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ABSTRACT: The companion paper proposed an analytical solution for design of flexible rockfall barrier 
undergoing large deflection. The part one also reported that the elongation of energy dissipating device plays an 
important role in buffer mechanism of the system. This paper further studies the governing factors on large deflection 
of flexible barrier system and then establishes a deflection-control-based mechanical model with improved buffer 
performance. The factors include the matching property between the energy dissipating device and the support rope, 
the motion interference during sliding along support ropes, overload protection from lateral support ropes. A 
prototype model with a nominal energy level of 2000 kJ was designed using the analytical method introduced in part 
one of the paper. Both full-scale test and numerical simulation were carried out to investigate the response of the 
prototype model under impact load. The results show that the motion interference and the braking effect during 
impact test are effectively controlled by the proposed deflection-control-based mechanical model, leading to an 
optimized design in terms of system buffer performance. Thus, this paper demonstrates the application of the 
analytical method presented in part one. The full-scale test and numerical simulation prove the validity and accuracy 
of the proposed method. 
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1.  INTRODUCTION 
 
As discussed in the companion paper, the buffer performance of flexible rockfall barrier system is 
characterized by significantly large deflection, as shown in Figure 1. The researches [1-8] show that 
the large deflection of flexible rockfall barrier systems generally includes three parts: elastic 
deformation, inelastic deformation, and sliding movements between the components. The energy 
absorbed due to inelastic deformation is mainly caused by the plastic deformation of energy 
dissipating devices, accounting for 60-80% of the total impact energy on the system [7, 8]. The 
buffer mechanism mainly provided by energy dissipators and ring net is essentially the working 
mechanism of flexible rockfall barrier system. The rational design by controlling the inelastic 
deformation is the key aspect to ensure the performance objectives of the flexible rockfall barrier 
system. 
 
The full-scale tests [3, 4, 8] show that the system buffer performance is mainly depended on two 
aspects: the first is the mechanical properties such as working force and potential elongation of the 
energy dissipating device, and the second is the sliding movements between the ropes with energy 
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dissipating devices and the support structure, as shown in Figure 1. The poor design on one of them 
will lead to an invalid buffer mechanism and further cause failure of the system [3, 4]. Qi [8] 
reported a failure full-scale test due to the broken of support ropes, as the energy dissipating device 
was failed to trigger due to large activation force required.
 

 
(a) Large deflection of the system 

  

  
 (b) Elongation of energy dissipators 

    

  (c) Sliding of support ropes 
 

Figure 1. Full-scale Test of 5000 kJ Flexible Barrier System (Sichuan, China) 
 

Figure 2 shows the unexpected failure modes of the system caused by the motion interference 
between ropes and other components. As illustrated in Figure 2a, a brake ring on the support rope 
was stuck by the post head as the rope slid, resulting in a sudden increase of internal force called 
brake effect in dynamic response of the system. Once the peak force produced by this brake effect 
grows excessively, the unpredictable damage occurs such as buckling of the steel posts, rupture of 
the ropes, or puncture of the net as shown in Figure 2b. To the authors’ best knowledge, there is few 
research on the optimized design by improving the buffer mechanism of the flexible barrier system. 
 

          

(a) Comparison of P-D curve                      (b) Failure modes 
 

        Figure 2. Structural Failure Caused by Brake Effect 

Recently, many researchers studied the mechanical performance of flexible barrier system by 
means of full-scale tests and numerical simulations [1-18]. The advantages and disadvantages of 
three commonly used structural forms to overcome the motion interference problem in the vicinity 
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of steel posts are discussed below. 
 
Peila D et al. [1] conducted full-scale impact tests of flexible rockfall barrier systems under various 
impact energy levels. Regarding the system with nominal energy level of 400 kJ, the configuration 
of the steel post, support ropes, and steel wire-ring net is illustrated in Figure 3a. The support ropes 
will slide through the end of the post when the system is subjected to impact load; while the 
wire-ring net woven into the ropes will easily jammed by the post, leading to limited development 
of the system deflection. Their test result showed that the maximum elongation of the system under 
impact load is only 2.80 m, which indicates that the system is not good enough with poor buffer 
performance.  
 
Escallon et al. [2] designed a flexible barrier system with nominal energy level of 2000 kJ. In this 
system, no shackles were used to connect the steel rings (called free ring hereafter) and the support 
ropes in the region near the steel post to avoid motion interference and stress concentration. They 
reported that the support ropes are not threaded through wire-rings (or meshes) of the net at the 
locations close to steel posts. However, several ‘‘free’’ rings located on the top and bottom of the 
net are attached to the support ropes via connectors, which were seven round clips made of 
galvanized steel wire with the maximum breaking force of 13.7 kN [2]. All the connectors allow 
failing in the maximum energy level (MEL) impact test so that a bypassing length can be created as 
shown in Figure 3b. Through this treatment, the support ropes slid more smoothly under the impact 
load and the maximum system deflection was increased up to around 9 m. Nevertheless, this 
method cannot eliminate the interference problem if larger deflection is required since the net will 
slide along with the ropes simultaneously. Also, the number of ‘‘free’’ rings is limited. 
 
