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Abstract: The main building of Zone II of Zhanjiang Bay Laboratory R&D Building adopts a steel
frame–core tube shear wall structure system, with a 53.4 m large-span and heavy-load-transfer truss
on the fourth floor. In order to propose the optimal construction and installation scheme for the
large-span and heavy-load-transfer truss, the simplified model, single model, and 3D model are
utilized to compare Scheme 1 with rigid connection and Scheme 2 with elastic connection and rigid
connection. After completing the construction of the underground layer and towers on both sides, in
Scheme 1, the fourth-floor transfer truss is directly connected to the towers on both sides in a rigid
manner. Subsequently, the support at the bottom of the transfer truss is removed, allowing for layer-
by-layer construction. The transfer truss remains rigidly connected to both side towers throughout.
On the other hand, in Scheme 2, initially, the transfer truss is connected to both side towers through
upper chords and diagonal bars before being constructed upwards until reaching the sixth floor.
Once formed as a whole with two floors above using large diagonal tie rods, lower chords of the
large-span and heavy-load-transfer truss are then connected with another diagonal bar to establish a
rigid connection between the transfer truss and towers; thereafter, upward construction continues.
Following completion of constructing a seven-story large diagonal tie rod, whereupon removal of
support at the bottom of the conversion truss occurs, subsequent layer-by-layer construction takes
place accordingly. It has been observed that employing Scheme 2 can enhance stress distribution
within core barrel shear walls as well as transfer trusses while ensuring deflection and stress levels
meet requirements for the large-span and heavy-load-transfer truss, thereby rendering structural
stress more rationalized, leading to significantly improved overall safety.

Keywords: large-span and heavy-load-transfer truss; the entire construction process; construction
simulation; comparison and selection of construction schemes; simplified model

1. Project Overview

The research and development building of Zhanjiang Bay Laboratory includes the
main building in Zone II in the middle and auxiliary buildings in Zone I and Zone III on
both sides. The architectural effect is shown in Figure 1. The main building in Zone II
adopts a steel frame–core tube shear wall structure system, as shown in Figure 2. There
is one basement underground for the underground garage and equipment room, with
a height of 6.21 m. The height of the main structure above ground is 46.5 m. There are
10 floors of towers on both sides of the main building, forming a large-span space below
the middle 4 floors. The structures above these four floors are connected as a whole.
The fourth floor is a large-span and heavy-load-transfer truss with 53.4 m, and there are
staggered cantilever structures every two floors between the sixth and tenth floors, with a
maximum cantilever height of 8.25 m. “Steel frame core tube shear wall structure system” is
a structural system that combines a steel frame structure with a double-steel-sheet concrete
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composite shear wall structure. The steel frame structure has a small weight and good
ductility, which not only reduces the weight of the transfer layer and the above layers but
also improves the seismic performance of the building. The rigidity and shear capacity
of the double-steel-sheet concrete composite shear wall are very large, so only the core
tube shear wall is set at the tower position in the main building structure, which can not
only improve the inter-story stiffness ratio but also meet the minimum shear capacity
requirements of the code.
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Figure 2. Steel frame–core tube shear wall structure.

Both in the design and construction stages, spatial structure buildings have put for-
ward new requirements for current design norms and construction techniques, which poses
new problems for the construction industry [1,2]. For large and complex spatial struc-
tural systems, the stress and deformation states of the structure are closely related to the
construction scheme, especially the stress state of the large-span and heavy-load-transfer
truss, which is very complex. Using different construction sequences or methods during
the construction process will have different effects on the stress and deformation of the
structure. If the supporting condition of the end of the steel truss is not considered, the
force of the end shear wall concrete of the steel truss will be too large, which is unfavorable
to earthquake resistance. The construction process is an approximate continuous process
in which the structure gradually forms, and the load gradually accumulates. Due to the
slow change, the structural stress in the construction process is generally adopted as “slow
time-varying mechanics” (i.e., construction mechanics and time-freezing method). When
the structure changes slowly with time, the approximate treatment of discrete-time freezing
can be used to treat it as a series of time-invariant structures for static or dynamic analysis.
In other words, it is necessary to study several of the most unfavorable states in the work-
ing process and analyze the strength, stiffness, and stability of the structure in each state
without considering the change in the structure [3]. Construction simulation often uses the
finite element method to discretize the construction time into several important time points
(i.e., construction steps), and at each time point, activate the corresponding component or
load, calculate according to the static method, and achieve a gradual loading process [4].
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The application of finite element analysis in structural engineering, with special
attention to its application in reinforced concrete and steel structures, is exemplified in
various studies. For example, Ahad investigated the parallel micro-element system (PMES)
on the local bond stress–slip (LBSS) relationship at the steel bar–UHPC interface subjected to
monotonic loading [5]. Amini Pishro A. et al. adopted the multiple linear regression (MLR)
method to give the LBS equation of reinforced UHPC structural members [6]. Serpieri R.
et al. proposed a thermodynamic-based cohesive zone model based on the damage–friction
evolution of the steel bar–concrete interface [7]. Santhakumar et al. presented numerical
research on non-retrofitted and retrofitted RC beams exposed to combined bending and
torsion utilizing the finite element method [8]. Ahad et al. used ABAQUS to conduct finite
element analysis for increasing the orientation of different FRP-reinforced and unreinforced
concrete beams [9].

