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Abstract: As sustainable structures like steel structures become more widely used, so do their
construction issues. Improper lifting measures of long-span spatial steel structures may delay the
construction period and even cause safety accidents. These problems have hindered the realization
of sustainable buildings. Few studies on long-span spatial steel structures considered time-varying
mechanical characteristics during the construction process. During the construction process, it will
be found that the installed structure does not meet the required accuracy, and the installed content
needs to be removed and re-constructed. This will cause idle work and rework, which will result
in a waste of resources and is not conducive to sustainable development. Therefore, it is necessary
to study the lifting construction process of long-span spatial steel structures and form a refined
construction method. Based on the lifting construction process of the maintenance hangar roof
of Chengdu Tianfu International Airport, this study proposes a time-varying mechanical analysis
method for synchronous and asynchronous integral lifting of long-span space steel structures basing
the Building Information Model (BIM). The force on the lifting point is analyzed during the hoisting
construction process when the single-point asynchronous integral lifting and the interlaced point
asynchronous integral lifting are carried out. The adverse effect of the displacement difference
between lifting points during asynchronous integral lifting is proved. It provides a reference for the
safe construction of long-span spatial steel structure lifting and also helps to improve the sustainability
of construction projects.

Keywords: sustainable structures; long-span spatial steel structures; BIM; integral lifting;
construction process

1. Introduction

With the popularization of the concept of sustainable construction, more and more
attention has been paid to environmentally friendly and energy-saving structures like steel
structures. At the same time, their range of applications continues to expand. Due to
their light weight and high strength, long-span space steel structures have been widely
used in large public buildings such as airports and stadiums. It is challenging to install
long-span spatial steel structures on the target position accurately and efficiently, especially
in dynamic and congested construction sites [1].

Relevant scholars have conducted research on lifting machinery, lifting technology, and
lifting paths to address the challenges of large-span space steel structure lifts. For example,
in the selection of lifting machinery, crane operation simulation can be used for automatic
selection [2], or an artificial neural network can be used to establish a predictive analysis
framework for crane configuration selection [3]. The lifting of steel structures usually
adopts the integral lifting technology [4–8]. Using building information modeling (BIM)
technology for green construction can obtain better strain performance [9] and can also
establish a time-cost optimization model [10]. By analyzing the joint mechanical properties
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of the three-dimensional structural model based on BIM, the construction safety of large-
span steel structure lifting can be guaranteed [11,12]. Structural monitoring can also be used
to output real-time parameters such as deflection, stress, strain, wind, and temperature of
the large-span spatial steel structure [13–15]. In terms of lifting path optimization, in order
to develop safe and efficient lifting paths, a virtual simulation platform is usually combined
to provide 3D information about obstacles, lifting modules, and site boundaries [16,17].
In addition, the planning of lifting operations for cranes can also be improved via BIM
technology [18].

During the construction process, frequent blind lifts not only have the risk of collision
between large-span spatial steel structures and surrounding obstacles but also are inef-
ficient [19,20]. Currently, there is a lack of an effective analysis considering construction
process-specific features during the installation of long-span spatial steel structures with
integral lifting. During the construction process, it will be found that the installed structure
does not meet the required accuracy, and the installed content needs to be removed and re-
constructed. This will cause idle work and rework, which will result in a waste of resources
and is not conducive to sustainable development. Therefore, it is necessary to study the
lifting construction process of long-span spatial steel structures and form a refined construc-
tion method. Therefore, this study aims to develop a time-varying mechanical analysis
method with integral lifting to achieve safe and efficient installation in long-span spatial
steel structures. The long-span spatial steel structure analysis method in construction was
developed by integrating time-varying mechanical theory and displacement difference
control theory, thereby reducing waste of resources and environmental pollution and im-
proving the sustainability of buildings. This study uses the combination of BIM technology
and mechanical software to simulate the synchronous and asynchronous integral lifting of
the maintenance hangar roof of Chengdu Tianfu International Airport. The asynchronous
integral lifting analysis method with single and interlaced points is proposed to provide a
reference for solving the steel structure lifting construction problems.

The remainder of this paper proceeds as follows: Section 2 introduces the theory of
time-varying mechanics and displacement difference control equations in the lifting of
large-span spatial steel structures; Section 3 analyzes the construction process of the first
lifting stage and the second lifting stage; Section 4 analyzes the construction process of
single-point asynchronous lifting and two-point asynchronous lifting.

