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Abstract: High-fall accidents refer to accidents where construction personnel, building materials, and
equipment fall from a height, usually resulting in serious casualties and significant economic losses.
This paper proposes a high-fall flexible protection system and its design approach with a tensile
yield energy-consuming mechanism to solve high-fall accidents. The design approach based on
component characteristics that obtained through tests contains energy matching, component internal
force balance, and a two-level energy consumption mechanism. Component tests were conducted
with mesh bursting tests and energy dissipator static tensile tests to obtain the characteristics of the
intercepting net under the flexible boundary condition, and the force-displacement model of the ring-
type energy dissipater. Combined with an actual project, we designed a high-fall flexible protection
system with a protection energy level of 800 k] for the core tube of an ultra-high-rise building
construction using this method. The impact of dynamic response under multiple cases including
the overall fall of the construction formwork was analyzed by dynamical numerical calculation
models. The result shows that the system can effectively intercept high-falling objects and exhibit
good two-stage energy dissipation characteristics to consume the impact energy. Compared with
the protection system without an energy consumption mechanism, the internal force response of the
steel wire rope and the suspended frame reduce by about 60%, and the energy consumption capacity
increase more than six times. The protection technique proposed in this paper can effectively solve
the problem of high-level impact protection such as falling construction formwork equipment, and
improve construction safety.
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1. Introduction

The frequent falling accidents in construction have caused a lot of casualties and
economic losses. According to statistics in 2019, 36.4% of the fatal accidents in the U.S.
construction industry were caused by falling [1,2], and in the U.K. is about one-quarter [3].
China experienced 1118 falling accidents in 2017-2019, resulting in 1163 deaths [4]. Simulta-
neously, in countries such as Australia [5], Singapore [6], and Korea [7,8], falling accidents
are also one of the most dangerous accidents in the construction industry. In particular, the
overall fall of the formwork system [9,10] often leads to severe consequences, an accident
can lead to multiple deaths and injuries. Therefore, there is an urgent need to improve the
protection effectiveness during construction, especially in high-energy impact accidents
such as the overall fall of the formwork system.

Recently, considerable literature has grown up around the theme of falling accidents,
including types of hazard sources, influencing factors, accident characteristics, and person-
nel safety risks [11-14]. Plenty of preventive and safety management measures have been
proposed [15]. All those protective measures can generally divide into two categories: One
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is active protection measures contain the prediction by safety risk assessment systems [16],
real-time sensing and monitoring [17], and automated prevention through design [18].
Another is passive protection measures [19,20], which use protective measures such as
safety ropes, guardrails, and protective nets for construction personnel or equipment.
Among those, protective nets are used more frequently because of the large area protection
characteristics. Celik [21] studied the application of protective nets in engineering and
provided evaluations and suggestions for the shortcomings in the application. Filho [22]
compared two fall protection measures used in construction in Brazil and found that pro-
tective measures with safety nets are safer. Segovia [23] established a numerical model to
simulate the impact test of a “V”-type safety net with an impact energy of 7 k], emphasizing
the importance of energy absorption. Chen [24] studied the protective performance of
high-strength nylon nets. The above research indicates that there are still many problems
with protective nets; the most serious problem is the insufficient protective ability because it
usually consists of a simple structure, without a systematic energy consumption and buffer
mechanism, so that it is unable to effectively protect against a large-energy-level impact.

The passive flexible protection system is widely used in the prevention of natural
disasters such as rockfalls and debris flow [25,26], capable of dissipating thousands of
kilojoules of impact energy. A large number of theoretical analyses [27-30], tests [31-35],
and numerical simulations [36-39] show that the passive flexible protection system has
excellent characteristics such as outstanding protection capability, light structure mass,
convenient installation and disassembly, easy anchoring, easy repair, and so on. The
above excellent characteristics make the passive flexible protection system applicable to
construction protection.

