil profile, well-graded gravel with
silt or with silt and sand. The internal angle of friction φ was taken from [116], and set to
φ = 36◦ . When the soil samples were taken, the maximum rooting depth for each tree was
measured and found to be in average ' 0.5 m (n = 9). No analytical expression exists
that can be used to estimate Gmax for a soil mixture where roots, rocks, and organic
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material are present. Therefore, the main focus using the following analytical expressions
was to obtain a value for Gmax that gives a reasonable behaviour of the soil during the
simulation of the rock-tree impact.
• One of the most common expressions for gravelly soils is
0

Gmax = 220K2 (σm )0.5

(3.24)
0

which is proposed in [107]. The shear modulus Gmax is expressed in kPa, σm = the
mean effective stress (effective stress is defined as the difference between the total
stress and the pore water pressure), K2 a shear modulus constant which is a function
of the grain size distribution of the soil particles, the relative density of the soil and
γ. For gravelly soils, this value normally lies in the interval 100 ≤ K2max ≤ 140, but
can be as large as 200 [114]. For this analysis, K2max = 140 was used. Assuming the
0
overburden pressure is given by 0.5 m soil and applying Eq. 3.27 to calculate σm ,
Gmax = 64.8 MPa was obtained.
• Because the soil was characterized as well-graded gravel with silt or with silt and
sand, a theoretical expression for sand was also used [114]:
Gmax =

3260(2.97 − e)2 0 0.5
(σm )
1+e

(3.25)

0

Gmax is expressed in kPa, e the porosity, and σm the mean effective stress. Apply0
ing the same overburden pressure as before and using Eq. 3.27 to calculate σm ,
Gmax = 30.2 MPa was obtained when assuming e = 0.45 (Figure 3.14).
• Investigations of soils with large gravel content that contain relative small amounts of
sand, silt and/or clay shows similar behaviour as a sand-silt-clay soil [50]. Therefore,
the following expression, which is recommended for such a soil type was applied [72]:
625
0
OCRk (σ0 pa )0.5
(3.26)
2
0.3 + 0.7e
Where e = is the porosity, OCR = overconsolidation ratio (the time dependent
process of reducing the volume of a soil, which takes into account the stress history),
0
k = empirical constant which depends on the plasticity index P I, σ0 = the mean
0
effective stress, and pa the reference stress (pa = 98.1 kPa). To calculate σ0 , the
following expression was used
Gmax =

0

σ0 =

1 + 2K0 0
σv
3

(3.27)
0

where K0 is the coefficient of lateral earth-pressure at rest and σv is the vertical
effective stress. To determine K0 , the Jaky equation (see [55]) is commonly used.
This equation states that K0 can be expressed as
K0 = 1 − sin φ

(3.28)

where φ is the friction angle. Applying Eq. 3.26 with the representative values,
e = 0.45 (Figure 3.14), OCR = 1, φ = 36◦ and the same overburden pressure as
before, Gmax = 14.6 MPa was obtained. The overconsolidation ratio was set to
OCR = 1, which means that Gmax is independent of k.
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Historically, a number of investigations were performed on different soil types to determine
the shear modulus for small strains Gmax and for large strains G (Table 3.3, [21, 72]).
Table 3.3: General ranges of elasticity Esoil , bulk modulus K, and shear modulus Gmax for
different soil types calculated for a Poisson’s ratio νsoil = 0.25. All values are taken from [102].

Soil type

Modulus of elasticity
Esoil (MPa)
Loose sand
10.4 - 24.2
Medium dense sand 10.4 - 17.3
Dense sand
17.3 - 27.6
Silty sand
34.5 - 55.2
Sand and gravel
69.0 - 172.5

Bulk modulus
K (MPa)
6.9 - 16.1
6.9 - 11.5
11.5 - 18.4
23.0 - 36.8
46.0 - 115.0

Shear modulus
Gmax (MPa)
4.1 - 9.7
4.1 - 6.9
6.9 - 11.0
13.8 - 22.1
27.6 - 69.0

Because of the complex soil behaviour, a material model including as few input parameters as possible was needed. Several material models exist in LS-Dyna [36, 49]. However,
for these material models, laboratory experiments or geotechnical investigations are required to characterize the input parameters. Because no investigations were carried out
within this study, *MAT− DRUCKER− PRAGER was used [36, 49]. This material model
assumes isotropic behaviour of the soil and only six parameters are required: internal
angle of friction φ, soil density ρsoil , shear modulus G, cohesion c0 , Poisson’s ratio νsoil ,
and the minimum shear strength τf min of the soil. As G decreases with increasing γ, the
most proper solution would be to implement the curve describing G as a function of γ.
The material model itself would then give the correct value for G. Unfortunately, for
*MAT− DRUCKER− PRAGER, only one value for G can be implemented. The value of
G must therefore be reduced to match the expected γ. One method suggested to account
for the expected γ is to reduce Gmax with a reduction factor R according to
R=

G
.
Gmax

(3.29)

Typical values for R as a function of γ for gravelly soils are shown in Figure 3.13. To reduce
Gmax to its correct value, the expected γ during the analysis must be known. Different
values of γ for different type of problems can be expected (Figure 3.13). For this type of
application, R = 0.15 was recommended [96]. This value corresponds to γ ∼ 0.4 - 0.5 %
(Figure 3.13), which can be expected during a strong earthquake, or for a close distance to
an explosion (Figure 3.13). Calculating Gmax using Eqs. 3.24, 3.25, and 3.26 and applying
R = 0.15,
G = 2.2 − 10.35 MPa
(3.30)
was obtained. In LS-Dyna, the average γ for the surrounding soil cannot be obtained, only
values for a single element can be obtained [97]. As γ differs from one element to another
throughout the whole soil-domain, γ for one element cannot be used to verify that the
assumed γ for the soil-domain during the rock-impact is correct. To deal with this problem,
the winching experiments are used to calibrate the root-soil interaction (Section 3.5.1).
Furthermore, to study the dynamic behaviour of the tree structure, sensitivity analysis
are done for which G is varied within the interval given by Eq. 3.30 (Section 3.6.1).
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Figure 3.13: Expected shear strain amplitude γ for different types of problem (left). Picture
adapted from [114]. Shear modulus reduction curve for sand and well-graded gravel (based
upon the data presented in [107]). The ratio G/Gmax represents the reduction factor R (right).

The soil density ρsoil depends upon the amount of water, the porosity e, and the number
of roots and rocks (Figure 3.14). For these calculations, ρa = 1400 kg/m3 and e = 0.45
were used. Furthermore, to obtain ρsoil , it was assumed that the soil contained 20% water,
which gives ρsoil = 1600 kg/m3 . The Poisson’s ratio was set to νsoil = 0.25 [21, 102].

Figure 3.14: Relationship between compactness ‘Lagerungsdichte’ (dried mass and volume),
porosity e, and root growth ability ‘Durchwurzelbarkeit’ for the soil. Picture adapted from [46].

To calculate τf min , Eq. 3.22 with 0.5 m soil (the average maximum root depth for trees
in our study site) as the overburden pressure was assumed. The cohesion for a soil can
be characterized either by effective or total cohesion. Effective cohesion is measured with
pore-water pressure and total cohesion without. For a GW-GM soil profile, the effective
cohesion is c0 = 0 kPa. In a numerical simulation, numerical instabilities can occur if
c0 = 0 kPa [97] and therefore was c0 = 6.2 kPa assumed as this value is recommended in
[102]. All the material properties of the soil are valid for homogeneous soil without any
considerations to tree roots, large rocks etc. Both φ and c0 increase when taking the fine
roots into account [103]. However, this effect was not considered in NSTM.
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3.3.2 Modelling the root-soil plate
This section aims to clarify how the root-soil plate and its interaction with the surrounding
soil were modelled. Emphasis was put on the following decisive points: 1) How is the size
of the root-soil plate selected, 2) How is the stiffness of the root-soil plate theoretically
derived, and 3) How is the equivalent soil strength calculated to account for the root
interaction with the surrounding soil.
The size of the root-soil plate was taken from trees uprooted during winching experiments
[70]3 . The radius Rroot , and the depth Droot of the root-soil plate were measured and
statistically analysed. It was found that Rroot and Droot were best modelled as
Rroot = 2.96 DBH,

(3.31)

Droot = 0.42 Rroot

(3.32)

where DBH is the diameter at breast height of the tree. Both these values are affected
by the natural variations. In [70], the standard error for Rroot and Droot are estimated to
∼0.3 m and ∼0.1 m, respectively. The shape of the root-soil plate was modelled as one
half of an ellipsoid according to [70]. The size given by Eqs. 3.31 and 3.32 represents the
compound structure of both roots and soil. The amount of roots in the root-soil plate is
investigated in [89] for Sitka spruce trees growing on a steep slope (30◦ ). It was found that
'8% of the total root-soil plate volume consisted of roots (only one tree was measured).
Another investigation performed on Norway spruce trees, concluded that the amount of
roots were < 1% per m3 soil [66].
9000
8000

3500

50 cm from tree center line
100 cm from tree center line
150 cm from tree center line

Measured CSA for a tree with DBH = 0.44 m
Curve showing CSA ∝ r−2

3000

7000
2500
CSA (cm2)

CSA (cm2)

6000
5000
4000

2000
1500

3000
1000

2000
500

1000
0
0.1

0.2

0.3

0.4
DBH (m)

0.5

0.6

0
40

60

80
100
120
Distance from tree centre line (cm)

140

160

Figure 3.15: Fitted curves that represent the root cross-section area CSA at three different
distances from the tree center line versus diameter at breast height DBH, given for the interval
DBH = 0.1 − 0.6 m (left). Measured values and fitted curve showing how CSA decreases
with increasing distance from the tree center line r exemplified for one tree (right).

3

The values published in [70] are slightly different than those given in this thesis and used to model the
size of the root-soil plate. During the review of the paper, it was required that some of the trees were
removed from the statistical analysis.
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One way to characterize the amount of roots at a given distance from the tree is to measure
the sum of the root cross-section area CSA. CSA was measured at three different locations
from the tree center line 0.5, 1.0, and 1.5 m, for several trees at test site 2 (Table 2.1).
The performed measurements are described in [62]. Analyzing these data, it was observed
that CSA changes with both DBH and the distance from the tree center line r. It was
found that CSA is inversely proportional to the distance squared, i.e. CSA ∝ r−2 (Figure
3.15, right picture).
During winching experiments, the point of rotation is located nearer to the tree center
line than the edge of the root-soil plate. This is mostly explained by the fact that only tree
roots can resist bending deformation [25, 28]. Furthermore, the tree roots are not evenly
distributed: most roots are located close to the ground-surface and the number and size
of the roots increase and decrease, respectively, with distance from the tree center line r.
To account for these factors, an equivalent Young’s modulus Eeqv as a function of r was
calculated for the root-soil plate. A simplified approach was adapted for this purpose. For
composite structure, which consists of two or more materials with different properties, an
approximate average modulus of elasticity can be calculated using the ‘Rule-of-mixtures’
[121]. The ‘Rule-of-mixtures’ states that the average value is proportional to the volume
fraction of the different materials in the composite structure. Applying this theory, Eeqv
was calculated as
Eeqv = ηroot Eroot + ηsoil Esoil
(3.33)
where ηroot and ηsoil are the volume fractions of tree roots and soil as a function of r,
respectively. To calculate Esoil , the following expression was used
Esoil = 2G(1 + νsoil )

(3.34)

where G is the shear modulus and νsoil the Poisson’s ratio of the soil. The interpretation of
Eq. 3.33 is as follows. For low values of ηroot , i.e. for the outer edge of the root-soil plate,
Eeqv approaches Esoil . On the other hand, for large values of ηroot , i.e. close to the tree,
Eeqv is identical to the elasticity of the tree stem. To calculate the volume change of the
tree roots Vroot and of the soil Vsoil in function of r, the following assumptions were used. It
is known that CSA can be expressed as CSA ∝ r−2 (Figure 3.15). This leads to a decrease
in Vroot inversely proportional to the distance r−1 . This can be derived theoretically as
Z
Z
dVroot = CSAdr → Vroot = CSAdr → Vroot = r−2 dr → Vroot ∝ r−1 .
(3.35)
If assuming the soil volume to be spherical, the volume is proportional to r3 . Thus, the
volume fractions of tree roots ηroot = Vroot /Vsoil as a function of r is proportional to r−4 .
The location of the point where Eeqv is identical to EL was defined as the point where
the tree buttress intersects with the ground surface (Figure 3.16). The change in Eeqv ,
in radial direction was modelled by dividing the root-soil plate in five regions (Figure
3.16). Modelling the decrease in Eeqv , with increasing r, a large variation in the radial
direction was obtained whereas the variation with the depth was smaller. This is reasonable
because the root-system for Norway spruce trees are flat and no large variation with depth
is expected. The approach used to calculate Eeqv , was also used to model the change in
density for the root-soil plate with r. When modelling the root-soil plate in LS-Dyna, the
elastic material model *MAT− ELASTIC was used for all regions with different Eeqv .
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During the full-scale impact tests, the root-soil plate was sometimes separated from the
surrounding soil (Figure 3.17). To predict this failure, the correct failure mechanism must
be known. However, it is believed that the failure depends on factors such as root pattern (length, diameter, and number of root branches), growth condition, wood strength,
soil-material etc. Two different failure mechanisms were identified in this study which
corresponds to what happens in nature; either the roots are pulled out of the soil or the
roots will break in tension when the maximum tensile strength is reached. In this study,
the uprooting was modelled by including an equivalent soil-strength σeqv , thus if σeqv is
reached, the root-soil plate is separated from the surrounding soil.

Intersection
point
r

Figure 3.16: Schematic representation of the root-soil plate, the different shades of gray of
the root-soil plate represent the areas with different equivalent Young’s modulus Eeqv . The
distance from the tree center line is defined by r. The intersection point defines where the tree
buttress intersects with the ground surface and where Eeqv is identical to Young’s modulus EL .

For a material model in LS-Dyna not featuring any failure criterion, a failure criterion
can nevertheless be added by using the *MAT− ADD− EROSION command [49]. In order
to model σeqv in NSTM, the failure criterion was applied to all finite elements in the
surrounding soil. Thus, the location where the soil fails is given by NSTM itself. To
estimate σeqv from the two identified failure mechanisms, the total surface area Asoil of
the root-soil plate and CSA is required. For this purpose, Asoil was calculated using Eqs.
3.31 and 3.32 in combination with the assumed shape of the root-soil plate. To estimate
CSA, the values given in Figure 3.15 were used. With Asoil and CSA known, σeqv can be
expressed as
CSA
σeqv = σ
(3.36)
Asoil
where σ is either the strength of the tree roots in tension or the pull-out strength. For
these calculations, the maximum strength for a tree root was assumed to be 18 N/mm2
[3] and the maximum pull-out force 6.12 times CSA [5]. Applying these values for both
failure modes, different σeqv were obtained (Table 3.4). From these values, the ‘correct’
value must lie in the interval σeqv = 0 - 0.2 N/mm2 . However, the upper limit for σeqv
was assumed to be σeqv = 0.071 N/mm2 as this is the lowest value obtained from the
two different methods. During the rock-tree interaction, the root-system both translated
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and rotated (Section 2.5). This causes the tree roots to be exposed to both bending and
tension forces, which increases the load on the roots. When the root-soil plate rotates, the
soil-material is loosened by the movements of the tree roots. For this reason, considering
that the pull-out strength of the roots is a function of 1) the friction forces between the
tree roots and the soil, 2) the normal pressure, and of 3) the shape and length of the roots;
the pull-out strength will probably decrease during the rotation. Thus, the prediction of
σeqv is extremely difficult and can only be done with a high level of uncertainty. The main
challenge is how to reduce σeqv to account for all the above mentioned factors. In order to
not overestimate the energy absorption capacity for the soil and the resistance of the rootsoil plate to uprooting, the middle value σeqv = 0.035 N/mm2 was used for all simulations.
The influence of σeqv on the tree response was studied using sensitivity analysis as the
assumptions done to calculate σeqv were more or less arbitrary (Section 3.6.2).
Table 3.4: Data used to calculate σeqv for the four trees used to calibrate and validate
NSTM (Section 3.5); Asoil = surface of the root-soil plate, CSA = root cross-sectional area,
σeqv,1 = maximum equivalent tension strength assuming tension failure, σeqv,2 = maximum
equivalent tension strength assuming pull-out failure.

Tree

Asoil
CSA
(mm2 )
(mm2 )
2005 0.68 ·107 7.5·104
4007 0.50 ·107 8.4·104
4008 0.42 ·107 6.3·104
4010 0.90 ·107 3.4·104
Average equivalent strength

σeqv,1
(N/mm2 )
0.202
0.303
0.268
0.068
0.201

σeqv,2
(N/mm2 )
0.069
0.103
0.091
0.023
0.071

Figure 3.17: Not only a failure in the tree stem was observed during the full-scale impact tests,
sometimes also a separation between the root-soil plate and the surrounding soil occurred.
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3.4 Finite element model of the rock-tree impact
The measured diameter and mass distributions were used in order to model the correct
shape, mass, and moment of inertia of the tree. The tree stem was modelled with a circular
cross-section and the material properties were kept constant over both the cross-section
and the tree height. The mechanical properties of the bark were neglected by removing
the bark thickness over the cross-section. Its thickness was estimated using the equations
given in [67]. An example of the bark thickness as function of the relative tree height is
given in Figure 3.18. The extension of the branches (angle and length) was not modelled.
The mass of the branches was included using the following principle. The density of green
wood was set to ρwood = 800 kg/m3 [109] and kept constant over the cross-section and
length. The tree crown was divided into meter segments and the branch weight per meter
was recalculated to represent a density for these segments. The final density of the tree
stem above the crown base was then calculated as ρwood plus this additional contribution.
The tree stem was modelled with 3D-solid elements SOLID164 and characterized with
*MAT− 143 [49], all over its height.
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Figure 3.18: Absolute bark thickness distribution as a function of relative tree height for tree
4008, the equation for the bark thickness is presented in [67].

At the impact location, the element size was chosen as small and cubic as possible to
obtain the best results. To minimize the number of elements, a larger element length
ratio (maximum element side length/minimum element side length) was used outside
the impact location towards the treetop, and towards the root-soil plate. The simulation
time was decreased by using one point integrated elements (also called under-integrated
element) and symmetry (Figure 3.19, left picture). A disadvantage of under-integrated
elements is the need to control zero-energy modes, also called hourglass modes (see [24]
for more information). Different techniques exist how to control the hourglass effect in
LS-Dyna. For *MAT− 143, the stiffness based hourglass control is recommended [86, 87].
The trolley was modelled with its correct shape and mass using *MAT− RIGID, which
is a non-deformable, rigid material model. This assumption is reasonable because the
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coefficient of elasticity for steel is about 25 times higher than EL . The boundary condition for the trolley was a prescribed initial velocity vimp with a given impact angle αimp .
The applied vimp was measured shortly before the trolley impacted the tree (Table 3.5)
and αimp during a pre-test when the trolley was down-winched slowly towards the tree.
The interaction between the rock and the tree, was modelled with the contact algorithm
*CONTACT− ERODING− SINGLE− SURFACE. This algorithm controls all the existing
surfaces in the model for penetration, during every time step. When the rock penetrates
into the tree stem and the elements erode due to failure, a new contact area is automatically created using the surfaces of the remaining elements. The friction coefficient µ
between the trolley and the tree stem was measured in a static experiment by pulling the
same material as used for the trolley wedge against bark, and estimated to µ = 0.35.
The size of the root-soil plate was modelled according to Eqs. 3.31 and 3.32. The extension
of the soil surrounding the root-soil plate is in nature infinite. For these analyses, the
surrounding soil was modelled as three times the size of the root-soil plate. For the whole
soil domain, the material properties were kept constant. The sensitivity in the tree response
to the size of the surrounding soil was not investigated within this study. However, a
quantitative estimation of this effect can be found in Section 3.7.1. The root-soil plate
and the surrounding soil were both modelled with tetrahedron (triangular) elements. For
this element type, element formulation 10 in LS-Dyna is recommended [49]. The slope
angle βs , was modelled separately for every tree and based upon measurements carried
out close to every tree during the field experiments. During a short dynamic event, the
damping is of secondary importance because the maximum deformations occur after very
short time, before the damping has started to absorb a significant amount of energy [23].
Due to this reason, the damping in both the tree stem and the surrounding soil was
neglected in NSTM.

Trolley

Tree stem
Spherical
rock

Root−soil plate

Soil

Figure 3.19: The FEM model used for the impact calculations with the trolley (left). In the
right picture, the model used for the calculations when assuming an eccentric impact can be
seen.
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3.5 Calibration of numerical singletree model
Four different trees were used in order to calibrate and validate NSTM. These trees were
all tested in winching, swaying, and full-scale impact tests. For the winching tests, the calculated stem base rotation θ versus applied force was compared with the curves obtained
during the field tests (Section 3.5.1). For the swaying tests, the measured and calculated
first natural frequency f1 was used to verify the mass and stiffness distributions (Section 3.5.2). Finally, the full-scale impact tests were simulated (Section 3.5.3). The main
results used for comparison were: 1) the tree stem displacements at different heights, 2)
the translation and the rotation of the root-soil plate, and 3) the energy gradient of the
trolley. NSTM was built according to Section 3.4. For the diameter and branch mass distributions, see Table A.4 in Appendix A.2. The input characteristics of the trolley used for
the four tested trees are given in Table 3.5. For the full-scale impact tests, the simulation
time was set to t = 40 ms because ∼90% of the initial kinetic energy of the trolley was
absorbed during the first 30 ms (Figure 2.19).
Table 3.5: Boundary conditions for the trolley during the four trees used to calibrate NSTM
using the full-scale impact tests.

Test
site

Test
tree

Mattawald
Brüchwald
Brüchwald
Brüchwald

2005
4007
4008
4010

impact
velocity
vimp (m/s)
19.0
12.7
13.2
17.4

impact
height
Himp (m)
1.80
1.30
1.54
1.63

impact
mass
mimp (kg)
492.0
492.0
592.0
792.0

impact
angle
αimp (◦ )
33
29
28
27

impact
energy
(kJ)
86.9
39.7
51.6
119.8

3.5.1 Calibration of root-soil interaction
The first step taken during the calibration process was to use the material and mechanical
properties derived in the previous sections. Outgoing from these values, different phenomena will be investigated and explained and used to improve the behaviour of the numerical
singletree model (NSTM).
The shear modulus of the soil G was theoretically calculated to be within the range
G = 2.2 − 10.35 MPa (Section 3.3.1). Furthermore, it could also be shown that the equivalent Young’s modulus Eeqv of the root-soil plate decreases with distance from the tree
center line r proportional to r−4 (Section 3.3.2). In order to calibrate the root-soil interaction, the winching tests were used and the calculated θ was compared with the measured θ.
For this purpose, three different simulations were done, one for G = 2.2, 6.3, and 10.35 MPa
for every tree. When modelling the soil domain, no variation of G with radial distance
from the tree center line was modelled. The tree structure was only modelled up to the
elevation where the winching force was applied in order to reduce the number of elements and thus, the simulation time. This approach neglects the vertical forces and the
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relevant second order moment due to the overhanging tree crown and branches, which
yields an underestimation of θ. For large θ, and thus large deflections, this effect is more
pronounced because the larger contribution from the overhanging weight. For θ = 0.5◦ , θ
was underestimated by '14% when neglecting the overhanging weight [60]. Because the
trees were winched to θ '0.5◦ , θ was increased by 14% to allow for a correct comparison
between measured and calculated values. The winching tests were static and therefore, the
load was applied over two seconds to reduce the calculation time. Monitoring the kinetic
energy, it was observed that it accounted for less than 5% of the total strain energy, thus
two seconds was deemed to be enough to minimize inertia effects.
For all four trees, it was observed that a higher G caused an overall stiffer behaviour
leading to a decreased θ (Figure 3.20). Even if G = 2.2 MPa was used, the calculated
θ was underestimated. There might be several reasons for this. For example, the root
diameter decreases with increasing r and thinner roots have a lower elasticity than thicker
roots. The assumption that the tree roots have the same EL , as the tree stem itself might
be wrong. Another important factor is the approach used to model the root-soil plate. In
NSTM, the root-soil plate was modelled as one single elastic body with smeared properties
accounting for the branching pattern of the tree roots in a very simplified way only. Thus,
an overestimated bending resistance I is obtained. Assuming that the entire root-soil
plate consists of one single large root, the decrease in I can be estimated according to the
following assumption: I and CSA are proportional to the root diameter according to I ∝ d4
and CSA ∝ d2 , respectively. From these relations, I ∝ CSA2 is obtained. Furthermore,
CSA ∝ r−2 (Figure 3.15) leading to I ∝ r−4 . The effect of branching requires exact
information about the branching pattern, which does not exist. However, if the branching
could be considered, the decrease in I would probably be larger. In order to study this,
the two arbitrary power laws r−6 and r−8 for the decrease of Eeqv were used.
4

Applied winching force (kN)

3.5
3
2.5
2
1.5
Measured during the field experiment
Calculated G = 2.2 Mpa, Eeqv ∝ r−4

1

Calculated G = 6.3 Mpa, Eeqv ∝ r−4

0.5
0
0

Calculated G = 10.4 Mpa, Eeqv ∝ r−4
0.2

0.4
0.6
Stem base rotation θ (degree)

0.8

Figure 3.20: Calculated and measured stem base rotation θ of tree 4007 for three different
values of the soil shear modulus G. The decrease in the equivalent Young’s modulus Eeqv was
assumed to be proportional to r−4 .
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The overall behaviour predicted with the power laws r−6 and r−8 , showed an increased θ
(Figure 3.21). For large values of θ, the best results were obtained with r−8 for three of
the trees (4007, 4008, 2005). For tree 4010, r−4 gave the best results. When calculating
θ for tree 4010 using r−8 , the tree was overturned and the predicted θ was infinite. This
indicates that σeqv was underestimated. However, this occurred for tree 4010 only, and
therefore σeqv was not adjusted. For tree 2005, the predicted θ was always underestimated
(Figure 3.21). A closer investigation of tree 2005 showed that rot existed in the tree stem
(Figure 3.22), which might indicate that the root system was damaged. This reflects the
natural variation in the resistance to uprooting of the root-system for a tree. The predicted
stem-base rotation for tree 2005 is therefore neglected in the discussion below.
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Figure 3.21: Comparison between calculated and measured stem base rotation θ using different
power laws for the decrease of the equivalent Young’s modulus Eeqv , r is the distance from
the point where the tree buttress intersects with the ground surface (Figure 3.16), G is the
shear modulus of the soil.

During the winching tests, the secant stiffness was calculated (Section 2.4). It was observed
that the secant stiffness decreased with increasing θ (Figure 2.13). When assuming that
the rotation of the root-soil plate behaves elastically until ∼0.25◦ as suggested in [20], no
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decrease in secant stiffness should be observed, i.e. a constant value should be found. The
obtained results indicate that the elastic range for the root-soil plate is either small, or
might not exists at all. This because the elastic limit is exceeded already at small-rotation.
In order to predict this correctly, the fracture patterns in the soil, breakage, and slipping
of the roots must be modelled. This is difficult and therefore, a high emphasis was put on
how NSTM can predict θ for small rotations. For θ < 0.1◦ , the best result was obtained
with r−6 for two trees (4007, 4010). Because tree 4010 fails using r−8 and that the nonlinearities for the root-soil interaction are difficult to model correct, it was decided to use
r−6 for modelling the decrease in Eeqv . The failure of tree 4010 might indicate that σeqv
was underestimated.
Because quantitative data and methods to estimate both σeqv and the decrease of Eeqv in
function of the distance r from the tree center line do not exist, the values found during
the calibration by means of the winching tests (σeqv = 0.035 N/mm2 and Eeqv ∝ r−6 in
combination with G = 2.2 MPa) were used for the future calculations, i.e. all further
results are obtained with these parameters. The sensitivity of the tree response to G and
to σeqv are studied in Sections 3.6.1 and 3.6.2, respectively.

Figure 3.22: The arrow indicates the area of root (damage) in the tree stem for tree 2005.

3.5.2 Validation of the first natural frequency f1
The correct stiffness and mass distributions within a numerical model can be verified by
comparing the natural frequencies fn of the numerical model with measured values [23].
To calculate the correct fn both the stiffness and mass properties of the structure must be
correctly distributed (c.f. Eq. 2.1). To calculate fn , the standard capabilities of LS-Dyna
were used [49]. Comparing the calculated values with the measured values, it was observed
that the first natural frequency f1 was overestimated three times out of four (Table 3.6).
The major reason for this difference is that f1 is overestimated when not modelling the
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branches. Studying Eq. 2.1, it can be understood that f1 is sensitive to the center of
gravity, which further supports the importance of modelling the branches. The reasons
for the observed difference are carefully discussed in Section 3.7.2.
Table 3.6: Calculated first natural frequencies f1 using LS-Dyna compared with f1 measured
during the field tests (Section 2.3).

Test-site

Test tree Measured f1
(Hz)
Mattawald 5
0.203
Brüchwald 7
0.267
Brüchwald 8
0.286
Brüchwald 10
0.249

Calculated f1
(Hz)
0.196
0.303
0.313
0.297

Difference
%
3.6
-13.5
-9.4
-19.3

3.5.3 Calibration using full-scale impact tests
3.5.3.1 Calculated vs. measured penetration of trolley
The crushing behaviour of the material model was verified by comparing the calculated
and measured penetration of the trolley into the tree stem. Comparing the penetration
calculated with NSTM and the ones measured during the field tests, the calculated values
always overestimated the measured values (Table 3.7). This effect might have different
causes. However, the main reason is that in NSTM, elements were eliminated when damage
was fully reached (how eroded elements are treated within NSTM is further described
in Section 3.2). This is not the case in nature where the crushed material is gathered
in front of the trolley or pushed sideways (Figure 3.23). This leads to difficulties when
measuring the penetration in the field. The crushed wood fibres do not allow an accurate
measurement of the penetration. How large this effect might be is difficult to determine
and was not investigated during this study.
Table 3.7: Penetration of the trolley into the tree stem. Comparison between calculated (LSDyna) and measured penetration obtained from the field tests.

