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Abstract: This paper proposes an effective design approach for quickly determining the specification, size and
amount of components of a flexible rockfall protection barrier structure. The approach is based on a reliable
numerical modelling validated by several experimental tests that include both component tests and full-scale impact
tests. The interception structure made up of a steel wire-ring net is accurately investigated through a series of in-
plane and out-of-plane quasi-static tests carried out on net specimens, to define the ring constitutive model and
failure criterion. The accuracy of the numerical strategy for an overall barrier structure with nominal energy level
of 1500 kJ is validated by a full-scale in-situ test including service energy level (SEL) and maximum energy level
(MEL) impacts, according to the European guidelines. From the numerical models, it is inferred that the total energy
of the impact is simultaneously dissipated in different ways, where the internal energy of the structure plays a
significant role. The distribution of the absorbed energy among the different barrier components is explored and
defined by means of the developed finite element model. Besides, the design values of the internal force in the ropes
are derived with an adequate safety margin. The proposed design procedure, applied to a barrier structure with
nominal energy level of 3500 kJ, is assessed by a full-scale impact test, proving that the design approach is reliable

and efficient.

Keywords: rockfall protection barrier; energy allocation; structural design; wire-ring net; energy dissipating device.

1. INTRODUCTION

Protection barrier systems have been evolving since the middle of the last century, starting from an
embryonic form of metallic ring nets connecting to float bowls in the water, to intercept submarines and
torpedoes in military field during the Second World War. The first application of a barrier to slope disaster
prevention dates back to 1951, when the original protection system consisted of wooden columns and steel
wire nets for avalanche interception, which subsequently caught many fallen stones by coincidence, so that the

rockfall protection barriers were raised and developed [1,2].
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Fig. 1. Protection capacity of common engineering measures against rockfall (modified from [5]).

So far, many different protection measures against geological collapse and rockfall impact can be selected,
like rigid fences characterized by an ease installation and ground embankments effective in case of repeated
collapse events [3]. Flexible rockfall barriers have become one of the most common measures which cover a
wide range of energy absorption capacities ranging from 50 kJ up to more than 8000 kJ [4], as shown in Fig.
1 [5]. Flexible barriers are characterized by a high deformability of the interception structure that is typically
a steel wire-ring net to which a secondary hexagonal meshwork is fastened on the upslope side, Fig. 2. It is the
principal net that bears the block impact, while the secondary meshwork is intended to arrest debris. Wire
meshes or a cable nets are also employed as interception structures. Other components of such barriers are the

support structure (posts), connecting components (ropes), energy dissipating devices and foundations.

Fig. 2. Typical flexible barrier structure and its main components.

Compared with other engineering structures, there is no specific design standard for flexible rockfall
protection barriers. Therefore, in the past several decades, the progress in design theory and the update of the
products in this field relied, to a great extent, on the experience of engineers, as well as on the trial-and-error
method by means of many experiments [6-13]. However, these tests, carried out by manufacturers and

researchers, were developed using different methods and procedures so that the results were not easily



comparable. For unifying the qualification and improving the performance of the products, the European
Organization for Technical Approvals (EOTA) has promulgated a European Technical Approval Guideline
(ETAG 027) since 2008, in which a standard full-scale testing procedure was defined [14]. Nowadays, in many
countries to ensure a satisfying performance of a rockfall barrier structure, the full-scale impact test based on
the standard procedure is compulsory [15, 16] or strongly recommended [17]. However, due to the high cost
of full-scale tests as for any other complex engineering projects, numerical approaches were used and
developed for system analysis and design [18, 19].

For the study of rockfall barriers, finite element (FE) [20-27] and discrete element (DE) [28-31] models
were both employed, and the validity of these approaches was verified based on available experimental data.
In [32], a flexible barrier with nominal energy level of 3000 kJ was optimized in cost and performance by
removing all the energy dissipating devices from the longitudinal ropes and adding just two of them at the
outermost portion of the longitudinal upper ropes. In [33], two extreme load cases on a barrier (one was a rock
impact with a velocity greater than 25 m/s and the other was an impact by a tree trunk with a much smaller
puncturing area) were considered for design. A theoretical model in the elasto-plasticity framework for the
constitutive behavior of steel wire-ring nets was developed in [34]. In [35], a scaling relationship, validated by
means of data generated with a finite element model, was introduced to quantify the capacity of rockfall
barriers to withstand impact from blocks, and, in particular, it allowed to investigate the bullet effect. Further,
a program capable of analyzing flexible barriers was developed in [36], in which the high nonlinear features
of the structure were considered, and an efficient incremental-iterative procedure was adopted for tracing force
equilibrium within the barrier system. Besides, maintenance problem of net fences was also dealt using
numerical approaches. In particular, the influence of installation issues and deterioration of the system, as well
as the damage induced by ageing of the material, were taken into account in [37, 38]. Additionally, it should
be noted that in the planning phases of rockfall protection devices, a key aspect is the correct definition of the
design block and its return period. A probabilistic approach that allows to define this relationship is described
in [39] based on statistical analyses of historical data sets (see, among the others, [40]).

Although numerical simulations could significantly enhance the efficiency of design effort, owing to the
complexity of the systems, some aspects still need further improvements, such as an accurate definition of the
contact among the components and failure criteria. Besides, the wide application of numerical simulations in
practical design may also be restricted by the unfeasibility of a too sophisticated modelling.

Most of the available studies involving design methods for barrier structures mainly focused on the initial
conditions or input parameters such as the trajectory of the falling rock, the incidence angle and initial velocity,
[41-44], rather than on the mechanical properties and dynamic response of the structure. On the contrary, few
researches have considered effective and rapid design methods that dealt with the barrier as a whole, which
can, to some extent, replace the full-scale dynamic tests and the numerical simulations.

Within this context, a simplified and quick design approach based on energy allocation for flexible barrier
structures is herein proposed. To this aim, a reliable numerical model is developed as an analysis tool. A series

of tests under quasi-static loadings was conducted to calibrate the dominant parameters of key barrier



components such as the wire-ring net and the energy dissipating devices. In particular, energy dissipating
devices were tested following the recommendations of the ETAG027 [15], where it is suggested the execution
of quasi-static tests. However, for an accurate analysis of the brake behavior more close to real loading
conditions, the performance of dynamic tests is advisable as highlighted in [7].

Additionally, a full-scale dynamic impact test on a barrier structure of capacity 1500 kJ was carried out
according to the European guideline [15], to verify the accuracy of the numerical model. Accordingly, the
relationship among the nominal energy, the total energy of the impact and the design energy was discussed,
and the distribution of the dissipated energy of the different barrier parts was studied. Internal forces of each
steel wire rope were evaluated, and magnified with safety factors for the design. Based on that, a rapid
procedure for determining each component specification is presented and applied to a new barrier structure
with nominal energy level of 3500 kJ. Finally, an additional full-scale test on such barrier validated the
proposed method, and the comparison between design values and experimental results showed that the
approach is reliable.

The paper is organized as follows: the details of the experiments conducted on barrier components and
on a full-scale barrier are given in Section 2; the numerical models of the components and of the whole barrier
are described in Section 3; the composition of the total energy consumed by the barrier, and its distribution
among each part, as well as the prediction of the peak forces in the different ropes, are discussed in Section 4.

Finally, the design approach is applied to another full-scale barrier and assessed experimentally in Section 5.

2. EXPERIMENTAL PROGRAM

In this section, the experimental tests conducted on barrier components (wire-ring net specimens and energy
dissipating devices) and on a full-scale barrier prototype are presented and described. In particular, both in-
plane and out-of-plane tests were conducted on ring specimens and net panels to accurately explore their
mechanical behavior which enables the calibration of a FE numerical model.

2.1. Component tests: wire-ring net and energy dissipating devices

A series of component tests was carried out under quasi-static loading conditions in laboratory, including tests

on wire-ring net specimens and on energy dissipating devices.



