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Abstract
In mountainous areas, the defence of communication routes and populated
areas against rockfall is guaranteed by protection structures. Due to their
easy installation procedure and their low environmental impact, flexible
fences are the most common solution for low to medium intensity events.
However, in forested areas the installation of such structures demands a
previous deforestation of the zone. In this context, in the framework of the
French national project C2ROP, G.T.S. is working to find a more ecological
solution for the protection of such areas. The novelty of this design consists
in the use of trees to anchor the fence instead of metallic posts. Thank to
this technical innovation, an important reduction of the construction costs
and environmental impact is achieved, since the installation usually takes
place in areas difficult to access for machinery, i.e.- with steep slopes and
dense forest.
The main goal of this Master’s Thesis is the study and development
of a numerical tool able to reproduce the mechanical behaviour under
dynamic loading of a new type of low-energy rockfall protection fences
in forested areas. Moreover, these investigations aim to provide technical
recommendations for the design and the installation of such structures.
This document describes the inception and the development of a
numerical model based on the Discrete Element Method (DEM). This
model is calibrated using data from laboratory tests to characterize the main
components of the structure. In addition, full-scale real impact experiments
on the fence allow to validate the model comparing the numerical response
and the reality observed during the experimental campaign.
The numerical model is finally used to test different configurations
and to make a parametrical study which help, on one hand, to compare
iii

the influence of the different variables that enable the optimization of the
structure’s performance and, on the other hand, to provide evidence are the
key parameters to guide the future development of the DEM model.
Keywords: Discrete Element Method, Rockfall, Flexible Fences,
Protection Structures.
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Resumen
En regiones montañosas, la instalación de estructuras de protección
contra los desprendimientos rocosos es fundamental para la defensa de
infraestructuras de transporte y las áreas habitadas. Dada su facilidad de
montaje y bajo el impacto ambiental que genera, la solución más habitual
frente a eventos de media y baja energía, es el uso de barreras flexibles. Sin
embargo, en zonas forestales, la instalación de estas estructuras requiere de
la desforestación previa del área. Para evitar esto, G.T.S trabaja, dentro
del proyecto C2ROP, en la concepción de una nueva solución más ecológica
para la protección en zonas boscosas. En estas estructuras los postes de
acero son reemplazados por los troncos de los propios árboles situados en
el área de instalación. Esta solución técnica permitirá reducir el coste y el
impacto ambiental asociados a la construcción de estas estructuras, puesto
que se trata de lugares de difícil acceso para la maquinaria con fuertes
pendientes y una población arbórea importante.
El principal objetivo de este trabajo fin de máster es el estudio
y desarrollo de una herramienta numérica capaz de reproducir el
comportamiento estructural de las barreras forestales frente a solicitaciones
dinámicas. Del mismo modo, las investigaciones llevadas a cabo pretenden
aportar recomendaciones al diseño e instalación de dichas estructuras
En este trabajo se describe la concepción y desarrollo de un modelo
numérico basado en el Método de los Elementos Discretos(MED). Dicha
herramienta es calibrada mediante la realización de diferentes ensayos en
laboratorio para la caracterización mecánica de distintos componentes de la
estructura. Además, se han realizado ensayos de impacto a escala real que
permiten comparar la respuesta real y numérica
El modelo construido es finalmente utilizado para la realización de
v

simulaciones de impacto en las diferentes configuraciones que se puedan
presentar y para la elaboración un estudio paramétrico. Este estudio tiene
un doble objetivo. Por un lado, estudiar las variables que posibilitan
la optimización del comportamiento y de los límites resistentes de la
estructura, y por otro, poner de manifiesto cuáles son los parámetros clave
para guiar el desarrollo futuro del modelo numérico.
Palabras clave: Método de los Elementos Discretos, Desprendimientos,
Barreras flexibles, Estructuras de protección.
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Resumé
En montagne, l’installation des structures de protection contre les aléas
des chutes des blocs est essentielle pour la défense de la population et
des infrastructures. Grâce à sa facilité d’installation et son faible impact
environnemental, les écrans souples de protection ont devenu la solution
la plus courante pour des événements d’intensité faible ou moyenne.
Cependant, en zones forestières, l’implantation de ces structures exige
une déforestation précédant. Dans le cadre du projet national français
C2ROP, l’entreprise G.T.S. travaille à la conception d’une nouvelle solution
plus écologique qui serve à la protection des forêts contre les éboulements
rocheux. La nouveauté technique de ces structures est la substitution des
poteaux métalliques par des arbres vivants de la forêt. Étant donné que
les écrans sont normalement installés dans les forêts de montage, qui sont
des zones d’accès difficile avec des fortes pentes, l’utilisation des troncs des
arbres comme éléments d’ancrage permettra une importante réduction des
coûts de construction et de l’impact environnemental.
L’objectif principal de ce Projet Fin d’Études est d’étudier et
développer d’un outil numérique qui simule le comportement structural
des écrans forestiers sous sollicitation dynamique ainsi que de fournir des
recommandations sur leur dimensionnement et leur mise en place.
Tout au long du document, la construction d’un modèle numérique
basé sur la méthode des éléments discrets (MED) est décrite. Ce modèle-ci
est calibré à l’aide d’essais de caractérisation mécanique sur les différents
éléments qui composent l’écran, ainsi que d’essais d’impact sur le prototype
à échelle réelle qui permettent la comparaison des réponses numériques avec
les observations de la campagne expérimentale.
Lorsque le modèle sera validé, il pourra être utilisé afin de tester
vii

la résistance des différentes configurations de l’écran et faire une étude
paramétrique qui permette, d’une part, d’étudier l’influence des différents
paramètres afin d’optimiser la réponse et de renforcer les limites structurelles
des écrans et, d’autre part de mettre en évidence les paramètres clés pour
guider le développement futur du modèle numérique.
Mots clés: Méthode des Éléments Discrets, Chute des Blocs,
Pare-pierres, Structures souples de protection.
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Chapter 1
Introduction
Natural hazards are an issue of special importance in mountain areas. In
these regions, the occurrence of rockfall, snow avalanches or landslides can
represent relevant socio-economic and enviromental consequences. The
implementation of infrastructures and facilities in these territories has
been intensified in the last years. As a result, the management of natural
hazards, including the design and maintenance of protection structures, is
an actual need.
Rockfall events, in particular, are caused by the detachment of a certain
rock volume which propagates along the slope. The triggering causes are
often associated to the geological characteristics of the slope and the weather.
Steep slopes and the existence of important volumes of movable blocks can
supply to these events an important destructive power. However, even
small rockfall events with high occurrence frequencies can produce significant
damages and an important social impact. FOEN (2016) considers that areas
affected by moderate intensity events with high probability as medium/high
hazard zones (see figure 1.1). In such areas damage to constructions and
risk for people outside, or even inside the buildings can be produced.
Rockfall event can be decomposed into three phases associated with
specific studies. The first one is the generation of rockfall susceptibility
maps which establish the probability of occurrence. The most important
causes associated to the origin of rockfall are frost-thaw cycles, rain storms,
snow melting and seismic activity. After the block is detached, by studying
its trajectory we can obtain the probability that a released block reaches a
1
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Figure 1.1: Hazard level depending on probability and on the intensity (from
FOEN, 2016)

given location. The last axis of study is the design of protection devices.
Till now, civil engineering structures have been often used to deal with
rockfall. However, these protection devices are generally supposed to be
located in areas difficult to access and with a high environmental value. In
addition, the implementation of these protection systems is usually framed
by expert rules got from previous operations. In consequence, practices
change from one structure to other. This situation can lead to extra costs
or to dangerous scenarios.
Within this context, the French national project C2ROP (Chutes
des Blocs - Risques Rocheux - Ouvrages de Protection) aims to involve
the whole french rockfall hazard management community (practitioners,
engineering companies, contractors and researchers). C2ROP is structured
around 3 axes:
• Axis 1 - Hazard: characterization of the mechanisms, probability and
volumes involved in a rockfall event. Studies will allow to improve the
rockfall propagation models used for risk assessment.
• Axis 2 - Protection:

modelling and validation of existing and
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new protection systems in order to evaluate them and improve
their management. Design of emergency and temporary defensive
techniques.
• Axis 3 - Risk Management: development of new tools for optimal
solution decision by considering life cycle and residual risk from the
protection structures.
This thesis is developed within the second axis, specifically in a package
whose main objective is to investigate the effectiveness of different types of
ecological engineering protection devices.
The main aim of this work is to create and validate a numerical
tool based on the Discrete Element Method (DEM) able to predict the
mechanical behaviour of tree-anchored rockfall protection fences and,
therefore, allowing their dimensioning. These structures are designed for
low-energy impacts (up to 150kJ). They make use of the trees to replace
the anchorage metallic piles, which require of the use of heavy machinery.
Consequently, the environmental impact and the costs associated to their
construction phase can be reduced significantly by using trees instead.
Presented model’s parameters have been calibrated from experimental
tests of the main components of the structure carried out in the laboratory.
To validate its robustness, we have reproduced the impact of a block on the
whole structure at the actual scale. By using these results, we will be able
to assess the model accuracy. These works have been developed by R&D
department of G.T.S in collaboration with the research unity Mountain
Ecosystems from IRSTEA Grenoble. It has been funded by the French
national project C2ROP.
This document is divided into seven main chapters. In this chapter, a
general introduction of the problem and its context is provided. The second
one presents the state of the art, a review, where previous experimental
and numerical studies on flexible protection structures are addressed.
After a general review of the rockfall protection devices, we focus on the
dimensioning methods, from the simplified analytical ones to complex
numerical models that have been used in the literature. In addition, the
main characteristics (general principles and formulation) of the discrete
elements method, which will be used to model the structure and its
3
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components, are presented.
In the third chapter, the technical description of the structure is
first provided. The design, its components and the joints between them
are carefully detailed. Then, the experimental campaigns done during
this thesis are described. From the tests on individual components to the
full-scale impact tests, the different tests are compared and some conclusions
about the structural behaviour of the fence and its components are obtained.
In the fourth chapter, the numerical DEM modelling approach is
exposed. A review of the modelling of the different elements forming
the structure is done. The election of the different parameters of each
component model are justified by confronting numerical results with
mechanical tests or with results from to the literature.
During the fifth chapter, the calibration and the validation of the model
is carried out. First, mesh parameters are deduced from the experimental
campaign. Rest of them are assumed or justified from the literature. Once
every component has been calibrated, full scale simulations are carried out
to present the model’s prediction of the impact behaviour. The validity of
the model is studied when the simulation results are compared with the
data available from the experimental campaign.
In the sixth chapter, once the model has been validated, it is run to
perform a parametrical analysis of these structures in order to demonstrate
the influence of the different technical issues. The main aim of this chapter
is to propose technical solutions to improve the structure’s performance,
but it is also to detect the variables where special attention must be paid
in order to guide the future development of the tool. Recommendations are
issued from both numerical and experimental analysis.
The seventh and last chapter is dedicated to the conclusions of this work.
A synthesis of the strengths and weaknesses of the numerical tool is carried
out. The opportunities of using this model are presented and some axes of
works are put in perspective.
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Chapter 2
State of the Art
2.1

Rockfall Protection Devices

Once a rockfall hazard is declared, some protection measures shall be
adopted. In order to take an optimal decision, it is important to know the
intensity characteristics of the event and the behaviour of the devices under
such conditions.
There is large variety of possible solutions depending on the strategy
carried out and the magnitude of the event. Rockfall protection devices can
be classified as either active or passive. The main difference is that an active
system is designed to prevent the event. On the other hand, passive devices
have as main aim to mitigate the effects of the instability by intercepting,
stopping and containing falling blocks (Bertolo and Giacchetti, 2008).
Consequently active protection systems are mainly subjected to static
loads, whereas passive devices have to withstand dynamic loads when they
are impacted. Both strategies can have a temporary or a permanent nature
which affects to the magnitude and the probability of the dimensioning’s
event.
Draped meshes or pre-stressed anchors can be considered as active,
since they start to operate before the detachment of the block mass. A
wide range of passive devices are available to be used as rockfall protection
devices. However, every solution is different not only from the geometrical
point of view but in its mechanical behaviour and capacity. To guide the
choice, Vogel et al. (2009) provided a classification of the rockfall protection
5
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devices, based on the impact energy that the structure can dissipate.

Figure 2.1: Classification of rockfall protection measures with respect to the
ability to absorb kinetic energy. Latest developments in red. From Vogel
et al. (2009)

Embankments and ditches are the most efficient and reliable protection
structures designed to withstand high impact energies of more than 20 MJ.
However, due to their dimensions, the existence of a huge area close to the
protected infrastructure is required. In addition, their structural behaviour
has not been completely characterized. The influence of some parameters,
such as the soil properties or the cross section of the embankment, are still
under study. In this sense, different studies based on experiences have been
carried out recently (Bertrand et al., 2005; Peila et al., 2007; Ronco et al.,
2009). Structures composed of geo-cells have also been developed. Their
main advantage is that the geo-material within every cell can be changed
depending on its position (Bertrand, 2006; Lambert et al., 2009b). A review
on the design methods for these structures is provided by Lambert and
Bourrier (2013).
Rockfall galleries are appropriate solution to protect clearly defined and
small areas affected by medium magnitude events with a high occurrence
6
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rate (Jacquemond, 1999). These protection devices are composed of a
monolithic reinforced concrete structure usually covered by a cushion
layer. The function of this granular layer is to contribute to the stress
distribution, to decrease the peak load and to increase the impact duration.
Maintenance of these structures is quite low and consists on removing
blocks coming from events at given times. Their working range is about
3500 kJ (Tonello and Palle, 2010). However, thanks to the improvement
of the mechanical properties of the cushion layer, their energy dissipation
capacity can increase up to 5000 kJ (Vogel et al., 2009). In Switzerland
and in Japan, guidelines for the design of galleries have been published
(ASTRA, 2008; JPR, 2000). In addition, Casanovas (2006) provides a
review and comparison of the different calculation methodologies for such
structures.
However, for impact energies lower than 5000 kJ, the most common
solution is the use of flexible protection fences, which are usually installed
along the boundary of an infrastructure or a building requiring of protection.
These devices are basically composed by 3 functional modules (EOTA, 2008).
• An interception structure, whose aim is bearing the impact of the mass
deforming elastically and/or plastically ( principal net)
• A support structure in order to maintain the interception structure
(which is not rigid) unbent. (Posts).
• Connection components which transmit the stresses to the foundations
(Connecting steel cables, dissipating devices).
Nets can be formed of chain-link wire meshes, steel rings or wire-rope nets,
and mesh opening are in a range between 5 and 35 cm. Support cables have
a typical diameter between 12 and 22 mm. The span of such structures
oscillates around 3-12 m. In traditional flexible protection systems, steel
piles are used as posts and are fixed to the in ground with additional up-slope
ropes at the head of the post. Drilled anchors are used to connect the
structure to the ground.
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Figure 2.2: Different types of nets: steel rings (top left), wire rope (top
right), hexagonal double twist (bottom left) and chain link (bottom right)

Figure 2.3: Enery absorbing system developped by G.T.S. From Trad (2011)
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In case of high energy impacts, additional energy absorbing systems are
incorporated. They must not only guarantee the energy dissipation but to
avoid the presence of load peaks which could damage any component. These
elements, attached to the ropes, deform plastically with large displacements
(around to 2 m), providing to the structure more flexibility. The energy
can be dissipated by different mechanisms: friction, buckling effect, rupture
or fissure propagation.
Flexible rockfall protection systems have various advantages compared
to other solutions. First of all, their costs are about one tenth of a rockfall
gallery. In addition, their construction is shorter, in terms of time, and
easier, especially if it is considered that they are installed in difficult to
access terrains. Then, the environmental impact of such structures is
negligible, as their effect on landscape is low. Mechanically, the impact
energy is distributed over longer impact duration allowing to reduce the
peak force (Boetticher et al., 2011). Furthermore, most of manufacturers
have developed their own technology. Thereby, a wide range of energy
(50 kJ-5000 kJ) and mechanical responses can be found depending on
the particular application. However, some limiting factors can be found.
Protection against corrosion shall be guaranteed. Moreover, once the
structure has experienced at least one medium-sized event, it requires
immediate maintenance.
Usually, rockfall runout zones are forested and the installation of
common rockfall protection devices becomes technically difficult and
expensive. In these areas, the use of forest for protection purposes have
been historically recognized by practitioners. Its protective function is
basically due to the barrier effect of trees. The effectiveness of the forest is
determined by the tree specie, the basal area (trees density and diameters)
and the energy of the events (Berger and Dorren, 2007). Nowadays, the
increase in the activity in these areas and the increase in security standards
lead to a more exigent demand of protection measures which include the
identification and management of protection forests. The main challenge
of protection forests management is to guarantee the ecological stability of
forests and assure their long-term protection function (Brang, 2001).
In this context, three-anchored rockfall protection fences are a new
solution able to be installed in such areas. Compared to usual protection
9
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systems, their installation is quite simpler and cheaper. No helicopter,
usually employed in mountainous areas, is required to install the metallic
piles. In addition, their environmental impact is considerably reduced
as no tree-cut is required and the construction of concrete anchorages is
avoided. Lambert et al. (2009a) have already studied a prototype of rockfall
protection fence tightened between trees.

