Hindawi
Shock and Vibration
Volume 2020, Article ID 9612405, 11 pages
https://doi.org/10.1155/2020/9612405

Review Article
Study on the Impact Resistance of Metal Flexible Net to Rock fall
Gaosheng Wang,1,2 Yunhou Sun ,1 Ao Zhang,1 Lei Zheng,1 Yuzheng Lv,1 Huajie Wu,1
and Yuanyou Yang3
1

Institute of Defense Engineering, Academy of Military Sciences, Beijing 100036, China
The Troops 63926 of PLA, Beijing 100192, China
3
Agency Aﬀairs Bureau of PLA, Beijing 100082, China
2

Correspondence should be addressed to Yunhou Sun; houyunsun@126.com
Received 24 October 2019; Revised 17 January 2020; Accepted 3 June 2020; Published 27 June 2020
Academic Editor: Marco Gherlone; marco.gherlone@polito.it
Copyright © 2020 Gaosheng Wang et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.
Based on experiments and ﬁnite element analysis, the impact resistance of metal ﬂexible net was studied, which can provide
reference for the application of metal ﬂexible net in rock fall protection. The oblique (30 degrees) impact experiment of metal
ﬂexible net was carried out, the corresponding ﬁnite element (FE) to the experiment was established, and the FE model was
veriﬁed by simulation results to the experimental tests from three aspects: the deformation characteristics of metal ﬂexible net, the
time history curves of impact force on supporting ropes, and the maximum instantaneous impact force on supporting ropes. The
FE models of metal ﬂexible nets with inclination angles of 0, 15, 30, 45, 60, and 75 degrees were established, and the impact
resistance of metal ﬂexible nets with diﬀerent inclination angles was analyzed. The research shows that the metal ﬂexible net with
proper inclination can bounce the impact rock fall out of the safe area and prevent rock fall falling on the metal ﬂexible net, thus
realizing the self-cleaning function. When the inclination angle of the metal ﬂexible net is 15, 30, and 45 degrees, respectively, the
bounce eﬀect after impact is better, the remaining height is improved, the protection width is improved obviously, and the impact
force is reduced. Herein, the impact force of rock fall decreases most obviously at 45 degrees inclination, and the protective
performance is relatively good.

1. Introduction
Flexible protection system is an eﬃcient protection method
to protect rock fall which is composed of metal ﬂexible net,
steel ropes, and supporting structure (Figure 1). As the main
energy-consuming component of the ﬂexible protection
system, the metal ﬂexible net is braided by special steel wires
with high strength and hard surface [1–6]. The braiding
mode of steel wires enables it to achieve the optimal
transmission of force through the adaptive adjustment between high strength steel wires under the action of external
forces. Therefore, the metal ﬂexible net has been used widely
[7, 8]. Del Coz Daz et al. [9] established a FE model of the
metal ﬂexible net by employing BEAM 189 element, and the
in-plane mechanical properties of the metal ﬂexible net was
researched. Nicot et al. [10, 11] ﬁxed the metal ﬂexible net on
a steel frame, carried out an experimental study on the

impact of falling rocks on the metal ﬂexible net, and analyzed
the eﬀects of mesh size and diameter of high strength steel
wire on bullet eﬀect of the metal ﬂexible net. Gentilini et al.
[12] established a FE model of the metal ﬂexible net by using
two-node three-dimensional beam element type and analyzed the inﬂuence of mesh size and diameter of high
strength steel wire on bullet eﬀect of the metal ﬂexible net.
Generally speaking, the impact resistance of the metal
ﬂexible net mainly focuses on the analysis of the eﬀect of
mesh size and diameter of high-strength steel wire, while
little research on the impact protection performance of the
metal ﬂexible net at diﬀerent inclination angles has been
carried out.
In this paper, experiments and FE analysis methods are
used to study the oblique impact metal ﬂexible net with
diﬀerent sizes and heights of falling rocks. The FE models of
the oblique impact metal ﬂexible net with falling rocks are
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Figure 1: Application example of the metal ﬂexible net in ﬂexible protection system. (a) Cantilever ﬂexible protection system. (b) Passive
ﬂexible protection system.

established and the validity was veriﬁed through comparing
the results with that of test results. The impact resistance of
the metal ﬂexible net with diﬀerent inclination angles to
falling rocks is studied by FE methods.

