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Abstract. The design of net fences as passive mitigation measures against rockfall events
has represented a challenge since the last decades. The choice of the proper effect of the
actions to consider in the design is still under debate. Recently, the Authors have proposed a
novel time-independent reliability approach encompassing the large variability of the size and
the kinematics of the possible impacting blocks. The entire statistics of all these quantities
(size, velocity, and height) enters into the calculations, differently from other approaches that
consider specific values of the parameters. In addition, the variability in time of the inputs
is tackled, with particular reference to the size of the falling block. The recent approach is
herein merged and compared with the current semi-probabilistic ultimate limit state design
approach, suggested in the Eurocodes and implemented in the Italian recommendations UNI
11211-4:2018, with the purpose of finding the equivalent partial safety factors of kinetic energy
and trajectory height of the impacting block. A sensitivity analysis with different synthetic
profiles, representing possible real situations, is performed highlighting that if a set of partial
safety factors is assigned to different sites, an intrinsic variability in the failure probability has
to be accepted.

1. Introduction

Rockfall represents one of the major hazards in mountain environment [1, 2] where the
implementation of effective structural mitigation measures is often required [3;-4,-5]. Installing
net fences is a possible solution for risk management. Different solutions to realizethese systems,
defined as construction protection kits, have been proposed, improving the adopted components,
material, and the assembly [4, 6, 7]. As a consequence, the efficient design of these structural
measures has been of particular'interest, even though a codified design solution has not been
defined yet. UNI 11211-4 [8] in Italy and ONR 24810 [9] in Austria constitute the existing
national standards, only.

The prescriptive-based design for each component, according to which standards on material,
configuration, strength and stiffness have to be guaranteed, is not feasible for complex and
unique structural systems [10]. On the contrary, the performance-based design [11] has been
often adopted for assembled-structures, allowing more comprehensible design requirerhents, and,
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thus, the quality and innovation of the systems. This design approach is based on the premise
that structural systems have to achieve specific performance objectives and, thus, the definition
of the end goal is the starting point of the design process. A hybrid solution is adopted for net
fences. The producers identify optimal new technologies and solutions and assess the complying
performance through numerical analyses [12] [13] 14} 15} [6], 16}, 17, 18] and testings, according the
requests of EAD 340059-00-0106 [19]. In details, the performance is related to the interception
and stopping of falling blocks with a height and kinetic energy. Once installed on a slope, due
to the variability of the conditions and the random nature of the phenomenon, the barrier can
experience a multitude of impacts different from the ones for which the kits were tested. Hence,
prescriptive-based approaches are thus necessary to guarantee an adequate level of safety, which
is measured through the reliability of the system. The reliability-based design consists in a
procedure which allows considering the random nature of the parameters describing a structure
and the actions on it [20]. In the framework of the ultimate limit state design suggested by EC7
[21], the following inequalities must be verified:

1
hpa > hpqg+1 and Epq > imdvﬁ, (1)

where hpgy and Epg are the height and the energy absorption capacity of the system,
respectively, and hy 4, mqa, vq the height, velocity, and mass of the impacting block. Subscript
4 stands for design value. The term t, i.e. the tolerance, serves for considering that the height
is generally computed in the center of mass of the block. To compute each term, partial
safety factors are applied accounting for the variability of the effects of the actions and the
resistances. These factors are applied to the reference, say characteristic (subscript ), value of
each parameter, selected among the probabilistic distribution describing the parameter itself.
UNI 11211-4 [§] and ONR 24810 [9] provide the factors for computing the design values of
the variables. While UNI 11211-4 considers fixed factors, ONR 24810 differentiates the factors
according to the expected frequency of the events and the importance class of the protected
elements at risk.

In civil structural framework, the partial safety factors are computed starting from a given
value of the reliability index 3, i.e. a measure of the safety. To differentiate the failure probability
of rockfall protection structures, a novel time-independent reliability approach (TTRA) has been
recently proposed by the Authors [7, 22| 23], encompassing the large variability of the size and
the kinematics of the possible impacting blocks.

