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The construction industry continues to be one of the industries with the highest accident rate. Tower cranes have always been the
central component of many construction operations. With recent advancements in tower cranes, more eﬀorts have been made for
their safe operation. The impact of natural environmental factors on the operation of tower cranes cannot be ignored, especially
the impact of the wind load, which can be found in construction regulations worldwide. Therefore, a large number of recent
studies have focused on exploring diﬀerent approaches to improving the impact of loads, such as improved feedback controllers
and collocated sensors. However, there are few studies on the impact of the ﬂexible cable pendulum system under wind load. To
quantify the impact in this paper, ﬁrst, the swing model of the hanging and the model of sling ﬂuctuation are proposed as the base.
Second, the ﬂexible cable pendulum model is designed for the impact of tower cranes under wind load. By ﬁeld experiments, the
applicability of the model in practical use is analyzed. A case of the Crane Beach Hydropower Station is investigated as a
demonstration. With MATLAB programming, the variation in the hanging impulse with wind speed is shown, indicating that the
maximum wind speed should be 12 m/s if the factors that people can control are considered. When considering the factors that
can be harmful to humans, the maximum wind speed is 17 m/s. With the proposed model, the impacts of wind load on tower crane
operation can be quantiﬁed without actual deployment, oﬀering a more straightforward quantitative tool for safe regulations and
engineering management.

1. Introduction
Tall and ﬂexible tower cranes are widely used at construction
jobsites, and irregular oscillation of the hanging caused by
the load is an important cause of tower cranes hitting people
[1]. In addition, environmental wind is the major external
disturbance source of hanging payloads [2], which leads to
additional sway. Thus, wind is always considered when
designing safety regulations of tower cranes [3]. In China,
the general regulation is to stop the operations of tower
cranes when the wind scale reaches a certain level (JGJ-2762012). However, the regulations are usually based on accident analysis, and sometimes the wind does not aﬀect the
operation of tower cranes, though they must be stopped
because of the regulations. This setback results in less than

optimal eﬃciency, higher costs, and longer deadlines. Additionally, some projects cannot stop construction halfway.
Therefore, it is necessary to explore the maximum wind
speed at which tower cranes can operate.
The crane system of the tower crane including the lifting
rope and hanging is generally known as the ﬂexible cable
pendulum system. When a strong wind occurs, the movement of the ﬂexible cable pendulum system may be aﬀected
[4]. Once the ﬂexible cable pendulum system is aﬀected, it
will aﬀect the movement state of the hanging, resulting in
errors in landing [5]. The inaccurate location of the landing
may lead to construction errors and engineering problems.
Even more seriously, it may hit construction personnel and
cause safety accidents [6]. Therefore, the motion of the
ﬂexible cable pendulum system under horizontal wind loads
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should be studied. This can provide the basis for the limit of
the wind scale when the construction must stop for safety
management. In this manuscript, the movement of the
ﬂexible cable pendulum under a horizontal wind load is tried
to be explored.
The ﬁrst step in exploring the movement is to analyze the
movement of the lifting rope and the hanging of the tower
crane under wind loads. For a movement of the ﬂexible cable
pendulum system of the tower crane, the status constraint
conditions would vary in diﬀerent situations. For example,
because diﬀerent tower cranes have diﬀerent rope lengths,
the movements of the ﬂexible cable pendulum systems
would be diﬀerent even if the same wind load is encountered.
Therefore, the length of the rope is an inﬂuential factor that
aﬀects the movement of the ﬂexible rope under wind loads.
For example, a very heavy hanging is much less aﬀected by
wind loads than a light hanging. Therefore, not only the
length of the rope but also the mass of the hanging should be
considered in the model. Thus, these possible impact factors
should be fully considered in the modeling process.
In this paper, the movement of a ﬂexible cable pendulum
under wind loads is investigated, considering diﬀerent wind
speeds. To quantify the impact of wind on tower cranes, a
mathematical model of the ﬂexible cable pendulum wave
under the mixed initial boundary conditions is proposed
based on the string wave equation because it is impractical to
conduct a real ﬁeld test for every wind speed. By conducting
the mathematical model, diﬀerent wind speeds can be
represented in detail by a set of numerical values, including
the coordinate value of the ﬂexible pendulum system, force
situation, and rope form.
The remainder of this paper is organized as follows. First,
the high number of injuries from tower cranes in construction is reviewed, and the impact of wind load on tower
cranes and some improvement methods are discussed.
Second, the model of the ﬂexible cable pendulum and algorithm optimization are presented. Third, a case of the
Crane Beach Hydropower Station is presented and analyzed.
Fourth, the ﬁndings and limitations of the study are discussed. Finally, the conclusions are summarized.

