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Abstract. Rockfall barriers are key protection systems in mountainous regions worldwide. They
are composed of a netting intercepting structure connected to steel posts by means of wire-rope
cables anchored to the ground. Additional energy dissipating devices can be attached to the
cables. Rockfall barriers are designed to intercept and capture falling rocks with kinetic en-
ergies from 100 to about 10000 kJ. They dissipate rock kinetic impact energies by friction and
plasticity. The accurate prediction of the dissipation rate, forces transmitted to the anchors and
wire-net deformations depends on the approximation of contact interactions among the differ-
ent structural components of the system. To treat the complex contact interactions occurring
in a rockfall barrier in an efficient and accurate manner a computational scheme relying on a
general contact algorithm has been developed in previous work. An issue that arises pertains
to the tensile and bending coupling taking place at the connections of the chain-link netting. We
considered tensile quasi-static laboratory tests to derive FE models that adequately describe
such a behavior. In order to deliver a more resistant connection design, a local enhancement
is proposed herein. The modified setup is optimally configured via a numerical optimization
procedure and its benefits against the standard design are illustrated by means of numerical
simulations. The developed modeling tools prove to comprise a versatile platform for enhanc-
ing existing designs of rockfall barriers, thereby extending the efficacy and performance of
industrial solutions.
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1 INTRODUCTION

When a block or group of blocks detach from a rock face, they propagate rapidly downs-
lope, endangering settlements and roadways. Rockfall is common problem in mountain regions
worldwide, resulting in casualties and damage to infrastructure [1, 2]. Rockfall events are miti-
gated using either passive or active measures. Concrete shelters, rockfall dams, drapery/netting,
and flexible wire-net barriers are common passive protection measures against rockfalls. These
systems do not prevent the rockfall phenomenon but attempt to control the outcome. The pur-
pose of passive measures is to dissipate the kinetic energy of rock impact by controlled plasticity
and friction.

Today, the use of flexible protection systems is one of the most common rockfall protection
measures [3]. These systems deform significantly to dissipate the impact kinetic energy of
falling rocks. The forces transmitted to the ground are significantly smaller in comparison to
rigid systems such as concrete shelters. Intercepting netting is responsible for slowing down the
dissipation process. High-performance wire-netting is therefore engineered to have a non-linear
response [4].

Product development in the sector of rockfall flexible systems has been carried out using a
classical engineering approach. This approach is based on intuition, experience of the design
engineer and extensive number of large scale experiments. As a result, product development
in this sector is slow and expensive [4]. The aim of this paper is to show how an accurate FE
simulation scheme in conjunction with optimization techniques can be used to develop new
designs in a cost-effective manner.

Explicit Finite Element (FE) calculation schemes have been developed to simulate rockfall
barriers in multi-purpose commercial codes like LS-DYNA and Abaqus [5, 6, 7, 8, 9, 10]. Initial
FE simulations supported in Abaqus/Explicit [11] made use of a Contact Pairs (CP) algorithm
[5]. This algorithm was able to only consider the interaction between slave nodes belonging to
the wire-net truss elements and the impactor modelled as a rigid body. This approach neglected
bending deformations in all structural components. Furthermore, it allowed only small relative
motions of the support cables at the connections with the steel posts.

Parametric studies on similar rockfall FE models were carried out to assess several prototype
modifications [6, 9]. The computational scheme was therefore developed to obtain results in a
short time. This scheme neglects bending deformations and contact interactions between wire-
net components. The authors approximated the real ring-net geometry by simpler geometries
neglecting contact. Moreover, the sliding of the cables through the posts was roughly approxi-
mated by means of special connector elements. With these schemes GC algorithms were used
under their capabilities in order to limit the computational effort. The model simplifications
cause the barrier model to behave more rigidly in comparison to the real barrier. Therefore,
numerically evaluated cable forces were higher and the time to achieve the impactor kinetic
energy dissipation was smaller in comparison to experimentally measured values [6, 9]. Fur-
thermore, the use of an "equivalent" numerical panel with different geometry caused the netting
deformation pattern to differ from the real net. Recent FE methodologies representing contact
in a more accurate manner have been implemented in LS-DYNA to model wire-nets subjected
to impact [8] or rockfall barriers [10]. A FE model of a rockfall barrier with wire-rope cables
and braces as part of the interception structure was implemented in LS-DYNA [10]. In this
approach, a one-side contact algorithm [12] is used to treat the interactions of the impactor with
the wire-netting and wire-rope cables. This algorithm only requires the definitions of the slave
surface. To enforce contact properly, the slave surface needs to have a relatively fine mesh.
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Moreover, the stiffer body needs to play the role of the master. Additionally, a single surface
algorithm [12] was used to treat additional interactions in a rockfall barrier. This algorithm con-
siders contact inside a slave surface list. Edge-to-edge and beam contact were considered with
this approach. This model takes into account contact between rope elements of the net. The
posts and impactor are modelled with solid elements. However, this modelling scheme leaded
to significant unresolved penetrations. A detailed FE model of a ring-net attached to support
cables that were connected to a rigid frame was accomplished [8]. In this case the impactor was
a concrete spherical ball. The simulation results showed a very good match of the deformation
pattern and overall stiffness.