2. Theoretical Model Establishment of Integral Lifting
2.1. Time-Varying Mechanical Theory of Integral Lifting

Time-varying structural mechanics considers the influence of the structure change and
the influence of subsidiary structures in the construction process and then produces the
construction mechanics based on time-varying structural mechanics. Internal force and
displacement are used as objects to study the structural characteristics. The internal force
and displacement of the structure are affected by many factors in the construction process
and have been in dynamic change. Therefore, this study can not only consider the influence
of dead load but also take into account the construction load with obvious influence
according to the construction stage of the structure. The classification of time-varying
structural mechanics is based on the rate of change in the structure and load. There are ultra-
slow, slow, and fast time-varying structural mechanics [21–25]. The construction period of
long-span spatial steel structures generally has a long duration, especially since the whole
construction process of integral lifting and installation is relatively slow. The internal force
and displacement of the structural system change slowly with time during the construction
process. Therefore, it is more appropriate to use chronic time-varying structural mechanics
to analyze the mechanical properties of long-span spatial steel structures in the construction
process [26–29]. In different construction processes, the constant and construction load are
added into the main unit of long-span spatial steel structure, but the change in the whole
structure in a certain construction stage is ignored, and the construction influence load is
considered to be constant in the process of this stage.
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With the emergence of long-span spatial steel structures, several unique time-varying
mechanical problems during the construction process have gained importance. The long-
span spatial steel structure construction process could be divided into N construction
phases, and the corresponding structure is also divided into N parts, assuming that the
structure in each stage is constant, and each stage is analyzed separately. First, the long-
span spatial steel structure is analyzed to establish the full model. At this time, the overall
control equation of the structure is Equation (1), which is expressed as follows:(

∑N
i=1 K0

i

)
δ0 = ∑N

i=1 F0
i (1)

Kj
i represents the stiffness matrix of structure i in the jth construction section, Fj

i
represents the load array of structure i in the jth construction section, and δj represents the
displacement of the overall structure of the jth construction section. All units are killed, and
the structure is made in its initial state. By multiplying the stiffness matrix by the life and
death element coefficient η = 10−η, the total stiffness of the structure is close to zero, and
all loads are set to zero at the same time. The governing equation is Equation (2), which is
expressed as follows:

η
(
∑N

i=1 K0
i

)
δ0 = {0} (2)

The corresponding units are activated according to the construction sequence and
then are applied with the corresponding boundary conditions and loads to obtain the force
situation. The governing equation of the kth stage is Equation (3), which is expressed
as follows:

∑k
i=1 Kk

i δ
k + η

(
∑N

i=k+1 Kk
i

)
δk = ∑k

i=1 Fk
i (3)

If the component is removed, the element stiffness matrix of the component should be
multiplied by the life-death coefficient. At the same time, the internal force of the removed
component should be applied to the structure in the opposite direction to modify the
structural constraints and load array. After the displacement at each stage is calculated, the
corresponding structural strain and stress can be calculated using geometric equations and
physical equations.

2.2. Displacement Difference Control Theory of Integral Lifting

The whole long-span spatial steel structure is completely horizontal according to
the basic construction organization design principle. Thus, all of the lifting points are
synchronously fully lifted. Differences in the hydraulic jacks and measurement errors make
it almost impossible to achieve complete synchronization in the actual construction process.
And hence, there is an inevitable displacement difference between lifting points [30,31].
The displacement difference affects the mechanical performance of the whole long-span
spatial steel structure by affecting the overall stiffness of the structure [32].

According to the structure form and boundary conditions of long-span spatial steel
structure during integral lifting, the internal force solution of the structure can be regarded
as the internal force solution of the statically indeterminate structure with displacement
load. Therefore, the basic equation of any lifting point when the displacement difference
occurs at the lifting point can be obtained in Equation (4), which is expressed as follows:

K11∆1+K12∆2 + · · ·+K1n∆n+F1∆= 0
K21∆1+K22∆2 + · · ·+K2n∆n+F2∆= 0
· · ·
Kn1∆1+Kn2∆2 + · · ·+Knn∆n+Fn∆= 0

(4)

∆j is the displacement of lifting point j. Kij is the counterforce of the lifting point i
when a unit displacement difference is applied to the lifting point j. Fi∆ is the constraint
force generated by the lifting point i under the given displacement differences. If the
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displacement of each lifting point is known, the force of all members of the whole long-
span spatial steel structure can be obtained via iterative transformation when a specific
displacement difference occurs at the lifting point. Constraint analysis of integral lifting
can be proposed according to the above theories and the actual stress of the construction
process. Joints of long-span spatial steel structures can be taken as hinged connections.
The force condition of the construction process can be calculated according to the small
deflection theory. Each long-span spatial steel structure member is in the elastic range.

