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Abstract

Flexible passive protection structures are a sustainable and environmentally friendly solu-
tion for rockfall protection in mountainous regions, owing to their lightweight components
and low environmental impact. Their energy dissipators absorb the impact kinetic energy
of falling rocks through plastic deformation, accounting for 60~80% of the total energy
dissipation. To clarify the influence of energy dissipator configuration and impact location
on the energy dissipation distribution, an abstract two-stage model of ring nets and a three-
stage equivalent model of braking ring groups were established, and an overall numerical
model validated against a 1500 kJ full-scale impact test was constructed. Results show that,
under the ETAG central impact mode, energy dissipators exhibit delayed activation and a
high dissipation ratio, with the upper-to-lower ratio approaching unity. At a fixed impact
energy level, the structural energy-dissipation ratio decreases with increasing working
cable force (0.6~0.8 at 1000 kJ) and increases with impact energy level at a decreasing rate.
When the impact location deviates from the center, the energy dissipation distribution
changes markedly, reaching up to 1.8, 1.2 and 1.15 times the central values for the upper
anchor rope, upper support rope and lower support rope. These findings support the
sustainable design of flexible protection structures.

Keywords: flexible rockfall protection structure; energy dissipator; braking ring; energy
dissipation distribution; numerical simulation

1. Introduction
1.1. Research Background

Flexible passive protection structures are widely used for rockfall protection of moun-
tain buildings, highways and railways. The structure is composed of flexible metal nets,
high-strength steel wire ropes, energy dissipators and supporting steel posts. Owing to the
use of lightweight and high-strength materials, it has the advantages of not damaging the
geological landform and being sustainable in use [1,2]. The flexible metal net is the main
intercepting component of the structure, and in existing medium- and high-energy-level
structures ring nets are generally adopted [3,4]. The ring net is formed by interlocking
rings wound from high-strength steel wire, and the edge of the net is threaded onto high-
strength steel wire ropes (the upper and lower support ropes). Energy dissipators are
connected in series in the steel wire ropes, which are respectively supported at the post
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tops and post bases of the steel posts. The post bases of the supporting steel posts are
installed on the ground through rotatable bearings, while the post tops are flexibly fixed by
high-strength steel wire ropes (anchor ropes) [5]. The energy dissipators are installed in
series on the upper and lower support ropes as well as on the anchor ropes that fix the steel
posts (Figure 1).
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Figure 1. Typical flexible barrier structure and its main components.

The structure is lightweight and easy to install, and also has the remarkable advantages
of a wide protection energy range and a high maximum protection energy level (comparable
to reinforced concrete rock-sheds) [5,6]. In early rockfall protection structures, only steel
posts and the nets they supported were used, with a protection energy level of less than
100 kJ. In modern structures, owing to the addition of energy dissipators, the protection
energy level has been increased to more than 8000 kJ.

Beyond their outstanding protective performance, flexible rockfall protection struc-
tures also possess remarkable sustainability merits compared with conventional rigid mea-
sures such as concrete retaining walls and rock-sheds: the lightweight and high-strength
steel-wire components substantially reduce material and energy consumption, minimize
disturbance to the natural geological landform and ecological environment, and facilitate
easy installation, disassembly and maintenance, thereby lowering life-cycle cost and car-
bon footprint. As a result, flexible protection systems have been increasingly regarded
as a sustainable and environmentally friendly solution for rockfall hazard mitigation in
mountainous regions [2].

When the structure intercepts a falling rock, the net first undergoes large flexible
deformation driven by the rockfall impact, and then the upper and lower boundaries slide
and converge along the support ropes. The internal force of the support ropes increases
continuously during the impact process; when it increases to the initiation force of the
energy dissipator connected in series, the energy dissipator undergoes plastic deformation
and participates in the energy dissipation of the structure. Through relaxing the connec-
tions between components and undergoing large-motion, large-deformation behavior, the
structure realizes compound energy dissipation in multiple ways such as damping, friction,
motion and plastic deformation [7,8], finally achieving the design objective of dissipating
an extremely large kinetic energy impact with an extremely light structural mass. There-
fore, the energy dissipation capacity and mechanism of the structure are the core issues in
structural research.
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1.2. Research Status

Owing to the highly nonlinear characteristics of large deformation and large motion of
the structure, theoretical calculation is extremely complex; therefore, early research mostly
studied the energy dissipation of the structure through in-situ impact tests. Subsequently,
the energy dissipation mechanism of the structure was investigated by various full-scale
experimental methods, such as oblique impact through guiding ropes or slideways [1],
laboratory pendulum impact [9], vertical impact on a vertical rock wall [10], and consecutive
impact tests to assess the impact damage of ring nets [11]. The ETAG027 guideline issued
in Europe unified flexible protection net structures under the same impact condition for
full-scale impact tests, which greatly promoted the development of flexible protection
structures and significantly improved their protection energy levels [12].

With the development of numerical simulation technology, recent research has mostly
adopted a combination of full-scale impact tests and numerical simulation [13], and vali-
dated numerical simulation models have been widely applied to the study of structural
mechanisms [13–18]. This has greatly enriched the research data and helped to further
understand the energy dissipation mechanism of the structure [7]; accordingly, design theo-
ries and methods based on numerical simulation have gradually emerged [10,14,15,19–21].
A large number of studies have focused on the energy dissipation mechanism and modes
of the structure and its components [22–24], laying a foundation for energy-based design
methods based on the energy dissipation mechanism [24]. Qi et al. studied the energy dis-
sipation proportions of the net, support ropes and steel posts in the structure by combining
the two approaches [25]; Xu et al. proposed an energy allocation-based design approach for
flexible rockfall protection barriers based on the energy dissipation proportion relationship
of components [5]. These studies aim to propose a rapid design method for preliminary
component selection based on the energy proportion [26].

However, the existing energy allocation-based research methods do not distinguish
the types of energy dissipation, which introduces relatively large design errors into the
design methods based on energy allocation. The reason is that the energy dissipation of the
structure during a successful interception mainly consists of the following two types: first,
energy is consumed through the motion process of various loose and slidable connections
of the structure (friction energy dissipation and damping energy dissipation); second,
energy is consumed through the plastic deformation of the energy dissipators installed in
the structure [7]. The former often occurs inside components or at the slidable boundaries
between multiple components, and is difficult to attribute to the energy dissipation range
of a certain component; this is also the main reason for the relatively large errors of existing
energy matching methods. In contrast, the energy consumed by the energy dissipators
accounts for 60~80% of the total energy dissipation of the overall structure, and is the
most important energy dissipation mode of the structure. Moreover, this part of energy is
provided by the plastic deformation of the energy dissipators, with a single mode that is
easy to calibrate; at the same time, the energy dissipated by the energy dissipators can be
directly read from their tensile deformation state after the impact, which gives them the
outstanding advantages of being measurable and traceable. Therefore, it is necessary to
first study their energy dissipation distribution in the structure.