Test-site

Test tree Measured penetration Calculated penetration Difference
(mm)
(mm)
(%)
Mattawald 5
not measured
≈ 45
Brüchwald 7
≈ 40
≈ 70
+75
Brüchwald 8
≈ 50
≈ 80
+60
Brüchwald 10
≈ 90
≈ 110
+22
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3.5.3.2 Calculated vs. measured failure location in the tree stem
During the full-scale impact tests, failure in the tree stem was observed for two trees (4008
and 2005). For the other two trees (4007 and 4010) no failure was seen when studying the
images obtained from the high-speed cameras. A failure was difficult to observe due to
the quality of the photos (image sequences for two different full-scale impact tests with
the calculated tree response are given in Appendix A.3).
For the trees where a failure in the tree stem was observed, the point of failure was always
located in the tension zone on the opposite side of the point where the trolley impacted
the tree (Figures 3.1 and 3.23). The same as observed in NSTM. However, the distance
above the impact location was not measured. In NSTM, failure was calculated for trees
4008, 4010, and 2005. For tree 4007, no failure was calculated. The reason why a failure
was predicted by NSTM for 4010 despite not occurring during the full-scale impact test
is carefully discussed in Section 3.7.3.

Figure 3.23: Picture taken to show the complicated failure in the tree stem. Notice the crushed
material, which is gathered in front of the trolley and pushed sideways.

3.5.3.3 Calculated vs. measured deceleration curve
The boundary conditions for the trolley were not perfectly defined during the impact
experiments. Due to a remaining flexibility of the pre-stressed catenary wires, the trolley
started a rotational movement upon impacting the tree stem. This caused the front of
the trolley to slip against the tree stem (Figure 3.1). In NSTM, the trolley impacted the
tree stem with a given αimp and vimp , no other movements were allowed. This prescribed
direction caused the penetration of the trolley into the tree stem to be stiffer in NSTM
than in the full-scale impact tests. Comparing the measured and calculated decelerations,
this effect can be observed; a higher peak deceleration was always calculated, and the
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calculated deceleration always dropped to a lower value faster in NSTM than for the fullscale impact tests (Figure 3.24). An additional cause for the overestimated deceleration
might be that the bark was removed in NSTM. In reality, the presence of bark might
induce a softer penetration of the trolley into the tree stem; thus decreasing the peak
deceleration and delaying the decrease in the deceleration. The effect of the bark was not
investigated due to lack of quantitative material properties.
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Figure 3.24: Measured (the full-scale impact tests) and calculated (the NSTM) deceleration
as a function of time t. For tree 4007, the cables connected to the accelerometers were cut off
and no data were obtained.

3.5.3.4 Calculated vs. measured energy absorption curve
The main objective of this dissertation was to estimate the energy absorption capacity of
the tree stem and of the root-soil system during a rock impact. Therefore, the calculated
energy gradient of the trolley using the NSTM was compared with the measured ones
obtained from the full-scale impact tests. The peak deceleration was always overestimated
in the numerical simulations (Figure 3.24). This effect can also be seen when studying how
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the kinetic energy of the trolley changes with the time t. The kinetic energy and, thus, the
velocity decreased faster in NSTM than in the full-scale impact tests (Figure 3.25). This
trend was seen for all four trees. For two of the four trees (4008, 4010), an abrupt change
in the calculated energy absorption using the NSTM was seen after t = 11 ms and 16 ms,
respectively (Figure 3.25). For tree 2005, although not that distinct, the same effect can
be discerned at t = 10 ms. As mentioned earlier (Section 3.5.3.2), a failure of the tree
stem was predicted for all these trees. Studying the time for failure, it was found that the
abrupt change in the energy absorption corresponds to the failure time. One hypothesis
is therefore that the abrupt change in the calculated energy absorption is related to the
failure of the tree stem. This can partly be verified when studying Figure 3.26, which
shows a comparison between the calculated and the measured displacements in the tree
structure for different heights along the tree stem. For tree 2005, the displacements are
correctly predicted for h = 6.0 m until t ∼ 20 ms, which is approximately the time of
failure, afterwards the calculated and measured displacements start diverging significantly.
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Figure 3.25: Measured (the full-scale impact tests) and calculated (the NSTM) energy absorption as a function of time t.
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For tree 4007, an obvious disagreement between the calculated and the measured energy absorption can be seen. The energy was absorbed faster in NSTM and already after
t = 25 ms, the trolley had reached zero velocity. During this test, the cable connected to
the accelerometers in the trolley was cut off and no data were obtained. To calculate the
velocity of the trolley, the images from the high-speed camera (Redlake MotionScope-PCI
(DEL Imaging Systems, LLC, USA) were used and analysed with the image processing
software WinAnalyse (DEL Imaging Systems, LLC, USA). For all the other tests, the velocity of the trolley was calculated by integrating the deceleration. Because the sampling
rate was 250 Hz for the high-speed camera and 10000 Hz for the sensors, the same resolution cannot be obtained. The velocity predicted using WinAnalyse was therefore not as
accurate as when using the sensors. The deceleration of the trolley during the first 4 ms
increases rapidly (Figure 3.24). Using WinAnalyse, only an average value of the deceleration during the first 4 ms was calculated. If the calculated deceleration is overestimated,
the decrease in both measured velocity and measured kinetic energy will be overestimated.
This explains why the calculated kinetic energy is lower than the measured kinetic energy
of the trolley (Figure 3.25).
3.5.3.5 Calculated vs. measured displacement curves
To calculate the response of a structure to a given load using a finite element model, correct
data is required about material properties, boundary conditions, and the applied loads.
For analyses where material failure is included, additional information about the maximum strength and post-strength behaviour must be available. Without this knowledge, a
‘correct’ prediction of the structural response is impossible. The predicted displacements
of the tree stem at the position for the two lower sensors were always underestimated
(Figure 3.26). The average underestimation for the sensors mounted at 0.02H was '18%
and for the sensor at 0.05H '10% (both values evaluated at t = 40 ms). Tree 2005 was
exposed to rot (Figure 3.22), and had a weaker root system than the other trees. However,
even for this tree, a good agreement was observed for the sensor at 0.02H.
For the sensor mounted at 0.2H, a difference between calculated and measured displacement was observed after t ≈ 10 − 15 ms (for trees 4008, 4010 and 2005). This was shortly
after the tree stem failed. The average underestimation in displacement for this sensor was
'33%, evaluated at t = 40 ms. During the full-scale impact tests, a failure was observed
in the tree stem for trees 2005 and 4008. No failure was observed for the other two trees
(4007, 4010). In NSTM, the only tree without failure was tree 4007; for this tree, the
correct displacements were estimated for all the three sensors placed at different heights.
Predicting the overall tree response when a failure occurs is difficult. In nature, a failure
is not as well defined as in the NSTM and some stiffness remains in the tree stem, which
can continue to transfer forces (Figure 3.23). Thus, if some stiffness remains in the tree
structure, the full energy absorption capacity is not reached, i.e. even though the tree
stem failed, more energy can probably be absorbed by the tree structure. This is further
discussed in Section 4 and clearly shown in Figure 4.1.
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Figure 3.26: Measured (the full-scale impact tests) and calculated (the NSTM) displacement
for different sensor heights as a function of time t. The sensor mounted at 0.05H (h = 1.6 m)
of tree 2005 went out of range and thus, the displacement could not be calculated.
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3.5.3.6 Calculated vs. measured root-soil translation/rotation
The translation and rotation of the root-soil plate were both calculated using the special image processing software STEMTRACK, developed at SLF (Section 2.5). For this
analysis, images from the high-speed cameras with sampling rate 250 Hz were mostly
used. During some tests, the recording did not work and images from normal video cameras had to be used (sampling rate 25 Hz). As described in Section 2.5, a polynomial
function d(z, t) describing the tree displacement as a function of time t over the tree
height z was obtained for every image (Figure 2.18). To obtain the stem base rotation
θ, d(z, t) was differentiated with respect to z and evaluated for z = 0. Furthermore, in
order to calculate the translation, d(z, t) was evaluated for z = 0.
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Figure 3.27: Measured (the full-scale impact tests) and calculated (the NSTM) translation
for the root-soil system as a function of time t. For tree 4008, a closer interval between the
measured points was obtained because pictures from the high-speed camera were used.

The time interval between the images was not the same for all the trees (Figures 3.27
and 3.28). Therefore, it was problematic to synchronization the results obtained from the
video analysis with the ones from NSTM. Still, a good agreement between observed and
calculated values was obtained (Figures 3.27 and 3.28). The observed difference explains
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why the displacements of the tree stem at 0.02H and 0.05H do not correspond perfectly
with the measured values (Figure 3.26). Assuming the part below the section where the
tree stem fails to behave as a rigid body, which rotates 1◦ , then the tree displacement at
h = 1.0 m is ∼25 mm. Thus, if θ is not perfectly predicted, a perfect agreement between
measured and calculated translation higher up in the tree stem cannot be expected. No
comparison between the calculated and the measured permanent deformations of the rootsoil system could be done as the latter were not measured after the full-scale impact tests.
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Figure 3.28: Measured (the full-scale impact tests) and calculated (the NSTM) rotation θ of the
root-soil system as a function of time t. For tree 4008, a closer interval between the measured
points was obtained because pictures from the high-speed camera were used.
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3.5.4 Calculated vs. measured energy absorption for full rock
penetration
Even though three out of the four trees investigated in this study failed during the fullscale impact tests with the trolley (Section 2.5), in [31] it is reported that a tree can absorb
even larger amounts of energy. During the full-scale impact tests, the average initial kinetic
energy for the trolley was ∼75 kJ (Table 3.5). To study how well NSTM can predict the
amount of absorbed energy in the tree structure when the rock impacts the tree with a
larger energy, the full-scale rockfall experiments performed on a natural slope presented
in Section 2.7 were used.
A schematic representation of the impact situation considered during the numerical simulations of the full-scale rockfall experiments with a rock on a natural slope is depicted
on the left of Figure 3.29. The data to set up the numerical model of the trees tested in
Grenoble (i.e the diameter distribution along the tree stem, the stem density, the branch
location and mass, the properties of root-soil plate,...) are not available in [31]. For this
reason and to ensure meaningful properties of the numerical model, NSTM was assembled using the data gathered during the full-scale impact tests carried out in Davos. This
assumption surely introduced some bias in the simulations; unfortunately no other practicable solution was available

Figure 3.29: Schematic representation of the impact situation considered during the numerical
simulations of the full-scale rockfall experiments with a rock on a natural slope (left). Tree
tested in the framework of the full-scale rockfall experiments with a rock on a natural slope
after the impact: the tree has completely collapsed (right).

The NSTM was built according to Section 3.4 with G = 2.2 MPa. For all simulations,
βs and αimp were assumed to be 38◦ like in [31]. Furthermore, it was also assumed that
the rock impacted the tree centrically so that symmetry boundary conditions could be
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used, which reduced the calculation time significantly. The impacting rock was always
assumed to be spherical, with a diameter of 0.95 m and a density ρrock = 2700 kg/m3 .
In [31], rocks of different sizes were used, however, just the average size of all the rocks
is reported and this information is used here to characterize the impacting object. The
definition of the impacting height Himp to be used within the simulations needed also
some assumptions because, as shown in Figure 3.30, Himp is measured differently for trees
impacted in Grenoble or in Davos.

DBH

βs

Himp

Himp

(Grenoble)

(Davos)

Himp
1.5DBH

Figure 3.30: Schematic representation of the problem when using different definitions of the
impact height Himp , βs = slope angle. To compare the impact height for the trees in Davos
and Grenoble the term ∆Himp has to be used, DBH = diameter at breast height.

In order to calculate Himp that shall be used for the numerical simulations, the following
approach was chosen. The relative impact height ηH = Himp /H for the trees in Grenoble
was calculated using the values given in Table 3.8. From ηH for each tree, an average value
ηH ∼ 0.08 was calculated. When studying the different values of ηH , it was seen that Trees
1 to 4 all had ηH > 0.085 while Trees 5 to 9 had ηH < 0.045. As Trees 1 to 4 all were
small trees with DBH lower than for those in Davos, they were excluded when calculating
ηH . Using the remaining trees, ηH ∼ 0.04 was obtained. This average value was then used
to calculate Himp for the trees in Davos by multiplying ηH with the total tree height H
measured from the trees in Davos. For the full-scale rockfall experiments (Grenoble), Himp
was measured from the windward side. In this study, Himp was measured from the point
where the soil-surface intersects with the tree centerline (Figure 3.30). To account for the
different definitions of Himp , it was assumed that the diameter of the tree, at the point
where the tree centerline intersects with the soil-surface was 1.5 times DBH (Figure 3.30).
Based on this assumption, the correction factor ∆Himp can be calculated as follows
∆Himp = 0.75 DBH tan(βs ).

(3.37)

where βs is the angle of the slope. Applying the described procedure to estimate Himp and
calculating the relative impact height for the rock, ηH ∼ 0.05 was obtained. Due to different
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definitions of Himp , different values of ηH were obtained. Therefore, it is important to
specify which definition of ηH is used when comparing different results. How ηH influences
the amount of energy absorbed in the tree structure is investigated in Section 5.1.2 and
clearly shown in Figure 5.9.
Table 3.8: Energy absorption capacity Ecap for 9 Silver fir trees (Abies alba) with different
DBH, ∆v = difference in velocity before and after the impact, Himp = impact height of the
rock, ηH = relative impact height.

Tree Tree heighta) Himp a) DBHa) Ecap a) ∆v b)
(m)
(cm)
(cm)
(kJ)
(m/s)
1
4
74
7
6.4
3.2
2
8
95
10
5.8
3.1
3
8
70
13
16.5
5.2
4
8
74
15
68.4
10.6
5
11
50
19
75.1
11.1
6
18
74
40
161.4 16.3
7
19
74
41
156.9 16.1
8
23
80
48
304.7 22.4
9
29
100
58
650.2 32.8
a)
Data published in [31, 95].
b)
Own calculations from data published in [31, 95].

ηH b)
(-)
0.19
0.12
0.09
0.09
0.05
0.04
0.04
0.03
0.03

To carry out the numerical simulations, the initial velocity of the impacting rock is needed.
Unfortunately, in [31] and [95] only the energy absorption capacity Ecap for each impacted
tree is given. No indictions about the measured velocities before and after the rock impact
with the tree are given. For this reason, a suitable initial velocity was calculated using
the following procedure: (1) for each impacted tree, the difference between the velocity
of the rock at the beginning and at the end of the impact process waspestimated using
the published energy absorption capacity Ecap , i.e ∆v = vimp − vimp = 2Ecap /m where
m is the mass of the rock. The values of ∆v obtained by means of this calculation are
summarized in Table 3.8. (2) Afterwards, a regression analysis was carried out to obtain
a statistical relationship between the velocity difference ∆v and DBH. (3) In function of
the DBH of the tree that was about to be analyzed, the initial translational velocity vimp
of the rock was set to be 10% larger than ∆v (i.e. vimp = 1.1∆v(DBH)) while the initial
angular velocity ωimp was back-calculated assuming that the initial rotational kinetic
energy of the rock was 20% of the initial translational kinetic energy as suggested in [15].
This assumption was needed because no reliable values of the angular velocity could be
obtained from the field measurements. In the simulations, the initial velocity of the rock
was increased by 10% to make sure that the rock had enough energy to completely fail
the trees as it was the case during the field tests (see Figure 3.29, right picture).
The velocity difference ∆v calculated for tree 9 according to the procedure outlined in
the previous paragraph is unrealistically high (32.8 m/s, see Table 3.8). The maximum
translational velocity inside a forest stand is known to be about 24 m/s. The velocity
difference was calculated with an assumed size of the impacting rock because, as already
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stated before, the authors of the field tests did not report the size of every rock they used
but just the average size of all the rocks [31]. It could very well be that the rock which in
reality impacted tree 9 was significantly larger than the rock used within the simulations,
hence explaining this large velocity difference ∆v. Despite the unrealistically high impact
velocity needed to fail this tree, for sake of simplicity also the NSTM with DBH = 58 cm
was impacted by the same rock with a diameter of 0.95 m used for all other simulations.
In the framework of the simulations of the full-scale rockfall experiments using the NSTM,
the energy absorption capacity Ecap of the tree was defined as the decrease of kinetic
energy of the rock during the impact. This decrease was calculated using the difference
between the velocity just before the impact (initial velocity) and the velocity at the end
of the impact process when the velocity is no longer decreasing due to the action of the
tree. Ecap was then calculated taking into account both the decrease of the translational
and of the rotational kinetic energy. Note that this definition of Ecap is different than the
definition of the energy absorbtion capacity of the tree used in Section 5 where Ecap is
defined as the energy absorbed by the tree structure during the first 40 ms of the impact
process.
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Figure 3.31: Measured (•) and calculated (?) energy absorption capacity Ecap for the tree
structure as a function of DBH. Calculated values are obtained from the numerical single tree
model (NSTM). The error bars indicate the error in the kinetic energy when assuming 10%
accuracy of vimp [95].

Figure 3.31 shows the energy absorption capacity Ecap of the tree structure in function
of DBH. The dots represent the energy absorption capacity measured during the field
experiments while the stars represent the energy absorption capacity computed by means
of the NSTM. The correlation between the measured and the computed values of Ecap is
excellent. The computed values lay generally slightly higher than the measured one. This
difference is probably due to the fact that the computed values of Ecap take into account

91

3 Numerical singletree model
the decrease of both the translational and rotational kinetic energy during the impact
while the measured values take into account only the decrease of the translational kinetic
energy [31]. In the field tests, the variation of the angular velocity of the rock during the
impact process could not be measured.

3.6 Sensitivity analysis
Due to the large uncertainties in the data acquisition when performing field experiments
and in several of the material properties needed to characterize the wood and the soil,
sensitivity analyses were carried out. Furthermore, when NSTM was developed, several
assumptions were made, which might have an influence on the response of the tree stem
and the root-soil plate as well as on the energy absorption capacity of the tree structure.
The effects of the most crucial parameters on the tree response were quantified by sensitivity analyses and are presented in the following sections. For all simulations, the results
were compared with the measured response obtained from the field experiments. The parameters selected for further study were the shear soil modulus G (Section 3.6.1), the
equivalent soil-strength σeqv (Section 3.6.2), and the strain-rate effects (Section 3.6.3).

3.6.1 Shear soil modulus G
The value of the shear modulus G decreases with increasing shear strain level γ (Figure
3.13). As the used material model only considers a constant value of G, G was reduced to
match the shear-strain level expected during the analysis (Section 3.3.1). Different values
of γ for different type of applications can be expected (Figure 3.13). For this purpose,
R = 0.15, was used (Section 3.3.1), which corresponds to γ ∼ 0.4 − 0.5 % (Figure 3.13).
As different vimp , mimp , and tree sizes were used, different γ can be expected for every single
rock-tree impact. In LS-Dyna, the average γ for the surrounding soil cannot be obtained,
only γ for a single element can be extracted from the results file [97]. Furthermore, γ also
varies with the time. It can therefore not be verified that the assumed γ is really obtained
during the simulations. However, when calculating γ with NSTM for t = 40 ms, it can be
concluded that the areas which are mostly represented in the surrounding soil shows that
γ lies within the range 0.08 - 4.3 % (Figure 3.32). These values shall be compared with
the assumed range of γ which is 0.4 - 0.5 %. Hence based on the strain calculated with
NSTM, the assumption made within this work seems reasonable.
To deal with the fact that it cannot be verified that the correct shear-strain is obtained
during the simulations with NSTM, sensitivity analyses are done for which G is varied within the given interval. Even though the winching tests were best modelled with
G = 2.2 MPa, the dynamic behaviour of the trees for the whole range of G, identified in
Section 3.3.1 by means of theoretical considerations shall be investigated. For this reason,
a new set of simulations assuming either G = 6.3 MPa or G = 10.35 MPa was carried out.
It was assumed that G mainly affects the response of the lower part of the tree stem and
the root-soil plate. Thus, only the translation and rotation of the root-soil plate as well
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as the translation at 0.02H were studied. All calculations were performed until t = 80 ms
after the initial impact to gain insight in the post-impact response of the tree structure
(In this section, the post-impact phase was assumed to start at t = 40 ms).
The most appropriate value to be used for the numerical simulations was G = 2.2 MPa
(Figures 3.33 and 3.34). All curves showed almost identical behaviors until t ' 20 ms,
independent of G. For t > 20 ms, the curves started to diverge. For G = 6.3 and 10.3 MPa,
no large individual difference was observed. Compared to G = 2.2 MPa, the response of
the root-soil plate and of tree stem was always underestimated. Larger displacements were
predicted for G = 10.3 MPa than for G = 6.3 MPa. One hypothesis is that for a larger
G, σeqv = 0.035 N/mm2 was reached faster (in accordance to Hooks law), causing the soil
to fail and resulting in a softer behaviour.
The post-impact behaviour of the root-soil system is extremely difficult to predict. This
implies predicting fracture patterns in the soil, breakage and slipping of the roots. As it can
be seen in Figures 3.33 and 3.34, the post-impact behaviour could be predicted fairly well
using G = 2.2 MPa. For tree 4008, a very good agreement was obtained until t = 80 ms,
for both the translation and the rotation. For trees 2005 and 4007, the trend that the
rotation of the root-soil plate increases with time was predicted correctly, although the
absolute values were different. For tree 4010, the rotation decreased for t > 55 ms. In
NSTM, the rotation was more or less constant after t ' 40 ms, independent of G. For
the translation of the root-soil plate (for all the trees) no influence of G was found. The
translation of the root-soil plate for tree 4007 shows both a correct trend and a correct
absolute value. Also the decrease in translation can be observed after t ' 70 ms. For tree
4010, the translation was well predicted up to t ' 50 ms; thereafter, a similar divergence
as for the rotation can be seen.

Figure 3.32: Calculated maximum shear-strain γ in the surrounding soil for tree 2005 evaluated
at t = 40 ms. The initial conditions for the trolley are given in Table 3.5.

One hypothesis is that the tree response is not affected by the value of G during the first
part of the solution t < 40 − 50 ms; due to the highly dynamic behaviour of the tree
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structure, the main parameters effecting the tree response are the masses and the inertias
of the root-soil plate and the surrounding soil. These properties of the root-soil plate and
the surrounding soil are believed to be important as they affect the movability of the
lower part of the tree structure. The findings in this section indicate that the choice of
G = 2.2 MPa for the numerical simulations of the full-scale impact tests was reasonable.
How the choice of G, the size effect of the surrounding soil, and how strain rate effects of
the soil affect the tree response are further discussed in Section 3.7.1.
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Figure 3.33: Measured (the full-scale impact tests) and calculated (the NSTM) root-soil rotation θ (upper), root-soil translation (middle), and translation at 0.02H (lower) as a function
of time t for different G for trees 4008 and 4010. The translation and rotation of the rootsoil plate were evaluated from video camera recordings whereas the translation at 0.02H was
integrated from the measured acceleration.
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Figure 3.34: Measured (the full-scale impact tests) and calculated (the NSTM) root-soil rotation θ (upper), root-soil translation (middle), and translation at 0.02H (lower) as a function
of time t for different G for trees 4007 and 2005. The translation and rotation of the rootsoil plate were evaluated from video camera recordings whereas the translation at 0.02H was
integrated from the measured acceleration.
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3.6.2 Equivalent soil strength σeqv
In order to model the failure surface between the root-soil plate and the surrounding
soil, it was assumed that the roots are pulled out of the soil. From this assumption,
an equivalent soil strength σeqv could be calculated (Section 3.3.1). This value was then
reduced because it was assumed that the roots were exposed to both bending and tension
forces which increase the load on the roots. In order not to overestimate the energy
absorption capacity for the soil, σeqv = 0.035 N/mm2 was used for all simulations carried
out so far (Section 3.3.2). To investigate the effect of different values of σeqv , calculations
with the originally estimated value σeqv = 0.07 N/mm2 were performed. The results were
afterwards compared to those obtained when assuming σeqv = 0.035 N/mm2 . For these
simulations, the shear modulus was G = 2.2 MPa. Only the translation and the rotation
of the root-soil plate, as well as the translation at 0.02H were studied. To gain a deeper
understanding of the post-impact response of the tree (In this section, the post-impact
phase was assumed to start at t = 40 ms), all calculations were performed until t = 80 ms.
The overall behaviour of the root-soil plate and of tree stem was stiffer with an increased
σeqv (Figures 3.36 and 3.37). However, the observed differences were minor. For the rotation of the root-soil plate, hardly any effect due to an increased σeqv was seen. For the
translation at 0.02H, and the translation of the root-soil plate, the response seems to be
independent of σeqv until t ' 40 ms. For t > 40 ms, a small divergence can be seen.

Figure 3.35: Comparison of the failure spread between the root-soil plate and the surrounding
soil when using two different values of the equivalent soil strength σeqv for tree 4007. Both
pictures indicate the deformation pattern at t = 80 ms. In the left figure, σeqv = 0.035 N/mm2
is used and for the middle figure σeqv = 0.07 N/mm2 . The deformations of the lower part
of the tree structure during the full-scale impact tests at t = 80 ms can be seen in the right
figure.

When studying how the failure between the root-soil plate and the surrounding soil spreads
using two different values of the equivalent soil strength σeqv , only a minor difference can be
seen (exemplified with one tree, Figure 3.35). In both cases, several elements erode and the
failure is extended to about half of the root-soil plate. The size of the failure zone computed
with the NSTM could not be compared with the size of the failure zone that occurred
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during the full-scale impact tests. This because the latter could not be measured due to the
low resolution of the high-speed cameras (Figure 3.35, right picture) used to monitor the
impact. Furthermore, measuring the size of the failure zone during the full-scale impact
tests using the same definition as used in NSTM cannot be done as this requires that the
root-soil system is excavated without disturbing the surrounding soil. Figure 3.35 shows
that the smaller σeqv yielded a slightly larger failure zone which explains the larger tree
displacements when using σeqv = 0.035 N/mm2 instead of σeqv = 0.07 N/mm2 (Figures
3.36 and 3.37). Despite the increase of σeqv by a factor of two, only small differences in the
tree response and in the spreading of the failure zone could be observed. For this reason,
the meaningfulness of the assumed values of σeqv should be further investigated; especially
considering that no methods to compute σeqv and no values to calibrate the findings of
this thesis were found in literature.
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Figure 3.36: Measured (the full-scale impact tests) and calculated (the NSTM) root-soil rotation θ (upper), root-soil translation (middle), and translation at 0.02H (lower) as a function of
time t for different σeqv for trees 4008 and 4010 until t = 80 ms. The translation and rotation
of the root-soil plate were evaluated from video camera recordings whereas the translation at
0.02H was integrated from the measured acceleration.
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Figure 3.37: Measured (the full-scale impact tests) and calculated (the NSTM) root-soil rotation θ (upper), root-soil translation (middle), and translation at 0.02H (lower) as a function of
time t for different σeqv for trees 4007 and 2005 until t = 80 ms. The translation and rotation
of the root-soil plate were evaluated from video camera recordings whereas the translation at
0.02H was integrated from the measured acceleration.
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3.6.3 Strain-rate effects
Wood exhibits strain-rate effects, i.e. the material strength increases when the load is
applied rapidly. This effect is more pronounced perpendicular than parallel to the wood
fibre direction. For Norway spruce trees (Picea abies (L). Karst) in green conditions, no
information was found how the strength increases with the strain-rate. Therefore, this
effect was neglected in NSTM (Section 3.2.1). This assumption is supported by the values
given in [87], where calculations with and without strain-rate effects have shown that
only a minor effect can be observed. During a simulated impact with a car on a wooden
post (Southern yellow pine (Pinus spp.), vimp = 9.6 m/s, mimp = 944 kg), the peak force
increased by ∼10% due to strain-rate effects. Furthermore, the evaluation of the full-scale
impact tests (Section 2.5) has shown that the strain-rate effects can be neglected when
evaluating the tree response [71]. In order to validate this assumption, the maximum
strain-rates for all four trees impacted with the trolley were investigated.
The strain-rate cannot be accessed directly in LS-Dyna, to calculate the strain-rate; the
strain in longitudinal direction was calculated and then differentiated with respect to time.
Only one element per tree was investigated. The element selected was the one that failed
first or the one with the highest stress. The data presented in [86, 87] give evidence that
strain-rate effects are negligible in the direction parallel to the wood fibre for < 10 s−1 .
During the simulation of the full-scale impact tests, the highest strain-rate detected before
material failure was ∼1.2 s−1 (Figure 3.38). Due to this moderate strain-rate, it seems that
neglecting the strain-rate effects in the wood fibre direction is a reasonable assumption.
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Figure 3.38: Strain-rate s−1 as a function of time t for four simulations of the full-scale impact
tests. The strain-rate was calculated in the direction parallel to the wood fibre for the element
with the highest longitudinal stress.

In the direction perpendicular to the wood fibre, the strain-rate effect is more pronounced.
For a strain-rate of ∼10 s−1 in perpendicular direction, a ∼10% increase in maximum
strength is reported while for 500 s−1 , the increase is ∼500% (for Southern yellow pine
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[86, 87]). For the perpendicular direction it was difficult to measure the strain-rate. The
question arises, which element shall be used due to the crushing of the wood material.
Studying the first impacted element, strain-rates up to 300 s−1 were calculated. In the
non-crushing zone, in the middle of the tree, values in the interval 10 − 30 s−1 were
observed.
The full-scale rockfall experiments presented in Section 2.7 were used to validate NSTM.
For these simulations, a maximum vimp = 38 m/s was used. Even for such a high vimp , it
was assumed that the strain-rate effects could be neglected. Calculating the strain-rate in
the same way as earlier, the maximum strain-rate in direction parallel to the wood fibre
was '3 s−1 . Even for 3 s−1 , no significant increase of the maximum strength in the parallel
direction is expected. For the perpendicular direction, a maximum value of '200 s−1 was
found. The larger strain-rate observed during the simulation of the full-scale impact tests
might originate from the shape of the impacting object. The radius in the front of the
trolley was 20 mm, meaning that the load was applied over a small surface. The rock used
to validate NSTM had a radius of 475 mm, i.e. the load was applied over a larger area.
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Figure 3.39: Calculated displacement for three different tree heights with and without strainrate effects as a function of time t.

