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Abstract: To build the equivalent relationship of the mechanical behavior of ring nets under static
punching and dynamic impact conditions, a series of tests with different parameters were conducted.
The equivalent coefficients of breaking force, breaking displacement, and net energy dissipation
were defined to describe the potential relationship. Besides, sensitivity analyses were made. The
results showed that, with the increase of impact velocity, the equivalent coefficients of breaking force
decreased as a power function, and the equivalent coefficients of breaking displacement and net
energy dissipation both decreased linearly. As the ring diameter increased, the equivalent coefficients
of breaking force increased linearly, but the equivalent coefficients of breaking displacement and
net energy dissipation both decreased linearly. With the increase of the aspect ratio of ring net,
the equivalent coefficients of breaking force and breaking displacement decreased linearly and
exponentially, respectively, and the equivalent coefficients of net energy dissipation decreased as a
power function. With the increase of the ratio of loading head area to ring net area, the equivalent
coefficients of breaking force increased as a power function, and the equivalent coefficients of breaking
displacement and net energy dissipation decreased and increased linearly, respectively. The influence
degrees of these parameters are as follows: impact velocity > ring diameter > aspect ratio of ring net
> ratio of loading area to ring net area. Based on these four parameters, the equivalent coefficient
formulas of static punching and dynamic impact were established.

Keywords: ring net; dynamic impact test; static punching test; mechanics behavior; equivalent
coefficient formula

1. Introduction

A steel wire ring net with the characteristic of flexibility and high strength is an impor-
tant intercept component of flexible protection systems for rockfall mitigation (Figure 1).
The net is formed by multiple rings loosely connected [1]. A single ring is usually made of
steel wire with a diameter of 3 mm and a tensile strength of 1770 Mpa, which is wound
with different numbers of turns and fixed with buckles.

Ring nets may be subject to different load patterns, depending on the type of protection
structure. For example, in a flexible active protective structure, as shown in Figure 2a,
the net is anchored to the slope by rock bolts. When potentially dangerous rocks become
loose and fall due to external factors, the movement space of rocks is limited by the net,
and the net is subjected to an approximate static load. Castro-Fresno et al. [2] designed
a static load test frame and studied the behavior of ring nets under concentrated and
distributed loads. Compared to a concentrated load, the ultimate deformation of the net
under distributed load decreased, but the ultimate bearing capacity increased by two times.
Bertrand et al. [3,4] conducted static punching tests of a 2 m x 2 m ring net to reveal
the relationship between punching bearing capacity and contact area. Albrecht et al. [5]
conducted in-plane tension tests of ring nets and built a simulation model based on the
discrete element method. Xu et al. [6] proposed a method for calculating the energy
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dissipation of a ring net based on static punching tests. Nicot et al. [7] carried out the
static tensile test of a single ring and found that the deformation process of the ring has
the characteristics of three stages, and they built a mechanical model to simulate the
constitutive relationship curve of the ring net. Paola et al. [8] studied the influence of
different connection nodes on the mechanical properties of wire rope net and carried out
an in situ test of the active net system. Antonio et al. [9] studied the influence of boundary
conditions, punching element size, action position, anchor plate size, and other factors on
the bearing capacity of the net through tests and numerical simulation analysis.

SIS

Ring net §

Figure 1. Ring net applications: (a) active flexible protection structure; (b) passive flexible protection
structure; (c) flexible rock-shed; (d) guided flexible protection structure.

Figure 2. Different load patterns: (a) quasi-static load; (b) dynamic load.

In passive flexible protection systems and flexible rock sheds (Figure 2b), the net is
subjected to typical dynamic impact loads during arresting rockfalls. The deformation
ability of the net basically determines its buffering capacity. Peila et al. [10] designed and
carried out the full scale impact test of the passive protective net and studied the impact
mechanical response of the protective net system under different impact energy. Gerber
et al. [11] carried out an impact test of a 250 kJ-3000 kJ passive protective net and found
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that, with the increase of impact energy, the maximum impact deformation and residual
deformation of the mesh increased in a logarithmic function, and the increase was not
obvious after the impact energy reached 2000 kJ. Tan et al. [12] compared the deformation
and impact force of flexible and rigid structures under the same impact condition and
found that the impact duration of flexible structures increased to 4-8 times that of rigid
structures, and the impact force of flexible structures decreased more than 50% compared
to rigid structures. Buzzi et al. [13,14] carried out impact tests in a self-designed vertical
rockfall impact test frame and analyzed the failure types of the net under rock impact
with different sizes and shapes, and then they revealed the influence of rock size on the
energy dissipation capacity of the net. Yu et al. [15] found that the number of steel wire
strands and boundary constraints influenced the impact deformation of the net, but the
deformation remained relatively stable at about 30-40% of the system deformation. Koo
et al. [16] compared the dynamic impact response of a flexible net subjected to the impact of
sphere-shaped blocks and flat plate blocks and found that the deformation was significantly
reduced under flat plate block impact. Qi et al. [17] expanded and analyzed the impact
of the falling rock rotation on a passive protection system through numerical simulation.
It was found that, as the ratio of rotational kinetic energy to translational kinetic energy
increases, the net deformation decreases.