2. Model Experiments
2.1. Experimental Design. The transverse one-to-one side of
the T4/80 metal ﬂexible net (a diameter of 4 mm for highstrength steel wire and an inner tangential circle diameter of
80 mm for a single net hole) with speciﬁcation of
2.5 m × 2.5 m produced by Chengdu Brooke Company is
connected to the ﬁrst and second supporting ropes with a
diameter of 16 mm. The two sides of the ﬁrst supporting rope
are ﬁxed on the reaction frame of the front row and connected in series with #1 and #2 push-pull force sensors; the
two sides of the second supporting rope are ﬁxed on the back
row reaction frame, higher than the ﬁrst supporting rope
and connected in series with #3 and #4 push-pull force
sensors. After installation, the angle between the horizontal
plane and the plane of the metal ﬂexible net is 30 degrees.
The distance between the left and right reaction frames is
4.5 m. Push-pull force sensor is connected with the dynamic test system through the bridge sensor, and highspeed camera is ﬁxed in front of the metal ﬂexible net. The
experiment layout and connection modes are shown in
Figures 2 and 3, respectively. The range of push-pull force
sensors are 200 kN. The rated outputs of #1, #2, #3, and #4
are 1.4828 mv/v, 1.4882 mv/v, 1.4884 mv/v, and 1.4946 mv/
v, respectively. Prefabricated concrete blocks with 14-sided
special-shaped cube with 1/3 edge cut at the top corner
which were used to simulate rock fall. The masses of
concrete blocks were 20 kg and 50 kg, respectively. The
falling rocks were lifted by a crane in the laboratory hall. In
order to achieve the free falling oﬀ and remote control of
falling stones, an automatic decoupling device is installed
between the crane hook and falling stones.
The experiments conditions of the oblique impact metal
ﬂexible net are listed in Table 1.
2.2. Experimental Process and Results. The falling rocks
impacting the oblique (30 degrees) ﬂexible net was conducted in a laboratory. The falling rocks, rebounding

process, and deformation process of the metal ﬂexible net
were recorded by a high-speed camera (Sony, 239 frames per
second). The instantaneous impact force on the supporting
rope was recorded by the push-pull force sensors arranged at
both sides of the supporting rope and the Tester Dynamic
Test System. The process of falling rocks obliquely impacting
the metal ﬂexible net was recorded by a high-speed camera
under XT-2.5-20-3 working condition, as shown in Figure 4.
In the experiment, the excitation voltage of the push-pull
force sensors of #1, #2, #3, and #4 are all 10 V, and the
sensitivity is 0.07414 mV/kN, 0.07441 mV/kN, 0.07442 mV/
kN, and 0.07473 mV/kN, respectively. The sampling frequency
of the dynamic testing system is 1 kHz. Deﬁne the initial
tension force as zero relatively and set the values of sensors to
zero. According to the dates of #1, #2, and #3 and #4 push-pull
force sensors on the ﬁrst support rope and the second support
rope, the maximum instantaneous impact force under different conditions can be obtained which are shown in Table 2.

3. FE Analysis
3.1. Establishment of FE Model. Considering the coupling
eﬀect of axial force and bending moment on the high
strength steel wire and the existence of shear force at the
joint, BEAM 161 element is used to simulate the metal
ﬂexible net, as shown in Figure 5. The default Hughes–Liu
algorithm is selected for BEAM 161 beam element, and the
integral criterion is 2 ∗ 2 Gauss integral. In order to ﬁnd out
the tensile properties of the metal ﬂexible net, the tensile test
of the four-grid metal ﬂexible net was carried out. In the test,
the mesh size of the metal ﬂexible net is 83 × 143 mm. The
diameter of high strength steel wire is 4 mm and the yield
strength is 1770 MPa. The tensile test of four-grid metal
ﬂexible net is shown in Figure 6.
With respect to the supporting ropes, the axial force is
the major factor while shear force and bending moment are
negligible. Therefore, the supporting rope is simulated by
LINK 160 element. With respect to the FE model of blocks,
the SOLID 164 element was employed. Rock fall is simulated by 8-node three-dimensional solid explicit structural
element SOLID 164. The plastic follow-up hardening
model and Cowper–Symonds model are adopted, and the
rigid body model is used to simulate rock fall. The mechanical properties of various materials in numerical
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Figure 2: The arrangement scheme of experiment.
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net and the supporting rope

The connection between the supporting
rope and push-pull force sensor

Figure 3: The slant antirock fall impact experiment.