Due to the large strain-rates perpendicular to the wood fibres, the overall behaviour of
the tree was further studied. This was done using tree 4010, which was impacted with
vimp = 17.4 m/s (Table 3.5). The default values for Southern yellow pine were used in
order to include the strain-rate [86, 87]. These values are obtained from fits to the data
available in the literature and are valid up to ∼1000 s−1 . The differences in displacement
from simulations with and without strain-rate effects were minor for all three tree heights
(Figure 3.39). Comparing the displacements at h = 6.6 m, for t = 40 ms, with the strainrate effects included, an increase of about ∼10% was observed. Furthermore, even when
the strain-rate effects were included, the tree stem failed. However, as it can be seen in
Figure 3.39, the overall response for t < 40 ms was hardly affected. This indicates that
the strain-rate effect was local and the influence on the overall tree response minor.
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In order to investigate the energy absorption capacity of the tree structure when including
the stain-rate effects for the wood material in the tree stem, one simulation was performed.
For this purpose, one of the trees used for the validation of NSTM was investigated
(Section 3.5.4). This tree was impacted by a spherical rock measuring 0.95 m in diameter
and the impact velocity vimp = 28.9 m/s was simulated (this tree is visualized in Figure
4.1). Also for this analysis, the default values for Southern yellow pine were used when
including the strain-rate effect [86, 87].
When including the strain rate effects and studying the energy absorption of the tree
structure up to t = 40 ms, a higher energy absorption capacity was found (Figure 3.40).
For t = 40 ms, the amount of absorbed energy in the tree structure increased by ∼8%
compared to the case when the strain-rate effects were neglected. This finding indicates
that the strain-rate is important when estimating the absorbed energy in the tree structure
when impacted by a spherical rock. However, due to the uncertainties in the material
properties and how the strain rate increases for Norway spruce trees in green conditions,
it is suggested to neglect the strain-rate effects for awaiting studies. Thus, the amount of
absorbed energy in the tree structure will not be overestimated and the obtained results
will be on the safe side. Furthermore, vimp = 28.9 m/s is a high impact velocity compared
to what is observed in nature. Therefore, is it believed that strain-rate effects are lower
in nature than in NSTM. Normally, the maximum vimp is about ∼24 m/s inside a forest
stand [33].
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Figure 3.40: Calculated absorbed energy Eabs in the tree structure for a tree impacted by
a spherical rock with and without strain-rate effects included in the wood material model
(*MAT− 143 ) as a function of time t. Himp = 1.75 m, DBH = 0.51 m, vimp = 28.9 m/s, rock
diameter = 0.95 m, and αimp = 38◦ . Note that when including the strain-rate effects, a higher
amount of energy is absorbed. This tree is visualized in Figure 4.1.
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3.7 Summary and discussion
A numerical singletree model (NSTM) was developed, which could simulate the rock-tree
interaction. In order to obtain a model giving accurate results, several different tests were
separately used to calibrate and validate the model.
To calibrate the NSTM, the behaviour of the wood material model was first validated
against the four-point bending tests (Section 3.2.2). Then, the winching and swaying
tests were separately used to verify the root-soil interaction (Section 3.5.1) and the correct
stiffness and mass distributions of the tree structure (Section 3.5.2), respectively. Due to
the well-controlled full-scale impact tests, accurate boundary conditions for the rock in
terms of impact velocity vimp , impact mass mimp , and impact angle αimp were obtained.
In order to verify the tree response during the rock-tree interaction, the results from
the numerical simulations were compared with the full-scale impact tests (Section 3.5.3).
These tests were performed with a lower energy than the initial energy required for a rock
to penetrate through the tree stem [31]. Full-scale rockfall experiments performed on a
natural slope were therefore used to validate the energy absorption capacity for higher
energy levels (Section 3.5.4). How the different tests are used to calibrate and validate
NSTM is shown in Figure 3.41.
The four-point bending tests

Winching tests

The four-point bending tests
were separately used to
calibrate the wood material
model (Section 3.2.2)
All input parameters needed for

The winching tests were
separately used to calibrate
the root-soil interaction
(Section 3.5.1).

NSTM now defined

Swaying tests
The swaying tests were separately used to validate the
mass and stiffness distribution of the tree structure
(Section 3.5.2).
Full-scale impact tests
The full-scale impact tests were separately used to validate
the rock-tree interaction and the tree response for an impact
energy < 120 kJ (Section 3.5.3).

Full-scale rockfall experiments
The full-scale rockfall experiment were separately used to
validate the energy absorption capacity for an impact
energy up to ~650 kJ (Section 3.5.4).

Figure 3.41: Schematic representation of how the different tests are used to calibrate and
validate the numerical singletree model (NSTM).
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3.7.1 Overall discussion
No literature on the mechanical modelling of the rock-tree interaction was found. The work
presented here may therefore be regarded as a pioneering effort to model and understand
the rock-tree interaction during a rock impact. Several assumptions and simplifications
were made when developing the numerical singletree model (NSTM). This model consists
of four major parts, which are indicated in Figure 3.42. How the made simplifications
affect the obtained results will be discussed for each of the these parts in the subsequent
paragraphs.

Trolley
Non deformable material
(MAT_RIGID). Initial conditions
according to Table 3.5.

Tree stem
Transversally isotropic material (MAT_143).
Mechanical properties according to Table
3.1.

Root-soil plate

Surrounding soil

Elastic material (MAT_ELASTIC)
with equivalent properties Eeqv, soil, and
νsoil. Material properties according to
Section 3.3.2.

Hydrostatic pressure-dependent soil material
(MAT_DRUCKER_PRAGER) with
additional failure criterion for the soil
(MAT_EROSION). Material properties
according to Section 3.3.1.

Figure 3.42: Schematic representation of the numerical singletree model (NSTM) and the
material models used for the different parts included in the model.

The wood material model: *MAT− 143 assumes a transversely isotropic behaviour even
though the wood material properties differ in all three fibre directions [108]. Wood is
also affected by the internal structure such as knots, annual tree ring widths, amount
of late and early wood, as well as by the rate of the applied load, etc. (Section
3.2). None of these factors were considered. In addition, some material constants
needed for *MAT− 143 were taken from the literature (Section 3.2.1). Because no
information was available about green fresh wood originating from Norway spruce
trees (Picea abies (L). Karst), data for dry knot-free wood samples were used. For dry
knot-free wood, the material properties are usually higher than for green wood [108].
Furthermore, the natural variation of the material properties was not investigated
even though the material properties vary significantly. For example, the natural
variation of the maximum strength in compression XC and tension parallel XT are
∼18% and ∼25%, respectively [108].
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The soil - material model: The shear modulus for small strains, Gmax , was characterized using empirical formulas as no field investigation was done to determine its real
value at the different test-sites. This means that Gmax was determined with a high
level of uncertainty. To obtain an improved value of Gmax , accurate field investigation should be performed [114]. In addition, the values of G, the internal angle of
friction φ, and the cohesion c0 are valid for homogeneous soil without any considerations to tree roots, large rocks, etc. Furthermore, G was reduced to match the
expected shear strain level γ in the soil during the impact (Section 3.3.1). To obtain
a realistic behaviour of the soil, the curve describing G as a function of γ should be
implemented. The soil-material model itself would then give the correct value for G.
This option does not exist for the used soil model, where only one value for G can
be implemented. Another possibility would be to iteratively change G until its value
matches the calculated γ. However, in LS-Dyna the average γ for the surrounding
soil cannot be obtained, only values for a single element can be obtained [97]. To
investigate the influence of the assumption of a constant shear modulus G throughout the entire simulation of the impact process, a sensitivity analysis was carried
out (Section 3.6.1).
Furthermore, soil like many other materials is sensitive to strain-rate. Thus, a rapid
loading increases G. The variation depends on the soil type; for a sandy soil the
effect is minor, for silt and clay soils, a relative small increase can be seen whereas
a significant effect can be seen for a pure clay soil [73]. For this study, a gravely soil
with sand was used. The increase in G for such a soil was not given in [73]. However,
if a comparison to sandy soils is done, the increase due to the strain-rate is believed
to be minor. Furthermore, for a soil with a low plasticity index (silt and sand), the
strain-rate effects can be neglected [114].
The soil damping was not considered. The damping of a soil-material cannot be
described by simple viscous damping (where the damping is assumed to be proportional to the velocity). The damping of the soil is best characterized by the so-called
hysteretic damping, which is a function of the plastic deformation [114]. However,
the damping is of secondary importance during a short dynamic event because the
maximum deformations occur after a very short time, before the damping has started
to absorb a significant amount of energy. This can be shown when studying the ratio
between the swaying period T of a structure and the duration of the applied force td .
In [22], a shock spectrum is given for a half-cycle sine pulse when varying both the
damping and the duration of the applied force. For such a pulse-force, the damping
does not affect the response when td /T is lower than ∼ 0.1. As td /T is about 0.01
for the full-scale impact tests, damping is believed not to influence the soil response.
In nature, the soil surrounding the root-soil plate is infinite. In this model, the portion of surrounding soil that was considered had a volume three times the size of
the root-soil plate. The shear and compression waves in the soil may be reflected
by the soil boundaries affecting the solution. For this reason, the size of the surrounding soil should be chosen so that the solution is not intolerably influenced
by the reflected waves [114]. In LS-Dyna, a possibility exists to include so-called
non-reflecting boundaries. Damper elements are then placed at the soil-boundaries
to absorb the wave energy [49]. This approach only works as long as the soil be-

106

3.7 Summary and discussion
haves linearly. To ensure a linear behaviour of the soil, a large soil volume must be
modelled, which increases the number of nodes and elements, and thereby the simulation time. For these simulations, G = 2.2 MPa and t = 40 ms were used. Using
Eq. 3.23, the shear wave velocity Cs = 37 m/s, was obtained. The travel distance
of the shear waves is then ∼1.5 m. For small root-soil plates, like in the case for
small DBH, where the shear waves reach the outer boundaries more rapidly, the size
might affect the solution. For large DBH, the effect is minor. How the size of the
surrounding soil and the non-reflecting boundaries influence the tree response was
not investigated.
The modelling approach for the root-soil plate: A simplified approach was used to account for the decrease in the equivalent elasticity Eeqv of the root-soil plate as a
function of the distance from the tree center line, r (Section 3.3.2). Using the ‘Ruleof-mixtures’, it was possible to show that Eeqv ∝ r−4 [121] (Eq.3.33). In NSTM,
the root-soil plate was modelled as one single elastic body with smeared properties,
and branching of the roots was not explicitly considered. There might be an large
number of power laws that could be used, as the relation between Eeqv and r−4 is
a combination of root branching pattern, G, CSA, and EL , etc. Using the winching tests to calibrate the stiffness of the root-soil plate, it was shown that the best
modelling approach was Eeqv ∝ r−6 (Section 3.5.1).

θ

u

θ

Figure 3.43: Schematic representation of the difference between a root-system that only rotates
(left) and one that both translates and rotates (right). θ = rotation of the root-soil plate,
u = translation of the root-soil plate.

During the full-scale impact tests it could occur that the root-soil plate was separated from the surrounding soil (Figure 3.17). In order to model this separation,
an equivalent soil-strength σeqv was calculated. This was done assuming the tree
roots being evenly distributed around the root-soil plate and to be pulled out of the
soil (Section 3.3.2). Another approach is mentioned in [10], where the uprooting is
modelled as a shear failure along a failure surface outside the extent of the root-soil
plate. The overturning of the tree is then governed by the radius of the root-soil
plate and by the soil strength, which is a function of the overburden pressure, φ,
and c0 [10]. This approach was not used because it does not mirror what was observed during the full-scale impact tests, where the root-soil plate both rotated and
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translated (Figure 3.43). With such a combined failure, no overburden pressure acts
on the whole failure surface and the shear strength depends upon c0 only (c.f. Eq.
3.22). For a GW-GM soil, as for the full-scale impact tests, the shear strength would
be zero because c0 = 0.
When applying the failure criterion to the soil, the same σeqv was applied to every
finite element in the surrounding soil (Section 3.3.2). In nature, σeqv will decrease
with distance from the tree center line r as the amount of tree roots decreases. Thus,
at a certain distance, σeqv will be zero. However, this was not considered in NSTM as
the surrounding soil was not infinity large. In NSTM, a constant value of σeqv with
increasing radial distance and depth was used. In order to investigate the influence of
σeqv on the tree response, sensitivity analyses were carried out. From these analyses,
it could be shown that only a small difference in the tree response and the spreading
of the failure zone occurred (Section 3.6.2). Furthermore, independently of the value
of σeqv , it was observed that the root-soil plate separated from the surrounding soil
at the expected location as seen in Figure 3.35. Due to this, is it believed that the
method used to estimate and to model σeqv was reasonable.
When determining how Eeqv decreases with r and when estimating σeqv , the size of
the root-soil plate was needed. However, the used size was taken from static winching
experiments. Thus, it was assumed that the size of the root-soil plate is identical
during a dynamic and a static excitation. As mentioned earlier, some trees were
uprooted during the full-scale impact tests (Figure 3.17). Unfortunately, the size of
the root-soil plate was not measured after completion of these full-scale impact tests.
This must be further investigated as the size of the root-soil plate is an important
input parameter for the NSTM.

3.7.2 Validation of the first natural frequency f1
The NSTM showed a stiffer behaviour than a tree in nature. The calculated first natural
frequencies f1 , were overestimated for three of the four investigated trees (Table 3.6).
Some factors contributing to this difference are:
• The extension of the branches (angle and length) was not modelled in NSTM. In
nature, the branches are leaning due to the gravity and thus will affect the center
of gravity. The effect of not modeling the branches with the correct extension was
not investigated within this study. However, is it reported that f1 can decrease as
much as 28% when modeling the extension of the branches [52]. This value shall
be compared to 19.3% which was the maximum difference found during this study
(Table 3.6). One hypotheses that explains why f1 decreases when the branches are
modeled is that the branches completely change the dynamic system and that a
swaying mode, which contains both branch and stem movement is initiated.
• The wood material was assumed to be constant over both the cross-section and the
height. However, it is known that the wood density ρwood increases with increasing
tree height and that the Young’s modulus EL decreases with increasing tree height
[69]. Both these factors influence f1 in the same way: (1) when increasing ρwood , the
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modal mass m∗ increases hence f1 decreases and (2) with increasing EL , the modal
stiffness k ∗ decreases hence f1 will decrease (c.f. Eq. 2.1).
• The mechanical properties of the bark were neglected over the whole tree height,
i.e. the mass of the bark was not considered. When neglecting the mass of the bark,
f1 would be overestimated. When removing the bark, also the stiffness of the tree
stem will decrease. When considering both the mass and the stiffness of the bark,
f1 could be either over or underestimated depending on the material properties of
the bark (c.f. Eq. 2.1).
How the observed differences between the calculated and measured f1 affect the tree
response during the rock-tree interaction was not investigated within this study. Further
studies should therefore be carried out in order to investigate if the effect of including the
branches in the numerical model will improve the prediction of the tree response.

3.7.3 Calibration using full-scale impact tests
During the full-scale impact tests, the tree stem failed for trees 2005 and 4008. No failure
was observed for the two other trees (4007, 4010). In NSTM, the only tree without failure
was tree 4007. For this tree, the correct displacements were estimated for all the three
sensors placed at different heights along the tree stem. A failure mostly occurs because a
too low material strength is used. However, the four-point bending tests used to calculate
the maximum strength in compression XC and tension XT in longitudinal wood fibre
direction does not indicate that these values shall be increased (Section 3.2.2). Some
other reasons explaining the failure of the tree trunk might be:
• The material properties in a tree stem are not constant over the cross-section and
the tree height as assumed in NSTM [19]. Furthermore, the mechanical response
of wood is strain-rate dependent. Neglecting this effect, the maximum strength is
underestimated (Section 3.6.3). However, it was shown that the influence of the
strain-rate effect on the tree response is minor (Figure 3.39), and that the tree stem
failed even when this effect was considered. It is believed that this effect is very
local and thus only affects the maximum strength at the impact location. However,
neglecting the strain-rate effect, the amount of absorbed energy in the tree structure
is underestimated (Figure 3.40).
• Comparing the measured and the computed decelerations in the trolley, the peak
deceleration of the latter was always higher. A overestimated deceleration gives
larger forces acting on the tree. Furthermore, the computed deceleration always
dropped to a lower value faster in NSTM than during the full-scale impact tests
(Figure 3.24). This might be due to the fact that the bark was neglected in NSTM.
In reality, the presence of bark might induce a softer penetration of the trolley into
the tree stem; thus decreasing the peak deceleration and delaying the decrease in the
deceleration. The effect of the bark was not investigated due to lack of quantitative
material properties. Another possible explanation could be that for the numerical
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simulation, it was assumed that the trolley impacted the tree with a given αimp
and vimp ; no other movements were allowed. During the full-scale impact tests, a
rotational movement for the trolley was observed and the trolley slipped against the
tree stem causing a lower deceleration (Figure 3.1).
• The accuracy of the measured tree diameter and the amount of bark on the tree
stem influence the tree response (Figure 3.31). For a tree with DBH = 0.44 m,
and an accuracy 0.01 m, the bending moment of inertia changes with ∼10% and the
tree can withstand larger forces and absorb more energy (how the size of the tree
in terms of DBH influences the energy absorption capacity is further investigated in
Section 5.1.2).
Comparing the calculated stem base rotation and translation a good agreement was obtained until t = 40 ms (Figures 3.27, 3.28). For the sensitivity analysis performed, a large
difference was mostly seen for t > 40 ms (Figures 3.34, 3.33). When the tree translates,
the soil compacts and the stiffness increases. This stiffness increase depends upon the
porosity, the soil type, etc. In order to model this accurately, the relationship between the
stress and volumetric strain must be known. In this study, this relation was not available
and therefore, a perfect agreement cannot be expected. However, for different G, no large
difference in the tree response up to t = 40 ms was obtained.

3.7.4 Calculated vs. measured energy absorption for full rock
penetration
The measured energy absorption capacity as a function of DBH obtained from the field
experiments compared with the values calculated using NSTM showed an excellent agreement (Figure 3.31). In both cases, a non-linear increase in absorbed energy as a function
of DBH was observed (Figure 3.31). The general trend was that NSTM overestimated the
energy absorption capacity for DBH > 0.55 m, and underestimated it for DBH < 0.25 m.
Between these values, NSTM was able to predict the absorbed energy for a single tree
correctly. The observed differences might originate from several reasons:
• The full-scale rockfall experiments were performed on trees growing in a completely different stand, with different expositions, growth conditions, and history.
The NSTM was developed for Norway spruce trees. In the experiments, Silver fir
trees (Abies alba) were impacted. Even though these trees are much related to Norway spruce trees, neither the material properties nor the size of the root-soil plates
are the same. The fracture energy for wood, originating from Norway spruce trees,
is ∼90% of the one for Silver fir trees [31]. Furthermore, winching tests on Silver
fir trees have shown a larger resistance to uprooting than for Norway spruce trees
[113].
• No information about the soil characteristics such as G, c0 , and ρsoil etc. for the
study site in Grenoble was available. Therefore, the same soil properties as for the
calibration of the full-scale impact tests were used. During the sensitive analysis of
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G (Section 3.6.1) and σeqv (Section 3.6.2), it was shown that their influence was
minor on the tree response within the investigated intervals. However, it cannot be
known that these intervals cover the actual values for the test-site in Grenoble.
• As mentioned earlier, Himp was recalculated because two different definitions were
used (Figure 3.30). The energy absorption depends on Himp and αimp . A correct comparison can therefore be done only when these two factors are perfectly known. (See
Sections 5.1.2 and 5.1.4 how Himp and αimp affect the energy absorption capacity.)
• The vimp was measured in down-slope direction using video-cameras (Figure 2.23).
No information about the velocity in cross-slope direction was obtained. Because
the cross-slope component of the rock velocity was neglected, uncertainties in vimp ,
and also in the absorbed energy might be expected. Furthermore, if an error is
introduced in vimp , this error is increased by the power of two when the energy
absorption capacity of the tree is calculated.

3.8 Conclusions
It was shown that the complex interaction between a rock and a single tree could be simulated using the finite element method. Despite the natural variations in the wood material
properties, the soil, the complex interaction between single roots and the surrounding soil,
the developed numerical singletree model (NSTM) gave results, which agreed with observations done during the full-scale impact tests (Section 3.5.3) and the full-scale rockfall
experiments (Section 3.5.4).
It was found that NSTM can predict both the tree response (Figure 3.26) and the energy
absorption capacity (Figure 3.31) accurately during the first phase of a rock-tree impact,
which was defined as the rock-tree interaction until 40 ms after the initial impact. Furthermore, sensitivity analysis showed that neither the strain-rate effects (Section 3.6.3),
the shear modulus of the soil G (Figures 3.34 and 3.33), nor the equivalent soil-strength
σeqv (Figures 3.37 and 3.36) are factors that influence the tree response significantly. However, when performing simulations using NSTM, it could be shown that the amount of
energy absorbed in the tree structure decreased when the strain-rate effect was neglected
(Figure 3.40). The observed decrease was only 8% when neglecting the strain-rate effect.
Therefore, one hypothesis is that the material properties for the soil and the tree stem
are not the main factors controlling the tree response and the energy absorption capacity
during the first part of the rock-tree impact t ≤ 40 ms. Due to the highly dynamic behaviour of the tree structure when exposed to an impacting rock, it is believed that the
dynamic properties such as the mass and inertia distributions for the root-soil plate and
the surrounding soil are very important as they affect the movability of the lower part of
the tree structure.
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4 Reliability of the numerical singletree
model
The aim of this section is to discuss the reliability of the numerical simulations and to
define a failure criterion for the numerical singletree model (NSTM). During the full-scale
impact tests with the trolley, more than 90% of the initial energy was absorbed during the
first 30 ms (Figure 2.19). This was independent of the impact velocity vimp , impact mass
mimp , and impact angle αimp of the trolley. In order to study how NSTM could predict the
energy absorption capacity for the tree structure when impacted by rocks with a higher
energy level, the full-scale rockfall experiments performed on a natural slope were used
(Section 3.5.4). When simulating these experiments both a higher vimp and mimp were
used. Also then, the energy was absorbed rapidly (Figure 4.1). However, the question
remains: ‘What happens in the tree structure during a rock impact and to what extent
can the numerical simulation reproduce this process?’ To study this, NSTM was used to
investigate the deformed shape of the tree structure as a function of time and absorbed
energy (Figure 4.1).
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Figure 4.1: Absorbed energy Eabs in the tree structure as a function of time t together
with different deformation modes (including the time) for a rock impact at Himp = 1.75 m,
DBH = 0.51 m, vimp = 28.9 m/s, rock diameter = 0.95 m, and αimp = 38◦ . Note that ∼56%
of the final absorbed energy is absorbed in t ∼ 16 ms.
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The deformed shape of a tree when impacted by a rock is shown in Figure 4.1 as a function
of time t and amount of absorbed energy Eabs (the tree shown is one of the trees used to
validate the NSTM in Section 3.5.4). After t = 8 ms, the tree stem was already broken.
However, the tree structure had only absorbed ∼27% of the finally absorbed energy (487
kJ). After t = 16 ms, the tree stem was separated into two parts with large damage to
both the tree stem and root-soil system while ∼56% of the final energy was absorbed.
After t = 32 ms, there was severe damage in both the tree stem and the root-soil system
and the rock started to penetrate the tree stem. At this stage, ∼81% of the final energy
was absorbed. For the two last deformation modes, t = 56 and 72 ms, practically no
additionally energy was absorbed. However, it can be seen that the root-soil plate started
to rotate. Thus, depending on how the allowed deformation patterns of the tree stem
and the root-soil system are defined, the amount of absorbed energy in the tree structure
varies significantly.
No information exists on how a tree reacts and on what kind of displacements can be
expected during a real rock impact. The experiments performed in Grenoble - which
are the only existing where the rock penetrates through the tree - were recorded with
video cameras using a frequency of 25 Hz. For these experiments, the time between two
frames in the movie is 40 ms and thus no accurate information about the displacements
as a function of time were obtained. In NSTM, when modelling the full-scale rockfall
experiments [31], the rock was assumed to impact the tree centrically so that symmetry
boundary conditions could be used. This assumption constrains the numerical model so
that the rock must penetrate into or go through the tree stem. This implies that when the
tree stem is broken, the rock is forced to push the remaining tree stem in front of itself,
causing additional energy to be absorbed (Figure 4.1, t = 56 and 72 ms). The question is
whether this is realistic? During a real rock impact in nature, it would be possible for the
rock to bounce away from the tree structure due to inhomogeneous material properties
causing imperfections, non-perfectly centric impact, or even a non-symmetric breaking
zone.
To what extent can then the numerical simulation reproduce what is happening in the tree
structure during a rock impact? Are the stages t > 32 ms (Figure 4.1) realistic, or has the
rock already bounced away from the tree stem, due to the damages in the tree structure.
As seen in Section 3.5.3, the behaviour of the tree structure could be accurately predicted
by NSTM until t = 40 ms. The post response behaviour, defined here as t > 40 ms, was
not perfectly predicted (Figure 3.33). During the full-scale impact tests with the trolley, it
was seen that more than 90% of the initial energy was absorbed in less than 30 ms (Figure
2.19). Furthermore, in the example given above (Figure 4.1), ∼78% of the finally absorbed
energy was absorbed during the first 30 ms. Thus, it is believed that NSTM can predict a
rock tree impact accurately until at least t = 40 ms after the initial impact. Thereafter,
different phenomena such as the behaviour of the root-soil system under dynamic loading
and the movements of the tree crown start to play a more significant role. In order to
predict this, the fracture patterns in the soil, breakage, and slipping of the roots must
be modelled correctly. More knowledge and further research would be required to model
this accurately. Therefore, it was decided to define the energy absorption capacity Ecap
for the tree structure as the energy absorbed within the first t = 40 ms after the initial
impact. When defining the failure criterion based on the time span for which the NSTM
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can predict the tree response accurately and applying this criterion to the rock-impact
shown in Figure 4.1, it can be seen that ∼87% of the finally absorbed energy is absorbed
within the first 40 ms.
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Figure 4.2: Comparison between measured (•) and calculated (¨ and ?) energy absorption
capacities Ecap for the tree structure as a function of DBH. The error bars indicate the
error in the kinetic energy when assuming 10% accuracy of vimp [95]. The absorbed energy
is here defined as the energy absorbed during the first 40 ms (with (¨) and without (?)) the
rotational kinetic energy of the rock. Observe that for DBH = 0.58 m, an unrealistically high
vimp ∼ 38 m/s is used for the simulation (compared to nature) and therefore, this result shall
be treated with caution.

Using the definition given above, the energy absorbtion of the NSTM simulations of the
tree impacted during the full-scale impact experiments (Section 3.5.4) can be readily estimated. These results, with and without taking into account the rotational kinetic energy,
are plotted in Figure 4.2 were they are compared against the experimental values. When
neglecting the rotational kinetic energy, the agreement between the experiments and simulations are excellent. The values that include the rotational kinetic energy are about 25%
larger. This result was expected because in the tests, the angular velocity was measured
only with large uncertainties and therefore neglected; hence the rotational kinetic energy
went unaccounted. Figure 4.2 is similar to Figure 3.31. However, in the former, the energy
absorbtion capacity of the simulations (without rotational kinetic energy) is somewhat
larger than in the latter. This difference is due to the different procedure used to calculate
Ecap . In Figure 3.31, Ecap was computed from the total velocity decrease that the rock
experienced during the entire impact process (Section 3.5.4) while in Figure 4.2, Ecap was
computed taking into account only the first 40 ms of the impact process.
The slightly different Ecap obtained from the NSTM and from the full-scale rockfall experiments might originate from the fact that the simulations and the experiments considered
different tree species with different stand characteristics. To gain a complete understand-
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ing of the differences between the numerical and experimental results, the reader is refereed to Sections 3.5.4 (description of the simulation’s underlaying assumptions) and 3.7.4
(discussion of the differences).
When developing NSTM, no consideration was given to the uncertainties and the natural
variations of the material properties within the tree stem and the root-soil system. Wood
is a living material, showing large variations in its properties due to different stands,
expositions, growth conditions, etc. Additionally, the material properties used for the
soil are valid for homogeneous soil without any considerations to tree roots, large rocks,
etc. Furthermore, the strain-rate effect for the wood was neglected in NSTM model even
though the energy absorption capacity is underestimated, as shown in Figure 3.40. As more
energy is absorbed in the tree structure for t > 40 ms after the initial impact (Figure 4.1),
it is believed that the used definition of the energy absorption capacity Ecap is on the safe
side. Thus, the used definition is believed to compensate for the natural variations of all
the material properties. The magnitude of this effects was however not investigated. As the
purpose of this work was to determine Ecap for a single tree, and implement the effect of
the forest in a coupled rockfall singletree model, it is important not to overestimate Ecap .
Overestimating the protection effect of a single tree would overestimate the protection
effect of a forest stand, which would have severe consequences. In order to study the
natural variations of all material properties, two possibilities are identified
• Using a statistical approach where all the material properties are varied within given
intervals and simulations are performed for the extreme values. With this approach,
the sensitivity in Ecap to the altered material properties can be investigated.
• Using a random process where the material properties for every finite element are
randomly calculated. For such an approach, a statistical distribution of the material
properties must be given and several simulations performed. In this way, the natural
variations of Ecap could be obtained.
In this study, the statistical approach is used for a spherical rock impacting the tree
stem. For the results of this study, see Section 5.1.6. The second approach mentioned,
which assumes that the material properties are randomly given to every finite element,
was not studied within this work. However, to obtain accurate information on how the
natural variations of material properties effect Ecap , it is suggested to perform full-scale
impact tests with larger energies and to carefully investigate the deformations of the tree
structure.
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This dissertation focuses on the interaction between an individual rock and a single tree
during an impact. The objective is to gain a deeper mechanical understanding of this
process and to quantify the energy absorption capacity of a single tree during a rockfall.
This was done by selecting the following research questions for further analysis:
• Where and to what degree is the energy absorbed in the tree structure during a rock
impact?
• How does the energy absorption capacity Ecap of a single tree depend upon the
diameter at breast height DBH and the impact height Himp above ground level?
• How does Ecap change with the impact angle αimp and how does the tree react when
the rock impacts the tree eccentrically?
• How do the material properties of the wood influence Ecap and is there a significant
difference in Ecap between a healthy tree and a tree with a partially rotten tree stem?
This chapter is structured in the following way. For every research question, a short
overview is given with the main assumptions for the particular simulation followed by the
results. First of all, it was investigated where and to what degree the initial rock energy
was absorbed during a rock impact: Is more of the energy absorbed in the tree stem
or in the root-soil system (Section 5.1.1)? Thereafter, the effect of different parameters
such as Himp and DBH (Section 5.1.2), eccentricity χ (Section 5.1.3), and αimp (Section
5.1.4) were investigated. Then, simulations were performed to study how a damaged tree
reacts during a rock-impact by modelling a part of the tree stem as hollow (Section 5.1.5).
Finally, the wood material properties were varied within specified intervals to study their
effects on Ecap (Section 5.1.6). The results are presented separately. The discussion of
the obtained results, the regression models, and the plausibility check of the results are
presented in Section 5.2.