Thus far, most research on ring nets has focused on the behavior under static or
dynamic impact conditions individually. According to the European Assessment Docu-
ment [18], static tensile and quasi-static punching tests on the net should be conducted
before they can be adopted in a flexible protective structure. However, a dynamic impact
test is not required. It is unknown whether the results of static punching tests are directly
applicable to dynamic loads, as few studies have compared the mechanical behavior of ring
nets under static and dynamic loads. To fill this research gap, a series of static punching
tests and dynamic impact tests were conducted, combined with numerical analysis, to shed
light on the equivalent relationship of the mechanical behavior of ring nets under these test
conditions. The findings hope to provide a reference for ring net designs and applications.

2. Static Punching Test
2.1. Test Equipment

The test equipment adopted in the static punching test comprised a punching test
frame, spherical crown punching head, connecting shackle, displacement sensor, tension
sensor, and hydraulic actuator (Figure 3). Positioning holes were located around the base
beam and were used to connect the net to the punching test frame by shackles. The size
of the ring net was 3 m x 3 m. The diameter of the bottom surface of the spherical crown
punching head was 1 m, which was placed directly below the center of the fixed flexible
ring net and connected with a plate hinge pin. A tension sensor and a displacement sensor
were used to collect the force and deformation synchronously.

Ring net

Figure 3. Test equipment.
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2.2. Test Conditions and Loading Methods

The deformation and force characteristics of ring nets with different numbers of
windings were investigated by static punching tests. To ensure the reliability of the test,
three sets of tests were carried out for each ring net specification. Table 1 shows the test
conditions. In the preparation stage of the test, the spherical crown punching head was
slowly lifted by the hydraulic actuator until the bottom surface of the punching head was
parallel to the initial ring net surface to offset the initial ring net relaxation. During the
test, the ring net deformed in conjunction with the lifting of the punching head until the
breakage of the ring net. The whole punching process was recorded by a high-speed camera
with 500 fps. As shown in Figure 3, the punching force and displacement were recorded by
a tension sensor and a displacement sensor, respectively.

Table 1. Test conditions.

Specifications =~ Windings Number Wire Diameter (mm) Ring Diameter (mm) Sets

R5/3/300 5 3 300 3
R7/3/300% 7 3 300 3
R9/3/300 9 3 300 3
R12/3/300 12 3 300 3

2 R7/3/300 means the ring has a diameter of 300 mm, manufactured by a steel wire with a diameter of 3 mm and
windings of seven.

2.3. Static Test Process and Results

After the test started, the ring net began to tighten as the punching head was lifted,
leading to the relative sliding between the rings and tension development. With further
loading, the ring net began to deform. Bending deformation progressed to tensile defor-
mation until the ring net reached the limit state. The central rings that had direct contact
with the loading head changed from a perfect circle to an ellipse and finally a trapezoid.
The rings, which were directly connected to the boundary shackles, converted the perfect
circle into an ellipse and finally a triangle. The middle rings were transformed from a
perfect circle to an ellipse and finally a rectangle (Figure 4). The overall ring net was in
the shape of an inverted “V”. Loading continued until the ring net broke. The shape of
the net after breaking is presented in Figure 4c. The failure position was located at the
edge of the punching head. Figure 5 shows the force-displacement curves of ring nets with
diverse specifications obtained in the test, with the position of 85% of total deformation
approximated as the boundary state of net breakage.

(b)

Figure 4. Test process: (a) ring net tightening; (b) ring deformation before breakage; (c) ring net

after broken.
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Figure 5. Force displacement curves of the ring net with different specifications.

The breaking forces and breaking displacements of ring nets with different specifi-
cations are shown in Table 2. The force-displacement curve was integrated to obtain the
energy absorbed by the ring net. As the ring net winding number was increased from
5 to 12, the punching displacement of the ring net decreased by 14.6%, the punching force
increased by 170.5%, and the energy dissipation increased by 174.7%.

Table 2. Breaking force and breaking displacement of ring nets with different specifications under a
static punching condition.