Gottardi et al. [5] carried out a series of full-scale impact tests of flexible barrier systems with 
nominal energy levels of 500 kJ, 1000 kJ, 2000 kJ, 3000 kJ and 5000 kJ. For the 500 kJ and 1000 
kJ systems, the arrangement in the vicinity of the post is the same as that illustrated in Figure 3a. 
For the systems with higher nominal energy levels (2000-5000 kJ), the bypassing length is created 
by adding a transitional rope as shown in Figure 3c, performing the similar mechanism to that 
implemented by Escallon et al. [2]. However, a sudden brake of sliding motion of support ropes 
possibly occurs when the connecting joint between the support rope and the transitional rope (point 
A) moves to the position of the post (point B). Thus, sufficient length for the transitional rope 
should be reserved when the system is expected a large deflection. The more length for transitional 
rope means less length for connecting the ring net, resulting in stress concentration in both the 
support ropes and the net and consequently weakening the protection ability of the system. 
 

       

 (a) Method 1                 (b) Method 2               (c) Method 3 
 

Figure 3. Three Typical Configurations Solving Motion Interference Problem 

The above typical configurations from the literature cannot completely solve the motion 
interference problem in the system involving the large deflection, especially under the extreme 
loading conditions. Hence, the improvement on buffer performance of flexible barrier system is 
limited.  
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This paper aims to improve the system by controlling the large deflection based on the key 
influence factors. The ratio of the activation force of energy dissipating devices energy to the 
breaking force of support rope should be designed in a range to ensure their functionality. An 
improved configuration form for smooth sliding of support ropes was also presented, and the 
corresponding mechanical model was established. A prototype model of flexible rockfall barrier 
system with nominal energy level of 2000 kJ was designed based on the analytical solution 
proposed in the companion paper. Both full-scale impact test and numerical simulation were carried 
out to investigate the system response under impact load. Furthermore, eight numerical models 
with different force-displacement relationships of the energy dissipating devices on support ropes 
were built to investigate their influence on the controlling of large deflection of the system, which 
provides a case study for system design. 
 
 
2.  BUFFER MECHANISM AND DEFLECTION CONTROL 
 
The layout of support ropes in a typical flexible rockfall barrier system is shown in Figure 4, 
including the upper and lower support ropes, as well as the lateral support ropes. As mentioned 
above, a good buffer mechanism is determined by full traveling distance of the energy dissipating 
devices and the sliding without any stuck of the support rope at the ends of the steel post. It is 
affected by many factors, such as the ratio of tensile force in the rope to activation force of the 
energy dissipating device, the configuration of the post end, and the motion interference between 
components, etc. Thus, the matching design of mechanical properties between components and the 
optimization design on structural arrangement is of importance for improving the buffer 
performance of the system. 
 

 

Figure 4. Layout of Support Ropes in Typical Flexible Rockfall Barrier System 

2.1  Matching Design of Energy Dissipating Device and Support Rope 
 
The performance of the energy dissipating device is depended on the working tension forces (Pa 
and Pb) and the elongation (δ). The traction force of the support rope determines whether the energy 
dissipating device can be activated and work properly. In a typical flexible rockfall barrier system, 
in order to avoid that the energy dissipating device is interfered by other components during 
working, it is often connected to the anchorage points of support rope, as shown in Figure 4. Under 
the impact of rockfall, the support rope in the impact area firstly generates the tension, which will 
be transferred to two ends of the rope longitudinally. Due to the friction effect of the post-end 
bearing and the restraining effect of the ring net on the support rope, when the tension is 
transmitted to the anchorage point on both sides, the internal force of the rope will be certainly 
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reduced. The relationship between the internal force Fi 
e of the rope at anchorage and the internal 

force Fi 
m of the rope at the impact zone is shown in Eq. 1a, in which the transfer coefficient ηi is 

affected by the traveling distance of the tension and the friction effect along the transmission path. 
If the tension is largely reduced, the force Fi 

e may be less than the activation force Pa of the energy 
dissipator. In such case, energy dissipator will stop working, and as a result the system buffer 
performance will be significantly weakened. Being aware of this, it is necessary to properly design 
the relationship between Pa and Fi 

e. In reality, Fi 
e is unknown and therefore the ratio (λi) of the Pa to 

the breaking force of support rope (Fi 
u ) is proposed in Eq. 1b to establish the relationship for 

practical application.  
 

 1, 2i i
e i mF i  F                                                               (1a)

 
 

 1/ , 2i i
i a uP i  F                                                             (1b) 

 
 
Noted that i equals to 1 and 2 for the upper and lower support ropes, respectively. 

In this paper, the numerical simulation of flexible rockfall barrier model with the energy level of 
500-5000 kJ under MEL state was carried out to study the attenuation relationship between the 
forces Fi 

e and Fi 
m. The configuration parameters of the model are referred to GEOBRUGG [19]. 

The program LS-DYNA [20] was adopted for numerical simulation and the detailed modeling 
method was referred to the literature [3, 4, 21]. All the numerical simulation models with three 
functional modules are impacted vertically at the central point of the middle module. The friction 
coefficient between the support rope and the end of steel post is taken as 0.15 [2]. Table 1 shows 
the tension forces on the ropes. LH is the distance between the impact point and the location of 
energy dissipating device, which is the traveling distance of the tension, as shown in Figure 4. 
 
As shown in Table 1, ηi varied considerably in different models. With the increase of traveling 
distance and energy level, ηi tended to attenuate. For the energy level is 5000 kJ, the ηi is reduced to 
0.57. It means that when the tension transferred from the impact area to the anchorages of support 
ropes, the reduction is more than 40%, indicating inefficient usage of steel rope. At the same time, 
excessive reduction of tensile force would make the energy dissipating device out of work and 
consequently induce large impact force on the system. For safety design of steel rope and 
anchorage, Pa should be lower than Fi 

e. In a word, the energy dissipating device should be properly 
designed with compatibility of steel rope considering friction effect. For example, Castanon-Jano L 
[22] suggests that Pa should be less than 50% of Fi 

u. 

