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ABSTRACT: This study proposes a reliability-based approach fodélsegn & rockfall protection fence
From rockfall simulations using the code Rockyfor3D is deducegmbieabilistic modelling of the impe
angle and impact velocity of rocks. A discrete element modelsept® a low energy fence (software Yade-
dem). The probability for the failure of the fence is evaluated, r@alsstudy case, using a collocation meth-
od, based on a limited number of impact simulations.

1 INTRODUCTION

Fences are passive protection structures against rockfall h&baydaim at stopping the rocks before reach-
ing the elements at risk. They are composed of an interception regjra@ti a support structure and connect-
ing components, most often posts and cables depending on the impact entgyowks. The design of
fences successively consists in quantifying their ability inreetating the rocks and in withstanding the im-
pact. These design phases can be referred to as functional angatdesigns respectively. Both these phas-
es are based on results from rockfall propagation simulationscimgjesimulation tools allow assessing the
statistical distributions of the passing heights and kinetic exsejithe rocks at a given point on the slope
corresponding to the projected location of the fence.

Despite the advances concerning the impact response of fences ofstaméte numerous experimental and
numerical investigations held during the last two decades, liomw&itoncerning their design can be identi-
fied. First, the results obtained mainly concern centred impacts,noymally impacting rock without rota-
tional velocity. Second, improvement concerning the design of rockfallgimtdences mainly concern high
energies, whereas the design for energies less than 200 kJ havweshéamently studied while they concern
a large number of sites. Third, the fence design rarely consigespecific loading conditions of the fence, in
terms of impact point location, impact angle, and velocity in timplantation site as obtained from rocks
propagation simulations. The variability of the loading conditions is overegenerally not accounted for be-
cause it would require performing Monte Carlo simulations using noateniodels of fences. Indeed, this is
not possible in practice because of unaffordable computational time.

This study proposes a reliability-based approach for the design obllogkdtection fences. This work is
based on a study site (section 2) where well-documented field doekferiments have been held by Irstea
Grenoble (Dorren et al., 2006). In section 3, principles of the approaoksaraed. Finally a brief probabilis-
tic analysis is presented in section 4.

2 STUDY CASE
2.1 The rockfall protection fence

The reliability-based approach is applied to tree-supported fenexl@at to intercept low kinetic energy
rockfall. Blocks considered are less than 1 ton in weight with vedediss than 25 m/s, the maximum block
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velocity in such a context, as reported in the literature (Doresh 2006). Therefore, kinetic energies less
than 200 kJ can be expected, which is considered a low-energy value for rockfall proteationest

The fence is made of double-twisted wire mesh connected to an upelcavet cables thanks to cable clips
regularly spaced. Each cable extremity forms a loop around-&rurde the cable dead end being secured on
the cable by cable clips. The loops are closely tightened to avoidaangge to the trunk. Two rigid posts
placed at each extremity of the fence, parallel to the teég, maintain the distance between the upper and
lower supporting cables.

Several on-site impact test campaigns were conducted on these structdeggyatie concept and providing
data for the numerical model calibration (Lambert et al. 2010), (Bowet al. 2010). The distance between
the trees was 22 m. The upper and lower supporting cables were I2darameter. The mesh was made of a
2.7-mm-diameter wire forming hexagons 80 mm and 100 mm in height ard negjitectively. The distance
between the support cables, or fence height, was 3 m. The distaneerbdtw trees and the post was 3 m.
These parameters were considered in the numerical model presented hereafter.

Figure 1. Tree-supported fence: experimental strecind DEM model

2.2 Numerical model of the fence

The fence was modeled accounting for the geometry of the fenaslites and rods, and the boundary con-
ditions (Figure 1).The structure response was simulated based onsthetedielement method (DEM)
(Cundall et al. 1979) using the open-source software Yade-DEM (Smdaak 2010). The numerical model
of the fence, and in particular of the hexagonal wire mesh, is defrime Bertrand et al. (2008). The impact
by the rock block was modeled by considering a spherical elemena gitten mass and initial velocity. The
interaction between the block and the mesh particles was modelamhtagtcforces considering an elastic
normal contact law while neglecting the block-fence friction. The ngadenodel was used to investigate the
influence of parameters related to the block (mass, velocity, tnppad, inclination). The influence of vari-
ous structural choices might also be investigated in an optimizatomess (single mesh dimensions, fence
length and cable diameter). Nevertheless, this would be unaffordaéde@®EM calculation lasts about 12
h using a classical computer, unless specific approaches are developped.