3. Mechanical Performance Analysis of Synchronous Integral Lifting
3.1. Engineering Background

Using the visualization of BIM technology, it is possible to establish a node position
information model and make a construction simulation, visually express the complex
composition of nodes, and predict problems that may arise during the construction process.
Through BIM technology, the model of the maintenance hangar of Chengdu Tianfu Interna-
tional Airport is established in the BIMFILM 2.0 software, as shown in Figure 1. It consists
of a hall space grid and a gate truss, with a total area of 13,140 m2. The hall space grid part
is 6 m high, and the gate truss part is 13 m high. The roof has a plan size of 146 m × 90 m
and is composed of many quadrangular cone space units. The quadrangular cone space
unit in the structure consists of the upper chord, middle chord, lower chord, upper web,
and lower web, with a plan size of 6 m × 6 m and a height of 6 m, and the nodes are all
welded hollow ball nodes. The lower chord center height of the hangar roof hall space grid
is 24.9 m, the lower chord center height of the hangar gate truss is 21.4 m, and the roof is
supported by peripheral concrete columns. A gate truss is set on the opening edge.
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Figure 1. The model and structural parameters of the maintenance hangar of Chengdu Tianfu
International Airport.

3.2. Preparation for Lifting

Assembling and welding are required before the spatial grid is lifted. The roof space
grid should be partially assembled on a specially assembled tire frame first. As shown in
Figure 2, the assembled frame is composed of a welded hollow ball support, vertical height
adjustment rods, vertical rods, horizontal rods, and connection fasteners.
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Figure 2. Assembled tire frame structure diagram.

Figure 3 shows the welding process of the grid via BIM technology. The sequence of
“expanding and assembling from the center to the surrounding” should be adopted when
the grid frame is welded and assembled. The rods in the central area of the grid are welded
first, and then, the welded rods are used as a new starting point to gradually expand and
assemble in all directions.
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The hall space grid in the maintenance hangar of Chengdu Tianfu International Airport
consists of a three-layer plane grid connected by web members. Figure 4 shows the specific
assembly steps of the hall space grid frame via BIM 2.0 software.

After the completion of the assembly of the hall space grid part on the ground, using
the mechanical analysis software SPA2000 combined with BIM technology, the mechanical
analysis of the lifting point of the long-span spatial steel structure is carried out. The
lifting construction of long-span spatial steel structures is simulated, the most unfavor-
able working conditions are found, and a safe and effective construction plan is adopted.
Figure 5a shows the structure information model established in SPA2000. When deter-
mining the lifting points for the structure, it is important to consider the stiffness of the
structure. Whenever possible, the original supporting points of the structure should be
used as lifting points, and the number of lifting points should be approximately half the
number of supporting points. Additionally, since the structure is almost symmetrical, the
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lifting point configuration on one side can be mirrored on the other. As seen in Figure 5b,
lifting points D1~D4 and D13~D10, as well as lifting points D16 and D17, are arranged
symmetrically (the symmetry axis is Y–Y axis) in order to keep the balance of the spatial
grid in the direction of the hangar opening. D14 and D15 are arranged near the one-third
point of the hangar span, and together with D5~D9, the balance of the spatial grid in the
depth direction of the hangar is maintained. Among all the lifting points, except for D14
and D15, which are arranged on the temporary tire frame, the rest of the lifting points are
arranged on the concrete structure bearing column, which makes it possible to reduce the
construction cost while ensuring a reasonable force of the grid structure.
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3.3. Mechanical Analysis of the First Lifting Stage

Fifteen lifting points were set in the first lifting stage, numbered D1~D15, where
D1~D13 were set on the nodes of the spatial grid corresponding to the temporary support
frame on the top of the concrete bearing column, and D14 and D15 were set on the nodes
of the spatial grid corresponding to the lattice lifting bracket within the gate span. The
lifting points were set symmetrically about the centerline of the gate of the spatial grid to
guarantee the balance of forces when the spatial grid was lifted. The schematic diagram of
the arrangement of lifting points in the first lifting stage is shown in Figure 6.
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During the first lifting stage, the lifting force was provided by the 15 lifting points from
D1 to D15. Figure 7 shows the simulation results of the lifting force for each lifting point.
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Figure 7. The lifting force of each point in the first lifting stage.