Fig. 3. Tensile tests on ring specimens: (a) one-ring specimen at the beginning of the test; (b) failure of the one-ring
specimen; (c) three-ring specimen at the beginning of the test and (d) failure of the three-ring specimen.

Four types of wire-ring specimens were considered: one-ring, three-ring and five-ring specimens as well as net
panels. For the first two types, six groups of specimens, depending on the number of windings of the rings
(RS, R7, R9, R12, R16, R19) were tested. As shown in Fig. 3, the one- and three-ring specimens were
connected with shackles to the testing machine and loaded vertically. The configuration of the loading
equipment is shown in Fig. 4, consisting of a steel frame, hydraulic jack, load cell and displacement sensor.
The length and width of the frame were both 3.15 m, while the height was 3.3 m. The maximum measurement

range of the load cell and displacement sensor were 500 kN and 3 m, respectively.
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Fig. 4. Steel frame loading equipment system used in the component tests.
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Fig. 5. In-plane tensile test on ring specimens: (a) the five-ring specimen; (b) test set-up and (c) five-ring specimen

during the test.

Since the interception net is composed by wire-rings each of which connects other four rings, five-ring
specimens were selected as the typical basic unit of the net panel, Fig. 5a. In the in-plane test, the outer rings
were constrained by three screw rods to the steel plates as represented in Fig. 5b. The set-up for the in-plane
tensile test of the five-ring specimens is represented in Fig. Sc, where the upper plates were loaded upwards to
stretch the specimen.

The out-of-plane puncturing test on a net panel was carried out according to the procedure suggested in [45].
The test consisted in loading a net panel (of quadrangular shape with length and width equal to 3.0 m)
perpendicularly to its plane by means of a steel hemispherical-shaped loading device, located centrally, Fig.
6a. The influence of the shape of the loading device and of the constraints of the panel to the rigid frame was
deeply investigated in [46,47].

In the present test, the net specimen was connected to the steel frame structure with shackles at all the boundary
rings, Fig. 6b. A RS wire-ring net specimen was punctured upwards till failure. The force-displacement curve

of the central point of the panel was derived.
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Fig. 6. Out-of-plane puncturing test on the net panel: (a) dimensions of the thrust device in mm and (b) net panel during



the test.

The energy dissipating devices considered in this study are the brake rings, belonging to the friction-plastic
deformation mixed mechanism type, represented in Fig. 7a. The brake ring is constituted by an aluminum
sleeve (length equal to 80 mm) and a steel ring tube (inner diameter, cross-sectional diameter and thickness
equal to 402 mm, 42 mm and 6 mm, respectively) with a steel-wire rope passing through it. The brake ring is
manufactured as a replaceable unit in the rockfall barriers using the aluminum-alloy swaged ferrule fix the
steel wire rope slings, Fig. 7a. In order to derive the essential mechanical parameters, such as activation force,
working force and braking displacement [48], three brake rings were stretched up to obtain the force-
displacement curves, following the ETAG027 [15] recommendations. A photo of a tested brake ring at failure

is given in Fig. 7b.
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Fig. 7. Test on the energy dissipating devices: (a) main components of the brake ring specimen and (b) failure of the
specimen after the tensile test.

All the tests on wire-ring specimens and brake rings were conducted at a constant displacement rate equal to

2 mm/s till failure. A summary of the tested barrier components is reported in Table 1.

Table 1. Component tests on wire-ring net and energy dissipating devices.

Barrier component Specimen Number of windings Specimen number Test type
RS 3
One-ring R7 3
and R9 3 .
three-ring R12 3 In-plane tensile test
L specimen R16 3
Wire-ring net R19 3
Fiveori RS 1
S lzzi-::;i R7 1 In-plane tensile test
P R9 1
Net panel RS 1 Out-of-plane puncturing test
Energy d1.ss1pat1ng Brake ring / 3 In-plane tensile test
devices

2.2. Full-scale impact tests



The test site located in Guanghan city (Sichuan, China) belongs to the artificial type class, in which a three-
functional module barrier prototype is subjected to a vertical impact at the center of the middle module. As
shown in Fig. 8, the test site consists of a RC reaction wall and a travelling portal crane. The reaction wall
(length, height, and thickness equal to 38 m, 13.5 m, and up to 1.5 m, respectively) is perforated at intervals
of 0.5 m to insert the anchorage bolts of the steel wire ropes and posts. A crane is able to raise the impactor to
a maximum height up to 40 m from the barrier plane, which can generate a free falling velocity of 28 m/s to
impact the barrier structure. The impactors are concrete polyhedral blocks confined by steel plates, providing
a series of masses with different dimensions. A high speed camera, with a frequency of 1000 fps, is employed

to record the impact.

High speed camera

Steel rail
Fig. 8. Schematic view of the artificial test site in Guanghan city (Sichuan, China).

A full-scale barrier structure with nominal energy absorption capacity of 1500 kJ, hereinafter named barrier
1500, was tested in the Guanghan test site. Following the European guidelines [15], the barrier prototype has
to be impacted three times: the first two impacts at 1/3 of the nominal energy level for the SEL capacity and a
last impact at full nominal energy for the MEL capacity.

For the first launch at SEL, a block with a mass of 1562 kg was lifted up to 32.7 m to produce a kinetic energy
equal to 500 kJ. Then, for the second launch at SEL, after removing the block, the deformed model was
impacted at the same spot with the same kinetic parameters of the first test. Before conducting the test at MEL,
the barrier was repaired by replacing the wire-ring net and the activated energy dissipating devices. A kinetic
energy equal to 1500 kJ was produced by releasing a 4002 kg block from a height of 38.2 m.

A sketch of barrier 1500 is given in Fig. 9a. In the picture, the main dimensions of the barrier as well as the
position of the sensors (load cells and strain gauges) and energy dissipating devices are reported. Seven types
of ropes, named differently by their locations, are set in the structure, including the upper major support rope,
the upper minor support rope, the lower major support rope, the lower minor support rope, the edge support

ropes, the upslope ropes, and the side anchor ropes. Among the others, both upper and lower major ropes are



supported by the post ends, and both upper and lower minor ropes, bypassing the post ends, are connected with
the net via shackles, Fig. 9b. The detail of the connection of the post head with the support ropes is illustrated
in Fig. 9c. Load cells connected with the wire ropes were installed between the anchorages and the energy
dissipating devices to measure the internal forces, as shown in Fig. 9d. Strain gauges were applied on the both

sides of the web plate of the posts to record the stress state during the impact, as shown in Fig. 9e.
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Fig. 9. Barrier 1500: (a) general schematic drawing of the barrier with labeling of sensors and ropes; (b) connection
between the wire-ring net and the support ropes; (c) connection between the post head and the support ropes; (d) load
cells A3 and A4 installed on the upper support rope and (e) strain gauge B4 installed on the outer post.



3. NUMERICAL MODEL: DEVELOPMENT AND CALIBRATION
Starting from the experimental results on both components and on the full-scale barrier, in this section a
numerical model for the tested barrier is developed. Particular emphasis is given to an accurate modelling of
the wire-ring net and energy dissipating devices, due to their crucial role in absorbing energy during the impact.
For the sake of brevity, only the most representative results of the conducted tests are reported in the following.
All the simulations were conducted employing the commercial software program LS-Dyna [49].
3.1. Modelling of the wire-ring net
In literature, in order to simplify the numerical analyses, the ring net was modeled with truss elements [20] or
with shell elements [44,50]. However, the available numerical models fail in simulating the behavior of the
rings at large deformation stage due to a lack of experimental validation. In [51], an accurate model that
employed beam elements to simulate each individual ring based on general contact algorithm was proposed.
In the study, the equivalent cross-sectional area of the beam elements was obtained as the real net section
multiplied by a variable reduction factor y (y=0.6~0.8), and the plastic strain at failure was defined with a
nonlinear function. This method initiated an approach of modelling the wire-ring nets accurately and the factor
x solved to some extent the problem that wire-rings become over-stiff as the number of windings increases.
However, the approach reduced the total mass of the net, which plays a significant role in the dynamic response.
In this paper, the wire-ring net is modelled by beam elements with four integration points at the central cross-
section. In order to guarantee a correct stiffness and mass of the net, an equivalent cross-section A, is
employed, as given by:

Aeq = w4y, deq = \nyd, (D
where Ao, deq, do and n,, are the actual cross-sectional area of a single wire, the equivalent diameter of the beam

element, the actual diameter of a single wire and the number of windings, respectively.
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Fig. 10. Effective plastic strain at failure for one-ring specimen: (a) 16-element mesh; (b) 128-element mesh and (c)
fracture position observed in the tensile test (RS ring).