2. Background and Related Work
High injury and fatality rates have continuously been observed in the construction industry. Although the number of
accidents in construction has decreased recently, construction is still considered one of the most dangerous industries [7]. Tower cranes are the central component of
many construction operations and are associated with a
large fraction of construction deaths [8, 9]. Mucenski et al.
analyzed 212 nonfatal injuries in the work process. Research
has shown that trucks and tower cranes are the riskiest
machines. “Struck by an object,” “struck against,” “caught in,
under or between,” and “fall to level below” are the most
common forms of injury that occur when using construction
machinery and tools [10]. Therefore, research on the safety
of tower cranes is helpful to reduce the occurrence of
construction accidents. Currently, research on tower cranes
mainly focuses on lifting plan optimization [11, 12],
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optimizing the location of tower cranes [13, 14] and the
safety of tower cranes. Due to its structure, the tower crane
will collapse when the load is too large. Tower cranes have
been the subject of research investigations to reduce the
swaying of the load for several decades [15]. Tower crane
loads exhibit unwanted motions such as swings, twists, and
bounces that cause safety hazards and decrease performance.
Numerous controllers have been developed to reduce load
swing, and Yoon et al. presented a method for generating
commands to suppress the oscillations [16]. Vaughan et al.
[17] reviewed a command generation technique to suppress
the oscillatory dynamics with robustness to frequency
changes, and performance improvements occurred during
both local and teleoperated control.
Tower crane operation platforms are distant from the
ground, and it is very diﬃcult for the driver to accurately
visually control the construction machinery location and the
location of workers on the ground. The potential collisions in
the operating environment depend on the location and
movement information of the tower crane signalman
macroscopic observations [18]. However, human observational error is one of the causes of tower crane safety accidents [19, 20]. Chen and Luo [21] considered the accuracy
features of the localization system and the constraint for
decision making and then proposed the precision and recall
evaluation model of position-related safety status decision
making. Luo et al. [22] improved emerging sensing technologies that oﬀer a solution to improve jobsite safety
performance by providing location information to determine a worker’s safety situation regarding proximity to
dangers. Yang et al. [23] established an automatic collection,
analysis, and early-warning system that can help improve the
safe operation of tower cranes. Using the linear approximant, a dynamic measurable output multidelay controller
for independent control of the performance outputs of the
system is proposed [24]. This system can be used for the
signal detection of tower cranes. To improve the blind spots,
Lee et al. [25] introduced a newly developed tower crane
navigation system that provides three-dimensional information about the building and surroundings as well as the
position of the lifted object in real time using various sensors
and building information modeling (BIM). Cheng and
Teizer [26] presented an approach that aims to increase the
situational awareness of tower crane operators by aligning
an enhanced understanding of the construction site layout
with increased operator visibility of ground-level operations.
The current studies of tower cranes focus on human
factor engineering. However, these studies underestimated
external impacts such as environmental factors. In particular, the wind has a great impact on the hoisting operation of
the tower crane [27]. Tower cranes are typically operated at
considerable heights; their slewing reducer has to support
both the variable wind loads at those heights and the load
results from the inertia of the system [28]. In addition,
uncertain disturbances such as environmental wind always
degrade the control performance of the crane system. Seoul,
the research area, has the fastest wind speed in April and the
slowest in October. This hosting time estimation model
would be used for estimating the impact of wind [29]. In
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many countries, “wind speed of 20 m/s” is normally used as
the maximum in-service wind speed for tower cranes.
Therefore, the investigation of the proper wind speed for
regulation would be helpful to secure the safety of tower
crane operation under windy conditions [30].
To reduce the impact of environmental wind, many
studies have focused on improving the design of control
systems for tower cranes. Miranda-Colorado and Aguilar
presented a methodology for designing controllers that attenuate the load swing angle in two-dimensional overhead
crane systems with varying rope lengths [31]. El Ouni et al.
proposed a smart tower crane equipped with pairs of collocated sensors and actuators to mitigate turbulent wind
[32]. Sun et al. proposed an improved feedback controller
with an elaborately constructed integral term [33]. Although
many improvements have been made, our regulations and
ﬁeld safety management still require the most common
regulations. This requirement means knowing exactly the
wind speed that makes the tower crane stop working.