Table 1. Tension Forces on Support Ropes 

Energy 

levels 

(kJ) 

Upper support rope Lower support rope  
1

mF

(kN) 

1
eF  

(kN) 

1
uF  

(kN) 

1
aP  

(kN) 
η1 λ1 

2
mF

(kN) 

2
eF

(kN) 

2
uF

(kN) 

2
aP

(kN) 
η2 λ2 

LH 

(m) 

500 149 126 304 50 0.85 0.16 158 139 304 50 0.88 0.16 18.25 

1000 159  117  504 50 0.74 0.10 157 104 504 50 0.71 0.10 18.25 

2000 161 132 608 100 0.82 0.16 335 274 608 100 0.82 0.16 18.25 

3000 231 146 912 100 0.63 0.11 318 175 912 100 0.55 0.11 22.50 
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5000 496 285 1216 200 0.57 0.16 493 292 1216 200 0.59 0.16 22.50 

2.2  An Improved Configuration for Support Ropes 
 
2.2.1 Longitudinal Support Ropes 
 
As discussed in previous section, the improper connection details and structural arrangement may 
cause the motion interference and further the unexpected damage. In this paper, an improved 
configuration is proposed for both upper and lower support. The proposed details are presented as 
follows. 
 
The longitudinal support rope is replaced by a primary support rope and a secondary support rope 
which are parallel to each other. The wire-ring net is woven through the secondary support rope, 
which is connected with the primary support rope by shackles. The primary support rope is 
supported by the ends of posts. The secondary support rope bypasses the ends of posts at the middle 
functional modules and is only supported by the ends of the edge posts, as shown in Figure 5a. 
Apparently, the tensile force in the primary support rope increases along with the secondary support 
rope owing to the connection of the shackles, such that the energy dissipating device mounted on 
both of them can be activated. It should be pointed out that the angle between the primary and 
secondary support ropes increases due to the constraints from steel post. This restricts the shackles 
and wire-ring net to slide towards the post ends. This effect becomes more significant with the 
increase of the angle θ, as illustrated in Figure 5b. When the system reaches the maximum 
deflection, the angle θ also reaches the maximum value, approaching to 180° in some cases. The 
motion interference between support ropes, wire-ring net and post ends can be effectively avoided 
by using primary and secondary support ropes, seen in Figure 5c.  
 
In the proposed approach, the increment of the angle θ is in a gradual way instead of a sudden 
change. Besides, the impact force is shared by the primary and secondary support ropes 
simultaneously and as a result, the risk of overloading on a single support rope as used in the 
previous systems can be reduced. Moreover, the secondary support rope can mount an additional 
energy dissipating device to absorb more impact energy. Thus, under the same energy level, the 
proposed method will lead to a more efficient system regarding better buffer mechanism and 
consequently the larger deflection. Nowadays, the high strength steel ropes have been extensively 
used in many kinds of structures, lowering down the cost of this material. One more ropes used in 
the proposed system only slightly influence the total cost.    
 

 
(a) Initial state               (b) Intermediate state                (c) Limit state 
 

Figure 5. Working States of the Proposed Structural Form 
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At the mid-span, the primary support rope and the secondary support rope are connected by 
shackles. They can relatively slide in longitudinal direction as the friction force is small. In the 
normal direction, the ropes cannot separate freely due to the shackles. This relative sliding 
movement is extremely beneficial to the restricted effect as mentioned above. The independent 
movement is essentially a good self-adaptive ability of the system, causing the efficient use of the 
material as the internal force in the rope tends to be more uniform. 
 
2.2.2 Lateral Support Ropes 
 
As the impact location of the system is unknown in the actual case, the wire-ring net is not directly 
connected to the edge post so that no additional bending moment will be induced on it if the end 
span is hit by rockfalls. In previous studies [2, 5], the lateral support ropes were set as a loop to 
wrap around the top and bottom ends of the edge post, providing longitudinal restraint for the 
wire-ring net. The edge posts directly resist the lateral loads from the lateral support ropes. To 
reduce this unfavorable effect, this paper introduces an improved arrangement form for the lateral 
support rope, seen in Figure 6. The lateral support rope goes through two ends of the edge post, and 
then extends to the lateral anchorages in the ground rather than ends as a loop. Since tensile force in 
the lateral rope is directly transferred to the foundation, the extra force on the edge post will be 
significantly reduced. Besides, more energy dissipating devices can be added to the lateral support 
rope to archive larger system deflection and at the same time, provide overload protection for the 
lateral support rope and the edge post. 
 

               

(a) Initial state               (b) Intermediate state              (c) Limit state 
 

Figure 6. Sliding Control of Lateral Support Rope 

2.3  Mechanical Model and Prototype Model of the System 
 
In this paper, a mechanical model of the flexible barrier based on the improved arrangement of the 
support ropes is established, as shown in Figure 7. The model is composed of spring-damper 
elements, cable elements, pulley elements and sliding-spring elements. The stiffness kd and 
damping C of the spring-damper element can be determined by the properties of the energy 
dissipating device. The cable element is for modeling of the steel wire rope in the flexible rockfall 
barrier system, and its characteristic is determined by the actual properties of steel wire rope. The 
pulley element represents the sliding constraint of the support rope at the post ends, and its sliding 
ability depends on the friction coefficient μ. The sliding-spring element represents the ring of 
wire-ring net, whose spring stiffness kn and the displacement of sliding d can be determined by the 
puncturing test of the net. For the net complied with given specification, the parameters kn and d are 
constant. 
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Figure 7. Mechanical Model of the Flexible Barrier System 