Discrete Element (DE) calculation schemes have been developed in special-purpose codes
[13, 14, 15, 16]. A pure master-slave contact algorithm was developed to treat contact between
ring-net element nodes and the impact block treated as a lumped mass [14]. This algorithm was
implemented in the simulation code FARO. In this code, contact is only treated for the block-net
pair, which is a severe restriction. A special cable model was developed in FARO to simulate
the sliding between cables and posts and wire-net and cables. The netting nodes are part of the
cable macro-element. This special element allows these nodes to slide on the cable, thus creat-
ing a curtain effect [14]. In this approach, the wire ring-net is modelled as a collection of slave
nodes forming a close representation of the real geometry. The nodes are then attached to each
other by either purely translational springs [14] or by a combination of rotational and transla-
tional springs [13]. Chain-link elements are modelled in FARO as macro-elements in contact at
the connection nodes. The tensile forces transmitted from one element to the neighbour at the
connections depend on the so-called opening angle [15]. This is an approximate method to con-
sider the influence of the bending deformations of the connections on the tensile response. The
shape effects of the impact block are neglected with the contact algorithm of the FARO code.
The parameters of the macro-elements and springs are calibrated using quasi-static tensile tests.
Only a few parameters are needed for the calibration. However, the calibration process was
still time consuming because optimization algorithms were not coupled with the model. Ad-
ditional DE modelling attempts to determine the mechanical properties of wire-nets modelled
with equivalent homogeneous membranes have been performed [16]. DE models have been
developed to calculate double-twisted hexagonal wire-nets and to simulate rockfall kinetic en-
ergy attenuation with drapery systems. The model considers contact nodes and two types of
interactions among them. The model provided good estimates for impact velocity and run-out
distance [17].

This paper presents the state-of-art of a novel FE modelling scheme to simulate rockfall bar-
riers which relies on the GC algorithm programmed in the multi-purpose code Abaqus [11]. The
GC algorithm in Abaqus is two-sided, and therefore, the user does not need to define pure slave
and master bodies for contact interactions, thus facilitating model generation [4]. This GC al-
gorithm uses the penalty constraint method for explicit calculations. This method allows slight
penetrations of one surface into another surface. A "spring" stiffness is applied automatically
to the surfaces to resist these penetrations [11]. The "spring" stiffness is, in general, determined
from stable time increment considerations and masses of the nodes involved in contact [4]. This
new computational scheme was developed in order to treat the complex contact interactions oc-
curring in a rockfall barrier in an efficient and accurate manner. The frictional contact behaviour
is considered using a Coulomb-type model. The basic idea behind this scheme is to model the
contact interactions between structural components as close as possible to those of real systems.
Ring-net and loose chain-link rockfall systems have been already modelled with this approach
[4, 18, 19, 20, 21].
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Another challenge in rockfall barrier numerical modelling is, calibrating the parameters of
the wire-net models. An extensive database of quasi-static tests performed on ring and chain-
link nets have been collected on the course of several research projects [4, 13, 14, 15, 22].
Therefore, when a numerical model is elaborated, an inverse process needs to be performed to
obtain the model parameters. This process have been carried out in the past on the basis of
tedious and subjective back-calculations, which are only feasible when few parameters need to
be calibrated. However, when the number of parameters constitutes an n-dimensional space as
it is the case for the ring and chain-link-net models developed with this novel approach [4], the
use of optimization methods becomes necessary. Mastering the use of optimization algorithms
is also helpful to optimize new wire-net design as it will be shown in section 3.1.