As seen in Figure 7, among the 15 lifting points in the first lifting stage, the lifting force
of D4 is the smallest with a value of 223 kN, while the lifting force of D15 is the largest with
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a value of 1862 kN, provided by the lattice lifting bracket at the gate. The lifting points
D1~D4 are located on the left side of the spatial grid, and the lifting points D13~D10 are
located on the right side of the spatial grid, and they are symmetrically distributed about
the centerline of the gate, with D1 corresponding to D13, D2 corresponding to D12, D3
corresponding to D11, and D4 corresponding to D10. From the lifting force of the nodes, it
can be seen that the lifting force values of the lifting points, which are symmetrical about
the center line of the gate, are relatively close to each other. This indicates that the pressure
generated via the spatial grid on the lifting points also becomes symmetrically distributed,
which is consistent with the actual force characteristics of the spatial grid and verifies the
reasonableness of integral lifting.

The strength stress diagram of the first lifting stage of the spatial grid is shown in
Figure 8. In the first lifting stage, the overall stress of the spatial grid is symmetrical about
the center line of the gate, which is related to the symmetry of the spatial grid structure
and the lifting point arrangement. The stress of the members around the lifting point is
relatively high, and the maximum value of stress in the mesh is 155 MPa, which meets the
requirements of the member-bearing capacity in the code [33]. So, the spatial grid is in a
safe state.
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rically distributed, which is consistent with the actual force characteristics of the spatial 
grid and verifies the reasonableness of integral lifting. 

The strength stress diagram of the first lifting stage of the spatial grid is shown in 
Figure 8. In the first lifting stage, the overall stress of the spatial grid is symmetrical about 
the center line of the gate, which is related to the symmetry of the spatial grid structure 
and the lifting point arrangement. The stress of the members around the lifting point is 
relatively high, and the maximum value of stress in the mesh is 155 MPa, which meets the 
requirements of the member-bearing capacity in the code [33]. So, the spatial grid is in a 
safe state. 
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Figure 8. Strength and stress cloud diagram of the first lifting stage of the spatial grid (GPa).

Figure 9 shows the displacement cloud diagram of the first lifting stage of the spatial
grid, and it can be seen from the figure that the displacement cloud diagram of the spatial
grid is also symmetrical about the center line of the gate and shows a trend of gradually
decreasing along the surrounding with the center as the starting point. The vertical dis-
placement in the center of the spatial grid is the largest, with a maximum value of 132.9 mm.
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According to the requirements of the code [34], the maximum vertical displacement
of the spatial grid should meet Umax ≤ l0/250 (l0 is the short span of the spatial grid). In
this study, the span of the spatial grid is 90 m, so Umax ≤ 90,000/250 = 360 mm. From
the previous section, it is known that the maximum displacement of the spatial grid in the
first lifting stage is 132.9 mm (less than 360 mm). Therefore, the integral lifting vertical
displacement of the spatial grid in this study is within the design range and meets the
specification requirements. However, it is still necessary to detect the maximum vertical
direction in the center area of the spatial grid at any time during the actual spatial grid
lifting construction and take certain measures to reduce the maximum vertical displacement
to ensure the safety of the spatial grid lifting construction.

For the maximum horizontal displacement limit of the spatial grid, it can be deter-
mined via the horizontal displacement limit of the top of the concrete row frame column.
According to relevant code [35], the horizontal displacement of the top of the row frame
column should be less than H/30 = 21,400/30 = 713 mm (H is the height of the top of the
row frame column). The maximum horizontal displacement of the spatial grid at this stage
is 26.3 mm, which is less than 713 mm and meets the requirements of the code. Obviously,
compared with the vertical displacement, the horizontal displacement of the spatial grid
in the lifting process is very small, so the vertical displacement is the key monitoring
object. Figure 10 shows the spatial steel roof structure during the lifting process, reflecting
the practicality of the method and providing a scientific reference for future design and
lifting construction.