5.1 General assumptions
For all simulations, a single tree standing on a slope with βs = 38◦ was studied as this was
the slope angle found during the full-scale rockfall experiments (Section 2.7). The material
properties for the soil and the wood were the same as for the validation of the numerical
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singletree model (NSTM) presented in Section 3.5. The rock was always modelled as a
perfect sphere, with a density ρrock = 2700 kg/m3 and impacted the tree centrically unless
otherwise noted. Five different trees were modelled using LS-Dyna in order to investigate
the rock-tree interaction. Not every tree was used for every simulation. To determine the
influence of Himp and DBH on Ecap all five trees were used; for the other simulations only
one tree was used. For the diameter and branch mass distributions for all the used trees,
see Tables A.4 and A.5.
Before performing the numerical simulations, the input characteristics of the rock such
as the diameter Drock , the impact velocity vimp , and the impact height above ground
level Himp have to be defined. To define the range of possible impact heights, literature
was investigated where rockfall trajectories for forest stands are measured. In [32], the
maximum Himp is ∼2 m, in [48] ∼2.5 m, and in [94] ∼1.5 m. These values all depend on
βs , on the characteristics of the forest stand, and on the bouncing height [103]. For a given
set of βs and Drock , due to geometric considerations, a minimum Himp exists (Figure 3.30).
The minimum Himp for each rock was calculated when creating the finite element model
of every tree using the LS-Dyna pre-processor (Table 5.1). Based on the maximum and
minimum Himp , the interval to be investigated could be defined. The case where the rock
impacts the tree stem and the root-soil system simultaneously as shown in Figure 1.3 was
not investigated. During the full-scale rockfall experiments in Grenoble [33], it was found
that the maximum vimp inside a forest stand was vimp '24 m/s (βs = 38◦ ). This value
was therefore used for all simulations as long as nothing else is indicated. The rotational
energy of the rock was assumed to be 20% of the total energy as suggested in [15].
Table 5.1: Minimum impact height Himp with corresponding relative impact height ηH , defined
as the ratio of Himp divided by the total tree height H, as a function of rock diameter Drock ,
and diameter at breast height DBH.

Drock
(m)
0.55
0.89
1.10
1.28
1.45

DBH
(m)
0.22
0.35
0.44
0.51
0.58

Minimum Himp
(m)
0.67
1.06
1.32
1.52
1.71

ηH
(%)
3.2
4.2
4.4
4.8
5.1

The general guidelines used by the forest practitioners, to determine whether a given rock
will be stopped inside a forest stand, are based on the density of tree stems and their DBH
[42]. For rocks in the range 0.4 m ≤ Drock ≤ 0.6 m and 0.6 m ≤ Drock ≤ 1.8 m, it is
recommended to use trees with DBH > 0.24 m and DBH > 0.36 m, respectively. As the
general guidelines relate the DBH to be used in a protection forest to the expected size of
the falling rock, it was decided to use the same principle here. In this study, trees in the
range 0.22 ≤ DBH ≤ 0.58 m (Table 5.1) are investigated and Drock is always defined
as
Drock = 2.5 DBH.
(5.1)
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It is worth mentioning that an accurate estimation of Drock is one of the major issues for
forest practitioners (Section 1.2). Its value depends on several factors such as the geology
of the site and the cracking zones within the cliff face etc. (Section 1.3.1).
R
[75] was used to investigate the results in
After the simulation with LS-Dyna, Matlab°
order to propose statistical relations how to calculate Ecap as a function of different tree
characteristics such as DBH, H, etc.

5.1.1 Where and to which degree is the initial rock energy absorbed
during an impact?
Assumptions
To study where and to which degree the initial rock energy is absorbed during an impact,
the four trees used to calibrate NSTM (Section 3.5) were used. To calculate the absorbed
energy Eabs , the strain, derived from the displacements, must be correctly calculated [24].
For these four trees, the relevant simulations using the NSTM showed that the displacements of the tree stem and the root-soil system during a rock-impact could be accurately
calculated (Figure 3.26). Therefore, these trees were chosen for further investigations. The
energy absorbed in the tree stem and the root-soil system was calculated as the sum of
the internal strain energy and the kinetic energy. Neither the hourglass energy, which is
defined as the work done by the forces that resist the hourglass deformations [49], nor the
remaining kinetic energy of the trolley was included in the analysis (after t = 40 ms the
trolley still has a small amount kinetic energy). As the trolley penetrates the tree, energy
is also absorbed due to friction. The friction energy is calculated internally by LS-DYNA
and can be studied after the calculation using a separate result file [49].

Results
The increase of the absorbed energy Eabs as a function of t was very similar for all four
trees (Figures 5.1, 5.2). First a rapid increase of Eabs was observed for the tree stem until
t ∼10 ms. Then, a more or less constant increase until t ∼15 ms, which finally reached
an average value of ∼58%, evaluated for t = 40 ms (Figures 5.1, 5.2). For the root-soil
system, a different behaviour was observed. During the first phase (t < 10 ms), only a
small amount of energy was absorbed. This was followed by a constant increase, finally
reaching a maximum average value of '36% absorbed until t = 40 ms (Figures 5.1, 5.2).
These results show that most of the energy was absorbed in the tree stem as strain and
kinetic energy. Adding the contribution of the friction energy to the energy absorbed in
the tree stem, '64% of the initial energy of the trolley was absorbed in the tree stem and
'36% in the root-soil system. Studying the relation between the strain and the kinetic
energy for the tree stem and the root-soil system, respectively, it can be seen that the
strain energy was always higher than the kinetic energy (Figures 5.1, 5.2). Thus, the major
part of Eabs was absorbed as strain energy in the tree stem and the root-soil system.
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A difference between the initial trolley energy and the calculated absorbed energy using
LS-Dyna can be seen (Figures 5.1, 5.2). For all four trees, less energy is absorbed than
the initial energy of the trolley. In average, the difference was about 10%. The reason why
energy is lost is carefully discussed in Section 5.2.1.
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Figure 5.1: Relative energy distribution (left figure array) and absolute energy distribution
(right figure array) as a function of time t, for three trees impacted by the trolley. The initial
energy for the trolley was 39.7 kJ (Tree 4007), 51.6 kJ (Tree 4008), and 119.8 kJ (Tree 4010),
respectively.
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Figure 5.2: Relative energy distribution (left figure array) and absolute energy distribution
(right figure array) as a function of time t, for one tree impacted by the trolley. The initial
energy for the trolley was and 86.9 kJ (Tree 2005).

5.1.2 Energy absorption vs. impact height and diameter at breast
height
Assumptions
Because of its shape, a tree has most of its mass located near the root-soil plate. Furthermore, as the tree absorbs most of the energy as strain energy (Figures 5.1, 5.2) a
rock, which impacts the tree high above the ground would behave differently than if the
rock hits the tree close to the ground. In the latter case, more mass must be translated.
Furthermore, due the shape of the tree, more strain energy can be absorbed if the rock
impacts the tree low as more energy is required to break the tree. For these reasons, it
is believed that for the same tree Ecap varies in function of the impact height Himp . To
study Ecap as a function of Himp , simulations were conducted with different Himp for five
different trees. As no information on how αimp changes with Himp was found in literature,
αimp = 38◦ was always used. How αimp effects Ecap is investigated in Section 5.1.4.

Results
During these analyses, two different failure modes were observed and each mode absorbed
energy in a different way. In the first mode, the tree stem fails, the tree is uprooted, and
the rock rolls down the tree stem (Figures 5.3 and 5.4), all these phenomena absorb energy.
On the other hand, in the second failure mode, the stem fails at the impact location and
close to the ground allowing the rock to fly through the tree (Figure 5.5). The latter failure
mode was observed for Tree 4004 only (Figure 5.5).
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Figure 5.3: Deformation modes for tree 4006 at different times t, from left to right:
t = 10, 40, 60, and 80 ms, DBH = 0.22 m, Himp = 2.37 m, αimp = 38◦ , vimp = 24.0 m/s,
Drock = 0.55 m. Notice that the rock is rolling down the tree stem and thus the tree absorbs
more energy.

Figure 5.4: Deformation modes for tree 4008 at t = 40 ms for different Himp , from left to
right Himp = 1.46, 1.80, 2.30, and 3.80 m, DBH = 0.35 m, αimp = 38◦ , vimp = 24.0 m/s,
Drock = 0.89 m.

Figure 5.5: Deformation modes for tree 4004 at t = 40 ms for different Himp , from left to
right Himp = 1.81, 2.89, 3.39, and 4.39 m, DBH = 0.58 m, αimp = 38◦ , vimp = 24.0 m/s,
Drock = 1.45 m. Notice the different failure modes for Himp = 1.81 m and the other Himp .
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The amount of absorbed energy in the tree structure increases with increasing DBH and
decreases with increasing Himp (Figures 5.6 and 5.7 left figure array). The time needed to
reach a certain value of Eabs increases with increasing Himp . This tendency can be seen
for all five trees (Figures 5.6 and 5.7). However, for three of the five trees (4004, 4010,
and 4008) no large difference in Eabs for different Himp until t '15 ms was observed. For
t >15 ms, the first effect of Himp was seen and the curves were separated from each other.
For the other two trees (4006 and 2005), the effect of Himp was seen before t ∼15 ms. The
reason for Eabs not to vary significantly with Himp during the first 15 ms is discussed in
Section 5.2.2.
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Figure 5.6: Absorbed energy Eabs in the tree structure as a function of time t (left figure array)
and energy absorption capacity Ecap as a function of Himp (right figure array) for trees with
different diameter at breast height DBH. For the right figure array, Ecap is defined as the
energy absorbed during the first 40 ms. The dotted lines and the star (?) in the right figure
array indicate Ecap when the rock impacts at 0.06H, where H is the total tree height.
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Figure 5.7: Absorbed energy Eabs in the tree structure as a function of time t (left figure array)
and energy absorption capacity Ecap as a function of Himp (right figure array) for trees with
different diameter at breast height DBH. For the right figure array, Ecap is defined as the
energy absorbed during the first 40 ms. The dotted lines and the star (?) in the right figure
array indicate Ecap when the rock impacts at 0.06H, where H is the total tree height.

Using the definition in Section 4, which suggests Ecap to be reached after t = 40 ms, the
values in Figures 5.6 and 5.7 (right figure array) were obtained. To determine the influence
of Himp and DBH on Ecap , the following steps were taken: 1) The energy absorbed for an
impact at 0.06H, E0.06H , was calculated by interpolating the values given in Figures 5.6
and 5.7 (right figure array) linearly, 2) The energy absorption capacity Ecap for different
Himp was normalized with respect to E0.06H giving the relative energy absorption capacity
η0.06H = Ecap /E0.06H . Normalizing the values against 0.06H is useful because it is close
to the minimum Himp for a given rock size (Table 5.1), and 3) The relative impact height
ηH was calculated as Himp /H.
A plot of E0.06H against DBH shows a non-linear increase (Figure 5.8). Investigating these
values with regression analysis, even though only five points were used, the model best
describing the relationship between DBH and E0.06H was
E0.06H = 3380.6 DBH2.45

0.22 m ≤ DBH ≤ 0.58 m

(5.2)

where DBH is given in meters and E0.06H in kJ (R2 = 0.99). Note that the coefficient in
Eq. 5.2 is not dimensionless. For a linear model forced to intercept with origin, R2 = 0.73
was obtained. However, the linear model was abandoned because E0.06H is overestimated
for low DBH (< 0.4 m) and underestimated for high values of DBH (>0.4 m).
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Figure 5.8: Absorbed energy E0.06H as a function of diameter at breast height DBH,
calculated with the numerical singletree model (NSTM) for the relative impact height
ηH = 0.06H (H = total tree height). The dotted lines between 0.22 m ≤ DBH ≤ 0.58 m
indicate the calculated upper and lower 95% confidence interval. The dotted line in the interval 0.0 m ≤ DBH ≤ 0.22 m indicates the shape of the equation when extrapolated towards
DBH = 0 m. The plausibility of the obtained results is discussed in Appendix A.4.
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Figure 5.9: Relative absorbed energy η0.06H as a function of relative impact height ηH calculated
with the numerical singletree model (NSTM). The absorbed energy was normalized against
E0.06H for Himp = 0.06H. No confidence interval is indicated for the best fit because there is
no physical meaning due to the arbitrary weighting done for the point ηH = 0.06, η0.06H = 1.0.

A non-linear decrease in η0.06H with increasing ηH was observed (Figure 5.9). A regression
analysis was performed to study their relation. In order to ensure the regression model to
intercept with the point for which the values were normalized (ηH = 0.06, η0.06H = 1.0), this
point was included and given the arbitrary weight 1000 during the statistical evaluation,
i.e. the regression model is forced through this point. The model best describing the
relationship between η0.06H and ηH was
η0.06H = −62.6 ln(ηH ) − 76.2

0.04 ≤ ηH ≤ 0.15

(5.3)
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where η0.06H is the absorbed energy in relation to the energy absorption capacity at
0.06H (R2 = 0.97). Fitting the data with a linear model, R2 = 0.87 is obtained. A
linear model overestimates η0.06H in the interval 0.06 ≤ η0.06H ≤ 0.12, which is the most
common interval for a rock impact and is therefore abandoned.

5.1.3 Energy absorption vs. eccentricity
Assumptions
The effect of an eccentric impact of the rock with respect to the tree center line is investigated in [31]. These experiments and the evaluation routine are carefully explained in
Section 2.7. The main finding in [31] is that lower amount of energy is absorbed by the tree
structure when the rock impacts near the tree stem edge than when it impacts the tree
stem centrically. The presented results are based on measurements on non-broken trees
where the rock do not penetrate through the tree stem. Furthermore, the rock velocity
before and after the impact, which is used to calculate the absorbed energy for the tree
structure is based on measurements obtained from video cameras. As video-cameras are
used, uncertainties might exist in the impact velocity. Because of this, the results given
in [31] must be verified. The question also arises if the behaviour of the rock is identical
when it penetrates through the tree stem and when it bounces back as when non-broken
trees are investigated.
Because of these reasons, two different scenarios were simulated: one where the rock is
penetrating through the tree, and one where the rock impacts the tree stem with a much
lower energy. The initial energy was set to 356 kJ when the rock penetrates the tree
(obtained from Eq. 5.2) and to 1/4 of this energy when simulating the lower energy level,
thus 89 kJ (this value was arbitrarily chosen). For these calculations, Himp = 1.46 m was
used. Furthermore, the rock can impact the tree at different heights because its position
above the slope surface is constantly changing. Therefore, to study how the effect of the
eccentricity changes with Himp , one calculation was done for Himp = 3.8 m. For this
calculation, the same initial energy of the rock as when the rock penetrated trough the
tree was used (356 kJ).
Slope direction
Tree

Rock

Ci-CTA

Figure 5.10: Definition of the horizontal distance between the impact location Ci and the
central tree axis CTA used to calculate the eccentricity χ.
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In order to compare the results from NSTM with those in [31], the same definition of
the eccentricity was used. Thus, the eccentricity χ was defined as the horizontal distance
between the impact location and the central tree axis Ci − CTA, divided by the radius
0.5 DBH of the tree χ = (Ci − CTA)/(0.5 DBH) (Figure 5.10 gives a visual definition of
this term). The energy absorbed up to 40 ms during an eccentric impact in relation to a
centric impact was expressed as ηecc . A comparison of the results obtained from NSTM
and those in [31], are given in Section 5.2.3.

Results
More energy was absorbed in the tree structure when the rock impacted the tree stem
centrically than eccentrically (Figure 5.11). However, in the latter case Eabs reached its
maximum value more rapidly (Figure 5.11). Both these observations were valid independently of the initial energy of the rock and Himp .
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Figure 5.11: Absorbed energy Eabs for the tree structure for different values of eccentricity χ
and initial energy of the rock 356 kJ (upper left) and 89 kJ (upper right), DBH = 0.35 m,
αimp = 38◦ , Drock = 0.89 m. The effect of χ for Himp = 3.8 m (356 kJ) can be seen in the
lower picture.
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Plotting ηecc as a function of χ, a non-linear decrease in ηecc with an increased χ was
observed (Figure 5.12). A different value for ηecc when using the same χ was observed
when the rock penetrated through the tree or impacted the tree with a lower energy
(Figure 5.12). Furthermore, a large difference in ηecc was also observed when the rock
impacted at Himp = 3.8 m. Thus, the effect of χ depends on both the energy level of the
rock and Himp . When the rock penetrated through the tree, the decrease in ηecc due to χ
was more pronounced than for a lower energy. The maximum difference was ∼27% and,
occurred for 0.5 ≤ χ ≤ 0.7 (Figure 5.12). Comparing ηecc calculated for Himp = 3.8 m
with the values calculated when using the lower energy (89 kJ), the largest difference
was ∼40%, and occurred for χ ∼ 0.5. This means that the energy level of the rock and
Himp must be considered when including the effect of the χ in a rockfall trajectory code.
However, when studying how ηecc and χ are related to each other on a statistical basis,
the effect of Himp was neglected. This simplification is supported by the fact that a rock
mostly impacts the tree stem low, and that NSTM only was calibrated for low centric
impacts (this is further discussed in Section 5.2.3). Due to this simplification, an average
value for ηecc as a function of χ was calculated using the two different energy levels, i.e.
the effect of χ was overestimated for small energy levels and underestimated for large
energy levels. Furthermore, how ηecc varies with Himp was not investigated as the effect
of parameters such as impact angle and how a damaged tree reacts to a falling rock were
considered to be more important.
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Figure 5.12: Measured and calculated energy absorbed in the tree structure for an eccentric
impact in relation to a centric impact ηecc as a function of eccentricity χ expressed in percentage. The average value is calculated between the two simulations done for Himp = 1.46 m.
The plausibility of the obtained results are discussed in Section 5.2.3.

Studying the reduction in ηecc , using the average values as a function of χ, it can be seen
that the curve can be approximated with a cosine curve, i.e. when the rock just touches
the tree χ = 1.0, ηecc = 0.0 and for a centric impact χ = 0.0, ηecc = 1.0 (Figure 5.12).
Furthermore, ηecc decreases slower for low values of χ and thereafter more rapidly. There-
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fore, a cosine curve was used to model the decrease in energy ratio ηecc as a function of
eccentricity χ
π
0.0 ≤ χ ≤ 1.0.
ηecc = cos( χ)
(5.4)
2
For different values of χ, the lateral movement was different (Figure 5.13). The movement
goes towards an asymptotic value that corresponds to the output angle αout . Calculating
αout for the rock trajectories given in Figure 5.13, the values in Table 5.2 were obtained.
It can be seen that αout increases with decreasing χ, i.e. the effect of the tree on the rock
trajectory was more pronounced for nearly centric impacts. For a scratch, only a small
change in αout was observed. One hypothesis explaining this observation might be that for
a nearly centric impact, the force acting on the rock in sideways direction is larger than
for a scratch due to the larger resistance of the tree structures to withstand deformations.
As the deviation depends on the force, a smaller deviation can be expected for a larger
χ. How the output angle changes in the vertical plane due to an eccentric impact was not
investigated within this study.
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Figure 5.13: Rock trajectories in the horizontal plane for different values of the eccentricity χ and the definition of the output angle αout in the horizontal plane, DBH = 0.35 m,
Himp = 1.46 m, αimp = 38◦ , vimp = 24.0 m/s, Drock = 0.89 m.

Table 5.2: Calculated output angle αout for the horizontal plane in relation to the impact
direction for different values of the eccentricity χ. For the definition of αout , see Figure 5.13.

χ
0.16 0.32 0.48 0.65 0.81 0.97
αout (◦ ) 19.9 23.6 19.9 13.4 9.6 0.8
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5.1.4 Energy absorption vs. impact angle
Assumptions
The direction of the rock trajectory is constantly changing during its movement down the
slope. Thus, also the bouncing height as well as the angle to the ground changes (using
the definition in Figure 5.14). This implies that for a rock impact, high up on the tree
stem, a flatter impact angle αimp would theoretically be expected compared to when the
rock impacts the tree close to the stem base. To investigate this effect, simulations for
αimp = 0, 20, 30, 38, 60, and 70◦ were performed, αimp = 38◦ was chosen because this
is the impact angle used for all computation presented so far in this section. For all the
simulations, vimp = 24 m/s was used.

imp

Figure 5.14: The impact angle αimp is defined as the slope of the tangent of the trajectory
when the latter intersects with the tree stem.

Results
For a low value of αimp , the maximum energy was reached more rapidly, but with a lower
magnitude even though the rock had an identical initial kinetic energy when impacting
the tree stem for every different angle (Figure 5.15).
For αimp > 60◦ , the energy absorption curves show a completely different behaviour.
The energy is absorbed slower than for lower αimp . However, maximum reached values
is higher (Figure 5.15). The reason for this difference can be related to the two different
failure modes observed (Figure 5.26). For a low αimp , the rock penetrates through the tree
stem whereas for a high αimp , the rock impacts the tree stem first, and then rolls down
the tree stem and finally impacts the root-soil plate (Figure 5.26). The reason for the rock
not to penetrate through the tree stem is believed to depend on the initial kinetic energy
of the rock. This is further discussed in Section 5.2.4.
Defining the energy absorption capacity as the energy absorbed in the interval
0 ≤ t ≤ 40 ms shows that the energy was more rapidly absorbed for low values of αimp
than for high values (Figure 5.16). For αimp = 0◦ and αimp = 60◦ , about 60% and 37% of
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the energy was absorbed at t = 15 ms compared to the energy absorbed at t = 40 ms,
respectively. Investigating the effect of αimp on Ecap , the maximum value was reached
for αimp ∼30◦ (Figure 5.16). No special effort was made to identify the exact angle for
which the maximum energy absorption capacity occurred. This was not deemed to be of
practical interest because of the large uncertainties affecting the model.
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Figure 5.15: Absorbed energy Eabs in the tree structure as a function of time t and impact
angle αimp . DBH = 0.44 m, Himp = 1.8 m, vimp = 24.0 m/s, Drock = 1.1 m. For larger αimp ,
more energy is absorbed due to different failure modes (Figure 5.26).
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Figure 5.16: Absorbed energy Eabs in the tree structure calculated using the numerical singletree model (NSTM) as function of impact angle αimp for tree 2005 evaluated for t = 40 ms,
DBH = 0.44 m, Himp = 1.8 m, vimp = 24.0 m/s, Drock = 1.1 m.

To study the influence of αimp on Ecap , the values were normalized with respect to the
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energy absorbed for αimp = 38◦ and expressed as ηαimp . This value was used because
the effects of Himp , DBH (Figures 5.2 and 5.3), and the eccentricity χ (Figure 5.12)
were investigated for this value. Investigating these values with regression analysis by
first identifying the overall shape of the curve, the model best describing the relationship
between αimp (given in degrees) and ηαimp was
ηαimp = 1.03 sin(1.46

αimp
π + 0.73)
180◦

0◦ ≤ αimp ≤ 70◦ .

(5.5)

5.1.5 Energy absorption of a damaged tree
Assumptions
Two different simulations on the same tree were performed in order to investigate how a
damaged tree reacts to a rockfall. To model the damages, the lowest four meters of the
tree stem were modelled as hollow, symbolizing the tree stem having negligible material
stiffness (e.g. a rotten tree stem). The hollowness was 1/3 (tree 1/3) and 1/2 (tree 1/2)
of the diameter of the tree stem cross-section, respectively. Ignoring damage of the rootsoil system is inappropriate because the rot normally originates from the tree roots and
spreads up the tree. Therefore, a tree is mostly rotten both in the root-soil system and
in the tree stem. However, no information about the degree of rot in the root-soil plate
as a function of a rotten tree stem was found. Due to this lack of data, it was assumed
that the tree had an intact root system. However, as seen in Section 5.1.1, the amount
of energy absorbed in the root-soil system accounts only for a minor part of the total
amount of energy absorbed by the tree structure. For this reason, the assumption of a
healthy root-soil should not severely affect the results.

Results
Independently of the size of the damages, Figure 5.17 shows that the healthy tree absorbs
the energy faster than the damaged tree. The reason for this difference is the failure of
the windward trunk wall. Already after 20 ms, the rock had penetrated so deep into the
trunk that the windward wall - which is impacted first - was pushed against the leeward
outer wall on the opposite side (Figure 5.18).
After t = 20 ms, the curves were getting closer and a similar behaviour was observed.
However, the absolute values were different: the healthy tree absorbed more energy than
the damaged tree. The largest difference (observed at t ∼10 ms) between the healthy tree
and tree 1/3 was ∼45 kJ (∼10%), and ∼85 kJ (∼20%) between the healthy tree and
tree 1/2, respectively. Using the definition that Ecap was reached after t = 40 ms, the
decrease in Ecap for tree 1/3 and tree 1/2 compared to the healthy tree was 3.3% and
15%, respectively. The reason for this minor difference in Ecap despite the huge damage
in the tree stem is carefully discussed in Section 5.2.5.
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Figure 5.17: Absorbed energy Eabs in the tree structure as a function of time t for the two
damaged tree stems (tree 1/3) and (tree 1/2) and the healthy tree.

Figure 5.18: Deformation modes of the damaged tree structure when removing 1/3 (tree
1/3, above) and 1/2 (tree 1/2, below) of the diameter at different times t, from left
t = 12, 20, 32, and 60 ms, DBH = 0.44 m, Himp = 1.6 m, vimp = 24.0 m/s, Drock = 1.1 m.

5.1.6 Sensitivity analysis for different wood material properties
Assumptions
In order to investigate the influence of different material properties on Ecap , a sensitivity
analysis was performed. The following parameters were varied within the given ranges:
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1. The effect of an increased and decreased strength of the wood material was investigated. The maximum strength for all directions was modified by ±25% because the
wood material properties normally show large natural variations as they are affected
by the moisture content, temperature, and internal damages such as rot etc. [16, 65].
2. During the winching experiments, EL was calculated to EL = 7634 ± 1803 MPa
(Section 2.4). Two simulations were therefore carried out, one for EL = 9437 MPa
and one for EL = 5831 MPa. To calculate the elastic constants ET , GLT , and GT R ,
their relationship with EL was used (Section 3.2.1). As the elastic constants are
used to determine the fracture energy, Eq. 3.15 is used with the calculated elastic
constants within this section in order to be consistent.
3. In order to study the influence of the density for the tree stem ρwood , one simulation
with ρwood = 700 kg/m3 was performed. No simulation was done for an increased
ρwood because ρwood = 800 kg/m3 is already regarded as a high value.
4. The final simulation was done for an increased value of the fracture intensities for
the perpendicular modes KI,II⊥ . The reason for only studying an increased value
of KI,II⊥ was connected to the fact that when the full-scale impact tests (Section 3.5.3.2) were simulated in NSTM, a failure was observed for three out of four
trees whereas during the experiment only two trees failed. As KI,II⊥ determines
the amount of energy, which is absorbed before failure in the tree stem, a suspicion exists that the values of KI,II⊥ assumed so far are too low. For the sensitivity
analysis, KI,II⊥ were therefore increased by 50% compared to the values used when
calibrating NSTM (Table 3.2). To calculate KI,II⊥ , Eq. 3.15 was used and a factor
of 10 was applied to calculate KI,IIk as suggested in [45].