1.3. Existing Problems and Research Significance

Successful interception of the structure requires a coordinated deformation-force-
energy dissipation mechanism. In this process, the plastic deformation of the energy
dissipators simultaneously plays three roles: first, controlling the internal force—after
deformation, owing to the pressure-relieving effect of the energy dissipator, the internal
force of the support rope connected in series with it is controlled within the working
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internal force range of the energy dissipator, thereby also controlling the growth trend of
the structural reaction force; second, providing deformation capacity—after stretching of
the energy dissipator, the overall length of the support rope connected in series with it
increases, which facilitates the sliding of the net and avoids the local internal force surge
caused by hindered sliding, thereby avoiding damage and failure; third, dissipating the
impact kinetic energy of the falling rock through its own plastic deformation. Therefore,
clarifying the working principle and energy dissipation behavior of the energy dissipators
is a key issue in the study of flexible protection structures.

However, the factors affecting the energy dissipation distribution of the energy dissi-
pators in the structure can be mainly classified into two categories: the first is the structural
factors, namely the configuration parameters of the energy dissipators. It can be found
from the energy formula that the energy dissipation capacity of an energy dissipator is
directly related to parameters such as its initiation force, working force and stretching
length, but these parameters of existing energy dissipators differ greatly [22,27], and new
energy-dissipating devices are still being continuously developed [28]. Even for the most
commonly used energy dissipator—the braking ring—when multiple braking rings are
connected in series or in parallel in different ways, energy dissipator element groups with
different initiation forces and working forces are formed. Owing to the highly nonlinear
nature of the structure, the influence of these configuration differences on the energy dissi-
pation distribution of the structure is still unclear. The second is the external impact factors.
Actual engineering and field investigations show that the central impact mode defined by
ETAG027 cannot fully reflect the actual working condition of the structure subjected to
impacts at random locations [29–31], and the influence of impact location on the energy
dissipation distribution still requires further research.

In addition, the incorporation of energy dissipators greatly increases the nonlinear
complexity of the structure, and the calculation involves multiple complex problems such
as large flexible deformation, complex sliding contact and strong dynamic impact, making
the calculation difficult and hard to popularize in the preliminary design and engineering
design of structures. Moreover, the engineering design method is not yet mature: existing
structures are mainly designed based on experience and then verified by full-scale impact
tests, a process that consumes a great deal of manpower and material resources. At the
same time, full-scale impact tests are difficult and expensive to conduct at high altitudes
and are greatly constrained by objective factors, and thus cannot provide sufficient data to
support the research of design theory.

1.4. Research Contents of This Paper

Accordingly, this paper investigates the influence of these two categories of factors on
the energy dissipation distribution of the energy dissipators and derives general laws. To
this end, this paper first constructed numerical simulation calculation models of ring nets
and braking ring groups suitable for the present study, and then established a numerical
simulation model of the overall structure on this basis, whose accuracy and reliability were
verified by comparison with the experimental results of a 1500 kJ full-scale impact test
(including two SEL energy levels and one MEL energy level). Secondly, multi-condition
calculations were carried out under the central impact mode recommended by ETAG027 to
investigate the overall energy dissipation characteristics and energy dissipation distribution
law of the structure. Subsequently, the impact energy level was fixed and the energy
dissipator configuration parameters were varied to analyze the influence of configuration
on the energy dissipation distribution; then, the energy dissipator configuration was fixed
and the impact location was varied to analyze the influence of impact location on the
energy dissipation distribution. Finally, the energy dissipation distribution laws of the
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energy dissipators under the two categories of factors were summarized, the proportional
relationship equations of the energy dissipators under different parameters and different
impact locations in the structure were established, and a preliminary design method of
energy dissipators based on the energy dissipation mechanism was developed, providing a
basis for the energy-based design method.

It should be noted that the applicability of the present study is bounded as follows.
The investigated structure is a flexible passive rockfall protection system certified under
ETAG027, consisting of ring nets (R9/3/300, R12/3/300 and R16/3/300), braking ring en-
ergy dissipators, and upper anchor and support ropes; the element models were calibrated
by tensile and puncture tests of these three net specifications, and the overall model was val-
idated against 1500 kJ full-scale impact tests (two SEL conditions and one MEL). Therefore,
the quantitative conclusions (the energy-dissipation ratio of the energy dissipators, the allo-
cation proportion equations, and the influence laws of the working cable force and impact
location) apply to structures of the same component system and comparable configuration
parameters within the impact energy range covered by the validation (500–3000 kJ); for
structures with substantially different net specifications, dissipator types or higher energy
levels, the model parameters should be recalibrated and the conclusions re-examined. In
addition, the present study considers single-block in-plane impacts under the ETAG central
and offset impact modes; out-of-plane impacts, multi-block and sequential impacts, as well
as long-term service degradation (corrosion, fatigue and low-temperature embrittlement)
are beyond its scope. Owing to simplifications such as the strain-rate effect not being
explicitly considered in the element models, the simulation accuracy for local peak forces is
limited; the results are thus applicable to the evaluation of the overall energy allocation
pattern rather than to the precise prediction of local peak forces, and the quantitative
deviation is discussed in Section 3.1. Final engineering designs should still be verified by
full-scale tests according to the relevant specifications.

2. High-Efficiency Numerical Calculation Model
To reveal the energy dissipation mechanism of the structure, the numerical calculation

model needs to accurately reflect the impact interception process of the structure, and must
necessarily possess high-efficiency calculation characteristics [17,32], so as to adapt to a
large number of calculations to obtain sufficient research data [33]. Therefore, this section
first discusses the establishment of high-efficiency numerical models of the key components
and the overall structure, in which the high efficiency and accuracy of the two important
parts—the ring interception net and the energy dissipators—are discussed by comparison
with refined numerical simulation models and literature experimental results.

The software used in this research is LS-DYNA (Ansys/LSTC) (version R11.0, MPP
double-precision solver) a general-purpose explicit nonlinear finite element program. Its
advantages lie in three aspects: first, the explicit central-difference time integration scheme
is free of iterative convergence problems and is particularly suitable for strong nonlinear
transient problems such as rockfall impact; second, it provides a rich library of material
models and contact algorithms, which can robustly handle the large-deformation sliding
contact between the ring nets, support ropes and steel posts; third, it has high parallel
computing efficiency, and has been widely adopted as a platform for the numerical mod-
elling of flexible rockfall barriers [17,32]. Its main limitations are that the stable time step is
restricted by the smallest element size, so that finely meshed models lead to considerable
computational cost, and that the solution quality must be carefully monitored through
energy-balance checking (e.g., hourglass energy and sliding interface energy) to exclude
spurious oscillations. In view of these characteristics, LS-DYNA matches the requirements
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of the present study; that is, accurately reproducing the impact interception process while
supporting a large number of parametric calculations.

2.1. Establishment of Numerical Model of Ring Net
2.1.1. Test and Data Analysis

The flexible rockfall protection net is woven from ring-shaped metal nets. To reveal the
force and deformation law of the ring net and calibrate the calculation model parameters,
tensile and puncture tests were carried out on three specifications—R9, R12 and R16 (ring
wire diameter 3 mm, ring diameter 300 mm), i.e., ring numbers n = 9, 12 and 16, with
3 specimens for each specification (Figure 2).

  
(a) (b) 

Figure 2. Net tests: (a) puncture testing machine; (b) tensile testing machine.