2 STANDARD CONFIGURATION

This section presents the standard design of a chain-link net with loose connections. More-
over, it presents the standard design of a rockfall barrier where this netting typology is used.
These designs have been developed by the technical department of Geobrugg AG. The features
of the standard wire-netting design are presented, as well as the configuration of the proto-
typed rockfall barrier structure. Some aspects of the numerical models are presented. However,
more complete details of the state-of-art of the simulation approach that is used are provided in
[15, 18, 19, 20, 21]. In particular, a highly detailed explanation of the FE model of the chain-
link netting is provided in [21], as well as details on the mode ling of the prototyped rockfall
barrier structure.

2.1 Standard Chain-link net

In this particular investigation a chain-link net consisting of a three wire twisted spiral bundle
was investigated [21] (Fig. 1). Each wire has a 2 mm radius (7). The geometric dimensions
of the rhomboidal mesh elements are given in Tab. 1.

Figure 1: Triple twisted wire chain-link net components and mesh dimensions [21]
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wire net producer Geobrugg
x [mm] 180 (+/-5 %)
y [mm] 300 (+/-5 %)
mesh width Dy, [mm] 8.6
mesh angle ¢ [degrees] 47

Table 1: Summary of the mesh characteristics and dimensions as indicated in Fig. 1 [21]

A FE model of the triple twisted wire chain-link net with loose connections was developed
using the commercially available Finite Element code Abaqus/Explicit 6.14 [21]. An equivalent
circular wire cross-section is obtained, which is equal to the sum of the areas of the three wires
multiplied by a factor . This factor takes into account the fact that the cross-sectional area of
the single wires is not perpendicular to the axial load, as it is the case for the simplified area [21].
Furthermore, the bending stiffness is overestimated if the area is not reduced. This approach
has been applied and verified for ring net systems [18, 20]. The equivalent wire is modelled
with linear elasticity, strain-hardening metal plasticity (Von Mises) and ductile damage. The
numerical approach relies on the general contact algorithm of Abaqus/Explicit. The penalty
method is used to approximate hard contact. Additionally, Coulomb type sliding friction is
included in the contact model.

The input geometry of the chain-link elements and their connectivity is modelled according
to the geometrical measurements of the real netting (Figs. 2a-b). A finer mesh is needed in the
connections between chain-link elements to reproduce the axial, shear and bending behaviour
obtained by the analytical chain-link model discussed in [15, 21]. Three elements in the middle
of the connection are required to capture the shear transition while the remaining six elements
(three to each side of the centre elements) are needed to capture the bending deformations
of the connection, see Fig. 2a. These six elements were also necessary to obtain an accurate
pattern of the sliding between chain-link elements. Four elements (two to each side of the
centre elements) cannot correctly approximate the curved geometry of the contact zone, causing
unrealistic sliding patterns between chain-link elements. Furthermore, a finer mesh having more
than 9 elements per connection do not change the results significantly. Therefore, the optimal
number of elements converges to 9 per connection.

The knotted connections between the ends of the chain-link elements are simplified. The
connections between the border knots of the chain-link net elements are placed at the same co-
ordinate (Fig. 2.1a). Therefore, to avoid initial over-closures [11], contact between chain-link
elements is excluded in the region of the knots. Actions are transmitted from one "zig-zag"
element to its neighbour at the knots by means of the so-called connector elements available
in Abaqus [11]. Cartesian and Revolute connections are used to model the border "zig-zag"
chain-link element connections or knots (Fig. 2.1b). The Cartesian component provides a con-
nection between the vertices of adjacent "zig-zag" chain-link elements that allows independent
behaviour in three local Cartesian directions that follow the system at the vertex a (Fig. 2.1c¢).
Rigid behaviour is specified in the local 3-direction (z-local), while node b is allowed to change
position along 1- and 2-directions (x- and y-local). The relative positions of node b with re-
spect to node a in the local 1- and 2-directions is fixed in a working range by means of the stop
option available in Abaqus/Explicit [11]. A close observation of a physical net panel reveals
that the available gap for translational movement in the knotted connections is not constant.
Such irregularities influence the macroscopic behaviour of the net. It is necessary to take them
into account to better reproduce the soft response (stage 1) of the net panel to tensile loading
(Fig. 7. In this work, the connector stop in the 1-direction is assumed to be a random number
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between 5 mm and 6 mm (with a seed of 0.1 mm). A possible random variation of the gap in the
2-direction has a negligible effect on the net panel response and therefore is assumed to remain
constant and equal to 6 mm. The Revolute connection type (Fig. 2.1d) is used to constrain the
rotations around the 2- and 3-directions, while the 1-direction rotational component is free.