3. Methodology
The ﬂexible cable pendulum system consists of a hoist, a
sling, and a hanging. The mathematical model of the ﬂexible
cable pendulum system is diﬃcult to establish because of its
multi-degree-of-freedom, multiobjective, and multibody
system. To facilitate our research, we assume that the swing
component of the suspension movement of the cable is
independent of the sling ﬂuctuation component and that it
obeys the superposition principle [34]. For the swing of the
hanging, according to the diﬀerent ways of representing the
swinging angle, the swinging angle can be divided into the
pendulum model [35], which represents the swinging angle
with spherical coordinates, and the space ball model [36],
which represents the swinging angle with internal and external angles.
Based on the motion characteristics of the cable crane
ﬂexible cable pendulum system, an absolute coordinate
Ox0 y0 z0 was built. The x0 -axis points to the boom in the
horizontal plane; the y0 -axis points to the right side of the
boom; and the z0 -axis points straight down. The Oxyz coordinate system is established according to the movement
track of the suspended object in the horizontal plane. In
Oxyz, the X-axis coincides with straight line OA, and the
direction close to the boom is set as positive. The Z-axis is
still going straight down. As shown in Figure 1, when the
angle between Ox and Ox0 is α, the coordinates Oxyz and
Ox0 y0 z0 can be freely transformed by the following
transformations:
x0
cos α −sin α 0 x
⎢
⎢
⎢
⎡
⎤⎥⎥⎥ ⎡
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⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
(1)
⎢ y0 ⎥⎥⎥⎦⎥ � ⎢
⎢ sin α cos α 0 ⎥⎥⎥⎦⎥⎢
⎢ y ⎥⎥⎥⎦⎥.
⎢
⎢
⎢
⎣
⎣
⎣
0
0
1 z
z0
As shown in Figure 1, the motion parameters of the
hanging and its rope are set as follows: point A represents the
head of the sling and oscillates at origin O; m is the mass of
the hanging. Based on the spherical coordinates established
in the ﬁgure, L is the length of the hanging rope; x(t) is the
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Figure 1: Structural analysis diagram of the ﬂexible cable pendulum systems.

decomposed displacement of the hanging head in the X-axis
direction; and z(t) is the displacement of the hanging head
in the Z-axis direction. However, the rope of the cable crane
is usually rigid, and we can ignore the displacement in the Zaxis direction.
3.1. Model of the Swing of Hanging. Since the movement of
the hanging in the X-axis direction is only aﬀected by the
horizontal force, the displacement of the hanging head is
proportional to the force exerted and always points to the
equilibrium position. The motion state is the same as that in
which the hanging is in simple harmonic motion. Therefore,
assuming that the movement of the hanging head in the Xaxis direction is simple harmonic motion, the displacement
along the X-axis of the hanging head at t is
x(t) � U cos(ωt),

(2)

where U is the amplitude of simple harmonic motion, ω �
2π/TA is the angular frequency of hanging head motion, and
TA is the movement period of the hanging head.
Taking the second derivative of (2), the acceleration of
point A is
x(t)′′ � −Uω2 cos ωt.