Results
The effect of different material strengths on Eabs was not particularly pronounced (Figure 5.19 left figure). This indicates that Eabs is not sensitive to the wood material properties. Even though Eabs was almost identical for different strengths, different failure modes
were observed (Figure 5.20). For the lowest strength (-25%), the failure zone was larger
than for the highest strength and the rock penetrated more into the tree stem. Furthermore, the tree stem failed at three different locations. For the reference strength and the
higher strength (+25%), the failure modes looked much the same. For these two failure
modes, the tree stem failed at two different locations. Despite the different failure modes,
Eabs was more or less constant. This can be understood by studying Figure 4.1, which
shows that even when the cross-section of the tree stem has failed, the tree structure can
continue to absorb a significant amount of energy.
Evaluating Eabs at t = 40 ms, only a small difference can be seen (Figure 5.19, right figure).
The largest difference was found when increasing the fracture energy by 50%. Compared to
the reference values, Ecap increased approximately 5.3%. Increasing the maximum strength
with 25%, Ecap increased with ∼4.2%, and when decreasing the strength with 25%, Ecap
decreased by ∼4.8%. For an increased and decreased elasticity by 24%, the difference was
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∼2.4% and ∼-1%, respectively. Finally, when decreasing the density by 100 kg/m3 , Ecap
increased by ∼0.5%.
In order to study where and to which degree the initial rock energy is absorbed during
the rock impact, the energy was divided into strain energy and kinetic energy for the tree
stem and the root-soil system, respectively (Table 5.3). Calculating an average value when
changing the material properties within the given ranges for all the simulations performed
during the sensitive analysis, it was shown that ∼73% of the energy was absorbed in
the tree stem as strain energy (Table 5.3). Including the kinetic energy of the tree stem,
about 82% of the energy was absorbed in the tree stem. Thus, independent on the changed
material properties, most of the energy was absorbed in the tree stem.
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Figure 5.19: Absorbed energy Eabs in the tree structure for different material strengths as a
function of time t (left) and the energy absorption capacity Ecap for different material strengths
evaluated for t = 40 ms (right) for tree 4004 (observe that the x-axis in the right figure has
no meaning), Himp = 1.81 m, DBH = 0.58 m, αimp = 38◦ , vimp = 24.0 m/s, Drock = 1.45 m.

Figure 5.20: Deformation modes for tree 4004 at time t = 40 ms for different material strengths,
(left -25%, middle ±0%, right +25%)
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Table 5.3: Strain energy (SE) and kinetic energy (KE) absorbed for the tree stem (TS) and
the root-soil system (RSS) for the reference values used in NSTM and for different material
properties for tree 4004 evaluated at t = 40 ms. Both SE and KE are given in kJ.

Reference- Strength Strength Density Elasticity Elasticity Fracturevalue
energy
+25%
-25%
-12.5%
-24%
+24%
+50%
SE TS
552
599
536
553
550
539
566
SE RSS
68
88
56
73
72
71
84
KE TS
67
75
59
66
69
75
69
KE RSS
64
80
52
70
67
67
77

5.2 Overall discussion
For all simulations, a single Norway spruce tree (Picea abies (L.) Karst.) standing on a
slope with βs = 38◦ was used as this was the slope angle found during the full-scale rockfall
experiments (Section 2.7). The impacting rock was modelled as a sphere, impacting the
tree centrically if nothing else is indicated. The size of the rock Drock was always defined
as 2.5 times the diameter at breast height DBH of the tree stem (Eq. 5.1) and vimp
was always set to 24 m/s. The results were obtained for a variety of combinations of
DBH, Himp , and αimp . Trees adapt to growth conditions [19, 101] and therefore, trees
growing in other stands might show a different behaviour when impacted by a rock. The
transferability of the obtained results to other combinations and to different forests with
different expositions and climate needs to be further investigated.
During the computations carried out using NSTM, different failure modes were identified
and some behaviours occurred, e.g. the additional energy absorption capacity due to the
rock rolling along the tree stem (see Section 5.1.2), that are hardly observed in nature. For
this reason, the validity of the very general procedure established to compute the energy
absorption capacity of a single tree Ecap , i.e the energy absorbed during the first 40 ms
after the initial impact, should be further investigated. As explained in Section 4, this
definition of Ecap was chosen based on the fact that the deformations of the tree structure
tested in the framework of the full-scale impact tests could be accurately predicted by
NSTM up t = 40 ms (see Figure 3.26). It is believed that NSTM is able to predict the
deformations of the tree structure during the initial phase of the impact process also when
the impacting object and the impact location are different than in the full-scale impact
tests. However, the question is still open; exactly over which time-span NSTM is able
to correctly predict the deformations of the tree structure, depending on the occurring
failure modes.
To verify both the deformations and the failure modes of the tree structure, carefully
monitored experiments of a falling rock when impacting a tree can be used. However, only
two known experiments have been performed worldwide where the rock-tree interaction
has been carefully studied using video-cameras (Sections 2.5 and 2.7). Normally the rocktree interaction is not accurately studied as the exact position of the rock along the slope is
difficult to predict in advance. Furthermore, also the occurrence of the rockfall is difficult
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to predict. In the latter of these mentioned investigations, real rocks were studied. As
video-cameras with the sampling rate 25 Hz were used, only limited information about
the failure modes could be obtained (the time between two frames was 40 ms). These
data could therefore not be used to verify neither the observed failure modes nor the
deformations in the tree structure predicted with NSTM.
The major results obtained were four regression models, which can be used to predict the
energy absorption capacity Ecap of the tree structure. It was found that Ecap depends on
DBH of the tree stem, on the position of the impacting rock in terms of impact height
Himp above ground level, on the eccentricity χ in relation to the tree center line, and finally
on the impact angle αimp . These parameters all affect Ecap ; however, the most important
individual parameter is DBH. The different parameters are not independent of each other.
For example, when Himp increases, a different αimp can be expected. To obtain a complete
understanding of the rock-tree interaction, all possible combinations must be investigated.
However, this was beyond the scope of this work due to time limitations.

5.2.1 Where and to which degree is the initial rock energy absorbed
during an impact?
A single tree absorbs energy during a rock impact in several different ways: rotation and
translation of the root-soil system, deformation and oscillation of the tree stem, and local
penetration of the rock at the impact location [18, 71] (Figures 5.1 and 5.2). To understand
where and to which degree the initial rock energy is absorbed during a rock impact, it
is fundamental to understand what is happening when the rock impacts the tree. This
issue was studied when investigating the reliability of NSTM and discussed in Section 4
(Figure 4.1). When the rock impacts the tree, energy is first absorbed as strain energy
due to penetration of the rock into the tree stem. As the penetration continues and the
tree stem breaks (t ∼10 ms), the rock pushes the tree stem in front of itself and more and
more energy is absorbed as strain energy in the tree stem due to crushing of the material
in the impact zone, and rotation and translation of the root-soil plate. At this stage of the
impact, only a small amount of kinetic energy is absorbed in the tree structure. In the final
stage of the impact (t > 30 ms), only a small amount of energy is additionally absorbed
in the tree stem. In contrast, the energy absorbed in the root-soil system continues to
increase. The most dominant process is the energy absorption in the tree stem followed
by the translation and rotation of the root-soil system, whereas the kinetic energy due
to oscillation of the tree stem seems to be of secondary importance (Sections 5.1.1 and
5.1.6).
The full-scale impact tests on trees were used to evaluate where and to which degree
the initial rock energy was absorbed during a rock impact using the procedure described
in Section 2.5.2. It could be shown that about 4/5 of the initial energy of the trolley
was absorbed in the tree stem and that the remaining 1/5 was absorbed by the root-soil
system [71]. This finding indicates that the tree stem is of major importance in the energy
absorption process. Using NSTM, it was possible to qualitatively confirm the importance
of the tree stem showing that about 2/3 of the initial energy of the trolley is absorbed
in the tree stem and the rest in the root-soil system (Figures 5.1 and 5.2). The different
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results obtained from the two investigations might originate from several factors:
• The relation between the energy absorbed in the tree-stem and the root-soil system
seems to depend upon the initial energy or the shape of the impacting object. For
an impact with vimp = 24 m/s, using a spherical rock, simulations carried out by
NSTM indicated that about 82% of the energy was absorbed in the tree stem and
the rest of the energy in the root-soil system (Section 5.1.6).
• For NSTM, a 3-dimensional material model was used. In [71], the stress distribution
in the radial and tangential directions of the tree stem was neglected as an elastic
perfectly plastic material model was used. Furthermore, in [71], the amount of absorbed energy was evaluated until t = 105 ms. For t > 105 ms, the direction of the
trolley was reversed and it started to displace in the opposite direction. In NSTM,
40 ms was used as by then, it was concluded that the kinetic energy of the trolley
was approximately zero (Figure 2.19). The different time frames used when evaluating where the energy is absorbed might therefore influence the results. However,
as most of the energy (more than 90%) was absorbed during the first 30 ms (Figure
2.19) after the initial impact, this effects is believed to be minor.
• When evaluating the energy absorbed in the root-soil system due to rotation using
the procedure described in Section 2.5.2, it was assumed that the behaviour of the
curve describing how the stem base moment changes with rotation was identical
during a static winching experiment and a dynamic rockfall impact [71]. This might
be a critical assumption as the effect of inertia is difficult to determine. It is reported
that the root-soil system reacts differently to a dynamic load than to a static load,
and that the ultimate rotational moment increases [90]. However, the effect of the
inertia was not investigated separately in [90]. Accurate mechanical models predicting the mechanical resistance of the root-soil system due to static and dynamic loads
are currently not available.
Furthermore, four trees, within the range 0.35 m ≤ DBH ≤ 0.51 m, were investigated using NSTM. In [71], only one tree with DBH = 0.35 m was investigated. More trees covering
a wider DBH range and different energy levels should be studied in order to verify the
results obtained in this study as well as the results given in [71].
The energy was not perfectly conserved in the NSTM (cf. the values in the legend and
the absolute values presented in Figures 5.1 and 5.2. One way to investigate the amount
of conserved energy is to study the energy ratio. In LS-Dyna, the energy ratio is defined as the total energy divided by the sum of the initial energy plus the external work
[49]. In standard applications, this ratio should be 1.0, in more difficult applications and
calculations with element erosion, which are the most complicated ones, values around
0.95 and 0.9 can be expected, [97]. The reason that energy is lost can be related to a
technique called element erosion (See glossary for more information). Eroded elements
are completely removed from one time step to the next during the simulation. From a
physical point of view, this is not correct. Finite elements are a discretisation of a real
problem and an element cannot be removed partially during a single time step. For these
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calculations, an average energy ratio 0.93 was found. According to the guidelines given by
LS-Dyna, this value is acceptable.
Due to element erosion, the energy is not conserved during the simulations. As a consequence, the findings that about 2/3 of the initial energy of the trolley is absorbed in
the tree stem and ∼1/3 in the root-soil system might be uncertain. As most elements
erode in the tree stem, most of the lost energy should be added to the tree stem. Thus,
the results found in this study will be closer to the results given in [71]. However, the
amount of energy that should be transferred to the tree stem due to element erosion was
not investigated and therefore were these values not corrected.

5.2.2 Energy absorption vs. impact height and diameter at breast
height
Several simplified methods do exist how to quantify Ecap (Section 1.3.4). However, they
are empirical and neither all processes for which a tree absorbs energy nor the influence
of Himp are quantified. Solely using DBH to calculate Ecap is not sufficient, Ecap strongly
depends on both Himp and DBH (Figures 5.6 and 5.7).
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Figure 5.21: Comparison between computed (Numerical singletree model, NSTM) and predicted (regression models, Eqs. 5.2 and 5.3) energy absorption capacity Ecap for the tree
structure as a function of the impact height Himp .

Regression models were applied to estimate Ecap from a given set of DBH and Himp
(Eqs. 5.2 and 5.3). Comparing the values obtained using Eqs. 5.2 and 5.3, with the values
computed using NSTM (Figures 5.6 and 5.7, right figure array), only a small difference
was observed (Figure 5.21). This means that the regression models given here can be used
to predict Ecap accurately for a single tree. However, these two equations are only valid
within their respective ranges. The power law describing Ecap is sensitive to the change of
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DBH. Increasing DBH by 10% increases Ecap by ∼26%. Thus, an accurate measurement
of DBH must be done. The standard method nowadays is to measure DBH manually with
a slide calliper. This is done at the breast height (∼1.3 m) of the person carrying out the
measurement, thus the name ‘Diameter at Breast Height’. With this method, the height
for which DBH is measured differs from person to person, and so does DBH.
Comparing Ecap obtained from NSTM with the values obtained from the full-scale rockfall
experiments [31] and those given in [18, 62], NSTM gave the largest values (Figure 5.22).
The values given in [62] are based on the full-scale impact tests presented in Section
2.5. They represent the energy a single tree can absorb during the trolley impact, before
failure of the outermost leeward fibre of the tree stem is detected. In Section 4, it was
clearly shown that the failure of the outermost leeward fibre of the tree stem occurs well
before the energy absorption capacity of the tree structure is reached. When comparing
Ecap evaluated for the case where failure of the outermost leeward fibre of the tree stem
occurs (t ∼8 ms) with Ecap evaluated for t = 40 ms for a spherical rock impacting the
tree, the difference is a factor of ∼3.7 (Figure 4.1). Thus, defining Ecap according to [62],
a lower Ecap will be obtained. After the first failure, secondary failures that increase Ecap
can be observed. When Ecap is implemented in a coupled rockfall singletree model, it is
important to state how Ecap is defined as the value of Ecap depends on the definition used
as shown within this section. Thus, this can have sever consequences when estimating the
protective effect of the forest: For a rock bouncing down the slope, more trees must be
impacted in order to reduce the kinetic energy of the rock if the values given in [62] are
used compared to values given in this study. Thus, for the definition in [62], more trees
inside a forest stand or a longer protection forest are required in order to stop the falling
rock than with the definition presented in this work.
Figure 5.22 shows that the values obtained from NSTM are larger than those given in
[31]. For the calculations using NSTM, ηH = 0.06 was used, whereas ηH = 0.05 was used
(in average) for the results given in [31]. As a lower ηH was used in [31] than in NSTM,
it would be expected that Ecap given in [31] should be higher than Ecap obtained from
NSTM. However, the simulated results were larger. The differences in Ecap must then
originate from other factors. In NSTM, a constant vimp was used and Drock was always
calculated as 2.5 DBH (Eq. 5.1). For the results presented in [31], a constant Drock was
used while vimp varied. Thus, is it believed that Ecap depends on both Drock and vimp .
Furthermore, the natural variations of the wood material properties also influence Ecap .
This can be seen when studying the experimental data in [31] for Silver fir trees and
shown in Figure 5.22. For DBH = 0.41 m, a lower Ecap than for DBH = 0.4 m is found
and for the range 0.15 m ≤ DBH ≤ 0.2 m, a nearly constant Ecap is observed. Thus, to
obtain more ‘correct’ values for Ecap , the natural variation of the wood material properties
must be considered. However, this was not included in NSTM. The material properties
were kept constant over the cross-section and the tree height. Further reasons for these
differences in Ecap are given in Section 4 where the reliability of NSTM is discussed.
The method suggested in [18] to calculate Ecap assumes the strain energy to be fully
developed within the whole tree stem due to the oscillation of the tree stem. They justify
this assumption with the argument that the treetop breaks due to a rock impact near the
ground. However, this assumption does not agree with what is happening during the rock-
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tree interaction as observed during the full-scale impact tests described in Section 2.5. A
failure is reached either at the impact location or at the stem base. The oscillations in the
tree crown are due to a combined shear-bending failure due to the propagating shear wave
along the tree stem (Figures 2.19, 5.6, and 5.7). Thus, the tree stem starts to oscillate
first when the rock-tree interaction is finished. When using the method suggested in [18],
both the unit fracture energy and the volume of the tree stem are required (c.f. Eq. 1.2).
Applying the method described in [18], using volumes taken from the trees characterized
within this study, a lower Ecap compared to NSTM was obtained as seen in Figure 5.22.
As [18] assumes that the fracture strain is reached along the entire tree stem, an upper
value for Ecap can be expected. However, in [18] no consideration is given to the energy
absorbed in the root-soil system or the dynamic effects of the tree structure. This cannot
be neglected as these two contributions affect Ecap significantly (Figures 5.1 and 5.2).
Furthermore, when determining the failure strain, is it important to include the strain-rate
as this effect influences Ecap . When performing simulations with and without the strainrate included for the wood material used to characterize the tree stem, the difference in
Ecap was approximately 8% when evaluating Ecap for t = 40 ms (Figure 3.40).
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Figure 5.22: Different published values for the energy absorption capacity Ecap of the tree
structure as a function of diameter at breast height DBH for Norway spruce trees (Brauner et
al. (2005) [18], Kalberer(2006) [62]), and Silver fir trees (Dorren et al. (2006) [31] and Table
3.8). The expression indicated with Ecap was evaluated for 0.06H (Eq. 5.2). The error bars
indicate the error in the kinetic energy when assuming 10% accuracy in the impact velocity
vimp [95].

During this study, the effect of Himp on Ecap within the interval 0.97 m ≤ Himp ≤ 4.4 m
was quantified (Figure 5.9). Several investigations where Himp is studied can be found
in the literature [32, 48, 94]. The maximum Himp observed in these investigations was
Himp ' 5 m and occurred when a rock impacted an old tree stump that was not cut
high enough, and therefore acted as a ‘trampoline’. Even though the entire interval of
possible values for Himp was not covered with the derived expression (Eq. 5.3), the most
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probable Himp compared to the published values are included. To account for the impact
height in a coupled rockfall singletree model, it makes sense to define an upper limit for
which the tree can absorb energy as no investigations are made for Himp > 4.4 m. A
rock can impact the tree at an arbitrary height depending on its trajectory (Figure 5.14).
For this purpose, Eq. 5.3 is extrapolated and solved for zero energy. This is an arbitrary
assumption as Eq. 5.3 only is defined in the interval 0.04 ≤ ηH ≤ 0.15 (Figure 5.8).
However, doing so, ηH ∼ 0.3 is obtained. This means that for two trees with the heights
H = 10 and = 30 m, no energy is absorbed above Himp = 3.0 and = 9.0 m, respectively.
This is a rough estimation of the upper limit and not entirely realistic as all types of
failure causes energy to be absorbed independent on ηH . However, with the suggested
limit, the calculated energy absorption capacity is not overestimated as it goes towards
zero for an increased ηH . This is important as otherwise, the protection effect of a single
tree would be overestimated. Furthermore, the rock can impact both the tree stem and
the ground simultaneously as shown in Figure 1.3. For such a case, is it believed that
the tree structure can absorb much more energy than suggested in this study. In order
not to overestimate the amount of absorbed energy for ηH < 0.04, is it suggested to use
ηH = 0.04 as the lower limit for which the tree structure can absorb energy. With the
present knowledge, both the upper and lower limits for which a tree structure absorbs
energy and to which amount are not known and needs further research.
Different failure modes were observed for different Himp when investigating the energy
absorption capacity for tree 4004 (Figure 5.5). The reason for the different failure modes
observed for this tree can be understood when studying the resulting deceleration of
the rock as a function of Himp (Figure 5.23). The force acting on the tree stem can be
calculated according to Newton’s second law. As the deceleration is nearly identical for
different values of Himp , the magnitude of the acting force will not change. However, as
Himp increase by a factor of 2.5, also the stem-base moment will increases by a factor of
2.5. Thus, for a higher Himp , a different failure mode is not surprising. The different failure
modes were only observed for this tree. For the other trees, the same effect of Himp could
not be seen. Additional observations of different failure modes must therefore be carried
out as no information exist on how a tree fails during the rock-tree interaction. Here, it is
suggested that the failure mode of a tree impacted by a rock is mainly affected by the mass
and stiffness distribution of the tree stem, of the root-soil plate, and of the surrounding
soil. However, hardly any experimental evidence on the different failure modes is available
and a research campaign aiming at shedding light on this issue should be carried out.
The difficulties defining the energy absorption capacity for a tree were discussed earlier
in Section 4 (Figure 4.1). The same problem can be identified here and is even more
pronounced (Figure 5.3) and several questions arise. Are the deformations in the tree
structure in the interval 60 ≤ t ≤ 80 ms realistic? Has the rock already bounced away
from the tree stem due to the instabilities in the tree structure? Ecap was defined earlier
as the energy absorbed until t = 40 ms (Section 4). This criterion can be justified
by studying how rapidly the energy is absorbed (Figures 5.6 and 5.7). For low Himp ,
most of the energy was absorbed during a short time whereas for higher Himp the energy
was absorbed more slowly. For low Himp , the suggested criterion seems to correspond to
what is happening in nature. For high Himp , no proof exists for the suggested definition.
However, most rock-impacts occur low on the tree stem and it is therefore believed that
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the suggested definition gives reasonable Ecap for the most common interval of Himp . In
order to study whether the suggested failure criterion is applicable also for high Himp , it
is suggested to carry out full-scale impact tests like those with the trolley (Section 2.5)
using spherical rocks and monitoring the tree response accurately.
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Figure 5.23: Calculated resulting deceleration (the values are in this graph plotted as positive)
as a function of time t for the rock during the first 20 ms for different impact heights Himp ,
DBH = 0.58 m, αimp = 38◦ , vimp = 24.0 m/s, Drock = 1.45 m.

5.2.3 Energy absorption vs. eccentricity
It is important to consider the eccentricity χ when calculating Ecap of a single tree (Figure 5.12). Both the energy level of the rock and Himp must be considered when including
the correct effect of χ into a rockfall trajectory code (Figure 5.12). When the numerical
singletree model (NSTM) was calibrated, low and high energy levels using a rock that impacted the tree stem low and centric was used (Sections 3.5.3 and 3.5.4). No calibrations
were carried out either for high Himp or eccentric impacts. As an eccentric rock-impact
high up on the tree stem implies that the validity of NSTM is extrapolated, it was decided
to model ηecc outgoing from the two cases when the rock impacted tree stem with high
and low energies with a low Himp (Section 5.1.3). Furthermore, as a rock mostly impacts
the tree stem low, this was considered to be a reasonable simplification. How ηecc can be
modelled for intermediate energy levels must be further investigated.
The translational kinetic energy before and after 32 impacts on different trees was investigated during the full-scale rockfall experiments with rocks on a natural slope as explained
in Section 2.7. Comparing the calculated (Eq. 5.4) and the experimentally obtained curve
(Eq. 2.20), some similarities can be seen. However, as Figure 5.24 shows, the main trends
are different. For the calculated curve, a small interval 0 ≤ χ ≤ 0.1 exists where the rock
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behaves identically for a centric and a non-centric impact. For the experimentally obtained
curve, this interval is 0 ≤ χ ≤ 0.4. A sudden drop in the experimentally obtained curve
can be seen within the interval 0.4 ≤ χ ≤ 0.7. For larger values of χ, hardly any influence
of the trees can be observed. For the calculated curve this effect cannot be seen. Even for
a scratch, some energy is absorbed in the tree structure. The difference in the two curves
might originate from several facts:
• The relationship given in Eq. 2.20 (Figure 5.12) is calculated from data based on an
image analysis where the pictures were obtained from video recordings. This gives
a 2-dimensional velocity vector. The energy of the rock in the sideways direction is
therefore not included. In NSTM, this effect was considered. When neglecting this
contribution, the estimated absorbed energy will be lower for an eccentric impact.
Thus, the calculated value of ηecc would be lower for the same χ. How ηecc is affected
by a 2-dimensional velocity vector was not studied due to the fact that the falling
rock has a 3-dimensional velocity vector in nature.
• As it was shown that ηecc depends on Himp (Figure 5.12) is a quantitative comparison
difficult when different Himp are used.
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Figure 5.24: Comparison between published [31] and calculated values obtained from the numerical singletree model (NSTM) how the eccentricity χ effects the energy ηecc that is absorbed
for an eccentric impact in relation to a centric impact of a single tree. Note that for χ > 0.75
using the expression given in [31], ηecc is smaller than 0. This means that the rock would
accelerate.

When the rock impacts the tree, it deviates and continues its path along another trajectory
(Figure 5.13). The output angle αout increases with decreasing χ and for a nearly centric
impact αout ∼20◦ was reached (Table 5.2). In [33], the deviation of the rock is carefully
investigated during the field experiments described in Section 2.7. It was found that the
rock impact can be divided into three commonly observed impact types, depending on the
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position of the rock impact on the tree stem; frontal, lateral, and scratch (Figure 5.25).
For these investigations, deviation matrices for each impact type is calculated and the
probability for a certain deviation in degrees is given. For a frontal impact, the probability
for the rock to deviate more than 22◦ is 50% and for a lateral impact 84%. The maximum
deviation observed in [33] was αout = 76◦ . The values obtained when using NSTM do
not correspond to those in [33]. The different results in this study and the one performed
by [33] might originate from the fact that different kinetic energy of the rock were used.
When the rock impacted the tree stem with different kinetic energies, the behaviour of the
tree structure was differently (Figure 5.11). For a kinetic energy of the rock, not sufficient
to penetrate the tree stem, the deviations is expected to be larger than for the case when
the kinetic energy is significantly higher and the rock penetrates through the tree stem. In
the latter case, the rock will just keep going and therefore have a lower lateral deviation.
Even though simulations were done for different energy levels using NSTM, the deviation
of the rock was not investigated. This was not deemed to be of practical interest because
the deviation of the rock will also be affected by the shape of the rock, which is very
difficult to predict as shown in Figure 1.1.
No analytical investigation of the obtained results was carried out. To study the deviation
of the rock during rock-tree interaction using a simplified model is difficult as both the
flexible properties of the tree structure and the penetration of the rock into the tree stem
must be considered. Furthermore, when studying the deviation of the rock analytically,
also the friction forces between the rock and the tree stem must be considered as they
introduce an acting moment on the rock with respect to the center of gravity. This moment
will then affect the rotation of the rock and thus, the deviation.

Figure 5.25: Definition of the three main impact types according to the horizontal distance
between the impact center and the vertical central tree axis (Picture and text reprinted
from [32]).

5.2.4 Energy absorption vs. impact angle
The direction of a rock trajectory is constantly changing, i.e. the bouncing height, as well
as the angle relative to the ground changes with time as shown in Figure 5.14. For this
reason, the impact angle αimp of the rock on the tree can be different from time to time.
It was found that Eabs depends on αimp (Figure 5.15). Using the definition that Ecap is
reached after 40 ms, Ecap reached its maximum value for αimp ∼30◦ (Figure 5.16).
For the material model used in NSTM, damage functions are implemented for both parallel
and perpendicular directions (Eqs. 3.13 and 3.14). The interpretation of these equations is
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as follows: if the damage parameter d(τk ) in parallel direction is equal to zero, the material
behaves elastically, if 0 < d(τk ) < 1, the material has started to plastify and if d(τk ) = 1,
a crack is developed and elements are eroded (the same interpretation is valid for d(τ⊥ )).
The damage parameter is saved to a result file during the calculation and can only be
viewed after the calculation due to software limitations. For each calculation, only one
damage parameter, either d(τk ) or d(τ⊥ ) can be saved. In order to obtain values for both
damage parameters, two calculations must be performed. For these simulations, d(τk ) was
saved. Studying the damage for the parallel direction for different αimp , a large difference
can be seen (Figure 5.26). When the rock impacts the tree with either αimp = 0◦ or 60◦ ,
the damage is more local than when αimp = 20◦ and 38◦ where the damaged zone is
larger. Thus, the damaged zone depends on αimp . For a larger damage zone more energy
was absorbed and therefore, Ecap was larger for αimp = 20◦ and 38◦ than for αimp = 0◦
and 60◦ .
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Figure 5.26: Deformation modes for tree 2005 at t = 40 ms for different impact
αimp
◦
(from left), αimp = 0, 20, 38, and 60 together with the parallel damage d(τk ) in the tree stem.
The red zones (d(τk ) ≥ 0.8) indicate the most damaged areas and the blue zones (d(τk ) ≤ 0.0)
indicate elastic material behaviour (for intermediate damage levels, see the damage-scale on
the right side of the figure), DBH = 0.44 m, Himp = 2.0 m, vimp = 24.0 m/s, Drock = 1.1 m.

When studying the different failure modes as a function of αimp , it was seen that the
rock penetrates the tree stem for low αimp . For higher αimp , the rock first penetrates a
small distance into the tree stem and then starts rolling down the tree stem (Figure 5.26).
This observations is believed to depend on the initial energy of the impacting rock. If
the rock impacts the tree with a high initial energy, the rock goes through the tree stem
independently of αimp . For a low kinetic energy, the rock will start rolling down the tree
stem as observed. For which initial kinetic energy the first or the second failure mode can
be expected as a function of αimp was not investigated within this study.
In order to include the effect of αimp in the rockfall trajectory code, a regression model
relating Ecap to αimp was calculated (Eq. 5.5). This regression model does not fulfil the
requirement that Ecap must be zero for αimp = 90◦ . The regression model is therefore only
valid within the investigated interval 0◦ ≤ αimp ≤ 70◦ . Even if larger αimp might occur in
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nature (αimp = 90◦ means that the rock impacts the tree vertically from above, parallel
to the tree centerline), such impacts are deemed to be rare and are therefore not included
in this regression model.

5.2.5 Energy absorption of a damaged tree
Two different types of damage exists within the tree structure. Outer and inner damage.
An outer damage is a scar on the surface of the tree stem originating from, e.g. a falling
rock. Inner damage can exist in both the tree stem and in the root-soil system and
originates mostly from rot, which is spread up in the tree stem from the root-system.
Determining the wood material properties surrounding the scar is difficult as they vary
with time. If the scar is fresh, the same material properties as for the rest of the tree
stem can be assumed. If the scar is old, the rot might be spread into the tree stem.
As a consequence, different material properties can be expected. Due to the difficulties
determining the material properties and the size of the scar in terms of width and depth,
only a rotten tree stem with an inner damage was investigated.
For these calculations, it was assumed that only the tree stem is damaged while an intact
root system is modelled. This is not entirely realistic: a tree is mostly damaged in both
the tree stem and the root-soil system if the damage originates from the inside of the
tree. However, the assumption of a healthy root-soil system should not severely affect the
results as the amount of energy absorbed in the root-soil system accounts only for a minor
part of the total amount of energy absorbed by the tree structure (Section 5.1.1). Two
different damaged tree stems were modelled. For both cases, the lowest four meters of the
tree stem were modelled as hollow, symbolizing the tree stem having negligible material
stiffness (e.g. a rotten tree stem). The hollowness was 1/3 and 1/2 of the diameter of the
cross-section for the tree stem, respectively (Figure 5.18).
When performing the simulations with a damaged tree, a difference in Ecap between a
healthy tree and a tree with a damaged tree stem was observed (Figure 5.17). The largest
observed difference in Ecap was ∼15% (Figure 5.17). Thus, also a damaged tree gives a
considerable protection effect against a falling rock. The reason for this minor difference
in Ecap following from a large damage in the tree stem can be explained when studying
the bending moment of inertia I as a function of the hollowness in the tree stem. For a
hollow stem section, I can be expressed as
I=

π 4
(Θ − Θ4i )
4 o

(5.6)

where Θi and Θo are the inner and outer diameter of the stem section, respectively.
Using Eq. 5.6 and calculating I it can be seen that ∼55% of the cross-section must be
removed before I decreases ∼10% (Figure 5.27). Thus, a large part of the cross-section
must be removed before a significantly decrease in I is obtained. This fact has also been
observed for trees subjected to wind loads. An increased risk for tree-stem failure was
first observed when ∼70% of the cross-section was hollow [76]. This value corresponds to
∼25% decrease in I (Figure 5.27). To investigate whether the obtained results are correct
for trees subjected to rockfall, further and more accurate simulations must be performed
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where the damaged root-soil system is included. Furthermore, as the damage in the rootsoil system is neglected, the results obtained must be regarded as the upper limit for Ecap
of a damaged tree.
During some of the simulations, a shear failure in the tree stem was observed (Figure 5.20).
When calculating the decrease in the cross-sectional area as a function of the hollowness,
the likelihood for a shear failure is believed to increase. For a reduced diameter of 50%, the
cross-section area decreases with 25%. However, it was not observed that a shear failure
was the dominant failure mode when studying the failure modes for the two different cases
where a damaged tree stem was simulated (Figure 5.18).
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Figure 5.27: Normalized bending moment of inertia Inorm as a function of the relationship
between the inner diameter Θi and the outer diameter Θo of the tree stem.