In this paper, finite element simulation is carried out on the construction process
of a variety of large-span and heavy-load-transfer trusses. According to the simulation
calculation results, comparison and selection of construction schemes are carried out to
analyze their stress characteristics, and the best construction scheme is selected. Elastic
connection is followed by rigid joint construction, and the large-span and heavy-load-
transfer trusses are hinged with the core barrel shear wall first. It can improve the stress
state of the core barrel shear wall and transfer truss during construction, make the structure
more reasonable, greatly increase the overall safety of the structure, and provide a reference
for the subsequent construction of similar projects.

2. Comparison and Selection of Multiple Construction Schemes for Transfer Truss
2.1. Design of Large-Span and Heavy-Load-Transfer Truss

Due to the existence of a through space structure with a span of 53.4 m on the first to
third floors above ground of the main building in Zone II, the large-span and heavy-load-
transfer truss is arranged on the fourth floor above ground, bearing the total weight of up
to 17,000 tons from the steel frame and cantilever truss structure of the upper floors.

During the construction phase, as the number of floors increases, the load applied to
the heavy-load-transfer truss will increase, and the self-weight of the floors will generate
bending moments and shear forces, transferring to the shear walls. To ensure structural
safety against progressive collapse, if the elastic connection method is adopted, the treat-
ment method between the connection body and the main building is complex, requiring
a large number of supports, adversely affecting the architectural facade effect, curtain
wall treatment, and building functionality. Considering these factors, the large-span and
heavy-load-transfer truss is selected to be rigidly connected to the shear walls of the core
tube of the two towers at both ends.

The 53.4 m large-span and heavy-load-transfer truss adopts welded box-shaped section
chord and web members, and its vertical web members are set at the corresponding
positions of the upper frame columns. The corresponding axis column network is also
equipped with trusses of the same height in the vertical truss direction for tension. The
tensioning truss chords and web members also use welded box sections, providing support
outside the plane of the large-span transfer truss and enhancing the stiffness and integrity
of the large-span transfer truss, as shown in Figure 3. The lower chord of the large-span and
heavy-load-transfer truss is equipped with a meter-shaped cross brace, as shown in Figure 4.
This brace increases the planar stiffness of the transfer truss and improves the overall spatial
stress performance of the truss, and the meter-shaped cross brace members use H-shaped
steel with a cross-sectional area greater than the longitudinal chord. Therefore, the meter-
shaped cross brace will yield after the longitudinal chord and will not yield under small
earthquakes, bearing the main seismic load under medium and large earthquakes.
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The large-span and heavy-load-transfer truss bears the primary vertical and horizontal
loads, acting as the main load-bearing component of the structure, and also plays a role
in strengthening structural stiffness and controlling truss deflection. The core tube shear
walls of the towers extend up to the tenth floor above ground, while other shear walls
extend to the third floor above ground. The core tube shear walls are constructed with a
steel-plate composite shear wall structure, where concrete is poured between double-layer
steel plates. The steel-plate composite shear wall provides significant lateral stiffness to
the entire structure and serves as the main structure supporting the truss structure. The
core tube shear walls are the primary lateral-force-resisting elements of this structure [10].
By controlling the construction process and taking full advantage of the excellent load-
bearing characteristics of the large-span heavy-load-transfer truss, more load is directed
to it, thereby adjusting the forces on the core shear walls and reducing the load on them,
resulting in a more rational load distribution throughout the entire structural system [11].