(3)

According to the pendulum principle, the swing equation of the hanging is obtained as
β″ + 2ξω1 β′ + ω21 β � 2ξω1

x′
x
+ ω21 ,
L
L

(4)

where ξ is the damping coeﬃcient, ω1 is the natural frequency of the pendulum, β is the angle between
��� the hanging
rope and the vertical direction, ω1 � g/L, and g is the
acceleration of gravity.
Substituting the above formula into (4), we get
β � Θ cos(ωt + α),

(5)

4

Mathematical Problems in Engineering

where Θ is the swing angle amplitude,
U
1/2
Θ � 1 + d2  G(ω),
L
ω
d � 2ξ ,
ω1
��������������� − 1

2 2
⎜ ⎣
⎟
⎛
⎞
ω ⎤⎦
⎟
⎜
⎟
⎡
G(ω) � ⎜
1
−
+ d2 ⎟


⎜
⎟
⎝
⎠ .
ω1

P (t)
O

(6)

F

Taking the derivative of both sides of (5), the angular
velocity of the swinging object can be obtained as

A

180° – η

β′ � −ωΘ sin(ωt + α) � −Θ′ sin(ωt + α),
mg

Θ′ � ωΘ � G1 (ω)U,

(7)

ω
1/2
G1 (ω) � 1 + d2  G(ω),
L

Figure 2: Rope ﬂuctuations analysis of the ﬂexible cable pendulum.

where Θ2 is the angular velocity amplitude and G1 (ω) is the
transfer function of the horizontal displacement of the lifting
head in the X-axis direction on the swinging angular velocity
of the hanging.
The additional tension value of the sling generated by the
hanging head excited in the X-axis direction is
2

Fx � mLβ′ .

(8)

The wind force of the hanging in the X-axis direction is
FW � WP S,

(9)

where WP is the wind pressure perpendicular to the direction of the airﬂow and S is the surface area of the
windward surface of the hanging.
WP � 0.5r0 · v2 ,

(10)

where r0 is the air density and v is the wind speed.
Therefore, according to the force analysis, the total
tensile force of the sling is
2

F � mg cos α + mlβ′ + WP S sin α.

(11)

The horizontal acceleration formula of the hanging is
F + FW
(12)
.
ah � X
m
3.2. Model of Sling Fluctuation. Let the horizontal displacement of each particle on the rope be x � u(z, t).
As shown in Figure 2, the slope of the end of the sling can
be represented by zx/zz or tan(π − η), and η is the angle
between the sling tension F and the negative direction of the
Z-axis. According to Newton’s laws of motion, the sling
ﬂuctuation equation is deduced as
z2 u
⎪
⎧
⎪
⎪
⎨ m zt2 + F sin η � 0,
⎪
⎪
⎪
⎩
mg − F cos η � 0,

z

When η is small, zu/zz � −tan η ≈ − sin η, cos η ≈ 1
can be converted. Therefore, (13) can be transformed into
z2 u
zu
− g � 0.
zt2
zz

(14)

According to the analysis of the swinging phenomenon
of the hanging, the characteristic solution of (14) can be
deduced as
u(z, t) � B sin ωt · expω2 (z − NL).