Table 1: The conditions of slant antirock fall impact test.
Rock fall quality (kg)
20
50

Experiment conditions
XT-2.5-20-2
XT-2.5-20-3
XT-2.5-50-2
XT-2.5-50-3

calculation are shown in Table 3. The metal ﬂexible net and
supporting ropes exhibited high strain rates during the
impact process, and this signiﬁcantly impacts the hardening behaviour of elastic-plastic materials. Hence, a
Cowper–Symonds model with strain rate dependency
(∗ Mat Plastic Kinematic, 3#) was used to account for the
kinematic hardening property. In addition, the study
showed that the failure of the metal ﬂexible net is mainly
caused by shear force. Therefore, the connection point
between the high-strength steel wires in the metal ﬂexible

Lifting height of falling stones (m)
2
3
2
3

Impact location
Metal ﬂexible net center
Metal ﬂexible net center
Metal ﬂexible net center
Metal ﬂexible net center

mesh is simpliﬁed as a coupling node, and the degree of
freedom of translation is constrained while the degree of
freedom of rotation is not constrained. In order to realize
the boundary constraint of the supporting rope to the metal
ﬂexible net, the connection points between the metal
ﬂexible net and the supporting rope are coupled with
degrees of freedom so that they have a common translational degree of freedom.
For calculating with ANSYS/LS-DYNA, the static and
dynamic friction coeﬃcients were all 0.8 [13], and the
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Figure 4: The rock fall slant impact under XT-2.5-20-3 condition. (a) The rock fall is hoisted. (b) The metal ﬂexible net achieves maximum
deformation. (c) Rock fall rebound. (d) The rock fall is ejected by the metal ﬂexible net.

Table 2: The comparison table of the maximum instantaneous impact forces of the supporting ropes under diﬀerent working conditions.
Rock fall quality (kg)
20
50

Test conditions
XT-2.5-20-2
XT-2.5-20-3
XT-2.5-50-2
XT-2.5-50-3

First supporting rope (kN)
1#
2#
Average value
10.36
10.29
10.325
13.34
12.96
13.15
24.22
24.04
24.13
31.06
32.7
31.88

Junction

Figure 5: Schematic diagram of the metal ﬂexible net.

contact between falling stones and metal ﬂexible net was
set as automatic one-sided contact. The initial contact
time between the falling stone and the metal ﬂexible net
is set to zero. The initial contact velocity is calculated
according to the height of the falling rock from the center
of the metal ﬂexible net. The total calculation time is
0.4 s.

Second supporting rope (kN)
3#
4#
Average value
9.92
10.02
9.97
12.79
12.83
12.81
22.33
22.55
22.44
24.44
26.46
25.45

3.2. Veriﬁcation of FE Model. In order to verify the validity of
the FE model, the numerical simulation results and that of
tests results are compared from the following three aspects:
(1) deformation characteristics of the metal ﬂexible net; (2)
time history curves of impact force on the ﬁrst and the
second supporting rope; and (3) maximum instantaneous
impact of supporting rope.
Figure 7 shows the results of numerical simulation and
experiment of the metal ﬂexible net impacted obliquely by a
50 kg falling stone at a height of 3 m (XT-2.5-50-3 working
conditions). It can be seen that the numerical simulation is
basically in agreement with the experiment. The FE numerical
simulation method can simulate the dynamic process of the
metal ﬂexible net impacted by falling rocks. Figure 8 shows
the comparison of the tension history curves of the ﬁrst and
second supporting ropes in the stage from the beginning of
the falling stone contact metal ﬂexible net to the end of the
ﬁrst impact under diﬀerent working conditions by experiment (positive tension) and numerical calculation. The experimental results include the time history curves of #1, #2,
and, #3 and #4 push and pull force sensors, respectively.
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Figure 6: Tensile test of the four-mesh metal ﬂexible net. (a) Tensile test. (b) Load-displacement curve.
Table 3: The mechanical parameters of various materials in numerical calculation.
Material type
High strength steel wire
Supporting rope
20 kg rock fall
50 kg rock fall

Elasticity modulus (GPa)
196
110
—
—

Yield strength (MPa)
1770
1770
—
—

Density (kg/m3)
7850
7850
2546
2307

C
40
40
—
—

p
5
5
—
—

Poisson ratio
0.3
0.3
0.3
0.3

Limit strain
0.05
0.05
—
—

Y
X

(a)

(b)

Y
X

(c)

(d)

Figure 7: The comparison between numerical simulation and experiment of XT-2.5-50-3. (a) Maximum deformation of simulation.
(b) Maximum deformation of experiment. (c) The falling rocks were ejected. (d) The falling rocks were ejected.