 
Accordingly, the prototype model of the proposed flexible rockfall barrier system as shown in 
Figure 8 is designed to demonstrate the efficiency of the proposed arrangement and analytical 
method. The system includes steel posts, ring nets, upper and lower primary support ropes, upper 
and lower secondary support ropes, lateral support ropes, upslope anchor ropes and lateral anchor 
ropes. The energy dissipating devices are mounted on the extended sections of the primary support 
ropes, the secondary support ropes and the lateral support ropes. The type, number and arrangement 
of energy dissipating devices can be determined according to the requirement of protective 
performance, such as the nominal energy level and the maximum deflection. This system realizes 
smooth sliding of the support rope and controls the buffer performance by adjusting type, number 
and arrangement of the energy dissipating devices. Additionally, in order to further increase the 
buffer performance of system, middle secondary ropes, which are woven through the wire-ring net 
and anchored to the ground out of the edge posts, can be added between the upper and lower 
support ropes. The middle secondary ropes are also supported on the steel edge posts, so that they 
could slide along the steel edge posts. The energy dissipating devices can also be mounted on the 
middle secondary ropes like other longitudinal support ropes. 
 

 
 

Figure 8. Prototype Model of the Proposed System  

 

 
3.  FULL-SCALE TEST AND NUMERICAL SIMULATION 
 
3.1  Full-scale Test Model 
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In order to verify the reliability of the proposed system and to further reveal its mechanical 
behavior under impact load, an experimental prototype model of the flexible barrier system with 
nominal energy level of 2000 kJ was preliminarily designed according to the analytical solution 
presented in the companion paper. Figure 9 shows the flowchart of the design procedure, in which 
the final criterion is depended on whether the maximum deflection is within the design limit or not. 
 

 
 

Figure 9. Design Procedure of Flexible Barrier System 

In the full-scale test, the height of steel posts Hp is 5.5m, and the post is inclined upwards by 10ºin 
the vertical plane. The strength grade of steel posts is Q235. The specification of the steel wire 
ropes is 6x19s+IWR (steel core) with tensile strength of 1770 MPa. The wire-ring net is 
manufactured by winding high strength steel wires with the diameter of 3 mm and the tensile 
strength of 1770 MPa [23]. The energy dissipating devices used in the model are brake rings. The 
maximum elongation (δ) of a single brake ring is 1.1 m, while the working forces Pa and Ps are 40 
kN and 50 kN respectively. The universal steel posts with wide-flange are fixed to the reaction wall 
by pin hinges, which enables the posts to rotate freely in the vertical plane and to rotate finitely in 
the horizontal plane. The arc-shaped steel plates are constructed on the post caps to reduce the 
friction effect and to increase the bending radius, also a specific construction is applied for the post 
foot to ensure smooth sliding of support ropes, as illustrated in Figure 10. The layout of energy 
dissipating devices and the load cells are shown in Figure 8.  
 
Table 2 shows the details of all main components, the mechanical properties of the energy 
dissipating devices and deformation of each component based on the analytical solution presented 
in the companion paper. Energy dissipating ratio in Table 2 refers the ratio between the capacity of 
the energy dissipating device and the nominal energy level of the system. In particular, the energy 
dissipating ratio of the upslope anchor rope only involves the ropes connected to the inner post, 
rather than all the brake rings on the upslope anchor ropes. 
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Table 2. The Parameters of Main Components 

        

(a) Cap of edge post                     (b) Foot of edge post 

       

(c) Cap of inner post                    (d) Foot of inner post 
 

Figure 10. Construction Details of Steel Post  

Component Specification 

Energy dissipating device 

Deflection  Energy  

dissipating ratio 
Pa~Ps δ 

Ring net  R16/3/300  -   1a=3.06m 
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2φ22 18.9% 80~100kN 2.1m 
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support 
1φ22 9.5% 40~50kN 2.1m 

Lateral support 1φ22 4.5% 40~50kN 1.1m 

Upslope anchor 1φ22 19.8% 80~100kN 1.1m  3n=0.48m 

Lateral anchor 1φ22  -   

Steel post  HW200×200  -   
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The model for the full-scale test has three functional modules. The photos in Figure 11 show the 
full-scale test model before impact test. 
 

          

(a) Axonometric view                           (b) Side view 
 

Figure 11. Full-scale Test Model before Impact Test 
 
3.2  Test Setup 
 
The Full-scale impact test was conducted in the National Engineering Laboratory for Prevention 
and Control of Geological Disasters in Land Transportation of Southwest Jiaotong University 
(Sichuan, China). The experimental test system mainly consists of reaction wall, impact pool, 
traveling portal crane, impactor, high-speed camera, load cells, and data acquisition instrument, as 
shown in Figure 12. The impact test was conducted according to the European and U.S. standards 
[21, 24-26]. The impactor is a polyhedral reinforced concrete block and weighs 6 tons. During the 
test, the traveling portal crane was used to lift the impactor to a target height of 34 meters, aiming at 
the central point of the middle functional module and then releasing the impactor freely, which can 
generate a velocity of 26 m/s to impact the barrier structure. The high-speed camera was used to 
record the whole process of impacting, monitoring the deformation of system and the elongation of 
energy dissipating devices. The acceleration versus time curve of impactor can be obtained by 
differential of the velocity-time curve, and then the time-history curves of impact force of impactor 
can be also obtained. In addition, the tensile force versus time curves of the support ropes and the 
anchor ropes can be obtained by the load cells which were pre-arranged on the ropes. The sampling 
frequency of the test is 1 kHz. 
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Figure 12. Artificial Test Site and Experimental Equipment 

3.3  Performance of the Proposed System 
 
The numerical modeling approach used in the previous companion paper is adopted to build a 
numerical model with energy level of 2000 kJ [3, 4, 21]. Form-finding analysis [27-29] of the 
model has been done before the impact process. The mechanical behavior of the 
deflection-control-based system under the impact load is investigated by the full-scale test and 
numerical simulation. At the same time, the accuracy of the numerical simulation used in this paper 
can be verified by the full-scale test results, so that the following parametric analysis can be further 
conducted based on the numerical model. 
 