The tensile tests recorded the axial tensile force–displacement relationship, and the
puncture tests recorded the normal puncture force-punch displacement relationship. For
ease of comparison, the data were normalized: the normalized displacement x was taken
as the abscissa, and the force was expressed as the force per ring F/n (F is the force of each
specimen and n is the ring number; see Figure 3). It can be seen that under both tensile
and puncture loading states, the rings exhibit a two-stage state of initial tightening and
tensile stretching. After normalization, it is even clearer that the slopes of the two stages,
the inflection point position and the breaking force of the force–displacement curves under
various loading states all show relatively high consistency (Table 1).

Figure 3. Cont.
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Figure 3. Test results of nets: (a) tensile test results of R9; (b) tensile test results of R12; (c) tensile test
results of R16; (d) puncture test results of R9; (e) puncture test results of R12; (f) puncture test results
of R16.

Table 1. Test results of nets.

Specification Inflection Point ξ*
(Tension/Puncture)

Breaking Force Fp/n
(kN, Tension/Puncture)

Slope k1
(Tension/Puncture)

Slope k2
(Tension/Puncture)

R9 (n = 9) 0.250/0.167 27.9/31.6 14.9/23.1 313/407
R12 (n = 12) 0.250/0.170 38.3/34.5 14.9/22.7 557/450
R16 (n = 16) 0.250/0.170 34.2/33.6 14.9/23.4 598/445

2.1.2. Establishment of Mechanical Model

For efficient numerical modelling of ring nets, several equivalent and simplified
modelling methods have been proposed [34]. Based on the above two-stage characteristics,
an abstract two-stage model with fixed slopes and single-wire breaking force as the terminal
is established [35,36]. Since the inflection point and the slopes of the two stages do not
change greatly within the R9~R16 range (which is especially concentrated for puncture),
the mean of the fitted values of each specification is taken as the fixed parameter, so that
the model does not vary with the ring number n; the breaking force is directly anchored
at the single-wire (ring) breaking force Fwire as the terminal. The model is a piecewise
straight line, and the two segments are externally tangent and intersect at the inflection
point. Mechanistically, the remarkable difference between the two slopes k1 and k2 is
determined by the two-stage working mechanism of the ring net: in stage I, the net is in the
initial tightening stage, the deformation is mainly borne by the structural tension of the
net plane, and the stiffness is low; after the inflection point, the ring holes are closed and
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the axial stiffness of the wound steel wire is fully mobilized, so the normalized slope of
stage II is an order of magnitude larger than that of stage I. The adopted parameters listed
in Table 2 are the mean values of the fitted results of each specification in Table 1 under
the same normalized coordinate system; it should be noted that the model curves of each
specification in Figure 4 are plotted with their corresponding fitted parameters in Table 1
to verify the validity of the model form, while the unified mean parameters in Table 2 are
adopted for the efficient simulation of the overall structure.

Fn = k1ξ, 0 ≤ ξ ≤ ξ* (1)

Fn = F* + k2(ξ − ξ*), ξ* < ξ ≤ ξp (2)

where ξ is the normalized dimensionless deformation parameter; ξ* is the inflection point;
F* = k1 ξ* is the force at the inflection point; k1 and k2 are the fixed slopes; Fwire is the single-
wire breaking force. The stage II straight line extends to and terminates at the single-wire
breaking force:

FpN = Fwire (3)

Table 2. Values of key points.

Parameter Tensile Condition Puncture Condition

k1 (stage I slope) 14.9 23.07
k2 (stage II slope) 489.3 434.0

ξ* (inflection point) 0.250 0.169
F* (force at inflection point, kN) 3.73 3.90

Fwire (single-wire breaking force, kN) 33.36 33.36
ξp (breaking displacement) 0.311 0.237

Figure 4. Schematic of the abstract two-stage mechanical model of ring nets: the two-stage force–
displacement relation with slopes k1 and k2, inflection point (ξ*, F*) and termination at the single-wire
breaking force Fwire at ξp.

The breaking displacement ξp = ξ* + (Fwire − F*)/k2. The rings in the ring net are
wound from a single steel wire, so the single-wire breaking force Fwire reflects the breaking
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capacity of a single ring (component), which is determined by averaging the breaking
forces of the measured components in the tensile and puncture tests converted per unit ring.
The model requires only three physical parameters, k1, k2 and Fwire, is concise in form and
does not vary with n, achieving a high degree of abstraction of the mechanical behavior of
the ring net. Table 2 lists all the parameters of the two working conditions. The schematic
of the two-stage model and the meaning of the above parameters are illustrated in Figure 4.

2.1.3. Model Validation

The abstract models of the two working conditions were compared with the measured
curves of R9, R12 and R16 (Figure 5). The stage I straight line agrees well with the measured
initial tightening section; the stage II straight line extends from the inflection point and is
precisely anchored to the breaking point. In the puncture condition, the breaking forces of
all specifications are highly concentrated (31.6~34.5 kN), and the differences after unified
anchoring are mostly within 2 kN, indicating high accuracy; in the tensile condition,
the breaking forces are relatively scattered (27.9~38.3 kN), and are anchored respectively
according to the measured peak values of each specification, with the differences belonging
to the inherent dispersion of the tests. Both models can reproduce the two-stage trends
of different specifications under the two working conditions well; the stage II straight
line is approximately slightly higher than the measured downward-convex curve, and the
failure section after the peak is not covered, which is an inherent limitation of the linear
piecewise model.

In summary, the established abstract two-stage model has few parameters and clear
physical significance. After separate calibration for the tensile and puncture conditions, the
slope difference law is clear: in the puncture condition, the stage I stiffness is higher and the
inflection point occurs earlier, and the parameters do not vary with the ring number; in the
tensile condition, the stage II slope increases with the ring number. This model can provide
a concise and reliable element constitutive basis for the overall numerical calculation of
flexible rockfall protection nets.

2.2. Establishment of High-Efficiency Model of Energy Dissipators (Braking Ring Groups)

The studied structure adopts the braking ring as the energy dissipator, which consists
of a steel sleeve and a pressed aluminum block, through which the support rope passes
so that it is fixed in the structure. In medium- and high-energy-level structures, it is rare
to use a single braking ring alone; instead, multiple braking rings are usually grouped in
different ways to work together. In this study, the arrangement in which braking rings are
threaded through the same steel wire rope and arranged in series front-to-back is called
a series group, and the arrangement in which two or more series braking ring groups
are arranged in parallel on the same main rope is called a parallel group (Figure 6). To
improve the calculation efficiency, this section needs to establish a calculation model that
can describe the mechanical performance of braking ring groups. To this end, a refined
numerical simulation model was established in this study, in which the main body of
the braking ring and the steel wire rope passing through it were both established with
solid elements, while the exposed steel wire rope was established with cable elements and
connected to the in-tube part through node constraints. Contact pairs were set between all
parts in the model. To determine the key parameters of the mechanical model of braking
ring groups, such as the initiation load, working force and stretching length, five refined
models were established, including a single braking ring and ring groups (Table 3). All
models were loaded by fixing one end of the rope and stretching the other end at a low
constant speed (Figure 7).
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Figure 5. Verification of the theoretical model of the net: (a) R9 tensile test; (b) R12 tensile test; (c) R16
tensile test; (d) R9 puncture test; (e) R12 puncture test; (f) R16 puncture test.