Figure 10 shows the influence of the number of elements on the failure position of one-ring. As expected, a
finer mesh (128 elements) leads to a fracture mode much closer to the experimental results. However, a fine
mesh leads to a high computational burden, considering the great quantity of elements necessary to model a

whole barrier structure. In Fig. 11a, the load-displacement curve obtained experimentally on the R9 one-ring



specimen, and those derived numerically varying the number of elements are reported as well. The computation
is terminated as the reaction force reaches the maximum experimental force. The coarse mesh (16 elements)
is definitely stiffer, underestimating the displacement at failure with respect to the test result. It can be seen
that results for the 64- and 128-element mesh are much closer to the experimental curve. However, considering
the dissipated energy in the different one-ring specimens, Fig. 11b, although the dense mesh (128 elements)
brings to a larger displacement close to the actual value, the dissipated energy, which influences the energy
allocation of the whole barrier, is not so accurate if compared to that obtained from the experimental tests. In
particular, the red columns represent the dissipated energy calculated as the average of the one-ring specimens
tested in each group, while the simulation results of both coarse (16 elements) and dense (128 elements) meshes
are represented by the dashed and checked columns, respectively. It can be noted, for example considering the
R9 results, that the dissipated energy between the two meshes is similar and smaller with respect to the
experimental result. In the case of the R19 one-ring specimens, the results obtained from both meshes strongly

underestimate the actual dissipated energy (the difference is around 44.1%).
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Fig. 11. One-ring specimens: (a) effect of mesh density on load-displacement curves for the R9 ring and (b) dissipated
energy for different rings.

In order to represent accurately the load-displacement curve and to dissipate the correct amount of energy
during the loading process, an equivalent Young’s modulus instead of the original one for the steel wire is
introduced herein.

Figure 12a plots the multi-linear constitutive curve adopted in the numerical model for the steel of the rings.
The dotted line represents the original stress-strain relationship, in which the data of key points including A
(5.68%, 1421.8 MPa), B (5.99%, 1650.8 MPa), C (10.0%, 1896.1 MPa) and D (14.52%, 1980.0 MPa) were
obtained from the manufacturer. To reflect the loosen state among each winding of the steel wires, the original
elastic modulus is softened by means of a trial and error approach, and the plastic part is translated
correspondingly. In such a way, it is shown that is possible to obtain accurate results even with few elements
(16 for each ring). In Fig. 12b, the simulation results using a 16-element mesh with the softened elastic
modulus, are compared with the experimental results for three groups of rings (R5, R9 and R16). A good

agreement in stiffness and peak force is revealed, as well as the dissipated energy is much closer to the



experimental values as shown in Fig. 11b (grey columns). Therefore, in the following, the 16-element mesh

with softened stiffness is employed for the simulations of the rings.
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Fig. 12. One-ring specimen tests and simulation: (a) multi-linear constitutive model and (b) load-displacement curves
for different rings.
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Fig. 13. Three-ring specimen tests and simulation: (a) load-displacement curves and (b) dissipated energy for different
rings.

This model was also employed for the three-ring tests. In Fig. 13a, a comparison of the results between
simulation and lab tests including R5, R9, and R16 specimens is shown. The maximum deviation of the peak
load and displacement at peak between numerical and experimental results is equal to 5.1% (R9 ring tests) and
11.1% (R19 ring tests), respectively. Both the numerical and experimental peak forces and ductility are in
agreement, as well as the total energy consumption values, Fig. 13b.

Moreover, for predicting the ultimate capacity of the ring net, the effective plastic strain is used as failure
index, and the critical values of such parameter are identified by a back-analysis based on the experimental
results. According to the above simulations on the one-ring and three-ring specimens, it is indicated that the
failure strain increases as the number of windings of the ring increases. However, the breaking force of the
wire-ring depends on both the cross-sectional area and the bending diameter [52]. In general, the ultimate
strength decreases with a smaller bending diameter, and the plastic strains grow faster, hence the failure strain
of one-ring depends on the bending diameter. It is required in ETAG 027 [15] that the diameter of the circular

elements for connecting the chain to the machine should be not less than 4 times the diameter of the cross-



section of the ring. Tensile tests on one- and three-ring specimens with a bending diameter no less than 50 mm
were performed in [53]. In the present study, the bending diameter dg in the ring to ring connection in the
three-ring tests is much smaller with respect to the one in the one-ring test, as depicted in Fig. 14a. In fact, in
the three-ring tests, the maximum tensile force resulted smaller (53.3% on average) than the one registered in
the one-ring test. Further, all the failures took place at the contact regions of the middle ring with the outer

rings, as it can be observed in Fig. 14b.
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Fig. 14. Effect of the bending diameter on the failure of ring specimens: (a) dg for one-ring and three-ring specimen and
(b) failure position of three-ring specimens (R19).
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Fig. 15. Effective plastic strain at failure for ring specimens.

Since the ultimate state is affected by the winding number 7, and bending diameter dg, that always vary in
different barriers at different energy levels, herein, a factor X is introduced as:

K =dg°*®n,, 2)
In Fig. 15, the effective plastic strain at failure &, obtained from the simulations, is plotted versus factor K.
Considering a particular wire-ring net with given ny and ds, factor K can be calculated from Eq. (2), and the
corresponding &i is obtained from the linear relationship shown in Fig. 15.
As mentioned in Section 2.1, in-plane tests were carried also on five-ring specimens. Simulations were
performed for the five-ring specimens following the approach previously described. A comparison between
test and numerical failure mode is given in Fig. 16a. The experimental and numerical force-displacement

curves for the five-ring specimens are reported in Fig. 16b. All the calculated peak forces are slightly bigger



than the test results, and deviations are 9.4%, 1.5%, 8.5% for RS, R7, and R9 test, respectively. The deviations
of displacements at peak between the test and simulation are 0.4%, 3.6%, and 10.6%, respectively. These
differences can be ascribed to many factors, including a measurement inaccuracy in the initial part of the lab
tests when the rings passed from the loosen to the tight state. However, the dissipated energy that is an
important parameter for the behavior of the net, matches well with a maximum error of 7.8%. Additionally, it
is worth noting that the numerical model was calibrated to reach a compromise among several requirements:
i) capability of the model to capture peak forces and displacements at peak; ii) capability of the model to
capture the initial slope/general trend of the curves; iii) capability of the model to capture the dissipated energy
during the test; iv) capability of the model to reproduce the failure mode, and v) having a low computational
cost. All this considered, slight deviations between tests and simulations were considered acceptable and the

proposed numerical model was considered suitable for representing the in-plane tensile behavior of the wire-

ring net.
160
——— R5-test (3.26 kJ)
1404 |—— R7-test (4.67 kJ)
R9-test (5.89 kJ)
1204 |5 Rs-simulation (3.17 kJ)
= 1004 —o— R7-simulation (4.53 kJ)
X, —<v— R9-simulation (6.35 kJ)
3 80
2
60
404
20
0-= T P Ees T T T 1
0 50 100 150 200 250 300
Displacement [mm
(b) p [mm]

Fig. 16. Five-ring specimen tests and simulation: (a) failure mode (R9) and (b) load-displacement curves for different
specimens (the dissipated energy is indicated within parentheses).