(15)

Here, B is the amplitude, which depends on the situation;
B is the maximum swing amplitude of the hanging head
here; and N represents any integer, and this parameter can
control the swing amplitude of the hanging.
Assuming that the sling is uniform, completely soft, and
tensed in a straight line at equilibrium, we take the line as the
Z-axis, and points on the sling are represented by points on
the Z-axis. Suppose the sling undulates in a plane. The
displacement of the sling point perpendicular to the Z-axis at
time t is represented by u(z, t). For small vibrations, the
swinging angle of the hanging is very small. When there is an
external force on the sling per unit length, the external force
density is f(z, t), and when its direction is perpendicular to
the Z-axis, we can obtain the nonhomogeneous string vibration equation:
z2 u 2 z 2 u
− v 2 � f(z, t),
zt2
zz

(16)

where v is the wind speed.
To ensure the uniqueness of the formula and its applicability in this case, the following mixed initial boundary
conditions are set:
The initial conditions are
u(z, 0) � φ(z),

(13)

zu
(z, 0) � ϕ(z),
zt

(17)
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where φ(z) and ψ(z) are the initial values of the sling that
need to be determined according to the speciﬁc initial
requirement.
The boundary conditions are
u(0, t) � ρ(t),
u(L, t) � σ(t),

σ(t) � B exp

−ω2 L
sin ωt.
g

(20)

(18)

where ρ(t) deﬁnes the function for the vibration source:
E
(19)
ρ(t) � at2 ,
2
where a represents the acceleration of the hanging head; E is
the adjustment factor, which is related to the nature of the
simple pendulum system and the motion environment; and

u0i � φ zi ,

σ(t) is the boundary condition of the swing of the hanging
derived from (15).

3.3. Algorithm Optimization. If the partial diﬀerential
equation is solved according to the standard function, there
are too many discrete points and the value is not stable. To
meet the stability of the calculation, as well as speed it up, the
implicit diﬀerence method of unconditional stability is used
to solve the partial diﬀerential equation of the sling wave.
The speciﬁc calculation method is

1 ≤ i ≤ p − 1,

1
u1i � φ zi  + τψ zi  + τ 2 a2 φ″ zi  + f zi , 0,
2

1 ≤ i ≤ p − 1,

uk+1
� ρ tk+1 ,
0
uk+1
p � σ tk+1 ,
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⎢
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⎢
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⎢
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⎢
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0
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2

where s � aτ/h is the step ratio, τ is the time step, and h is the
spatial step. These represent the ratio of the length of the
sling to the number of space intervals p; k0 �
1 + s2 , k1 � −s2 /2,
1 ≤ k ≤ n − 1, where n is a discrete point; uik is the displacement zi of the point i of the sling at time t; and f(zi , tk )
is the external force density. For the sake of research, we
assume that the string ﬂuctuations have no resistance, and
f(zi , tk ) � 0.
Our assumption of the initial conditions is
φ zi  � φ″ zi  � ψ zi  � 0.

(22)

Based on discrete point displacement on the sling due to
the swing of the hanging, according to the swing angle α of
the hanging, and the displacement coordinates of the n
discrete points in the coordinate system, Oxyz can be
calculated.

k1 0

k0 k1 0
⋮ ⋮ ⋮
0 k1 k 0
0
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⎤⎥⎥
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⎥⎥⎥⎢⎢⎢
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⎥
⎥
k1 ⎥⎥⎢⎢ p−2 ⎥⎥
⎥⎥⎥
⎥⎥⎦⎢⎢⎢
⎥⎦
⎢⎣
k0 uk−1
p−1

0 0

0 k1

(21)

The mathematical model calculation process of the cable
crane ﬂexible cable pendulum system is represented
according to Figure 3.

4. Case Study
The Crane Beach Hydropower Station is the second largest
hydropower station in China after the Three Gorges Hydropower Station. The biggest challenge in building the
Crane Beach Hydropower Station is frequent gales.
According to the statistical analysis of Crane Beach’s wind
rating measured for many years by the local meteorological
department, the wind rating exceeds level 7 on approximately 241 days each year, and on many days the wind rating
reaches level 10.
A Kestrel 5500 weather meter is used to measure local
wind speeds in real time. The ﬁeld measurement picture is
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With the increase of wind speed, the horizontal impulse
of the hanging increases is shown in Figure 7.