Y

X VRSP I
z x

(a) element nodes (b) connection three-dimensionality with rendered
beam profiles

Figure 2: Modelling of inner connections [21].

To solve the inverse problem of finding the model parameters, a series of quasi-static tensile
tests performed in the Geobrugg testing facility in Romanshorn (SG), Switzerland were con-
sidered. The tests were used to help quantify (1) the friction between the mesh elements, (2)
the onset of material damage [21] and (3) the change in load eccentricity during deformation.
For the quasi-static tensile tests, a rectangular net panel of 1100 x 900 mm is connected at three
sides via shackles to a fixed frame (in blue Figs. 4). The upper side is connected via shackles
to a moving frame (in red Figs. 4). The fixed frame is composed of steel beams which are
attached to each other via bolts. The moving frame is composed of two steel plates which are
attached by pins and screws. Steel sliding connections are inserted in between the frame beams
and pulling machine plates. Two wire-rope cables are attached to the moving frame, which pull
at a constant velocity. Prior to the test, the net is slightly pre-tensioned to avoid any possible
sag. Fig. 4a shows the initial configuration of the net panel. After applying the pretension, the
cables pull the moving frame at a constant velocity of 100 mm/min. The chain-link net strain
rate is approximately 0.002/s, which can be considered as quasi-static. The test machine dis-
placement and force response of the moving frame are automatically recorded. A high-speed
camera was placed above the net panel to capture the net deformation in time. Two tests were
performed. Both tests lasted approximately 115 s; damage takes place only within the last 0.5
s. The pulling force reaches a peak and then drops as a consequence of damage (Fig. 4b).

To accurately model this test, true contact conditions were considered to ensure that the
chain-link parameters were not influenced by significant contact simplifications. Under this
approximation, the rigid and moving frames, as well as the sliders were omitted, similar to
approach used in the first modelling attempts. However, in the new model, the steel pins con-
necting the net to the sliders were included as well as the shackles. The presence of the sliders
was taken into account by constraining the movement in the z-direction of all the shackles in
contact with the sliders. Furthermore, the movement in the z-direction of some beam elements
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Figure 3: Modelling of the knotted connections: (a) connection type CARTESIAN, (b) connection type REVO-
LUTE, (c) knotted connection at the initial configuration, and (d) deformed configuration of the knot [21].
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Figure 4: Tensile quasi-static test set-up [21].
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was also constrained to simulate the presence of the sliders. The pins attached to the moving
frame were pulled quasi-statically. Figs. 5 show the boundary conditions applied in the model.
Fig. 5a shows the zones in the chain-link net were the boundary condition UZ = 0 was applied
to take into account the movement restriction caused by the sliders. Fig. 5b shows the shackles
where boundary conditions were applied, and the constrained degrees of freedom in the pins.

/ / / / / / &‘“O‘Tg vzHiVRfoRt(j ande=V ﬁl@l%
“Z/\/\/\/\/\/\ N s
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(a) applied to the net (b) applied to pins and shackles

Figure 5: Model boundary conditions [21].

The numerical simulation of the tensile test was carried out using an explicit time integration
scheme. The calculation time was decreased by artificially increasing the density of the net
using the mass-scaling approach [23, 24, 25]. Criteria to verify the quasi-static nature of the
simulation was checked [20]. All shackles and pins were modelled as solid three dimensional
rigid bodies, because they are one order of magnitude stiffer than the chain-link net. The rigid
bodies were still discretized by means of finite elements, in order to have contact facets for the
contact calculations.

The measured non-linear force-displacement response curves exhibit a progressive stiffening
(Fig. 7) up to 100-120 mm deformation (stage 1) at which point the stiffness is approximately
constant until failure (stage 2). The behaviour observed in stage 1 and 2 is a consequence of the
different interaction steps between bending and axial behaviour at the connection. The details
of this axial-bending interaction are provided in [15, 21]. In [21] it is shown that it is important
to consider friction at the contact between chain-link elements.