For the out-of-plane test, Fig. 17a illustrates the RS net panel during the test compared with the numerical
simulation. According to Eq. (2), considering the bending diameter dg equal to deq, factor K can be calculated,
and from the formula in Fig. 15, the corresponding effective plastic strain at failure is obtained. The simulation
failure mode is characterized by rupture of the wire-ring located neither at the top of the net nor along the
border, essentially in agreement with the experimental result shown in Fig. 17b. From the load-displacement
curves, Fig. 17c, it can be noted that the experimental ultimate elongation is 709 mm, while numerically a
value of 726 mm is obtained. It should be noted that the starting point of the elongation was considered when
the thrust device overcame the weight of the entire net. Both peak loads and displacements at peak show little
disparities between test and simulation, being 306 kN and 349 kN, 1309 mm and 1370 mm, respectively. These
differences may be, to some extent, caused by the restart operation during the test due to the stroke limitation
of the loading system. Nevertheless, considering the dissipated energy, test and simulation results are very
close with an error of 2.9%, so it can be concluded that the proposed constitutive model is also effective in

representing the out-of-plane mechanical behavior of the wire-ring net.
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Fig. 17. Net panel tests and simulation: (a) elongation of the net; (b) failure mode and (c) load-displacement curves.

3.2. Modelling of the energy dissipating devices

Energy dissipating devices play a key role in absorbing the total kinetic energy from the rockfall [54,55].
According to quasi-static and dynamic tests, the mechanical performance of most of these devices under tensile
actions was described in detail in literature [56], and all the force-displacement behaviors were simplified as
tri-linear or quasi-linear curves to define the numerical model. Based on previous studies on dynamic and static
tests conducted on the same type of brake rings employed in the barriers under investigation [48], it was
concluded that the key parameters such as activation force, dissipated energy and elongation attained similar
values. Additionally, in [32] non-linear dynamic and static analyses were performed on brake elements
belonging to the same class of the ones herein considered. Numerical results showed that a tri-linear curve,
appropriately calibrated, was suitable to model the behavior of brake. For these reasons, in the present paper,
results from the quasi-static tests presented in Section 2.1 were employed to calibrate the load-displacement

curve for the energy dissipating device.
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Fig. 18. Energy dissipating devices: test results and numerical model.

The results of the brake ring tests, as described in Section 2.1, are plotted in Fig. 18. From the figure, the
average activation force can be identified as 54.1 kN. According to the test results, a discrete element with
piecewise constitutive law is employed to model the brake devices, black line in Fig. 18. The activation force
is set at 54 kN at a displacement of 60 mm, then a yield branch follows, until the force increases up to 75 kN
(at 800 mm displacement). Besides, when the full stroke of the brake ring is almost reached (800 mm), the
force rises sharply within a very short distance and a steep hardening branch follows. Considering the
instability of the hardening branch in the force-displacement curve [56], the design capacity should only take
the yielding branch into account. In Fig. 18, the envelope area of the red shadow is equal to 50 kJ, that is
defined as the minimum design value of dissipated energy for a single dissipator.

3.3. Modelling of other components: ropes, posts, constraints and connections

To represent the nonlinear behavior of the steel wire ropes, 3D cable-discrete elements [49] are employed. The
posts in the barrier structure are modelled using user-defined integration beam elements with I-shape cross-
section. It should be noted that the high strength steel wire ropes employed in the tested barrier are not
characterized by an evident plastic behavior, since brake elements mounted in the ropes limit the attainment
of high load levels. For this reason, an elastic-perfectly plastic material law is adopted in the model for ropes
and posts, whose constitutive parameters are collected in Table 2.

The foundations of all steel wire ropes are set at the both end nodes, where six degrees-of-freedom (DOFs) are
fixed, except for upslope ropes that are constrained at only one end, while the other end is connected to the top
of the post with a coincident node. Since the post is able to rotate freely in the vertical plane and rotate finitely
in the horizontal plane [51], the bottom node is completely fixed except releasing the rotational DOF around
the horizontal axis (Y axis), while a constrained spring element is set to simulate the actual horizontal rotation
(around Z axis) limited by the base plates within a small region, as depicted in Fig. 19a. The moment-rotation
curve adopted for the spring is shown in Fig. 19b: the post can swing freely within 6, for greater rotations a
high stiffness limits the movement. The value of 6, is dominated by the length of the post and the distance
between the base plates. In this study, a value of 15° for 6, is adopted.

Table 2. Material properties adopted in the numerical models for steel wire ropes and posts.



Component Mass density Poisson’s ratio Elastic modulus Yield stress
Steel wire rope 7900 kg/m? 0.3 1.5e5 MPa 1770 MPa
Steel post 7900 kg/m? 0.3 2.0e5 MPa 235 MPa
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Fig. 19. Boundary conditions and connections: (a) constraint at the bottom end of the posts; (b) moment vs. rotational
angle curve adopted for the constrained spring in the horizontal plane (X-Y plane) and (c) slipping of support ropes
through the end node of the posts.

During the impact, the wire-ring net slips along the support ropes by means of shackles, that were modeled as
rigid bodies in the simulations [49]. A general contact algorithm with Coulomb friction model was employed
to enable the wire rings and ropes be connected by the shackles. The upper support and lower support ropes
slip through the top and bottom of the post, respectively. The slipping feature between the ropes and the post
was implemented by using the seatbelt element, which allows the ropes to slip through a fixed point (node A)
acting like a pulley system, as depicted in Fig. 19c¢. For all the steel-steel contacts involved in the simulation,
the dynamic friction coefficient was assumed as 0.1, and the static friction coefficient was 0.15 [32].

3.4. Modelling of the full-scale impact tests

A numerical model of barrier 1500 was built following the above mentioned procedure. The model was

successively subjected to SEL and MEL impacts. Before the impact, only gravity load acted on the model so

that the net hung down naturally. The coordinates of all nodes as well as the stress and strain data were derived

to override the original model, thus enabling the model to contain both initial stress and deflection as in the in-

situ conditions before to be collided by the block.
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Fig. 20. Comparison of time-histories response between simulation and test results of SEL impact (first launch): (a) A3
load cell; (b) A15 load cell; (c) A16 load cell; (d) AS load cell; (e) A7 load cell; (f) A8 load cell; (g) B2 strain gauge; (h)
B3 strain gauge and (i) B4 strain gauge. For labels of the sensors reference is made to Fig. 9a.

For the first launch at SEL, the block was modeled as a solid rigid element with an initial velocity of 26 m/s
located just above the wire-ring net. In Fig. 20, all the load cells and strain gauges data (see Fig. 9a for
nomenclature) recorded in the full-scale field test are represented and compared with the numerical results
(results from malfunctioned devices are not reported). The curves were smoothed by a Savitzky-Golay filter
to eliminate the electrical noise. In particular, Fig. 20a-Fig. 20c show the time-history curves of the internal
tensile forces near the anchorages of the upper support ropes, while Fig. 20d-Fig. 20f represent the internal
force values of the upslope ropes. Figure 20g-Fig. 20i display the axial force of the steel posts derived from
the axial strain record, as well as the numerical axial force results extracted from the output data of the
simulation. According to the design assumption, the steel posts behave within the elastic range, so that the
axial force time-history result was obtained via multiplying the average axial strain records from the gauges
on both sides of the web plate by the elastic modulus and cross-sectional area. In general, it can be observed
from the comparison that the numerical simulation captures the main trend of the force time-history response,
while predicts the peak force with a maximum error equal to 25.6% that occurs at load cell A16, Fig. 20c.

Besides, the longitudinal support ropes are loaded prior to the upslope ropes, so the activation times of the



force response of load cells on support ropes (Fig. 20a-Fig. 20c) are earlier than those of upslope ropes (Fig.
20d-Fig. 20f). This phenomenon is also well represented by the numerical model, indicating its good

performance in reproducing the impact process at different loading stages.
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Fig. 21. Comparison of time-histories response between simulation and test results of SEL impact (second launch): (a)
A3 load cell; (b) A15 load cell; (c) A16 load cell; (d) AS load cell; (e) A7 load cell; (f) A8 load cell; (g) B2 strain gauge;
(h) B3 strain gauge and (i) B4 strain gauge. For labels of the sensors reference is made to Fig. 9a.