Figure 2.4: Sketch of the experimental tree-supported fence (from Bourrier
et al., 2014)

This thesis focuses on the study of tree-anchored rockfall protection
fences. This system is being developed by G.T.S to offer a new and
innovative protection system presenting lower ecological impact and
reduced cost. This solution consists on developing a flexible rockfall
protection fence, able to be easily installed in mountainous and forested
areas, replacing metallic posts and foundations, which represent a large
portion of construction costs, by the use of trees.

2.2

Dimensioning of flexible rockfall protection
fences

To optimize the design of a structure is fundamental to understand its
mechanical behaviour. Flexible protection fences are complex structures,
subjected to dynamic loadings. Thus, their response becomes difficult to be
characterized. In addition, as it has been presented before, many different
10
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technologies have been developed by manufacturers which leads to a wide
range of responses under impact. This is the reason why the dimensioning
of such structures and the evaluation of their performance are usually ruled
by norms based on full-scale prototype testing.
Consequently, field tests have been carried out from the beginning of the
development of such structures (Smith and Duffy, 1990). Since then, many
different types of test have been carried out, with different geometries and
procedures to study their mechanical response. Thommen (2008) collected
a summary of rockfall barriers full-scale tests. However, a standardization
of the test conditions is required for regulation purposes, i.e. to define the
minimum performance of such protection devices.
The first official guideline was published in Switzerland in 2000 as
the result of 13 years of field tests of flexible rockfall protection fences.
This publication describes the standard testing procedures that shall be
applied. The establishment of such conditions will allow researchers and
administration to analyse and compare results from tests and to evaluate
protection devices attending to the maximum energy capacity, the rope
loading, the residual height or the corresponding maintenance work. 7 years
of experience of this regulation are collected in Gerber et al. (2008).
The European Guideline ETAG 027 (EOTA, 2008) was published in
2008. This regulation was developed to identify the relevant and regulatory
characteristics of flexible systems, to stablish a method of assessment of
these characteristics, to identify the range of values that must be respected
for technical reasons, and to define the test to be carried out for the kit
component. Moreover, ETAG 027 allows to the manufacturers to have the
CE certification. To achieve it, protection devices have to fulfil certain
criteria by following a testing procedure that is mainly based on full-scale
experimental tests. Peila and Ronco (2009) present the most important
innovations that have been introduced by the ETAG 027. Furthermore a
design procedure for rockfall restraining nets based on these guidelines is
provided.
Energy based approach is used for the design of rockfall fences, assuming
that the kinetic energy of the block is instantaneously transferred to the
structure. The energy that can be safely absorbed by the structure is one
11
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of the key points of these guidelines. Two energy levels are defined as
reference values: "Service Energy Level" and "Maximum Energy Level",
from now mentioned as SEL and MEL respectively). SEL is defined as
1/3 of MEL and the structure should stand two impacts at that energy level.

Energy level

0

1

2

3

4

5

6

7

8

SEL

-

85

170

330

500

660

1000

1500

>1500

MEL ≥

100

250

500

1000

1500

2000

3000

4500

>4500

Table 2.1: Falling rock protection kit classes based on energy level in kJ
(from EOTA, 2008) .
SEL approach is used in places where maintenance works are difficult
to be carried out, where it is preferable not to repair it after each
impact. SEL test requires two launches of a block at the same energy. Its
objective is to verify that the kit is able to withstand successive impacts
and that the reduction of the useful height stands within an acceptable value.
MEL approach shall be used when rockfall events have a low frequency
or with different fall directions. In this case, one single impact is performed.
The objective of this test is to characterize the maximum capacity of the
structure.
Once the tests are carried out, according to the prescription given by
the document, the structure is classified thanks to the energy level stood
during the tests (see Fig1.1). In addition in MEL tests, the value of the
residual height is used to determine the category.
ETAG 027 testing guidelines are showed to be valid for the design of
flexible rockfall barriers subjected to extreme loads (Vogel et al., 2008) or
exceptional load cases that are not explicitly considered in the document
(Wienberg et al., 2008). In France, where this project is developed, the
rule NF P95-308 (AFNOR, 1996) is also applicable to rockfall protection
fences. This document describes the main characteristics of fences and offers
a classification in terms of energy. For every class the minimum dimensions
of the structure are indicated (see Table 2.2).
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Class

1

2

3

4

5

6

7

8

9

Minimun
effective
high (m)

1.50

1.50

2.00

2.50

3.00

3.50

3.50

4.00

5.00

Minimal
band
dimension
(m)

0.40

0.40

0.40

0.40

0.60

0.60

0.70

0.80

1.00

Maximale
length (m)

10

10

10

10

10

10

10

15

20

Nominal
capacity
(kJ)

12.5

50

200

500

1000

1500

2000

3000

5000

Table 2.2: Protection fences classification (from AFNOR, 1996) .
For many years, most of the companies have been performing tests for
their rockfall protection devices using full-scale tests. However, due to their
high cost, the use of numerical models provide a useful alternative, even if
the modelling of dynamic impact induces many technical difficulties.

2.3

Numerical modelling of flexible protection
fences

Flexible rockfall protection barriers have reached such a level of development
that a considerable effort should be required to improve their performance.
In this sense, numerical models enable a more efficient development due
to a reduced number of expensive prototype field tests. Moreover, they
provide more versatility to the designers. Special load cases and, that can
not be reproduced in field tests, as well as new geometrical conditions
or the influence of structural changes can be tested (Buzzi et al., 2014;
Chanut et al., 2013; Nicot et al., 1999, 2001, 2002; Volkwein et al., 2009).
In addition, single components, as energy dissipating devices (Dhakal et al.,
13
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2011; Trad, 2011; Bertrand et al., 2012), net rings (Nicot, 1999; Volkwein,
2004), or chain-link wire nets (Escallón et al., 2015), can be modelled and
evaluated numerically too, allowing the analysis of load distribution in
every component.
To describe the mechanical behaviour of such structures, many
phenomena have to be taken into account. Material and geometrical non
linearity, large deformations and elements’ connections play an important
role in the structural response. All these factors provide a huge complexity
to the numerical modelling of flexible protection fences under impact.
Till now, two different strategies have been used for the modelling of
flexible rockfall fences. The first approach is the finite element method
(FEM), either by using commercial codes as ABAQUS (Cazzani et al., 2002;
Escallón et al., 2014, 2015; Gentilini et al., 2012; Mentani et al., 2015) either
by developing tailor-made software which allows to focus on the relevant
details of the problem like FARO, designed to model rockfall impact on
highly flexible barriers of ring nets (Volkwein, 2005).
The FEM approaches proposed range from simplified models based on
equivalent shells (Sasiharan et al., 2006), to models reproducing in a very
detailed way the performance of each component (Escallón et al., 2015;
Gentilini et al., 2012). However, differences between models are mainly
related to the features of the components, which depend on the technology
of the manufacturer.
FEM models, based on continuum mechanics theory, are able to
reproduce in good way complex behaviours given by non linearities in
material and geometrical conditions. Nevertheless, the treatment of failure
and cracking inside the material, as well as the contact behaviour between
the different elements is difficult to reproduce and expensive in terms of
computing (Dragon et al., 2000; Escallón et al., 2015).
The second strategy consists of using the discrete element method
(DEM). This numerical tool is originally designed to describe the behaviour
of granular media, and actually most of its application remain still in that
field. DEM is well adapted to simulate large displacements. In addition,
failure and contact behaviours are easy to be modelled. This is why it
14
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Figure 2.5: Snapshots at different times of a falling boulder intercepted by
a flexible barrier (left), compared to FEM simulation (right) (from Escallón
et al., 2014)
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has been developed more recently for modelling flexible fences, where huge
strains and failure may occur during the impact. Moreover, DEM models are
much recommended for protection structures since different loading cases as
rockfall, debris flow or snow avalanche can be more easily modelled in the
same media as the protection structure.

Figure 2.6: Model of hexagonal double twist net (from Thoeni et al., 2013)

The first attempt to model a protection fence using the DEM was
carried out by Mustoe and Huttelmaier (1993). Later, Hearn et al. (1995)
developed a computer code based on a nodal description of a netted
structure, where each node of the model represents a physical connection
between the constitutive cables. In this model, only linear elastic behaviour
is considered. Nicot et al. (2001) continued this work and built up DEM
models for highly flexible protection fences made up of ring nets, taking into
account boundary conditions, the structure technology and more complex
rheological features, such as elastoplastic behaviours. The relevance of
this approach to reproduce the dynamical response of such structures was
demonstrated. After that, DEM models have been developed for different
meshes used in a wide range of scenarios. Hexagonal meshes (Bertrand
et al., 2008; Thoeni et al., 2013) and chain link wire nets (Boetticher
et al., 2011), both used for low energy levels, have already been modelled.
Bertrand et al. (2012) developed a DEM model of high energy barriers
designed by G.T.S. This net, which has a complex geometry, is modelled
using remote interactions (considering forces even if there is no contact
between particles) to simulate the clips attaching the ropes.
This methodology neglects the bending effect of the net nodes,
considering just the tensional behaviour. However these models are chosen
16
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to be representative of the mechanical behaviour of metallic wires, since
they allow to describe accurately the longitudinal and transversal response
(Bertrand et al., 2008, 2012; Boetticher et al., 2011).

Figure 2.7: ELITE’s net model using the DEM (from Bertrand et al., 2012)

In this particular work, tree-anchored rockfall protection fences are
modelled. Lambert et al., 2009a have already studied such structures by
using the previous code of Bertrand et al., 2008 to model the net. This
approach carried out for hexagonal meshes do not consider the influence
of trees, considering anchorages as fixed points. In the literature, DEM
models representing the mechanical behaviour of trees and fresh wood can
be found (Olmedo-Manich, 2015; Toe, 2016).
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Chapter 3
Technical Description and
Experimental Campaign
3.1

General description

The tree-anchored rockfall protection fence is a new device developed by
G.T.S within the national project C2ROP. This innovative solution is
designed to manage rockfall protection in hard to reach forested areas,
allowing, as recommended by practitioners, to install them as close as
possible to detachment point of the block. Consequently, these structures
must be easier and faster to install (suitable to be used as temporary
devices), with a low environmental impact In other words, heavy in situ
interventions must be avoided during the installation. In this context,
the proposed solution, consists on replacing steel posts by trees where the
supporter cables will be anchored. The use of trees as support structure allow
to simplify the constructive process, however, some considerations shall be
taken into account for the design:
• The device shall be adapted to avoid trees failure. Since their
behaviour is subjected to considerable variabilities, trees cannot be
the critical component. If their mechanical properties are unknown
and with the objective of guaranteeing the integrity of the structure,
trees presenting a diameter lower than 20 cm are discarded.
• Due to their temporary character, no irreversible damages can hurt the
trees. Accordingly, connections to trees shall be carefully designed.
18

3.1. General description
• Given the necessity of guaranteeing the appropriate trees, the
geometrical characteristics of the flexible fence will be adopted
according to the trees spatial distribution in the forest.
As has been mentioned before, Lambert et al. (2009a) have already
worked in a similar solution (showed in fig 2.4). This work is used as
a reference to propose a more efficient technical solution. During the
experiences they carried out, a very stiff behaviour of the structure (due
to high tensions applied when installed) was observed. Consequently, the
importance of proposing a more flexible solution is brought to light. In
addition, the use of a hexagonal mesh, limited the energy that can be
withstood by the structure.

Figure 3.1: Simplified schema of a tree-anchored rockfall protection fence
(from G.T.S)

The solution proposed by G.T.S is formed by one or several segments.
Every segment can be composed of many modules (up to 4) defined by the
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surface between two trees. Every module, with a maximum length of 13
m, contains an independent net (called TUTOR and presented in figure
3.4), excepting those located at the line ends where no net is installed. In
order to ensure the continuity of the protection along the whole structure,
different segments are superposed.
Every segment is composed by an upper cable, a lower cable and as many
nets as modules are installed, leaving the two free units (at the ends). Every
fence net is also laterally attached by lateral cables (one at each side). Trees
located at the ends of the line are braced using cables to one or several trees.
A schematic design can be seen in figure 3.1. Upper cable is represented
in blue and lower cables in red. Lateral cables are indicated in red (left
side) and green (right side).
In order to fix and guide the supporting cable along the structure, two
types of fixations are installed (see fig 3.2):
• A-Class for cable endings. Cables are attached to the tree over a fix
point. It is made by steel rod nailed into the tree in the direction of
the fence line. Washers and lifting eyes are installed at both extremes
to allow the liaison with the cables.
• B-Class for cable guiding. Cables are lead through a shackle fix in a
tree. These liaisons are installed in the sense of the slope. A steel rod
is nailed into the tree where the shackle is attached. To fix the point, a
system formed by a hexagonal nut and washer is installed. All cables
guided by the tree are passing trough the same shackle.
The connection between the net and the supporting cables is built using
spires (specially designed for this purpose) in the transversal sense of the
mesh. While, in the longitudinal sense, this joint is formed by the cable
zigzagging between the mesh nodes (see fig 3.3). Spires are not attached to
any fixed point, consequently they can potentially slide along the cable.
During the experimental campaign little differences in the structure
have been introduced in order to optimize its performance. These variations
are commented in the section 3.2.
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Figure 3.2: Fixations of cables to trees. (From G.T.S)

The most important dimensions and characteristics of the structure (that
are going to be used in section 3.2.2 to define the tests) are:
• Net orientation: indicates the sense in which the TUTOR net is
installed. Two options are possible. Vertical if the longitudinal sense
is in the axis containing the height; and horizontal : if the longitudinal
sense defines the length of the structure. Due to net roll dimensions
different portions of 3m have to be assembled to build the structure in
the vertical configuration. To give continuity to the structure, a cable
is passed zigzagging through both net modules and attached to the
supporting cables.
• Structure’s height H: measured as the distance between upper and
lower shackles in the trees.
• Structure’s length L: measured as the horizontal dimension between
intermediate trees composing a module.
• Net’s height hnet : dimension of the TUTOR net in the vertical
direction when installed. It is measured before the installation with
the net completely unfolded.
• Net’s length lnet : dimension of the TUTOR net in the horizontal
direction when installed. It is measured before the installation with
the net completely unfolded.
It is important to highlight than the structure’s height H does not
correspond necessary with net’s height hnet . In order to increase the
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flexibility of the structure, the net height can be bigger than the distance
between shackles H. Similarly, the length between trees L can be longer
than the net lnet if free spaces are located at the sides (see fig 3.1).

Figure 3.3: Details from the fence: general view (top and bottom left), joint
between cable and mesh (top right) and shackle (bottom left)

In the followings, the most important components within the structure
are extensively described. Their geometry, mechanical properties and main
features are provided.

3.1.1

Chain link mesh

Net elements in flexible fences exist in many geometries according to their
purpose, the level of energy attended or the manufacturer’s technology.
Its function is to interact with the block while deforming and absorbing
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the energy, and then to transmit the forces to more rigid components of
the structures as the supporter cables. Thanks to their flexible behaviour,
they are able to extend efforts in time and reduce peak loads within the
structure (Albaba, 2016).
The net used in this solution is TUTOR 100/4.5 developed by 3S
Geotecnia y Tecnología S.L and distributed in France by AVAROC. It is a
single chain link mesh whose main geometrical characteristics are showed
in the table 3.1. The net is made up by a steel wire of high-strength steel
with a Galfan protection against corrosion (95% Zn + 5% Al) class "A"
according to the norm EN-10244-2. TUTOR is delivered in rolls of 3 m in
the transversal sense and 16.5 m in the longitudinal one.
The mechanical behaviour of the mesh is strongly determined by
the configuration of the mesh internal links. Their performance under
compression is totally different from the tension one. In addition, the
behaviour is also different depending on the direction of the mesh. As
can be seen in the figure 3.4, the net can be folded in the longitudinal
sense without performing efforts. Nevertheless, their behaviour under
traction mobilizes internal forces. During impact, the net is supposed to
work subjected mainly to tension, consequently the characterization of this
behaviour becomes a priority. In this sense, tensile tests are carried out in
the laboratory.