5.2.6 Sensitivity analysis for different wood material properties
To study the effect of different wood material properties several simulations were performed for which the material properties were varied within a given range. Varying the
material properties as done in this investigation is actually not completely correct as most
material properties are related to each other [69]. However, when investigating the sensitivity of each parameter, this approach is reasonable. Independent of the wood material
properties that were varied, Ecap evaluated for t = 40 ms did not show any large difference
(Figure 5.19 right picture). The largest difference that could be observed occurred when
the assumed fracture energy of the tree stem was increased by 50%. For this increase,
the computed increase in Ecap was just 5.3% (Figure 5.19, right figure). Despite the large
variation of the material properties and the different failure modes observed, Ecap hardly
changed. This might indicate that the exact behaviour at the failure location is not overly
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important for Ecap because a large part of the energy accounting for Ecap is absorbed as
elastic energy in other parts of the tree.
With a simplified approach, applied to one tree, it could be shown that a large amount
of energy is absorbed as elastic strain energy in the tree stem (Appendix A.4). This fact
can also be seen when studying the parallel damage d(τk ) in the tree stem that is shown
in Figure 5.26. If the damage parameter is larger than zero, the material has started
to plastify. Even though in Figure 5.26, no comparison is made between the numerical
simulations where the material are changed; it is evident from the distribution of the
damage d(τk ) that during the impact process most of the tree stem remains basically
elastic and that the plastic deformations occur only close to the impact location. This
observation can also be verified when studying Figure 5.28 that shows how the von-mises
stress changes with the time along the tree stem. Here it can be seen that stress-level is
below the maximum strength used during the sensitivity analysis. As a consequence of
this observation, it is believed that the maximum strength along the tree stem is not of
major importance when modelling the rock-tree interaction and that the elastic strains are
well below the strain at maximum stress of the material. Hence, varying the strength of
the material within the simulations using NSTM did not change the results significantly.
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Figure 5.28: Von-mises stress as a function of time for 4 different heights h along the tree stem
for tree 4004. The stresses are evaluated in the outermost wood fibre on the same side as the
rock impacts tree tree stem.

During the sensitivity analysis, it was found that ∼73% (in average) of the energy absorbed
in the tree stem was absorbed as strain energy (Table 5.3). Even though the maximum
strength was varied by ±25% for the tree stem, the amount of strain energy absorbed
in the tree stem was more or less constant. This results seems surprising but can be
explained by Figure 5.29. When increasing the maximum strength in NSTM, the area
under the stress-strain curve from zero strength up to the maximum strength is changed.
The area under the stress-strain curve from maximum strength to the point for which
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failure occurs will not be affected. As it was concluded that the largest portion of the tree
stem behaves elastically (Figure 5.26), increasing the maximum strength will not increase
the amount of absorbed energy in the tree stem significantly. The same conclusion holds
also for an increased fracture energy, which was the material parameter that gave the
largest increase in Ecap when its value was increased.
The amount of absorbed energy given in Figure 5.19 is defined as the energy the tree structure absorbs until 40 ms after the initial impact. When varying the material properties,
no large differences in Ecap were found. Studying the time for failure, it could be observed
that the trees fail sometime between 8 ms and 12 ms, independent on the used material
properties. A higher resolution could not be obtained as the result files in LS-Dyna were
printed with a resolution of 4 ms. Evaluating Ecap at 12 ms instead of 40 ms, the following
values are found
Ecap ≈ 290 : 330 : 250 kJ.
(5.7)
The values in Eq. 5.7 are given in the following order: reference strength, strength increased
by +25%, and strength decreased by −25%. This means that when increasing or decreasing
the strength by ±25%, Ecap changes by about ±14%. Thus, a large difference in Ecap is
observed when changing the material properties if Ecap is computed at the time of failure
of the tree stem.
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Figure 5.29: Stress-strain curves for the wood material in tension parallel k to the wood fibre
direction for different material strengths used within the sensitivity analysis.

The full-scale rockfall experiments with rocks on a natural slope described in section 2.7
were used to obtain Ecap for Silver fir trees [31]. Based on these values, a method was
developed in [33], which can be used to calculate Ecap for other tree species. In order to
calculate Ecap with the proposed method, its value must be adjusted with a correction
factor. According to [33], this factor can be calculated when the relation between the
fracture energy for a Silver fir tree and the desired tree species, measured during dynamic
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impact tests, is known [33]. For example, for a Norway spruce tree, the fracture energy
measured during dynamic impact tests is about 10% lower than for a Silver fir tree.
Thus, applying the method proposed in [33], Ecap for a Norway spruce tree will be 10%
lower than Ecap for a Silver fir tree. The absorbed energy measured during dynamic
impact tests corresponds to the area under the stress-strain curve from zero stress up
to the strength for which failure occurs. When increasing the maximum strength and the
fracture energy in NSTM, the stress-strain curve from zero stress until maximum strength
and from maximum strength to zero strength (Section 3.2) are changed, respectively.
When increasing the strength by 25% and the fracture energy by 50%, the observed
increase in Ecap was ∼4.2% and ∼5.3%, respectively. No simulations were carried out
with NSTM increasing the strength and fracture energy at the same time. The increase
of the fracture energy by 50% yielded material properties well in excess of those of Silver
fir trees. However, the increase in Ecap was well below 10%. Thus, the method proposed
in [33] to calculate Ecap for other tree species should be treated with caution and further
investigated .
When modelling a different tree species not only the maximum strength changes, the
elastic constant such as EL , the wood density, the size of the root-soil plate and the
diameter distribution along the tree stem also change etc. In order to obtain correct
values of Ecap for a different tree species, full-scale impacts tests have to be performed even
though the sensitivity analysis showed that Ecap does not vary more than approximately
±5% when changing one material property at the time. However, it should be noted that
within this study due to time constrains, no NSTM simulations were carried out varying
more than one mechanical property at the time.

151

5 Results from numerical singletree model

5.3 Conclusions and further research
With the developed numerical singletree model (NSTM), it was possible to investigate the
complex interaction between a spherical rock and a tree during the rock-tree impact. The
main results obtained were four regression models that can be used to predict the energy
absorption capacity Ecap of a single Norway spruce tree (Picea abies (L.) Karst.) as a
function of diameter at breast height DBH of the tree (Section 5.1.2) and the position of
the impacting rock in terms of impact height Himp (Section 5.1.2), eccentricity χ (Section
5.1.3), and impact angle αimp (Section 5.1.4) as
Ecap = E0.06H (DBH) · η0.06H (ηH ) · ηecc (χ) · ηαimp (αimp ).

(5.8)

A visual summary of each term used in Eq. 5.8 to calculate Ecap can be seen in Figure
5.30. Here, each term is plotted within the range of validity (solid line) or extrapolated
(dotted line) to its assumed limit.
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Figure 5.30: Visual summery of the four terms, which are used in Eq. 5.8 to calculate the
energy absorption capacity Ecap . The dotted lines in each subplot indicate the assumed limits
of validity when extrapolating the equations.

It was also found that ∼2/3 of the initial kinetic energy of the trolley is absorbed by the
tree stem and ∼1/3 by the root-soil system (Section 5.1.1). However, this relation seems
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to depend upon the impact velocity, the size of the impact rock, or the impact height as
an impact with vimp = 24 m/s and Himp = 1.81 m, using a spherical rock resulted in the
fact that about 82% of the energy was absorbed in the tree stem (Table 5.3). Furthermore,
Ecap was not sensitive to the damages in the tree stem (Section 5.1.5) or to the material
properties used to characterize the tree stem (Section 5.1.6).
Using a simplified mechanical model to estimate Ecap will be difficult. For such a model,
all the processes that absorb energy must be included. Most of the energy was absorbed
as strain energy in the tree stem (Table 5.3). Furthermore; energy was also absorbed in
the root-soil system during translation and rotation. Neglecting the deformations of the
root-soil system, a too stiff system will be obtained and neither the correct deformation
modes nor Ecap can be predicted.
The results given in this section were all based on numerical simulations calibrated against
experiments performed at a lower energy level than used for this study. During this study,
further questions were found that must be investigated in the future. However, this was
beyond the scope of this dissertation. The major questions that should be further clarified
can be summarized as follows:
• The kinetic energy applied to the impacting rock was sometimes larger than the
kinetic energy when calibrating (3.5.3) and validating NSTM (3.5.4). For this reason,
impact experiments with larger energies must be performed in order to verify these
findings. Furthermore, if such experiments are performed, the deformations and the
failure modes of the tree structure can be carefully monitored. This information
can then be used to validate up to which time NSTM can predict the correct tree
response during the rock-tree interaction.
• The modelling technique used to model the root-soil system was simplified and
it was concluded that only a minor part of the initial energy of the trolley was
absorbed by the root-soil system (Figures 5.1 and 5.2). Despite the minor part of
the energy that was absorbed in the root-soil system, it is important to develop an
accurate mechanical model that can predict the behaviour of the root-soil system
during dynamic loads in order to verify this finding as it can have consequences
for the forest practitioners when deciding the proper forest management strategy; a
certain strategy can influence the strength of the root-soil system meanwhile another
strategy can influence the diameter of the tree stem.
• The material properties within the investigated ranges do not show any significant
effect on the energy absorption capacity Ecap (Figure 5.19 right figure). However,
when modelling a different tree species, not only the material properties will be different, also parameters such as mass and diameter distributions of the tree stem and
the tree crown, as well as the size of the root system are different. Therefore, simulations or experiments must be done on different tree species where these properties
are known. Furthermore, if experiments are performed and carefully monitored, additional information about the following items can be obtained:
– how do the natural variations of the wood material influence the energy absorption capacity,
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– up to which time can NSTM predict the deformations and the energy absorption capacity in a tree structure for different tree species.
• For different kinetic energies of the rock when the tree stem was impacted eccentric,
different results were obtained for ηecc (Figure 5.12). Due to this finding, it is believed
that parameters such as vimp , Drock , and shape of the impacting object (spherical,
trolley, etc.) might affect Ecap . The influence of these parameters must therefore be
further investigated.
• The maximum height along the tree stem for which the tree stem can absorb energy
was calculated by extrapolating Eq. 5.3. Furthermore, the rock can impact both the
tree stem and the ground simultaneously as shown in Figure 1.3. For such a case, is it
believed that the tree structure can absorb much more energy than suggested in this
study. In order not to overestimate the amount of absorbed energy for ηH < 0.04, it is
suggested to use the value for ηH = 0.04 as the upper limit of the energy absorption
capacity. However, with the present knowledge, both the upper and lower limits for
which a tree structure absorbs energy and to which amount are not known and needs
further research. When this knowledge exists, a more accurate implementation of
Ecap as a function of ηH in a coupled rockfall singletree model can be done.
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This chapter aims to show how the forest was implemented in the rockfall trajectory code
and how the energy absorption capacity Ecap of a single tree was taken into consideration
during a rock impact. This part of the study was done within the RAMMS project (‘RApid
Mass MovementS’ [47]), which is a modelling system for gravitational driven natural
hazards. A unified software package is being developed, for both research and practice,
where flow avalanches, debris flows, rockfall, and mitigation measures are combined in one
tool. RAMMS consists of the process modules debris flow, rockfall, snow-cover, avalanche,
and a protection module with the aim to consider different protection measures such as
nets, barriers, and the forest and finally, a visualization module [47]. The user interface,
which is based on a GIS tool can be used to define the boundaries of the computational
grid and the source area for either avalanches or rockfalls.
This chapter is structured as follows. An introduction to the rockfall trajectory code,
which is used to implement the forest is given (Section 6.1). Then, a detailed description
follows on how the protective effect of the forest was implemented (Section 6.2) and finally,
a case-study using the coupled rockfall singletree model, to show how the protection effect
of the forest can be quantified (Section 6.3) is presented.

6.1 Selected rockfall trajectory code
A finite element program called FARO (‘FAlling ROck’), with the aim to simulate the
dynamic behaviour of flexible rockfall protection barriers has been developed at Swiss
Federal Institute for Snow and Avalanche Research (SLF), in collaboration with Swiss
Federal Institute of Technology Zurich (ETH) [117]. When a simulated protection barrier
fails so that the falling rock is not entirely stopped, the rock will impact with the ground.
For such a case, energy is absorbed due to the penetration of the rock into the ground. To
account for this, a ground model, which accounts for the local topography is implemented.
Thus, if the rockfall barriers are exchanged against the forest (single trees) and the ground
model is extended to cover the complete slope surface, the software application FARO can
be used to simulate the movement of the falling rock and its interaction with the trees.
Considering that FARO is capable to simulate the falling rock as well as the interaction of
the rock with the ground; FARO was chosen when implementing the single tree behaviour
to study the protection capacity of forests. This choice is very advantageous because it
allows to re-use also the existing graphical user interface of FARO.
In order to simplify the calculations of the falling rock, the trees and the rock were both
modelled as rigid bodies. Thus, the trees are only placeholders used to detect the contact
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between the tree and the falling rock. To prevent the rock from penetration or from
going through the tree stem; an external force acting on the rock for a short duration is
calculated. In this way, only the equation of motion for the rock must be considered. Using
this approach, a further advantage is that the simulation of the falling rock through the
forest is extremely be rapid. This is important as many simulations normally are required
to obtain a statistical distribution of the results.
An overview of the coupled rockfall singletree model can be seen in Figure 6.1. In this
study, only the rock-tree interaction is investigated and an algorithm to determine the
external force acting on the rock is presented. For the algorithms used to model the
rock-ground interaction, see [47, 117].

Definition of initial- and boundary
conditions of the falling rock
and the forest

Start simulation of coupled
rockfall singletree model

t=0

Rock-ground
interaction algorithm

Yes

Rock impact
with ground
No

Rock-tree
interaction algorithm

Yes

Rock impact
with tree
t=t+ t
No

Optional output

Updating of the position
of the flying rock

Figure 6.1: Overview of the different processes and the relevant decision making in the coupled
rockfall singletree model.
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6.2 Implementation of the forest into the rockfall
trajectory code
A simplified approach was used to calculate the protection effect of the forest. This method
calculates the energy absorption of the forest without explicitly considering the change of
the rock trajectory due to the impact with the tree. The directional change of the rock
trajectory originates only from the impact with the ground as the topography changes.
How the results are affected by this simplification is carefully discussed in Section 6.4.
Slope direction
Tree
DBH

αimp
Rock

Himp

Eccentricity χ

Figure 6.2: Definition of the essential parameters diameter at breast height DBH (normally
measured at Himp ' 1.3 m), impact angle αimp , impact height Himp , and eccentricity χ, the
relative impact height ηH is defined as Himp /H, where H is the total tree height.

The energy absorption capacity Ecap of a single tree was calculated using the regression
models given in Section 5. For a single tree, Ecap can be expressed as a function of diameter
at breast height DBH and the position of the impacting rock in terms of relative impact
height ηH , eccentricity χ, and impact angle αimp (see Figure 6.2 where these parameters
are defined visually) according to
Ecap = E0.06H (DBH) · η0.06H (ηH ) · ηecc (χ) · ηαimp (αimp )

(6.1)

where the contribution from each factor can be calculated using equations. 5.2, 5.3, 5.4, and
5.5, respectively. Thus, multiplying the contribution of each term, Ecap can be calculated
for an arbitrary set of parameters. Expressing the energy absorbed by the tree structure
during the rock impact as Eabs , the difference in kinetic energy of the rock before and
after the rock-tree impact can be written as
1
2
Eabs = mrock (v2 − v+ )
2

(6.2)

where v and v+ are the velocity vectors for the rock before and after the impact, respectively (Figure 6.3). However, the tree cannot absorb more energy than the given kinetic
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energy of the rock Erock just before the impact. Thus, Eabs can be expressed as
Eabs = min(Erock , Ecap ).

(6.3)

Solving Eq. 6.2 for the absolute velocity after the impact, ||v+ || can be expressed as
r
2Eabs
+
||v || = v2 −
.
(6.4)
mrock
Using Eq. 6.4, the absolute velocity reduction of the rock due to the impact with the tree
can be calculated. However, due to the dynamic time integration in FARO, a velocity
reduction cannot be directly applied to the rock. A contact force acting during the impact
duration must be calculated; this force shall correspond to the velocity reduction caused
by the impact with the tree. The contact force appears when the rock penetrates into the
tree stem and depends upon the stiffness of the rock and the tree. As the tree only acts
like a placeholder used to detect the rock impact with the tree, no material properties and
thus no stiffness properties exist. Therefore, a simplified approach is needed to calculate
the contact forces. For this purpose, it was assumed that 1) the gravity forces can be
neglected during the impact duration and 2) mrock remains constant. Furthermore, during
the impact duration, the rock is moving, i.e. the direction of acting force is changing. For
this purpose an average unit direction u0 for the acting force is used (the unit direction u0
will be defined later). The change in momentum ∆p during the impact duration t caused
by the average contact force cf u0 acting between the rock and the tree can be expressed
as
∆p = mrock ∆v = mrock v+ − mrock v = cf u0 t.
(6.5)
Solving Eq. 6.5 for cf u0 gives
cf u0 = (v+ − v)

mrock
.
t

(6.6)

As seen in this expression, the real time t that cf u0 acts during the rock-tree impact
is required in order to calculate the correct value of the average force cf u0 . The impact
duration is impossible to determine without an accurate analysis and therefore, to simplify
the calculation, t is set to the time-step ∆t that is used in FARO. In Section 4, the rocktree interaction was assumed to have the duration 40 ms. This value cannot be used within
the coupled rockfall singletree model as the same time step is used both when the rock
interacts with the tree and with the ground. Using 40 ms, the penetration of the rock
into the ground would be too large (e.g. 24 m/s and 40 ms gives a penetration ∼1 m).
Therefore, a smaller time-step must be used. Thus, cf u0 can be expressed as
cf u0 = (v+ − v)

mrock
.
∆t

(6.7)

Furthermore, in order to use Eq. 6.7, v+ must be known. This is however not the case
as only the absolute velocity ||v+ || is known (Eq. 6.4). The output angle αout for the
horizontal plane in relation to the impact direction depends on several factors and is
complicated to calculate analytically. For example, for an increased χ, αout decreased
(Table 5.2). In order to simplify the calculation of cf u0 further, the directional change of
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the rock due to the impact with the tree is neglected, i.e. the direction of the rock before
and after the impact is identical (Figure 6.3). Because of this, cf u0 must also act in this
direction. Thus, the unit direction vector in which the force acts is given by u0 = v/||v||
(Figure 6.3).
Neglecting the directional change has the following consequences: If the kinetic energy of
the rock Erock is larger than Ecap , the rock is flying through the tree in the same direction
as before the impact and continues down the slope with a reduced velocity (Figure 6.3).
On the other side, if Erock is lower than Ecap , the rock falls to the ground where it
continues its movement. In both cases, the continues movement depends on the ground
characteristics such as the damping and the friction of the ground, as well as the slope
geometry. Expanding Eq. 6.6 with the expression for ||v+ || (Eq. 6.4) and using scalar
values because all the properties are assumed to act along the unit vector u0 , cf can be
calculated as
Ãr
!
mrock Eq. 6.4
2Eabs
mrock
cf u0 = (v+ − v)
−→
cf =
||v|| −
− ||v||
.
(6.8)
∆t
mrock
∆t

v+

Slope direction

Rock

Tree

v

u0

u0
v+

v

Rock

Figure 6.3: Schematic sketch of the simplified method used to account for the rock-tree interaction. The change in the rock trajectory, in vertical (left) and horizontal (right) direction,
due to the rock-tree impact is not considered, v and v+ indicates the velocity vectors before
and after the rock-tree impact. u0 indicates the unit direction vector in the coupled rockfall
singletree model, which determines the direction of the rock after the tree-impact. The dotted
rock in the left picture indicates the believed direction in the vertical plane when considering
the directional change.

6.3 Case study
This is a first case study performed using the coupled rockfall singletree model. The major
aim was to show that a well functioning code is developed, where the protection effect of
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the forest can be quantified. The obtained results, such as bouncing heights and run-out
distances of the falling rock are therefore of secondary importance and not studied and not
further discussed here. Before this coupled rockfall singletree model can be used for risk
analysis, and for studying the protective effect of the forest accurately, the code must be
further developed and carefully calibrated. For the calibration, a database that contains
well documented existing rockfall events can be useful [98].

6.3.1 Brief description of the coupled rockfall singletree model
In order to perform a simulation with the coupled rockfall singletree model, input characteristics for the rock, the slope, and the forest must be given (Table 6.1). To obtain
a statistical distribution of the results, several simulations must be performed for which
the input parameters are varied within given intervals. Therefore, either normal or uniform distributions can be selected for the starting position, initial translation and rotation
velocities, as well as for the parameters used to characterize the energy loss during the
rock-ground interaction (friction- and restitution coefficient) [47, 117]. In order to model
the real topography, a digital elevation model (DEM) is needed. Such a model normally
divides the slope surface into rectangular elements and the elevation of each element is
stored. In this code, the slope-surface is made up of triangular elements instead of rectangular elements in order to refine the resolution of the slope surface. To account for the
uncertainties of the slope geometry, the given z-coordinate for every point used to define
the triangular element is uniformly varied within a given interval from one simulation to
the next. For every simulation, a different ground angle is then obtained and thus also a
different energy absorption of the ground and a different output angle of the rock.
Table 6.1: Summary of the input parameters required to perform a simulation with the coupled
rockfall singletree model rockfall code. 3D = the input parameter must be given as a vector
(x, y, z).

Rock
Slope
Forest

Starting position (3D), initial translational (3D) - and rotational velocity
(3D), diameter and mass of the spherical rock.
Digital elevation model (DEM), friction and restitution coefficients for
the ground.
Number of trees, total tree height, and diameter at breast height.

Two parameters are used to characterize the energy loss of the rock when it impacts with
the ground. The ground restitution coefficient eground determines the velocity loss during
a ground-impact whereas the ground friction coefficient µground accounts for the loss in
rotational energy during the impact with the ground. Both these values are dependent
upon the elasticity and the roughness of the surface material [30].
The only parameters that are not changed from one simulation to the next are the number
of trees and their DBH, mrock , and Drock . In nature, the trees are not placed fully random
over the ground, the position is determined by the amount of light, the access to water
and nutrients, and the competition with neighbouring trees, etc. However, at the present
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state of the model, the position of every tree on the slope surface is randomly calculated
R
using the commercial software Matlab°
[74].
When the rock moves down the slope, the velocity decreases or increases in function of
the slope characteristics and the number of impacted trees. In order to avoid an infinitely
long simulation, a user defined stop criterion, which terminates the calculation in case the
velocity of the rock is below a given threshold, is implemented.

6.3.2 Modelling assumptions
To demonstrate the capability of the coupled rockfall singletree model and to quantify the
protection effect of the forest, a simple example is used. Due to the current limitations in
the coupled rockfall singletree model, concerning the capability of reproducing the ground
surface correctly, the slope in this example is assumed to be uniform (Figure 6.4).

Figure 6.4: Schematic representation of the ground surface and the position of the trees (left)
used for case study. Enlarged picture (right) to indicate the starting position of the rock
(red sphere) inside the forest stand. The correct diameter of the trees is not considered in
the graphical user interface, however, it is in the coupled rockfall singletree model when the
contact between the rock and the tree is detected.

The length of the slope was arbitrary set to 200 m. The stand density of the forest and the
slope angle βs were both taken from Mattawald, which is one of the test sites used for the
full-scale impact tests (Table 2.1). This gives ∼ 450 trees per hectare, mean DBH = 0.32 m,
mean total tree height H = 32 m, and βs = 34◦ . To demonstrate the capability of the
coupled rockfall singletree model but also for simplicity, no distribution of DBH or H was
modelled even though on the test site DBH varied by ± 0.14 cm. An arbitrary random
position was given to each tree inside the forest stand. The only requirement was that
the distance between two neighbouring trees should not be lower than one meter. The
energy absorption capacity Ecap for a single tree was modelled according Eq. 6.1. To
characterize the ground, eground = 0.36 ± 0.13 and µground = 0.77 ± 0.10 with an assumed
normal distribution were used [33]. The rock was assumed to be spherical with a diameter
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Drock = 1.0 m and a density ρrock = 2700 kg/m3 . The initial velocity of the rock was set
to 6 m/s in z-direction, which corresponds to a vertical free fall from about 2 m.
Two scenarios were simulated: the slope with and without forest. For both scenarios,
identical initial and boundary conditions for the rock were used. The only difference
between the two simulations was the presence of the forest. In order to obtain a rough
statistical distribution of the results, 20 simulations for the forest-scenario were performed.

6.3.3 Results
The kinetic energy of the rock as a function of its position along the slope is different for
a forested slope than for a non-forested slope (Figure 6.5).
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Figure 6.5: Comparison of the kinetic energy (translation and rotational) of the rock, calculated
for 20 simulations on a forested slope and for one simulation on a non-forested slope. Notice
that the maximum kinetic energy of the rock is reduced by a factor of ∼2 and that the forest
starts to have an influence at ∼30 m. The dotted line indicates the kinetic energy of the falling
rock if a free fall is simulated ‘mgh’. The circle indicates the approximate point for which a
statistically relevant possibility exists that no trees are impacted by the rock (about 70 m).

The kinetic energy decreases significantly when including the energy absorption capacity
of the forest. For this case, the maximum kinetic energy is reduced by a factor of ∼2
(Figure 6.5). It can be seen that the forest has its first influence after ∼30 m. Before this
point, the energy curves for the forested and non-forested slope are more or less identical.
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This is logical as the probability that a tree is impacted by a rock increases with the
distance along the slope. To be on the safe side when determining the required length
of the protection forest, the forest length has to be about 70 m. Short before ∼70 m,
a statistically relevant possibility exists that no trees are impacted by the rock, i.e. the
kinetic energy of the rock is almost the same when performing the simulations with and
without the forest (See the circle indicated in Figure 6.5). However, the required length
of a protection forest depends on the number of trees, the size of the rock, the number
of simulations etc. None of these factors were further investigated. Furthermore, it can
also be seen that the kinetic energy of the rock oscillates around ∼200 kJ. This value
is important to know, for example when designing protection barriers. However, before
designing protection barriers, a refined analysis must be performed increasing the number
of simulations so that the design value is based on a large statistical base.
During these simulations, the number of impacted trees was also investigated (Figure
6.6). For all the 20 simulations, the average number of impacts was 9.1. The maximum
and minimum numbers of impacts were 13 and 6, respectively. This gives in average, one
rock-tree impact approximately every 22 m.

