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High-rise building machines (HBMs) are commonly used for the construction of super-high skyscrapers. Monitoring and early
warning are critical to ensure the safety of giant HBMs during dynamic climbing. However, no indicators or control methods
directly reflect the dynamic safety state of such large structures. In this study, the key factors influencing the climbing altitude were
systematically analyzed and a method for the dynamic monitoring and early warning of HBMs during climbing was proposed. This
approach is innovative for monitoring 3D attitude in real time using a string of fiber grating-level sensors mounted on the main
bearing surface of the HBM. Three-level early warning indicators and control methods that reflect the safety status of the HBM
during dynamic climbing have been established. The method was successfully applied to a 356-m tall high-rise project, the
Shenzhen Xinghe Yabao Building. Results demonstrate that the proposed method can monitor and control the safety state of
the HBM climbing process more accurately than current methods in real time. In addition, it significantly reduces the impact of
factors such as preclimbing differential deformation and climbing attitude recognition on the accuracy of the HBM climbing
control. This guarantees the safe management of HBMs and the efficient construction of super high-rise buildings. The results of
this study can also be widely applied to safety monitoring of the dynamic operation of giant construction machinery.

1. Introduction

High-rise building machines (HBMs) are widely used as jack-
up work platforms for the construction of super-high sky-
scrapers [1–3], such as the Shanghai Tower (632m), Canton
Tower (600m), and other high-rise concrete core tubes [4, 5].
The HBM is a mobile construction platform that carries vari-
ous construction equipment and facilities, such as tower
cranes and concrete distributors, to large heights, thereby
significantly increasing the construction efficiency of super-
high buildings [6]. However, there are significant safety risks
during the climbing stage of the HBM, and it is imperative to
ensure stability. In particular, the attitude of the platform
system while climbing is a critical control element during
construction. Many aspects, including proper settings of
safety evaluation and early warning indices for the HBM
operation attitude, improving sensitivity and accuracy during

the climbing stage, and effectively monitoring the orientation
during the climbing stage, are essential for mastering the real-
time performance of the HBM and for minimizing safety
risks.

Several studies have been conducted to examine con-
struction safety risks and monitor equipment and facilities
at construction sites [7–11]. Peng et al. [12] concluded that in
their entire life cycle, buildings are prone to risks during the
construction phase, particularly the concrete pouring phase
of the reinforced concrete structures. Aneziris et al. [13] devel-
oped a quantitative model of occupational risk for construc-
tion workers and concluded that workers installing timber
formworks have the highest risk of death. Luo et al. [14]
attributed the high hazard rate at construction sites to the
dynamic and complex characteristics of construction-related
entities, such as the movement of construction equipment
and workers and their interactions with each other. It is
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important to track the location, posture, and movement of
construction equipment. Sherafat et al. [15] studied the feasi-
bility of implementing various technical and computational
techniques for the automatic activity identification and track-
ing of construction equipment and workers. Adam et al. [16]
concluded that the risk of falling from heights is considerably
high during the formwork construction phase of floor slabs
and proposed prevention strategies and organizational meth-
ods to reduce the number of accidents during the formwork
phase of floor slabs. Lim et al. [17] focused on system scaf-
folding, which is widely used at construction sites and devel-
oped a computer vision-based monitoring system for safety
ropes and hooks to prevent fallings. Liu et al. [18] analyzed
the main risk factors in the construction of a hydraulic self-
climbing formwork. They concluded that significant safety
risks are present in the operation of a hydraulic climbing
formwork, especially during installation, dismantling, and
position adjustment. These processes are prone to template
collapse, falls from high places, and striking against objects.
Zhang et al. [19] used a deep learning-based approach for the
action recognition of excavators and dump trucks at construc-
tion sites. Rao et al. [20] identified the automated monitoring
of construction sites as a significant research challenge and
provided a comprehensive review of recent research on the
real-time monitoring of construction projects. Zhang et al.
[21] used accident causation theory and a systems thinking
approach to construct a causation systemmodel for construc-
tion accidents and conducted a case analysis of a particularly
significant collapse safety accident that occurred in the Feng-
cheng Power Plant Project. Golafshani and Talatahari [22]
analyzed the factors influencing the climbing rate of a slip