3.1.2

Supporting and lateral cables

Main cables, have been usually installed horizontally in flexible fences and
attached to posts on both sides. Their function is precisely absorbing the
efforts from the mesh (more flexible component) and transmitting them
to the posts (stiffer components). In this solution, lateral cables are also
installed in order to avoid excessive displacements of the net, and make
the structure more resistant close to the sides. When energy dissipators
are used, they are installed along the main supporter cables, which are
subjected to the biggest efforts.
Ropes used in this solution have a nominal diameter of 16 mm. However,
the steel section can not be calculated as the area of the corresponding
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Figure 3.4: Schema of TUTOR 100/4.5 (from 3S Geotecnia y Tecnología
S.L.)

Mesh geometry

Diamond

Mesh angle β

58o

Mesh’s dimensions (d x D)

100 x 146 mm (+/- 3%)

Φ diameter of the inscribe circle

75 mm

Number of nodes in transversal sense

10 nodes/m

Number of nodes in longitudinal sense

6.8 nodes/m

Wire diameter θa

4.5 mm

Self weight

3.40 kg/m2

Table 3.1: TUTOR 100/4.5 main geometrical and physical characteristics
(from 3S Geotecnia y Tecnología S.L.)
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circle. They are composed of 7 strands formed by 19 wires divided in three
levels (1+6+12). Their mechanical properties have been deduced from the
literature. Bertrand et al. (2012); Trad (2011) have carried out tensile tests
on these components and have obtained Young’s modulus between 95 and
115 GPa, fixing a value of 105 GPa, and a rupture force of 171 kN indicated
by the manufacturer. The same strain-stress curves have been observed for
different cable sizes. Main properties affecting the model are summarized in
the table 6.5.

Figure 3.5: Rope cable φ=16 mm. Schematic cross section (left) and lateral
view (right)

Supplier

LORTEL

Cable diameter

16 mm

Number of strands

7

Wires per strand

19 (1+6+12)

Nominal area

201.06 mm2

Steel area

129.90 mm2

Young’s Modulus E

105 GPa

Ultimate force

171 kN

Table 3.2: Main characteristics of the 16 mm diameter cable
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3.1.3

Net-cable links

Additional components are required to connect the TUTOR net to the
supporting cables. Spires 3S-SW are fabricated by the same manufacturer
as the TUTOR. To make the connection, the cable is introduced in the
middle while the spire is passing through the units of the net. This solution,
is just used in the transversal direction of the net. On the contrary, in the
longitudinal sense the cable is passed directly within the net (see fig 3.3).
The spires are just hanged from the cable, so they are allowed to slide on
it. The resistance of the slide is provided by the TUTOR behaviour and
the friction between cable and spire.

3.2

Experimental campaign

In this section, the tests carried out during the project are exposed. Test
conditions and geometrical parameters of the experiences are presented.
Then, the results are expressed and discussed. The results from these tests
are used for the calibration and validation of the numerical tool.
Within this work, two different tests have been carried out. The first one
is a tensile test to obtain the mechanical parameters of the mesh. The second
type of test is the full-scale impact test, which allows to study and analyse
the response of the whole protection system under real working conditions.

3.2.1

Tensile tests

Test conditions
This test allows to analyse the mechanical response of the mesh, under pure
tension conditions. To perform the experiment, a testing device developed
by G.T.S is used. This device is basically composed of four beams forming a
square. Three of them are fixed, and the fourth one is connected to hydraulic
cylinder which can impose a displacement in the perpendicular direction "x"
of the beam. The mesh is attached to skates which can slide along the rails
in the longitudinal direction of the beam representing the simply support
boundary condition. In this way, "x" and "z" displacements are blocked in
the beam located at the opposite side of the hydraulic cylinder. Meanwhile,
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the "y" and "z" direction are blocked in the other two parallel beams (see
fig 3.6).

Figure 3.6: Tensile test bench from G.T.S.

The mesh is mounted attaching the displacement of the exterior mesh
knots, to the sliding skates. Once, the net is installed, the hydraulic cylinder
starts imposing a displacement to the beam which is transmitted uniformly
to the net knots connected to it.
To control the test, different devices are employed. Four load sensors
and one displacement sensor are installed. Two force sensors are installed
to measure on the loading axis "x" and two other sensors allow measuring
the transversal force reactions. The displacement is measured in the beam
which is connected to the hydraulic cylinders.
M12 from SCAIME are the force sensors employed.
They can
allow a nominal load of 200 kN. Their signals and the measure of the
displacement is sent and threat to the acquisition central SDI-718B of the
same manufacturer, which has a capacity up to 8 signals. Its maximum
acquisition frequency is 1000 values per second if only 1 sensor is connected
(otherwise, it must be divided by the number of signals). During tensile tests
the acquisition frequency used is 250 values per second. The management
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of the test is done with the software WinDAQ installed in the computer.
The dimensions of the testing device are 3m x 3m, but since beams are
moveable, different net dimensions can be measured. The utilisation of these
net sizes during the experiments is imposed by the manufacturer. TUTOR
is provided in rolls of 3 m of large, which can not be cut, because of the
position of the knots
Results and discussion
One TUTOR mesh has been tested in the laboratory. Its size was 3 m in the
transversal dimension (30 knots) and 2.74 m (19 knots) in the longitudinal
one. Wire diameter was 4.5 mm. The results obtained are represented
in figure 3.7. According to technical guides and with the objective of
standardizing the results from the different tests, only force data with a
value larger than 4 kN/m are considered. This is done in order to neglect
the displacements registered corresponding to the positioning of the net, so
when this force is achieved it is considered as the beggining of the test (inital
0).

Figure 3.7: Force-displacement diagram from Tensile Test. Θa = 4.5mm
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Figure 3.8: Force-displacement diagram from Tensile Tests.

As can be seen in the fig 3.7, axial forces are larger than transversal
ones. This sense anisotropy is clearly related the geometry of the mesh. The
forces, produced by the imposed displacement, are transmitted uniformly
along the whole net trough the wires, so the ratio between axial and
transversal forces is related by the angle β of the mesh. The failure is
produced with an imposed displacement of 163.7 mm, which corresponds
to an axial force of 348.3 kN (116.1 kN/m) and a transversal force of 124.5
kN (41.5 kN/m) (see fig 3.7).
Apart from this experience, four other tests have been carried out with
diameters of 4 mm (3 experiment) and 4.5 mm (1 experiment). However,
they do not exactly correspond to the net used on the impact tests, since
this product has been slightly modified by the manufacturer between the
different tests. These changes affect to the geometry and to the fabrication
process. In terms of forces (see fig 3.8), the ultimate force is increasing with
the wire diameter. Qualitatively, the same behaviour is observed in every
test carried out however remarkable difference are registered when gone to
the details.
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The force-displacement diagram shows some well differentiated parts.
The beginning of the loading process is characterized by a parabolic curve.
Escallón et al. (2015) have carried out a detailed study on this aspect and
established that this behaviour is due to the eccentricity between the wire
and the node. Due to it, small increments in tension are causing bending
deformation in nodes, leading to large segment elongations. Nevertheless,
with increasing load, bending strains produced by tensile stresses are
reduced, which lead to stiffer behaviour. Once the first part is completed,
a linear response is observed until the yielding stress of the steel wire is
achieved. From this point, a second linear part is registered. Then the
rupture of the wire is produced and a drop of the loads is registered. After
the failure, the unloading process begins with a slope similar to the elastic
one. These results are used in the next chapter to calibrate the numerical
model of the mesh.

Figure 3.9: Breaking process during Tensile Test. First localised ruptures in
the corner appear (left) and the failure of the net is produced (right)

The values obtained for the rupture of the material, are significantly low
when compared with the values given in the technical data sheet provided
by the manufacturer: 120 kN/m for 4 mm diameter, 160 for the 4.5 mm
diameter and 180 kN/m for the new product of 4.5 mm. It is remarkable
than, in any case, the procedure of the test is the same when compared with
the manufacturer. The only change introduced is the size of the specimen.
The dimensions of the nets are 1.00 m x 1.09 m by 3SGeotech and 3.00 m x
2.95 m by G.T.S. Having a bigger net makes more difficult the performance
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of tests without the appearance of stress concentration points. During
the test carried out by G.T.S, the net failure occurs close to the borders.
In addition before that, localised ruptures appear in the corners. These
aspects can be observed in fig 3.9. The appearance of this local failures is
producing an early rupture of the material as, steel section is lost and hard
points are created. Thus, the need to establish a more strict test procedure
and the weakness of the characterisation performed are brought to light.

3.2.2

Full-scale impact tests

Test conditions
This experimental campaign haw been carried out between the 19th and
the 31st of May 2016. Within this period, five tests have been performed in
a mountainous forest in Notre Dame de Commiers (Isère). To perform the
experiments a team from G.T.S has been responsible of the installation of
the fence and all the devices required. The instrumentation and measuring
have been carried out by IRSTEA team.

Figure 3.10: Impact test schema with zip and security fence (from G.T.S).
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This experimental campaign aims is to reproduce the performance of
the whole structure (like described in section 3.1) subjected to a dynamic
impact of a falling block, whose geometry follows the guidelines provided
by EOTA (2008). The structure used during the experimental campaign,
consists of a single segment with three modules, where just the one in the
middle, holds a TUTOR net. Due to the punctual failure of a tree during
the first test, two different trees configurations have been used during the
tests. Both configurations are defined according to the plan view schema
provided in figure 3.11. Their dimensions are provided in tables 6.7 and 3.4.
As we will see, trees spatial distribution plays an active role to determine
the sense and the intensity of the loads transmitted from cables to trees.

Figure 3.11: Full-scale impact test plan view. Configuration terminology

∆X12

∆Y 12

∆Z12

∆X34

∆Y 34

∆Z34

Config. 1

-2.2 m

8.3 m

1.4 m

2.8 m

9.8 m

-1.9 m

Config. 2

2.0 m

8.2 m

-1.8 m

-3.5 m

11.0 m

1.5 m

Table 3.3: Trees configuration
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∅1 (cm)

∅2 (cm)

∅3 (cm)

∅4 (cm)

Config. 1

20.2

23.3

27.9

27.2

Config. 2

27.1

20.3

35.1

52.5

Table 3.4: Trees diameters
Along this campaign, some technical details and design variations
have been introduced in the installing procedure. Trying to improve
its performance, certain parameters as the height, the orientation of the
and some liaisons have been changed. A resume of the most important
characteristics of every impact is provided in the table 3.5.

19 May

23 May

25 May

27 May

31 May

Net
orientation

Vertical

Vertical

Vertical

Horizontal

Horizontal

Net length

12.0 m

12.0 m

12.0 m

9.9 m

11.5 m

Net height

3.00 m

3.00 m m

3.00 m

3.00 m

3.00 m

Structure
height

2.75 m

2.75 m

2.75 m

3.00 m

3.00 m

Config.

1

2

2

2

2

Table 3.5: Geometric conditions of the full-scale impact tests
To perform the impact, the block is hold and guided by a zip guide
against the structure. Impact energy is determined by fixing the relative
height from the impact point. The zip is attached to a system of braced
trees and tensioned using a lifting winch. The block is attached to the
cable with a system of leashed and clips, which is released when pulling
from security string. In this first approach of the tree-anchored rockfall
protection fences, energy attended is up to 150 kJ. To ensure the safety
during the test, a high capacity fence is located behind the main structure
with the objective to stop blocks breaking or overpassing the testing device.
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In order to monitor the structure, three load sensors have been installed.
One in both upper and lower supporting cables, and another in one of the
lateral cables. Since larger loads are attended in horizontal cables, force
sensors with a nominal capacity of 200 kN were installed in these cables,
while a sensor up to 50 kN is used in the lateral cable. These devices
(MTRS force sensor from SCAIME) are connected to a central which allows
an acquisition frequency of 2000 data per second. In addition, a high speed
camera (Photron FASTCAM SA3 model 120K-M1) has been installed on
the side of the structure (distanced around 15 m). This camera has been
configured to record the impact sequence with a frequency of 500 fps and a
resolution of 1024 x 512 pixels. This setting allow a maximum video length
of 5.444 s. Force sensors and camera are connected to different devices.
Consequently, a coordination procedure between signals is required. To do
it, a led-light connected to the central is switched on using a button before
the impact. In this way, a signal is registered in the central at the instant
when a light from the led can be seen during the movie.

Figure 3.12: Structure schema and instrumentation employed

Performing a test requires at least 4 technicians: two of them to control
that no one is coming in the testing area, one to manage the data collection
and the last to coordinate the process and release the block. The procedure
is structured into different phases:
• All the technicians are on position and ready to impact.
• The testing area is ensured to be empty.
• Force sensors are verified and triggered
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• Countdown for release is started
• At the end of the countdown, the high-speed camera is launched and
the coordination signal (led-light) is pulsed. After that, the technician
joins a safer position following a escaping path.
Once the impact is finished, a second video is registered. In this
video, a correction pattern is recorded. Using this device, measures within
the trajectory plane of the block can be scaled and adjusted. It is very
important to conserve all settings between the two movies. Thanks to it,
the block trajectory and its kinetic energy (velocity) just before impact can
be estimated. A Matlab script is used to follow the block by clicking on its
corners at every frame.

Figure 3.13: Instrumentation employed during tests: force sensor (left) and
high-speed video camera (right)

Results
During the tests some differences and issues affecting the results have been
registered:
• 19th May: the tree number 2 (defined by the schema) was broken
during the impact. Bending failure in the trunk and the root system
are produced. No damage is found in the other trees. The failure
is associated to high solicitation of the tree number 2 due to the
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configuration of the structure (relative position of the trees in config
1). Because of this, forces transmitted to the trees are in the sense of
the block trajectory. The block is stopped.
• 23rd May: no damage is observed in the trees. A failure of the net
is produced as a consequence of a high energy and a low point of the
impact (close to the border).
• 25th May: neither trees nor mesh fail. However, lower cable is broken
at the force sensor-tree link. This failure is associated to a defect in
the cable-link during the assembly.
• 27th May: the test is successfully performed. No significant damages
are found and the block is stopped. However no signal from lower or
upper cable is registered.
• 31st May: the test is successfully performed. All signals are correctly
registered and no significant failure is found in any element. The block
is stopped.