The present research work aims at comparing the results of the full reliability calculations
(TTRA) with those obtained with fixed partial safety factors (PSFA) in terms of design energy
and height of the barrier and failure probabilities. Aiming at representing all the most
frequent rockfall hazardous situations, different synthetic profiles were adopted for performing
2D trajectory analyses. Section [2| deals with with the basis of the proposed method, while the
performed trajectory analyses and the consequent design of the net fence according to both
PSFA and TIRA are outlined in Section [3] Results and discussions are presented in Section [4]
while in Section [5| conclusions and future perspective are defined.

2. Failure mechanisms and reliability-based design approach

This section provides the pivotal principles of the reliability approach for rockfall protection
structures proposed in [22, 23] and enhanced in [24]. Herein, the theory behind the approach
is briefly described. Considering that the required performances are related to the interception
and the stop of an impacting block, the possible failure modes can be simplified into a failure
mode connected to the exceeding height when the block is not intercepted, and one connected
to the exceeding kinetic energy when the energy absorption capacity is smaller than block
translational energy. A failure probability is associated to each mode, F} and F,., respectively.
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Figure 1. Sketch of the synthetic slope profiles adopted for the simulations (measures are in
meters), coefficients of restitution and slope angles (in brackets the interval step is reported).
The blue line represents the linear seeder.

Each failure mode outlines a scenario mathematically described through a limit function, i.e.
the boundary between failure and safety, derived from a state function. Under lumped-mass
assumption, for a given point along the slope where the net fence would be installed, independent
probability distributions of velocity and height can be computed [25] 26] 27, 28]. Referring to
falling block masses, following [29], for a given return period T a distribution of values centered
in mso (T) = My, ()\T)l/ %, where « is the shape coefficient of a Pareto Type I distribution
accounting for the heterogeneity of the size of the possible impacting blocks, My, is the threshold
mass, i.e. the minimum mass of an impacting block whose occurrence frequency is A, can be
defined.

Considering the resistances, the energy absorption capacity and height are generally evaluated
according to the assessment procedure of EAD 340059-00-0106 [19] and, as no information exists
related to their variability [30], as a simplification, these quantities can be assumed having a
Dirac-§ distribution on the CE certified absorption capacity and nominal height, respectively.
The reliability calculations are integrated over time (time-independent), in such a way that all
the possible scenarios coupled with their occurrence probability are simulated. Following the
procedure illustrated for the height in [24] and for the energy in [22], the failure probabilities in
a given time of period 7 (generally one year or the expected working life of the barrier) can be
computed. Viceversa, knowing the failure probability, the design values of the variables can be
determined.

3. Methods
To compare TIRA and PSFA approaches, with a commonly used procedure [311, 32} [33] synthetic
slopes profiles were used to represent the most common real situations [34]. The basic idea
is that the volume and the topography are the parameters that mostly affects the results
[351 36l B7, 38, 39, 40]. Thus, the influence of the variability of the topography was investigated
Three configurations were considered (Fig. , varying slope angles. For each profile, trajectory
analyses under lumped-mass assumption were carried out. Normally distributed restitution
coefficients (R, and R;) were considered to account for the variability of block-slope interaction
phenomena, representing typical real situations [41], 42]. A 10 m long vertical line seeder above
the upper part was used as source location for all the simulated rock falls (10000 released blocks
with a Monte Carlo sampling technique around the distributions of the restitution coefficients).
A uniform distribution along the length of the seeder was used for the released point. Two
collectors (C'1 and C2) were positioned in the vertical direction at the middle and the end of
the slope toe.

It is worth underlining that in the PSFA the choice of the mass represents a crucial aspect,
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while in the TIRA for a given site, the calculations are performed on all the possible masses,
considering their occurrence frequency. The results of the trajectory analyses, in terms of height
and velocity distributions, served as input parameters for both TIRA and PSFA. In the former,
as reported in [22, 23| [7], the 95th and the 99th percentiles were used to define a normal
distribution for both height and velocity, later adopted into the calculations. On the contrary,
in the PSFA the characteristic values (95th percentile) are used [§], only. According to UNI
11211-4 [8], the choice of the characteristic value of the mass my is remitted to the designer
with the condition that it has to be assumed equal or greater than the 95th percentile of the
distribution of the possible masses, neglecting the temporal aspect. In the following, mj; was
derived as the 95th percentile of the distribution of the blocks at the foot of the cliff.