Enter the required value

Calculate the motion of the
lifting head

p

Calculate the value
of P (t)

6.2. Model Validation. The data obtained from the above
ﬁeld experiment and the data derived from the model were
tested by SPSS to verify the correctness of the model, and the
results are as follows.(Table 2–4)

7. Discussion
Calculate the swing angle of
the hanging

β

Calculate the sling wave
pattern

L

Calculate F (x) and F

Calculate h and c

Calculate sling motion

Figure 3: Flowchart of the ﬂexible cable pendulum simulation.

shown in Figure 4. Then, we use the position detector of the
tower crane to measure the distance of hanging. As long as
the time interval is small enough, the acceleration we obtain
can be approximated as the instantaneous acceleration at the
current moment. Using this principle, we can compare the
measured data with the calculated values to verify the feasibility of the model.

5. Case Parameter
The length of the on-site tower crane rope we used was 60 m,
the weight of the hanging was 6850 kg, and the local air
density was 1.293 kg/m3. When lifting the hanging, the tower
crane can rise or fall at a speed of 3 m/s. The measured wind
speeds and the corresponding movement distances of the
object are shown in Table 1.

6. Results
6.1. The Programming Calculation. By programming the
ﬂexible cable pendulum system model with MATLAB, the
weight of the hoisting object was input to be 70000 kg, the
length of the hoisting rope was 70 m, and the wind-facing
surface area of the hoisting object was 5 m2, to obtain the fact
that the force of the lifting rope varied with the wind speed.
Then, the calculated data were imported into Origin 2018 to
obtain Figure 5 of the change in the rope tension with wind
speed.
The motion displacement diagram of the hanging in the
ﬂexible cable pendulum system with time is shown in
Figure 6.

Tower cranes are very complex mechanical systems that have
been the subject of research investigations for several decades to reduce the swaying of the load, for example, wind
load. Voisin et al. proposed an experimental method to study
the behavior of tower cranes in strong winds and improved
the design of the crane to reduce the crane overturning
moments [37]. Eden et al. developed a method for selecting
appropriate out-of-service design wind speeds for tower
cranes [38]. In many countries, “wind speed of 20 m/s” is
normally used as the maximum in-service wind speed for
tower cranes. In China, the hoisting safety regulations
stipulate that operations must be stopped if the wind exceeds
level six; the level six wind speed is between 10.8 m/s and
13.8 m/s. Thus, the maximum in-service wind speed for
tower cranes in China is 13.8 m/s. However, many projects
were not stopped when wind speeds exceeded 13.8 m/s, and
there were no safety incidents. Therefore, we need to explore
the maximum wind speed allowed for tower crane construction, and the ﬁrst step is to analyze the movement of
cranes under wind loads.
First, the force on the rope as the wind speed changes is
shown. It can be seen from Figure 5 that the force of the rope
varies signiﬁcantly with the wind speed and the tension of
the rope is positively correlated with the wind speed. The
higher the wind speed is, the steeper the trend of the rope
tension is. This outcome means that the higher the wind
speed is, the more diﬃcult the rope is to control.
Second, the displacement of the crane over time when
the wind speed is constant is represented. In Figure 6, the
vertical direction is the displacement value of the hanging in
the horizontal direction when the hanging is standing at the
origin, the horizontal plane is the time value of 0–50 s, and
the perpendicular distance is the vertical height of the
hanging. Since the force exerted on the ﬂexible cable pendulum system is constant when the wind speed is constant,
the motion of the ﬂexible cable pendulum can be simpliﬁed
to simple harmonic motion, which can also be easily seen in
the ﬁgure.
Third, the variation in lifting impulse when the wind
speed changes is explored. As shown in Figure 7, with the
increase in wind speed, the hanging impulse increases signiﬁcantly, and the higher the wind speed is, the greater the
hanging impulse increases.
Then, the feasibility of the model in reality is veriﬁed.
Through SPSS comparative analysis, the results of the model
calculation and ﬁeld experiment are shown in Tables 2–4.
Table 4 shows that t = 0.897. This value means that the model
is 99 percent or more consistent with reality. The