Figure 6.6: The graphical user interface developed for the coupled rockfall singletree model.
The rock trajectory (light green path) through the forest and the number of the impacted trees
can be seen. Furthermore, the colour scale for the impacted trees (right side) gives information
about the remaining energy absorption capacity of the trees, red means that the full capacity
of the tree is used, whereas mauve means that the tree is not impacted. Notice that the rock
is falling straight down the homogeneous slope because no directional change of the rock is
considered during the rock-tree interaction.
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6.4 Discussion and outlook
The movement of falling rocks is extremely difficult to predict [12]. Thirteen rockfall trajectory codes were tested and their ability to predict the run-out distance, the maximum
bouncing height, the maximum velocity, and kinetic energy of a known rockfall event was
studied (the used rockfall event is the one described in Section 2.7). The results showed
that the run-out distance was the parameter that could be best modelled. In average,
the run-out distance was underestimated by 4%. The absolute average differences for the
maximum velocity, the maximum bouncing height, and the kinetic energy were 38%, 76%,
and 60%, respectively. The major reason for these differences is believed to be the input
parameters used to characterize the slope surface (eground and µground ). For several of the
tested codes, the energy absorption capacity of the forest could not be modelled. As a
consequence to this, the ground parameters were tuned to obtain realistic results. This is
mostly done by selecting values of these two parameters so that a realistic run-out distance is obtained. A falling rock is mostly stopped if the slope angle βs is below 30◦ [42]
and thus, the ground parameters are selected so that this criterion is fulfilled. Two known
models exist up to date where the protection effect of the forest is included [34, 110].
However, none of these models include the effect of Himp and αimp . Explicitly including
the forest in a rockfall trajectory code, a more realistic behaviour of the rock and of the
protection effect of the forest is obtained as the ground parameters do not have to be
tuned.
The fact that the directional change in the rock trajectory due to the impact with the tree
was neglected can be questioned. However, due to all the uncertainties when calculating
the rebound of the rock from the ground such as micro changes in ground structure, the
correctness of the digital elevation model, and the non-spherical rock, is it anyway difficult
to predict the correct trajectory. Furthermore, the major drawback when neglecting the
directional change is that a lower number of ground impacts can be expected. When the
deviation is included, the rock moves sideways and the total distance the rock moves
down the slope is increased. Thus, more rock impacts with the ground can be expected.
This means that the kinetic energy of the falling rock is overestimated when neglecting
the directional change. However, this effect was not investigated within this study as the
coupled rockfall singletree model cannot yet account for this fact.
Because the change in the rock trajectory only originates from the change in topography in
this code, the statistical distribution of the initial conditions of the rock such as starting
position, initial velocity (rotational and translation), etc. must be considered. In this
way, a statistical distribution of the bouncing heights, run-out distances, numbers of tree
impacts, and the energy absorption of the forest can be obtained. An elegant approach
to include the correct behaviour of the rock during the tree-rock interaction could be
the statistical approach, which is proposed in [32]. Here, deviation matrices are given
for different types of rock impacts on the tree (Figure 6.7). The deviation matrices shall
be interpreted according to the following example. For a lateral impact on the tree, the
probability is 11% that the rock continues its movement parallel to the impact direction,
and 42% that is deviated either to the left or to the right.
A second possibility to account for the lateral deviation is to assume another unit direction
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vector u0 , which indicates the direction of the rock after the tree-impact. As an impulse
only can be transmitted along the collision line uc (the line connecting the center points
between two bodies), the rock must move perpendicularly to this line. As this point is
known for both the tree and the rock, uc can easily be calculated shortly before the rock
penetrates into the tree. Using vector algebra, a second vector uc⊥ , which is perpendicular
to uc can be determined. Assuming that the rock is moving along uc⊥ , a lateral deviation
is included. Improving this approach even further, both the flexibility properties of the
tree structure and the penetration of the rock into the tree stem can be accounted for
as they affect uc⊥ . This approach was not implemented during this study, however, is it
suggested to explore this strategy in the future.
For future studies, it is recommended to use deviation matrices as they are average values
that consider different Drock , vimp , Himp , and the natural variation of the wood material
properties. The large disadvantage with this method is to obtain the data; accurate field
investigations must be performed, which is both time consuming and labour intensive. A
promising approach without these disadvantages is to use NSTM as shown Section 5.1.4.
When studying the rock trajectory, αout could be calculated and the deviation of the rock
determined. The deviation was calculated for one set of parameters only, and therefore,
more simulations are required before the results can be implemented in coupled rockfall
singletree model.

Figure 6.7: Deviation matrices for the three main impact types, which are defined in Figure
5.25, showing the percentage share of rocks that are deviated from the impact direction
(indicated by the downward arrow) towards the general direction indicated by the matrix
cell (indicated by the grey arrow) after impacting a tree (represented as the circle). Picture
reprinted from [32].

The obtained reduction in kinetic energy of the rock for a forested and a non-forested slope,
was approximately a factor of 2 (Figure 6.5). This shall not be taken for the ‘reality’ or
a true value, more work must be performed before it is possible to quantify the effect
of protective forests. This value is likely to depend on factors such as the size and the
initial velocity of the rock, as well as the number of tree impacts. For this analysis, the
average travel distance Lno−impact without a rock-tree impact was ∼22 m. This distance
can be theoretically calculated using the relationship derived in [48]. There, it is stated
that Lno−impact depends on the forest-area Af , the number of tree stems Nt , the diameter
of all the trees measured at 1.3 m height above the ground level (which is the sum of
DBH), and on Drock according to
Aw
P
.
Lno−impact =
(6.9)
Nt Drock + DBH
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Applying this equation with the input data used for the simulations using the coupled rockfall singletree model (Section 6.3.2), Lno−impact ∼ 17 m is obtained. The results obtained
in these analysis are based on 20 simulations, and therefore, no quantitative comparison
can be performed. For that purpose, more simulations must be performed. However, it
indicates that the coupled rockfall singletree model delivers reasonable results.

6.5 Summary
It is shown that the coupled rockfall singletree model is a promising tool for future work
when quantifying the protective effect of the forest (Figure 6.5). In Section 6.3.3, it was
shown that results such as minimum required length of the protection forest and the
average kinetic energy of the falling rock at a certain location can be obtained. The average
kinetic energy is important, for example when designing protection barriers. Furthermore,
when the model is fully calibrated, forest clearings can be modelled and their influence
on the protective effect of the forest could be investigated. In the future, when calibrating
the coupled rockfall singletree model, two major focuses should be:
• Find criteria how to define the boundary conditions for the rock. At the present
state of knowledge, defining the size of the rock and its initial conditions is only
done with a high level of uncertainties.
• In the current version of the coupled rockfall singletree model, the trees are given a
random position within the forest stand. In nature, the trees are not placed fully randomly over the ground, the position is determined by the amount of light, the access
to water and nutrients, and the competition with neighboring trees etc. Therefore,
the algorithm used to determine the position of the trees must be improved so that
the simulated stand characteristic is close to the one found in nature.
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The main objective of this work was the development of tools to assess and predict the
protection capacity of a forest stand against rockfall. This goal was reached by developing,
within the commercial program LS-Dyna, a finite element model capable of predicting
the rock-tree interaction between a Norway spruce tree (Picea abies (L.) Karst.) and a
spherical falling rock. To the best of the author’s knowledge, no comparable work exists
in this field. Considering the complexity of the tree as a biomechanical system and of
the dynamic and highly non-linear impact problem, a stepwise approach was needed to
develop and calibrate the numerical singletree model (NSTM).
In a first step, the finite element model was setup and calibrated by means of field observations and experimental data acquired during swaying, winching, and four-point bending
tests. Next, the numerical model was validated by means of full-scale impact tests in
which an artificial rock (trolley) impacted the tree under controlled conditions in terms
of impact velocity vimp , impact height Himp , impact angle αimp , and rock mass. These
tests were performed with a lower energy than that required by a rock to penetrate the
tree stem. Therefore full-scale rockfall experiments performed on a natural slope with real
rocks were used to validate the energy absorption capacity Ecap for higher energy levels.
Comparing the simulated behaviour of a single tree with that observed in nature, it was
concluded that the numerical model could be used to predict the Ecap of a single tree.
Finally, to evaluate the forest protection capacity, the modelled mechanical behaviour of a
single tree was implemented in a rockfall trajectory code. This code shall now be validated
and calibrated against recorded rockfall events so that afterwards the influence of different
forest management strategies on the protective effect of the forest against rockfall can be
accurately studied.

7.1 Conclusions
Experimental determination of relevant tree properties
Three different test series were performed in this study, i.e.: 1) swaying tests, 2) winching
tests, and 3) full-scale impact tests.
Swaying tests: Swaying tests were used to investigate the first natural frequency f1 and
the damping ratio ξ of the tree structure in fall-line and cross-slope directions. Using
statistical analysis, it was found that the first natural frequency f1 best correlates
to the expression DBH/H 2 , where DBH is the diameter at breast height of the
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tree and H is the total tree height. The statistical analysis also showed that the
first natural frequencies f1 of the tree structure do not differ between fall-line and
cross-slope direction. The damping ratio ξ relevant to free vibrations was estimated
from the swaying tests using a method based on the Hilbert transformation. The
analyses showed that assuming the same amount of viscous damping for all modes of
vibrations is an acceptable simplification when modelling the dynamic behaviour of
trees. Typical damping values for free vibrations are about 5%. No correlation was
found between ξ and other important mechanical and geometrical characteristics of
the tree such DBH, H, and stem mass. Furthermore, it should be noted that the
swaying tests involved imposing a relatively small initial displacement (∼2 m) to
the tree and it was not possible to verify whether the same conclusion would hold
for larger vibration amplitudes.
Winching tests: Winching tests were used to investigate the Young’s modulus EL of the
tree stem in longitudinal wood fibre direction and the root-soil rotation stiffness kroot
of the root-soil system. The proposed method to evaluate EL from winching tests
gave results that agree well with known values in the literature. Statistical analyses
were not able to identify any correlation between EL and other tree characteristics
such as diameter at breast height DBH and total tree height H. The winching tests
also showed that the moment-rotation-relationship of the root-soil system is linear
for only very small rotations. Even for rotations smaller than 0.1◦ , kroot decreases
when two consecutive winching tests are performed on the same tree. This finding
contradicts earlier observations which suggested that the initial part of the root-soil
rotation could be considered as elastic. If the root-soil system would really behave
elastically, no difference should be observed when two consecutive winching tests
are performed on the same tree.
In [20], a method to estimate the ultimate rotational moment of the root-system
is developed. This method assumes that the ultimate rotational moment can be
estimated when the stem-base moment calculated for a given stem-base rotation is
known. Hence, the ultimate rotational moment can be estimated without winching
the tree to a total failure. In this study, a decrease in the root-soil rotation stiffness
kroot was observed when performing two consecutive tests on the same tree. This
observation implies that the stem-base moment is lower for the second winching test
than for the first, when the moment is evaluated for the same stem-base rotation.
A major question is therefore whether or not a difference in the ultimate rotational
moment can also be expected when performing two consecutive tests to the same
tree. This issue could jeopardize the applicability of the method proposed in [20]
and for that reason, it should be further investigated.
Full-scale impact tests: The full-scale impact tests, which simulated a rock impact on
a tree in the natural environment, were the first of its kind where the complex interaction between a single tree and an artificial rock (trolley) was studied. Every
test was monitored with high-speed cameras and accelerometers and provided information about the behaviour of the tree stem and of the root-soil plate during a
rock impact. Based on the calculated displacement and velocity fields of the tree
stem and of the root-soil plate, the amount of absorbed energy, as well as where it
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was absorbed, could be calculated. The conclusion was that different processes such
as stem bending, rotation and translation of the root-soil system, and penetration
of the trolley into the tree stem absorbed the energy. A major part of the energy
(∼80%) was absorbed by the tree stem as strain and kinetic energy. Furthermore,
when evaluating the full-scale impact tests, it was found that the initial energy of
the trolley was absorbed rapidly. More than 90% of the energy was absorbed in less
than 30 ms.
Different failure mechanisms were observed during these full-scale impact tests. Failure was seen at 1) the impact location due to penetration of the trolley into the tree
stem, 2) in the root-soil system due to uprooting, 3) in the tree stem on the opposite
side to where the trolley impacted the tree, and 4) as breakage of the tree-top. Although the latter failure mode occurred in most of the full-scale impact tests it can
be considered a secondary process because the failure occurred when the trolley had
already reached zero velocity. The reason for this failure is believed to be a combined
shear-bending failure due to the propagating shear wave along the tree stem.

Numerical singletree model, calibration/validation and results
It was shown that the complex interaction between a rock and a single tree could be
simulated with finite elements. Despite the large natural variations in both the wood
and the soil material properties and despite the complex interaction between single roots
and the surrounding soil; the developed numerical single tree model (NSTM) showed
results corresponding to observations made in nature and during the full-scale impact
tests. Sensitivity analyses showed that the assumed shear modulus G of the soil and the
assumed equivalent soil strength σeqv , have little effect on the tree response during the
full-scale impact tests. Furthermore, no significant effect on the calculated displacements
in the tree stem was found for an impact velocity vimp = 17.4 m/s when the strainrate effects of the wood were excluded, compared to when the strain-rate effects were
included. However, when excluding the strain-rate effects, the energy absorption capacity
was underestimated by about 8% when the tree was impacted with vimp = 28.9 m/s.
Furthermore, vimp = 28.9 m/s is a high impact velocity compared to the one observed
in nature and therefore it is believed that this effect is lower in nature than in NSTM.
Normally, the maximum vimp is about ∼24 m/s inside a forest stand [33].
By performing parametric studies using NSTM, and assuming that the tree stem was
impacted by a spherical rock, it was possible to predict the energy absorption capacity
Ecap of a single tree as a function of 1) diameter at breast height DBH, 2) impact position of
the impacting rock in terms of impact height above ground level Himp , 3) eccentricity with
respect to the tree center line χ, and 4) impact angle αimp . The results of the parametric
study are best summarized below
Ecap = E0.06H (DBH) · η0.06H (ηH ) · ηecc (χ) · ηαimp (αimp ).

(7.1)

In Eq. 7.1, the contribution of each factor can be calculated using Eqs. 5.2, 5.3, 5.4, and 5.5,
respectively (see Figure 6.2 where all the different parameters are defined visually). With
Eq. 7.1, Ecap can easily be calculated for every set of parameters that are of interest. Solely
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using DBH to define Ecap , as proposed by earlier research works, is insufficient because
its value depends significantly upon all the above mentioned factors.
The obtained regression models relating Ecap to DBH (Eq. 5.2) give higher values than
those used so far for modelling the protection effect of a single tree. Comparing the
obtained values with those in [62], a large difference can be seen. This difference can be
explained by considering that in [62], Ecap is defined as the energy absorbed up to failure
of the outermost leeward tree stem fibre, while in the present study, Ecap also includes
the energy absorbed during the post-failure phase. As shown in Section 5.2.2, the amount
of absorbed energy in the post-failure phase is 3 − 4 times larger than in the pre-failure
phase. As different values of Ecap are obtained for different definitions, it is important
to state which definition of Ecap is used when calculating the energy absorption capacity
of the forest; more trees must be impacted by the rock in order to reduce its kinetic
energy if the values given in [62] are used compared to values given in this study. Thus,
for the definition in [62], more trees inside a forest stand or a longer protection forest
would be required to stop the falling rock than it would be with the definition presented
in this work.
It was also shown that the tree stem and the root-soil system absorbed energy to different
amounts. The numerical simulations with NSTM of four of the trees subjected to the fullscale impact tests showed that on average about 2/3 of the initial kinetic energy of the
trolley was absorbed by the tree stem and the rest by the root-soil system. Considering
the uncertainties peculiar to the whole impact process, this finding is in good agreement
with the results obtained from the experimental data presented in [71]. However, this
relationship seems to be dependent upon the impact velocity vimp and the shape of the
impacting object. For a spherical rock with diameter 1.45 m impacting the tree with
24 m/s, about 82% of the energy was absorbed in the tree stem. However, both cases show
that the tree stem is the most important factor for the energy absorption capacity Ecap .
In order to study the protective effect of damaged trees, a series of computations were
carried out which assumed the inner part of the stem to be hollow. This to take into
account that the damaged portion of the tree stem, e.g. because of rot, has negligible
strength and stiffness. Removing a circular inner part of the tree stem with a diameter
corresponding to 50% of the tree stem diameter yielded a reduction of Ecap of only 15%.
This limited reduction of Ecap can be at least partially explained by considering that the
50% reduction considered in the analysis caused a reduction of the moment of inertia
of the stem of about 8% which indicates that even a heavily damaged tree can offer
significant protection against rockfall. The modelling approach used in this study was
heavily simplified and no rot in the root-soil system was considered. However, as seen in
Section 5.1.1, the amount of energy absorbed in the root-soil system accounts for only a
minor part of the total amount of energy absorbed by the tree structure. For this reason,
the assumption of a healthy root-soil should not severely affect the results. Furthermore,
not only a hollow tree will affect Ecap , also a scar on the surface of the tree stem originating
from, e.g. a falling rock might influence Ecap . However, this issue was not studied due
to the difficulties determining the size of the scar in terms of width and depth. Two
possibilities are identified to verify the findings that a hollow tree stem has a significant
protection against rockfall: 1) A more accurate modelling approach of both a damaged
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and an undamaged root-soil system must be included in the numerical simulations. 2)
Performing carefully monitored full-scale impact tests. With the latter approach, trees
with a scar on the tree stem can also be tested and information on how Ecap is affected
by a scar on the tree stem could be obtained.
A tree is a living biomechanical system that shows large natural variations in its material
properties. This issue was studied by varying the material properties used to characterize
the wood material model within a range that was deemed to be reasonable. This parametric study showed that the values assumed for important mechanical properties like the
Young’s modulus, the maximum strengths, and the fracture energies of the wood hardly
affect Ecap ; thus indicating that the wood material properties have a minor influence on
Ecap compared to the parameters considered in Eq. 7.1. This observation was verified by
showing that during the impact process, most of the energy is absorbed due to oscillations
of the tree stem. These oscillations occur well within the elastic range of the wood material, hence varying the strength of the wood material and its fracture energies during the
NSTM simulations did not changes the results significantly. Due to the highly dynamic
behaviour of the tree structure when exposed to an impacting rock, one hypothesis is that
the dynamic properties such as the mass and inertia distributions for the root-soil plate
and the surrounding soil are important as they affect the movability of the lower part of
the tree structure due to their large masses.

Coupled rockfall singletree model
The coupled rockfall singletree model is a numerical tool to compute the trajectory of
a rock falling down a slope that takes into account the energy absorption capacity of a
forest, calculated as the sum of the contributions of many different single trees. None
of the already existing coupled rockfall singletree models include the effect of the impact
height Himp and the impact angle αimp . Therefore, with the improvements identified in this
study, a more realistic behaviour of the falling rock and the energy absorption capacity of
a single tree can be simulated; hence, the potential hazard caused by a falling rock when
reaching settlements, buildings or infrastructure can be more accurately estimated.
After implementing the protection effect of the forest in the coupled rockfall singletree
model, it was possible to show that the forest strongly reduces the kinetic energy of the
falling rock. In the framework of this dissertation, the coupled rockfall singletree model
was tested on a simplified example. However, due to time constrains it was not possible
to fully calibrate and validate the model. Critical issues that need further investigations
are the distribution of the trees within the forest stand - currently the trees are randomly
distributed - and the boundary conditions of the rock, i.e. its size, shape, and initial conditions. These are all quantities that are currently affected by a high level of uncertainty.
Only after these issues are resolved, can the coupled rockfall singletree model be used
for risk analysis or for other quantitative studies to determine the protective effect of a
different forest.
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7.2 Practical implications of the obtained results
With the results derived from the numerical single tree model NSTM, an increased understanding of the rock-tree interaction was obtained. The four regression models, relating
the energy absorption capacity Ecap to the diameter at breast height DBH, to the impact
position of the impacting rock in terms of the relative impact height ηH , to the eccentricity
χ, and to the impact angle αimp can be used to model the forest protection function in a
very realistic way.
By implementing the energy absorption capacity Ecap of a single tree into a rockfall
trajectory code capable of considering different forest management decisions and forest
growth; the long-term protective function of a forest stand can be studied. By using such
a coupled rockfall singletree model it is possible to study different forest management
strategies for a certain forest stand and thus to obtain the most optimal forest protection
at a minimized cost. The coupled rockfall singletree model also enables practitioners to
determine when a certain management strategy has an influence on the protection effect,
thus the optimal timing of the management strategy can also be computed.

Figure 7.1: The graphical user-interface developed within the RAMMS-project [47]. Notice the
two rocks falling down the slope.

Figure 7.1 shows an example of a coupled rockfall singletree model which can be used as the
basis for implementing the numerical code how to considering different forest management
decisions and the forest growth. This figure shows the graphical user-interface of a software
that is currently being developed within the RAMMS project at WSL. The aim of the
RAMMS project is to develop a unified software package, for both research and practice,
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where flow avalanches, debris flows, rockfall, and mitigation measures are simulated in
one tool. This software has the advantage that all operations can be carried out using the
same user-interface and can be used, for example, to rapidly define the boundaries of the
computational grid and to simplify the definition of the source area for avalanches and
rockfalls.

7.3 Further research
In the course of this study certain issues were raised that will require further investigation
in the future.
• Within the validation process of the numerical singletree model (NSTM), it could
be shown that the model is capable of predicting the overall tree response in terms
of deformation and energy absorption during the first 40 ms after the initial impact.
The energy absorbed after 40 ms has been neglected so far. This assumption is
considered reasonable because it does not yield an overestimation of the energy
absorption capacity Ecap while still representing a significant improvement compared
to the current state of knowledge. However, additional effort should be made to:
– Increase the time span during which the NSTM is able to accurately predict
the tree response
– Investigate the influence of an increased time span on the four key regression
models that define Eq. 7.1 obtained by means of numerical simulations using
the NSTM.
To reach these two goals additional carefully monitored experiments should be carried out. These experiments should be designed to also enable investigation of the
influence of the variation of the wood material properties on the impact behaviour
of the tree.
Two different test setups for monitoring the rock-tree interaction are described in
Sections 2.5 and 2.7. To study the increase in time span for which the NSTM is able
to accurately predict the tree response, high speed cameras and a tree equipped with
sensors have to be used in order to obtain a resolution high enough to determine
the deformations of the tree structure. Due to this reason, the test setup used for
the full-scale impact tests is suggested (as outlined in Section 2.5). Furthermore,
as the position of the impacting object in terms of impact height, eccentricity, and
impact angle can be adjusted with this kind of test setup; also the influence on all
the parameters included in Eq. 7.1 can be investigated and validated.
• One of the most challenging steps in the development of the NSTM was the modelling of the behaviour of the root-soil system. To characterize the soil, empirical
formulas were used and to model the root-soil plate and the root-soil interaction,
it was assumed that both the strength and the stiffness were proportional to the
amount of roots. Finally, the root-soil interaction was calibrated against static winching experiments, even though the rock-tree interaction is a dynamic process. It was
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found that the initial movement (defined here as the time t < 40 ms after the initial
impact) of the root-soil system could be accurately predicted. However, in order
to model the post-impact response (t > 40 ms) more accurately, the root-soil interaction under the influence of dynamic loads must be carefully investigated and
studied.
• The direction of the rock trajectory is constantly changing during its movement
down the slope, thus the impact height above the ground surface also changes. During this study, the effect of Himp on Ecap within the interval 0.97 m ≤ Himp ≤ 4.4 m
was quantified. However, the rock can impact both the tree stem and the ground
simultaneously as shown in Figure 1.3. For such a case, is it believed that the tree
structure can absorb much more energy than was suggested in this study. With
the present knowledge, both the upper and lower limits for which a tree structure
absorbs energy and the amount of energy absorption are not known and require
further research. Once this knowledge is gained, the effect of the impact height can
be correctly implemented in a coupled rockfall singletree model.
• In nature, a rock is not perfectly spherical. Therefore, the effect of the shape of the
impacting rock must be carefully investigated. When investigating the effect of an
eccentric rock impact on the tree stem, it was concluded that the amount of energy
absorbed in the tree structure is a function of the initial kinetic energy of the rock.
It is therefore believed that different impact velocities vimp and impact masses can
give different results. To clarify this, further investigations with different shapes and
impact velocities vimp must be performed.
• The directional change in the rock trajectory due to the impact with the tree influences the number of ground impacts because the rock tends to move sideways
increasing the travel distance through the forest. For this reason, more rock impacts with the ground can be expected resulting in a larger energy dissipation, i.e.
the kinetic energy of the falling rock is typically overestimated when neglecting the
directional changes. The magnitude of a directional change is believed to depend
on the flexibility of the tree structure, on the penetration of the rock into the tree
stem, on the eccentricity of the impact, and on the shape of the impacting rock.
To further improve the prediction of the protective capacity of a forest, the change
of trajectory upon impact should be further investigated and implemented into the
coupled rockfall singletree model.
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In the following tables, all input and output parameters of the computer program LS-Dyna
are identified by the label (‘LS-Dyna’). Note that the input parameters for the LS-Dyna
wood material model *MAT− 143 are presented more extensively in Table 3.1 (Section 3).
Roman
A, a
A
Ā
Af
An
Asoil

swaying amplitude of a SDOF system and nominal cross-section area
effective area (i.e. area of the wood fibres that still can carry load)
area of a forest stand
swaying amplitude of the nth mode of vibration
total surface area of the root-soil plate

B, b
B

parallel softening parameter (‘LS-Dyna’)

C, c
c
c0
cf
cs ,ct
ck,⊥

damping coefficient of a SDOF system
effective soil cohesion (‘LS-Dyna’)
contact force between the rock and the tree
damping in the tree stem and in the root-soil system
parallel and perpendicular hardening rate (‘LS-Dyna’)

D, d
D
Droot
Drock
d
dL
d(z, t)
dmax ⊥,max k
E, e
EL,R,T
Eabs

perpendicular softening parameter (‘LS-Dyna’)
depth of the root-soil plate
diameter of the rock
damage parameter
basal diameter (diameter of the tree at the base of the stem)
horizontal displacement of the tree stem in function of the height z and
the time t
perpendicular and parallel maximum damage (‘LS-Dyna’)
Young’s modulus in longitudinal, radial, and tangential direction to the
wood fibre direction (‘LS-Dyna’)
energy absorbed by the tree structure during the rock impact as a function of time t
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Eeqv
Efrac
EKinetic Stem
EKinetic Root
Ecap
Erock
Esoil
EStrain Stem
EStrain Root
E0.06H
e
eground
F, f
F
Fh
Fv
fn
f1,2
fk,⊥
G, g
G
Gf Ik
Gf IIk
Gf I⊥
Gf II⊥
Ghard

equivalent Young’s modulus for the root-soil plate
fracture energy measured in dynamic impact tests
kinetic energy absorbed in the tree stem
kinetic energy absorbed in the root-soil plate
energy absorption capacity for a single tree
kinetic energy of the rock
Young’s modulus for the soil
strain energy absorbed in the tree stem
strain energy absorbed in the root-soil plate and the surrounding soil
energy absorbed in the tree structure when the rock impacts the tree
stem at 6% of the total tree height H
soil porosity
restitution coefficient of the ground for rockfall analysis
force applied during the winching test
horizontal component of F
vertical component of F
natural frequency of a dynamic system
first and second natural frequency of a dynamic system
yield functions for the parallel and perpendicular directions in
*MAT− 143

GLT
Gmax
GT R

shear modulus for the soil (‘LS-Dyna’)
parallel fracture energy in tension (‘LS-Dyna’)
parallel fracture energy in shear (‘LS-Dyna’)
perpendicular fracture energy in tension (‘LS-Dyna’)
perpendicular fracture energy in shear (‘LS-Dyna’)
parameter controlling the post-peak nonlinearities in compression for the
parallel and the perpendicular wood fibre direction (‘LS-Dyna’)
parallel shear modulus (‘LS-Dyna’)
shear modulus of the soil for small strain
perpendicular shear modulus (‘LS-Dyna’)

H, h
H
Hc
Hf
Himp
Hz
h

total tree height
total length of the tree crown
height of applied force during the winching test
impact height of the rock on the tree
tree height above ground
height coordinate along the tree stem

I, i
I
Inorm

bending moment of inertia
normalized bending moment of inertia

J, j
J

mass moment of inertia for the root-soil plate
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K, k
K
KI,II⊥
KI,IIk
k∗
ki
kroot

bulk modules for the soil
fracture intensity for Mode I, II in perpendicular direction
fracture intensity for Mode I, II in parallel direction
equivalent bending stiffness of a SDOF system
secant stiffness corresponding to the stem base moment Mi
root-soil rotational stiffness

L, l
Li
Lno−impact

length of the beam segment i used for the four-point bending tests
travel distance of the rock through the forest without impacting a tree

M, m
Mi
M (θ)
m
m∗
mimp
mt
mrock
m(z)

stem base moment corresponding to θi
stem base moment as a function of the stem base rotation θ
mass of a SDOF system
equivalent mass of a SDOF system
mass of the impacting trolley
concentrated mass at the beam tip
mass of the impacting rock
mass distribution along the tree stem as a function of height z

N, n
Nk
N⊥
Nt
n
nk
n⊥

parallel hardening initiation (‘LS-Dyna’)
perpendicular hardening initiation (‘LS-Dyna’)
number of tree stems within in a forest stand of area Af
number of observations or/and results
parallel power (‘LS-Dyna’)
perpendicular power (‘LS-Dyna’)

P, p
P
P (t)
pi

level of significance for the polynomial coefficients pi
external forces acting on a dynamic system over time
polynomial coefficients

R, r
R
Rroot
R2
r

reduction factor
radius of the root-soil plate
sum of squared errors, used in statistical analyses
radial distance from the tree centerline

S, s
Sk
S⊥
s

parallel shear strength (‘LS-Dyna’)
perpendicular shear strength (‘LS-Dyna’)
standard deviation

T, t
T
t

swaying period
time
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U, u
UfrWood
u0

bending energy per unit volume of a tree stem
direction of the moving rock before and after the impact with a tree

W, w
Wt
Wc
w00 (z)
w000 (z)

total tree mass
branch mass per meter
curvature along the tree stem
shear strain along the tree stem

V, v
Vd
Vroot
Vsoil
vimp
v(z, t)

volume of the tree stem
volume of roots in the root-soil plate
volume of soil in the root-soil plate
initial impact velocity of the rock
velocity of the tree stem as a function of the height z and the time t

X, x
x
ẋ
ẍ
XC
XT

displacement of a dynamic system
velocity of a dynamic system
acceleration of a dynamic system
parallel compressive strength (‘LS-Dyna’)
parallel tensile strength (‘LS-Dyna’)

Y, y
YC
YT

perpendicular compressive strength (‘LS-Dyna’)
perpendicular tensile strength (‘LS-Dyna’)

Greek
α
αimp
αout
β
β
βF
βs
γ
γ
∆, δ
∆x
∆t
∆v
δP
δθ
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impact angle of the rock
output angle of the rock in the horizontal plane in relation to the impact
direction
coefficient used for the numerical integration of a non-linear dynamic
system and ratio between effective Ā and nominal area A
measured angle of the applied force in relation to the horizontal plane
slope angle
shear strain in the soil material and coefficient used for the numerical
integration of a non-linear dynamic system
horizontal distance between the tree and the rock center
time step for the integration of a non-linear dynamic system
difference between the velocity before and after the impact
deflection of the tree structure due to the force P
deflection of the tree structure due to the stem base rotation θ
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ε
ε
εij
εmax
η
ηecc

strain
strains written in the principal material directions for an orthotropic
material
maximum allowed strain for wood in longitudinal wood fibre direction