Firstly, for the PSFA, height and energy design values (namely hp 4 and EBJ) were computed
applying the procedure suggested by UNI 11211-4 [§], with 7, equal to 1.21 and ¥g equal

to 1.93 (representing the most cautelative conditions), as IN”LB,d = hosTn, + (TTS) 1/3 and
EB,d = %mkvgﬁE. The failure probability py associated to sz,d and E~B7d was computed
according to the TIRA procedure. Secondly, given a failure probability ps equal to 1073,
considered as a feasible threshold for tolerable risk, the TIRA procedure was used to compute

the correspondent hp g and Ep 4.

4. Results and discussion

Table [I] reports the results obtained from the trajectory analyses performed with RocFall
software [43]. Only the configurations for which the collectors were impacted are herein reported.
A variety of results can be observed, in terms of both characteristic values and distribution
trends, evaluated approximately through the ratio between the 99th and 95th values, ranging
from 1 to a maximum of 2.33 and 9.13, for the velocity and the height respectively. Table
reports in columns 2 and 3, 7 and 8 the design values of height and energy according to the
PSFA. The resulting failure probability p;, computed through the TIRA procedure is reported
in columns 4 and 9 for Collectors C1 and C2, respectively. Columns 5 and 6, 10 and 11 report
the design values of height and energy given a failure probability 1 x 1073.

Applying the PSFA and considering the different configurations and collector positions, the
results highlight that the correspondent ps assumes values differing for each situation, spanning
from 2 x 1073 to 10~!, with a median of 1.3 x 1072 for C'1 and from 7 x 1073 to 3 x 1072, with a
median value of 1072 for C2. Even if not directly reported, both failure modes affect the global
failure in a similar manner. A previous paper [23] highlighted the influence of the inputs on the
correspondent failure probability.

Performing the calculations with TIRA for a ps equal to 1073, the values of both h B,d and
Ep 4 are greater than the one evaluated with PSFA. Figure [2| displays the results in terms of
YE;s Vh,» Tesulting from:

1/3
hpa — (ﬁfpmo

E
B.d and Thy = o . (2)

o 1/2m95v§5

VE

It is worth reminding that in a previous paper [24], the Authors suggested to consider a partial
safety factor for the height including the shape of the block (vfr), similarly to what reported in
ONR 24810 [9], while UNI 11211-4 [8] considers a partial safety factor 7y, only applied to hgs.
This partial safety factor was evaluated as:

3 1371
hos + <47Tpmk> ] . (3)

YH = hBdy
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Table 1. Results of the performed 2D trajectory analyses on the proposed synthetic profiles for
collectors C'1_and C?2.