formwork system and concluded that weather conditions
and operating height are important factors affecting the ascent
rate of slip formwork systems. Montonen et al. [23] investi-
gated a slew-control application for tower cranes to reduce the
number of payload oscillations. Lee and Kim [24] developed a
construction hoist control system supported by deep rein-
forcement learning to improve the efficiency of construction
hoist operations. Yoon et al. [25] developed a dynamic simu-
lator formobile cranes based on the analyzed overturning limit
data and applied analysis results to on-site tests. Shen et al. [26]
proposed a four-level warning index based on risk management
by combining the deformation development characteristics of
an integral steel platform formwork. Zuo et al. [5] proposed a
real-time remote monitoring system to determine the strength
of concrete to accomplish safe climbing of the HBM.

The life cycle of HBM construction includes four stages:
installation, climbing, operation, and dismantling [4]. Risks
are mainly concentrated in the climbing and operating stages.
Most existing studies have focused on the selection of a form-
work system [27–29], performance analysis [30–32], and oper-
ational assessment [33, 34]. However, research on the dynamic
analysis and control of the climbing stage of the HBM and its
early warning indices is lacking.

2. Preliminaries

2.1. Introduction of HBM. The HBM is designed, in construc-
tion, as a bearing platform for large machinery and equip-
ment. The HBM, as shown in Figure 1, consists of a platform
system, scaffolding system, support system, climbing system,
and formwork system.
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FIGURE 1: Structural composition of the HBM.
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The platform system, located at the top of the core tube,
forms a climbing operational community with the other four
connected parts. They are composed of longitudinally and
transversely distributed steel beams enclosed by steel sheets
on their upper surfaces. The platform serves as a workspace
for construction activities, accommodates equipment and
materials, and distributes the loads to the support system.
The support system connected below the platform system is
the primary vertical force transmission system of the HBM.
It uses support devices to transmit vertical and horizontal
loads to concrete structures. The climbing system, supported
by column guide rails on top of the concrete wall, was driven
by a dual-acting hydraulic power system using multiple jack-
ing cylinders to move the HBM.

The HBM is characterized by extensive coverage, size,
and support points. The platform system is the primary
bearing-plane layer among the HBM components, which
makes it crucial for maintaining the construction stability
of the HBM by controlling the platform system level during
the climbing and operation stages.

During the operation stage, the HBM maintains a stable
supporting state on the concrete via the support devices.
However, during the climbing stage, the HBM and its asso-
ciated equipment ascend vertically along the column guide
rails, rendering the overall stability vulnerable to the climb-
ing attitude. The horizontality of a platform system is a sig-
nificant indicator of its overall stability. The factors affecting
horizontality include the telescopic synchronization of each
jacking cylinder and the height difference between each sup-
port point. The telescopic synchronization of the jacking
cylinder can be regulated by programming the allowable
displacement deviation value of the adjacent cylinder in a

programmable logic controller system. Support points are
established primarily through the artificial setting of reserved
holes or embedded parts in a concrete wall. However, achiev-
ing precise elevation control on the same floor is challenging
and may result in height differences between the support
points during construction, ultimately affecting the climbing
attitude of the platform system.

Therefore, the support points can be divided into two
types, climbing support points and fixed support points,
which are evenly distributed in the plane position of the con-
crete structure. Figure 2 shows the distribution of the climbing
and fixed support points in a typical project corresponding to
layers L1 and L2, as shown in Figure 1, respectively. The fixed
support points primarily affect the initial and in-position atti-
tudes of the HBM before and after climbing. In contrast, the
climbing support point has a continual effect on the support
capacity and overall stability of the platform system during
ascent.

2.2. Influence of Displacement Differences on Climbing.
Figure 3 shows the displacement differences in the platform
system resulting from the asynchronous climbing of climb-
ing systems a, b, and c during the climbing stage. The dis-
placement differences between corresponding positions of
the platform system are represented by Δhab, Δhac, and
Δhbc. These values are dynamic and change in real time
throughout the climbing process.