2.3 Study site
The choice was made to use an extensively documented field raoigatlimental site. The study area covers

an Alpine slope ranging from 1200 m to 1400 m above sea level with agresiant of 38 in the 'Forét
communale de Vaujany’ in France (lat.°48, long. 63). The slope surface mainly consists of rockfall de-
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posits. The 3D rockfall simulation code Rockyfor3D was used. This seftaleows simulating the propaga-
tion of spherical falling blocks by successive phases of freet #figd rebound on the slope surface on a digi-
tal terrain model from user-defined departure zones. The digitairteesolution was set to 2m in this study.
Additionally, the slope surface material parameters calibiatdte previous research works on the study site
have been used (Dorren et al. 2006), (Bourrier et al. 2009). On the codépayture zones and falling rock
volumes different from the previous research works have been definedhdice of rock mass and of the
location of the departure zone was made to obtain rockfall eventsathabtentially be stopped with low en-
ergy rockfall fences. This corresponds to impacting rock energjesritean 50 kJ at the fence location. More
precisely, the case of a 0.2 nock weighing 480 kg reactivated uphill the forest road was envig&igd®).

In the principle, such an event could in particular result from foresirks. For the purpose of the study, the
element at risk to be protected was a forest road locatedladlopie in the site. The potential location of the
fence was fixed between the rock release point and the forest road to be protected.

The rockfall simulation code was used to model the propagation of tke ttoough the site and, in particu-
lar, the passing heights and kinetic energies of the rocks at #mipblocation of the fence (Fig. 3). Figure 4
reveals a significant variability of the kinematic parameters of the roe&s wnpacting the fence.

Developing the approach for all the variable parameters identifiggtky in practice given the large amount

of random variables mentioned above and the potentially significantatamme between these variables. For
the sake of simplicity, the number of random variables consideredsisttidy was limited to the parameters

that were identified to influence the most the failure of thedeoonsidering a centred impact. Consequently,
only the impact velocity and the impact angle were consideremhdem variables associated with the distri-
butions obtained in the rockfall simulations. All other kinematic pararmevere set at their mean values ob-
tained from the simulation.

30 view View along rock propagation plane
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Figure 4 Block kinematics when reaching the feno®ined from rockfall simulations: distributionstbe translational velocity,
and impact angle.
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3 RELIABILITY-BASED DESIGN OF THE FENCE

3.1 Principles of the reliability-based approach

Let considelG = V, o.{V;,in as an estimator of the efficiency of the structure, wiigreandV, o.:are the com-
ponents along the horizontal axis of the block velocity before andcaftéact with the fence, respectively.
G < 0 means that the block is stopped (safety domain). On the contrary, the block has cldareg tifié >0
(failure domain). Such an estimator is deduced from past experinamdtaanumerical works on this type of
structure (Bourrier et al. 2010, Lambert et al. 2010).

This section presents the methodology to characterize the prob&p#itProbG > 0) for the fence failure
using the DEM model of the fence. Contrary to classical Montéo Ganulations, the approach proposed
does not require covering all the parameter ranges. On the coittedlyws calculating?; using only a re-
duced number of impact simulations, which ensures its practicaéifégsBesides, the loading parameters to
be used in the simulations (incident angle, block velocity...) do not fesmita user choice: the method al-
lows determining these values to get statistically relevant responsesstiittare.

The variability of the impact conditions can be characterized $st @f uncertain parameteysassociated
with the properties of the block (mass, shape) and its trajedtopact velocities, impact point location).
These parameters can be considered as the different componentsabbréal random variabl®'. In this
work, the mechanical response of the fence is modeled by a randoblev/iato be characterized. In this
study, this response is the estimator of the fence efficil@weW, ou{V;,n called "performance function”. As-
suming thaty can be related with a standard random varigll@aussian), such &= T(X), the performance
function is expressed & = f T (X).In case of two uncertain input parametéfs {>) =Y, the performance
function G may be approximated in writing the approximatﬁnof G as an expansion in Lagrange polyno-
mials (Baroth et al. 2007) of standard Gaussian random variéb#e®lX,, such that

G(X) = G(X,, X,) = iiqj L(X)L(X,) (D)

i=1 i=1
whereG;j= G(x;,X) is a set ofN? values ofG and L, L, are Lagrangian polynomials ; for instante writes