Mathematical Problems in Engineering

7

(a)

(b)

Figure 4: Field experiment picture.
Table 1: The measured wind speeds and the corresponding movement distances.
Wind speed (m/s)
9.12
9.22
9.16
9.08
9.11
9.18
9.15
9.20
9.13
9.14
9.21
9.20

Run time (s)
1
1
1
1
1
1
1
1
1
1
1
1

The acceleration (m/s2 )
0.325
0.338
0.328
0.320
0.322
0.332
0.328
0.335
0.324
0.326
0.336
0.335

Run distance (m)
0.325
0.338
0.328
0.320
0.322
0.332
0.328
0.335
0.324
0.326
0.336
0.335

294745
294740

299480

294735

299470

Force (N)

Force (N)

294730
294725
294720
294715
294710
294705

299460

294700
294695
299450

294690
10

20
Wind speed (m/s)

30

Force

10

20
Wind speed (m/s)

30

Force
(a)

(b)

Figure 5: (a) Force on the sling when starting to lift. (b) Force on the sling when landing.

determination of this correlation can also verify the usability
of the model in practical engineering. The correctness of the
test indicates the applicability of the model.
When the hanging collides with a human body, the
common collisions are as follows: the collision between the
hanging and chest, the collision between the hanging and
abdomen, and the collision between the hanging and legs.

Since the volume of the hanging is generally larger, and the
hanging and the ground generally maintain a distance, the
collision between the hanging and legs is not considered
[39]. Compared with the chest, the abdomen is more vulnerable to injury because the abdominal bone structure
protects less abdominal viscera, and internal organs are
more likely to deform in front and side impacts, resulting in
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Figure 6: The motion displacement diagram of the hanging in the ﬂexible cable pendulum system with time.
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Force (N)

2000

1000
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Figure 7: The horizontal direction of increase impulse with the increase of wind speed.
Table 2: Sample statistics.
Field experiment
Model calculation

Average
0.52908
0.52933

Case number
12
12

Standard deviation
0.005977
0.006344

Mean of standard error
0.001725
0.001831

Table 3: Sample correlation coeﬃcient.
Case number
12

Field experiment & model calculation

Correlation
0.989

Signiﬁcance
0.000

Table 4: Sample test.
Paired diﬀerence

Field experiment & model
calculation

Average

Standard
deviation

Mean of standard
error

−0.000250

0.000965

0.000279

Diﬀerence 95%
conﬁdence interval
Lower
Ceiling
limit

t

−0.000863 0.000363 −0.897

Degrees of
freedom

Sig.

11

0.389
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Table 5: The congruent relationship of wind scale and wind speed.
Wind scale
Wind speed (m/s)

5
8.0–10.7

6
10.8–13.8

8
17.2–20.7

9
20.8–24.4

10
24.5–28.4

operation safety in China could be modiﬁed as follows: (1) if
lifting operations require high construction precision, the
construction should be stopped when the wind force is more
than level 6; (2) if the construction precision requirements
for lifting operations are not so high, then when the wind
force is more than level 8, operations must shut down.

4000

Force (N)

7
13.9–17.1

3000

8. Conclusions

2500
2000

10 12

17 20
Wind speed (m/s)

30

Force

Figure 8: The relationship between the appropriate working wind
speed and the hanging impulse.