In the single braking ring tensile model, its force–displacement curve presents an
initiation load, working force and stretching length similar to those in the literature, and
the difference in the enclosed energy compared with the mean of the experimental results
is within 10% (Figure 8a), thereby confirming the accuracy of the refined solid model of
the braking ring, and indirectly confirming the reliability of the calculation results of the
refined model of braking ring groups.
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Figure 6. Composition of the braking ring group: (a) series connection; (b) parallel connection.

Table 3. Key calculation results of the braking ring group.

Model Name Model Form F1
(kN)

∆1
(mm)

F2
(kN)

∆2
(mm) F2/F1

BR-1   64 60 84 880 1.31

BR-S-2
 

62 100 80 1649 1.29

BR-S-3
 

67 115 80 2508 1.19

BR-M-4

 

 
128 100 164 1834 1.28

BR-M-6
 

129 168 180 2589 1.39

(a) (b) 

Steel ring 
tube 
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sleeve 

Rope sling 

Fixed end 
Displacement 

loading 

Figure 7. Numerical simulation of the braking ring: (a) braking ring; (b) tensile state.

Using a single braking ring, series and parallel braking ring group calculation models
were respectively established, and the final force–displacement curve calculation results
of each braking ring group are shown in Figure 8b. As expected, the braking ring groups
also present a starting and stretching process similar to that of a single braking ring, and
their force–load curves are similar to that of a single braking ring; the final initiation load,
working force and stretching length results of each model are shown in the table.
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Figure 8. Numerical simulation results of the braking ring: (a) verification of the single braking ring
model; (b) numerical calculation results of the braking ring group.

According to the above numerical simulation calculation results, it can be found that
the braking ring groups also have piecewise mechanical characteristics, which can be
described by a three-stage linear model in this study (Figure 9).

∆ 

F 

F1,ij 

F2,ij 

∆1,ij  ∆2,ij O 

A 

B 

C 

Figure 9. Three-stage force–displacement relationship.

Owing to the large elongation of a single braking ring (close to 1 m), which exceeds the
stroke capacity of most available tension testing equipment, and the poor reproducibility
of dynamic tensile tests caused by numerous uncontrolled factors at the cooperating test
site, a stable dynamic performance curve of the braking ring has not yet been obtained
experimentally. Therefore, the three-stage model of the braking ring group is currently
established based on numerically simulated results, whereas the reliability of the single-
ring simulation is confirmed by comparison with the mean of the static test results, with
the deviation of the enclosed energy within 10% (Figure 8a). Dynamic tensile tests of the
braking rings are being scheduled in our subsequent research plan, and the model will
be further calibrated and validated under dynamic loading conditions once the test data
are available.

According to the above calculation results, it can be seen that the ratio of the initiation
load to the load at the end of the working stage of the braking ring group is approximately
1.29; the initiation load of a series braking ring group is close to that of a single braking
ring; and the initiation load of a parallel braking ring group is related to the number
of parallel strands, basically increasing in a multiple relationship. Accordingly, a three-
stage mechanical relationship of the braking ring group can be established, as shown in
the figure.

It should be noted that F2/F1 of BR-S-3 (1.19) is slightly lower than that of the other
configurations. This is attributed to the weakest-link effect in series groups: all rings in
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a series group carry the same force, and the group enters the hardening stage as soon as
the weakest ring reaches its own hardening point; with an increasing number of rings in
series, the probability that one ring is relatively weak increases, so that F2 of the group
decreases accordingly (from 1.31 for a single ring to 1.29 for two-ring and 1.19 for three-
ring series groups). In contrast, the strands of a parallel group deform independently
and the hardening onset is governed by the average behavior of the rings, so the ratio
remains stable. {︄

F1,ij = jF1

F2,ij = 1.29F1,ij
(4)

{︄
∆1,ij = i∆1

∆2,ij = i∆i
(5)

In the subscripts, i is the number of braking rings in series and j is the number of
braking rings in parallel. When the stretching length of the ring group exceeds point B, it
enters the hardening stage, in which the force increases sharply, indicating that the braking
ring group has reached the critical point; in design or normal work, only the working stage
before point B can be considered. Through the above equivalent approach, the calculation
model of braking ring groups in the structure can be established using a single rod element
in the numerical simulation of the overall structure, thereby greatly reducing the element
scale and improving the calculation efficiency.

The uniform ratio of 1.29 in Equation (4) is the mean of the five calculated config-
urations. For the three-ring series group, the actual ratio decreases to 1.19 owing to the
aforementioned weakest-link effect, so the uniform value overestimates the load at the end
of the working stage by about 8% for this particular configuration; this error is acceptable
at the preliminary design stage and is noted as a limitation of the simplified model.

Moreover, the three-stage model is calibrated under displacement-controlled (quasi-
static) loading, and the strain rate effect of the braking rings under dynamic loading is not
explicitly considered. Two aspects mitigate this simplification in the present study. First, the
braking rings are activated after the steel wire-ring net has stretched and absorbed a large
part of the impact kinetic energy, and their elongation velocity is therefore considerably
lower than the initial impact velocity of the rockfall. Second, and more importantly, the
overall structure model employing the three-stage braking ring law was validated against
full-scale dynamic impact tests (Section 3.1), in which the braking rings worked under
realistic dynamic loading rates; the agreement in the maximum impact displacement, cable
forces and total energy dissipation indicates that the rate effect is implicitly covered by the
system-level validation. Nevertheless, for impact conditions beyond the validated range,
rate-dependent calibration of the braking ring model is recommended.

2.3. Establishment of Steel Wire Ropes, Supporting Steel Posts and Sliding Connection Modes

The modeling methods of the remaining components in the structure are described in
this section. To facilitate comparison with literature experimental results in the subsequent
work, the model adopts the same horizontal installation mode as the full-scale impact
test. The support steel wire ropes and anchor ropes in the structure were modeled with
cable elements, and the supporting steel posts were modeled with custom beam elements.
The material parameters used in the modeling are shown in Table 4. The anchor ends
of the support steel wire ropes and anchor ropes in the model were all fully constrained.
The post bases of the supporting steel posts were constrained in the three translational
directions, and the rotational degrees of freedom of the post base in the vertical direction
were released to simulate the actual installation mode in which the post base can rotate in
the vertical direction. In addition, spring elements were set at the post base to simulate the
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constraint mode in which the post base can swing within a limited range in the horizontal
direction (Figure 10b).

Table 4. Material parameters.

Component Mass Density Poisson’s
Ratio

Elastic
Modulus Yield Stress

Steel wire rope 7900 kg/m3 0.3 1.5 × 105 MPa 1770 MPa
Steel column 7900 kg/m3 0.3 2.0 × 105 MPa 235 MPa

Figure 10. Simulation of the main boundaries: (a) simulation of the post top support; (b) simulation
of the post base connection. The names of the components and their connection relationships are
directly labeled in the figure.

A point-element-line-element slidable connection mode was adopted to simulate the
slidable connection mode in which the ring net is threaded onto the support rope through
shackles; a safety belt element was adopted to simulate the connection mode in which the
upper and lower support ropes pass through the sliding supports at the post tops and post
bases respectively (Figure 10a).