This paper proposed a high-fall flexible protection system with a tensile yield energy-
consuming mechanism based on the protection mechanism of the passive flexible protection
system. Use the mesh bursting test to verify the two-stage stress characteristics of the in-
tercepting net under the flexible boundary condition, and the tensile test to obtain the
three-segment force-displacement relation of the G5-8002 ring energy dissipator. Then,
establish a system design method based on the mechanical characteristics of critical com-
ponents. Combined with a practical project, a high-fall flexible protection system with a
protection energy level of 800 kJ is designed. In addition, dynamic finite element models
which have six cases with different impact energy and energy dissipators are established
using the LS-DYNA program. The dynamic response of the system under different im-
pact energies and the influence of energy dissipation mechanisms on the high-fall flexible
protective system are analyzed.

2. Existing Protection System

The existing flexible protection system generally uses nylon net [40], which is formed
by crossing high-strength nylon ropes and can be connected to the building through support
ropes and covered on the holes of the building structure to provide protection, as shown
in Figure 1. Research [23,24] has shown that almost all impact energy of such protective
systems is dissipated by the large deformation of the protective mesh when subjected to
impact. Due to its simple structure and the poor energy consumption capacity of nylon
rope nets, the protective capacity of the protective system cannot exceed 30 kJ. However,
during construction, the collective impact energy of the formwork system and building
materials can reach hundreds of kilojoules, making the existing system unable to provide
effective protection.
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Figure 1. Existing protection system.

3. Conception of the System
3.1. Composition

The envisaged high-fall flexible protection system consists of intercepting net, wire
rope, suspended frame, energy dissipators, sensor, and other connecting and anchoring
components (Figure 2). The head and tail of the wire rope are sleeved to form a ring support
rope, which is hung in the chute under the suspended frame. The inner side of the support
rope connects with the intercepting net through shackles while the outer side connects with
energy dissipators and sensors. One end of the wire rope is anchored, and the other end
connects with the suspended frame to form a suspended rope, which connects to the energy
consumer and sensor. The system anchored on the inner wall of buildings can protect the
falling objects above it.

AN
J

Falling objects

(O Intercepting net m Energy dissipator A Shackle J Chute
—— Wire rope Suspended frame  mm Sensor @ Anchor

Figure 2. Composition of the system.

3.2. Working Mechanism

The comparison of the working mechanism between the high-fall flexible protection
system and the traditional passive flexible protection system shows in Figure 3. The
traditional flexible protection system [31-35] (Figure 3a) is generally composed of four
parts: the support structure, the intercepting net, an energy consumption device, and the
anchor structure; when it works, the support rope slides along the end of the support
column to drive the energy dissipators connected with it to undergo large deformations
to realize energy consumption and transmit the force to the anchor. Meanwhile, the steel
column has a slight deflection and transmits the force to the anchor of the column base. It
needs a large number of anchors and anchoring space.
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Figure 3. Working mechanism. (a) Traditional systems (b) The high-fall flexible protection system.

The high-fall flexible protection system adopts the self-anchored connection method
(Figure 3b), that is the support rope connects to form a closed-loop force transmission
path, without additional anchors. The force transmission diagram of the system shows
in Figure 4a and the force transmission path is in Figure 4b. When impacted by falling
objects, the intercepting net deforms and contracts to the middle, the shackle slides along
the support rope and pulls the support rope to contract with the mesh, and the support
rope starts the primary energy dissipators and slides to the inner side along the chute.
Concurrently, the force is transferred to the suspended frame and then to the anchor
of the ultra-high-rise buildings through the suspended rope and starts the secondary
energy dissipators.