Sustainability 2023, 15, x FOR PEER REVIEW 10 of 17 
 

 
Figure 10. Spatial steel roof structure in the lifting construction. 

3.4. Mechanical Analysis of the Second Lifting Stage 
In the second stage, on the basis of the existing lifting points in the first stage, two 

lifting points D16 and D17 at the two ends of the gate truss are added. These two lifting 
points provide 3000 kN lifting force vertically upward, respectively, during the integral 
lifting, and the arrangement of lifting points in the second stage is shown in Figure 11. 

 
Figure 11. Layout of the second lifting stage point. 

As can be seen from Figure 12, the stress distribution of the internal members of the 
spatial grid is relatively uniform, and the distribution law is similar to that of the first 
lifting stage. The maximum stress in all the members is 165.6 MPa, which meets the code 
requirements. The vertical displacement cloud diagram of the second lifting stage of the 
spatial grid is shown in Figure 13. It can be seen that for the hall space grid part, the ver-
tical displacement law is similar to that of the first stage. The displacement in the center 
of the hall space grid is the largest and shows the law of gradually decreasing from the 
center to the surroundings. For the gate truss part, the maximum displacement point is 

Figure 10. Spatial steel roof structure in the lifting construction.

3.4. Mechanical Analysis of the Second Lifting Stage

In the second stage, on the basis of the existing lifting points in the first stage, two
lifting points D16 and D17 at the two ends of the gate truss are added. These two lifting
points provide 3000 kN lifting force vertically upward, respectively, during the integral
lifting, and the arrangement of lifting points in the second stage is shown in Figure 11.
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Figure 11. Layout of the second lifting stage point.

As can be seen from Figure 12, the stress distribution of the internal members of the
spatial grid is relatively uniform, and the distribution law is similar to that of the first
lifting stage. The maximum stress in all the members is 165.6 MPa, which meets the code
requirements. The vertical displacement cloud diagram of the second lifting stage of the
spatial grid is shown in Figure 13. It can be seen that for the hall space grid part, the vertical
displacement law is similar to that of the first stage. The displacement in the center of the
hall space grid is the largest and shows the law of gradually decreasing from the center
to the surroundings. For the gate truss part, the maximum displacement point is located
in the middle of the span of the gate truss. And the maximum displacement of the roof
is located in the middle of the span of the gate truss. Its maximum value is 176.5 mm
(less than 360 mm). Therefore, the overall design of the roof grid structure meets the
specification requirements.
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Similarly, the maximum horizontal displacement of the spatial grid at this stage is
30.6 mm (less than 713 mm), which is in line with the specification requirements. Compared
with the maximum value of vertical displacement, the horizontal displacement value of the
spatial grid at this stage is also smaller, and the maximum value of vertical displacement is
the key monitoring object during construction.
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Figure 14 compares the lifting forces of the lifting points in the two stages, and the
lifting forces of each lifting point were changed during the two stages of lifting construction.
During the construction of the second lifting stage, the spatial grid was deformed due to
the change in the structure form and the number of lifting points, which made the internal
force of the spatial grid redistributed. The lifting force of the point (D2–D5 and D9–D12)
with a larger lifting force in the first stage gradually decreases in the second stage, while
the lifting force of the point (D1, D6–D8 and D13) with a smaller lifting force in the first
stage gradually increases in the second stage. This makes the distribution of the internal
force of the spatial grid more uniform. The lifting points symmetrically distributed in space
have similar lifting forces. During the phased lifting construction, the maximum stress and
maximum displacement of the spatial grid members in both stages meet the requirements
of the relevant design codes.
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Figure 14. Two-stage lifting point lifting force comparison diagram.

4. Mechanical Performance Analysis of Asynchronous Integral Lifting

During the lifting process, there are factors such as wind changes, temperature changes,
construction operations, hydraulic lifting control system delays, etc., which can cause the
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spatial grid to be lifted out of synchronization, thus leading to uneven distribution of
internal forces in the spatial grid and excessive stress or displacement in some members.
This will make the stability of the grid lifting and the safety of construction workers unable
to be guaranteed. Studying the asynchronous lifting situation of the spatial grid during the
lifting process and providing corresponding control measures can help ensure the smooth
progress of the integral lifting and installation construction.