ηroot
ηsoil
ηH
η0.06H
ηαimp
ηk
ηck
η⊥
ηc⊥

amount of energy absorbed during an eccentric impact in relation to a
centric impact
volume fractions of the tree roots in the root soil plate
volume fractions of the soil in the root soil plate
relative impact height of the rock
absorbed energy in relation to the energy absorption capacity at 0.06H
energy absorbed in relation to the energy absorbed for αimp = 38◦
parallel fluidity parameter in tension\shear (‘LS-Dyna’)
parallel fluidity parameter in compression (‘LS-Dyna’)
perpendicular fluidity parameter in tension\shear (‘LS-Dyna’)
perpendicular fluidity parameter in compression (‘LS-Dyna’)

Θ, θ
Θ
Θo
Θi
θ
θi
θ0
θmax

diameter of the tree trunk
outer diameter of the tree trunk or the tree stem
inner diameter of the tree trunk or the tree stem
stem base rotation
stem base rotation corresponding to stem base moment Mi
initial rotation of the root-soil plate
maximum stem base rotation

µ
µ
µb
µground

friction coefficient between steel and bark
distributed mass per meter for a beam
friction coefficient of the ground for rockfall analysis

ν
νsoil
νLT

poisson’s ratio of the soil (‘LS-Dyna’)
parallel major Poisson’s ratio (‘LS-Dyna’)

ξ
ξ
ξn
ξ1/0.53H
ξ1/0.75H
ρ
ρ
ρsoil
ρrock
ρwood

damping ratio of a SDOF system
damping ratio for mode n in a dynamic system
damping ratio evaluated for the sensor mounted at 53% of the total tree
height H
damping ratio evaluated for the sensor mounted at 75% of the total tree
height H
bulk density of the soil material
density of the soil material (‘LS-Dyna’)
density of the rock material
density of green wood (‘LS-Dyna’)
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σ
σ
σ̄
σij
σeqv
σn0

nominal stress
effective stress
stresses written in the principal material directions of an orthotropic
material
equivalent strength of the soil
normal effective stress acting on the soil

τ
τ
τf
τf min

elastic strain norm
maximum shear strength of soil
minimum shear strength of the soil (‘LS-Dyna’)

φ
φ

internal angle of friction for the soil (‘LS-Dyna’)

χ
χ

eccentricity

ψ
ψ
ψn

phase shift of a SDOF system
phase shift for mode n

ω
ωd
ωdn

damped angular frequency of a SDOF system
damped angular frequency for mode n

Abbreviations
BAFU
Swiss Federal Office for the Environment
CSA
sum of the root cross section area
Ci − CTA horizontal distance between the impact location and the central tree axis
DEM
Digital elevation model
ETHZ
Swiss Federal Institute of Technology Zurich
FARO
FAlling ROck
FEM
Finite Element Model
GIS
Geographic Information System
MDOF
Multi Degree of Freedom System
NSTM
Numerical SingleTree Model
OCR
Overconsolidation ratio of the soil
RAMMS RApid Mass MovementS
SDOF
Single Degree of Freedom System
SLF
Swiss Federal Institute for Snow and Avalanche Research
WSL
Swiss Federal Institute for Forest, Snow and Landscape Research
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Glossary
In this section, expressions that are of major importance for the understanding of this
thesis or not generically known are carefully explained.
Absorbed energy (Eabs ):
Energy absorbed in the tree stem, root-soil system or in the tree structure as a function
of time.
Basal diameter:
Diameter of the tree stem where it intersects with the ground surface.
Coupled rockfall singletree model:
Tool for simulating the different movements (jumping, rolling, and sliding) of the rock
down the slope surface while taking into account the energy absorption capacity of every
single tree.
DBH:
Diameter at Breast Height. The standard method nowadays is to measure DBH manually,
with a slide calliper. This is done at the breast height of the person, which is about
1.3 m above the ground surface, thus the name ‘diameter at breast height’. This means
that the height for which DBH is measured differs from person to person, and so does DBH.
Elastic range for the root-soil plate:
Range for which the rotation of the root-soil behaves elastically, i.e. before the elastic
limit is exceeded.
Energy absorption capacity (Ecap ):
Energy that can be absorbed in the tree structure for a given diameter at breast height
DBH, impact height above ground level Himp , eccentricity with respect to the tree center
line χ, or impact angle αimp . During the numerical simulations, Ecap is always evaluated
as the energy the tree structure has absorbed until 40 ms after the initial impact of the
rock with the tree stem. In Section 3.5.4, Ecap is defined as the decrease of the kinetic
energy of the rock during the impact. This decrease was calculated using the difference
between the velocity just before the impact (initial velocity) and the velocity at the end
of the impact process when the velocity is no longer decreasing due to the action of the tree.
Element erosion/Eroded elements
Process for which the computer program LS-Dyna removes highly distorted elements
from the calculation when their strength is close to zero. The process avoids problems of
numerical convergence. The removed elements are called eroded elements.
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Failure time:
Time when the outermost fibre on the leeward side of the tree trunk fails due to the
impact of the trolley or of a rock.
Full-scale impact tests:
Experimental test setup used when investigating the interaction between a single tree
and an artificial rock, represented by a trolley (Section 2.5).
Full-scale rockfall experiments:
Experimental test setup used when investigating the interaction between a single tree
and real rock on a natural slope (Section 2.7).
Internal eroded energy:
Strain energy of the eroded elements. In the computer program LS-Dyna, the strain
energy is the sum of the strain energy of elements that are eroded and elements that are
not eroded. For the eroded elements, the amount of strain energy is written to a separate
result file, which can be viewed after the calculation is finished in LS-Dyna.
Root-soil system:
Compound structure of single roots, the root-soil plate, and the surrounding soil.
Root-soil interaction:
Mechanical interaction between roots in the root-soil plate, and the surrounding soil.
Rockfall trajectory code:
Tool for simulating the different movements (jumping, rolling, and sliding) of the rock
down the slope surface without any consideration to single trees or to the forest.
Sapflow:
Water-flow from the outermost root in the root-soil system up through the tree stem to
the outermost branch.
Softening:
Part of the stress-strain relationship of a material covering the range from maximum
strength to zero strength. In this work softening is defined for the wood material model,
*MAT− 143, used within the computer program LS-Dyna (Figure 3.3).
Stem base moment:
Moment acting at the stem base due to the forces applied on the tree structure.
Tree structure:
Compound structure of the root-soil system and the tree stem.
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Tree response:
Deformation of the tree structure when impacted by the trolley or by a spherical rock.
Trolley:
Artificial rock used to simulate the rock-tree interaction (Section 2.5).
Ultimate rotational moment:
Stem base moment when the tree starts to overturn and thus to fail.
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A Appendices
A.1 Experimental results
Table A.1: First natural frequency f1 , and corresponding damping ratio ξ1 calculated from
measured data. ξ1/0.53H and ξ1/0.75H are the damping ratios calculated for the sensors at 53%
and 75% of total tree height respectively; DBH = diameter at breast height; H = total tree
height. An empty cell indicates no value obtained. For the test sites, see Table 2.1.

Test site Tree
No
1
1
1
2
1
3
1
5
1
7
1
11
1
12
2
1
2
2
2
3
2
4
2
5
2
6
2
7
2
8
2
9
2
10
3
1
3
4
3
5
3
6
3
7
3
8
3
9

DBH
(m)
0.40
0.39
0.49
0.44
0.43
0.27
0.23
0.35
0.48
0.44
0.58
0.43
0.22
0.38
0.35
0.50
0.51
0.32
0.37
0.29
0.39
0.33
0.36
0.42

H
(m)
31.3
34.1
33.3
30.0
30.0
21.0
21.3
25.6
32.9
29.9
33.5
27.9
20.7
24.6
25.4
34.5
32.0
26.7
27.0
27.0
26.9
24.5
27.7
28.1

Fall-line
f1
ξ1/0.53H
(Hz) (%)
0.20 8.62
0.14 4.95
0.20 4.07
0.18 6.82
0.22 5.29
0.25 2.89
0.25 4.50
0.22 6.06
0.17 5.96
0.20 6.92
0.23 3.78
0.21 0.29 6.94
0.26 6.03
0.27 5.18
0.22 4.00
0.25 3.80
0.27 4.78
0.24 0.18 4.42
0.25 3.85
0.19 4.47
0.28 3.01

ξ1/0.75H
(%)
8.46
5.03
4.02
6.75
5.37
2.98
4.69
5.79
5.85
6.77
3.87
6.86
5.88
5.71
4.20
3.79
4.37
4.33
3.90
4.45
2.97

Cross-slope
f1
ξ1/0.53H
(Hz) (%)
0.16 4.43
0.22 4.11
0.22 5.59
0.22 4.22
0.27 4.30
0.21 7.65
0.20 5.04
0.22 4.32
0.22 6.75
0.29 9.41
0.27 4.73
0.30 5.21
0.22 3.76
0.25 3.66
0.24 0.19 3.44
0.23 3.83
0.19 4.30
0.26 5.04
-

ξ1/0.75H
(%)
4.37
3.98
5.59
4.14
4.57
7.50
4.88
4.25
6.50
8.82
4.48
5.28
3.69
3.56
3.44
3.60
4.26
-
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Table A.2: Second natural frequency f2 , and corresponding damping ratio ξ2 calculated from
measured data in fall-line and cross-slope directions. ξ2/0.53H and ξ2/0.75H are the damping
ratios calculated for the sensors at 53% and 75% of total tree height, respectively. An empty
cell indicates no value obtained. For the test sites, see Table 2.1.

Test site Tree
No
1
2
1
7
2
4
2
8

Fall-line
f2
ξ2/0.53H
(Hz) (%)
0.43 3.27
0.72 0.56 3.18
0.79 5.27

ξ2/0.75H
(%)
3.78
2.74
3.72
4.50

Cross-slope
f2
ξ2/0.53H
(Hz) (%)
0.46 4.50
0.77 4.58

ξ2/0.75H
(%)
4.95
5.53

Table A.3: Root-soil rotation stiffness kroot and Young’s modulus EL calculated from measured
data, DBH = diameter at breast height H = total tree height Hf = height of applied force.
For tree 3, at experimental site 2, two tests were performed with the same Hf . For the test
sites, see Table 2.1.

Test site Tree
No
1
1
1
2
1
3
1
4
1
5
1
6
1
7
2
1
2
1
2
2
2
2
2
3.a
2
3.b
2
4
2
4
2
5
2
5
2
6
2
8
2
9
3
3
3
4
3
5
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DBH
(m)
0.40
0.39
0.49
0.36
0.44
0.48
0.43
0.35
0.35
0.48
0.48
0.44
0.44
0.58
0.58
0.43
0.43
0.22
0.35
0.50
0.33
0.37
0.29

H
(m)
31.25
34.1
33.3
31.4
30.0
33.0
30.0
25.6
25.6
32.9
32.9
29.9
29.9
33.5
33.5
27.9
27.9
20.7
25.4
34.9
26.0
27.0
27.0

Hf
(%)
20
20
20
20
20
20
20
20
53
20
53
53
53
20
53
20
53
20
20
20
20
20
20

EL
(MPa)
6550
6900
6000
8300
7800
8500
6800
7500
9000
5350
5600
7300
7450
5800
7000
5500
8000
13500
8500
7600
22700
9500
9500

kroot
(kNm/rad)
5267
5087
4510
3327
2599
6772
4212
2026
2562
7027
10785
5033
3179
6318
9925
2853
2831
1589
2308
8500
9072
5170
2450

A.2 Tree characteristics

A.2 Tree characteristics
Table A.4: Diameter and branch-mass distributions along the tree height for the four trees used
to validate the NSTM by means of the full-scale impact tests (Section 3.5). Hz = tree height
above ground; Dz = diameter of tree stem at height Hz ; Wc = branch mass per meter.
Hz
Dz
(m)
(m)
Tree 2005
0.27
0.54
0.54
0.52
0.81
0.47
1.00
0.44
1.35
0.44
1.62
0.42
2.16
0.40
2.70
0.39
2.97
0.38
3.78
0.38
4.00
0.37
5.40
0.35
6.00
0.36
7.00
0.35
8.00
0.34
10.00 0.34
11.00 0.32
13.00 0.32
14.00 0.31
15.00 0.29
16.00 0.29
17.00 0.27
18.00 0.26
20.00 0.23
21.00 0.23
22.00 0.21
23.00 0.19
24.00 0.18
25.00 0.17
26.00 0.14
27.00 0.12
28.00 0.11
29.00 0.08
30.00 0.06

Wc
(kg/m)

10.0
6.0
5.0
13.0
10.0
16.0
11.0
5.0
17.0
16.0
15.0
18.0
11.0
9.0
7.0

Hz
Dz
(m)
(m)
Tree 4007
0.30
0.48
0.60
0.43
0.90
0.40
1.00
0.38
1.50
0.38
1.80
0.36
2.00
0.35
2.10
0.36
2.40
0.35
3.00
0.34
4.00
0.33
5.00
0.32
6.00
0.31
7.00
0.30
8.00
0.29
9.00
0.29
10.00 0.28
11.00 0.28
12.00 0.27
13.00 0.26
14.00 0.25
15.00 0.23
16.00 0.22
17.00 0.21
18.00 0.19
19.00 0.17
20.00 0.16
21.00 0.14
22.00 0.13
23.00 0.11
24.60 0.11

Wc
(kg/m)

2.5
3.5
1.5
4.0
9.5
13.5
6.0
19.0
21.0
8.0
16.0
22.0
17.0
17.0
16.0
16.0
16.9
10.1

Hz
Dz
(m)
(m)
Tree 4008
0.30
0.44
0.60
0.39
0.90
0.38
1.00
0.36
1.20
0.35
1.50
0.35
1.80
0.34
2.10
0.34
3.00
0.33
4.00
0.32
5.00
0.30
6.00
0.29
7.00
0.28
8.00
0.27
9.00
0.26
10.00 0.26
11.00 0.25
12.00 0.24
13.00 0.23
14.00 0.20
15.00 0.19
16.00 0.18
17.00 0.16
18.00 0.14
19.00 0.12
20.00 0.11
21.00 0.10
22.00 0.09
23.00 0.06
24.00 0.04
25.00 0.03
25.40 0.02

Wc
(kg/m)

3.5
1.0
2.0
10.0
8.0
3.0
3.0
6.0
7.0
9.0
8.0
12.0
14.0
9.0
5.0
9.0
9.0
5.0
6.0
5.0
5.0
2.0

Hz
Dz
(m)
(m)
Tree 4010
0.30
0.65
0.60
0.63
0.90
0.54
1.20
0.52
2.40
0.49
3.00
0.47
4.00
0.48
5.00
0.47
6.00
0.46
7.00
0.44
8.00
0.44
10.00 0.44
11.00 0.42
12.00 0.41
13.00 0.39
14.00 0.38
15.00 0.36
16.00 0.35
17.00 0.33
18.00 0.31
19.00 0.29
20.00 0.27
21.00 0.26
22.00 0.23
23.00 0.21
24.00 0.20
25.00 0.17
26.00 0.15
27.00 0.13
28.00 0.11
29.00 0.09
30.00 0.07
31.00 0.05
32.00 0.03

Wc
(kg/m)

21.0
4.0
4.0
10.0
15.0
4.0
12.0
44.0
29.0
13.0
24.0
50.0
33.0
22.0
16.0
24.0
21.0
32.0
7.0
9.0
24.0
17.0
10.0
16.0
9.5
9.0
1.5
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Table A.5: Diameter and branch-mass distributions along the tree height for two of the trees
used for parameter studies by means of the NSTM (Section 5). Hz = tree height above
ground; Dz = diameter of tree stem at height Hz ; Wc = branch mass per meter.
Hz
Dz
(m)
(m)
Tree 4006
0.25
0.29
0.50
0.25
0.75
0.23
1.00
0.22
1.25
0.22
1.50
0.22
1.75
0.21
2.00
0.22
2.25
0.21
2.50
0.22
3.00
0.22
4.00
0.20
5.00
0.20
6.00
0.18
7.00
0.18
8.00
0.17
9.00
0.17
10.00 0.15
11.00 0.14
12.00 0.13
13.00 0.12
14.00 0.11
15.00 0.09
16.00 0.08
17.00 0.07
18.00 0.05
19.00 0.04
20.00 0.02
20.70 0.02
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Wc
(kg/m)

4.0
3.0
5.5
4.0
6.0
4.0
7.5
9.5
13.0
3.5
9.0
4.5
8.0
5.0
3.0
0.5
0.5

Hz
Dz
(m)
(m)
Tree 4004
0.30
0.70
0.60
0.65
0.90
0.63
1.20
0.59
1.50
0.57
2.10
0.54
2.40
0.53
3.00
0.52
4.80
0.51
5.10
0.50
6.00
0.49
7.00
0.49
8.00
0.48
9.00
0.47
10.00 0.45
11.00 0.45
12.00 0.42
13.00 0.41
14.00 0.41
15.00 0.38
16.00 0.37
17.00 0.35
18.00 0.33
19.00 0.31
20.00 0.30
21.00 0.27
22.00 0.25
23.00 0.23
24.00 0.21
25.00 0.19
26.00 0.17
27.00 0.15
28.00 0.14
29.00 0.13
30.00 0.10
31.00 0.08
32.00 0.05
33.00 0.03
33.50 0.03

Wc
(kg/m)

9.0
13.0
21.5
16.0
11.0
21.0
16.0
14.0
21.0
15.0
17.0
13.0
17.0
24.0
0.0
0.0
0.0
0.0
11.0
9.0
0.0
10.5
5.0
3.5
9.0
3.0
2.0
1.5

A.3 Full-scale impact tests, image sequences

A.3 Full-scale impact tests, image sequences
Image sequence extracted from the high-speed camera and compared with the calculated
response for tree 4007, Himp = 1.3 m, vimp = 12.7 m/s, mimp = 492 kg.

Figure A.1: Recorded vs. calculated tree response t = 8 ms (left), t = 16 (right) ms.

Figure A.2: Recorded vs. calculated tree response t = 24 ms (left), t = 32 (right) ms.

Figure A.3: Recorded vs. calculated tree response t = 40 ms.
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Image sequence extracted from the high-speed camera and compared with the calculated
response for tree 4010, Himp = 1.63 m, vimp = 17.4 m/s, mimp = 792 kg.

Figure A.4: Recorded vs. calculated tree response t = 8 ms (left), t = 16 ms (right).

Figure A.5: Recorded vs. calculated tree response t = 24 ms (left), t = 32 ms (right).

Figure A.6: Recorded vs. calculated tree response t = 40 ms, Tree 4010.
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A.4 Plausibility check of the energy absorption capacity
The used material model, *MAT− 143, was calibrated against four-point bending tests
(Section 3.2.2). Then, the numerical singletree model (NSTM) was calibrated against
the full-scale impact tests (Section 3.5). Finally, NSTM was validated against full-scale
rockfall experiments (3.5.4). When considering the complexity of the problem and the
natural variations of all material properties, the results showed excellent agreement with
observations done in nature and during experiments. However, the results obtained from
any finite element software should always be critically reviewed [23]. For this purpose,
two different simplified approaches are used to check if the obtained results are realistic.
The first method (FE-Model) combines observations from the FE-simulations with simply
analytical expression (Section A.4.1), while the second method (Plastic hinges) is solely
based on a theoretical approach (Section A.4.2). These two methods are both applied to
a tree with DBH = 0.51 m.

A.4.1 FE-Model
The different processes for which a tree structure absorbs energy are; 1) strain- and kinetic
energy in the tree stem, 2) strain- and kinetic energy in the root-soil system, 3) fracture
energy at the failure location, and 4) friction energy between the rock and the tree. For
this plausibility check, the kinetic energy in the root-soil structure and in the tree stem as
well as the friction energy is neglected. It was shown that these terms contributed to just
∼20% of the total energy absorbed (Figures 5.1, 5.2, and Section 5.1.6). Thus, only the
strain-energy in the tree stem, the root-soil plate and the fracture energy at the impact
location are considered.

Energy absorption capacity Ecap (kJ)

250

200

150

100

50

0
0

0.1

0.2
0.3
0.4
0.5
Diameter at breast height DBH (m)

0.6

Figure A.7: Energy absorption capacity Ecap as a function of the diameter at breast height
DBH calculated assuming that energy is absorbed only in the root-soil system (rotation of
the root-soil plate) and at the impact location (fracture energy due to the failure of the tree
stem).
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In order to calculate the strain-energy developed in root-soil plate due to its rotation and
the fracture energy at the impact location, the values given in [62] were used. Calculating
the sum of these two terms, the curve in Figure A.7 is obtained. Figure A.7 shows that
just about 150 kJ are absorbed for DBH = 0.51 m, which is far below the simulated value
(Figure 5.8). Thus, a better method should be found to quantify the strain energy stored
in the tree stem during the rock-impact.

A

A

L

Pavg
Himp

d

Figure A.8: Penetration of the rock into the tree stem indicating the fix point (A). Above
this point, no relevant deformations could be observed during the numerical simulations. The
picture is extracted 40 ms after the initial impact. On the right, the schematic representation of
the cantilever beam used to analyze the amount of strain energy absorbed in the tree stem can
be seen; L indicates the distance from the impact location up to the point where the fix point
is developed, Pavg = the average force acting on the cantilever beam, δd = the penetration
of the rock into the tree stem. Himp = 2.3 m, DBH = 0.51 m, αimp = 38◦ , vimp = 24.0 m/s,
Drock = 1.27 m.

The FE-simulations show that when the rock penetrates through the tree stem, a fix
point exists. During the computation, the fix-point travels up the tree stem (Figure
A.8). Above this point, almost no deformations could be observed during the numerical
simulations. Unfortunately, this observation could not be verified neither by means of the
full-scale impact tests nor by means of the full-scale rockfall experiments with rocks on a
natural slope (Section 2.7) and for this reason should be considered with caution.
In order to calculate the strain energy stored in the tree stem, a simplified approach based upon this observation is used. It is assumed that the tree stem between
point A and the impact point acts like a clamped beam with the length L, with an applied
load P , acting at the impact location. The part of the tree stem located between the
point of failure and the ground surface is assumed to behave as a rigid body and therefore
absorbs no strain energy. In order to estimate P , an energy balance is considered. For
this purpose, it is assumed that the work done by the average force Pavg acting during 40
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ms (Ecap is defined as the energy absorbed until 40 ms, see Section 4), over the distance
δd , which is the distance the rock penetrates into the tree stem is identical to the loss
in kinetic energy of the rock mrock 21 (vb2 − va2 ), where vb and va are the velocity of the
rock before and after the impact, respectively. With these assumptions, Pavg can be
expressed as
1
mrock 1 2
Pavg δd = mrock (vb2 − va2 ) =⇒ Pavg =
(vb − va2 ).
2
δd 2

(A.1)

Using the following representative values obtained from NSTM, mrock = 2895 kg,
δd = 0.8 m, vb = 24.0 m/s, and va = 16.0 m/s, Pavg = 579 kN is obtained. The methods
used to calculate Pavg is arbitrary and several different approaches to estimate Pavg might
exist. However, this was not further investigated within this study. For a force, applied at
the tip of a cantilever beam with the length L, causing a moment distribution M (z), the
absorbed strain energy in the tree stem EStrain Stem can be expressed as

EStrain

Stem

1
=
2

Z

L
0

M (z)2
dz
EL (z)I(z)

(A.2)

where EL (z) and I(z) are the Young’s modulus and the bending moment of inertia along
the tree stem z, respectively. The force acting on the lower and upper part of the broken
tree stem depends on the relation between the stiffness in the upper and lower part.
However, for simplicity, it was assumed that the force was evenly distributed. The force
acting at the tip of the cantilever beam was then assumed to be 0.5Pavg .
In order to estimate the length of the cantilever beam L, LS-Dyna post-processor
was used (Figure A.8). For this example, the length was estimated to L = 7 ± 0.5 m.
However, this is only done with a high level of uncertainties. Assuming EL (z)I(z) to be
constant EStrain Stem ∼ 200 ± 40 kJ is obtained. Adding this contribution to Ecap , its
value increases to 350 kJ. This shall be compared with the value given by the regression
model relating Ecap to DBH (Eq. 5.2). Applying Eq. 5.2, using DBH = 0.51 m gives
Ecap ∼ 650 kJ. Furthermore, considering the effect of the impact height using Eq. 5.3, this
value shall be reduced by 75 kJ, thus Ecap ∼ 575 kJ is obtained. However, as mentioned
before, the kinetic energy is neglected, which is ∼20% of Ecap . Including this effect, the
difference decreases to ∼110 kJ.
The approach used to estimate EStrain Stem is arbitrary as both results (va and vb )
and observation (the fix point A) from NSTM are used. Due to this, large bias in
the results can be expected. However, the purpose of this approach was to show that
EStrain Stem accounts for a large part of Ecap . Furthermore, this approach neglects the
contribution from the strain energy in the part of the tree stem below the impact point,
as well as the shear strain energy developed in both parts. Adding these contributions,
EStrain Stem would increase even more. Thus, with this simplified analysis, it is showed
that a large amount of energy is absorbed as strain energy in the tree stem; the same as
with the NSTM computations.
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A.4.2 Plastic hinges
A second possible method to verify the energy absorption capacity is to include plastic
hinges at certain locations based upon observations done during the FE-calculations.
With this approach, all the dynamic effects are neglected. However, they contribute
only about 20% (Figures 5.1, 5.2, and Section 5.1.6) to the total absorbed energy and
therefore, this is a reasonable assumption.
For this model, three plastic hinges were introduced (Figure A.9). One at the stem base
and two in the tree stem. The plastic hinges in the tree stem were both located close to
the impact point, as it sometimes was observed that the tree stem failed just above and
under the point where the rock impacts the tree (Figures 4.1, 5.20, and 5.26).

3

H

3
2

Himp

1

Drock

2

1

d

Figure A.9: Schematic sketch of the model used for calculating the absorbed energy using
plastic hinges. Three plastic hinges were introduced, one at the stem base (1) and two at the
impact locations (2 and 3).

The distance between the two plastic hinges in the tree stem was assumed to be the size
of the rock Drock (FigureA.9). When assuming that the maximum strength is reached over
the whole cross-section, a plastic hinge is formed. The diameter distribution close to the
ground surface is not constant, however in order to simplify the calculations, a constant
diameter is used. Expressing the diameter of the tree stem close to the ground with DBH,
the plastic moment in the tree stem can be expressed as
MP = σy

DBH 3
6

(A.3)

where σy is the yield strength for the cross-section. For this calculation, it was assumed
that σy is the average value of the maximum strength in tension XT (50 MPa) and
compression XC (24 MPa) in longitudinal direction to the wood fibres. Thus, σy = 37
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MPa. The energy absorbed at a plastic hinge EP can be expressed as the plastic moment
MP times the rotation θ as
EP = MP θ.
(A.4)
The rotations at every hinge can easily be calculated in terms of tree characteristics and
the penetration δd of the rock when studying the geometry (Figure A.9). The stem-base
rotation and the rotation at hinge (2) are identical due to the assumed deformed shape.
The three rotations can be related to the deformed geometry as follows
tan(θ1 ) = tan(θ2 ) =

δd
,
Himp − 0.5 Drock

(A.5)

δd
.
(A.6)
H − Himp − 0.5 Drock
In order to calculate the absorbed energy in the root-soil system due to its rotations,
the expression given in [62] are used. Using the above given expressions with H = 32 m,
Himp = 2.3 m, Drock = 1.27 m, and assuming that δd = 0.5Drock , the three rotations can be
calculated. Applying Eq. A.4 for all hinges, Ecap is estimated to ∼371 kJ. This value shall
be compared to ∼575 kJ, which is the value calculated using LS-Dyna. How Ecap changes
with δd in relation to Drock can be seen in Figure A.10. Including the dynamic effects,
assuming they account for 20%, the calculated absorbed energy in the tree structure
using this simplified approach increases to about 450 kJ when assuming δd = 0.5Drock .
Thus, even with this simplified approach, the calculated value agree well with the results
obtained from the FE-calculations.
tan(θ3 ) =

Energy absorption capacity Ecap (kJ)
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Figure A.10: Energy absorption capacity Ecap as a function of the penetration δd in relation
to the size of the impacting rock Drock when using the simplified approach with three plastic
hinges shown in Figure A.9.

To reach the same Ecap using this simplified model as with NSTM, it can be concluded that
the penetration must be approximately δd = 0.67Drock when assuming that the dynamic
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effects account for 20%. For the studied example, this corresponds to a penetration of
∼0.85 m. As the penetration of the rock obtained from NSTM rock after 40 ms was
∼0.8 m, it can be concluded that this simplified model gives reasonable results.

A.4.3 Conclusions
Two different analytical approaches were used to verify the results obtained from the numerical simulations of single trees. Both methods showed fair agreement with the numerical simulations and more evidence in support of the results computed with the numerical
singletree model (NSTM) could be obtained. These two approaches could be extended in
the future forming the base for simplified investigations of the rock-tree interaction.
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2006. Root-soil rotation stiffness of Norway Spruce (Picea abies (L). Karst) growing
on subalpine forested slopes. Plant and Soil. 285:267-277.
• Kalberer M., Ammann M. and Jonsson M.J. 2007. Experimente zur Ermittlung der
mechanischen Eigenschaften der Fichte - als Basis für die Analyse der Interaktionen
mit Naturgefahren. Schweizerische Zeitschrift für Forstwesen. 158(6):166-175.
• Dorren L., Berger F., Jonsson M.J., Krautblatter M., Moelk M., Stoffel S. and
Wehrli A. 2007. State of the art in rockfall and forest interactions. Schweizerische
Zeitschrift für Forstwesen. 158(6):128-141.
• Jonsson M.J., Volkwein A. and Ammann W.J. Quantification of energy absorption capacity of trees against rockfall using finite elements. In: ‘1st Canada-U.S.
Rock Mechanics Symposium - Meeting Society’s Challenges and Demands’. Volume
1: Fundamentals, New Technologies & New Ideas, May 27 − 31, 2007, Vancouver,
British Columbia Canada. 359-364.
• Jonsson M.J., Foetzki A., Kalberer M., Lundström T., Ammann W. and Stöckli
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