With regard to the second launch at SEL, the barrier structure, after the first launch without any rehabilitation,
was subjected to another 500 kJ impact energy. Accordingly, the coordinates and residual stresses of the
deformed numerical model were kept as the initial state for the second launch. In Fig. 21, the experimental and
calculated time-history responses at some representative sensors are given. In particular, Fig. 21a-Fig. 21c
show the tensile forces recorded by load cell A3, A15 and A16 on the longitudinal support ropes, respectively,
and Fig. 21d-Fig.21f show the tensile forces recorded by load cell A5, A7 and A8 on the upslope ropes,
respectively, along with the corresponding numerical results. Figure 21g-Fig.21i compare the axial force
response recorded by strain gauge B2, B3, and B4, respectively, on the posts with the simulation results.
According to these plots, the general trend of the experimental results in the second launch is also well
reproduced by the model, revealing that the effectiveness of the numerical approach is validated for the SEL

impacts.



For MEL impact, since the barrier was repaired before the test, an intact numerical model, as the one employed
for the first SEL impact, was employed. By comparing the time-histories response between the experiment and
simulation in Fig. 22, the good agreement between the results is confirmed. In addition, Fig. 23a and Fig. 23b
illustrate the barrier final state of MEL impact in site test and simulation, respectively. In Fig. 23c, the residual
height /g that denotes the minimum distance between the lower and the upper support rope, measured
orthogonally to the reference slope after the test without removing the block, is represented as obtained from
the numerical simulations.

As stated in Section 2.2, the trajectory of the block in the full-scale tests was captured by the high speed camera.
By means of the software Tracker [57], the position-time curve of the block is obtained. In Fig. 24a, the
displacement time-history curve is represented together with the numerical result. Velocity and acceleration
are calculated automatically by means of the Finite Difference method. In particular, the velocity for a step is
defined to be the average velocity over a 2-step interval, and represented in Fig. 24b. The block acceleration
is calculated as the second derivative of a parabolic fit over a 4-step interval with the step at the center, red
curve in Fig. 24c, and smoothed by a Savitzky-Golay filter, blue curve in Fig. 24c. This procedure for
calculating velocity and acceleration ensured a high accuracy of the solution also close to the braking time.
The impact force F between the block and the net, obtained from the acceleration record, versus the
displacement S in the MEL test is depicted and compared with the calculated curve in Fig. 24d. Through the
above comparison analysis, it can be concluded that the proposed numerical model is also suitable for

representing the full-scale impact test at MEL.
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Fig. 22. Comparison of time-histories response between simulation and test results of MEL impact: (a) A3 load cell; (b)
A15 load cell; (c) A16 load cell; (d) AS load cell; (e) A7 load cell; (f) A8 load cell; (g) B2 strain gauge; (h) B3 strain
gauge and (i) B4 strain gauge. For labels of the sensors reference is made to Fig. 9a.

Furthermore, to verify the numerical model as a reliable design tool, it is necessary to check the key parameters
required in ETAG standard [15], which are used to assess the capacity of the barrier structure. Table 3 lists the
parameters measured in the site test, compared with the corresponding data from the numerical calculations.
The nominal height 4x is the minimum distance between the upper support rope and the connection line
between the bases of the posts, measured orthogonally to the reference slope before the impact. The ratio of
hr to A is crucial to judge the test results and to classify the category of the barrier. The maximum elongation
Smax 1S the downslope displacement of the net measured parallel to the reference slope during impact. Even
though the calculated ratio of /r to A in the second launch of SEL impact is 15% lower than the test result,
the comparison of the data given in Table 3 reflects a good performance of the numerical model in predicting

the key parameters for design.

© &

Fig. 23. MEL impact results of barrier 1500: (a) in-situ ultimate deformation; (b) numerical ultimate deformation; and
(c) numerical residual height.
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Fig. 24. MEL impact results of barrier 1500: (a) displacement time-history of the block (test results in red color,
simulation results in black color); (b) velocity time-history of the block (test results in red color); (c) acceleration time-
history of the block (test results in red and blue color before and after filter application, respectively); and (d)
performance curve of impact force F versus barrier elongation S (test results in red color, simulation results in black
color).

Table 3. Comparison of key parameters for design between test and simulation (barrier 1500).

Nominal height Residual height Maximum elongation

Impact I [m] e [m] hr/hN % s [M]
1 launch . Test. 5.20 3.82 73.5% 5.05
SEL Simulation 5.24 3.67 70.0% 5.15
2% launch . Test. 5.20 3.80 73.1% 2.18
Simulation 5.24 3.25 62.0% 2.34
MEL Test 5.31 3.07 57.8% 791
Simulation 5.24 3.12 59.5% 8.03

4. ENERGY DISTRIBUTION IN THE ROCKFALL BARRIERS

In this section, by means of the numerical model of the barrier previously assessed, the energy distribution
during impact among the different barrier components is analyzed. Additionally, in order to figure out the
energy allocation in barriers of different capacities, numerical models of barriers of nominal energy equal to
750, 1000, 2000, 3000 and 5000 kJ were developed. In particular, the role of the wire-ring net and energy
dissipating devices is investigated. A formula for deriving the design internal force of the ropes in the different
barriers is presented as well.

4.1. Composition of the total energy

In the previous section, it was shown how the presented numerical model is reliable in representing the



dynamic response of a flexible rockfall barrier during the impact. In particular, the main dominant parameters
and the energy dissipation of each barrier component were accurately predicted.
The total energy, Eyqtq1, consumed by the barrier structure during the impact is higher than its nominal energy

level, owing to the gravity acting on the block along the impact elongation:

Erotal = Exo + MgsinaSmay = [ ™ F(S)dS + Eys 3)
where Eyo is the initial kinetic energy of the block before the contact with the net, that is always defined as the
nominal energy level, m is the block mass, « is angle between the elongation and gravity direction (equal to
the slope gradient in the actual projects, equal to 90° in in-situ tests), F(S) is the impact force between the
block and the net, varying with the elongation, Eis is the kinetic energy of the barrier structure when the
impactor is just stopped, as the elongation reaches Smax.

According to the energy conservation law, during the process of braking, the total energy is given by the work
acted by F(S) while Smax is reached and by the kinetic energy of the barrier structure, E. The dissipated energy
through the work acted by F(S) along the elongation is equal to the envelop area of the performance curve (£-
S curve), which essentially contains two parts, Fig. 24d. The first part is the internal energy of the components

(Eint), consisting of plastic and elastic strain energy, and the other part accounts for the work of movements of

the components (Em), such as rotation of the posts and sliding between each part.
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Fig. 25. Force versus elongation of barrier 1500 at MEL, SEL (1% launch) and SEL (2™ launch) impacts. Shaded areas
are the dissipated energy (Eint + Em) as the maximum elongation is reached.

Based on the simulation results, the dissipated energy as the block velocity decreases to zero in the different
impacts of barrier 1500 is shown in Fig. 25. The energy values are derived from the numerical solution in terms
of envelop area under the force versus elongation curves. The total numerical dissipated energies are divided
into different parts as listed in Table 4, which indicates that the greatest part of the total energy is consumed in
terms of internal energy, in which the wire-ring net and brake rings play an important role. Besides, the kinetic
energy of the barrier Eys at the moment Smax 1s reached, is quite low. Conversely, the energy consumed by the
component movements E, cannot be neglected. As expected, since the impact force is not big enough to fully
activate the dissipators in the SEL cases, the energy dissipated by the brake rings is lower with respect to that
of the MEL case.