In the process of the integral lifting of the spatial grid, the displacement difference
between the lifting points is random, and there are several combinations of displacement
differences, so it is necessary to determine the most unfavorable working condition of
the spatial grid when the combination of displacement differences acts and to analyze
it numerically.

4.1. Mechanical Analysis of Single-Point Asynchronous Integral Lifting

According to the requirements of the penetrating jack, the allowable displacement dif-
ference between two adjacent lifting points is 1/250 of the distance between the two points
and is less than 25 mm. In this study, the displacement difference of unsynchronized lifting
is set to 20 mm, i.e., a 20 mm displacement difference is applied to the unsynchronized
lifting points, while the displacement difference between the synchronized lifting points is
set to 0.

A 20 mm displacement difference was applied to each of the 15 lifting points during
the first lifting stage of the spatial grid, and then, a simulation analysis of the vertical
deformation of the spatial grid was carried out. The vertical displacement cloud of the
spatial grid was obtained, as shown in Figure 15, and the lifting force statistics of each
lifting point are in Table 1.
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Table 1. Lifting force when a 20 mm displacement difference is imposed on a lifting point (kN).

Lifting Point
Number

Lifting Force (kN)

D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12 D13 D14 D15

D1 303 590 816 234 564 719 795 782 849 238 854 640 228 1820 1865
D2 181 758 750 223 563 721 791 779 850 239 858 638 230 1860 1852
D3 228 571 952 157 571 718 785 777 849 239 851 638 230 1867 1855
D4 232 640 753 297 546 712 789 779 849 238 854 640 229 1875 1854
D5 229 637 825 203 646 648 786 781 850 238 854 640 229 1860 1861
D6 235 644 821 219 498 861 717 772 851 238 852 639 231 1845 1862
D7 238 643 816 223 564 645 942 701 847 239 851 641 235 1852 1850
D8 235 640 818 223 568 709 711 933 778 238 849 646 235 1870 1835
D9 232 640 819 223 566 717 786 707 934 216 863 637 228 1876 1841

D10 231 640 820 223 567 716 789 778 827 311 787 640 229 1865 1864
D11 232 638 817 223 566 714 786 774 859 172 988 568 226 1866 1856
D12 232 638 818 223 566 716 790 785 847 238 783 759 179 1863 1849
D13 230 640 820 223 565 718 794 784 848 239 850 590 300 1876 1809
D14 144 634 827 246 560 680 766 792 875 242 860 640 254 2079 1687
D15 256 640 825 226 583 735 785 743 825 262 861 633 861 1698 2068

Note: The thickened data indicate the lifting force of the lifting point with a 20 mm displacement difference.

From Figure 15, it can be seen that when there is a 20 mm displacement difference
at a single lifting point, the displacement of the members near this point is significantly
affected, while the displacement of the members farther away is almost unaffected. In
addition, when a single lifting point has a displacement difference of 20 mm, the adjacent
short members are affected to a greater extent than the long members.

As seen in Table 1, when a single lifting point has a displacement difference of 20 mm,
it has a more obvious effect on the lifting force of adjacent lifting points, while it has a
smaller effect on the lifting force of more distant lifting points.

4.2. Mechanical Analysis of Double-Point Asynchronous Integral Lifting

When the spatial grid is lifted asynchronously, the main consideration is the combina-
tion of the displacement difference between the lifting point and the neighboring points
and between the lifting point and the interlaced point. The combination of the given lifting
displacement difference is studied, and the results obtained are compared and analyzed
with the calculation results of the displacement difference applied to a single lifting point
only, in order to find the pattern of it.

Taking the combination of neighboring points (D7 and D8) and the combination of
interlaced points (D7 and D9) as an example, a vertical displacement of 20 mm is applied
to each combination of lifting points to simulate the vertical deformation of the spatial grid
and the change in lifting force of lifting points under the combination action of double
lifting point displacement difference.

A comparative analysis of the displacement of the spatial grid for single-point asyn-
chronous integral lifting and double-point asynchronous integral lifting by Figures 14 and 16
shows that when a 20 mm displacement difference is applied to the combination of neigh-
boring points (D7 and D8) or the combination of interlaced points (D7 and D9), the influence
area of vertical deformation is similar to the superimposed influence area when the dis-
placement difference is applied to two points alone.