2.2. Simplified Model of Construction Scheme

In order to investigate the load-transfer mechanism of the large-span and heavy-load-
transfer truss and verify the influence of the construction and installation process on the
structural mechanics performance, a single simplified model is selected for comparison and
verification. Assuming that the self-weight of each floor is 100 kN/m, the main building
structure in Zone II is simplified and analyzed by using the following scheme:

Scheme 1, shown in Figure 5, illustrates the rigid connection construction scheme.
After the construction of the basement and the towers on both sides is completed, the
fourth-floor large-span and heavy-load-transfer truss is directly rigidly connected to the
towers on both sides. Then, the support at the bottom of the large-span and heavy-load-
transfer truss is removed. Subsequently, construction is completed layer by layer upward,
and the large-span and heavy-load-transfer truss and the side towers remain in a rigidly
connected state. The bending moment generated by the construction load on the large-span
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and heavy-load-transfer truss can be transmitted to the core tube shear wall of the tower.
The simplified model is shown in Figure 6.
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Scheme 2, shown in Figure 7, illustrates the first elastic connection and then the rigid
connection construction scheme. Taking the first three floors of the elastic connection
construction scheme as an example, the large-span and heavy-load-transfer truss is first
elastically connected to the side tower through the upper chord and diagonal web members
and then is constructed upwards to the sixth floor above the ground. After the large
diagonal tie rod makes the transfer truss and the above two floors form a whole, the lower
chord rod of the large-span and heavy-load-transfer truss and another diagonal belly rod
are connected, completing the rigid connection between the heavy-load truss and the tower.
Continue the construction of the seventh floor, and remove the support at the bottom of
the large-span and heavy-load-transfer truss after the completion of the construction of
the seventh floor large diagonal tie rod. Then, the construction is completed layer by layer.
The superposition principle is used to simplify the construction process, and the simplified
model is shown in Figure 8.
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From Figure 9, compared to Scheme 1, Scheme 2 shows that after the overall construc-
tion is completed, the maximum bending moment at the mid-span of the first two floors
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of the elastic connection truss increases significantly, and the maximum shear force at the
shear wall also increases, which is not recommended to use.

Figure 9. Maximum internal force of simplified models with different schemes.

For the construction schemes of elastic connection on the first three floors and elastic
connection on the first four floors, although the maximum bending moment at the mid-span
of the truss increases slightly, the maximum bending moment and maximum shear force at
the truss ends and at the shear walls are significantly reduced, and these can be adopted.
In order to select the optimal construction scheme, a simplified simulation is performed
after the first elastic connection construction is completed for the three construction options
under Scheme 2.

As can be seen from Figure 10, after the construction of the first elastic connection
part in Scheme 2 is completed, the simplified model of the first two layers, the first three
layers, or the first four layers is used for data analysis. In this model, the fourth-floor
large-span and heavy-load-transfer truss is elastically connected to the core tube shear wall,
so the bending moment value at the end of the fourth-floor truss is zero. The maximum
bending moment and maximum shear force at the shear wall of the first two layers of elastic
connection are much greater than the other two schemes, being four times that of the first
three layers of elastic connection and twice that of the first four layers of elastic connection.
Therefore, the construction scheme of the first two layers of elastic connection is infeasible.
Then, a comparative analysis is conducted between the elastic connection schemes for the
first three layers and the first four layers, where the maximum bending moment at the
mid-span and end-span of the fourth and fifth floors is not significantly different, with only
2.5%. Compared to the first three layers’ elastic connection scheme, the maximum bending
moment at the shear wall for the first four layers of the elastic connection increased by
56.45% on the fourth floor and 56.40% on the fifth floor. Simultaneously, the maximum
shear force on the fourth floor and below increased by 56.41%. Based on Table 1, it can
be seen that the maximum bending moment and shear force of the first four layers of
elastic connection have decreased compared with that of the first three layers after the
overall construction is completed. However, considering the internal force changes after
the construction of the first elastic connection in the early stage, Scheme 2 should choose to
use the construction scheme of the first three layers of the elastic connection.