Δh0 refers to the maximum vertical difference of the
platform system due to the height difference of the fixed sup-
port points (ΔhL2) before climbing, as shown in Figure 3(a).
This value varies between the structural floors of the building
but remains relatively constant during the climbing process of

Climbing support point  

ðaÞ
Fixed support point  

ðbÞ
FIGURE 2: Distribution of (a) climbing support points and (b) fixed support points.
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each floor. Furthermore, the measurements obtained by the
monitoring points on the platform system comprise both
the asynchronous vertical displacement during climbing and
the height difference of the fixed support points.

In each climbing stage, the height difference of the climb-
ing support point (ΔhL1) determines the initial height of each
jacking cylinder on the guide rail. The operator’s primary
concern is the real-time change of the maximum displace-
ment difference, Δht , which is the maximum value of Δhab,
Δhac, and Δhbc, as shown in Figure 3(b). However, the inter-
ference of Δh0 needs to be addressed to enable the operator
to precisely control the real-time climbing attitude of the
platform system.

3. Methodology

The difference in the displacement between the support
points can affect the initial and climbing stages of the
HBM before each climb. Therefore, if the warning threshold
remains fixed during the climbing process, the attitude
changes in the entire platform system cannot be accurately
identified. This study proposes a monitoring and early warn-
ing method to accurately control the real-time attitude of
an HBM during the climbing stage. Figure 4 shows a flow-
chart of the proposed method. The approach begins with the
determination of a monitoring program based on specific
construction requirements. Subsequently, real-time moni-
toring values from multiple sensors are utilized to correct
the impact of the support points. This method comprises
three main steps as described below.

3.1. Identifying Monitoring Points. The monitoring point was
set on the main bearing steel beam of the platform system,
close to the point of intersection of the longitudinal and
transverse beams. The monitoring points were evenly dis-
tributed on the steel platform. The more the number of
monitoring points deployed, the more finely the real-time
state of the platform system can be sensed. However, consid-
ering the economy and operability, a monitoring point can
be arranged at key positions with a spacing of 5–10m. For a
rectangular platform system, it should be noted that no less
than five level sensors were distributed on the main stress

plane of the HBM, no less than one level sensor was set in the
central position, and the four corners of the main stress
plane. The total number of leveling sensors was m≥ 5.

Figure 5 shows the layout of the monitoring points on the
platform plane. Monitoring points were arranged during the
first installation of the HBM. The height of each monitoring
point should be consistent and determined at the same hori-
zontal position such that the height difference measured by
the monitoring points can represent the vertical deformation
of the steel platform.

3.2. Arranging Monitoring Sensors. To monitor the working
behavior of the HBM in real time, multiple monitoring
points were distributed in the platform system, and monitor-
ing sensors were installed at each monitoring point to collect
the vertical displacement and offset data of the point in real
time and send it to the monitoring system. The monitoring
sensor used a fiber grating static leveler with good transmis-
sion stability, which was less affected by external interference
and provided accurate data (see Figure 6). All the sensors
were mounted on the web of the steel beam at the same
elevation in the platform system to ensure that the baseline
readings for each level were identical. The fiber grating static
level operates based on the principle of liquid connectivity, in
which multiple liquid storage tanks are linked through pipes
to maintain an equal liquid level. Liquid-level sensors mea-
sure the height of the liquid in different storage tanks. The
relative difference in the vertical displacement (H1 −H4, as
shown in Figure 6) for each static level is calculated based on
these data, making it well-suited for precisely monitoring
vertical displacement. Table 1 lists the main parameters of
the fiber grating static level sensor.