From Figure 8, it can be seen that the process from
impact contact to peak impact load is basically consistent in
the rising stage of the tension history curve of the supporting
rope in the test and numerical analysis, which is also the

main part of the design calculation. The maximum instantaneous impact force on the supporting rope during the
impact of falling rocks on the metal ﬂexible net under
diﬀerent working conditions are listed in Table 4. The
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Figure 8: Continued.
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Figure 8: The contrast time history curves of the tension of the supporting rope. (a) Comparison between measurements under XT-2.5-20-2
conditions. (b) Comparison between measurement results under XT-2.5-20-3 working conditions. (c) Comparison between measurement
results under XT-2.5-50-2 working conditions. (d) Comparison between measurement results under XT-2.5-50-3 working conditions.

Table 4: The comparison table of the maximum instantaneous impact forces of the supporting ropes under diﬀerent working conditions.
Rock fall quality (kg)
20
50

Test conditions
XT-2.5-20-2
XT-2.5-20-3
XT-2.5-50-2
XT-2.5-50-3

First supporting rope (kN)
Numerical analysis Testing Error analysis
10.692
10.325
3.55
13.471
13.15
2.44
22.64
24.13
6.17
29.325
31.88
8.01

experiment values of the ﬁrst and second supporting ropes in
the table are measured by #1 and #2 #3 and #4 push-pull
force sensors, respectively, and the average value of the
maximum instantaneous impact force is obtained (pull is
positive) too. The comparison results show that the numerical simulation can accurately reﬂect the maximum
impact force of the supporting rope during the impact
process of falling rocks.
3.3. Analysis of Impact Resistance. Based on the eﬀective
numerical analysis model of oblique impact resistance of the
metal ﬂexible net, the impact resistance characteristics of the
metal ﬂexible net with diﬀerent angles were analyzed.
Considering the geometric shape of the contact
surface that does not vary with the angle of the metal
ﬂexible net when the rock falls in contact with the metal
ﬂexible net, the spherical model is used to replace the
original polyhedron model. The density of the spherical
model is 2500 kg/m3 with 50 kg mass, and the impact
velocity is 25 m/s. Figure 9 shows the acceleration timehistory curve of a ﬂexible metal net impacted by falling
rocks:
����������
a � a2x + a2y + a2z ,
(1)

Second supporting rope (kN)
Numerical analysis Testing Error analysis
11.341
9.97
13.75
13.682
12.81
6.81
22.445
22.44
0.02
27.660
25.45
8.68

where a is the overall acceleration of falling rocks. ax , ay , and
az are the acceleration from X-axis, Y-axis, and Z-axis of
falling rocks, respectively. Figure 10 shows the time-domain
response of the impact force on the metal ﬂexible net impacted by falling rocks. Figure 11 shows the time-domain
response of the impact force on the ﬁrst and second supporting ropes in the process of falling rocks impacting the
metal ﬂexible net.
Table 5 are the parameters of impact resistance of metal
ﬂexible nets with diﬀerent angles extracted from numerical analysis. It can be seen that when the inclination
angles of the metal ﬂexible net are 15 degrees, 30 degrees,
and 45 degrees, the rebound eﬀect is better and the
remaining height is increased, the protection width is
increased obviously, and the impact force of the falling
stone is reduced. Among them, the impact force of falling
rocks at 45 degrees inclination decreases most obviously.
In addition, the maximum instantaneous impact force of
the supporting rope at 45 degrees of inclination is smaller
than that of the supporting rope at 15 degrees and 30
degrees of inclination. In the case of the metal ﬂexible net
inclination angles of 60 degrees and 75 degrees, although
the maximum instantaneous impact force of the falling
stone and the maximum instantaneous impact force of the
supporting rope are the smallest in the impact process, the
protection width is smaller and the rebound eﬀect after
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Figure 9: The acceleration time-domain curves of rock fall under diﬀerent impact angles. (a) Acceleration time-history curve (0°).
(b) Acceleration time-history curve (15°). (c) Acceleration time-history curve (30°). (d) Acceleration time-history curve (45°). (e) Acceleration time-history curve (60°). (f ) Acceleration time-history curve (75°).

falling stone impact is not ideal. In the case of the metal
ﬂexible net inclination angle of 60 degrees, falling stone is
entirely due to rolling impact. When the ﬁrst supporting

rope is hit and ejected, there is almost no rebound after
impact when the inclination angle of the ﬂexible metal net
is 75 degrees.