Falling objects

Wall Wall
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energy dissipator

‘Falling objects ‘l:{)‘]ntercepting net ‘ |:{>‘Supp0rt rope ‘I:(> ‘Suspended frame ‘
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Figure 4. Force transmission. (a) Force transmission diagram. (b) Force transmission path.
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4. Design Method
4.1. Energy Matching

The traditional passive flexible protection system [25,31,33] is generally subject to
high-velocity remote impact (the impact velocity of the standard test drop hammer is
25m/s), so the maximum kinetic energy of the impact body is considered as the nominal
protection energy level in the design, and the potential energy change in the impact body
after contact with the intercepting net can be ignored. However, when the formwork system
falls, the high-fall flexible protection system is close to the construction formwork, and
the impact velocity is low, the nominal protection energy level should be the maximum
potential energy change between the construction formwork and the protection system.

When the high-fall flexible protection system is impacted, the total energy Et can
be expressed by Formula (1), where m is the mass of the fallen body—¥j is the initial
protection height (the distance between the fallen body and the intercepting net), imax is the
maximum impact displacement of the system (including the elongation of the secondary
energy dissipators and the intercepting net deformation), and AE is the potential energy
change in the protection system itself. ET can also express as the work performed by the
impact contact force F(h) between the fallen body and intercepting net along the impact
direction /. Et can also be expressed as the superposition of energy consumption of each
component, as shown in the Formula (2), which is mainly divided into two parts: one is the
internal energy Ej of deformation of each component of the system, and the other is the
energy consumption Ey; of damping, friction, and other motions.

hmaX
Er = mg(ho + hmax) + AE = /0 F(h)dy + AE 1)

Er = E1 + Em )

The research shows that under the impact of nominal protection energy level, Ey of
flexible protection system is far less than Ej, which can ignore in design [21] Ej is contributed
by the deformation of the energy dissipator, intercepting net, suspended frame, and wire
ropes. The deformation of the suspended frame and the wire rope should stay in the elastic
stage to ensure the safety of the system, so the energy consumption of these two parts can
disregard. The energy balance equation can be simplified as Formula (3), where Ey is the
energy consumption of the intercepting net, and Ep is the total energy consumption of the
energy dissipators.

Er=En—+Ep 3)

Guo [29] carried out a series of mesh burst tests of intercepting nets and obtained
the bursting force—displacement relation of some specifications of interception nets that
typically use under rigid boundaries. The characteristics of the intercepting net under the
true flexible boundary are figured out by the mesh burst tests at the Protective Structure
Test Center of Southwest Jiaotong University. According to the mesh burst tests of rigid
boundary [29], the boundary changed into the flexible boundary of the wire rope (Figure 5),
and the mesh ring with wire rope passing through the edge is anchored on the burst test
frame. The mesh test piece is square, the number of mesh edge rings is 7, the diameter
of the mesh ring wire rope is 3 mm, and the diameter of the mesh ring is 300 mm. The
plug is a spherical crown shape, and the loading rate of the plug is 8 mm/s. The tension
sensor was used to record the jacking pressure, and the laser displacement meter was used
to record the jacking displacement.

The force—displacement curve obtained from the test shows in Figure 6. The force—
displacement characteristics of the intercepting net under the flexible boundary condition
are similar to those under the rigid boundary condition [29]. There are two stages of
features: the deformation in the first stage reaches more than 80% of the limit deformation,
while the stress is only 10-20% of the braking force. In the second stage, the deformation
increases slowly, while the internal force increases sharply. Due to the lateral deformation
of the tensioned wire rope boundary caused by the pulling force of the mesh ring, the
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characteristics of the intercepting net under the flexible boundary in two stages are more
significant, which manifested in the greater deformation of the mesh in the first stage and
the larger braking force in the second stage. The true boundary of the intercepting net of the
high-fall flexible protection system is the flexible boundary, which is in the first stage under
normal working conditions, and the energy consumption is relatively small. Ey can be
ignored during engineering design. At present, the intercepting net adopts rigid boundary
test parameters to design with the braking force and limit deformation. To simplify the
design of the high-fall flexible protection system, the intercepting net also could adopt rigid
boundary test data, which are conservative and safe according to this comparative test.