To determine the best-fit parameters for the chain-link net model, a FEM based optimization
scheme was implemented. The software Isight 5.9 [26] is used for this analysis due to its
compatibility to the Abaqus software. The parameters to optimize in the bi-dimensional model
were set as: (1) the yield curve described by two points (0, o,) and (%, o,), (2) the Young
Modulus, (3) the area reduction factor x, and (4) the damage parameters £ (plastic strain at
the onset of damage), and Gy (fracture energy per unit area). To increase the efficiency of the
optimization of the model, a two stage optimization process was performed. In the first stage,
damage was excluded, and to enhance the stability of the model, the ultimate plastic strain ¥,
was assumed to be significantly large (1.5). Damage could be excluded from the first stage
of the optimization since it is observed to occur at the last 0.5 sec of the 115 sec long test.
The chosen objective function in this case consists in the difference between the numerical and
experimental maximum force, which can be expressed as:

Objective Function =| Fraz exp — Finaz.mod | (D
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where F,qz ezp 15 the maximum experimental force, while F},,; m0q 15 the maximum force of
a model optimization run. The parameters to be optimized are: (1) the equivalent wire cross-
section radius 7scction, (2) the elastic modulus £, (3) the yield and ultimate stresses (o, 0y,).
The corresponding y factor of the chain-link net is obtained as:

X = (Tsection/rwire)2/3 (2)
In this case the optimization surface is a smooth function. The applied scheme allowed us to
use a Downhill Simplex Technique (DST), which had a fast convergence to the optimal solution
[21]. For more details on the general workings of a DST one can refer to previous work by
[27, 28], as well as fundamental literature on this topic [29]. Further details about the parameter
optimization process are provided in [21]. Tab. 2 illustrates the optimization parameters for the
chain-link net along with their lower and upper search space bounds. These bounds were de-
fined after performing two Design of Experiments (DoEs) using the Latin Hypercube Sampling
technique [30]. Finally, the optimization process is formulated as the problem of minimizing
the specified objective function. Fig. 6 depicts the radial basis approximation of the objective
function vs. the yield stress o, and the equivalent wire cross-section radius 7cction. The opti-
mization function surface is smooth and exhibits several local maxima and a region where the
global minimum value is found. The simulation results of the model with the best fit param-
eters, served to select the plastic strain at the onset of damage &{. The value of G allowing
damage to occur at the end of the experiment was then optimized in the second stage of the
optimization cycle [21]. Fig. 7 displays the results from one of the quasi-static tests and of its
numerical simulation with the developed finite element model [21].

Parameter Lower | Upper
o, [MPa] 1500 1700
o, [MPa] 2800 3000
E [MPa] 100000 | 110000
Tsection [MM] 2.4 2.5

Table 2: Chain-link optimization parameters (constitutive)

Figure 6: Radial basis function surface approximation of the objective function vs. yield stress and equivalent wire
cross-section radius [21].
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Figure 7: Force vs. displacement curve (experimental and FE simulation with optimal parameters).

2.2 Standard net-to-cables connections

The netting of a rockfall barrier able to dissipate a MEL (Maximum Energy Level) rock
impact of 2000 kJ consists of loose chain-links of the typology described in the previous sec-
tion. This barrier obtained the European Technical Approval according to the ETAG027 [31]
guideline in 2010.

Field scale tests were performed to develop the final system. This tests revealed that when all
meshes of the netting are in contact with the support cables, local failures in the chain-links take
place around the posts. Therefore, through the tests an optimal solution was sought in order to
avoid large stress concentrations in the netting. The final solution was to interrupt the contact
between the chain-link meshes near the posts and the support cables. This is accomplished
by not threading the support cables through seven meshes on each side of the inner posts and
on one side of each border post (Fig. 8a). Three of the "free" meshes located on the top and
bottom of the net are attached to the support cables by means of round clips (Fig. 8a-c). The
round clips are made of galvanized steel wire with a diameter of 3 mm and a tensile strength of
1770N/mm?. Their maximum braking force is 13760 N. The clips have negligible structural
importance. All clips will fail in the case of an impact with the SEL (Serviceability Energy
Level), which is approximately 700 kJ. Cable-to-net openings are created as these round clips
fail progressively. The openings grow until all clips have failed. These gaps alleviate the stresses
on the retaining cables and on the chain-link elements in the vicinity of the posts [21].