In order to figure out the energy allocation of barriers of different capacities, a series of MEL tests were



reproduced by means of the proposed numerical approach. The numerical simulations were conducted
including barrier prototypes of nominal energy level Ex equal to 750 kJ, 1000 kJ, 2000 kJ, 3000 kJ and 5000
kJ. According to the numerical results, Fig. 26 depicts how Eiy¢,) is divided into Exs, Ein and Erm. It is revealed
that, the total energy is always 1.23 times on average greater than the barrier nominal energy. Besides, in all
cases, the internal energy Eiy of the barriers constitutes the greatest part of the total energy (around 78% on
average), while sliding and other movements consume about 19.4% of the total energy on average. In addition,
the kinetic energy of the structure Eis only takes up 2.6% on average of the total energy, so that it can be

ignored in design.

Table 4. Total energy distribution of barrier 1500 in the impacts.

Impact Energy [kJ] Eis Ein [k]] Em
P gy [kJ] Net Energy dissipators Other elastic deformation [kJ]
MEL Etota=1849 52 371 1053 70 303
SEL-1%t Etota=617 32 136 273 36 140
SEL-2nd E'rota=645 44 139 304 29 129
7000 1
6000 |1 m
V| Eint
5000 A
E 4000
w3000
2000 -
1000
0
750k) | 1000kJ | 1500kJ [ 2000kJ | 3000kJ [ 5000k | Mean
Ewom/EN|  1.206 122 1231 122 1289 1194  1.226
Ein/Ewoal] 0732 0744 0808 0812 0816  0.768 0.78
Erm/Etotall  0.243 0231 0164  0.158 016 0208  0.194
Eks/Etotal| 00247 00243 00281 00299 00239 00241  0.026

Fig. 26. Dissipated energy by barriers 750, 1000, 1500, 2000, 3000 and 5000 at MEL impact.

With the aim of proposing a reliable and efficient design method, the capacity of the main energy consuming
components that include wire-ring net and dissipators, must be no less than the design energy Fq. In other
words, the barrier structure has to be devised to consume the design energy E4 completely in terms of the
internal energy of the net and dissipators, while other energy dissipating ways can be considered as safety
reservations. However, regarding the non-negligible role of E:nm as well as the fact that the total energy is higher
than the nominal energy, the design energy E4 can be conservatively represented by the nominal energy Ex as
follow:

Eq =y:(1 = ¥rm)En = Ex “4)
where 7 denotes the magnification coefficient of the total energy and y,., denotes the proportional coefficient
of Em, equal to 1.226 and 0.194, according to Fig. 26, respectively.

4.2. Energy allocation of the wire-ring net

As one of the most essential energy dissipating components, the contribution of wire-ring net has to be



forecasted in design. According to the simulation results, Table 5 displays the energy actually consumed by
different wire-ring nets (R5, R7, R9, R12, R16 and R19) in barrier structures with different nominal energy
levels. In the table, E,, denotes the energy dissipating capacity of a net panel unit (3 m % 3 m), subjected to an
out-of-plane test. It is indicated that, with the increase of the winding numbers of the wire-ring, the maximum
capacity of the net panel unit grows. In the other columns of the table, the dissipated energy of wire-ring nets
with different winding number in barriers of different capacities subjected to MEL impacts is listed as well.
Where the results are not reported, the corresponding barrier fails. It can be noted that the energy dissipating
value of the net in one specific barrier does not keep rising up, since a greater force, that is supposed to act on
the higher winding net, leads to a fuller stroke of the energy dissipators so that the dissipated energy by the net

decreases.

Table 5. Dissipated energy by net panel units subjected to out-of-plane loads (£u,) and dissipated energy of wire nets in
barriers of different nominal energy levels at MEL impact.

Wire-ring net  Eun [kJ] 750 kJ 1000 kJ 1500 kJ 2000 kJ 3000 kJ 5000 kJ
R5 425
R7 63.8 200
R9 99.2 219.4 299.7 M2 —
R12 141.6 192.4 3175 370.7 4423
R16 224.4 148.8 288.5 329.7 435.7 7058 ___—
R19 277.9 116.8 245.1 290.3 412.4 644.2 862.8

In order to evaluate the role of the net in dissipating the energy, a parameter o, that represents the ratio between
the dissipated energy by the net in barrier structures and the energy dissipating capacity of the corresponding
net panel unit E,,, is introduced. The data from Table 5 are used to calculate the ratio a, illustrated by scatter
points in Fig. 27. It is revealed that by fitting the scatter points for each specific winding number of the wire-
ring net, o increases as the nominal energy level Ey becomes bigger and can be expressed as linear formulas
with low dispersion. Thus, for the five types of wire-ring net listed in Table 5, the linear equations are expressed
as follow:

( 4.18Ey\ X 1073, for R7

2.58Ey X 1073, for R9

a =14 1.72Ey x 1073, forR12  while a.<3.5 (5)
L 1.03Ex X 1073, for R16
0.675Ey X 1073, for R19

Based on the maximum o values found for the different nets, the upper bound of « is defined to be 3.5.
Besides, for the irregular wire-ring types, such as R6, R8, R14, etc., the corresponding factor a can be

obtained from Eq. (5) by means of interpolation according to the winding number.
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Fig. 27. Factor a for wire-ring nets in barriers of different nominal energy levels at MEL impact.

4.3. Energy allocation of the energy dissipating devices

All the energy dissipators in the barriers are mounted on the wire ropes. The dissipators on the different ropes
are activated at different moments during the impact. However, the dissipators on the same rope start to work
simultaneously, so that they can be considered as an integrated energy dissipating assembly.

Through the numerical simulations, Fig. 28 displays the dissipated energy allocation among different ropes
(labelled as type 1~6) for each nominal energy level at MEL impact. Each symbol denotes the sum of the
dissipated energy by each brake ring mounted on one specific rope. Considering the distribution of the points
in the figure, it is revealed that the energy absorbed by each dissipator assembly on each type of rope grows as
the nominal energy level increases. The slopes of the fitting lines &; (with i = 1..6) denote the ratio between the
dissipated energy for a dissipator assembly to the nominal energy level. The dissipators on the lower major
support rope (3 in the figure) absorb up to the 21.3% of the nominal energy. Three types of rope (1~3) account
for nearly 50% of the nominal energy level in all, and the other three (4~6) take 29.4% altogether.
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Fig. 28. Dissipated energy distribution among the dissipator assemblies mounted on the different ropes in barriers of
different nominal energy levels at MEL impact.

According to the ratio (k;) represented in Fig. 28, the energy supposed to be absorbed by all dissipators can be

allocated to each type of rope via a coefficient #; defined as

M ==t withi=1.6. (6)



Coefficients #; for the brake ring assembly on the different types of rope are listed in Table 6. In other words,
coefficient 7; represents the dissipated energy percentage by the i-th dissipator assembly (mounted on a

specific rope) with respect to the total energy absorbed by all the dissipator assemblies in a barrier.

Table 6. Coefficient 1 for the dissipator assemblies mounted on the different ropes.

m n2 UE na ns 16
upper major upper minor lower major lower minor edge support rope upslope rope
support rope support rope support rope support rope

22.6% 10.3% 28.2% 12.8% 4.9% 21.2%

4.4. Prediction of the rope internal forces

The wire ropes are one of the most crucial components in barrier structures, since their failure could directly
lead to the collapse of the whole system, as it was observed in field investigations [6]. As a consequence, an
adequate safety margin is necessary for the ropes in design.