The curves of displacement versus time and impact force versus time from full-scale test are plotted 
in Figure 13 against the numerical simulation results. It can be seen that the deflection-control- 
based flexible barrier system has no clear peak internal force under the impact of rockfall. Figure 
14 compares the results of the full-scale test (first column) and the numerical simulation (second 
column) at the four typical moments during the whole impact: (1) impactor began to contact with 
the ring net; (2) the energy dissipating devices on support ropes was activated; (3) the maximum 
displacement of impactor was reached and; (4) the impactor rebounded and finally stopped. The 
third column depicts the z-location of the impactor measured by the full-scale test. Both the 
full-scale test and numerical simulation show that the deflection-control-based flexible barrier 
system has a three-stage deflection characteristic under the impact of rockfall [3, 4].  
 

        
(a) Displacement time-history of the block     (b) Impact force time-history of the block 

 
Figure 13. Deflection and Force Responses 
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Figure 14. Deformed Shapes at Typical Moments (Test vs. Simulation) 

After the impact test, all energy dissipating devices were activated. The energy dissipating devices 
mounted on support ropes show good utilization. Especially the energy dissipating devices mounted 
on the lower support ropes almost reaches the ultimate elongation, as shown in Figure 15(a, b). The 
energy dissipating devices mounted on upslope anchor ropes (L5, L6) in the impact zone also 
reaches the ultimate elongation, as shown in Figure 15(c, d). The maximum elongation of the 
energy dissipating devices mounted on the adjacent upslope anchor ropes (L4, L7) was small and 
around 0.2 m. Because the edge functional modules are not directly subjected to impact load, the 
elongation of energy dissipating devices mounted on the upslope anchor ropes was also small. In 
general, the system still has safety reserves. The performance of system is checked according to 
European standards [21], and the key parameters are shown in Table 3.  
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(a) Left support rope                          (b) Right support rope 

  

(c) Upslope anchor ropes 4,5                   (d) Upslope anchor ropes 6,7 
 

    Figure 15. Elongations of Energy Dissipating Devices 

Table 3. Comparison of Key Parameters between Test and Simulation 

 

Impact 
Nominal height 

hN (m) 

Residual height 

hR (m) 
hR/hN 

Maximum impact 

deflection (m) 

Test 5.245 2.905 55.39% 8.426 

Simulation 5.186 2.718 52.41% 8.084 

Difference  1.12%  6.44% 5.38%  4.06% 

Note: hN is the nominal height and hR is the residual height. 

It can be seen from Table 3 that the difference between full-scale test and numerical simulation is 
small. Both the results of test and simulation show that hR/hN > 50%, reaching the class A for the 
standard [17]. The results show that the deflection-control-based flexible rockfall barrier system has 
the good performance under the impact load. In addition, the impact deflection of the system is 
7.720 m and 8.426 m obtained from analytical solution and full-scale test respectively. The 
difference between them is 9.1% and therefore the proposed method in the companion paper is 
good for engineering practice. The error may be from the approximate behavior of energy 
dissipating devices assumed in the analytical solution.  
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After the test, the inner posts swing laterally, while the edge posts were slightly upturned. No 
buckling and damage were found in all steel posts, seen in Figure 15. Figure 16 shows the 
time-history curves of internal force of rope obtained in full-scale test and numerical simulation, as 
well as the nominal breaking force of the steel wire rope [23]. Figure 16(a-c) shows the curves of 
force versus time of support ropes. It can be seen that, from 0 second to 0.1 second, the system was 
rapidly changed from loose state to tighten state. The internal force of the support ropes increased 
very fast and approaching to the activation force of the energy dissipating devices. After 0.1 second, 
the energy dissipating devices mounted on the support ropes are activated and the plastic tensile 
deformation was developed. The support ropes began to slide along the ends of the post and the 
internal force increased steadily. The funnel-shaped deflection was finally developed.  
 
Figure 16(d-g) shows the curves of force versus time of anchor ropes. It can be seen that, after 0.3 
second, the energy dissipating devices mounted on the upslope anchor ropes were activated and the 
plastic tensile deformation was generated, making the steel post swing downward. At the same time, 
the internal forces of support ropes increased steadily, and the system continued to dissipate energy. 
At 0.4 second, the energy dissipating devices mounted on the upslope anchor rope L5, L6 stopped 
working after reaching the ultimate elongation and as a result, the corresponding internal force on 
the upslope anchor ropes increased sharply to a peak force, seen in Figure 16(e, f). However, the 
internal forces of upslope anchor ropes L4 and L7 in the non-impact zone were small, as seen in 
Figure 16(d, g). After 0.4 second, the internal force of support ropes kept increasing steadily, and 
the maximum value of the internal force appeared at about 0.45 second. After that, all the ropes 
were unloaded and the rockfall rebounded. During the first impact process, the working time of the 
energy dissipating devices were about 0.35 second. Under the impact load, the dynamic response of 
the ropes was small and the peak internal force was low. Thus, no breaking of the components was 
found and the system shows good performance with safety reserve.  
 