Figure 5. Mesh burst test.
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Figure 6. Force—displacement relationship.

In the traditional flexible protection system, the energy consumption ratio of energy
dissipators can reach more than 80% [31], and the larger the ratio, the smaller the damage
to other parts of the system. During the design, the impact energy dissipated by the
energy dissipators should be as much as possible, and other components only play the
role of intercepting and force transmitting. The energy balance equation simplifies into
Formula (4), the impact energy in the limit state is equal to the total energy consumption of
the energy dissipators, equal to the sum of the integral of the actual working force F(s;) of
each energy dissipator and the displacements, and further simplified into the sum of the
product of the average working force Fp; of each energy dissipator and its maximum stroke
S;. Since it is extremely difficult to fully start the energy dissipators at the same time when
it is working, the safety factor A is introduced. A represents the ratio of the nominal energy
consumption capacity of all energy consumers in the system to the maximum impact energy
that the system may be subjected to. A is a number greater than 1 and should be taken
based on the demand for protective safety surplus.

n S; n
ET = )\ED = /\2/ F(si)ds = )\Z FDiSi (4)
i=0"0 i=0
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4.2. Component Internal Force Balance

When the flexible protection system is impacted, the internal force response of the
system is complex and nonlinear and is affected by many factors such as boundary stiff-
ness, the performance of energy dissipator, tension degree of the intercepting net, sliding
performance of the sliding joint, and so on [30,31]. The force balance equation does not
have an ideal analytical solution, and the numerical solution is always obtained through
the finite element method. Usually, this type of strong impact and large deformation
structure is suitable for using the explicit integration method [41,42]. This method uses the
central difference method to solve the displacement general solution at time t + At using
the equilibrium conditions at time t. Generally, there is no problem of non-convergence
and the computational resources occupied are also very small. According to the structural
design principle, the resistance of each component should be greater than the internal
force (Formula (5)), which shows in the following aspects: the breaking force R; of the
intercepting net should be greater than the impact force S of the falling object, the breaking
force R, of the wire rope shall be greater than its tensile force Sy, and the stable bearing
capacity Rs of the suspended frame shall be greater than its internal force S3.

S; <R; ()

4.3. Two-Level Energy Consumption Mechanism

When the system works, the tension force of the energy dissipator is equal to that of
the connected wire rope, so connecting the tension sensor on the wire rope can monitor
the working condition of the energy dissipator. To find the characteristics of the GS-8002
ring-type energy dissipator used in the system, four groups of quasi-static tensile tests
(Figure 7) were carried out. One end of the ring-type energy dissipator was fixed on the
ground, and the other end was sleeved with the pull head of the tensile testing machine,
with a tensile rate of 10 mm/s.

Figure 7. Decompression ring static test.

The GS-8002 ring-type energy dissipator has three-stage characteristics (Figure 8) that
are similar to the GS5-8000-type [34] ring-type energy dissipator. The first stage is when the
ring-type energy dissipator is just under tension and overcomes the friction force of the
aluminum sleeve to produce a small disturbance. At this stage, the tension force increases
rapidly while the displacement is small, and the energy consumption is very small. In the
second stage, when the tension reaches a certain limit (starting point), the annular energy
dissipator undergoes plastic deformation and gradually reduces the pipe diameter, and the
tension increases slowly while the displacement increases rapidly, and dissipates a large
amount of energy. The third stage is when the ring diameter of the energy dissipator is
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deformed to a certain extent, and it is hard to continue to deform. In this stage, the tensile
stiffness of the energy dissipator increases, the tensile force increases sharply from the
inflection point, and the growth rate of deformation decreases rapidly.

100 ~ Testl
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80 4 —— Test3
- | — Testd
Z 60 -
v
o]
5 40
=] P ;
204 [/ ;
~ ;
14 | Phasel :
0 B e e . B S
0 200 400 600 800 1000 1200
Displacement(mm)

Figure 8. Force-displacement relationship of GS-8002-type decompression ring.