Figure 29 collects the peak forces, Fim, in the different ropes evaluated numerically for the different barriers at
MEL test. In particular, for those barrier models with high nominal energy level, more than one rope was
employed for each kind of support rope or upslope rope in case of excessive loadings. Thus, the arrangement
of the brake rings can be considered as parallel connection, so that the peak forces summarized in Fig. 29,
generally, grow as the nominal energy level increases. Furthermore, the peak force of the major support ropes,
upslope ropes and side anchor ropes grow much faster with respect to that of the minor support ropes and edge
support ropes. Moreover, peak forces are very close between the upper major (solid squares) and lower major
support (solid circles) ropes as well as between the upper minor (empty squares) and lower minor support
(empty circles) ropes, owing to the longitudinal symmetry of the structure. Among all upslope ropes, the peak
forces given in Fig. 29 (blue triangles) are derived from the ones connected to the middle functional module,

that are much larger than those from the ones connected to the lateral modules.
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Fig. 29. Peak forces, Fr, of the ropes in barriers of different nominal energy levels and from literature data (dash
symbol): a6, a7 - peak forces of upslope and side anchor ropes in the 1000 kJ test from [51]; b1, b2, b6 - peak forces of



upper major, upper minor and upslope ropes in the 1500 kJ test presented in this paper; c6, ¢7 - peak forces of upslope
and side anchor ropes in 1500 kJ test from [7]; d6, d7 - peak forces of upslope and side anchor ropes in 3000 kJ test
from [33]; e6, e7 - peak forces of upslope and side anchor ropes in 5000 kJ test from [20].

Experimental data derived from different full-scale impact tests taken from literature are reported as well in
Fig. 29 with a dash. It is revealed that the predicted peak forces match well with those experimentally found,
proving that the simulation results can be employed for design.

Based on the above predicted peak forces Fm shown in Fig. 29, an expression for the design forces of the
ropes Fy, is derived as:

Far = v1Y2Fn (7)
where y, is a reserve coefficient for asymmetrical impact in case that the impact point is not at the center of the
module. Based on numerical analyses, a value equal to 2.0 for all the ropes is employed which provides reliable
margin ratio. Parameter y; is a reserve coefficient for strength reduction caused by bending of the rope. It is
known that the cross-section area for bearing the tensile force decreases as the rope bends, and as a
consequence, a strength reduction ratio for the ropes with the most common dimensions used in the barrier
structure is determined [58], which is taken equal to 15%. Hence, the value of 1/0.85 is employed
conservatively for coefficient y,. However, some ropes do not bend during the impact process, so y.=1.18 for
the major and minor support ropes as well as the edge support ropes, while y,=1.0 for the remaining ropes.
The design forces Fgy: for the ropes corresponding to nominal energy levels at intervals of 1000 kJ are listed in
Table 7, and the values for other energy levels can be calculated by means of interpolation. Besides, due to the
longitudinal symmetry of the structure, the upper and lower support ropes are not distinguished in the table,

only major and minor support ropes are presented herein.

Table 7. Suggested design values for internal forces Fy, [kN] of steel wire ropes in barriers of different nominal energy

levels.

Nominal energy levels

1000 kJ 2000 kJ 3000 kJ 4000 kJ 5000 kJ
Major support rope 450 530 650 750 850
Minor support rope 290 360 560 580 600
Edge support rope 190 210 270 300 330
Upslope rope 350 450 520 640 750
Side anchor rope 270 430 560 670 780

5. DESIGN METHOD FOR ROCKFALL BARRIERS BASED ON ENERGY ALLOCATION

In this section, the design approach based on energy allocation is presented. The design approach provides that
each main component of the barrier (wire-ring net and brake rings) is chosen as a function of the dissipated
energy that is designed to absorb.

The design procedure is applied to a barrier prototype of nominal capacity of 3500 kJ and finally assessed by
means of a full-scale test carried out in the artificial site located in Xinjin County (Sichuan, China).

5.1. Design process

The structural design mainly involves the selection of the number and size of barrier components once energy

distribution and peak forces have been predicted. Referring to the flow chart represented in Fig. 30, the main



steps of the proposed design process of rockfall barriers are:
(1) a wire-ring net is selected according to the design energy Eq of the barrier that is considered to be equal to
the nominal energy En as expressed in Eq. (4). The linear fitting lines in Fig. 27, intersected by a vertical line
corresponding to the design energy Eq, detect the wire-ring nets that can be selected;
(2) with reference to E\, in Table 5 and Eq. (5), the energy absorbed by the selected net, that is expressed as
aEn, can be calculated. The remaining part of the design energy is allocated to the dissipators on each rope,
governed by:

Eeqi =ni(Eq — aEyy), withi=1..6. (8)
(3) when arranging the dissipators in each rope, except the ones on upslope ropes (i = 6), all the dissipators
should be set symmetrically with respect to the transverse vertical plane, that means the energy dissipating
values obtained by Eq. (8) should be halved for each lateral side.
It is worthy to note that, according to the simulation results and to Fig. 28, of the 16% of the total energy
dissipated by the dissipators mounted on the eight upslope ropes (i = 6), the 85% is dissipated by the ones on
the four upslope ropes connected to the middle functional module and the remaining 15% is absorbed by the
ones on the four upslope ropes connected to the lateral modules. In the design process, the brake rings on the
upslope ropes are designed as they are all connected to the central module, not considering the difference
between central and lateral ones. Thus, the energy dissipating value E.qs multiplied by 0.85, is allocated to the
upslope ropes dividing it equally.
If more than one dissipator is required for a rope, the serial connection is recommended for improving the
deformability of the whole structure. Otherwise, when the total elongation of the system is required to be not
large, the parallel connection can be employed. Moreover, a serial-parallel hybrid connection can also be
adopted. In the case of either connection measures, the activation force of the dissipator assembly should be
no more than 50% of the breaking force of the rope, to avoid the rupture of the rope caused by the dynamic
impulse [56] and to ensure the dissipator assembly to be activated smoothly;
(4) the steel wire ropes are determined by selecting the specification, diameter, number and the nominal

breaking force, according to Table 7.
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Fig. 30. Flow chart of the proposed design method.

With regard to the posts, lateral buckling that would result in a dramatic reduction of the residual height of the
structure should be rigorously avoided. This damage mode is mainly caused by the additional bending
moments from the attached ropes and the pedestals. The actions from all the ropes need to concentrate in one
point to prevent producing a moment, and a smooth sliding of the support ropes needs to be ensured to avert
an unexpected transverse load due to a sudden seizing up [59,60]. Besides, a proper rotational space for the
post foot is necessary to release the moment. However, large cross-section and/or add stiffers along the post
length can improve the bending rigidity of the post, which is recommended for barriers with high design energy
Eq.

5.2. Experimental assessment of the design method

To verify the proposed design approach, a barrier structure with nominal energy level of 3500 kJ is designed
according to above described method. The experimental prototype still consists of three functional modules,
the length and height of each module is 10.0 m and 6.3 m, respectively. The corresponding full-scale impact
test is carried out in another artificial site located in Xinjin County (Sichuan, China). With respect to the test
site in Guanghan city, the RC reaction wall has larger dimensions, with a length of 60.5 m and a height of 17.5
m, and a cantilever crane is employed as lifting system instead of the travelling portal crane, as shown in Fig.

31a. A block with a weight of 11013.5 kg is released from a height of 32.5 m to produce 3500 kJ impact energy.

Table 8. Main components of barrier 3500 determined according to the proposed design method.

Component Specification Design Amount
[mm] values
Wire-ring net R19/3/300 656.5 kJ 1

upper major support (Eed,1) 642.6 k] 16 (8 for each lateral side)

lower major support (Eed;3) ) 801.9kJ 16 (8 for each lateral side)

Dissipator upper minor support (Eed2) Brake ring 292.9kJ 12 (6 for each lateral side)
lower minor support (Eed4) @402/42x6 364.0 kJ 12 (6 for each lateral side)

edge support (Eed,5) 1393 kJ 4 (2 for each lateral side)

upslope (Eed,s) 602.8 kJ 24 (3 for each rope)

Wire rope upper major support 6x19s+IWR 700 kN 3¢22



lower major support 700 kN 322

upper minor support 570 kN 2¢22
lower minor support 570 kN 2¢22
edge support 285 kN 122
upslope 580 kN 2¢22
side anchor 615 kN 2¢22
HW 250
Steel post «250x0%4 4

Following the flow chart in Fig. 30, first a wire-ring net has to be selected. Based on Fig. 27, only R19 steel
wire-ring net can be chosen for barrier 3500. The energy capacity of the selected wire-ring net panel unit Ey,
is 277.9 kJ as given in Table 5, and « is equal to 2.363, Eq. (5). Thus, the design value of dissipated energy
oEu, of R19 net is 656.5 kJ. The remaining energy of 2843.5 kJ should be allocated to the dissipators according
to Eq. (8). Since the design capacity of the adopted brake ring is 50 kJ, as introduced in Section 3.2, the amount
of energy that has to be dissipated for each type of rope can be easily calculated. In addition, the connection
measure of the dissipators can be chosen according to their number.