Shock and Vibration

9
60

Impact force (kN)

50
40
30
20
10
0
0.00

0.02

0.04

0.06
Time (s)

0 degrees
15 degrees
30 degrees

0.08

0.10

0.12

45 degrees
60 degrees
75 degrees

140000

140000

120000

120000

100000

100000

Impact force (KN)

Impact force (KN)
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Figure 11: The time-domain responses of impact of supporting ropes with diﬀerent impact angles. (a) First support rope. (b) Second
supporting rope.

Table 5: The antirock fall impact performance under diﬀerent impact angles.
Maximum instantaneous impact
force of support rope (kN)
First
Second
supporting
supporting rope
rope
119.75
119.75
130.45
106.24
130.13
92.00
119.06
79.50

Remaining
height (m)

Protection
width (m)

Maximum instantaneous
impact force on rockfall
(kN)

0
15
30
45

−0.87
−0.28
0.025
0.129

2.5
14.09
19.47
14.90

51.69
49.74
44.50
39.31

60

0

7.49

35.35

105.75

65.69

75

0

0.64

26.88

84.15

56.71

Inclination
angle (°)

The ﬁnal stoning
position
Metal ﬂexible net
Eject
Eject
Eject
Roll to the ﬁrst
supporting rope and
eject
Roll out, almost no
bullet appears
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4. Conclusion
Based on experiments and numerical analysis, the impact
resistance of the metal ﬂexible net against falling rocks was
studied. The experiments of oblique (30 degrees) impact
resistance of the metal ﬂexible net were carried out. The
corresponding FE model to the experiments was established.
Comparisons between FE model and experiments results
were made from three aspects: deformation characteristics of
the metal ﬂexible net, time-history curve of impact force
borne by the supporting rope, and maximum instantaneous
impact force borne by the supporting rope. The validity of
the FE model is veriﬁed. An eﬀective FE analysis platform is
established for the study of the impact resistance of metal
ﬂexible nets to falling rocks. At the same time, numerical
models of metal ﬂexible nets with inclination angles of 0, 15,
30, 45, 60, and 75 degrees are established, and the impact
resistance of metal ﬂexible nets with diﬀerent inclination
angles is analyzed. The main conclusions are as follows:
(1) The metal ﬂexible net with proper inclination can
bounce the impact rock fall out of the safe area, avoid
the rock fall remaining on the metal ﬂexible net, and
achieve the self-cleaning function.
(2) When the inclination angle of the metal ﬂexible net
are 15, 30, and 45 degrees, the bouncing eﬀect is
better, the remaining height is increased, the protection width is increased obviously, and the impact
force of the falling stone is reduced, especially when
the inclination angle is 45 degrees. In addition, the
maximum instantaneous impact force of the supporting rope at 45 degrees of inclination is smaller
than that of the supporting rope at 15 degrees and 30
degrees of inclination.
(3) When the inclination angle of the metal ﬂexible net is
60 degrees and 75 degrees, the maximum instantaneous impact force of falling stone and the maximum instantaneous impact force of the supporting
rope are the smallest in the impact process, but the
protection width is smaller, and the rebound eﬀect
after rock fall impact is not ideal. In the case of 60
degree inclination angle of the metal ﬂexible net, the
falling rocks were ejected entirely from the falling
impact on the ﬁrst supporting rope. Under the
condition of 75 degree inclination of the metal
ﬂexible net, there was almost no ejection phenomenon after impact.
(4) The rock fall protection performance of the metal
ﬂexible net with an inclination of 45 degrees is
relatively good, which provides a reference for the
engineering application of the metal ﬂexible net.
(5) In the paper, the test rock fall included 14-face
precast polyhedron concrete blocks in which the
shapes are in agreement with SAEFL guidelines. In
nature, the shapes of rock falls are diﬀerent. For the
ﬂexible protection system, the more the edges and
corners of rock fall, the more obvious the damping
and cushioning of the metal ﬂexible net.

(6) The experiments results show that the structure can
resist the impact of falling rocks eﬀectively and can
be proﬁtably used along roads or rock slopes widely.
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