When the monitoring force is less than the average working tension force of the energy
dissipator, it means that the energy dissipator is not started and is in the first stage. When
the monitoring force is approximately equal to the average working tension force of the
energy dissipator, it indicates that the energy dissipator is started and is in the second
stage. When the monitoring force suddenly increases sharply, which is far greater than the
average working tension force of the energy dissipator, it means that the energy dissipator
has reached the limit displacement and will not continue to consume energy, and the
impact energy will dissipate by other components of the system. Therefore, the impact
energy of the system can be roughly counted by monitoring the working condition of each
energy dissipator.

Based on the characteristics of the above energy dissipators, the energy dissipators are
arranged on the support ropes and suspended ropes to form a two-level energy consump-
tion and monitoring mechanism. The primary energy dissipators on the support ropes
improve the energy consumption capacity through the series ring energy dissipator [32],
and the average working tension force is equivalent to that of a single ring energy dissipator.
The secondary energy dissipators on the suspended ropes improve the energy consumption
capacity and double the starting force through the parallel ring energy dissipators.

The primary energy dissipators with a low starting force and the secondary energy
dissipator with a high starting force constitute the two-stage energy consumption mech-
anism of the system. In addition, the four-level discrimination principle of falling object
impact energy is formed through the monitoring data of the tension sensors. According
to whether the two-stage energy dissipators are started or not, and whether the limit of
displacement is reached, the scale of the falling accident divides into four levels as shown
in Table 1. F; and F; in the table are the monitoring data of the primary and secondary
tension sensors respectively, and S; and S, are the average working tension of the primary
and secondary energy consumers, respectively.
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Table 1. Classification of high-fall accidents by the status of the energy dissipators.

Accident Level Distinguish Condition The Status of the Energy Dissipators
Level 1 <5 The primary energy dissipators are not started.
Level 2 Fi; = Sy; Some of the primary dissipators started but did not reach the limit
k<5 displacement, and the secondary dissipators did not start.
F> S The primary energy dissipators are all started, some reach the limit
Level 3 Fh' - Sh- displacement, and some secondary energy dissipators are started but did not
z o reach the limit displacement.
F> S The primary energy dissipators are all started, some reach the limit
Level 4 Fi S Sij displacement, and the secondary energy dissipators are all started, some reach

the limit displacement.

5. System Simulation
5.1. Model Design

In the construction of the core tube of a super high-rise building [10], the formwork
system used had a falling impact energy of about 650 kJ. According to Formula (4), the
safety factor A is taken as 1.2, and at least a total energy consumption of 780 k] should
be configured. Therefore, sixteen GS-8002 energy consumers are selected, with a total
energy consumption capacity of 800 kJ. A high-fall flexible protection system was designed
according to the above design method. The parallel connection of two GS-8002-type ring
energy dissipators by the suspension rope increases the starting force of the energy dissipa-
tor, and the series connection of two GS-8002-type ring energy dissipators by the hanging
rope increases the maximum deformation of the energy dissipator, thereby achieving
two-stage energy consumption in the design method. The overall layout of the system
is shown in Figure 9, with the conversion frame having a long side of 8.5 m, a short side
of 7.5 m, and a sling length of 1 m. Verify the feasibility of the design method through
numerical simulation.

S
\

Lifting rope

Anchor

"‘ Suspended rope

Primary
AN energy dissipator

Chute/ Suspended frame Primary sensor
Figure 9. System design.

5.2. Simulation of Interception Net

The intercepting net forms by connecting a set of four mesh rings and the mesh rings
are made of multi-strand high-strength steel wires. In the numerical calculation, use the
annular beam element to establish the model, concerning the equivalent constitutive model
proposed by Xu [30]. The elastic modulus reduces to simulate the macroscopic mechanical
behavior of the mesh. In addition, they use the equivalent method of cross-sectional area
to simplify the mesh ring section, and set general self-contact between the mesh rings
(Figure 10).
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Figure 10. Ring net simulation.