3.3. Dynamic Monitoring and Early Warning

3.3.1. Dynamic Monitoring. Prior to the climbing stage, a
predetermined time interval Δt was allotted during which
n readings were taken for each level at each moment. Δt
represents a constant time interval within the operation
stage; it can be specified as needed, typically not less than
60 s, and must occur before the ascent of the HBM. The
maximum value Himax, the minimum value Himin, and the

ΔhL2
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ðaÞ
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Δhac
Δhbc (Δht)
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b
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FIGURE 3: Principle diagram of the vertical deformation of the platform system: (a) before climbing; (b) during climbing.
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difference Δhi between the measured values of all level sen-
sors in the time period Δt were obtained, respectively, as
follows:

Himax ¼max Hi1;…;Himf g; ð1Þ

Himin ¼min Hi1;…;Himf g; ð2Þ

Δhi ¼ Himax − Himin; ð3Þ

where m is the total number of level sensors, n is the total
number of data measured by a single level sensor during Δt,
and the integer i is within the range 1;½ n�.Himax andHimin are
the maximum and minimum readings of all the level sensors
at a specific point within Δt, respectively. Additionally, Δhi is
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FIGURE 4: Monitoring and early warning method of climbing attitude for the HBM.
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the maximum displacement difference of all level sensors at a
point in Δt.

Significant deviations in the overall data might occur due
to defects in individual data; to prevent this, the value of Δh0
was calculated by taking the geometric mean of Δhi.

Δh0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
∏
n

i¼1
Δhi

n

s
: ð4Þ

During the climbing stage, each sensor monitors the real-
time vertical displacement of its own point and sends this
information to a monitoring system. To obtain the maxi-
mum measured value of the maximum displacement differ-
ence at the current moment, the maximum value Htmax, the
minimum value Htmin, and the difference between them Δht
can be determined as follows:

Htmax ¼max Ht1;…;Htmf g; ð5Þ

Htmin ¼min Ht1;…;Htmf g; ð6Þ

Δht ¼ Htmax − Htmin; ð7Þ

where Htmax and Htmin are the maximum and minimum
values of all the level sensors at time t, respectively, and
Δht is the maximum measured displacement of all the level
sensors at time t in the climbing process.

Hence, the levelness of the platform system can be mon-
itored dynamically in real time. As a result, this can reflect
whether the jacking speed of the climbing cylinders is
synchronized.

3.3.2. Early Warning. In the climbing stage, corrections are
made to Δht and fh using the initial values of the current
phase, which provide Δh0t and f 0h, respectively. The graded

scale factor μ is employed to determine the early warning
threshold X.

Δh
0
t ¼ Δht − Δh0j j; ð8Þ

fh ¼ αL; ð9Þ

f
0
h ¼ fh − Δh0; ð10Þ

X ¼ μf
0
h ; ð11Þ

where Δh0t is the maximum displacement difference correc-
tion value of all level sensors at the current moment in the
climbing process, and fh is the maximum displacement dif-
ference warning value. For a rectangular platform system, L
is the length of the long side of the platform system plane,
and for a circular steel platform, L is the diameter of the
platform system plane. α is the scale factor, which is based
on the control requirements of the actual construction proj-
ect. According to the practical results of several super high-
rise building monitoring projects, 2‰ of the maximum side
length L of the platform system plane was considered as the
maximum warning control value for test verification [35]. f 0h
is the corrected maximum displacement difference warning
value, μ is the graded scale factor of the warning control
value, and X is the early warning threshold of the current
climbing stage. In a typical three-level warning system, the
values of μ are taken as 50%, 80%, and 100%. Therefore, X1,
X2, and X3 correspond to the first-, second-, and third-level
warning thresholds, respectively.

The variable Δh0t serves as a basis for comparing with X
and determining the appropriate warning interval. Through-
out the ascent, Δh0t remains in a designated location and
generates graded warning feedback as necessary. The HBM
safety warning control value, grading rules, and feedback
measures can be set based on the results of the structural
analysis of the project, relevant standards and specifications,
special construction programs, and specific requirements for
project site control. The grading of monitoring levels should
not only meet the needs of the recognition degree of struc-
tural working conditions, but also comprehensively control
the structural working conditions. However, it should not be
graded excessively, as it does not suit the actual operation.

Level sensor 2#
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1Current liquid

level
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FIGURE 6: Technical principle diagram of the level sensor.

TABLE 1: Main parameters of the level sensor.