Collector C1 Collector C2

01,02,03 | wos Vg9 hos hag V95 V99 hes  hgg

(m/s) (m/s) (m) (m) | (m/s) (m/s) (m) (m)
25-90 2.54 2.55 0.01 0.01 10.20 11.34 0.01 0.01
30-90 9.30 10.63  0.01 0.01 17.20 17.82 0.01 0.01
35-90 14.42 21.11 0.07 1.23 10.44 11.39 0.01 0.01
20-80 0.79 0.79 0.01 0.01 10.11 11.22 0.01 0.01
20-90 2.98 2.99 0.01 0.01 10.03 10.99 0.01 0.01
25-60 7.35 8.70 0.01 0.01 9.62 10.70 0.01 0.01
25-70 7.51 9.31 0.01 0.01 15.75 16.25 0.01 0.01
25-80 9.61 17.54  0.06 0.55 15.54 16.32 0.01 0.01
25-90 14.27 17.67 0.43 2.18 14.81 15.52 0.01 0.01
30-60 11.28 12.31 0.01 0.01 14.47 22.31 0.09 0.60
30-70 15.39 20.44 0.04 0.71 3.73 4.40 0.01 0.01
30-80 18.62 31.01 1.07 1.72 4.18 5.03 0.01 0.01
30-90 29.03 31.01 243 10.84 3.78 4.22 0.1 0.1
35-60 13.61 14.48 0.01 0.01 4.45 5.10 0.1 0.1
35-70 21.10 31.00 0.62 1.01 4.01 4.87 0.1 0.1
35-80 30.44 31.01 5.23 9.38 7.17 8.71 0.1 0.1
35-90 30.67  30.67 14.47 19 5.75 13.40 0.1 0.1
25-40-45 6.66 7.47 0.09 0.09 7.46 13.40 0.14 0.31
25-40-55 7.59 8.69 0.09 0.09
25-50-45 7.41 8.05 0.09 0.09
25-50-55 8.05 8.82 0.09 0.09
25-60-45 7.57 8.48 0.09 0.09
25-60-55 | 15.26  20.01 0.23 1.35
25-70-45 | 10.34 17.20 0.24 0.91
25-70-55 | 16.53 17.55 5.05 6.05

This suggestion originates observing that for hgs close to zero, i.e. sliding/rolling block, very high
values of ~y,, arise. In the boxplot, the median value is indicated by the central red line, while the
bottom and the top edges indicate the 25th (@) and 75th (Q3) percentiles, respectively. The
top of the upper whisker is located at Q3 + 1.5 (Q3 — Q1). Larger values, namely, the outliers,
are plotted as red crosses. Considering the g values, the results show values inside @1 and
@3 ranging from 5.1 to 7.4, with greater value, almost for the collector C'1 (median value of
6.25 for C'1 and 5.58 for C2). To better appreciate this aspect, a zoom on the values under
the top of the upper whisker was reported inside the subfigure. Nevertheless, very high values
can be observed, reported as red cross. As can be observed from the results reported in Table
and observed in [22], the greater the difference between vgg and wvgs, the smaller the value of
the correspondent partial safety factor g, until vgg/vg; =~ 1.5, above which a trend reversal
occurs. This observation is due to the fact that the uncertainty related to the mass decreases
more rapidly than the increase uncertainty associated to the velocity.

Both g and ~, are influenced by hgs and hgg/hgs, even though the influence of the latter is
more appreciable. Neglecting 7y, , for which values greater than 56 can be observed, for sliding
block with hgg/hgs = 1, v shows values inside Q1 and @3 ranging from 1.4 to 1.8, with a
median at 1.69 for C'1, and from 1 to 1.7 for C2, with median at 1.45. Considering the whiskers,
a range between 1 and 5.74 can be assumed as representative of the majority of the cases.

To better appreciate the compliance between the value of the partial safety factor and the
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Table 2. Results of the performed analyses with PSFA and TTIRA for collectors C'1 and C2.
3 } Collector C1 } ) Collector C2
01,02,03 | hpa EBgd Dy hpa FEpa | ha Epa Dr hpa EBgd

m) &) ) (m) ) | m &) () (m) (k)

25-90 1.2 128 0.016 1.78 041 1.20 2067 0.010 1.78 5813
30-90 1.2 1719  0.009 1.78 4469 | 1.20 5878 0.014 1.78 21564
35-90 1.3 4132 0.016 3.32 13394 | 1.20 2166 0.011 1.78 6480
20-80 1.2 12 0.007 1.78 47 1.20 2031 0.010 1.78 5743
20-90 1.2 176  0.016 1.78 749 1.20 1999 0.011 1.78 5893
25-60 1.2 1073 0.009 1.78 2582 | 1.20 1839 0.010 1.8 5164
25-70 1.2 1121 0.008 1.78 2509 | 1.20 4929 0.014 1.78 18413
25-80 1.3 1835 0.037 2.17 35501 | 1.20 4798 0.013 1.78 16617
25-90 1.7 4046 0.017 489 9072 | 1.20 4358 0.013 1.78 15228
30-60 1.2 2528 0.011 1.78 7557 | 1.30 4160 0.014 2.22 23018
30-70 1.3 4706 0.011 238 9996 | 1.20 27Y6 0.009 1.78 669