Specifications Breaking Standard Breaking Force Standard Energy Standard
Displacement (mm) Deviation (kN) Deviation Dissipation (kJ) Deviation
R5/3/300 1090 8.58 245.20 25.67 29.6 0.43
R7/3/300 1035 11.43 379.0 4.80 38.1 0.67
R9/3/300 1029 20.85 509.0 36.37 57.0 1.50
R12/3/300 930 8.06 666.7 48.71 82.5 1.88

3. Dynamic Impact Test
3.1. Test Equipment

The dynamic impact test frame was a rigid frame composed of steel columns and steel
beams placed on concrete columns. The main part of the frame was composed of four
steel columns and four steel beams. The drop weight was 0.76 t and 0.8 m in diameter.
The size of the ring net was 3.9 x 3.9 m. The ring net was attached to the steel beams by
surrounding shackle connectors (Figure 6).

3.2. Test Conditions and Loading Methods

During the test, the drop weight was lifted to a predetermined height and then released
to fall freely to impact the ring net. The entire impact process was recorded by a high-speed
camera with 500 fps, and an accelerometer was placed inside the drop weight to record the
impact-related data. The test cases are shown in Table 3.
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Figure 6. Dynamic impact test device.

Table 3. Test cases.

Specifications Winding Number ng(llr)li:;neter Lift Height (m) Impa;tn\lfse)loaty Impa;.lt(;i)nergy
R5/3/300 5 300 7.57 13.33 67.5
R7/3/300 7 300 13.29 17.09 111
R9/3/300 9 300 16.46 18.85 135
R12/3/300 12 300 22.78 21.94 183

3.3. Dynamic Test Process and Results

Before the drop weight touched the ring net, the ring net was in a natural state of
relaxation. After the drop weight touched the net, the ring net began to tighten and finally
break. Before the block penetrated the net, the ring net was in a “V” shape (Figure 7), the
shape of the rings at the impact area was approximately rectangular, and the shape of
the rings connected with the shackle changed to a triangle shape. The force-displacement
curves of the drop weight are illustrated in Figure 8. When time t = 0 s, the drop weight
contacted the net. The residual kinetic energy of the drop weight at the moment of mesh
breakage was subtracted from the total impact energy to obtain the maximum impact
energy that the net could withstand. The ring net breaking force and breaking displacement
under different specifications are shown in Table 4. With the increase in the ring net
winding number from 5 to 12, the ring net breaking displacement decreased by 9.72%, the
ring net breaking force increased by 131.08%, and the ring net energy dissipation increased
by 183.98%.

(b)

Figure 7. Test process: (a) test rock falls freely; (b) test rock impacts the ring net; (c) failure point.
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Figure 8. Force displacement curves of the ring net with different specifications.

Table 4. Breaking force and breaking displacement of ring nets with different specifications under a
dynamic impact condition.

Breakin Energy Dissipation The Absorbed Energy
Specifications . 8 Breaking Force (kN) 8y P with Respect to the
Displacement (m) (1N)) o

Impact Energy (%)
R5/3/300 1.430 281.2 48.7 72.15
R7/3/300 1.394 400.5 75.3 67.84
R9/3/300 1.389 521.0 95.1 70.44
R12/3/300 1.291 649.8 138.3 75.57

4. Comparative Analysis of Static and Dynamic Test Results

To facilitate a comparison of the mechanical properties of the ring net under the
aforementioned test conditions, the equivalent coefficients of breaking force (kg), breaking
displacement (kp), and net energy dissipation (kg) are defined below (Equation (1)):

kg = l;g
kp = P @
kg = ’;;g

where Fp and Fs are the ring net breaking force, Sp and Sg are the ring net breaking
displacement, and Ep and Eg are the ring net energy dissipation under the dynamic impact
test and static punching test, respectively.

As the size of the net used in the static test and the dynamic test was not the same,
the equivalent mechanical behaviors of the ring net in static tests the size of 3.9 m x 3.9 m
and a loading punching head with the diameter of 0.8 m were calculated according to the
analytical method of Guo et al. [19]. The calculation data are shown in Table 5.

The static and dynamic test data (Tables 2 and 5) were substituted in Equation (1) to
generate the distribution of each generation coefficient, as shown in Figure 9.
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Table 5. Equivalence breaking force and breaking displacement of ring nets with different specifica-
tions under a static punching condition.

cp Breaking . Energy Dissipation
Specifications Displacement (m) Breaking Force (kN) ()
R5/3/300 1.410 252.85 43.57
R7/3/300 1.389 367.87 63.03
R9/3/300 1.369 490.71 83.60
R12/3/300 1.233 689.52 116.46
1.6
—_—— kF
—— k
1.4 P
—A— kE
1.19 1.19

A A
12— —L  —

1‘1‘1'51]-9\1
* °

ivalent coefficient
=
N

@
1 . 1.05
=10 1.01 1 1..%%<
g 04
0.8+

R5/3/300  R7/3/300  R9/3/300  R12/3/300
winding turns

Figure 9. Correlation coefficient curves under different winding turns.