vascular rupture and internal tissue damage [40]. The
damage standard in China’s automobile collision protection
regulations (GB 20071-2006) can also be applied here. The
peak force on the chest should be less than or equal to 3.3 kN,
and the force peak on the abdomen should be less than or
equal to 2.5 kN. In addition, the force that an adult man can
control is generally 2 kN [41]. Therefore, through these
limits, we can ﬁnd the wind speed suitable for tower crane
construction. The relationship between the appropriate
working wind speed and the hanging impulse is shown in
Figure 8.
As shown in Figure 8, when the wind speed is more than
12 m/s, it has exceeded the maximum force controlled by
ordinary auxiliary workers, while when the wind speed is
more than 15 m/s, it has been determined that the collision
will cause damage to auxiliary workers. Thus, the tower
crane hoisting operation regulation in China (JGJ-276-2012)
that states that tower crane operation must stop at a wind
level greater than 6 (wind speed exceeding 10.8 m/s) is
unwarranted, and the modiﬁed tower crane operation wind
speed limit of 15 m/s in South Korea [30] at which work
must stop is inaccurate based on investigating the shutdown
of most construction sites in Seoul. Therefore, if the accuracy
of construction is considered, when the wind speed is more
than 12 m/s, the tower crane should stop working; when the
wind speed is more than 17 m/s, construction must be
stopped because it will cause injury to the auxiliary construction personnel.
Finally, the improvement method is proposed according
to the hoisting operation regulations of China. In China, the
diﬀerent wind speeds are expressed in terms of the wind
scale. According to the congruent relationship of wind scale
and wind speed in Table 4, the regulations on hoisting

The eﬀects of the wind load on tower crane operation are
investigated in this paper because wind speed limits are often
mentioned in the tower crane work safety regulations and
vary from country to country. However, it is not accurate to
consider only the impact of wind load on the movement of
the hanging. Considering the features of tower crane operation, a motion model of the ﬂexible cable pendulum
system under wind load is proposed. To sum up, the two
primary contributions are as follows.
A simple harmonic motion-based ﬂexible cable pendulum system model is proposed. The key point is to establish the motion model of the ﬂexible pendulum and
obtain the impulse change in the hanging with the change in
wind speed. It is impractical to conduct ﬁeld experiments on
the motion of the hanging at each wind speed. Therefore, we
used the Kestrel 5500 weather meter and positioning device
to measure the data over a period of time to verify the
feasibility of the model. The results of ﬁeld experiments show
that the ﬂexible cable pendulum system model has a good
eﬀect.
The model of the ﬂexible cable pendulum system includes the swing model of the hanging and the swing model
of the sling ﬂuctuation, and the model considers not only the
change in wind speed but also the change in time from lifting
to landing.
In considering the crane safety regulations of China and
South Korea, the safety regulations of the two countries have
obvious diﬀerences. By using the established model and the
data obtained through programming calculation, the reasons for the diﬀerences between the two countries can be
explained. The two speciﬁcations are from diﬀerent perspectives, but both of them make sense.
In summary, the eﬀect of the wind load is focused on the
ﬂexible cable pendulum system of the tower crane rather
than on the hanging. It is a good way to superimpose the
swing model of the hanging and the swing model of the sling
ﬂuctuation with the principle of superposition, so that the
model of the ﬂexible cable pendulum can simulate the
operation of all kinds of tower cranes. However, the model
can only simulate the impact when the wind speed changes
at a certain time and cannot be expressed when the time and
the wind speed change at the same time. Thus, although it
can be used as a basis for some regulations, the results may
diﬀer from the actual situation. Conversely, the original
intention of this study is to provide support for the
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formulation of regulations. However, using the ﬂexible
pendulum model based on string dynamic theory can also be
used to evaluate the proposed regulations. Future research
based on the proposed model can not only consider the risk
of human collision but also explore the possibility of damage
to equipment caused by collision.
The data obtained from ﬁeld experiments can verify the
applicability of this model. The model can well reﬂect the
movement of the hanging under diﬀerent wind speeds and
the ﬂuctuation patterns of the sling cables at diﬀerent times,
and it presents the limiting wind speed which can be used as
a reference for the establishment of safe regulations and
engineering management regulations. Thus, the proposed
model is signiﬁcant for management in the construction
industry.
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