5.3. Simulation of Energy Dissipator

The energy dissipator is simulated by the beam element with a piecewise linear
plasticity material model. The force-displacement curve (Figure 8) obtained from the
quasi-static tensile test is simplified into a three-stage model and can be converted into the
simplified true stress-strain curve (Figure 11) according to the calculation Formula (6) [43].

¢ =In(1+e) 6)

where ¢ is engineering strain, €’ is real strain.
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Figure 11. True stress—strain curve of GS-8002-type decompression ring.

5.4. Finite Element Model

According to the model shown in Figure 8, the finite element dynamic calculation
model is established in the LS-DYNA program [43]. The specifications and simulation
parameters of each component are shown in Table 2. The connection part between the
suspended frame and the suspended rope is subject to a large force, so the square tube with
a section of 300 x 300 x 8 is used for the opposite side, and the square tube with a length
of 180 x 180 x 6 is used for the other side, and the length and width of the frame are 8 m.
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Table 2. Component specifications and simulation parameters.
Component Specification Actual material Material Model Type of Element
Intercepting net R16/3/300 High-strength steel wire Piecewise_linear_plasticity Beam
Support rope 1922 6 % 19s + iwr Cable_discrete_beam Beam
Suspended rope 1922 6 x 19s + iwr Cable_discrete_beam Beam
Energy dissipator Gs-8002 Q235 Piecewise_linear_plasticity Beam
Suspended frame B200 x 8 Q355 Plastic_kinematic Beam
Building materials 32#b(Channel steel) Q355 Rigid Shell
Formwork Climbing formwork Q355 Rigid Shell
During impact calculation, beam-to-surface contact shall be set between the falling
object and the intercepting net. General automatic contact is set between the shackle and
intercepting net. A guided-cable contact is set between the shackle and the support rope.
The safety belt unit is used to set sliding contact at the connection between the support rope
and the suspended frame. The falling object and high-falling flexible protection system are
set with universal automatic contact with the wall of the buildings.
5.5. Simulation Cases
To test the practicability of the two-stage energy consumption mechanism, the first
four calculation conditions shown in Table 3 corresponded to the four accident levels in
Table 1. In Case 1 and Case 2, the falling object falls from the top of the framework system.
To increase the calculation efficiency, the initial position of the falling object was set to be
attached to the net, and its initial potential energy was converted into kinetic energy, which
was given the initial velocity. In Case 3 and Case 4, the whole falling of the framework
system was taken into consideration, and the initial position was the actual anchor position.
The impact energy of the protection system was the theoretical calculation of the falling
potential energy, which could be calculated according to the Formula (1). To find out the
effect of the energy-consuming mechanism, the energy-dissipators under Case 1 and Case 3
were removed, forming Case 5 and Case 6, respectively.
Table 3. Calculation condition.
Cases Falling Materials Mass (t) Initial Velocity (m/s) Energy Dissipator
Case 1 A single building steel 0.075 18.78 Yes
Case 2 Some building steel 0.30 18.78 Yes
Case 3 A single climbing formwork 494 0 Yes
Case 4 The whole climbing formwork 19.76 0 Yes
Case 5 Some building steel 0.30 18.78 No
Case 6 A single climbing formwork 494 0 No

6. Result Analysis
6.1. System Deformation

The intercepting deformation of the system from simulations under each impact case
is shown in Figure 12. The system successfully intercepts the falling objects with a different
impact energy from Case 1 to Case 5 and the components are not damaged. The suspended
frame buckling is visible in Case 6, which indicates that the system without an energy
dissipation mechanism cannot withstand the high energy impact.
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Figure 12. System deformation. (a) Case 1. (b) Case 2. (c) Case 3. (d) Case 4. (e) Case 5. (f) Case 6.