3. Full-Scale Impact Test and Model Calibration
Based on the above component models and sliding connection modes, a numerical

simulation model of the overall structure can be established. To verify its accuracy and
ensure the reliability of the subsequent numerical simulation analysis, this section carried
out full-scale impact tests on the actual structure and collected the experimental results for
comparison with the numerical analysis.

3.1. Test Overview and Working Conditions

In existing studies, the indicators used to judge the reliability of numerical models
mostly directly refer to the structural evaluation indicators in ETAG, including the impact
braking distance and the residual height; in recent years, the comparison of cable force time-
history results of support ropes has also been introduced as an auxiliary evaluation indicator.
For the present study, the cable force time-history results can reflect the consistency of the
internal force results and energy dissipation results between the calculation model and the
experimental model, and are therefore more important.

In the full-scale impact test model, the specification of the ring net was R12/3/300;
the upper and lower support ropes each adopted two high-strength steel wire ropes with
a diameter of 22 mm (nominal strength 1770 MPa), and two braking rings in series were
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set on each rope near the anchoring end side; two upper anchor ropes with a diameter
of 22 mm were set at each post end, with one braking ring on each rope; the nominal
energy dissipation of a single braking ring was 50 kJ, and its initiation force was 46 kN; the
supporting steel posts adopted HW250 mm × 250 mm × 9 mm × 14 mm section steel and
were fixed to the reaction wall through the aforementioned rotatable post base bearings.

The impact mode was that a 3-span structure was actually installed on the reaction
wall, the falling rock was lifted to a corresponding height and then released, and the falling
rock impacted the center position of the middle-span net by free fall, with an impact velocity
of no less than 25 m/s (Figure 11). This paper carried out full-scale impact tests on the
overall structure, with a nominal energy level (MEL) of 1500 kJ, and two SEL energy level
impacts were also conducted, where the SEL energy level was one-third of the nominal
energy level, i.e., 500 kJ.

Column 

Wire-ring net 

Upper support rope 

Lower support rope 

Upslope 
ropes 

Break rings 

Figure 11. Full-scale impact test and numerical calculation model. The correspondence between
the components of the experimental model and those of the numerical simulation model is directly
labeled in the figure.

The final overall numerical calculation model is shown in the figure. In the structure,
the energy dissipators of the upper and lower support ropes were set before the terminal
anchoring points, the energy dissipators of the upper anchor ropes were set in the middle
of the upper anchor ropes, and the dimensions and specifications of the main structural
components were consistent with the full-scale impact test model (Figure 11).

3.2. Model Calibration

In the full-scale impact test, the braking distance of the structure under each working
condition and the corresponding results in the numerical simulation calculation are shown
in Table 5. Under each working condition, the final interception states of the experimental
model and the numerical calculation model are shown in Figure 12. It can be seen that
the numerical simulation results are close in value to and similar in state to the full-scale
impact test results.
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Table 5. Comparison of main results.

Working Condition
Name

Impact Energy Level
(kJ)

Maximum Impact Displacement (m)
Test Numerical Simulation

Condition 1 SEL-1 500 4.70 5.00
Condition 2 SEL-2 500 5.50 5.52
Condition 3 MEL 1500 6.90 7.17

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 12. Comparison of final states between full-scale impact tests and numerical calculations:
(a) SEL-1 test; (b) SEL-1 simulation; (c) SEL-2 test; (d) SEL-2 simulation; (e) MEL test; (f) MEL
simulation.

The activation state of the braking rings in the full-scale impact test was further
analyzed. It can be seen from Figure 13a that in the SEL-1 condition, only the two braking
rings in the upper support rope on the right side of the structure were activated, with an
extremely small stretching amount, while the remaining braking rings were not activated;
in the SEL-2 condition (Figure 13b,c), half of the braking rings in the upper and lower
support ropes had begun to activate, but with a relatively small stretching amount; in
the MEL condition, the braking rings in the upper and lower support ropes were fully
activated, among which the braking rings in the upper support rope were all close to
the fully stretched state, and the braking rings in the upper anchor ropes on both sides
of the impact span also showed an obvious activated state (Figure 13c,d). It can also be
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seen that in this experimental model, the experimental results at SEL-1 can approximately
characterize the structural working state when the energy dissipators do not participate in
energy dissipation, while those at SEL-2 and MEL can characterize the normal working
state of the energy dissipators in the structure.

   
(a) (b) (c) 

  
(d) (e) 

Figure 13. Activation state of braking ring groups in full-scale impact tests: (a) braking ring group on
the right side of SEL-1; (b) braking ring group on the left side of SEL-2; (c) braking ring group on the
right side of SEL-2; (d) braking ring group on the right side of MEL; (e) braking ring group on the
upper anchor rope of MEL.

During the full-scale impact tests, part of the cable force sensors failed under the
severe impact environment, so only partial cable force time histories were obtained, as
shown in Figure 14. Consequently, the energy dissipation associated with each cable cannot
be evaluated by integrating the measured cable force histories, since such an evaluation
requires the corresponding displacement (or velocity) of the cables, which was not recorded
in the tests. Therefore, the experimental verification of the force-related responses is based
on the peak cable force and the impact duration compared in Table 6, together with the
quantitative error analysis in this section, while the energy dissipation behaviour of the
structure is verified through the dissipation ratios α and β obtained in the parameter study
and the numerically obtained energy time histories presented in Section 4.2. The full-field
measurement (including the displacement and energy responses) will be improved in
future tests.

The corresponding cable forces in the numerical calculation model were extracted and
compared with the full-scale impact test (Figure 14). It can be found that the numerical
model calculation results are very close to the full-scale impact test in both value and
duration, which further shows that under the simplification premised on high efficiency,
the model can still accurately reflect the various working states of the structure when the
energy dissipators are not activated and work normally.
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Figure 14. Comparison of tension results: (a) left upper anchor rope of SEL-1; (b) right upper anchor
rope of SEL-1; (c) left upper support rope of SEL-1; (d) right lower support rope of SEL-1; (e) left
upper support rope of SEL-2; (f) right lower support rope of SEL-2; (g) left upper support rope of
MEL; (h) right lower support rope of MEL.
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Table 6. Comparison of cable force results.

Working
Condition Cable

Peak Cable Force (kN) Impact Duration (s)

Test Simulation Test Simulation

Condition 1
(SEL-1, 500 kJ)

LAR 41.4 40.5 0.46 0.60

RAR 32.1 30.3 0.40 0.55

LUR 48.1 50.5 0.40 0.61

LDR 50.4 48.1 0.37 0.29

Condition 2
(SEL-2, 500 kJ)

LUR 47.8 36.6 0.22 0.23

LDR 65.5 54.0 0.32 0.28

Condition 3
(MEL, 1500 kJ)