To sum up, after comparing and analyzing the overall construction completion of
Scheme 1 and Scheme 2, the maximum bending moment at the mid-span of the large-
span and heavy-load-transfer truss increases by 21.71%. However, the maximum bending
moment of the end-span of the transfer truss is reduced by 44.59%, while the maximum
bending moment and the maximum shear force of the core tube shear wall are reduced by
44.19% and 36.27%, respectively. The comparison results show that both schemes have the
same structural stress pattern, with the maximum internal forces occurring at the nodes of
the large-span and heavy-load-transfer truss and the core shear wall and the maximum
bending moment occurring at the end-span of the fourth-floor large-span and heavy-load-
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transfer truss. For the core shear wall, the maximum bending moment and maximum shear
force both appear at the connection of the fourth-floor large-span and heavy-load-transfer
truss and the shear wall. However, the maximum bending moment and maximum shear
force generated by Scheme 2 are far smaller than those in Scheme 1, so Scheme 2 is more
likely to meet the deflection requirements of the heavy-load-transfer truss, ensuring that
the structure has more sufficient safety redundancy and more reasonable stress for the
structure itself.

Table 1. Main Construction Steps and Calculation Results of Scheme 2.

Construction
Steps Construction Content

Maximum Vertical
Displacement

(mm)

Ratio of
Deflection to

Span

Ratio of
Deflection to

Span (N/mm2)

Step 1
The basement construction is completed, and the
towers on both sides are constructed to the eighth
floor above ground.

4.96 1/10,766 15.64

Step 2

Establishment of support and completion of
elastic connection construction between the
fourth-floor transfer truss on the ground and the
core tube shear wall.

22.51 1/2372 54.76

Step 3

The construction of the steel frame and cantilever
parts in the upper area of the fifth-floor and
sixth-floor transfer trusses above ground has
been completed.

34.77 1/1536 69.16

Step 4

The construction of the steel frame and cantilever
parts in the upper area of the fifth-floor and
sixth-floor transfer trusses above ground has
been completed, and the large diagonal tie rods
on both sides have been installed on the sixth
floor. The fourth-floor transfer truss above
ground has been converted to a rigid connection
with the core tube shear wall.

35.66 1/1497 74.11

Step 5

Install the left large diagonal tie rod to the
seventh floor, remove the support, and complete
the construction of the seventh-floor frame and
cantilever part.

36.86 1/1449 79.06

Step 6

The eighth-floor frame and cantilever section, as
well as the core tubes on both sides of the ninth
floor and tenth floor, have been constructed layer
by layer.

41.16 1/1297 84.80

Step 7
The construction of the ninth-floor frame and
cantilever parts has been completed layer
by layer.

42.87 1/1246 88.86

Step 8
The construction of the tenth-floor frame and
cantilever parts has been completed layer
by layer.

43.73 1/1221 92.80

Step 9

The installation of the eleventh-floor frame and
the remaining overhanging edge truss has been
completed, and the replacement section of the
large diagonal tie rod has been replaced.

44.03 1/1213 93.73

Use Phase

After the construction of the main structure is
completed and the stiffness of the concrete floor
slab is formed, the standard value of gravity load
is applied.

74.61 1/716 209.63

In the table, the positive direction of vertical displacement is taken as the vertically upward direction (i.e., the
positive direction of the z-axis). The maximum vertical displacement refers to the maximum absolute value of
vertical displacement. The structural span corresponding to the deflection-to-span ratio is L = 53,400 mm.
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2.3. Single Model of Construction Scheme

The bottom of a single model is rigidly connected, and without external support, the
calculation results of the single model tend to be conservative when the stiffness of the
floor is completely degraded [12]. In order to obtain the optimal stress state of the core tube
shear wall and the large-span and heavy-load-transfer truss, both construction schemes,
Scheme 1 and Scheme 2, are simulated separately through Midas.

During the construction phase, the load is taken as one time the self-weight, and
the usage stage load is taken as 1.0 times the dead load + 0.5 times the live load. The
construction process did not consider the stiffness of the floor, and the floor’s self-weight
and load are transmitted to the surrounding beam walls. Both schemes are evaluated
using the single model to obtain the internal force results of the core shear wall during the
construction process.