30-80 2.5 6889 0.020 3.38 72313 | 1.20 347 0.008 1.78 811

30-90 4.2 16745 0.027 20.96 54155 | 1.3 284 0.004 1.71 788

35-60 1.2 3681 0.012 1.78 12092 | 1.3 393 0.004 1.71 1016
35-70 2 8846  0.008 2.68 29867 | 1.3 320 0.002 1.71 736

35-80 7.5 18412 0.023 14.7v4 72807 | 1.30 1022 0.002 1.71 2351

35-90 18.7 18691 0.009 24.78 70700 | 1.30 657 0.102 1.71 43014
25-40-45 | 1.3 881  0.013 247 2413 | 1.40 1106 0.035 2.31 19395
25-40-55 | 1.3 1145 0.013 247 2964
25-50-45 | 1.3 1091  0.015 247 3314
25-50-55 | 1.3 1288  0.014 247 3797
25-60-45 | 1.3 1139  0.013 247 3130
25-60-55 | 1.5 4627 0.014 3.40 9882
25-70-45 | 1.5 2124 0.022 2,58 22104
25-70-55 | 7.3 5429 0.009 7.98 17985

ratio between the 99th and the 95th percentiles, Figure [2| displays also the boxplots of vgg/vgs
and hgg/hgs. Combining this representation with the value of Table[2] it appears how the shapes
of the distributions of both velocity and height, simplified through vgg/vg5 and hgg/hgs greatly
affect the values of the correspondent partial safety factors.

Analyzing both vg and g it seems that the choice of characteristic values equal to the 95th
percentile of the distribution might not be sufficiently cautelative. As an example, for vgg/vgs
greater than = 1.5, if vy = vgg, the equivalent vg displays a percentile reduction up to 250%.
This reduction is not so appreciable for vgg/vgs ~ 1. Similar consideration can be performed for
i, especially for vgg/vgs greater than ~ 2.

5. Conclusions

Net fences are one of the most adopted passive mitigation measures against rockfall. Different
technologies have been developed, resulting in very complex systems assessed on the basis of
[19]. In this framework, the assessment of the proper effect of the actions to consider as input
parameter constitutes a key aspect, nowadays still under debate. Today’s mandatory regulation
does not treat specifically such systems, and only the Italian [8] and Austrian [9] standards
address this topic, in the framework of a partial safety factor approach (PSFA), within the
Eurocode framework. The proposed factors do not account neither for a given failure probability,
nor for the site specificity of the problem and consider the size and the kinematics of the possible
impacting blocks through point values (characteristic values). A recent work based on the
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Figure 2. Boxplots of vgg/v9s5,hg9/h9s, YE, vi for both collector C'1 and C2

time integration of the failure probability has shown interesting opportunities for the design of
such structures, for a target failure probability. Given different synthetic profiles representing
common scenarios, the true failure probabilities of net fences designed according to the PSFA
were computed, revealing that, with fixed safety factors, a unique value of failure probability ps
cannot be achieved. As a consequence, the TIRA was applied aiming at finding the equivalent
partial safety factors for a given py = 1073. The obtained results highlights that the design value
for the kinetic energy of the block can be several times its characteristic value (95th percentile)
with large variability of the partial safety factors. A reduction of such variability was observed
considering the 99th percentile of distribution as characteristic value.

To conclude, it results that if a set of partial safety factors is assigned to different sites,
an intrinsic variability in the failure probability has to be accepted. Consequently, for a given
failure probability, quantifying a unique set of partial safety factors valid for different sites cannot
be achieved. A profitable solution for predisposing effective mitigation measures stands in the
adoption of a reliability-based design approach with non-fixed factors. Further developments
should be done in order to consider the influence of the site specificity for the evaluation of the
mass and the assumption related to its characteristic value.
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