LUR 66.3 50.7 0.42 0.42

LDR 58.9 49.3 0.41 0.36

For the MEL condition, the simulated peak forces of the upper and lower support
ropes (Figure 14g,h) were 50.7 kN and 49.3 kN, which were 23.5% and 16.2% lower than
the measured values (66.3 kN and 58.9 kN), with root-mean-square deviations of 11.3 kN
and 8.0 kN. Furthermore, the cable force time histories from the other full-scale impact
test SEL-2 were introduced for comparison. According to the test scheme in Section 3.1,
the SEL energy level was one-third of the nominal energy level (500 kJ), and SEL-1 and
SEL-2 were two repeated full-scale impact tests at the same SEL energy level and the
same central impact position, so the comparison also reflects the test-to-test scatter of the
full-scale tests, as shown in Figure 14e,f. With the onset of loading as the time reference, the
simulated peak forces of the support ropes were 36.6 kN and 54.0 kN, respectively, which
were 23.5% and 17.5% lower than the measured values (47.8 kN and 65.5 kN), and the
corresponding root-mean-square deviations were 6.6 kN and 12.4 kN. The underestimation
of the peak cable force can be mainly attributed to the strain-rate effect of the braking rings
that was not considered in the simulation: the apparent yield strength of the steel wire
increases under dynamic loading, which raises the actual activation force of the energy
dissipators in the test and consequently delays the force-release process of the support
ropes. In addition, simplifications in the efficient modeling (e.g., the equivalent treatment
of the ring net and the sliding connections) introduce additional numerical damping, which
smooths the impact wave front and makes the simulated rising section slightly gentler
than the test record. Nevertheless, the overall magnitude, waveform and duration of the
simulated cable forces still agree reasonably well with the test results, indicating that the
model remains reliable for describing the working state of the support ropes under the
ETAG impact conditions.

Combining the above result comparisons, it can be verified that the overall structural
numerical simulation model established by the aforementioned high-efficiency method can
accurately reflect the overall deformation state of the structure as well as the transfer and
dissipation process of the impact force in the structure, and this model can be effectively
used for the subsequent research on the energy dissipation modes of the structure.

4. Energy Dissipation Mechanism of Energy Dissipators Under ETAG
Central Impact Mode

Since the acceptance criteria and research benchmarks of existing flexible rockfall
protection net structures follow the impact conditions recommended by ETAG, to estab-
lish baseline indicators, this section first employs the aforementioned overall structural
numerical calculation model to preliminarily investigate the overall energy dissipation
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characteristics of the structure, aiming to analyze the basic energy dissipation modes of
the structure and the energy dissipation characteristics of energy dissipators under general
working conditions. Subsequently, to study the influence of different energy dissipator
configurations on the energy dissipation distribution within the structure, overall structural
numerical calculation models with different initiation forces were established separately. A
comprehensive analysis yields the energy dissipation distribution mechanism of energy
dissipators under the ETAG central impact mode.

4.1. Overall Energy Dissipation Characteristics of the Structure

In the previous section, the calculation model proposed in this paper accurately
reflected the force and deformation characteristics of the structure from the component level
to the overall structure. From the extraction of the rockfall impact braking displacement
time-history results, it can be seen that the overall structure reaches its maximum impact-
direction deformation at t = 0.405 s. Therefore, 0~0.405 s is defined as the entire process of
a single impact interception of the structure under the MEL energy level, and all energies
discussed in this paper fall within this scope. In addition, the staged deformation of the
structure described above can be divided into two stages according to whether the energy
dissipators are activated: Stage I, the undeformed stage of energy dissipators (0~0.075 s,
during which the maximum impact-direction elongation of the structure is 1.87 m, mainly
produced by the flexible metal wire net); and Stage II, the deformation stage of energy
dissipators (0.075~0.405 s) (Figure 15a).
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Figure 15. Structural energy dissipation time–history curves: (a) time–history results of energy
dissipation of each part; (b) structural impact force-deformation results.

From the numerical calculation results, it can be seen that in Stage I, the structure
mainly dissipates energy through the large deformation of the flexible metal net, while
in Stage II, the energy dissipated by the energy dissipators grows rapidly. Therefore, the
energy dissipation of the structure also exhibits series-activated characteristics: in the early
stage of interception, net energy dissipation dominates, while in the later stage, energy
dissipator dissipation dominates, with net energy dissipation and other forms of energy
dissipation occurring simultaneously until the rockfall is arrested (Figure 15b).

In this calculation, the energy dissipated by the energy dissipators reaches 83% of
the total structural energy dissipation. According to the structural members to which
the energy dissipators are attached, they are divided into the upper anchor rope energy
dissipator group, the upper support rope energy dissipator group, and the lower support
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rope energy dissipator group, and the energy dissipated by each group is denoted by
Eanc, Eup and Elo respectively, while EBR is the sum of the energy dissipated by all energy
dissipator groups:

EBR = Eanc + Eup + Elo (6)

Therefore, under the central impact mode, the energy dissipation of energy dissipators
is characterized by subsequent activation and a high energy-dissipation ratio.

4.2. Influence of Energy Dissipator Configuration (Working Force) on Energy
Dissipation Distribution

In this section, under a fixed-impact energy level, the influence of energy dissipator
configuration on the energy dissipation distribution within the structure is investigated
by varying the configuration parameter (working force) of the energy dissipators, so as
to establish a general relationship between the energy dissipation distribution and the
configuration parameters.

The interaction force between the rockfall and the structure is defined as F(s). Accord-
ing to classical mechanics, the energy dissipated by the structure should equal the work
done by F(s) along the path of arresting the rockfall (Figure 16). During the entire arresting
process, the transfer path of the impact force is net–support rope (anchor rope)–anchorage
point (foundation) (Figure 16). It can be seen that the magnitude of F(s) is greatly influenced
by the working cable forces of the support ropes and anchor ropes. Meanwhile, owing
to the direct series connection between the energy dissipators and the support ropes and
anchor ropes, the initiation force and working force of the energy dissipators impose a
decisive limiting effect on the working cable forces of the ropes; in addition, the initiation
force and working force of the energy dissipators are also directly related to their own
energy dissipation capacity.

Figure 16. Schematic of structural force transfer paths. The dashed line denotes the rockfall impact
force; the orange line denotes the transfer path of the impact force along the upper part of the
structure, and the blue line denotes that along the lower part of the structure.

To investigate the influence of cable force on the energy dissipation mechanism of
energy dissipators, based on the aforementioned high-efficiency calculation model, nu-
merical calculation models of the structure were established under the working forces of
commonly used energy dissipators and impact energy levels of 1000, 2000 and 3000 kJ,
respectively, and calculations were performed separately. The final calculation results are
shown in Table 7. In the table, entries crossed out by a horizontal line indicate that under
this configuration, the structure suffered failure such as buckling deformation of steel
columns and cable force surge-induced breaking.
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Table 7. Calculation results of each model.

1000 kJ 2000 kJ 3000 kJ

Eanc Eup Elo EBR Eanc Eup Elo EBR Eanc Eup Elo EBR

10 t-10 t-5 t 249 186 370 805 — — — — — — — —
10 t-10 t-10 t 73 306 370 749 — — — — — — — —
15 t-15 t-10 t 106 266 363 735 411 410 727 1548 — — — —
15 t-15 t-15 t 13 324 357 694 199 564 722 1485 — — — —
20 t-20 t-10 t 131 218 338 687 475 340 742 1557 727 551 1070 2348
20 t-20 t-15 t 25 293 337 655 269 504 744 1517 598 644 1080 2322
20 t-20 t-20 t 9 297 338 644 101 620 742 1463 350 829 1100 2279

To investigate the energy dissipation of the energy dissipators under different working
forces, the following is set:

α =
EBR

E0
(7)

where E0 is the kinetic energy carried by the impact block at the instant it impacts the net.
The results of α under the same working cable force and different impact energy levels are
shown in Figure 17. It can be seen that at an impact energy level of 1000 kJ and design
working cable forces of 100 kN, 100 kN and 50 kN respectively (upper support rope, lower
support rope, and upper anchor rope; the cable force ordering in this paper always follows
this sequence), α is 0.8, while for the other structures it ranges between 0.6 and 0.8, showing
an overall trend that the higher the working cable force, the lower the α value. When the
working cable force is the same, the α value increases with the increase in impact energy
level; however, after the impact energy level exceeds 2000 kJ, the increase in α diminishes.
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Figure 17. Energy-dissipation ratio α under different working cable forces and impact energy levels.