19 May

23 May

25 May

27 May

31 May

Vx (m/s)

11.6

18.4

14.9

13.6

12.7

Vy (m/s)

12.7

12.2

9.5

9.2

5.4

Energy (kJ)

97.5

170.6

109.4

94.4

66.8

Impact point

0.45 H

0.30 H

0.40 H

0.35 H

0.30 H

Rupture

Tree

Net

Cable

-

-

Table 3.6: Impact conditions during tests
Experimental results are offered between figures 3.14 and 3.28.
addition, a synthesis of most relevance results is provided in table 3.7
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Figure 3.14: Displacement vs time (19th May)

Figure 3.15: Block trajectory (19th May)
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Figure 3.16: Cable forces vs time (19th May)

Figure 3.17: Displacement vs time (23rd May)
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Figure 3.18: Block trajectory (23rd May)

Figure 3.19: Cable forces vs time (23rd May)
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Figure 3.20: Displacement vs time (25th May)

Figure 3.21: Block trajectory (25th May)
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Figure 3.22: Cable forces vs time (25th May)

Figure 3.23: Displacement vs time (27th May)
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Figure 3.24: Block trajectory (27th May)

Figure 3.25: Cable forces vs time (27th May)

42

3.2. Experimental campaign

Figure 3.26: Displacement vs time (31st May)

Figure 3.27: Block trajectory (31st May)
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Figure 3.28: Cable forces vs time (31st May)

19 May

23 May

25 May

27 May

31 May

Energy (kJ)

97.5

170.6

109.4

94.4

66.8

Block stopped

Yes

No

No

Yes

Yes

Max.
Penetration (m)

-

2.45

2.24

2.09

1.91

Max. Upper
cable force (kN)

54.52

70.95

133.44

-

55.28

Max. Lower
cable force (kN)

97.68

122.25

124.21

-

77.56

Ratio
lower/upper

1.79

1.72

0.93

-

1.40

Max. Side cable
force (kN)

9.20

8.30

9.22

15.25

12.87

Table 3.7: Synthesis of full-scale impact tests results
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Discussion
Experimental data allowed analysing the physics occurring during the
impacts. In this section the experimental results are discussed and some
trends in the behaviour are found. Given the initial conditions variations
between tests, the observations about the structural response of the
fence here discussed are raised in general terms. These observations are
fundamental to have a better comprehension of the structure’s performance
and are used to justify some assumptions in the model building within the
chapter 4. Cables loading process, block trajectory and trees behaviour are
analysed.
Lower cable loads are larger than forces appearing in the upper cable.
This is mainly caused because of the low points of impact on the fence
and the initial velocity of the block, which has, in every case, a negative
(in the gravity sense)value of the vertical velocity. Thus, the boundary
conditions of trees (clamped at the base) lead to a stiffer behaviour of the
lower cable, in particular at an advanced state of the loading when trees
deflects and forces on upper cables are damped. On the other hand, the
upper cable loading process is faster when compared to the lower rope. Due
to the gravitational deposition, upper cable is initially more stressed when
compared to lower cable (it has to remount)
It can be noticed that, side cables are subjected to lower loads when
compared with upper and lower ones. This is because the length of the net
(between 10 m and 12 m) is significantly bigger than the height, so upper
and lower cables are closer to the impact point, consequently, the net is
mostly transmitting the stresses to the horizontal supporting cables. The
orientation of the fence plays also an important role. As can be seen in table
3.7 side cables are subjected to bigger loads in the two last tests, where
the orientation of the tutor is horizontal. However, its effect is insignificant
when compared to the one caused by the ratio H/L.
If the temporal evolution of cable forces and block trajectory is studied,
an idea of the global behaviour of the structure can be obtained. At the
beginning a flexible behaviour is revealed, with large displacements and low
forces within the cables. Then, the structure becomes progressively stiffer
until the block is stopped or a failure in some of the components is produced.
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Excepted for the first test, trees do not show signs of irreversible damage
after being impacted. Trees at the sides of the net do not present significant
movements. However special attention must be paid to the steel rods
installed within them, as some of them are bended and partially extracted
during the tests.
No detailed comparisons can be established between tests. Some
particularities, produced by the incidences commented before, as well as
different energy levels are observed.
• 19th May: as a consequence of the tree failure, a more flexible
behaviour of the structure is revealed. Stresses in supporting cables
are lower and the displacement of the block increases. A huge amount
of energy is absorbed by the tree trunk. In this test, displacement
at tree’s head is significantly important, thus the ratio between lower
and upper cable loads is bigger. Due to the tree failure, a bigger
penetration of the block is allowed, which actually disappears from
the camera plane during the test.
• 23rd May: the highest energy impact. As can be seen in the figures,
force values in cables are larger when compared to the other tests.
A rotation of the block is observed before the net starts cracking
(penetration around 1.8 m). From this point, some vibrations in force
signals are registered. Ratio between lower and upper force is bigger
because of the low point of impact.
• 25th May: during this test, the lower cable cracks during the loading
phase. From this point, this signal becomes zero and upper cable force
increases notably. Concretely, upper cable force goes from 87.56 kN
at the instant of failure to 133.44 kN. Anyway data from the loading
process could be used to the analysis. In the "valid to study" part,
the ratio between lower and upper cable forces is 1.41, which is closer
to the values observed in other tests.
• 27th May: no significant data can be processed from this test apart
from the trajectory. In addition, forces from side cable reveal that
with this orientation of the net, the transmission to these elements is
more important, even if they are still low.
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• 31st May: a low impact energy is performed in this text. Forces
and displacements registered are consequently less important. It is
remarkable the trajectory of the block. During the rebound, the block
has been lifted by the structure more than 1 m from its initial position.
This phenomena can be associated to a low point of impact, the friction
between the mesh and the block and the initial tension of the cables
where special attention shall be paid.

3.2.3

Conclusions

Within this section, all the experimental tasks has been exposed. First
tensile test experiments and then full-scale impact tests have been carried
out. These experiments are useful to understand the structure (and its
components) behaviour under working conditions. From them, some
variations can be planned in the tests conditions and its design.
Within the tensile tests, a big difference in the ultimate force values is
found. This deviation has been related to the test dimensions performed
by G.T.S. The use of bigger nets makes the experiment more sensitive
to the appearance of hard points which are responsible of a premature
rupture of the net. The absence of standard test beginning conditions also
contributes to the variations observed in the results. Consequently, More
and better standardized tests are necessary to a correct characterization of
the component. Special attention to the corners of the net must be paid
since most of the premature breaks have showed up there. The irregularity
of the skates displacements seems to be the origin.
The structure configuration has been optimized from the feedback
obtained during the full-scale impact tests. Observing the performance
of the structure and studying the measures registered, different technical
variation have been introduced progressively. The main constructive details
concluded are:
• Fence support trees must be located upstream the fence. Otherwise
the loads in the tree are in the slope sense and can be easily damaged.
• In order to be on safety conditions, trees with diameters bigger than
30 cm must be selected.
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• Contrary to manufacturer indications, the horizontal orientation of
the net performs better than the vertical one. Since loads are mainly
transmitted in the longitudinal sense, a higher efficiency of the net and
more homogeneous behaviour is obtained with this configuration. In
addition, the building process is simplified, because just one net piece
is required.
• Within the net corners, a shackle connecting both horizontal and
vertical cable must be installed. This element allows to make stiffer
this area, where partial damages where observed see fig.3.3.
Full-scale tests are also useful to understand the behaviour of the
structure and see the influence of certain parameters like the impact point or
the trajectory which play a very important role in force distributions. The
low loads of the forces within the lateral cables have also been brought to
light.
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Chapter 4
DEM Modelling
In this chapter the numerical model is described. Once the technical
solution has been set-up and the mechanical response of the structure
has been observed under impact conditions, a consistent model can be
developed. First of all, the general formulation and the interactions laws
employed by DEM code used are presented. Then, every component of
the structure is analysed to detemine the element type to be used and the
parameters to be defined within the DEM model.

4.1
4.1.1

Discrete Element Method
Justification

Every mechanical system can be described by a model, which collects
the phenomena within a differential equation. However, the analytical
solution is usually hard to obtain and just available for simple cases or with
special geometries. In this particular case, the complexity of the system
is too important, so it cannot be simulated using analytical solutions.
Consequently, the use of numerical methods becomes necessary. Numerical
modelling basically consists on the discretization of the problem, that is,
the approximation of the system by temporal and spatial decoupling of the
assembly of equations describing the physical processes involved.
The choice of the numerical method adopted to model the system is
entirely related with the problem nature. The finite element method is
49

4.DEM Modelling
broadly used in the field of Civil Engineering. Nevertheless, for fast loading
cases as impact, modelling of fracture, and large strains the complexity
of this models is considerably increased using the FEM. Large strains
entails large distortions to the mesh (Dragon et al., 2000). To deal with it,
re-meshing techniques have been developed to model cracking and fissure
propagation, However, they are expensive in terms of computing costs.
The Discrete Element Method is based on a time discretization based
on finite differences schemes. The specificity of this method relies on the
modelling of objects as assemblies of discrete bodies interacting between
them following contact relations. In this sense, the discrete approach is
defined in the microscopic scale, establishing the parameters which describe
the relation between particles. DEM models can be classified in two main
groups: The Smooth DEM and the Non Smooth Contact models. The main
difference is the treatment of the interaction between particles.
• Smooth DEM: also known as classical DEM describe interaction
between particles relating the bodies relative velocities at the contact
to the contact forces using regular functions, that is to say, continuous
and derivable functions. Initially introduced by Cundall (1971) and
then extended by Cundall and Strack (1979), this method requires the
definition of contact parameters to describe the intensity of forces at
the contact according to the bodies relative velocities. These models
are generally solved using an explicit scheme.
• Non Smooth DEM: This method consider discrete elements as
non-deformable bodies. Interpenetration between particles is not
allowed and interactions are ruled by rigid shock laws (Radjai and
Richefeu, 2009; Jean, 1999). Since interactions laws are no regular, an
implicit schema is required to solve the dynamic equation.
Due to their nature, DEM models are widely used for describing mechanical
behaviour of granular materials. However, this numerical method can also
be applied to model continuum materials such as deformable structures
(Effeindzourou et al., 2016; Jebahi et al., 2015)
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4.1.2

Calculation cycle

The DEM uses a finite difference scheme, in which the position are
computed at each time step by integrating Newton’s second law of motion.
Once the geometry of the problem has been defined, the calculation cycle
starts. For every step, contact or remote interactions between particles are
detected considering their positions, dimensions and shapes. Afterwards,
the interaction laws determinate the particle’s contact forces (F ) and
moments (M ) from their positions and velocities. Then Newton’s second
law is used to calculate the translational (ẍ) and rotational acceleration ω̇
of each body for every direction (i).

ẍi = Fi /m

(4.1)

ω̇i = Mi /Ii

(4.2)

Where m and Ii are the particle’s mass and moment of inertia, respectively.
The velocity and position of each particle is then calculated by integrating
its acceleration in the time increment (∆t). The integration is done
following a first order centered finite difference scheme. Thus, velocities
(ẋ, ω) are calculated at (t + ∆t/2)
ẋi (t + ∆t/2) = ẋi (t − ∆t/2) + ẍi (t)∆t

(4.3)

ωi (t + ∆t/2) = ωi (t − ∆t/2) + ω̇i (t)∆t

(4.4)

Then, particles orientation and position are computed at (t + ∆t)
xi (t + ∆t) = xi (t) + ẋi (t + ∆t/2)∆t

(4.5)

θi (t + ∆t) = θi (t) + ωi (t + ∆t/2)∆t

(4.6)

Once the new position of the particles are updated, interactions are
identified again. From the new relative position. Forces and moments
taking part at each contact are calculated using the contact laws. The
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contact plane is defined by the normal (~n) to the contact surface, obtained
from both particle’s position. In a differential formulation, it can be written:
dN = fn (αn , Pn , dt)

(4.7)

dT = ft (αt , Pt , dt)

(4.8)

Where N and T are the normal and tangential contributions to the contact
force. fn and ft are functions which define the contact law within the
normal n and tangential t directions. Pn and Pt represent sets of mechanical
parameters defining the interaction law. Finally, the normal and tangential
contribution of indentation are represented by αn αn .
Numerous contact models are available allowing to describe different
physical processes. More details about the elements and contact laws used
in the model are provided in the followings sections.

Figure 4.1: Calculation cycle in DEM
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4.1.3

Critical time step

Due to the nature of the solving scheme, small enough time-steps are
required to guarantee numerical stability and smooth motion of particles.
Otherwise, particles may be excessively penetrated, which leads to too large
forces applied to particles.
The critical time step depends on the mechanical properties of the
particles. The condition to be satisfied is that the propagation velocity of
the numerical wave must be higher than the velocity of the elastic wave.
Which means that ∆t must be small enough to ensure that perturbation
induced by the movement of a particle stay local, or in other words, just
affect to the surrounding particles. Thus, the step of time must be fixed as
a fraction of natural period of the system. The critical one is computed for
every degree of freedom of every particle.
To determine the natural period, two types of elastic waves may be
considered. Compression-tension waves and bending waves.
Natural period are determined by:
Tncomp

2L
=
n

r

ρ
E

(4.9)

Where Tncomp is the nth natural period of the compression waves, L is the
length of the element, ρ is the mass density and E the elastic modulus
associated.
Natural period are determined by:
s
Tnbend

= 2π

ρSL4
EIXn

(4.10)

Where Tnbend is the nth natural period associated to bending, S is the cross
section, I is inertia modulus, and Xn is a value depending on the boundary
conditions of the element.
Consequently, the critical time step must be determined as a portion the
minimal natural period of the assembly of elements composing the model.
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4.2

YADE DEM code

YADE (Yet Another Dynamic Engine) is the code used in the framework
of this thesis. This extensible open-source software is a result of the
evolution of the previously-existing code SDEC (Spherical Discrete Element
Code) developed at the University of Grenoble-Alpes. YADE is a code for
discrete numerical models, focused on (classical or smooth) Discrete Element
Method. The user’s interface is completely built in Python allowing a
rapid and concise scene construction, simulation control, postprocessing and
debugging while the computation parts are written in C++ for independent
implementation of new algorithms. The coexistence of the two coding
languages is briefly showed in the figure (see Fig 4.2).

Figure 4.2: General operating diagram of YADE (Adapted from Kneib,
2011)
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For a better comprehension of the modelling of the different components
of the structure, a high-level overview of YADE architecture is provided. A
clear distinction of two families of classes: data components and functional
components. Both classes are stored in a single scene, and are accessible
through the Omega universe (O global variable).
Data components, inside Omega, is represented by Bodies, their
Interactions and resultant Forces.
A body is a particle, the basic element of simulation which interact with
other bodies. Each body contains:
• Shape: represent particle’s geometry.
• Material: which store the properties affecting to the mechanical
behaviour and which are independent of particle’s shape and
dimensions.
• State: specifying state variables. Position, velocity and acceleration
(angular and linear) are contained. It is updated at every time step.
• Bound: a box surrounding the body which is used for approximate
contact detection. It is updated at every step, following the body’s
motion.
Interactions are always between pair of bodies. They are usually created
by the collider based on spatial proximity (interpenetration), nevertheless,
they can be explicitly created and exist independently of distance (remote
interaction). Two components have to be specified:
• IGeom: including geometrical information about both particles taking
part in the collision. It is queried for the penetration distance or
the shear strain. It is based on the combination of the shapes of the
particles.
• IPhys: representing non-geometrical features of the interaction to
calculate the "stiffness" of the contact. Some of the features are
computed from the material characteristics of the particles, other may
be internal variables like damage.
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Figure 4.3: Typical simulation loop in YADE (from Smilauer et al., 2016)

Generalized forces: they are just stored temporarily and include forces,
torque and forced displacement and rotation.
During every time step the same sequence is repeated. First, forces
acting on bodies are reset. Then, the approximation of the collision is
performed using the bounds. After that, the exact collision of bodies are
detected updating the interactions characteristics. When interactions are
solved, resulting forces are applied on bodies beside some other external
conditions (gravity). Finally, positions of bodies are updated by integrating
motion equations. All the actions mentioned conform the simulation loop
and are represented by an Engine, which is a function component of the
simulation.

4.2.1

Bodies

As mentioned before, the body, is a particle, the basic element of the
simulation which interacts with other bodies. To define it three aspects
have to be specifyed: shape, state and material. In this paragraph just
the shape and materials are introduced. State class refers to boundary
conditions which are expressed in the usual terms (imposed or blocked
kinematic conditions on the particles)
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Shapes
Different geometries are available in YADE from the class shape. These
geometries can, at the same time, have other ones derived from them. The
basic and simpler shape used in YADE simulations is the Sphere.
Spheres have been mainly employed to reproduce granular media, but
other applications have been found. As mentioned in chapter 2, the use
of remote interactions has been employed to model net components. In
addition, developers have introduced modifications to sphere shape, creating
new geometries derived from it which are useful to simulate deformable
continuous structures.
First, the cylinder element has been introduced by Bourrier et al. (2013).
Cylinder behaviour is like a classical discrete element (sphere). It lies on
a nearly rigid object whose deformation is composed of the interactions
between the particles forming the cylinder itself and with other bodies. It
actually corresponds to the Minkowski sum of a sphere and a segment and
do not introduce any numerical roughness when compared with a bounded
particle model (see figure 4.4). The deformation produced within the body
is defined by the position and orientation of the nodes forming it.