For the support ropes, as mentioned above, since the load cells were mounted near the anchorages 
of support ropes, the results obtained by the load cells were the internal forces of ropes at the 
anchorages. However, due to the friction effect, the internal force of the support rope is attenuated 
from the impact zone to both sides. It means that the internal force at the anchorages was less than 
the internal force in the impact zone. Thus, the support ropes in the impact zone have larger safety 
reserve larger than other ropes.  
 
The curves of force versus time of ropes obtained by the numerical simulation agree well with 
results of the full-scale test. The numerical simulation reproduces the entire impact process well. It 
should be noted that the lateral anchor ropes are used to prevent large lateral swing of the steel post 
and maintain the stability of the posts and therefore, the energy dissipating devices are not required. 
In Figure 16h, the difference between the curves of the internal force of lateral anchor rope may 
essentially be caused by the slack of the rope due to the blemish of the model installation. 
 

        

          (a) Upper primary support rope L1           (b) Upper secondary support rope L2               
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      (c) Lateral support rope L3                      (d) Upslope anchor rope L4      

            

(e) Upslope anchor rope L5                         (f) Upslope anchor rope L6 

            

    (g) Upslope anchor rope L7                        (h) Lateral anchor rope L8 

 

Figure 16. Comparison of Force Responses between Test and Simulation 

 
4.  PARAMETRIC STUDY FOR BUFFER PERFORMANCE CONTROL 
 
As mentioned above, the plastic deformation of the energy dissipating devices is vital to realize the 
buffer mechanics and achieve the structural performance of the system. In order to further 
investigate the influence of plastic deformation of energy dissipating devices on the system 
response, eight different numerical models for parametric study are built with different 
force-displacement relationships of the energy dissipating devices on support ropes. As the 
difference between Pa and Ps is small, the working force of the energy dissipating device will be 
simplified as Pa = Ps. Taking the energy dissipating devices on primary support ropes as an example, 
the P-δ curve is shown in Figure 17. Due to the same capacity of energy dissipation of the eight 
groups of energy dissipating devices, the envelope areas all curves are equal. The parameters of the 
energy dissipating devices in Table 4 are summarized for practical engineering. The parameters 
associated with the energy dissipating devices on the lateral support ropes and the upslope anchor 
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ropes are same as shown in Table 2. According to the results of the numerical simulation, the eight 
groups of models successfully intercepted the rockfall, and the processes of impact deflection are 
similar to that in Figure 14. The difference is only the system deflection, the response of internal 
force and the efficiency of the energy dissipating devices, which will be discussed in detail later. 
 

 

Figure 17. Performance Parameters of Energy Dissipating Devices 

Table 4. The Parameters of Energy Dissipating Devices 
 

Model 

Upper primary  

support rope 

Lower primary 

support rope 

Upper secondary  

support rope 

Lower secondary  

support rope 

Pa~Ps(kN) δ (m) Pa~Ps(kN) δ (m) Pa~Ps(kN) δ (m) Pa~Ps(kN) δ (m) 

1 32~32 6.20 32~32 6.20 16~16 6.20 16~16 6.20 

2 42~42 4.80 42~42 4.80 21~21 4.80 21~21 4.80 

3 70~70 2.80 70~70 2.80 35~35 2.80 35~35 2.80 

4 100~100 2.10 100~100 2.10 50~50 2.10 50~50 2.10 

5 140~140 1.40 140~140 1.40 70~70 1.40 70~70 1.40 

6 170~170 1.20 170~170 1.20 85~85 1.20 85~85 1.20 

7 200~200 1.00 200~200 1.00 100~100 1.00 100~100 1.00 

8 220~220 0.90 220~220 0.9 110~110 0.90 105~105 0.90 
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4.1  Discussion on Deflection 
 
In order to investigate the influence of the performance parameters of the energy dissipating 
devices on the system response, the deflection of support structure (Δ1a), sliding movement of 
support rope (Δ2s), puncturing deflection of ring net (Δ3n) and the overall system deflection (s) are 
extracted from numerical simulation, compared with the analytical solutions as shown in Table 5. In 
general, with the increase of working force of the energy dissipating devices, s decreased 
significantly. For example, s in model 8 is about 50% of that in model 1, and the deflection 
decreased is more than 5 meters. Therefore, in practical application, the performance parameters of 
the energy dissipating devices can be adjusted to control the buffer deformation of the system to 
meet the design limit. It can be seen from Table 5 that the analytical solution of s is in good 
agreement with the numerical solution. However, the difference between the analytical solution Δ1a 
and the numerical solution Δ1a of the model 1 is up to 20.5%. It is because the working force of the 
energy dissipating devices on support ropes in model 1 is small and the elongation of energy 
dissipating devices and the sliding of support ropes are large, which leads to the buffer deformation 
of the system is very large and the corresponding impact force is small. The overload protection 
provided by the energy dissipating devices causes the vertical component of the impact load is not 
enough to make the energy dissipating devices on the upslope anchor rope fully work. In other 
words, when using the analytical method to calculate Δ1a, the empirical coefficient of the stretching 
efficiency used in the energy dissipating devices is greater than that in the numerical model. Thus, 
the analytical solution Δ1a is larger than that in numerical simulation. It should be noted that, in the 
models 1 and 2, as the elongation of the energy dissipating devices on secondary support ropes is 
restricted by the ultimate stretching length (Δtrans) of the ring net along the bypassed length, the 
development of Δ2s is limited. However, the primary support ropes and secondary support ropes are 
forced together and mutually restrain in the deflection-control-based system. For this reason, it is 
recommended to take the average elongation of energy dissipating devices mounted on primary 
support ropes and secondary support ropes when using the analytical method to calculate Δ2s. The 
detailed calculation can be referred to Eq. 9 of the companion paper. 
 