Full scale test data [32] was used to verify the FE model developed to simulate this barrier
[21]. This rockfall fence has been modelled by using a novel computational scheme relying on
a general contact algorithm [11, 21]. The hard contact behaviour is approximated by using a
penalty method to enforce the contact constraint. The frictional behaviour at contact is modelled
using a Coulomb-type friction [21]. Further details about the FE model of this rockfall barrier
are provided in [21]. Additional features of the numerical modelling approach that has been
developed to model rockfall barriers with high accuracy can be seen in [4, 19, 18, 20, 21]. The
details pertaining to the test used to verify the FE model of the rockfall barrier are provided in
[21]. Fig. 9 depicts the positions of the load cell as well as the anchor and energy dissipating
devices in the rockfall barrier. The lateral cables (in yellow) are attached to separate anchors.
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Figure 8: Connection of chain-link net to cables [21].
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Figure 9: Load cell positions [21, 32].
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Fig. 10 compares the experimental measurements (first column) and numerical simulation
(second column) of the barrier during the MEL test. The third column depicts the z-location
of the concrete block in the simulation. The experimental and numerical results are shown at
approximately the same scale. The maximum net elongation during the MEL test (evaluated
according to the ETAG No. 027) was 8960 mm, while the calculated deformation is 9013 mm.
The sampling frequency of both the experimental and numerical force history data is 1/0.5 ms
(2 kHz). The force histories at the load cells (MEL test) are shown in Fig. 11. The experimental
force histories (dark) [32] are compared to the FEM force histories (light). Details regarding
the simulation steps are provided in [21].
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Figure 10: Experimental video frames (first column), simulation video frames (second column), and block move-
ment evolution (third column): (a) £; = 0.0 ms (b) ¢t =220 ms (¢) t3 = 420 ms and (d) ¢4 = 600 ms [21].
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Figure 11: Load cell histories: (a-d) lateral anchors, (e-h) uphill anchors [21].
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3 PROPOSED DESIGN
3.1 Optimized Chain-link net

The current chain-link net design exhibits a decrease in axial strength at the contact zones
(connections). This is due to the coupling effect between axial and bending behaviour. The
maximum value of the bending moment is reached at the connections and as a result the axial
capacity is significantly reduced in these zones. In order to increase the axial strength at the
connections, a thicker equivalent circular section can be assumed only at the contact points.
The larger thickness at the connections can be assumed to be the result of two options: (1) the
three wires forming the spiral bundle are thicker at the contact zones, or (2) an additional high-
strength wire is winded around the three-wire bundle in a helical manner through the whole
length of the connection (Fig. 12). However, in the second case, the friction between chain-
links would increase with respect to the standard design. Furthermore, the thickness increase
due to the additional wire would need to be determined from laboratory experiments. In this
work, we will only present a simple hypothesis.

self-contact

dhelix

)/dsection

Figure 12: Helical wire wound as tightly as possible on the equivalent chain-link wire (adapted from [33]).

The increase in axial strength due to the larger section area of the equivalent wire will in-
crease the resistance and elongation capacity of the chain-link panel. In this work, an elongation
capacity increase of approximately 10% with respect to the tested standard panel is considered.
Moreover, it is assumed that the strain energy of the optimized panel is the same to that of the
tested panel up to the displacement at which failure occurs in the tested standard panel. The pur-
pose of this assumption is to avoid higher forces to be transmitted to the cables in the rockfall
barrier standard design (section 4.2). To fulfil this assumption regarding the strain energy, the
dimensions of the three-dimensional chain-link connections need to be optimized (Fig. 13a-c).

Furthermore, if option two is chosen, the radius of the additional winded helical wire 7,
is optimized. In this case, the chain-link is modelled with two circular cross-sections. Namely,
a cross-section that takes into account the area increase due to the winded wire along the con-
nections (helix shape), and a cross-section that considers the calibrated area of the equivalent
wire in the tested standard panel [21], which is applied to the whole chain-link except for the
connections (Fig. 13c). The approximate length of the connection is:

L=1 + frrround (3)

where 7,14 18 €qual to the radius of the round (Fig. 13b) created between the linear segments
shown in Fig. 13a, and f, is a factor that remains approximately constant for the range of
variation considered for 7,4,,4. The length [ = (L2 + L?)°® is shown in Fig. 13a.
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i \

(a) connection before "create round" (b) finite element discretization at the connection

v

A

z X

(c) rendered equivalent wire profiles

Figure 13: Connection dimensions.