Figure 4.4: Cylinder geometry: (a) single cylinder, (b) interconnected
cylinder, and (c) bounded sphere model. (from Effeindzourou et al., 2016 )

Effeindzourou et al., 2016 completed that work developing the grid
element, which consist of nodes (GridNode) connected using an arbitrary
number of cylinders (GridConnection).
This element allows having
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interconnected cylinders. Modelling a grid involves the implementation of
the interaction between non-adjacent cylinders.
More geometries such as:
Facet, PFacet (particle facet),Tetra
(tetrahedron) Polyhedra or Wall are available in YADE. Nevertheless,
since they are useless to model the components forming the structure here
presented or they are computationally expensive (Houlsby (2009)), they are
omitted.
Even if the geometries presented are quite simple, YADE allows to create
a body formed by a rigid aggregate of particles. It is called clump. Since
it is created, all bodies composing it are jointed, avoiding the relative
displacement between them. Instead, they are treated as a single body,
whose position is referred to the centre of gravity of the assembly, and its
mass is the addition of the composing particles masses. Clump is useful
to model complex geometries or to model extremely rigid joints between
components.
Materials
Different class of materials can be assigned to the bodies. The choice of a
type of material depends on the physical behaviour to be simulated and the
involved phenomena.
The basic class to model solids is the frictional elastic material
(FrictMat). This material derives from the purely elastic ElastMat. The
FrictMat is defined by the mass density, the Young’s Modulus, the Poisson’s
ratio and the friction angle. From it, different "sons", introducing more
aspects are available. A big catalogue of material is developed. For instance,
materials simulating concrete, mortar or viscoelastic materials have been
created. Those which are of interest for this work are:
• WireMat:material to be used with Wire classes. It has been used to
model steel wire meshes Thoeni et al. (2013), geotextiles and more. It
includes parameter able to reproduce double twist meshes developed
by Bertrand et al. (2008). The cross section area to transform stress
in force can be independently defined. In this material, stress-strain
curve is defined by a set of points for one single wire.
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• CohFrictMat: material including cohesion and friction combined
phenomena in the contact
• InelastCohFrictMat: similar to the CohFrictMat but allowing to define
a elasto-plastic constitutive law with hardening. Different stress limits
and elastic modulus can be selected for twist, bending, compression or
tension. Unloads coefficient are required too.
• NormalInelasticMat:material class for bodies whose contact is ruled
by a normal inelasticity governed by the difference between the load
and unload stiffness parameters.

4.2.2

Interactions

Considering that only spheres and grids are employed, three types of
interactions shall be defined: sphere-sphere, sphere-grid and grid-grid.
Sphere-sphere interaction
This is the simplest one within the model and is the basis of all other type
of interactions. Contact force F and contact moment M are related to the
relative displacement (interpenetration) and relative rotation. Normal Fn
and incremental dFs shear contact force are defined as:
Fn = kn un

(4.11)

dFs = ks u̇s dt

(4.12)

where kn and ks are the normal and shear stiffness associated to the contacts,
un is the normal interpenetration, u̇s is the relative tangential velocity and
dt is the time step.
If two spheres S1 and S2 are considered, the normal and shear stiffness
can be computes as:
kn =

2E1 R1 E2 R2
E1 R1 + E2 R2
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Figure 4.5: Sphere-sphere interaction (a) and contact forces and
interpenetration (b). (from Effeindzourou et al., 2016 )

ks =

2E1 R1 ν1 E2 R2 ν2
E1 R1 ν1 + E2 R2 ν2

(4.14)

where Ri is the radius, Ei the Young’s modulus and νi the Poisson’s ratio
associated to the particle i.
Relative rotation between spheres Ω12 produces a twisting moment Mtw
and the bending moment Mb . It is important to remark that all these
values (moments are rotations) are defined at the contact point, not at the
gravity centre.
Mtw = ktw Ωtw
12

(4.15)

Mb = kb Ωb12

(4.16)

where ktw and kb are the contact stiffness associated to the twisting and
b
bending, and Ωtw
12 and Ω12 are the twisting and bending components of the
relative rotation associated to both spheres.
However, this interaction also concerns the behaviour between two
adjacent nodes constituting a cylinder (or grid), whose relative position
and orientation define the deformation of the cylinder. The formulation
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implemented by Bourrier et al. (2013), defines it as a beam-like behaving
object.Thus, if a cylinder or grid is considered as a beam with length Lc ,
the different stiffness parameters are calculated:
kn =

En A c
Lc

(4.17)

ks =

12Eb Ib
L3c

(4.18)

Eb Ib
Lc

(4.19)

Gtw Itw
Lc

(4.20)

kb =

ktw =

where En is the Young’s modulus (tension or compression), Ac is the surface
area (Ac = πR2 , being R the minimum radio of the involved cylinder nodes),
Lc is the distance between the nodes, Eb is the bending modulus, Ib the
bending inertia computed as Ib = πR4 /8, Gtw the shear modulus for twisting
and Itw the polar moment of inertia (Itw = πR4 /4).
Sphere-cylinder interaction
This interactions applies when a external sphere contact with a cylinder.
In this case grid nodes are not interacting but the grid connection. In order
to calculate the deformation at the contact, a virtual sphere (whose radius
corresponds to the cylinder radius). When contact begins, the centre of the
virtual sphere is defined as the projection of the contact point along the
internal segment of the cylinder. Normal and tangential contact forces are
calculated using the equations defined for the sphere-sphere interactions but:
kn =

2Es Rs Ec Rc
Es Rs + Ec Rc

(4.21)

where Es and Ec are the Young’s modulus for the sphere and the cylinder
respectively, and rs and rc are their corresponding radius. The shear stiffness
of the contact is calculated as ks = 2kn /7.
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Figure 4.6: Sphere-cylinder interaction. (from Effeindzourou et al., 2016 )

Displacements along the cylinder surface vary linearly between its two
nodes. Forces and moments are distributed calculating their share according
to translational and rotational velocities of the virtual sphere.
Cylinder-cylinder interaction
Given a set of two cylinders C1 and C2 formed by two nodes on both sides
of every one N0C1 and N1C1 for the first one and N0C2 and N1C2 for the second
one. Both cylinders can be represented as two segments connecting their
nodes: A = ||N0C1 N1C1 || and B = ||N0C2 N1C2 ||, whose parametric equations
were defined by Effeindzourou et al. (2016) as:
A(s) = N0C1 + sa

(4.22)

B(t) = N0C2 + tn

(4.23)

where a and b are the direction vectors of segments A and B respectively
and s and t are coefficients between 0 and 1.
The minimun distance between the involved cylinders at the contact
point can be represented as another vector D:
Dc = Dc (sc , tc ) = A(sc ) − B(tc ) = min(D(s, t))
where sc and tc are the values of s and t at the contact point.
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Figure 4.7: Distance between cylinders. (from Effeindzourou et al., 2016 )

If A and B are neither parallel nor intersecting each other, the segment
Dc measuring the distance between them is uniquely perpendicular to vectors
a and b, so that the following system of equations can be written:



D = A(sc ) − B(tc )

 c
(4.25)
a · Dc = 0



 b·D =0
c
After solving this system, the contact point is found, that is to say, values
for sc and tc are obtained:

 m = (a·b)(b·D0 )−||b||(a·D0 )
c
kakkbk−(a−b)2
(4.26)
 n = (a·b)(a·D0 )−||b||(b·D0 )
c

kakkbk−(a−b)2

where D0 = N0C1 − N0C2
Once, the contact is found, each cylinder is associated to a virtual sphere
at the contact point. Both spheres SC0 and SC1 are positioned in A(sc ) and
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B(tc ) respectively. Contact laws are the same than exposed in the case
sphere-cylinder.

Figure 4.8: Cylinder-cylinder interaction. (from Effeindzourou et al., 2016 )

4.3

Tree-anchored protection fence model

In this section, the numerical model representing a tree-anchored rockfall
protection fences is described. First of all, the simplifications adopted in
the model are justified. Then, a review of every component within the
structure, defining the geometry and the material adopted, is carried out.
Finally, interactions between elements are described.

4.3.1

Main assumptions

In order to build an efficient model, some simplifications are adopted based
on the observations from full-scale impact tests. A list of the items assumed
and their justification is offered in this paragraph.
• TUTOR nodes: as described in chapter 3, chain link meshes
only sustain under tension loading. Under compression, wires can
approach without developing any stress. In the model, joints will be
simplified assuming that just one node reproduces the chain link. This
assumption lead to neglect all the phenomena associated to the friction
within the nodes. Other assumption is the neglect the effect of the
bending at the knots. When, the mesh is subjected to tension loads,
bending affects the wires at the chain links leading to a decrease of
the mesh angles (defined as β). To simplify, the model, the energy
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absorbed within this phenomena is ignored and free rotation of the
nodes is allowed.
• Connection between TUTOR and horizontal cables: this
connection is done using spires in the transversal direction of the net.
This solution allows the net to slide on the supporting cables. However,
after seeing during the tests the small magnitude of this displacements,
the net is considered fixed to the cable. This assumption neglects the
relative displacements experienced and all the friction process along
the cable.
• Lateral cables: From impact tests, it can be observed that lateral
cables perform low loads when compared to upper or lower cables.
This is caused because of the large length of the net beside its height.
Accordingly, it can be concluded that their role in the mechanical
response of the structure is limited, apart from avoiding the net from
sliding excessively on the cables (which has already been considered in
the previous point). Moreover, modelling the lateral cables brings up
difficulties to perform correctly the gravity deposition and consider the
friction between cables. In order to simplify the model, lateral cables
are ignored.
• Trees: trees located at the extreme sides from the structure (1 and
4, following the schema provided in figure 3.12) are neglected in the
model. Instead, cables are considered to be fixed at the extremes. This
is justified because the connection of the cables with these trunks is
protected. Multiple anchorages to other trees are installed at that
point to create a fix point. No displacements of these points are
observed during the tests.
• Ground slope: within the experimental campaign almost no
interaction is registered between the structure and the slope during
the impact. The only rebound observed was during the the test of
the 23rd May. However, it is produced during the breaking process,
which is considered out of range for this study. The computational
cost of the simulation is increased if the ground is considered because
a lot of potential contacts are added. Moreover, the reproduction of
the interaction between soil and block are hard to represent without
performing specific tests. In consequence, it is chosen to neglect the
presence of the slope.
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Figure 4.9: Numerical model of the tree-anchored rockfall protection fence

4.3.2

Components

Thanks to the assumptions made before, a significant simplification of the
model is allowed. Just 5 different components are modelled:
• TUTOR net
• Horizontal supporting cables
• Trees
• Shackles
• Block
In this section, the modelling adopted for these components is presented.
Thus, the shape and the material of the bodies is selected and their
properties adopted.
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TUTOR net
The mesh is the component which directly receives the block. During the
impact, mesh wires are subjected to tension loadings. In order to reproduce
its geometry, two shapes can be used: spheres using remote interactions
or cylinders. Given the high number of bodies to be introduced, the size
of the block (the interaction is guaranteed) and considering the good
results obtained in the bibliography (Bertrand et al., 2012), using spheres
with remote interactions seems reasonable. Otherwise, the computing
cost will increase significantly. One sphere is placed, at every knot of the
mesh, as done by Bertrand et al. (2008) to model hexagonal double twist
meshes. The connections between bodies are be ruled by remote interactions.
Wire meshes are modelled using WireMat. material which has been
specially developed to this objective. The properties to be assigned, are
mainly obtained from the manufacturer (see chapter 3), even if some
parameters as the mass density have to be adapted. However certain values
as the stress-strain path are characterized by the laboratory test done (see
Chapter 5).

Parameter

Value

Source

Shape

Sphere

-

Material

WireMat

-

Diameter

4.5 mm

Manufacturer

Mass per square meter

3.4 kg/m2

Manufacturer

Strain-Strees values

See chapter 5.

Experiences

Friction angle

10o

-

Poisson

0.3

Literature

Table 4.1: Model properties: TUTOR mesh
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Supporting cables and shackles
In this design, cables interact with many bodies. Contacts between cable
and net is neglected. However, the contact between cables and shackles
allows transmitting the efforts from the fence to the trees. Consequently, a
model of grids have to be built, since it is the only shape which allow the
contact between cylinders. The discretization of the cable is imposed by
the net geometry, because at least one node must be located at every joint
between net and cable.

Parameter

Value

Source

Shape

Grid

-

Nodes material

CohFrictMat

-

Connection materIal

FrictMat

-

Diameter

16 mm

Manufacturer

Mass density

7850 kg/m3

Manufacturer

Young’s modulus

64.8 GPa

Literature

Normal cohesion

850 MPa

Manufacturer

Poisson

0.3

Literature

Friction angle

10

-

Table 4.2: Model properties: cables
Given the complexity of the grids, just three material types are
compatible to these bodies (nodes): CohFrictMat, InelastCohFrictMat
and NormalInelastMat. Cables are designed in the structure to not to be
critical. Their failure is not attended. In addition, experiments performed
by Trad (2011) for G.T.S brought to light a elastic behaviour to the arrival
to the rupture point (fragile failure). Considering all that, supporting cables
will be modelled using a CohFrictMat for the grid nodes and a FrictMat for
the grid connections (no cohesion is required). All parameters defining the
stiffness to rolling or bending are reduced to zero. In addition, since cables
are not supposed to fail by shear, shear cohesion is set at a very large value.
68

4.3. Tree-anchored protection fence model

To guarantee the contact with the cables, the same model of grid is used
for the shackles. The only case is that twisting and bending are modeled, but
they remain elastic. The geometry of the modelled shackles is composed by 4
nodes tracing a diamond, whose inner tangent circumference has a diameter
of one and half times the cable diameter.

Figure 4.10: Numerical model. Detail of cable and shackle

Trees
Trees are critical elements. Their failure system and their "yielding" have
thus to be characterized. During the impact, they are working as cantilever
beams, where bending is fundamental. Therefore, they have to be modelled
as continuous media. Accordingly, grid elements are used.
Since no specific experiences have been carried out along this work, the
trees’ properties are adopted from Olmedo-Manich (2015), where a discrete
element model of trees is designed and validated. The material proposed is
the InelastCohFrictMat for the grid nodes and NormalInelastMat for the grid
connections. This material definition is used since it is able to reproduce
satisfactorily the response of the tree stem subjected to an impact of an
external object by describing the relation between the block penetration in
the tree with the interaction force of an orthotropic material (wood).
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Figure 4.11: Tree nodes interaction law describing schema

The tree model is described by a relation bending moment-rotation. The
loading path is defined by a bi-linear law (see fig 4.11). The first relation is
defined by elastic stiffness kElast , and the second by the kN L coefficient. The
limit between both relations is defined by the bending moment MElast . The
discharging phase is characterized by a linear law defined by kU nld if the
maximum moment is larger than MElast , otherwise it is defined by kElast . If
the rupture is achieved Mrupt , the interaction between elements is removed,
which means that the rotation is no longer controlled by the moment.
kElast ,kN L and kU nld are defined, as mentioned in section 4.1 by the grid
geometry and the equivalent modulus (Longitudinal Modulus of Elasticity
M OE, EN L and EU nld . Likewise, MElast and MRupt are computed from
equivalent stresses σElast and σRupt . The valued proposed by Olmedo-Manich
(2015) from experimental calibration are expressed in table
In this model, the discretization is determined by the diameter. The
grid ratio used is equal to the diameter so grid nodes are located tangent
to the other. This is done with the objective of reducing the errors done
during the distribution of the forces.
Trees are connected to the ground by their root system. This boundary
condition is not modelled as a cantilever beam, as it is susceptible to fail
with a determined bending moment defined by Lundström et al. (2007). At
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Parameter

Stem model

MOE

8940 M P a

EN L

2070 M P a

EU nld

8820 M P a

σElast

44.2 M P a

σRupt

72.7 M P a

Table 4.3: Trees mechanical properties. From Olmedo-Manich (2015)
the beginning, the moment-angle relation is described as linear elastic, but
once the limit bending moment is achieved, the relation becomes perfectly
plastic. According to this, Toe (2016), developed a numerical algorithm able
to reproduce more reliably the root system.
Impacting block
Since no failure or strain of the block is attended, only the geometry of the
block ia modelled as a clump of adjacent spheres. It is important to remark
that, with the objective to have a solid volume, an initial interpenetration
between particles must be provided. Thus, the diameter of the particle has
been established as long as the distance between adjacent bodies.
Every particle of the clump is defined using the same material properties.
Since there is no interest to reproduce the exact mechanical properties, the
block material is modelled using a FrictMat with large elastic modules when
compared to other ones used in the simulation.