From Figure 11, it can be seen that the bending moment and shear force changes
in the shear walls at different construction stages are very obvious for both construction
schemes of single-span structures. Compared with the rigid connection construction of
Scheme 1, when the fourth-floor large-span and heavy-load-transfer truss is completed in
Scheme 2, the maximum bending moment of the core tube shear wall is 22,260.6 kN·m,
which is reduced by 24.16%. At this time, the large-span and heavy-load-transfer truss in
Scheme 2 is elastically connected to the core tube shear wall, so the maximum shear force
of the core barrel shear wall is larger, which is 3474.26 kN, increased by 3.15 times. When
the top floor construction is completed, the connection method between the fourth-floor
large-span and heavy-load-transfer truss and the core tube shear wall has been converted to
a rigid connection. Under the action of self-weight, the maximum bending moment of the
overall shear wall is 10,773.7 kN·m, a decrease of 55.79%, and the maximum shear force is
562.16 kN, a decrease of 55.51%. In the use stage after the completion of construction, when
1.0 dead load +0.5 live load is applied, the maximum bending moment of the overall shear
wall is 41,640.58 kN·m, which increases by 34.99%, but the maximum shear is 2842.17 kN,
which decreases by −23.79%.

In summary, when the overall construction is completed, the maximum bending
moment and maximum shear force of the single model constructed by the first elastic
connection and then rigid connection in Scheme 2 are smaller than those in Scheme 1 rigid
connection construction. This observation indicates that the overall structure possesses
favorable mechanical performance and a high level of safety.
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2.4. Construction Scheme 3D Model

As depicted in Figures 12 and 13, the critical nodes of the 3D models for both schemes
are selected for calculation, resulting in the determination of the bending moment and
shear force values of the core tube shear wall under different construction schemes, as
illustrated in Figure 14.

Buildings 2023, 13, x FOR PEER REVIEW 9 of 14 
 

  
Figure 11. Internal force diagram of shear wall of core tube under different schemes. 

In summary, when the overall construction is completed, the maximum bending mo-
ment and maximum shear force of the single model constructed by the first elastic con-
nection and then rigid connection in Scheme 2 are smaller than those in Scheme 1 rigid 
connection construction. This observation indicates that the overall structure possesses 
favorable mechanical performance and a high level of safety. 

2.4. Construction Scheme 3D Model 
As depicted in Figures 12 and 13, the critical nodes of the 3D models for both schemes 

are selected for calculation, resulting in the determination of the bending moment and 
shear force values of the core tube shear wall under different construction schemes, as 
illustrated in Figure 14. 

          
Figure 12. Rigid connection construction process. 

        

Figure 13. The first elastic connection and then rigid connection construction process. 

Upon comparing the structural forces under both different construction schemes, it 
becomes evident that during the construction stage, after completion of the top floor con-
struction, Scheme 2 exhibits a reduction of 10.47% in the maximum bending moment and 
a significant decrease of 63.37% in the maximum shear force, in comparison to Scheme 1. 
However, during the use stage, when 1.0 times the dead load + 0.5 times the live load is 
applied after the construction is completed, Scheme 2 experiences a slight increase of 
4.13% in the maximum bending moment. Nevertheless, the maximum shear force still 
demonstrates a notable decrease of 53.84% when compared to Scheme 1. These findings 
indicate that Scheme 2 offers improved mechanical performance and enhanced safety dur-
ing the overall construction process. 

Figure 12. Rigid connection construction process.

Buildings 2023, 13, x FOR PEER REVIEW 9 of 14 
 

  
Figure 11. Internal force diagram of shear wall of core tube under different schemes. 

In summary, when the overall construction is completed, the maximum bending mo-
ment and maximum shear force of the single model constructed by the first elastic con-
nection and then rigid connection in Scheme 2 are smaller than those in Scheme 1 rigid 
connection construction. This observation indicates that the overall structure possesses 
favorable mechanical performance and a high level of safety. 

2.4. Construction Scheme 3D Model 
As depicted in Figures 12 and 13, the critical nodes of the 3D models for both schemes 

are selected for calculation, resulting in the determination of the bending moment and 
shear force values of the core tube shear wall under different construction schemes, as 
illustrated in Figure 14. 

          
Figure 12. Rigid connection construction process. 

        

Figure 13. The first elastic connection and then rigid connection construction process. 

Upon comparing the structural forces under both different construction schemes, it 
becomes evident that during the construction stage, after completion of the top floor con-
struction, Scheme 2 exhibits a reduction of 10.47% in the maximum bending moment and 
a significant decrease of 63.37% in the maximum shear force, in comparison to Scheme 1. 
However, during the use stage, when 1.0 times the dead load + 0.5 times the live load is 
applied after the construction is completed, Scheme 2 experiences a slight increase of 
4.13% in the maximum bending moment. Nevertheless, the maximum shear force still 
demonstrates a notable decrease of 53.84% when compared to Scheme 1. These findings 
indicate that Scheme 2 offers improved mechanical performance and enhanced safety dur-
ing the overall construction process. 