Figure 13 also shows the front view of the deformation of the protective net. The
net is impacted and contracted in a funnel shape. The shackles connected with the mesh
around the mesh under Case 1 to Case 4 are pulled and slid along the support rope. The
support rope connects the shackles and is pulled and the energy dissipators are started by
the self-anchoring mechanism to realize large deformation. The overall deformation of the
system is consistent with the expected situation. Compared with Case 2 and Case 3, the
maximum displacement of Case 5 and Case 6 decreased by 21.8% and 31.2%, respectively.
The system without energy dissipators is not “flexible” enough, and the deformation
capacity decreased significantly.

In Case 1 and Case 2, small-scale objects impact the middle of the mesh span, and
the system deformation law is consistent with the existing research [31-33]. Case 3 is that
the single object impacts the edge of the mesh, and the system deformation and internal
force distribution are extremely asymmetric. Case 4 is that the mass object impacts the
four edges of the mesh symmetrically, and the stress in the middle of the mesh is small,
The research on these two types of impact conditions is relatively rare, and the system can
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work normally, which shows that the system can cope with the randomness of a falling
object impact.
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Figure 13. Impact force of the intercepting net.

6.2. Energy Consumption Distribution

The energy consumption ratio of system components under various cases shows in
Table 4. The impact energy of Case 1 and Case 2 is small, the energy dissipators have
not started, and the energy consumption of the mesh itself is relatively high. Case 3 is
an eccentric impact, and the energy dissipators on the impact side start more. With the
increase in impact energy, the proportion of energy consumption of energy dissipators
keeps rising, and in Case 4 reaches 85.3%, which proves that the limit state design error
based on system energy matching in this design method is small, and verifies the feasibility
of energy matching design in this design method. In Case 5, the energy consumption mainly
depends on the mesh. In Case 6, the buckling energy consumption of the suspended frame
is relatively large; before the buckling of the suspended frame, the total impact energy
is 111.6 kJ, that is, the ultimate energy consumption of the system without the energy
dissipators is 111.6 kJ. The impact energy of Case 4 is 673.8 k], the energy consumption is
84.2%, and the system limit energy consumption can exceed 800 k]J.

Table 4. Energy distribution of system.

Energy Dissipator Intercepting Net Suspended Frame Others
Cases n n 5 5 Total
Value Ratio Value Ratio Value Ratio Value Ratio
Case 1 43 30.3 8.3 58.5 0.3 2.1 1.3 9.1 14.2
Case 2 19 33 12 20.8 0.8 14 25.8 44.8 57.6
Case 3 106 66 21 13 3 1.9 30.6 19.1 160.6
Case 4 575 85.3 37 55 13 1.9 48.8 7.3 673.8
Case 5 - - 15.2 26.9 49 8.6 36.5 64.5 56.6
Case 6 - - 23.2 174 62.6 46.9 47.6 35.7 133.4

6.3. Internal Force of Components

The time history of mesh impact forces under various cases are shown in Figure 13.
When the falling object first contacts the mesh, the impact force reaches the peak value and
gradually decreases after multiple rebounds. As shown in Figure 14, the time history of the
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Force(kN)

tension force of the suspended rope in Case 3 and Case 4 is gradually attenuated under the
energy consumption mechanism. Simultaneously, due to the eccentric impact in Case 3,
the force on each rope is uneven, and the internal force near the impact side is large. The
other cases are consistent with the law of Case 4, and the internal force response law of the
support rope and the suspended rope is consistent. This phenomenon is consistent with
the test law of the passive protection system [31-33].
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Figure 14. Case 3 internal force of suspended rope. (a) Case 3. (b) Case 4.

The peak value of the internal force of each component of the system is shown in
Table 5. The system components under Case 1 to Case 5 have a large surplus, and the
overall structure is relatively safe. Because impact condition 3 is an asymmetric load, the
stress at the impact side of the suspended frame is large, and the maximum stress exceeds
condition 4, so the impact of eccentric impact should be fully considered in the design.