The helical wire of radius a and pitch P = 27b is described by the following parametrisation
[33]:

x(t) = acos(t), 4)
y(t) = asin(t), (5)
z(t) = bt. (6)

Where a = 7pepiz + Tehain, and t = N,.27. Considering a closely packed helix (Fig. 12) [33],
the pitch P is equal to 27.;;,.- The number of turns NV, of the helix is approximated as:
N, = int(L/P) (7)

The volume of the helical wire is equal to:

Vheli:v = 27T2r}2LelimN’f’ <a2 + 62) (8)

The radius of the equivalent wire modelling the connection section is then assumed to be
equal to:

Req = (rzhain + V}wlix/(Lﬂ-))Oﬁ (9)

The topology variables L,, L., and 7,,unq PlUs 7peri, are the optimization variables of the
problem. A Python script is used to generate the FE model, to calculate it using the Explicit
solver and to finally produce a force-displacement curve. The Python script is parametrized, in
other words, the definition of the FE model depends on the values of the optimization variables.
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The Isight software is used herein to quantify how fit a candidate solution is, i.e., how closely
it approximates the sought quantities. The first quantity is a desired force-displacement curve.
The optimization function to be minimized is then, the absolute area difference between the
sought and simulation curves (Fig. 14). The second quantity is the peak force, which is to
be maximized, then constituting a second optimization function. The multi-objective function
problem is posed as a single objective by combining both optimization functions into one, where
the resulting function is to be minimized:

fopt = fwlfl - fw2f2 (10)

where f,1 and f,» are the weight factors. In this case an equal weight was given to both
functions and therefore f,,; = fu2 = 1.0.

Force
A

'Y
Lag

Displacement

[ area difference between the i-intersections

desired curve

——————— simulation curve

Figure 14: Area difference to be minimized (optimization function 1).

Tab. 3 illustrates the optimization parameters for the chain-link net along with their lower and
upper search space bounds. Finally, the optimization process is formulated as the problem of
minimizing the specified objective function. The process to obtain the lower and upper bounds
of the optimization variables, as long as the details of the solution of a similar optimization
problem are provided in [20]. Figure 15 depicts the radial basis approximation of the composed
objective function vs. the connection dimensions L, and L,. This figure reveals a multi-modal
optimization problem. The optimal values of L, and L, are approximately 29 mm and 26 mm
respectively. These values are larger than those used to model the standard netting design which
are: 25 mm and 23 mm respectively. Therefore, in case of using a thicker cross-section (either
just at the connection or globally), the optimal solution is to also increase the connection length.
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Parameter Lower | Upper
L, [mm] 25.0 31.0
L, [mm] 24.0 | 28.0
Tround IMaM] | 11.0 13.0
Thelix [mm] 1.0 2.0

Table 3: Chain-link optimization parameters (topology and contact equivalent wire section)
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Figure 15: Radial basis function surface approximation of f,,: vs. L, and L.

3.2 Net-to-cable connection modifications

The higher resistance achieved by the new chain-link netting design is useful to perform
modifications aimed to improve the performance of the rockfall barrier system already dis-
cussed. The only modification considered in this work was to reduce the number of "free"
meshes from seven to six per post side (Fig. 16). The scheme used to connect the chain-link
netting to the support cables is explained in detail in [21]. Basically, there are two types of
modelled clips connecting the netting to the support cables: (1) rigid body [11] type clips which
by definition cannot fail. They are used in the locations where in the real barrier, the cables
are threaded through the netting. Large scale tests have shown that failures do not occur in
this type of connection, and therefore assuming rigid body type clips is acceptable [21]; and
(2) deformable type clips modelled with metal plasticity and a ductile damage law [21]. These
clips represent the realistic clips that connect some of the "free" meshes to the support cables.
The clips that fail are highlighted in Fig. 16. The purpose of the implemented modification is
to reduce the netting deformation. This is useful in locations where the space allowed for the
netting deformation is limited.

Figs. 17a-b shows the deformed state of the modified barrier at two different times (with
the same scale), namely: the time where the maximum deformation is achieved (Fig. 17a), and
the time where the maximum deformation was achieved in the standard design (Fig. 17b). The
maximum deformation of the proposed design with the optimal chain-link netting is 6330 mm,
that is 2630 mm. Therefore, the deformation space of the system with the proposed modification
is reduced by more than 2 meters. Fig. 17a shows that 3 deformable clips (type 2) did not
fail. This fact caused an antisymmetry effect on the model and therefore the impactor takes an
inclined direction. Those clips did not fail because the forces transmitted to the support cables
are reduced in the modified design. This is because the energy dissipating devices (brakes)
connected to the support cables dissipate less energy with the proposed design. The brakes
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experience a smaller sliding in comparison to the standard design case. The larger frictional
dissipation of the optimal netting compensates the lower energy dissipation of the brakes.