Considering the lower major support rope as an example, the minimum number of required brake rings
according to the proposed strategy is obtained as:

i = 3 (lower major support rope)

n3 =28.2% (Table 6)
Eas = n3(Eq-0E ) = 801.9 kJ

Eq43 is the energy that has to be dissipated by the brake rings on the lower major support rope. Since each brake
has a design capacity of 50 kJ, the minimum number of required brake rings is 16, thus 8 brake rings are set
for each lateral side. The serial-parallel hybrid connection is chosen for this dissipator assembly. With regard
to each upslope rope on which three brake rings are required at least, a parallel connection measure is adopted.

Subsequently, the design values for the peak forces of ropes Fr are obtained with reference to Table 7. For the

sake of convenience in manufacturing, a uniform diameter of 22 mm (type 6 x 19s+IWR, strength grade 1870

MPa), is selected preliminarily for all steel wire ropes. According to code [61], the breaking force of the rope
is 322 kN, then the amount of ropes for each type can be determined.

Regarding the posts, a pure axial compression status rather than a compression-bending one should be ensured
as far as possible by means of construction measures. The critical stability capacity was determined by the
simulations, to select the proper cross-section type and area.

Table 8 lists the details of components determined by the proposed method. Symbol 3/300 for the wire-ring
net in the table denotes that the cross-sectional diameter of a single wire is 3 mm and the diameter of the ring
is 300 mm. In particular, considering the longitudinal symmetry of the structure, the number of brake rings
finally mounted on the support ropes depends on the larger one between the upper and lower ropes.

Figure 31b shows the ultimate deformation of barrier 3500 after the MEL impact. The maximum elongation
reached by the structure was 8.6 m that is lower with respect to the numerical result equal to 9.8 m, while the

residual height was 3.52 m that is close to the numerical result equal to 3.61 m. Figures 31c and 31d display



the brake rings on the support ropes before and after the impact, respectively. It can be seen that the majority
of the brake rings were activated, but near half of them did not reach the full stroke. Figures 31e and 31f show
the brake rings on the upslope ropes connected to the middle module before and after the impact, respectively.
All brake rings in the figure were activated: three brake rings were fully stretched while other three just ran
1/3 of the full stroke.

Figure 32 compares the energy dissipated by the different components that are expected to absorb all the design
energy FEq, among the simulation, the full scale test and the design. Besides, the actual capacity of selected
dissipator assemblies is also presented (green dashed line), calculated as the minimum design value of
dissipated energy of each brake defined equal to 50 kJ according to the procedure presented in Section 3.2,
multiplied for the number of brakes in each assembly. Except for the consumed energy by the wire-ring net,
that in the test cannot be directly obtained, all the energy absorbed through the dissipators in the test is
determined by measuring the elongation of the brake rings. It should be pointed out that the obtained test values
depicted in the figure (checked columns) are equivalent values since they are derived from the force-
displacement curve in Fig. 18. It is indicated that all design values (dashed blue columns) are higher than test
results (checked red columns), despite not too overestimated, so that the proposed energy allocation is efficient

as well as safe.
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Fig. 31. Experimental result of the MEL impact of barrier 3500: (a) schematic view of the artificial test site in Xinjin
(Sichuan, China); (b) in-situ ultimate deformation; brake rings on support ropes (c) before the impact and (d) after the
impact; brake rings on upslope ropes (e) before the impact and (f) after the impact.

Additionally, from the figure it can be seen that the total capacity of the dissipator assembly on all the eight
upslope ropes (in the figure indicated as “upslope’) is much bigger than the design demand as well as the test
data. This is mainly due to the fact that the design value depends on the experimental condition which only
allows the impact to take place in the middle module. In particular, the energy dissipation of the brake rings
on the four upslope ropes connected to the middle module (in the figure indicated as ‘upslope-middle’) between

the design values and test data is very close, confirming the high cost-effectiveness of the proposed method.
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Fig. 32. Comparison of the dissipated energy distribution among the components of barrier 3500.
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Fig. 33. Comparison of internal forces in the ropes obtained experimentally and numerically: (a) upper major support
rope (left lateral side); (b) lower minor support rope (left lateral side); (c) and (d) upslope ropes (connected with the
middle module).

In Fig. 33, the internal forces of the ropes recorded by the load cells (red curves) in the field test, as well as the
design values derived from Eq. (7), the actual breaking forces (in the figure indicated as ‘capacity’) and the
simulation results (black curves) of selected wire ropes are shown. The excellent agreement between the
simulation (black curves) and the test (red curves) proves the accuracy of the numerical approach once again.
By comparing the peak forces of test and design data, it can be seen that all design values (blue lines) are more
than two times higher, supplying an enough safety margin, that is important for structures subjected to impact

loads.

6. CONCLUSIONS

In the present paper, an efficient and reliable design procedure to devise the main components (wire-ring net,
energy dissipating devices and ropes) of flexible rockfall protection barriers was presented. The design
approach was based on a robust finite element numerical model. To obtain the key parameters for the numerical
model, several experimental tests were conducted on the main barrier components, involving the wire-ring net
and the energy dissipating devices. In particular, to define the force-displacement curve, the ring brakes were
subjected to quasi-static tests following the ETAG027 recommendations. However, it is well known that
dynamic tests would have allowed to characterize the behavior of the energy dissipating devices as they work
in situ. Nevertheless, results showed that the developed model was able to represent the mechanical behavior
of the components and to predict to a satisfying level the dissipated energy during the tests. Once the model
was optimally tuned, a further assessment was conducted considering full-scale tests on a barrier prototype of
nominal energy level of 1500 kJ, which included both SEL and MEL impacts. The good agreement of internal
forces and deformability of the structure, ensured the accuracy of the numerical model to be employed as a
design tool. It should be noted that the validation of rope forces between test and simulation was done
considering measured forces that were transferred to the anchorages by the energy dissipating elements. The
energy dissipating element acts as a filter during the braking time, limiting the force when the element is
activated. Once the maximum elongation of the brake is reached, the system composed by the brake and the
cable behaves like a single cable. The test results from the load cells mounted at the end of the ropes in the

barrier showed that the measured forces were bigger than the brake activation force, indicating that the peak



forces were not influenced by the presence of the brakes.

Based on the model, the energy distribution during the block impact among the different barrier components
was analyzed in detail. According to the ratio between the total energy and the nominal energy, the design
energy was defined, which was supposed to be consumed completely in terms of the internal energy of the
barrier structure. Other models of barrier prototypes of several nominal energies ranging from 750 to 5000 kJ
were developed in order to investigate the trend of the absorbed energy in the wire-ring nets and in the energy
dissipating devices. Besides, the design values for internal forces of wire ropes were determined by considering
adequate safety ratios, according to the peak forces extracted from the simulations.

At last, another full-scale test of a barrier structure with an unconventional nominal energy level of 3500 kJ
was carried out to assess the design procedure. Test results proved that the new design method had accurately
predicted and allocated energy dissipation of each component, while, the design value for rope internal forces
was determined with enough reservation margin.

It should be clarified that the parametric values employed in the proposed methodology, such as the energy
allocating ratios among the different components, are determined for the present type of barrier systems.
Nevertheless, for other types of flexible barriers with different components or connection measures, the design
procedure based on energy allocation can be adopted recalibrating the key parameters by following the

presented approach.
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