4.3.3

Joints

Complex components of the structure such as the joint between shackles and
trees are very hard to be modelled in YADE. Consequently, an alternative
solution must be proposed for their modelling.
In chapter 3, the two systems of joints between cable and TUTOR are
presented: one with spires and another without them. Both systems, but
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Figure 4.12: Numerical model. Detail of the block

specially the spires could allow limited sliding of the net on the cables as
observed during the tests. Due to the low ratio H/L, larger efforts are
observed in the vertical direction, producing more important deformation of
the net and its joints in this direction and limiting the sliding. In addition,
lateral cables where the net is attached too, contribute to the limitation
of this effect. Thus, to model the joint between both cable and net, a
clump between cable and net particles has been employed (see fig 4.10).
Consequently, no slide is produced, and there is no risk of failure of the joint.
To model the joint between trees and shackles, where a steel rod in
nailed into the trees, another clump is used. This time, the shackle’s
closest particle (each one is composed by 4) is attached to the trees upper
particle, so their displacements are related during the whole simulation.
This is equivalent to say that the joint is infinitely stiff and no relative
displacements are produced between those components.
It is important to remark that the clump between shackles and trees is
not made at the beginning of the simulation in upper corners. Since the
net height can be bigger than the structure height, the model requires of a
gravity deposition. In this sense, net and cable are created totally unfolded
and thanks to the action of the gravity, they start to fall to their definitive
position. Once, shackles arrive to their position, clumps are created at the
corners and upper cable is blocked at its extremities.
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Chapter 5
Calibration and Validation
5.1
5.1.1

Calibration
TUTOR mesh

The mechanical tests over the different components were used to fix
the appropiate mechanical properties of the material. In this project,
tensile tests have been carried out to characterize the TUTOR mesh. The
other components of the fence under study, such as cables or trees, are
characterized from data obtained from the literature or from previous
experimental campaigns.
The tensile test performed, which has already been described in chapter
3, allows to determine the mechanical behaviour of the net under tension
conditions. From this test, the strain-stress values used in the numerical
model can be deduced. To perform the calibration, just the test over
the new TUTOR with a diameter of 4.5 mm is used. Indeed, it is the
only one which exactly corresponds to the mesh used during the impact
tests. Moreover, taking into account the conclussions obtained in chapter 3
about the premature rupture of the net during tensile tests performed, the
determination of the failure point is not calibrated.
Figure 3.7 shows the force-displacement curve obtained during the test.
This curve is cut and displaced from 12 kN of force (4kN/m) neglecting
the displacements registered before. This technique allows comparing
the different test by neglecting the pre-positioning of the net at the early
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begining of the tests. This stage is strongly dependent to the net installation
position on the tensile tests device. Moreover, this part of the experimental
results is not relevant in terms of total strain on the net. Once treated, the
force displacement curve is simplified by a tri-linear law from where then
strain-stress values can be deduced.
To do the tri-linear fit, five parameters have to be fixed: three slopes
and two points in between. The first part of the diagram describes the
behaviour of the TUTOR while positioning. The second, represents the
linear elastic part. And the last the yielding response with hardening.
The failure of the mesh is observed to be fragile. Parameters took for the
characterization are exposed in table 5.1

Positioning slope K0

1.26 kN/m

Elastic beginning displacement point

40 mm

Elastic slope K1

3.15 kN/m

Yielding displacement point

90 mm

Plastic slope K2

1.68 kN/m

Table 5.1: Fitting parameters

As can be seen in figure 5.1, the fit is in accordance with the mechanical
response of the net. Larger errors are observed in the first part, where
the behaviour while positioning shows a parabolic increase. Nevertheless,
the influence of these variations is limited, as negligible changes in the
dissipated energy are obtained.
This linear fitting is defined in terms of force-displacement. However, the
parameters to be introduced within the model are in terms of strain-stress,
which are not directly measured. This is why a transformation of the fitting
must be done. In order to compute strain-stress values some assumptions
must be done:
• The imposed displacement loads uniformly every node in the axial
direction.
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Figure 5.1: Force-displacement diagram from Tensile Test with fitting.

• Displacements in the "x" direction are the same for every node.
• No friction is assumed between the skate and the beam while rolling.
• No displacement in the "y" direction is produced in any node.
• No local wire ruptures appear before the failure of the net.
Once, these points are assumed, we can deduce strain and stress values
from force-displacement diagram through:
Fwire =

FAx
2ny cos(β/2)

(5.1)

Being: β the angle defined in the figure 3.4, FAx the total axial force
measured during the test and ny the number of nodes in the y direction
from where the TUTOR is attached (30 in the test performed).
It is important to take into account, the variations that the axial
displacement impose in the β angle. The corresponding value of the angle
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for a given displacement can be calculated as:
β = atan

d/2
D/2 + dispx /(2N x)

(5.2)

Where d and D are the mesh’s dimensions defined by 3.4, dispx is the total
displacement imposed at a certain instant and Nx is the number of nodes in
the "x" direction from where the net is attached (19, in the test carried out).
Then, the stress value is obtained as:
σwire =

Fwire
π(Θa /2)2

(5.3)

To compute the strain values, the formula used is:
p
d/cos(β/2) − (d/2)2 + (D/2)2
p
εwire =
(d/2)2 + (D/2)2

(5.4)

Strain-stress values have been calculated at the two slope change points
and at the failure point (see table 5.2).

Point

ε

σ (MPa)

Stiffening

0.98 %

63.73

Yielding

2.22 %

261.49

Fragile rupture

4.15 %

419.05

Table 5.2: Strain-stress values from fitting

These parameters are introduced in the constitutive law of the model.
To reveal the validity of this calibration, a simulation performing a tensile
test is carried out. Results are available in figure 5.2. A good fit is observed
in the axial force. However, a deviation of 15% is achieved in the transversal
force.
This deviation can be caused by the following points:
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Figure 5.2: Force-displacement diagram observed in experiences vs
simulations in YADE.

• Within the experimental tests, boundary conditions are not as ideal as
modelled. Rolling skates can get stuck resulting in little irregularities
of the displacements and less mobilization of the transversal forces.
However, these irregularities are not appreciable in the charts.
• The imposed axial displacement carries a decrease of the angle β. In
the model, this variation cost no energy since its modelled with wire
elements. Nevertheless, in reality a plastification of the nodes, which
means an extra dissipation of energy is produced. Consequently less
angle variations is observed in the experience and lower transversal
forces are obtained.
• Previous ruptures in the corners are considered to have no effect during
tests which actually supposes an important capacity loose of the net.
• In the model chain links joints are simplified as a single node, which
leads to neglect all the friction efforts between wires, which is specially
significant in the first phase, when knots are bended.
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These aspects are not taken into account when strain-stress values
are calculated from the force-displacement curve. Even if these little
adjustment errors in the transversal force are registered, the general
response of the model is satisfactory, as is the axial behaviour which is
determining the general response of the net within the structure under
impact conditions. It is important to remark that the this tri-linear fit
is well adapted to the curve obtained in lab, but in any case, due to the
appearance of hard-points, ultimate force is significantly lower than the one
provided by the manufacturer. In this sense, no calibration of the rupture
point is available. More tests would be needed in order to confirm the
values obtained and to guarantee that are not associated to installation
unaccuracies.
Because of the important variations between tests registered in the
section 3.2.1 and in order to put in context the strain stress values obtained,
the same procedure is applied to the other tests carried out (see table 5.3).
Remarkable differences are found in terms of strain and stress values, which
bring to the light the need to be cautious with the results obtained from the
test and their corresponding calibration.

Test

4 mm (1)

4 mm (2)

4 mm (3)

4.5 mm

εpositioning

0.48%

0.52%

0.60%

0.65%

σpositioning

42.25 MPa

46.78 MPa

40.74 MPa

39.29 MPa

εyielding

2.05%

1.44%

2.17%

2.09%

σyielding

287.73 MPa

297.04 MPa

271.88 MPa

207.88 MPa

εrupture

4.16 %

3.11 %

3.84%

4.74%

σrupture

470.64 MPa

438.13 MPa

429.19 MPa

420.08 MPa

Table 5.3: Strain-stress values from fitting performed in the old TUTOR
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5.1.2

Cable-shackle friction

One aspect to be calibrated is the interaction between the supporting
cables and the fixed rings, which is fundamental to transmit the efforts to
the trees. Within this calibration, one parameter needs to be investigated:
the friction angle between the cable and the fixed rings. It is specially
important as four contact points exist between each ring and main cable.
To study the influence of this parameter, full scale simulations were carried
out on the protection structure. To guarantee their validity, the conditions
from the 31st May test are used for different friction angles. To propose
a range of values, literature is reviewed. Albaba (2016) studies the effect
of this parameter on the behaviour flexible barriers against the impact
of debris flows. Within that research values from 4o to 20o are studied,
and results show that no significant differences are registered. Thus, it is
concluded that the model is not very sensitive to this parameter. However,
it is observed that high values of the friction angles could result in sliding
rings being stuck. Such blocked rings could produce high solicitations
at the connection between rings and net, which may lead to the local failure.

Figure 5.3: Friction angle calibration. Block velocity with time for three
repeated experiments and the DEM model (from Albaba et al., 2016).
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Furthermore, specific experiences on this aspect have been recently
carried out by Albaba et al., 2016 with the collaboration of G.T.S. The test
consists of a zip line made of a 18 mm in diameter cable where is hanged
a block of 30 kg and an average angle of 34o . The mass is allowed to slide
freely under gravity over a distance of 7 m. During the test, displacement is
registered using a high speed camera at a frequency 250 fps. Three tests are
performed where block velocity increases from 0 to 7 m/s. These experiments
have beed modelled in order to calibrate the friction angle of the contact so
that the increase of velocity evolution in time shows similar values. From
the model, it is observed that this parameter has a limited influence on the
speed. A good agreement is obtained in the range 8o − 12o . A value of 10o is
finally considered in the calibration. This value is adopted as valid for the
model here proposed as it is based in on specific experiences representing
similar conditions (see fig 5.3).

5.1.3

Other parameters

Since no other experiments have been carried out, the rest of the parameter
are obtained from the literature. See chapter 4 for sources.

5.2

Validation

Once, the parameters from the model are calibrated. The validation of the
model shall be carried out. This procedure allows to check if the behaviour
of the numerical model under impact conditions matches with the results in
reality. Since, most of the tests carried out experienced particularities, only
the one from the 31st May (in which no component failed and all signals
were properly registered) can be used to determine thoroughly the validity
of the numerical model.
One model is validated when it shows the same response when compared
with experiences. Thus, the forces on cables and the block trajectory
have been considered as parameters of study. Results from the tests have
already been presented and analysed in chapter 3. A model representing
the geometrical and impact conditions of the 31 May test is developed.
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Contrary to our expectations, the failure of the TUTOR net was observed
during the simulations. As explained before, a large uncertainty is associated
from the calibration of the TUTOR, observing results almost a 40% lower.
In addition, although the calibration has been made just with in-plane tests.
Punch tests seem to be essential to characterize the out of plane mechanical
behaviour. As the net rupture requires further investigations, it has not
been considered for the study/validation of the model. thus, the rupture
value has been considered high enough to avoid any rupture of the net.
The stress-strain path obtained experimentally is conserved but the ultimate
value is altered. Results from the model adapted are presented and compared
to reality in figures 5.4, 5.5 and 5.6.

Figure 5.4: Block’s displacement in time between. Model vs simulation.

From the graphs, the strengths and weakness of the model can be
easily appreciated. On one hand, force values present a good fit between
the experience and simulations. Not just the shape of the curve but the
peak values obtained in the model are very similar to the ones registered
during the tests. The main differences are found in the peak load of the
lower cable and during the discharge process of the upper cable which is
significantly slower in the model. Parameters defining the energy of the
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Figure 5.5: Block’s trajectory. Model vs simulation.

Figure 5.6: Cable forces. Model vs simulation.
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block or the stiffness of the structure as the elastic modulus of the cable
and their tension are determinant.
Although, in terms of displacements, significant differences are found, the
loading process of the structure is well represented. However, the maximum
displacement in the "x" direction (perpendicular to the structure) seems to
be reduced during the simulation. From that point, huge differences are
found, specially in the vertical "y" displacement. During the experiments,
the block climbs up. However, the model is not being able to reproduce this
behaviour, even if the cable forces and the displacement in the horizontal
direction "x" present similar values. This effect can be associated to friction
values between the fence and the block, which have not been calibrated.
Another potential cause may be the initial tension within the cables which
are not directly controlled by the numerical tool, nevertheless, the deflection
of the cable has been controlled measuring the distance between cables
(upper and lower) at the midpoint so, the model is able to adjust the upper
cable’s tension in order to have the same distance ( with a tolerance of ±2%).

Results

Experiment

Simulation

Deviation

Max. Force upper cable

55.28 kN

51. 91 kN

-6.1%

Max. Force lower cable

77.56 kN

68.83 kN

-11.3%

Max. "X" displacement

1.90 m

1.60 m

-15.8%

Max "Y" displacement

0.65 m

0.69 m

6.2%

Table 5.4: Comparison of results
Despite the model is not accurate in terms of displacement (an important
reduction of the penetration can be observed), energetically is not that far.
From figure 5.4 it can be appreciated that the slope of the displacement
(velocity) within the "x" axis is similar between the simulation and reality.
Results and their deviations from the full-scale experiment are offered in
table 5.4. Overall, if we consider the grade of uncertainty generated by the
trees and the problems obtained in the TUTOR calibration a good response,
of the model is obtained, specially in the loading process. It’s remarkable
the appropriate fitting in terms of time.
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Chapter 6
Towards a design tool
After the validation of the model, where the strengths and weaknesses of
the model have been revealed, it is exploited to determine the influence of
different parameters within the response given by the simulations. It is used
not just to perform a parametric analysis able to describe the incidence of
changing certain aspects, but to guide and put in perspective which are the
properties where special attention must be paid in order to improve the
behaviour of the model and the structure development in he future.
In this paragraph a study of the influence of some parameters is carried
out. The points to be analysed have been determined by the company
G.T.S which is interested in having a qualitative study of the performance
of the structure when variations in the impact conditions are imposed. The
properties to be studied are:
• Impact energy: block mass and velocity.
• Trees diameter
• Impact height
• Distance between trees
• Cables diameter
• Structure height
To perform the analysis, the conditions of the impact are idealized and
simplified, so that a cleaner response is obtained and the influence from
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other parameters are reduced. The general characteristics (when they are
not studied) of the model are:
• Spherical block with a constant mass density of 2500 kg/m3 (reinforced
concrete) and a mass of 700 kg.
• The impact is produced in the perpendicular direction of the fence.
The initial velocity is considered in this direction.
• Expected energy: 150 kJ
• Impact point located at the middle of the net.
• Cable diameter: 16 mm
• Distance between upper and lower cables at the support on the trees:
3m
• Span between every tree of 12 m. Between trees 1-2 and 3-4 there is a
offset of 2m in the "x" direction and 1.4 in the "y" direction (ground
slope of 35o ).
• All trees are considered to have the same diameter (30 cm).

6.1

Mass and velocity

The first and the simplest analysis consists of a study of the effect the block
energy. Since just the kinetic energy is taken into account, there are just
two ways to modify it, which consist in introducing variations of the mass
and the speed of the impacting block. The combinations to be simulated are
expressed in table 6.1. The response of the structure is studied considering
different aspects like forces in the cables, force applied to block, evolution
of the velocity of the block, trajectory, impact duration.
First of all, just the analysis of the effect in the velocity (constant mass)
is performed.
When increased the energy (velocity), an increment of the forces within
the cables is registered. Moreover, the distribution between cables is
almost homogeneous (similar values in upper and lower cables) and it is
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Mass = 700 kg

Velocity = 20 m/s

Energy (kJ)

Velocity (m/s)

Mass (kg)

50

11.95

250

75

14.64

375

100

16.90

500

125

18.90

625

150

20.70

750

Table 6.1: Mass and speed values to be studied

kept constant. Maximal penetration is also increased in a similar way.
Consequently, force-displacement curves seem to be proportional.
Impact duration is prolonged and peaks are displaced in time while the
block velocity decreases. The ratio between initial and return velocity is
almost kept constant around 0.37.
Since the mass density is kept constant, the variation of the mass leads
to a change of the impacting volume. As can be seen in figure 6.1, increasing
the impacting energy produces larger penetration and larger loads within the
supporting cables. Contrary, to the previous case, the ratio between cables
is not constant, as the proportion go the loads subjected to the upper cable
increase with little blocks. As it was mentioned before the impact point
is located at the middle point of the structure, which does not correspond
with the middle of the net because of the gravity deposition. Consequently
smaller blocks lead to a more concentrated impact closer to the upper cable.
Larger ratios between cables are observed.
Loads on the block, increase more drastically going from 28.3 kN for
50 kJ to 114.3 kN for 150 kJ, because the bigger the block it is, a larger
proportion of net is contacted. It is remarkable that force-displacement
curves follow different paths depending on the energy, even if the discharging
path is similar.
86

6.1. Mass and velocity

Constant mass

150 kJ

125 kJ

100 kJ

75 kJ

50 kJ

v0 (m/s)

20.70

18.90

16.90

14.64

11.95

Max. Finf (kN)

113.4

104.5

95.3

84.2

72.2

Max. Fsup (kN)

115.7

106.7

97.2

85.9

71.4

M ax.Fsup /M ax.Finf

1.02

1.02

1.02

1.02

0.99

Max. Fblock (kN)

111.1

98.9

85.6

71.8

52.2

Max. Penetration (m)

2.28

2.22

2.14

2.05

1.93

vreturn (m/s)

7.40

6.88

6.21

5.55

4.67

vreturn /v0

0.36

0.36

0.37

0.38

0.39

Impact time (s)

0.36

0.38

0.40

0.43

0.48

Table 6.2: Parametrical analysis: block mass influence

Constant velocity

150 kJ

125 kJ

100 kJ

75 kJ

50 kJ

Mass (kg)

750

625

500

375

250

Max. Finf (kN)

115.7

100.6

82.9

64.5

42.5

Max. Fsup (kN)

119.2

102.5

86.8

71.3

51.9

M ax.Fsup /M ax.Finf

1.03

1.02

1.05

1.11

1.22

Max. Fblock (kN)

114.3

93.5

67.6

50.5

28.3

Max. Penetration (m)

2.29

2.19

2.06

1.89

1.68

vreturn (m/s)

7.37

6.90

6.28

5.40

4.18

vreturn /v0

0.37

0.35

0.31

0.27

0.21

Impact time (s)

0.37

0.36

0.35

0.34

0.31

Table 6.3: Parametrical analysis: block velocity influence
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Figure 6.1: Parametrical analysis: block velocity influence.