Item Parameters

Standard range 0–100mm
Measurement accuracy <0.3% FS
Wavelength range 1,500–1,590 nm
Protection level IP67
Working environment −40 to +120°C
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4. Case Study

4.1. Project Overview. The west tower of the super-high-rise
project of Shenzhen Xinghe Yabao Building is 356m in
height, 74 stories above ground, and 4.5m in standard floor
height. The core tube of the tower is rectangular, and the tube
size is 27.40× 26.15m. The concrete core tube structure of
the tower was constructed using an HBM (Figure 7). The
plane size of the platform system was 30.20× 28.95m. This
HBM had 26 climbing systems and 46 fixed support points,
and it takes ∼2 hr to complete one climb of 4.5m. According
to the project schedule, an average of one climb per week was
required.

4.2. Identifying Monitoring Points and Arranging Monitoring
Sensors. To monitor the levelness of the HBM in real time,
16 level sensors were setup at the steel beam position of the
main force plane of the platform system, including four
points at the center and 12 points around it (Figure 7). After
the initial installation, all the sensors were calibrated to
ensure that they were at the same level and read “0.” The
sensors were numbered from SZ1 to SZ16, and their posi-
tions are shown in Figure 8(a). Figure 8(b) shows the mea-
sured values of the 16 monitoring points at a given time
before climbing. The highest and lowest points are located
in the diagonal positions of the platform system, and it was
observed that sensor SZ1 recorded the lowest reading at

Shenzhen Xinghe Yabao
Building Deployment of level sensors

FIGURE 7: Deployment of level sensors for the HBM in the Shenzhen Xinghe Yabao Building.
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FIGURE 8: Level sensor arrangement and measured values: (a) level sensor arrangement diagram; (b) cloud plot of typical measured values
before a single climb.
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−19.58mm, while sensor SZ16 recorded the highest reading
at 18.39mm.

The real-time readings of the 16 sensors indicate that the
platform system underwent some degree of tilt after multiple
climbs, as it differed from the horizontal state recorded just
after the initial installation. The platform system position at
the location of sensor SZ1 was lower, while the position of
the platform system at the location of sensor SZ16 was
higher. Before climbing the HBM, the material load at the
top was cleared, thereby eliminating uneven load issues.
Therefore, the platform system tilt was mainly attributed to
the uneven support displacement difference at the bottom
caused by the inaccuracy in setting the support points during
the previous climbs.

4.3. Dynamic Monitoring and Early Warning

4.3.1. Dynamic Monitoring. Figure 9 shows the measured
time history data of 16 level sensors during a climbing pro-
cess. The graph shows that before 11 : 10, the 16 sensors had
different readings in the range (−20,20) due to variations in
the height of the fixed support points of the HBM. Despite
these differences, the HBM remained in a stable support
condition and the readings remained relatively constant.
From 11 : 10 to 11 : 43, the fixed support points of the HBM
gradually changed to climbing support points, causing signif-
icant changes in the levelness of the platform and redistribut-
ing the height differences between the 16 sensors until all
support points had completed the transition. Subsequently,
the HBM entered a stable climbing state and the readings
gradually stabilized. At 13 : 00, the HBM reached its target
height but required another transition from climbing to the
fixed support points, causing significant changes in the read-
ings of the 16 sensors until completion at 13 : 25. The entire

climbing process took 2 hr and 15min. After completion, the
fixed support points of the HBM extended into the next struc-
tural layer, resulting in a stable support condition, but with
different height differences, resulting in a measurement range
(−25,15). This indicates that the variation in Δh0 can be
attributed to the height differences between the fixed support
points in different structural layers, and that the measured
value of each level sensor during the climbing stage exhibited
a greater degree of fluctuation as compared to the operation
stage.

Figure 10 shows the time history data of the measured
value Δht of the three consecutive climbing processes, i.e., the
climbing process, as shown in Figure 9, followed by two conse-
cutive climbing processes. There was an interval of approxi-
mately 6 days between each climbing process. Because there
was a displacement difference between the fixed support points
before and after each climb, the maximum displacement dif-
ference at the starting and ending positions exhibited a step-like
feature. Such a step-like horizontal displacement difference
does not contribute to a precise evaluation of the state of the
HBM during the climbing process.