Table 5.  Comparison of Deflections  

Results 1a (m) 2s (m) 3n (m) s (m) Relative error (%) 

Model 1/ Analytical 0.39/0.47 7.55/7.39 3.17/3.06 11.11/10.92 20.5 2.1 3.5 1.7 

Model 2/ Analytical 0.44/0.47 6.82/6.54 3.18/3.06 10.44/10.07 6.8 4.1 3.5 3.5 

Model 3/ Analytical 0.52/0.47 5.22/5.03 3.01/3.06 8.79/8.56 9.6 3.6 1.7 2.6 

Model 4/ Analytical 0.49/0.47 4.45/4.10 3.15/3.06 8.09/7.63 4.1 7.9 2.9 5.7 

Model 5/ Analytical 0.45/0.47 3.55/3.05 3.02/3.06 7.02/6.58 4.4 14.1 1.3 6.3 

Model 6/ Analytical 0.46/0.47 3.16/2.72 3.01/3.06 6.63/6.25 2.2 13.9 1.7 5.7 

Model 7/ Analytical 0.48/0.47 2.58/2.35 2.91/3.06 5.97/5.88 2.1 8.9 5.2 1.5 

Model 8/ Analytical 0.52/0.47 2.38/2.16 2.88/3.06 5.78/5.69 9.6 9.26 6.3 1.6 

 
 
4.2  Discussion on Rope Force 
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To investigate the influence of the performance parameters of the energy dissipating devices on the 
internal force of ropes, the time-history curves of internal force of the ropes are extracted from the 
numerical simulation, as shown in Figure 18. As the models are symmetrically arranged, only the 
results of the upper primary support rope L1, the upper secondary support rope L2, the upslope 
anchor rope L4 and the upslope anchor rope L5 are extracted from the numerical simulation, and 
the number of ropes is shown in Figure 8. As the ropes are affected by the overload protection 
provided by the energy dissipating devices, the development of internal force on the ropes and the 
working force of the energy dissipating devices is similar. The internal force of ropes has clear 
yield stage which is positive correlation with the working force of the energy dissipating devices, as 
shown in Figure 18(a, b). Meantime, with the increase of elongation of energy dissipating devices, 
the duration of the yield stage also increases significantly, leading to effectively reduce the impact 
force on the system. 
 
For the support ropes, the peak internal force of the primary support ropes in the model 3 and 
model 4 appears after 0.4 second. The reason is that the designed elongation of energy dissipating 
devices is slightly short which can be improved by increasing the potential elongation of the energy 
dissipating devices. In model 3, there are similar characteristics in internal force of secondary 
support ropes with the same reason. In the other models, the internal forces of support ropes are 
stable, indicating that the corresponding parameters of energy dissipating devices in these models 
are more favorable for the overload protection of the system. 
 
For the upslope anchor ropes, the rope L4 in the non-impact zone and the rope L5 in the impact 
zone show a significantly different dynamic response. The internal force of the upslope anchor rope 
L4 is generally small because it is not directly subjected to impact load, and the maximum value of 
force is the same, as shown in Figure 18c. The change regulation of force response of anchor rope 
L5 in the impact zone can be analyzed in combination with Table 5. With the reduction of the 
working force of the energy dissipating devices on support ropes, the buffer deformation of system 
increase while the impact force will be reduced. Thus, the internal force of the anchor rope and the 
elongation of the energy dissipating devices on anchor ropes will also be reduced. When the actual 
elongation of the energy dissipating devices is less than the designed elongation, the rope will be in 
the state of overload protection.  
 
In models 1 to 4, the yielding stage of upslope anchor rope L5 remains stable, seen in Figure 18d. 
In contrast, the internal force of the anchor rope L5 in model 5-8 shows significant peak value. It is 
because the increase of impact force on the system causes more significant elongation of energy 
dissipating devices, and therefore the designed elongation should be increased. In practical design, 
the increase of the working force of energy dissipating devices will improve the overload protection 
capacity for both the components and the system, by appropriately increasing the design elongation. 
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(a) Upper primary support rope L1              (b) Upper secondary support rope L2 

       

(c) Upslope anchor rope L4                      (d) Upslope anchor rope L5 
 

Figure 18. Time-History Curves of Ropes 
 

4.3  Energy Dissipation and Control 
 
To investigate the influence of the performance parameters of the energy dissipating devices on the 
energy dissipation of system, the analysis results of energy dissipation of the energy dissipating 
devices on the support ropes and the upslope anchor ropes are extracted from the numerical 
simulation, as shown in Table 6. In the table, the contribution ratio is obtained from the actual 
energy dissipation of the energy dissipating devices over the nominal energy of the system. The 
utilization ratio is calculated from the actual energy dissipation of the energy dissipating devices 
over the designed energy dissipation. Taking model 3 as an example, with the decreasing of the 
working force of the energy dissipating devices, the contribution ratio and the utilization ratio of 
the energy dissipating devices are reduced. Meanwhile, with the increasing of the working force of 
the energy dissipating devices, the contribution ratio and the utilization ratio are also reduced. The 
parameters of energy dissipating devices in model 3 show relatively superior characteristics. As 
mentioned above, the energy dissipation ratio of the energy dissipating devices keeps as 80% in the 
design stage. Hence, if the working force decreases, the allowable elongation of the energy 
dissipating devices should be increased. Taking model 1 and model 4 as examples, the designed 
elongation of energy dissipating device in model 1 is 6.2 meters, an increase of about 200% 
compared to model 4, which directly leads to the increase of Δ2s. However, as mentioned in the 
companion paper, the actual elongation of energy dissipating devices on the support ropes is also 
restricted by Δtrans, which inhibits the internal force from transmitting to the anchorages of support 
ropes. Thus, it is impossible for the energy dissipating devices on the support ropes to be fully 
stretched, resulting in the decrease in contribution ratio and utilization ratio. At the same time, the 
development of Δ2s is also restricted. Taking models 4 to 8 as the examples, as the nominal energy 
levels of the systems are identical, the increase of the designed elongation of the energy dissipating 
devices is difficult due to increase of the working force simultaneously. As a result, the energy 
dissipating devices cannot be fully stretched and the contribution ratio and utilization of energy 
dissipating device are also decreased. The results of the parametric analysis show that the optimal 
elongation and corresponding working force can be determined in energy dissipating devices to 
obtain the best buffering performance of the system. Combined with the designed parameters in 
Table 4 and analysis results in Table 6 for the models 3 and 4, the optimal elongation of the energy 
dissipating devices can be determined by trial-and-error calculation. The upper limit of elongation 
is Δtrans as mentioned in the companion paper. 
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Table 6. Results of Numerical Simulation of Energy Dissipating Device 