This also indicates that the displacement difference applied to the combination of
neighboring points and the combination of interlaced points will affect the displacement
of the spatial grid members near the lifting points, and then affect the internal force of
the members.
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imposed on lifting points D7 and D9.

Table 2 shows the lifting point lift forces for the combination of neighboring points
(D7 and D8) and the combination of interlaced points (D7 and D9) with the dis-place-ment
difference applied simultaneously and separately. When lifting points D7 and D8 are
simultaneously applied with a 20 mm vertical displacement difference, the lifting force of
the lifting point itself and its neighboring points (D6 and D9) are smaller than the lifting
force when D7 and D8 are applied with 20 mm respectively, and the difference is not
negligible. Although the lifting forces of the remaining lifting points are changed, the
difference is negligible compared with the overall lifting force. The change in lifting force
between lifting points D7 and D9 applied simultaneously and separately with a 20 mm
vertical displacement difference is small. However, compared to applying the displacement
difference separately, the lifting force of interlaced lifting point D8 was increased by 10.9%
when the displacement difference was applied simultaneously. This is caused by the
superimposed influence of the two lifting points, so its influence needs to be considered
during the actual construction.

Table 2. Lifting force when a 20 mm displacement difference is imposed on two lifting points (kN).

Lifting Point
Numbers

Lifting Force (kN)

D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12 D13 D14 D15

D7-D8 238 643 818 223 568 709 942 933 847 239 851 646 235 1870 1850
D7 + D8 242 643 814 224 566 638 865 856 775 238 846 647 241 1859 1833
D7-D9 238 643 819 223 566 717 939 630 932 217 863 641 235 1876 1850

D7 + D9 238 643 816 223 564 706 942 707 934 239 861 639 234 1865 1840

Note: The thickened data indicate the lifting force of the lifting point with a 20 mm displacement difference.
“-” indicates that the displacement difference is applied separately, and “+” indicates that the displacement
difference is applied simultaneously.

Thus, the influence produced by applying displacement difference to neighboring
lifting points separately includes the influence of applying displacement difference at the
same time, and the latter need not be considered separately. When the displacement differ-
ence is applied to the interlaced lifting point, the influence of the interlaced lifting point and
its connected members cannot be ignored and should be included in the most unfavorable
working conditions. The most unfavorable working conditions for asynchronous lifting of
the spatial grid are shown in Table 3.
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Table 3. The most unfavorable conditions when the spatial grid is asynchronized lifting.

Number Working Condition Number Working Condition

1 D1 9 D9
2 D2 10 D10
3 D3 11 D11
4 D4 12 D12
5 D5 13 D13
6 D6 14 D14
7 D7 15 D15
8 D8 16 D1 + D3 + D5 + D7 + D9 + D11 + D13

From the above analysis, it can be seen that the actual project in the construction of
the safety verification should mainly consider the impact of the single-point asynchronous
lifting displacement difference and the interlaced point asynchronous lifting combination
displacement difference on the integral lifting of the spatial grid structure. The impact
of the most unfavorable working conditions on the asynchronous lifting of the spatial
grid structure is considered, and if the stress or displacement of the members in the most
unfavorable working condition verification results do not meet the code requirements, the
unqualified members should be reinforced or replaced to ensure the safety of the spatial
grid structure.

5. Conclusions

This research proposes a time-varying mechanical analysis of the synchronous and
asynchronous integral lifting and a single and interlaced point’s asynchronous integral
lifting analysis method of a long-span spatial steel structure. The adverse effects of the
displacement difference between lifting points with asynchronous integral lifting and
have been displayed in construction with BIM and numerical simulation. In the case
of asynchronous lifting of a single point, the displacement influence on other members
is related to the distance. The closer the distance from the lifting point, the greater the
influence. Under the condition of the same distance, it has a great influence on the short
rod and a small influence on the long rod. In the process of structural lifting, it is necessary
to pay attention to the lifting order of each lifting point. The detached lifting can be carried
out according to the statistical results. In the process of lifting, the lifting point with a
small lifting force should be lifted first, and then, the lifting point with a large lifting force
should be lifted. In asynchronous integral lifting, the order of lifting points should be
opposite to the ascending order. The lifting point with a large lifting force is first installed
in the specified position, and the lifting point with a small lifting force is installed in the
specified position.
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