For the three processes, the actual value of the level sen-
sor was taken 30min before climbing, Δt = 1,800 s, and the
values of Δh0 can be calculated using Equations (1)–(4) and
were found to be 37.9, 41.6, and 34.7mm, respectively. Real-
time data of Δht can then be obtained during the climbing
process using Equations (5)–(7), which serve as a monitoring
indicator of the HBM level.

4.3.2. Early Warning. According to Equation (9), L= 30.20m
and α= 0.002; thus, the maximum displacement difference
warning value fh = 60.4mm is obtained for the HBM. To
accurately control the status of the HBM, three levels of
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warning values were setup. Fifty percent, 80%, and 100% of
the maximum displacement difference warning value were
taken as the graded scale factor μ of the first, second, and
third level warning intervals, respectively.

It can be observed here that if a fixed warning threshold
is adopted, the initial difference interferes with the changed
behavior in the climbing process. For example, the bench-
mark warning values of the platform system climbing level in
this project were 30.2, 48.3, and 60.4mm, respectively. The
initial displacement difference of the three climbs, as shown
in Figure 10, is higher than the first-level threshold of
30.2mm. Therefore, it is easy to trigger and remain in the
first-level alarm state for a long time during the climbing
process, thereby reducing the sensitivity of the operator to
changes in height difference during the climbing process.

f 0h and X were calculated using Equations (10) and (11),
respectively. Table 2 lists the warning levels and corresponding

feedback methods for the HBM during the three climbing
processes mentioned above.

During the climbing process, the correction value of
maximum displacement Δh0t of all level sensors at the current
moment was calculated using Equations (5)–(8) and com-
pared with X1, X2, and X3. When the measured values
exceeded the early warning threshold, corresponding feed-
back measures were issued.

Figure 11 shows the corrected measured values and the
application of graded warnings during the climbing stage. As
seen in climbing process 1 (Figure 11(a)), Δh0t of the platform
system varies greatly during the climbing stage, especially in
the initial and conversion phases, while the variation is rela-
tively small in the stable climbing phase. During the final
conversion phase, the Δh0t continued to increase and exceeded
the warning threshold X3 at 13 : 13, resulting in manual
intervention to briefly produce a large change in the height
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FIGURE 10: Comparison of the measured time range data of the level sensor for three consecutive climbs: (a) climbing process 1; (b) climbing
process 2; (c) climbing process 3.

TABLE 2: Warning level and feedback method for HBM.

Item First level Second level Third level

Early warning threshold X
Climbing process 1 11.3mm 18.0mm 22.5mm
Climbing process 2 9.4mm 15.1mm 18.8mm
Climbing process 3 12.8mm 20.5mm 25.7mm

Graded scale factor μ 50% 80% 100%
Feedback method Highlight labeling Sound and light warning Shutdown and check
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difference. However, it quickly returned to a value within
warning threshold X2 and returned to normal levels after
the support was in place.

Both climbing processes remained below the maximum
warning threshold X3. However, the Δh0 of climbing process
2 (Figure 11(b)) was higher at 41.6mm, resulting in a smaller
margin of displacement difference during its climb and sev-
eral instances of exceeding the second warning threshold X2.
In contrast, climbing process 3 (Figure 11(c)) had a relatively
small Δh0 at 34.7mm and was smoother overall, indicating a
better climbing stage. By comparing climbing processes 2
and 3, we can infer that when the overall size of the HBM
is determined, fh becomes constant. Therefore, asΔh0 increases,
f 0h decreases, and the likelihood of Δh0t exceeding the warning
threshold increases. Accordingly, the climbing process requires
higher corresponding attitude control.

Therefore, the larger the Δh0, the more unbalanced the
attitude of HBM, resulting in a smaller surplus of attitude
control during the climbing process, making X1, X2, and X3

closer together, which can cause the attitude of the platform
to exceed the warning threshold due to the slight asynchro-
nicity of the climbing cylinder. Furthermore, in all three
climbing processes, Δh0 was greater than X3, indicating
that the presence of initial height differences has a significant
impact on the climbing attitude of the HBM.