Model 
Nominal 

energy levels 

Energy dissipating device 

Design energy 

dissipating 

Actual energy 

dissipating 
Contribution ratio Utilization ratio 

1 2000 kJ 1685 kJ 1285 kJ 64.3% 76.3% 

2 2000 kJ 1705 kJ 1400 kJ 70.0% 82.1% 

3 2000 kJ 1671 kJ 1520 kJ 76.0% 91.0% 

4 2000 kJ 1755 kJ 1442 kJ 72.1% 82.2% 

5 2000 kJ 1671 kJ 1377 kJ 68.9% 82.4% 

6 2000 kJ 1719 kJ 1354 kJ 67.7% 78.8% 

7 2000 kJ 1695 kJ 1309 kJ 65.5% 77.3% 

8 2000 kJ 1683 kJ 1288 kJ 64.4% 76.5% 

 
In addition, the correlation between the impact force (F) and buffer deflection (s) is further studied. 
As the energy dissipating capacity of the barrier system is identical, with the increase of the 
working force of energy dissipating devices on the support ropes, s gradually decreases while F 
increases. Thus, the slope of F-s curves also increases gradually, which indicates that the stiffness 
of system increases gradually, as shown in Figure 19a. However, when the working force of energy 
dissipating device on support ropes increases to a certain limit, e.g. models 7 and 8, F tends to be 
stable and the change of s is small. According to the companion paper, Δ2s accounts for more than 
half of the s and plays a controlling role in the buffer deformation of the system when the buffer 
mechanism is functioned properly. However, with the increase of working force of the energy 
dissipating devices, the elongation of the energy dissipating devices decreases significantly, which 
makes Δ2s decrease significantly. Therefore, s will depend on Δ1a and Δ3n. However, Δ1a is smaller 
than other deflection components, while Δ3n is almost constant. As a result, the total deflection s 
tends to be stable when the working tension of the energy dissipating devices on support ropes 
increases to a certain value. This rule can be used to determine the upper limit threshold of the 
working force of energy dissipating devices in the actual design. 
 
Figure 19b shows the correlation between the working force of the energy dissipating devices on 
the support ropes and the elongation of the system, and the numbers in parentheses indicate the 
design elongation of the energy dissipating devices. According to the previous analysis, it is not 
beneficial to enhance the buffer performance of the system when working force of energy 
dissipating devices is too large or too small. Hence, the parameters of energy dissipating devices on 
the support ropes in models 3 to 6 can be used as the control interval. Taking the point A in Figure 
19b as an example, when the working force of energy dissipating devices on the support ropes is 
the same as that in model 5, the designed elongation may range from 1.4 m to 2.8 m. In other words, 
when s does not allow to exceed 8.0 m due to the protection requirement within a limit, the working 
force of energy dissipating devices on the support ropes can be 150 to 255 kN. Apparently, this 
provides a practical approach for selection or design of flexible barrier product. 
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(a)F-s curves of System         (b) Performance Control and Parameters Interval 
 

Figure 19. Results of Parametric Analysis  
 
 
5.  CONCLUSIONS 
 
This paper establishes a deflection-control-based mechanical model with improved buffer 
performance. A prototype model with a nominal energy level of 2000 kJ was designed using the 
analytical method introduced in part one of the paper. Both full-scale test and numerical simulation 
were carried out to investigate the response of the prototype model under impact load. The results 
show that the motion interference and the braking effect during impact test are effectively 
controlled by the proposed deflection-control-based mechanical model, leading to an optimized 
design regarding system buffer performance. In summary, the following conclusions can be made: 
The motion interference in the flexible barrier system can be effectively avoided by using the 
proposed structural form, with improvement of sliding movement and buffer mechanism.  

(1) The deflection-control-based flexible rockfall barrier system has no clear “braking effect” 
when it is impacted by the rockfall, which reduces the possibility of damage and improves the 
buffer performance of the system.  

(2) The working force of the energy dissipating devices is a negative correlation with the 
elongation of the system. However, when the working force is too large, the system deflection 
does not relate to it. The parametric study on the energy dissipating devices provides a practical 
solution for the optimal design of buffer performance of flexible barrier system. 

Based on the proposed F-s correlation curve, a hierarchical design standard related to the 
requirements of performance object can be established by controlling the energy dissipating devices 
on the support ropes. However, the hierarchical design of performance requires a statistical analysis 
with large amount of full-scale tests and numerical simulation, which needs more research work in 
the future. 
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