The underlying mechanism can be explained as follows. A higher working cable
force corresponds to a higher activation force of the energy dissipators, so the dissipators
are mobilized later in the impact process. Before activation, a larger share of the impact
energy is dissipated through other pathways, such as friction at the sliding connections,
structural damping, and the elastic deformation of the ring net. Meanwhile, within the
limited braking distance, the available stroke of the dissipators after activation is shortened,
so the proportion of the total energy dissipated by the dissipators (α) decreases. Conversely,
for a given working cable force, a higher-impact energy level E0 drives the activated
dissipators through a longer stroke, and therefore α increases with E0. When E0 exceeds
2000 kJ, however, the stroke of the dissipators gradually approaches its available limit, and
the incremental energy is increasingly taken up by the tensioned net and the boundary
components, so the growth of α diminishes.
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4.3. Characteristics of Energy Dissipation Distribution

To further investigate the energy dissipation distribution characteristics of energy
dissipators in the structure and reveal the energy dissipation mechanism, this part of the
paper continues the analysis based on the results of numerous previous model calculations.
By examining the impact force transfer path diagram, it can be found that the impact force
is transferred to the anchorage points along two paths: the impact force is transferred along
the upper part of the net to the upper support rope, after which one portion is transferred
to the anchorage point through the upper anchor rope while another portion continues to
be transferred to the anchorage point along the upper support rope; and the impact force
is transferred along the lower part of the net to the lower support rope, after which it is
transferred to the anchorage point along the support rope. It can be seen that the energy
dissipators in the structure are also arranged along the main force transfer paths. Therefore,
the energy dissipators in the structure are also divided into upper and lower parts at the
central impact point: the upper part E1 includes the upper anchor rope energy dissipator
and the upper support rope energy dissipator, while the lower part E2 is the lower support
rope energy dissipator, i.e.,

E1 = Eup + Eanc (8)

E2 = Elo (9)

β is defined as the ratio of the energy dissipated by the energy dissipators in the upper
and lower parts of the structure, i.e.,

β = E1/E2 (10)

Plotting the results extracted from the table (Figure 18), it can be seen that under
central impact, the energy-dissipation ratio between the upper and lower parts of the
structure approaches 1, i.e., the energy dissipated by the upper and lower parts is similar,
which is consistent with the structural force characteristics under the central impact mode.
In addition, under the same working force, the energy dissipated by the upper part of
the structure increases with the increase in impact energy level. The reason is likely
that, compared with the lower support rope which is directly supported by rigid post
bases, the constraint stiffness of the upper anchor rope at the post top is weaker. When
the impact energy level increases to a certain degree, the deformation at locations with
relatively weaker structural stiffness increases, and the corresponding energy-dissipation
ratio also increases.
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Figure 18. β values of each model.
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Therefore, under the central impact mode, the energy dissipated by the upper and
lower parts of the structure is similar; however, for medium-to-high energy-level impacts,
the energy-dissipation ratio of the upper part of the structure is slightly higher than that of
the lower part.

5. Influence of Different Impact Locations on Energy Dissipation
Distribution of Energy Dissipators

From previous research, it can be found that owing to the symmetry of the structure
itself, under the central impact mode, the energy dissipated by the energy dissipators
in the upper and lower parts of the structure is similar. This is consistent with objective
common sense; however, the actual trajectory of rockfalls is complex, and the impact points
on the structure are considerably random. Although the structural energy dissipation
characteristics discussed based on the ETAG impact mode are representative, they are
not universally applicable. Therefore, this part takes the impact location as the primary
influencing parameter to discuss the energy dissipation distribution law of the energy
dissipators within the structure when different parts of the interception net are impacted.

It should be noted that, in principle, validation against full-scale eccentric impact tests
would further strengthen the model. However, such tests are extremely difficult to conduct
at present: on the one hand, full-scale impact tests are highly expensive; on the other hand,
in the tests the drop weight needs to be lifted to a height of nearly 40 m, and under such
conditions accurately specifying, controlling and reproducing a designated eccentric impact
position is objectively very difficult. Consequently, experimentally establishing the relation
between the impact location and the structural response would be prohibitively costly and
difficult. Therefore, the influence of the impact location is investigated numerically in this
study, based on the overall model validated against the central-impact full-scale tests, and
the obtained distribution laws are considered sufficiently reliable for energy-based design
purposes. Full-scale validation under eccentric impact conditions will be included in our
future research plan when feasible.

5.1. Impact Conditions and Calculation Settings

In the discussion of this part, the calculation model still consists of 3 spans, with the
middle span being the impact span and the two side spans serving as the boundaries of the
middle span. For the middle span (10 m wide and 5 m high), taking the central point as
the origin, the length direction as the x direction and the width direction as the y direction,
the positive and negative directions of which are shown in Figure 19. The impact location
interval in the y direction is 0.5 m and that in the x direction is 1 m, and the intersection
positions are taken as the impact points. The response law of structural energy dissipation
distribution with varying rockfall impact locations was examined, and a total of 48 impact
models were calculated.

The rationale for the selection of the 48 impact locations is as follows. Owing to the
complexity of the connections in the flexible structure, the force transfer within the metal net
panels is complex, and the distribution of energy dissipation with the impact location can
hardly be predicted analytically in advance; therefore, once the high-efficiency calculation
model is available, the impact points are arranged as densely as computationally feasible,
so that the obtained data are sufficiently rich to reveal reliable trends. Accordingly, the
spacing was set to 1 m in the x direction and 0.5 m in the y direction, which is the finest
grid that can be afforded within the computational cost. Meanwhile, the impact points
are kept a proper distance from the boundary support ropes, so that the drop weight falls
entirely on the net panel rather than on the support ropes, ensuring that the calculated
condition represents net impact. With this grid, the energy dissipation distribution varies
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smoothly and monotonically between adjacent impact points, indicating that the spacing
adequately resolves the distribution and that further refinement of the grid would not
change the revealed trends.

Figure 19. Schematic of impact points. The dashed lines denote the intervals between adjacent impact
points, and each intersection of the dashed lines represents an impact point.

In the model, the initiation force configurations of the energy dissipators installed
on the upper and lower support ropes and the upper anchor rope, as well as the member
configurations of each part, are consistent with the full-scale impact test model. The
calculation results at all impact points are based on the same energy dissipator configuration
to ensure that the impact location is the only variable.