6 "free" meshes " clips with failure law (top)

00 ' ) i
= g |

clips with failure law (bottom)

Figure 16: Connection of chain-link net to cables with 6 "free" meshes by post side (bottom and top).

4 COMPARATIVE PERFORMANCE OF PROPOSED VS. STANDARD APPROACH
4.1 Chain-link panel

Fig. 18 illustrate the comparison between the simulation results of the standard and optimal
chain-link netting design. It can be observed that the modified net has an increase of ~ 10%
in elongation capacity and of ~ 5% in strength. It is also observed how the strain energy
of both curves is similar up to the force-elongation point where failure occurs in the standard
design. This in fact is a result of the optimization goal expressed by means of the multi-objective
optimization.

4.2 Rockfall barrier

Fig. 19 illustrate the comparison between the simulation results of the standard and modified
2000 kJ rockfall barrier design. It can be observed how the forces decay faster in the modified
design because of the smaller brake time. Until the decay time (about 750 ms) the forces in
the modified system are slightly larger in comparison to the forces in the standard system.
Therefore, it is proved that the optimal netting does not transmit forces that are significantly
larger than those transmitted by the standard chain-link netting.

S DISCUSSION

The solution of a topology optimization problem of a wire-net approximated by an equiv-
alent circular section and discretized by beams elements can be obtained by means of simple
algorithms such as the Downhill Simplex (DS) [29]. On the other hand, when the shape of
cross-section is not knowing a priori, a three dimensional element discretization of the struc-
tural component is needed and the optimal cross-section shape and area is found by means of
more complex numerical procedures such as the SIMP (Solid Isotropic Material with Penaliza-
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Figure 17: Simulation video frames: (a) ¢; = 260 ms and (b) ¢ = 420 ms.
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Figure 18: Force vs. displacement curve from FE simulations (standard and optimal designs).
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Figure 19: Comparison between the simulation results of the standard and modified 2000 kJ barrier: (a-d) lateral

anchors, (e-h) uphill anchors.
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tion) approach [34]. For structures subjected to impact, topology optimization problems can
be solved with the Hybrid Cellular Automata (HCA) [35] or the Equivalent Static Load (ESL)
[36, 37] method. The objective in the impact case is to maximize the internal energy.

Rockfall barrier developers should advance in the design of more efficient energy dissipat-
ing devices with larger absorption capacities. In order to optimize new designs, methods such
as the HCA and ESL can be used. Software such as Tosca [38] based on standard FE soft-
ware (Abaqus, ANSYS, MSC Nastran) is used to perform shape and topology optimization
of structures under static and dynamic loading. Additionally, LS-TaDSC [39] can be coupled
with LS-DYNA to also solve topology optimization problems involving large non-linearities,
dynamic loads and contact conditions. Another component where topology optimization would
be interesting for cutting costs, is the ground plates. The FE modelling aspects of standard
ground plates and their connection with the posts can be seen in [20, 21].

This paper presents an example of how topology optimization can be useful to obtain better
performing systems. Rockfall barriers can be therefore optimized using existing methods. In
order to speed up product development and to cut costs, the rockfall barrier developers would
benefit from an analytical/numerical approach to optimize their designs such as it is already the
norm in other industrial sectors [40, 41, 42, 43, 44]. The re-configured design for large scale
experiments (after optimization) is already close to optimum [45].

In the structural optimization of the chain-link netting, assumptions regarding the equivalent
wire at the connections and the friction coefficient between the modified chain-links were made.
In order to validate the results of the simulation, real scale tests need to be performed.

6 CONCLUSIONS

We make the following conclusions:

e Topology optimization of standard netting designs can be carried out using the same
techniques already employed to optimize the parameters of the netting FE models.

e Optimized existing wire nets can allow modifications to standard designs aimed to en-
hance their performance in terms of energy dissipation and barrier elongation.

e Topology optimization of completely new netting designs can also be performed. How-
ever, it is first necessary to obtain the equivalent circular cross-section as it has done for
ring and chain-link nets [20, 21].

e More advanced methods such as the HCA and ESL are necessary to perform topology
optimization of better performing energy dissipating devices. In these cases a 3D model
of the brakes and a three-dimensional finite element discretization is necessary.

e New ground plates including dissipation capabilities can also be subjected to topology
optimization. Such components will reduce the forces transmitted to the ground, causing
the installation costs of the rockfall barriers to be reduced.
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