No significant variations of the impact time are observed , although the
peak is slightly postponed when the energy increases. On the other hand,
the return velocity, which represents the elastic energy recovered after the
impact, increases with the impacting energy. Moreover, if the ratio between
initial velocity and the return velocity is compared, a clear influence of
the mass and the volume can be observed: bigger volumes allow to take
advantage of the elastic part of a bigger portion of the net.
During both cases, the behaviour of the structure is almost quasi-static.
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No significant dynamic effects are identified at the beginning of the impact
on the cables.

Figure 6.2: Parametrical analysis: block mass influence.

Studying independently the effect of the mass and the velocity allow
to establish some conclusions. However comparing both analyses lead to a
better understanding of the involved phenomena. If results for the same
level of energy are compared some aspects can be brought to light.
In this sense, if forces within the cables are compared (see tables 6.2 and
6.3), it can be observed that for the same level of energy, bigger forces are
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Impact height

0.25 H

0.35 H

0.5 H

0.65 H

0.75 H

Max. Finf (kN)

116.6

111.1

113.4

100.3

89.6

Max. Fsup (kN)

120.2

123.6

115.7

114.9

121.3

M ax.Fsup /M ax.Finf

1.03

1.11

1.02

1.15

1.35

Max. Fblock (kN)

105.9

107.9

111.1

102.0

94.7

Max. Penetration (m)

2.20

2.26

2.28

2.21

2.13

vreturn (m/s)

7.17

7.44

7.41

6.81

6.09

vreturn /v0

0.35

0.36

0.36

0.33

0.29

Impact time (s)

0.35

0.34

0.36

0.36

0.38

Table 6.4: Parametrical analysis: impact point influence
registered when the mass (and the volume) of the block increases. Having
a bigger impact area, allows a better distribution and transmission of the
efforts to the supporting cables. This aspect confirms that is not just the
level of energy (mass) but the volume (geometry) of the block which plays
an important role in the mechanical response.

6.2

Impact height

To perform this analysis five simulations have been launched. These
simulations consist of a spheric block of 700 kg impacting at different points
(0.25H, 0.35H, 0.5H, 0.65H and 0.75H) with an initial velocity of 20.7 m/s
(corresponding to 150 kJ).
Results from the simulations show some expected trends. If impact is
displaced from the middle, a more local reaction is attended like bigger
forces in the cable affected and lower block displacements. It brings to light
that the fence shows a more flexible and balanced performance when the
impact is centred. In this sense, return velocities are more important when
the impact is centred, because the elastic part of the net represents a bigger
proportion of the dissipated energy. However, in reality, no control over
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the impact point is provided. Thus, specific studies on the impact location
must be carried out to see which level of energy can be guaranteed (when
the failure of the net is produced), if the structure is subjected to eccentric
impacts.
Generally speaking, forces in the lower cable grow while the impact
point descends. However, upper cable load present smaller variations.
Upper cable load value is minimum when the impact is in the middle and
grows through the extremes, which can be caused by the trajectory of the
block and the influence of the gravity acceleration.
No significant variations are produced in the impact duration even if they
are slightly longer while it is higher.

Figure 6.3: Block trajectory depending on the impact height.

The most important aspect affected by this parameter is the block
trajectory. As it is shown in figure 6.3. When the impact is produced close
to the lower cable, the block is lifted by the fence and positive vertical
velocities are observed in the return. On the contrary, when the impact
height increases, the block trajectory changes decreasing (to negative
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Cables diameter

12 mm

14 mm

16 mm

18 mm

20 mm

Max. Finf (kN)

85.9

99.8

113.4

127.7

140.7

Max. Fsup (kN)

99.8

102.5

115.7

134.9

147.3

M ax.Fsup /M ax.Finf

1.01

1.03

1.02

1.06

1.05

Max. Fblock (kN)

96.1

103.9

111.1

116.2

122.2

Max. Penetration (m)

2.46

2.37

2.28

2.23

2.17

vreturn (m/s)

7.22

7.38

7.41

7.69

7.64

vreturn /v0

0.35

0.36

0.36

0.37

0.37

Impact time (s)

0.38

0.37

0.36

0.34

0.33

Rupture force (kN)

96

131

171

211

270

Table 6.5: Parametrical analysis: cable diameter influence
values) the vertical component of the velocity during the return.

6.3

Cable diameter

In this section, the effect of supporting cables diameter on the structural
response is studied. The same impact (700 kg spherical block with a velocity
of 20.7 m/s) is reproduced for different cable diameter (from 12 mm to 20
mm). The ratio between steel area and cable, determined in chapter 3 for
16 mm cable, is considered applicable to every one.
The structure’s behaviour is strongly dependent on the cable diameter.
In particular, larger diameters lead to a stiffer response of the structure to
impact. This leads to a more concentrated solicitation of the mesh, higher
cable forces and shorter contact, in terms of displacements and time.
Accordingly, clear trends can be deduced from the figure 6.4. Forces
within the cables increase, because, augmenting their area is equivalent
to enhance their stiffness. However the increase of forces is not leading
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Figure 6.4: Parametrical analysis: cables diameter influence.

to larger stresses within the cables. If they are computed, a reduction
of the tension stresses is obtained going from the 769 MPa for the 12
mm cable to 469 MPa to the 20 mm even if forces have increased from
99.8 kN to 147.3 kN. It is remarkable that these values are always under
the rupture limits provided by the manufacturer, although the security
coefficient increase with the diameter. This effect is appearing in both
upper and lower cables which have a very constant proportion between them.
Generally speaking, it can be assumed that the structure becomes stiffer
when cables diameter grows. The maximal penetration can be reduced in
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30 cm, the impact time is shortened and the peak advanced. In addition,
having bigger cables allow them to absorb more energy, so that the net is
less solicited and less yielded. Accordingly, a bigger proportion of energy
is absorbed by the elasticity of the structure, which is traduced in higher
return velocities.
Concerning the design of the fences, cable diameter should guarantee the
integrity of the structure (no cable rupture) and cost should be reduced. In
this particular case, it has been shown that low diameter cables (12 and 14
mm) present a low security coefficient (<1.35) which is not acceptable by the
Eurocode-0. Moreover, the cost of 18 and 20 mm diameter cables seems not
justified as a 16 mm diameter cable present an acceptable security coefficient.

6.4

Trees spacing

This parameter is maybe one of the most important and practical ones that
can be considered. Once the structure (net type, energy range, cables, etc)
has been defined, this parameter can be easily changed as it depends on the
trees disposition. Different simulations have been carried out with lengths
going from 8 m to 15 m.
The structure length (distance between contiguous trees is strongly
influential on its behaviour to impact) Having a shorter structure lead
to approach the impact point to the supports, that is to say, making
the structure stiffer. The reduction of the length of the deformable
components (cable and net) leads to more concentrated efforts and lower
total deformations. In this sense, significantly higher forces are registered
in both cables and in the block. Moreover, displacements are shorter as
well as the contact durations. It has been identified that cable forces reach
values near to rupture (security coefficient 1.3) for the configuration with
8 m. This observation leads to stablish this length as a limit value for the
design of such structures.
It is remarkable that the ratio between forces in the cables tends to one
when the distance between trees is increased. With low values forces in
upper cables are slightly bigger (because of the deposition), but higher net
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Structure length L

8m

10 m

12 m

15 m

Max. Finf (kN)

122.8

120.1

113.4

102.9

Max. Fsup (kN)

132.9

126

115.7

100.2

M ax.Fsup /M ax.Finf

1.08

1.05

1.02

0.97

Max. Fblock (kN)

159.7

127.5

111.1

84.4

Max. Penetration (m)

1.92

2.14

2.28

2.46

vreturn (m/s)

8.54

8.08

7.41

6.53

vreturn /v0

0.41

0.39

0.36

0.32

Impact time (s)

0.29

0.32

0.36

0.40

Table 6.6: Parametrical analysis: structure length influence

lengths allow a more homogeneous distribution of the loads. Longer lengths
distribute more homogeneously the efforts within the net and allow to take
advantage of higher portion of net, which leads to dissipate more energy
in the plastic part of the strain-stress diagram. Consequently forces in
cables are reduced and return velocity, which represents the elastic energy
absorbed is notably reduced (see table 6.6).

For this parameter it would be specially interesting to know the rupture
stress of the material. As has been mentioned, the reduction of the structure
length contributes to the concentration of efforts, so the rupture of the net
is a real possibility that shall be studied.

It shall be remarked that modelling lateral cables becomes necessary
when the length is reduced. Contrary to other cases, load distribution
arrive to the net sides, imposing important horizontal displacements close
to the trees. Accordingly, the modelling of the lateral cables responsible to
avoid these displacements may be required.
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Figure 6.5: Parametrical analysis: structure length influence.

6.5

Trees diameter

In this section, the influence of reducing trees diameter is studied. To
do it, simulations changing the dimension of both trees are carried out.
Diameters considered are 10 cm, 15 cm, 20 cm and 30 cm. These measures
are representative of the French Alps forest tree population.
From simulations it has been found that trees with diameters lower than
20 cm are damaged with impacts of 150 kJ. The effect of reducing their
size lead to a more flexible structure. Due to the trees failure and the non
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Trees diameter

10 cm

15 cm

20 cm

30 cm

Max. Finf (kN)

103.8

108.0

110.2

113.4

Max. Fsup (kN)

110.3

115.6

117.2

115.7

M ax.Fsup /M ax.Finf

1.06

1.07

1.06

1.02

Max. Fblock (kN)

99.3

102.9

106.7

111.1

Max. Penetration (m)

2.20

2.25

2.27

2.28

vreturn (m/s)

6.36

6.82

7.31

7.41

vreturn /v0

0.31

0.33

0.35

0.36

Impact time (s)

0.37

0.37

0.35

0.35

Table 6.7: Parametrical analysis: trees diameter influence
linearities induced in the structure’s behaviour, it is hard to establish some
trends.
Differences between the behaviour of the structure in terms of block
displacement and forces on cables are not relevant. However, tree diameter
should be analysed to identify the apparition of wood fibres rupture.
Generally speaking, having a more flexible supporting posts (trees) shall
increase forces in upper cables (where the change of stiffness is produced),
since more displacements are imposed. This effect is specially remarkable
when tree failure occurs (see results from the test on 19th May in chapter
3) as bigger displacements on the tree head appear.
This protection fence can have two utilities: permanent structures (where
any break in the structure shall be avoided) or temporary structures. In
this latter case, specially used in urgency cases, the energy associated to
the failure process in the wood fibres which lead to a decrease of the forces
on cables, can be used. In this sense, smaller trees can be employed to
guarantee a highly flexible performance and to avoid, making use of the
rupture of trees fibres, the failure of other elements (cables and net) which
must stop the block.
97

6. Towards a design tool
Structure height H

2.50 m

2.75 m

3.00 m

Max. Finf (kN)

89.9

102.8

113.4

Max. Fsup (kN)

114.8

107.8

115.7

M ax.Fsup /M ax.Finf

1.28

1.05

1.02

Max. Fblock (kN)

90.2

105.1

111.1

Max. Penetration (m)

2.27

2.29

2.28

vreturn (m/s)

5.89

6.75

7.41

vreturn /v0

0.28

0.33

0.36

Impact time (s)

0.36

0.35

0.36

Table 6.8: Parametrical analysis: structure height influence

6.6

Structure height

In some of the prototypes tested during the experimental campaign, the
structure height H did not correspond to the net height hnet (defined in
chapter 3). To improve the flexibility of the structure, bigger portions of
TUTOR have been used. In this point, this aspect is studied so while the
net dimension is kept constant in 3 m (imposed by the rolls provided by the
manufacturer), the structure height is changed. Three cases are considered
H = 2.5m, H = 2.75m and H = 3m.
Having the net closer (thanks to the gravity deposition) to the
impact point energy, produces a reduction of the forces in the rest of the
components. It is remarkable that the decrease of the forces in the cables
are concentrated in the lower one while the forces in the upper are almost
invariable. This effect is justified because of the gravity deposition, which
leads to an accumulation of the net in the lower part and consequently to a
relative displacement of the impact point. Another effect of having a larger
unfolded fence is that more energy can be dissipated in the plastic part
which produces a smaller return velocity.
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On the other hand, aspects like the total displacement and the impact
time, are not affected by this parameter. It is specially interesting the fact
that the block displacement is kept constant, even if intuition leads to think
the contrary.

Figure 6.6: Parametrical analysis: structure height influence.

From graphs in figure 6.6, it can be seen that the behaviour of the
H = 2.5 case present some remarkable differences in the response when
compared to the other cases. Specially in the upper cable forces, the
peak seem to be displaced and the diagram representing the block forces
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show important variations. This can be caused as a consequence of the
accumulation of the TUTOR, whose behaviour in compression is not
completely described.

6.7

Conclusions

From this parametrical analysis, the influence of different dimensions of the
structure or the impact conditions is studied. The trends found allow to
have a better comprehension of the involved phenomena, but in addition,
thanks to this analysis, the important parameters where the future research
must be lead, can be identified.
• Mass and velocity of the block have a great influence on the forces in
the cables and the penetration. However, the velocity is determinant
to adjust the impact duration since the mass and volume seem to be
more important to determine the force distribution between cables and
the return velocity.
• The impact point height has a great influence in the block trajectory
and the force distribution between cables, specially the values observed
in the lower one. Other aspects are affected but in with a limited effect.
• Cable diameter, has a direct influence on the structure stiffness,
and affects specially to the load values within the cables, the block
penetration and the impact time. Other parameters like the force
distributions or the return velocity are just slightly concerned. 16
mm diameter cables seem to be adequate, since smaller cable do not
guarantee the security coefficients expected in the Eurocodes.
• Tree spacing and diameters are the only parameter which cannot be
previously determined by the constructor, but are directly given by
the forest where the structure is installed. These parameters have
a remarkable influence on the structural response of the fence. Low
distance between trees increment the forces within the components,
and the failure of the net can be produced. According to the cable
forces, 8m must be established as the limit length value for such
structures. Diameters lower than 20 cm show to be not valid for
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energies of 150 kJ. However, given the uncertainty affecting the trees,
the use of trunks with diameters over 30 cm is recommended.
• The effect of including a higher hnet than the fence, allows to reduce
forces in the structure, which thanks to the gravity deposition, are
focused in the lower cable. This feature also allows an important
reduction of the return velocity because of the increase of the dissipated
energy by the plastic path of the net.
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Chapter 7
Conclusions and Perspectives
This chapter is classified in two sections. First, the ideas and perspectives
(based on the experimental campaign carried out) related to the design and
the technical details of the structure are commented. Then, the conclusions
of the numerical analysis are exposed. In particular, its performance and
the actual source of the errors (based on its validation and the parametrical
analysis) are discussed.