5. Discussion

In this study, we proposed a monitoring and early warning
method for HBMs during climbing to monitor the climbing

of large construction equipment. We studied in detail the
influences of the displacement difference of the support
points on the climbing phase and used the initial value before
each climbing stage to correct the current warning classifica-
tion indexes and real-time monitoring values. In addition, we
used the geometric mean for preclimb sampling, which
improved the accuracy of the initial value as compared to
the direct monitoring of a single time point value. This
method can improve the sensitivity to small changes in the
climbing process, thus more finely monitoring the climbing
attitude of large integral structures. Existing monitoring
methods focus on the state of the climbing system compo-
nents, such as the climbing rate of the equipment [22], safety
of the support points [5], and do not monitor the climbing
attitude of the entire equipment. In addition, warning classi-
fication indices are usually fixed and do not consider the
influence of the deviation of the support points on each struc-
tural floor, lacking a revision for each climbing process [26].

The case study shows that, when the overall HBM atti-
tude control is constrained, the initial displacement differ-
ence of the support points before climbing significantly
affects the climbing attitude. By enhancing the precision of
the manual setting of the embedded parts and support points
at each structural layer, the warning threshold during the
climbing process can be increased, making it easier to control
the safety state of the HBM. Hence, replacing manual con-
struction with mechanized and automated technologies is an
effective approach for improving the safety of HBM during
climbing.
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FIGURE 11: Corrected measured values and the application of graded warnings: (a) climbing process 1; (b) climbing process 2; (c) climbing
process 3.
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The proposed method achieves satisfactory results in
practice. It improved the assessment of the HBM working
posture during climbing, promoted the timely identification
and resolution of problems, and allowed operators and man-
agers to better control the working conditions to ensure con-
struction safety. This method can be used for HBM and other
climbing equipment, such as hydraulic self-climbing [18] and
slip formwork systems [22].

However, this study has some limitations. First, we con-
sidered the climbing deformation of the main bearing layer
of this equipment from the viewpoint of economy and oper-
ability and did not comprehensively monitor the climbing
attitude of other structures, such as the scaffold, support, and
climbing systems. Second, in the main bearing layer, only the
deformation of several points was monitored using this
method, and the monitoring object did not include the steel
beams.

Therefore, a more accurate method is required to monitor
climbing equipment. Various types of sensors (e.g., cameras
and laser ranging sensors) can be added to the acquisition and
analysis system to further improve accuracy, and data fitting
can be used to identify the spatial relationship between two
monitoring points. In addition, the deep learning approach
can be considered in future studies on construction equip-
ment safety management [36], such as predicting the motion
attitude of climbing equipment by accumulating a large
amount of climbing data.

6. Conclusions

(1) The climbing stability of the HBM was affected by
unsynchronized climbing systems and differential
displacements of the support points. The synchroni-
zation of the climbing system is a key factor in mon-
itoring the climbing of giant HBM. The displacement
differences at the support points primarily affected
the initial conditions before each climb. Thus, the
differential displacements and synchronization of
the climbing system should be thoroughly evaluated
to enhance the overall climbing stability of the HBM.

(2) During the HBM climbing stage, the primary focus
is on the horizontal monitoring and warning of the
main load-bearing plane. Therefore, level-sensor
monitoring points can be setup in the distribution
of themain force plane according to the size of theHBM,
and the maximum displacement difference can be
used as a discriminant index of the climbing attitude
of the HBM. The attitude of the HBM was then con-
trolled in real time by setting three-level warning
thresholds to achieve dynamic identification and early
warning. This method achieved good results in prac-
tice, ensuring the safety of giant HBMs and providing
continuous and efficient management of the con-
struction process.

(3) The differential displacement at the construction site
could be attributed to the inaccuracy of manually
setting the support positions. The larger the support
point displacement difference, the smaller the warning

threshold during climbing. Therefore, it is recom-
mended that mechanized construction and refined
monitoringmethods can be adopted to replacemanual
labor, improve construction accuracy, and facilitate
control over the HBM climbing process, thereby mak-
ing construction activities safer and more efficient.
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