Compared with Case 5, the internal force of the support rope in Case 2 decreases by
59%, the internal force of the suspended rope decreases by 60.3%, and the stress of the
suspended frame decreases by 63.6%. Under Case 6, the internal force of the wire rope
reaches the breaking value, the stress of the suspended frame reaches the yield value, and
the system fails.

6.4. Discussion

According to the energy consumption mechanism proposed in this paper, the energy
consumption capacity of the system increases more than six times compared with the
system without energy consumption. The simulation results verify the feasibility of the
component force balance design in this design method. Meanwhile, the state of the energy
dissipator is the same as that expected in Section 4.3 of this paper, which proves the
effectiveness of the two-sage energy consumption mechanism in this design method. The
energy consumption mechanism has an obvious effect on reducing the internal force of key
components, so the energy consumption mechanism is indispensable in the design.

The high-fall flexible protection system is designed for the overall fall protection of
formwork equipment in the construction of the core tube of ultra-high-rise buildings, and
can also be used in the high-fall protection of other building structure openings. Compared
to traditional protection systems (Table 6), the biggest advantage of the protection system
proposed in this article is its higher energy consumption capacity. The disadvantage of this
system is its high cost, so it can be combined with traditional protective nets to use this
system in areas with high protection level requirements and traditional protective systems
in areas with low protection level requirements.
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Table 5. Component internal force.

Support Rope Suspended Rope Intercepting Net Suspended Frame
Primary Secondary
Cases Force(kN) Limit Surplus Energy Force Limit Surplus Energy Force Limit Surplus Stress Limit Surplus
(kN) (%) Dissipator (kN) (kN) (%) Dissipator (kN) (kN) (%) (Mpa) (Mpa) (%)
Status Status
Case 1 48 284 83.1 Phase 1 17.8 284 93.7 Phase 1 34.6 924 96.3 29.7 345 91.4
Case 2 70.9 284 75.0 Ph;ﬁg:ea;d 304 284 89.3 Phase 1 131 924 85.7 492 345 85.7
Case 3 117 284 58.8 Phase 2 and 143 284 496  Thaseland 198 924 78.6 226 345 345
Phase 3 Phase 2
Case 4 138 284 51.4 Phase 2 and 177 284 37y  Phase2and 655 924 29.1 191 345 446
Phase 3 Phase 3
Case 5 173 284 39.1 - 76.5 284 73.1 - 131 924 85.8 135 345 60.9
Case 6 284 284 0 - 161 284 43.3 - 194 924 79 345 345 0
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Table 6. Performance Comparison.

Main Energy-Consuming

Components Protection Capability Cost

“V-type” safety nets [23] nets 7.7K] low
High-strength nylon nets [24] nets 26.3k] low
The proposed system Energy dissipators 673.8 kJ high

7. Conclusions

(1) This study set out to develop a high-fall flexible protection system with much stronger
energy consumption than traditional protection systems, solving the problem of
large-scale impact protection similar to the overall fall of mold equipment, thereby
improving construction safety.

(2) The novelty of the system lies in the use of steel wire mesh as the interception compo-
nent and the use of energy dissipators as the energy-consuming component, achieving
high energy consumption capacity.

(38) The proposed design method considers system energy matching, component internal
force balance, and two-stage energy consumption, which can achieve the scientific
and quantitative design of high-altitude flexible protection systems.

(4) These simulations confirmed that compared with the system without an energy
dissipation mechanism, the system with a tensile yield energy dissipation mechanism
can reduce the internal force of its key components by about 60% and increase the
anti-falling impact capacity more than six times.

(5) The study is limited by the lack of practical engineering applications. The convenience
and economy of the system have not been verified yet.

(6) Future studies should pay attention to the high energy impact protection of non-
opening parts, and carry out special research on its application to the high-fall damage
protection of construction personnel.
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