7.1
7.1.1

Conclusions
Related to the structure design

Tree-anchored fences allow a quicker and cheaper installation of rockfall
protections as close as possible to the detachment point of the block,
in forested areas where the access to the machinery is limited. The
solution proposed by G.T.S, replaces the use of the metallic posts by
trees, where cables are anchored using shackles attached to nailed steel
rods. This solution is designed to avoid trees failure, and to be flexible to
multiple configurations (trees disposition is not controlled). To describe
its behaviour and improve some details of the design, an experimental
campaign of full-scale impact test has been performed.
A description of the response can be provided from observations. First
of all, the block starts imposing displacements to the net. At the beginning,
net is not loaded, as it was partially folded by the effect of the gravity
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deposition. Once the mesh unfolds, which occurs sooner in the upper part,
displacements are imposed to the horizontal supporting cables, which start
to slide between the shackles until they are completely tightened. From
this point, important forces appear within the horizontal cables and plastic
deformations are imposed to the TUTOR. Little displacements in the trees
head are observed, but no damages are produced. The performance ends
with the recovery of the elastic strain, which leads to a return velocity to
the block in the opposite direction.
After studying and comparing the mechanical response of the structure
in every impact, the following aspects are brought to light:
• Larger loads are registered in the lower cable, mainly caused because
the boundary conditions of trees ( all DOF blocked at the base), the
low points of impact and the trajectory of the block, which has, in
every case, a negative (in the gravity direction) value of the vertical
speed component are also contributing to it.
• Loading of the cable is faster within the upper cable. This is because
of the gravity deposition, which makes this cable closer to the working
position.
• Given the high ratios H/L, efforts are mainly transmitted to horizontal
cables. Consequently, side cables are subjected to lower forces, which
can almost be neglected (between 7 and 15%). Technical details,
such as the net orientation, play a fundamental role on the efforts
distribution. When horizontal orientation is used larger stresses are
registered within these cables. In this sense, the structure has been
revealed to be more efficient if the horizontal disposition is used.
Allowing a more homogeneous distribution of the stresses in the
structure, more components contribute to dissipate energy and the
risk of a failure caused by a concentration of efforts is reduced.
• Apart from diameters, trees disposition is fundamental to avoid their
failure. From experiences, it can be concluded that if trees at the
sides (1 and 4 by the nomenclature employed) are located downstream
the fence, they are more sensitive to the efforts transmitted by the
structure. On the contrary, if they are located upstream forces are
against the slope and the root system performs better and the failure
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can be avoided. Even if they are located in the good sense, the angle
between the structure line and the cable connecting trees cannot be
excessive. Loads acting at the trees are associated to the direction
change of the cable in the shackles. However, if we consider that sliding
is allowed in the structure line, only the perpendicular component has
an effect on the tree. Consequently, the mentioned angle must be
controlled. Since no mechanical properties from trees are registered,
no specific value can be proposed. Nevertheless, a limit angle of 15o is
proposed according to the observations.

• Net corners are revealed to be very critical points of the design. Since
they are attached to both horizontal and vertical cables, big relative
displacements are imposed between the net knots. So localised breaks
have been observed. To avoid it, different solutions were tested. First,
a model leaving the corners with no attachment to the cables was
employed. This solution avoids the rupture in the corners, however,
failures were displaced close the lateral cable. Finally, a solution
composed of shackle attaching net and both cable at the corners was
adopted. The introduction of this element, allow to have a point stiff
enough at the corner, and improves the transmission of the forces to
the lateral cables.

Full-scale impact tests show that the tree-anchored rockfall protection
fences have, in general, a good response to rock impacts due to their
high flexibility and the good behaviour of trees. This point results a
encouraging step towards the development of such structures for higher
impact energies (>500kJ). During the experimental campaign, due to the
different problems found, it has been impossible to verify the strength of
this structures for impacts up to 150 kJ. However, it has been useful to
understand the response, as well as to improve the design, introducing
technical variations. With these modifications, the structure has proven to
resist impacts up to 100 kJ with no structure damage. This solution has
begun to be commercialised by G.T.S as product of the national project
C2ROP.
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7.1.2

Related to the numerical model

The model described is built up with YADE, a free software of smooth
DEM. To build the model, some assumptions are done, which include
the removal of some components like the trees located at the extremes or
the simplifications of the joints. To calibrate the model values from the
bibliography or tests are used.
In this sense, net parameters are calibrated in the laboratory. Even if
some values are provided by the manufacturer, tensile tests were performed
in a bench test from G.T.S. From tests, we can distinguish three different
phases on the net behaviour under tensile loading:
• First, a parabolic curve is observed where large displacements are
obtained with reduced forces. Positioning of the net is responsible of
this behaviour. Due to the eccentricity at the knots, small increments
in tension lead to bending deformation of the wires at the knots which
produce large segment elongations. However, every time eccentricity
decreases which leads to a stiffer response.
• Then a linear elastic part is observed which continues until the yielding
point is achieved.
• Finally, strain hardening is performed represented by a second linear
slope. In this phase, some localised ruptures appear close to the lateral
borders or in the corners, where some hard points are developed. In
the end the point of failure is achieved. This rupture is fragile, as no
loose of capacity is performed.

Remarkable differences in ultimate forces values have been obtained
when compared the data provided by the manufacturer. In addition,
differences between tests are also important. These variations are caused
because of the differences and the irregularities of the procedure. Net
dimensions (3m x 3m) and the influence of the boundary conditions make
the test sensitive to the creation of hard points, which will lead to premature
failures of the material. Accordingly, it is important to think about a more
detailed standard test procedure which allows to have smaller deviations
from test to test. Another aspect to be studied is the influence of the net
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dimensions on the results and the appearance of premature failures.
Results from tensile tests have been used to calibrate the model of the
TUTOR net. It is built up using spheres with a WireMat. Generally
speaking, a good performance of the model is obtained when compared with
the reality. However, little differences are found whose explanation comes
from the assumptions of the model
• TUTOR net is simplified. Chain link knots are represented using
spheres and wires are modelled with remote interactions between
spheres. The model implemented only considers normal interactions
between nodes. Thus, no bending efforts are considered with the
decrease of the β angle, while wires are bended. Moreover, no friction
is considered between wires in the knots.
• Friction caused during the sliding of the rolling supports is neglected in
the model. During the tests, this irregularity leads to the appearance
of hard points close to the borders and produce premature failure of
the net.
All these points contribute to have a model whose mechanical response
is less stiff than the real tests. In this sense, we can observe how in reality
with the lower transversal forces, the same level of axial loads are mobilized.
However, the main problem is related to the ultimate stress. In this sense,
it is brought to light the need to be prudent with the results obtained from
the tests and their corresponding calibration.
Friction between cable and shackles has also been determined by
experiments. This parameter plays a role to determine the force which are
transmitted to the anchorage system (trees) by the cables. From the research
performed by can be concluded, that the models are not very sensitive to
this parameter, since no significant differences are observed when it is varied.
The rest of the parameters have not been calibrated, and values from the
bibliography are considered. To validate the numerical tool, the full-scale
impact test from the 31st May is modelled. The rest of the experiences
are not represented because of the singularities appearing (failures in some
components or errors in the signal registered). To study the validity of the
106

7.1. Conclusions
model, forces on horizontal cables and block displacements from both sources
are compared:
• Forces within the cables from the model are very similar. Shape and
duration of the curves are well adapted. Nevertheless, peak values are
slightly lowers (around 10%).
• In terms of displacements, important deviations are found. Even if the
loading path is well represented, the total penetration is smaller in the
"x" component. Bigger differences are observed in the return stage.
During the test, the block climbs up. Differences in displacements can
be also caused by a wrong modelling of the net. To characterize the
TUTOR, just tensile tests have been employed. This test is not able
to describe the behaviour of the net under impact conditions, so it is
difficult to stablish a relation between perpendicular displacements
and forces. In this sense, the performance of punch tests to define
its behaviour is recommended. Initial conditions of the cables may
be the origin of such disturbances. Parameters as the length of the
cables or their initial stress are determinant to describe properly the
performance of the fence. For instance, if cables were not tightened
when installed, a more flexible response would be observed, specially,
bigger displacements of the fence would be allowed before cables begin
to work, which have consequences on the stresses distribution.
To complement this study, a parametrical analysis is carried out with the
objective of define the influence of the different variables to the structure’s
response not just to set the limits but to know the variables where special
attention must be paid during the modelling due to sensitiveness of the
numerical tool to them. The following conclusions are obtained:
• Parameters affecting the energy of the block (mass and velocity) have
a great influence on the cable forces. Velocity is determinant to the
impact duration, while mass (and volume) have a great influence on the
force distribution: the larger the block it is, the more homogeneously
the force is distributed. In addition, larger blocks lead to profit of
a bigger portion of net which is able to dissipate more energy in the
elastic range of the net.
• Impact point is determinant to the distribution of the forces between
cables as well as to trajectory of the block during the return phase.
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However, upper cable is always affected by bigger loads when compared
with the lower one, which may be caused by the effect of the gravity
deposition on the net. Accordingly, it can be concluded that the
influence of the boundary condition on the load distribution between
cables is limited. Parameters like the block initial direction and the
impact height are more important to determine it. Finally, it is
important to note that the structure present a more flexible behaviour
when the impact is centred, registering bigger displacements of the
structure for the same level of energy.
• Cable diameter are determinant to define the performance of the
structure. Using larger cables contributes to a stiffer structure where
loads are augmented in the cables (while stresses are reduced by
the effect of increasing the section) and displacements are reduced.
Larger cables are able to absorb more elastic energy which produces
bigger return velocities and shorter impact durations. For the range of
energies of design (up to 150 kJ). 12 mm and 14 mm diameter cables
do not guarantee the security coefficients (1.35) considered in the
Eurocodes. In this sense 16 mm cables, which present an acceptable
security coefficient, seem to be justified for the design.
• In such structures, trees spacing (length of the structure) and diameter
are the only parameter that cannot be determined by the manufacturer
after the structure place is defined. To guide the installation some
limits to those parameters must be determined.
– Reducing the diameter, lead to a more flexible structure but when
values are under 20 cm, trees show to be susceptible to fail under
impact conditions. Although, due to the uncertainty of their
parameters, trees bigger than 30 cm are recommended. When
the failure of the tree occurs a big quantity of energy is absorbed,
which lead to avoid the break of other components keeping the
block stopped. This aspect may be useful when such fences are
employed as temporary structures in emergency cases.
– Length between trees is a fundamental parameter. Shorter
structures are more sensitive to the failure of a component,
since efforts are more concentrated and the stresses are larger.
Structures become stiffer and the impact duration and the
displacement are notably reduced. On the other hand, return
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velocity increases, because a smaller portion of energy is
dissipated yielding the net. When this length is reduced,
displacements on the sides of the structures are imposed and
lateral cables could not be neglected. From simulations, the use
of structures shorter than 8 m is not recommended.
• Reducing the height of the structure while the height of the net is kept
constant, leads to enhance the effects of the gravity deposition. A
bigger portion of net is folded in the lower part so the relative impact
point is displaced. Forces on the lower cable are notably reduced
because of the increase of the distance. In addition, net is forced to
dissipate a bigger portion of the impacting energy by yielding which
is revealed with a lower return velocity.
A resume of the parameters affected and their influence on the model
are presented in table 7.1.

Parameter

Influence on the model

Reference value

Block mass

Load distribution and return
velocity

-

Block velocity

Impact duration

-

Impact height

Load distribution and block
trajectory

-

Cables diameter

Cables loads, displacements and
return velocity

16 mm

Trees diameter

Cables loasds, rupture

>20 cm

Trees spacing

Cables forces, displacements and
return velocity

>8 m

Structure height

Lower cable loads and return
velocity

-

Table 7.1: Influence of the different parameters studied.
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7.2

Perspectives

After performing the experimental campaing here described, long term
perspectives are put in the increase of the energy allowed by the structure.
To achieve it, the use of heavier nets, larger cables and energy dissipators
is required. However, the main challenge is the use of trees and their
interaction with the structure. Complementary studies must be done to
have a better understanding of the limits of such elements. To do that, the
numerical model developed in this work is fundamental, since it provides
a better comprehension of the structure dynamic response and allowS to
perform complex analysis with no additional costs.
Nevertheless, some short-term improvements of the solution can be
proposed:
• A better characterisation of the TUTOR net is required. In this
sense, the improvement of the used protocol during the tensile tests
is mandatory. G.T.S. is working on reproducing the guidelines
established in the ISO/TC 17/SC 17 N 754 where the standards
for tensile tests on hexagonal steel wire meshes are proposed. It is
remarkable the introduction of steel plates to attach the mesh, which
will allow to reduce the errors induced by the skates and to improve the
repetitiveness of the observed results. In addition, the realisation of
punch tests is proposed to describe the net behaviour out of the plane.
The inclusion of this experiment must be determinant to analyse if the
approach of modelling of the net using spheres with remote interactions
is appropriated. Special attention shall be paid to the out-of plane
displacement, which has been revealed as critical during the validation
of the tool.
• Cables have been revealed to be fundamental to determine the stiffness
of the structure. In this sense, tensile tests are recommended
to determine certainly the value of the elastic modulus of such
components. In addition more attention must be paid to the zero-state
of the supporting cables. If these components are not under tension
at the beginning, bigger displacements and longer impact durations
may be obtained. In order to improve that, the length and the initial
tension of the cables must be taken into account and studied, not
just to improve the model but to stablish a range of values for the
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constructor.
• Since the numerical tool must be versatile, the inclusion of the lateral
cables is proposed. These components have been revealed to play a
role when the length of the structure is reduced.
• A more detailed study must be done to determine the loading affecting
the trees. To do that, the use of accelerometers on trees head is
proposed, so the differences between the kinematic of these components
in the reality and in the model can be studied. After that, an analysis
about the modelling of the shackles system (which transmits forces
from cable to trees) can be made. It is specially interesting to study
the influence of the tree disposition on the loads affecting them.
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INTRODUCTION AND CONTEXT

EXPERIMENTAL CAMPAIGN

Rockfall is an issue of special importance in mountains areas since they can represent
relevant socio-economic and environmental consequences. This danger has been
increased during the last years with the intensification of the implementation of
infrastructures and facilities in these territories.
This research is developped within the french national projet C2ROP which aims to
involve the whole french rockfall hazard management community (practitioners,
engineering companies, contractors and researchers). It is organized around 3 axes:
Hazard Characterization, Protection Devices Design and Risks Management.
This work isincluded within te second axis of C2ROP. The objective is to design and
model, based on the Discrete Element Method (DEM), a new protection device:
“Tree-anchored Rockfall Protection Fences”. These structures, designed for low-energy
impacts (up to 150kJ), make use of the trees to replace the anchorage metallic piles,
which require of the use of heavy machinery during the construction allowing to reduce
the environmental impact and the costs during the construction.

TREE-ANCHORED ROCKFALL PROTECTION FENCES

This innovative system developed by G.T.S
can de composed by one or several
segments. Every segmentis formed by many
modules (up to 4) connected by an upper
and a lower cable. Every module, except
those located on the line ends, contains a
chain link mesh (TUTOR) which is the
intercption component. Every fence is also
attached by lateral cables.

Tensile tests on the mesh have been
carried out in order to characterize its
mechanical response. Remarkable
differences with the data provided by
the manufacturer are found. This
inaccuracy is associated to the
appearance of stress concentration
points close to the corners.

In addition, full scale impact tests have been carried out. Only a single module has been tested subjecting it to a
controlled impact of a block guided by a zip line. The campaign was performed in N. Damme de Commiers in the
period from the19 th May - 31st to the May 2016
To study its structural behaviour, force captors are installed in both horizontal cables and in one of the lateral cables.
A high-speed video camera is used to control the block’s trajectory.

NUMERICAL MODEL ON DEM
A numerical tool based on DEM has been
built. using spheres (mesh and block) and
grid elements (cables, shackles and trees).
The TUTOR net is installed with its longitudinal sense on the horizontal ditection.
Using this disposition, special spires are used to connect the net and vertical cables. On
the contrary, the link to horizontal cables is built zigzagging the cable between the
mesh.

Two types of links to trees are used. A-Class joints are installed at the cable endings to
fix the cables using shackles located at both sides of the trunk in the structure line.
B-Class are used for cable guidind and they are used in the sense of the slope
perpenduclar to A-Class.

Material properties are mostly obtained
from the literature. However, TUTOR
properties are deduced from tensile tests.
To validate the model, only the 31 of May
test could be employed. Test conditions are
simulated and the numerical and
experimental responses are compared (see
figures on the right). The model provides a
good response when cables loading and
impact duration is studied. On the
contrary, remarkable differences are found
in terms o dispalcements (specially in the
vertical component)
st

In addition, a parametrical analysis is carried out in order to:
1) Identify the influence of
some design parameters
2) Guide and put in
evidence
to
which
properties
a
special
attention must be paid to
improve the behaviour of
the model