It can be seen in Figure 9 that kr decreased slightly with the increase of the number of
windings of the net ring, with an average value of 1.05, indicating that under the dynamic
impact, the breaking force of the net was slightly larger than the static punching force. In
addition, kp increased slightly with the increase of the number of winding turns of the net
ring, with a mean of 1.01. This shows that breaking displacement caused by dynamic shock
was slightly larger than that caused by static punching. With the increase of the number
of winding turns, kg showed an overall increasing trend, with an average value of 1.16,
indicating that under dynamic shock, the impact energy absorbed by the net was greater
than that under static conditions. This finding is attributed to the absolute energy of the
ring net, which is composed of internal energy and work conducted by external forces.
The internal energy is generated mainly by the plastic and elastic strain of the ring net.
Under static force breaking, when the rock hits the net, the kinetic energy is zero. When
any one of the rings in the net was broken, the loading was stopped immediately. Under
static punching, one or two rings at the edge of the loading place were damaged, and the
ultimate energy dissipation capacity of the ring net was only a single ring. The moment the
falling rock contacted the net, the initial kinetic energy was generated, and then the impact
position was damaged, with the breakage of multiple rings at the same time. As a result,
the ultimate energy dissipation capacity of the net increased significantly. The capacity
of the net energy dissipation mechanism under the static punch test was lower than that
under the dynamic impact test. Therefore, the energy consumed by the ring net under the
dynamic impact was substantially greater than that under static punching.
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5. Parametric Analysis

LS-DYNA [20,21] was used to numerically analyze the mechanical behavior of the
ring net under the dynamic impact and static punching test conditions. The numerical
model of the static punching test was simplified into three parts: a ring net, loading side
(punching head), and fixed side (shackle). The net and shackle were simulated by beam
elements with the characteristic size of 0.25 m, and the loading side was simulated by solid
elements with the characteristic size of 0.25 m. The boundary conditions were as follows:
one end of the shackle was fixed, displacement was restricted in three directions of XYZ,
rotation was not limited in any direction, and displacement was applied to the loading end.
The lifting speed of the loading end was 5 mm/s. The material parameters in the model
are shown in Table 6.

Table 6. Model parameters in the static punching test.

Elastic Modulus Poisson’s Ratio
. 3
Component Name Density (kg-m?°) (105 MPa) (Mpa)
Ring net 7850 2.00 0.3
Loading side 2873 2.00 0.3
Shackle 7900 2.06 0.3

The dynamic impact test model was simplified into five parts: a ring net, steel column,
beam, drop weight, and shackle. The beam and shackle were simulated by beam elements
with the characteristic size of 0.25 m, and the drop weight was simulated by solid elements
with the characteristic size of 0.25 m. The boundary constraints were the steel columns, and
the hinged constraints were the shackles. The material parameter in the model is shown
in Table 7.

Table 7. Model parameters in the dynamic impact test.

Co;gr(:;ent Density (kg-m®) Ela?;)csl\lglopdal;lus Poisson’s Ratio Y1el<(i 1\i;r:)ngth
Steel column 7900 2.060 x 10° 0.3 345
beam
Ring net 7850 2.00 x 10° 0.3 —
Rockfall 2873 2.00 x 10% 0.3 —
Shackles 7900 2.060 x 10° 0.3 —

Plastic deformation and ring net failure can be expected during the test process. Thus,
segmented nonlinear material was used to describe the ring material in the finite element
simulation. The stress—strain curve is illustrated in Figure 10 [22], and the criterion for
failure was 1770 Mpa of tensile stress [23]. For the numerical model of the main components,
please refer to papers about the flexible rockfall barrier by Zhao et al. [24], Xu et al. [6], and
Qi et al. [25]. In order to guarantee the correct stiffness and mass of the net, an equivalent
cross-section radius ' was employed, as given by [26]:

V' =n-r )
where 7 are the numbers of windings, and r are the diameter of the steel wire.

5.1. Comparative Analysis of Finite Element Simulation and Test

Figures 11 and 12 show the deformation process of the ring net under static punching
and dynamic impact simulated by finite element methods. Both the ring net deformation and
ring net breakage site obtained from the simulations were consistent with the experimental
results. The force-displacement curve of the ring net under the simulation was compared with
the test results, as shown in Figures 13 and 14. The peak error was below 5%.
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Figure 10. Stress—strain curve.

Figure 11. Ring net deformation process in the static punching test: (a) ring net relaxation state;
(b) ring net deformation; (c) ring net breakage.