(2)

k#i
The calculation of the performance function can be envisaged fagea laimber of uncertain input parame-
ters although it will not be presented in the following. The valuesdx are related to collocation points
yi = T(x) and y; = T(x). The values; andy; are defined depending on the statistical law associated with the
random variableér and on the numbeX of points considered (Baroth et al. 2007). The values of the perfor-
mance functiorG(x;,x;) are thus obtained from numerical simulations of impact on the fesing the set of
parametersy|, y;) corresponding tox(,x). Then, the numerical (and time-consuming) performance funGion

is approximated by the analytical functi®n

3.2 Application to the study case

In the following, the influence of the impact velocifyand the impact anglg on the efficiency of the fence
will be studied. These two parameters are first considered ason@tated before accounting for the linear
correlation. This aim in view, probability density functions are dedficed the trajectory analysis for the
impact velocityV, and the impact angle (Fig. 4). Log-normal random variables, denot¥g {¥>) =Y, are
chosen. This choice is a satisfying compromise taking into accoutretiee of histogramg=ig. 4) and pre-
venting from negative realizations (negative impact velocitreparticular) while allowing an easy probabil-
istic treatment. Besides, the different values of the couples.{ show significant negative correlation be-
tween the two random variables (Fig. 4). For increasing valu¥g dkecreasing mean values and variability
of o, are observed. This correlation can either be ignored or accountedefealuating the fence efficiency.
In this latter case, a linear correlation can be considered avatefficient of -0.48. Table 2 presents means,
coefficients of variation and coefficient of correlation of the random variables.
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As detailed in (Baroth et al. 2006), the Gaussian standardizatiénusing the relatiory = T (X), is used to
apply the collocation method. One or two non correlated variables camsidered using this framework by
using only the expression &% or setting the correlation coefficien, v, at nil value, respectively. Nl =5
points procedure has been used for analysing the fence failure prgbdlhig means that considering two
random variables are considered, the procedure requires performing smpalations for all possible cou-
ples of the random variables, corresponding to 25 impact simulations (Fig. 5).

Table 1. Means and coefficients of variati@v) of the

log-normal random variables associated with theaigt V, Table 2. Values of the impact vetpsi,
and impact angle,, with correlation coefficienty, y. = -0.48. variable in simulations
Uncertain parameter Y=V, Y=o Vi (m/s) 3.1 4.47 6.23 8.69 12.55
Means = 6.42 m/s ty2 = 35.4° arj (°) 20.72  27.22 34.81 4.58 58.49
Coefficients of variation Cw, =0.25 Cw,=0.18
80
70+
Hl) EU_‘
a, f’:} = 504
:: 404
304
204
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Figure 4 Couples\;, o,) obtained from rockfall simulations Figure 5uptes ¥, a,) used for the generation of the
using RockyFor3D. simulation sets of 25NDEnpact simulations

4 PROBABILISTIC ANALYSIS OF THE FENCE EFFICIENCY

The set of 25 simulations allows characterizing the cumulative distributi@rcohsidering the linear correla-
tion existing between the two variables. The fence failure protyainilsuch a case is calculated from the cu-
mulative distribution functions d& (Fig. 6). The comparison with the case where random variablespm@re
sidered non-correlated plotted on the same figure, shows that imggted correlation is slightly conserva-
tive as the probability for the block to clear the fence is fandeen correlated variables are considered. With-
out correlation, this probabilitiy; = ProbG > 0) is 4.2 % whereas it is 7.6 % considering the correlation.

This failure probability can be used to assess the residual lémardthe protective structure. And, in a prac-
tical context, this failure probability value may be considered unacceptafpiering redesigning the structure
to increase the maximal kinetic energy it can withstand.

5 CONCLUSIONS

This study has proposed a reliability-based approach for the desigrktlr protection fences. A probabilis-
tic modelling of the impact angle and impact velocity of rocksbees deduced from rockfall simulations
using the code Rockyfor3D. A discrete element model represents enkngy fence (software Yade-dem).
The probability for the failure of the fence is evaluated usinglacation method, based on a limited number
of impact simulations, focusing on tow random variables : impact velocity and impé&et ang
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Figure 6. Cumulative distribution of the performarianctionG
consideringV, ande, as the only random variables.

The two random variables obtained in the simulations were assumeltiote fognormal distributions. 25
impact simulations using the discrete model of the fence allovaciesizing probabilities of failure of the
fence in different cases; the proposed method allowed calculatirggdbability for the failure of the fence
for two correlated log-normal random variables. The influence of wsimgy probability laws could also be
investigated using the same 25 calculations.

The results obtained for these indicators show that taking into adbeuriability of both variables signifi-
cantly increases the probability for the fence failure and tteduemting for the correlations between the vari-
ables is also all the more important. Indeed, the probability fdiathuee of the fence is higher when consid-
ering the variability of the two correlated random variables.

This approach appears promising in terms of fence design improvemnenallows investigating the influ-
ence of many variables. It also allows improving the quantificatidhefesidual hazard in the site after in-
stalling the structure. Nevertheless, future investigations shoulddeoriee influence of other parameters:
the impact point location on the fence and the orientation of the blokkegpect to the fence perpendicular
axis.
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