5.2. Energy Dissipation Characteristics Under Different Impact Locations

The central impact point is designated as point CC. Under this condition, the absolute
energy dissipation values of the braking ring groups on the upper anchor rope and the
upper and lower support ropes are recorded as the reference values. The corresponding
braking ring group energy dissipation values in each impact model are extracted and
divided by the corresponding reference values for dimensionless treatment, and then
plotted against the actual impact locations of the corresponding models. The obtained
results are shown in Figure 20.

Comparing the calculation results under different impact locations, it can be found that,
compared with the central impact mode, the energy dissipation of the energy dissipators
in each part of the structure changes significantly when the rockfall impact point deviates
from the center. For the braking ring group on the upper anchor rope, there is a trend
that the closer the impact point is to the uppermost point on the center line, the greater
the energy dissipation. When the impact point is near the uppermost central point, the
energy dissipation has already reached more than 1.8 times the reference value. When the
impact point is at the lowest central point, however, the energy dissipation is only about
0.3 times the reference value (Figure 20a). For the upper support rope, there is also a trend
that the closer the impact point is to the upper part of the structure, the higher the energy
dissipated by the energy dissipators, reaching up to about 1.2 times the reference value
(Figure 20b). For the lower support rope, there is a trend that the closer the impact point is
to the lower part of the structural center line, the higher the energy dissipation, reaching
about 1.15 times the reference value (Figure 20c).

The differences in the sensitivity of each part to the impact location can be explained
from the perspective of the load transfer path. When the impact point approaches the
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uppermost position, the impact force is transmitted to the upper anchor rope through
a short and direct path: the tensile force of the net in the impact zone is almost entirely
anchored by the upper anchor rope, and the large local displacement of the net top directly
drives the braking rings on this rope, so the energy dissipation of this group changes most
significantly with the impact location (up to 1.8 times the reference value). In contrast,
the braking rings on the upper and lower support ropes are activated through the overall
tension of the net and the convergence of its boundaries: the impact energy is first shared
by the ring net as a whole and then transferred to the support ropes through the sliding
connections, so a change in the impact location only redistributes the tension between
the upper and lower ropes within a relatively narrow range, and the variation in their
energy dissipation is much smaller (about 1.2 and 1.15 times, respectively). In other words,
the closer a group of energy dissipators is located to the direct load transfer path of the
impact point, the more sensitive its energy dissipation is to the impact location, which
should be taken into account in the energy dissipation design of structures under random
impact points.

  
(a) (b) 

 
(c) 

Figure 20. Calculation results of models at different impact points: (a) braking rings on the upper
anchor rope; (b) braking rings on the upper support rope; (c) braking rings on the lower support rope.
The red dots denote the calculated energy dissipation ratios at the corresponding impact points.

This further indicates that it is difficult to comprehensively reflect the real energy
dissipation distribution of the structure under random impact points solely based on
the ETAG central impact condition. Even within the standard impact energy range, the
insufficient deformation of energy dissipators may lead to stalling of structural deformation,
triggering structural collapse.

From the perspective of sustainability, the energy-based coordination of the dissipator
configuration proposed in this study further consolidates the environmental advantages of
flexible protection structures over conventional rigid alternatives. Life-cycle assessment
studies show that the carbon emissions of rigid (reinforced concrete) supporting structures
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are approximately 9.7 times those of flexible steel structures, with the global warming
potential of the flexible alternative being 89.6% lower and its total environmental impact
about 4.2 times lower [37]; in addition, metal energy dissipators achieve a high energy
dissipation capacity per unit mass of material, and after an impact event the damaged
dissipators can be replaced individually without demolishing the structure, which further
reduces the life-cycle material consumption and maintenance cost [38]. These quantitative
advantages, combined with the energy dissipation distribution laws revealed in this study,
indicate that flexible rockfall protection structures can achieve both reliable interception
performance and low life-cycle environmental impact.

6. Conclusions
In this paper, the influence of energy dissipator configuration and impact location on

the energy dissipation distribution of flexible rockfall protection structures was studied by
numerical simulation, and the following main conclusions are drawn:

(1) An efficient numerical calculation model of ring nets and braking ring groups was
established. Based on the tensile and puncture tests of ring nets in three specifications,
R9, R12 and R16, an abstract two-stage mechanical model with few parameters and
clear physical significance was established. The tensile and puncture conditions were
calibrated separately. In the puncture condition, the slope of Stage I is significantly
higher than that in the tensile condition and the inflection point appears earlier.
This model can provide a concise and reliable element constitutive law for ring
interception nets. A three-stage equivalent mechanical model of the braking ring
group was established, realizing the simplified representation and efficient calculation
of structural energy dissipators. Furthermore, an overall numerical simulation model
of the flexible rockfall protection structure was constructed, and by comparison with
the results of a 1500 kJ full-scale impact test (including two SEL and one MEL energy
levels), it was verified that the model can accurately reflect the overall deformation
state of the structure as well as the transfer and dissipation process of the impact force
within the structure, and can be effectively used for subsequent research on the energy
dissipation mechanism.

(2) The overall energy dissipation characteristics of the structure under the ETAG central
impact mode were clarified: the energy dissipated by the energy dissipators (braking
rings) accounts for about 60~80% of the total structural energy dissipation, character-
ized by subsequent activation and a high energy-dissipation ratio, and serving as the
main energy-dissipating members of the structure. Under the central impact mode,
the energy dissipated by the energy dissipators in the upper and lower parts of the
structure is similar, with the upper-to-lower energy-dissipation ratio approaching
1, which is consistent with the symmetric force characteristics of the central impact
mode; only under high-energy-level impacts is the energy-dissipation ratio of the
upper part of the structure slightly higher.

(3) The working force of the energy dissipators governs the allocation of impact energy
between the dissipators and the remaining structural components. Since a higher
activation force delays the mobilization of the dissipators and compresses their avail-
able stroke within the limited braking distance, the dissipation ratio α decreases with
the working cable force, whereas it increases with the impact energy level until the
dissipator stroke approaches its limit beyond approximately 2000 kJ. This indicates
that the activation force should be matched to the expected impact energy level so
that the installed dissipation capacity can be fully mobilized.

(4) The sensitivity of each dissipator group to the impact location is governed by its
position relative to the direct load transfer path of the impact point: the braking rings
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on the upper anchor rope, which directly anchor the net tension in the impact zone,
respond strongly (up to 1.8 times the central value), whereas those activated through
the global tension of the net respond weakly (about 1.2 and 1.15 times). The ETAG
central impact condition therefore represents only a lower bound of the local energy
dissipation demand, and the randomness of the impact location must be considered
when verifying the dissipator stroke.

(5) Based on these laws, an energy-based design procedure can be formulated: the distri-
bution of the energy dissipation demand under representative impact locations is first
estimated, and the working forces of the dissipator groups are then coordinated so that
no group is exhausted prematurely or left underused, thereby achieving a balanced
utilization of the total dissipation capacity with improved reliability and economy.

(6) By coordinating the dissipator configuration with the possible impact locations in this
manner, premature local failure and over-design are simultaneously avoided, which
prolongs the service life and interception efficiency of the structure while reducing
material consumption and maintenance frequency. Future work should further incor-
porate life-cycle cost, carbon emission and ecological impact into the optimal design
of flexible protection structures to fully realize their sustainability potential.
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