(b) (c)

Figure 12. Ring net deformation process in the dynamic impact test: (a) ring net relaxation state; (b)
ring net deformation; (c) ring net breakage.
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Figure 13. Comparison of experimental and numerical simulation results in the static punching test.
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Figure 14. Comparison of experimental and numerical simulation results in the dynamic shock test.

5.2. Analysis of Rockfall Impact Velocity

The parameters in the static punching and dynamic impact models were as follows:
net size: 3.9 x 3.9 m, net specification: R7/3/300, diameter of the punching head: 0.8 m,
and diameter of the falling rock: 0.8 m. The rockfall impact velocities were 17 m/s,
20m/s, 25 m/s, and 35 m/s. The breaking force, breaking displacement, and net energy
consumption of the ring net under different impact velocities are shown in Figure 15.

1.6
15 ky =4.0123y7% ke
- m Y kD
. k, =-0.004v +1.108 Ak,
§ k. =—0.013v +1.479 —— k; fit
ol.3 4
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.:’
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%)
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rockfall impact velocity (m/s)

40

Figure 15. Equivalent coefficients at different rockfall impact velocities.

As shown in Figure 15, with an increase in the impact velocity, kg decreased linearly
from 1.082 to 0.792, a decrease of 26.8%, kp decreased from 1.024 to 0.948, a decrease of
26.8%, and kg decreased linearly from 1.246 to 1.002, a decrease of 19.6%. As the contact
time between the tested rock and ring net was shorter at higher rather than lower velocity
speeds, the energy dissipation effects of the ring net were insufficient to prevent ring
net deformation and failure. The equivalent coefficient of the breaking force of the ring
net under static punching and dynamic impact decreased as a power function, and the
equivalent coefficient of breaking displacement and net energy consumption decreased
linearly. When the speed was greater than 20 m/s, kg was less than 1, indicating that the
dynamic breaking force was lower than the static breaking force. Conversely, when the
speed exceeded 25 m/s, kp was less than 1. The findings also indicated that dynamic
breaking displacement was smaller than static breaking displacement. At rockfall impact
velocity speeds greater than 35 m/s, kg was less than 1, demonstrating that the dynamic
energy consumption was less than the static energy consumption. Consequently, when
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the impact velocity is bigger than 35 m/s, the breaking force, the breaking displacement,
and the energy consumption of the mesh under static tests will be greater than those of
dynamic tests.

5.3. Analysis of the Influence of Ring Diameter

Keeping the net size, net specification, punching head diameter, and rockfall diameter
the same as the parameters in the analysis of rockfall impact velocity, we established models
with ring diameters of 250 mm, 300 mm, 350 mm, 400 mm, and 450 mm. The distribution
of the equivalent coefficients is shown in Figure 16.

35
= 300 mn Rl

[S]
W

0 mn

450 mm
400 mr

Figure 16. Ring net model with different ring diameters.

As shown in Figure 17, with an increase in ring diameter, kp increased from 1.055 to
1.136, an increase of 7.68%, kp decreased from 1.110 to 0.832, a decrease of 25.04%, and kg
decreased from 1.295 to 1.165, an increase of 10.03%. These findings demonstrate that, with
an increase in ring diameter under static punching, kg increased linearly and that kp and
kg decreased linearly. In addition, under static punching, as the ring diameter increased,
net deformation increased, and net breaking force decreased. In contrast, under dynamic
impact conditions, an increase in ring diameter led to a decrease in ring number and an
increase in the impact force of falling rock on the mesh, which shortened the time for the
falling rock to impact the net and weakened the net’s ability to dissipate the energy of the
falling rock. kg and kg were always greater than 1.0 under static tests and dynamic tests.
However, when the ring diameter was larger than 350 mm, kp was less than 1.0, indicating
that the breaking displacement in static tests can be expected to be greater than that in
dynamic tests.

5.4. Analysis of the Influence of Ring Net Aspect Ratio

In this analysis, the net size, net specifications, punching head diameter, and rockfall
diameter were the same as in the analysis of rockfall impact velocity. The aspect ratios in
the ring net models were 1:1, 1.2:1, 2:1, and 3:1 (Figure 18).

As shown in Figure 19, with the increase in the ring net aspect ratio, kg, kp, and kg
all showed a decreasing trend. Specifically, kr decreased from 1.082 to 0.769, a reduction
of 28.9%, kp decreased from 1.024 to 0.952, a reduction of 7.0%, and kg decreased from
1.25 to 0.958, a reduction of 23%. When the ring net aspect ratio was increased, the number
of rings in the uncontacted area of the loading end increased. As a result, excessive ring
deformation in the local area in contact with the puncture head led to net damage first.
In contrast, a low level of ring deformation in uncontacted areas of the net resulted in an
uneven force and ring net failure. This phenomenon was more obvious under dynamic
impact than static punching due to the dynamic effect of rockfall. In the dynamic impact
situation, ring net breakage occurred, thereby reducing the overall energy consumption
performance of the ring net. When the aspect ratio was greater than 1.5, kg was less than 1.0.
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This clearly shows that the breaking force obtained in a static test will be greater than that
obtained in a dynamic test. When the aspect ratio was more than 2, kp and kg were less than
1.0. This finding demonstrates that breaking displacement and net energy consumption
obtained in static tests will be greater than those found in dynamic tests at ring net aspect
ratios greater than 2.0. This finding points out the need to consider the difference when
using the static punching result in these conditions, which should be paid attention to in
practical applications of ring nets in the field.
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Figure 17. Equivalent coefficients at different ring diameters.
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Figure 18. Ring net models with different ring network aspect ratios: (a) ring net aspect ratio of 1:1;
(b) ring net aspect ratio of 2:1; (c) ring net aspect ratio of 3:1.
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5.5. Analysis of the Influence of the Loading Head Area to Ring Net Area Ratio

Keeping the net size and net specification the same as in the analysis of rockfall
impact velocity, models with 14, 15, 16, and 17 of 0.033, 0.042, 0.052, and 0.062, respectively,
with corresponding head diameters of 0.8 m, 0.9 m, 1.0 m, and 1.1 m, respectively, were
established as shown in Figure 20.

39m

Figure 20. The ratio of loading head area to ring net area.

Figure 21 indicates the equivalent coefficient curves of different ratios of loading head
area to ring net area. With an increase in the loading head area to ring net area ratio, kg
increased from 1.082 to 1.270 (an increase of 17.4%), kp decreased from 1.024 to 1.006, (a
reduction of 1.7%), and kg gradually increased from 1.246 to 1.412 (an increase of 13.3%).
These findings were attributed to the decrease in the diameter of the falling rock and the
“bullet effect” produced by the dynamic impact of the falling rock. At the same kinetic
energy, the impact force on the ring net closest to the impact center point of the falling rock
increased. The impact force then decreased as the distance from the center point increased.
Falling rocks with small diameters impact at a higher speed than falling rocks with larger
diameters, causing rings in the local area of impact to be broken first. At the same time,
rings outside this area fail to function in energy dissipation, thus affecting the overall energy
dissipation performance of the ring net. In contrast, the larger the diameter of the falling
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rock, the larger the contact area with the surface of the ring net. Under these conditions, the
axial force on the rings at the center of the impact of the rockfall is reduced, which delays
the failure time to a ring net failure. The impact force on the ring net increased following an
increase in the diameter of the falling rock. These findings indicate that, when both kg and
kg are greater than 1, breaking force and net energy consumption values obtained in static
tests will be less than those found in dynamic tests. In addition, the breaking displacement
obtained in force tests will be greater than that in dynamic tests.
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Figure 21. Equivalent coefficients at different loading head areas to ring net area ratios.

5.6. Analysis of Equivalence Coefficient Sensitivity

To clarify the degree of influence of parameters, such as rockfall impact velocity (v),
ring diameter (L), ring net aspect ratio (1), and the loading head area to ring net area ratio
(S), on the mechanical behavior of ring nets under static punching and dynamic impact, a
sensitivity analysis was conducted. The curve of each parameter with the equivalent factor
of breaking force, breaking displacement, and net energy consumption was fitted. The
following relational formulas were obtained:

kp = 4.013y 0465

kg = 0.42L + 0.956 3)
kp = —0.174A + 1.265

kg = 2.43050-236

kp = —0.004v + 1.108
kp = —1.368L + 1.43
kp = o(—0.019+0.0641—0.026A2) 4)

kp = —0.636S 4 1.044

kg = —0.013v + 1.479

kg = —0.59L + 1.436 )
kg = 1.2351 70253

kg = 5.6255 + 1.052

According to the sensitivity calculation formula:

gt _ |(d9x(ar)
Ay dﬂk ak:az

a*
k
u* ©)
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where S;_is the sensitivity, i (ay) is the sensitivity function of the sensitive parameter, a; is
the fitting function, a; is the reference value of the sensitive parameter, and U* is the value
of the system function at a;.

The sensitivity value of the equivalent coefficient of breaking force (kg) is as follows.

d(4.013y0-465
g — | (a0 ) 7 0465
v dv 4,013 x 170465
1/0:l7
« | (d(0.42L+0956) 03 _
S = (T _ 2| 0az%05 7095 — 0-116
Ly=0.3 (7)
o | (d(~0174041.265) 1 _
55 = | (Ao 2o | S0T7RTFT265 = 0-160
d(2.430502%) 0.033
* d\e2Vo ) 0033  _
55 - ( ds 2.430%0.0330-236 0.236
S0=0.033

The sensitivity value of the equivalent coefficient of breaking displacement (kp) is
as follows:

« | (d( 0004v+1 108) 17 _
Sy = ( )v0:17 —000axi7¢1108 — 0-071

d(-1. 368L+l 43) 0.3

St = ( ) s = 0400

L Ly=03 —1.368x0.3+1.43

—0.019+0.064A— 0026/\2) . 8)

* —

SA - o—0.019+0.064x1-0.026x12 0.013
Ao=1

* —0.6365+1.044) 0.033 —

SS - 45 _ —0.636x0.033+1.044 — 0.020
Sp=0.033

The sensitivity value of the equivalent coefficient of energy dissipation (kg) is

as follows:
. | (d(—0.013v+1.479) 17 _
Sy = ( & o1y | FOOBXI7A A 0.181
o=
« | (d(~0591+1.436) 03 _
5p = (T Lo—03| 059xr1a% = 0141

)

d(1.235070-2%9) 1

* __ —

Sy = (M Toss 0z — 0253
Ap=1

ox — (d(5.6255+1.052))
s= |I\7 a5 _
S0=0.033

Taking vy =17 m/s, Lo = 0.3 m, Ag =1, Sp = 0.033 as the benchmark model parame-
ters, the corresponding equivalent factors were kg = 1.082, kp = 1.024, and kg = 1.246. Using
Equations (3)—(9), the sensitivity values of each performance parameter were calculated, as
displayed in Figure 22.

From Figure 22, it can be seen that rockfall impact velocity is the main factor affecting
kg, followed by the ratio of the loading head area to ring net area (sensitivity value: 0.236)
and ring net aspect ratio (sensitivity value: 0.160). As the sensitivity value of the ring
diameter was small (0.116), this factor exerted little influence on kg. In contrast, ring
diameter was the main factor affecting kp, with a sensitivity value of 0.400, and the second
factor was rockfall impact velocity (sensitivity value: 0.0709), followed by the ratio of
loading area to ring net area (sensitivity value: 0.0205). The sensitivity value of the ring
net aspect ratio was 0.013, pointing to an insignificant impact. In terms of kg, the main
sensitive factor was the ring net aspect ratio, with a sensitivity value of 0.253, followed by
the impact velocity of the drop weight (sensitivity value: 0.181) and the ratio of the loading
head area to the ring net area (sensitivity value: 0.150). The effect of the ring diameter on
kg, with a sensitivity value of 0.141, was small.

0.033 _
se5%003TTo52 = 0-150
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Figure 22. Sensitivity values of various performance parameters.

Given the sensitivity values for rockfall velocity (v), ring diameter (L), ring net aspect
ratio (A), and the ratio of the loading area to ring net area (S) (0.717, 0.656 0.580, and 0.406,
respectively), the degree of influence of these parameters was as follows: v > L > A > S.

6. Equivalence of Static Punching and Dynamic Impact Results

To further explore the mechanical behavior of the ring net under static punching
and dynamic impact, 17 models with different parameters were included in a parametric
analysis, and ring net breaking force, breaking displacement, and energy consumption
were analyzed (Table 8).

Table 8. Corresponding kg, kp, and kg values under different rockfall impact velocities, ring diameters,
ring net aspect areas, and loading head area to ring net areas.

Winding Rockfall Impact Ring Ring Net Loading Head
Model Turns Velocity Diameter Aspect Area to Ring Net kr kp kg
(v, m/s) (L, mm) Ratio (1) Area Ratio (S)
1 7 17 300 1.0 0.033 1.082  1.024 1.246
2 7 20 300 1.0 0.033 0984 1.015 1.206
3 7 25 300 1.0 0.033 0.869 0995  1.148
4 7 35 300 1.0 0.033 0.792 0948  1.002
5 7 17 250 1.0 0.033 1.055 1.110  1.295
6 7 17 300 1.0 0.033 1.082  1.024 1.246
7 7 17 350 1.0 0.033 1.113 0929  1.230
8 7 17 400 1.0 0.033 1.130 0896  1.211
9 7 17 450 1.0 0.033 1136  0.832 1.165
10 7 17 300 1.0 0.033 1.082  1.024 1.246
11 7 17 300 1.2 0.033 1.078 1.015 1.173
12 7 17 300 2.0 0.033 0.893  1.009 1.019
13 7 17 300 3.0 0.033 0.769 0952  0.958
14 7 17 300 1.0 0.033 1.082  1.024 1.246
15 7 17 300 1.0 0.042 1.168 1.016 1.284
16 7 17 300 1.0 0.052 1.188  1.008  1.330
17 7 17 300 1.0 0.062 1270  1.006  1.412

First-order polynomial function and multivariable and multiparameter fitting were
performed to determine the functional relationship between kg, kp, and kg and rockfall
impact velocity (v), ring diameter (L), ring net length-width ratio (1), and loading area to
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ring net area (S) values under the test conditions in the present study. The fitting formula
below can provide a reference for ring net design.

kg = —0.018v 4 0.458L — 0.158A + 6.665S + 1.180
kp = —0.004v — 1.374L — 0.034A + 0.331S + 1.537 (10)
kg = —0.013v — 0.479L — 0.160A + 5.4325 + 1.588

Using the normalization formula, the equivalent coefficients of breaking force, break-
ing displacement, and net energy consumption can also be quickly clarified. For example,
ring net size = 3.9 m x 3.0 m, ring net specification = R7/3/250, rockfall impact velocity
=22 m/s, and rockfall diameter = 1.2 m. By substitute these data into Equation (10), you
can obtain: kp = 1.341, kp = 1.084, and kg = 1.498. This shows that the breaking force under
dynamic impact is 1.341 times that under static conditions. Therefore, the breaking force
results under static conditions are suitable and safe for dynamic conditions. However, the
breaking displacement of dynamic impact is 1.084 times that of static condition. Therefore,
during the actual design, sufficient deformation space should be reserved, especially on
both sides of the road, to ensure that the dynamic impact will not enter the boundary.

When the ring net size = 5.68 m x 2.63 m, ring net specification = R7/3/300, rockfall
impact velocity = 36 m/s, and rockfall diameter = 0.6 m, these data can be substituted into
Equation (10) to obtain, kg = 0.452, kp = 0.897, kg = 0.722. Due to the high speed and the
large slenderness ratio of the ring net, the bullet effect is formed, and the breaking force
and energy consumption are significantly reduced, which are only 0.452 and 0.722 under
the static condition. Therefore, under the actual dynamic impact, it is no longer appropriate
to directly use the static results to guide the dynamic condition design. The static results
should be multiplied by the corresponding equivalent coefficient to select the model. Ac-
cording to CECS 827-2021 [27], under the premise that other conditions remain unchanged,
it is necessary to increase the ring net size to R12/3/300.

7. Conclusions

In this paper, the results of static punching tests and dynamic impact tests of ring
nets were compared, and numerical simulations and equivalent analyses of the mechanical
properties of the ring nets under these test conditions were conducted. The following
conclusions can be drawn:

1.  With an increase in the impact velocity, the equivalent coefficient of the breaking
force of the ring net decreased as a power function, and the equivalent coefficients of
tensile displacement and energy consumption decreased linearly. When the impact
velocity was greater than 35 m/s, the breaking force, the breaking displacement, and
the energy consumption of the ring net under static punching test were larger than
those under dynamic impact test.

2. With an increase in ring diameter, the equivalent coefficient of the ring net breaking
force increased linearly, and the equivalent coefficients of ring net tensile displacement
and energy consumption decreased linearly. When the ring diameter is greater than
350 mm, the rupture displacement predicted by the static punching test will be larger
than that predicted by the dynamic impact test.

3. With an increase in ring net aspect ratio, the equivalent coefficient of ring net breaking
force decreased linearly. The exponential function of the equivalent coefficient of
tensile displacement also decreased, and the equivalent coefficient of ring net energy
consumption decreased as a power function. When the aspect ratio is higher than 2,
the breaking force, the breaking displacement, and the energy consumption of the
mesh under static punching test will be larger than those under the dynamic impact
test.

4. With an increase in the ratio of the loading head area to the ring net area, the power
function of the equivalent coefficient of the ultimate breaking force increased, the
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equivalent coefficient of ring net tensile displacement decreased linearly, and the
equivalent coefficient of ring net energy consumption increased linearly.

5. The degree of influence of the parameters was as follows: impact velocity (v) > ring
diameter (L) > ring net length to width ratio (1) > ratio of loading head area to ring
net area (S).

6. Models considering the effect of impact velocity, ring diameter, ring net aspect ratio,
and ratio of the loading head area to the ring net area were built to reveal ring net
performance under static punching and dynamic impact conditions.

It should be clarified that the findings from this study are based on specific types of
ring nets. Further studies on additional factors that could influence the performance of
ring nets are recommended. For example, the impact angle of rockfall, multiple rockfall
impacts, and a flexible boundary may be taken into account.
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