Figure 13. The first elastic connection and then rigid connection construction process.

Buildings 2023, 13, x FOR PEER REVIEW 10 of 14 
 

  
Figure 14. Internal forces of core tube shear walls under different construction schemes. 

Upon comparing the 3D model with the single model, it is observed that the changes 
in bending moment and shear force of the shear wall are similar. However, due to the 
absence of external support in the single model, the proportion of difference in the maxi-
mum bending moment undergoes more significant fluctuations, while the proportion of 
difference in the maximum shear force exhibits clearer variations in the 3D model. The 
proportion of the maximum bending moment increase generated by Scheme 2 in the 3D 
model is significantly smaller compared to that in a single model. Both different construc-
tion schemes are adopted, and the difference in maximum bending moment borne by the 
shear wall is minimal. However, the difference in shear force generated by the couple is 
very obvious. During the construction process of the main structure in Scheme 2, the bend-
ing moment and shear force of the shear wall are reduced to a certain extent, making the 
structural stress more reasonable and the safety redundancy higher. 

In summary, through multi-dimensional internal force analysis of simplified models, 
single models, and 3D models of both schemes, the final choice is to adopt Scheme 2, 
which involves the first elastic connection and then the rigid connection. In this scheme, 
the large-span and heavy-load-transfer truss is initially elastically connected to the core 
tube shear wall, and the shear wall of the core tube is mainly subjected to the vertical 
pressure from the superstructure. After the completion of the construction of six floors 
above ground, the large-span and heavy-load-transfer truss is then rigidly connected to 
the shear wall. At this point, the core tube shear wall starts to bear the bending moment 
transmitted by the large-span and heavy-load-transfer truss. As a result, after the struc-
tural construction is completed, the bending moment and shear force of the core tube 
shear wall are smaller than those of the shear wall in Scheme 1, making it easier to meet 
the design requirements of “strong columns and weak beams.” This improvement in the 
stress state of the core tube shear wall and transfer truss leads to a more rational distribu-
tion of structural stress and significantly enhances the overall safety of the structure. 

3. Simulation Calculation Based on the Entire Construction Process 
3.1. Finite Element Theory during Construction Stage 

According to the comparison and research of Scheme 1 and Scheme 2 in the above 
section, the construction scheme of Scheme 2 with the first elastic connection and then 
rigid connection is determined to be the optimal construction scheme. With this decision 
in mind, the entire process of Scheme 2 is simulated and analyzed to examine whether the 
variations in stress and deflection during the entire construction process align with the 
requirements specified in the design specifications. 

Assembling an incomplete structure into a complete system in stages is a common 
method in spatial structure construction. Examples of such methods include the unit as-
sembly method, the mobile support method, the sliding method, etc. Accurate structural 

Figure 14. Internal forces of core tube shear walls under different construction schemes.

Upon comparing the structural forces under both different construction schemes,
it becomes evident that during the construction stage, after completion of the top floor
construction, Scheme 2 exhibits a reduction of 10.47% in the maximum bending moment
and a significant decrease of 63.37% in the maximum shear force, in comparison to Scheme 1.



Buildings 2023, 13, 3056 10 of 14

However, during the use stage, when 1.0 times the dead load + 0.5 times the live load
is applied after the construction is completed, Scheme 2 experiences a slight increase of
4.13% in the maximum bending moment. Nevertheless, the maximum shear force still
demonstrates a notable decrease of 53.84% when compared to Scheme 1. These findings
indicate that Scheme 2 offers improved mechanical performance and enhanced safety
during the overall construction process.

Upon comparing the 3D model with the single model, it is observed that the changes
in bending moment and shear force of the shear wall are similar. However, due to the
absence of external support in the single model, the proportion of difference in the maxi-
mum bending moment undergoes more significant fluctuations, while the proportion of
difference in the maximum shear force exhibits clearer variations in the 3D model. The
proportion of the maximum bending moment increase generated by Scheme 2 in the 3D
model is significantly smaller compared to that in a single model. Both different construc-
tion schemes are adopted, and the difference in maximum bending moment borne by the
shear wall is minimal. However, the difference in shear force generated by the couple
is very obvious. During the construction process of the main structure in Scheme 2, the
bending moment and shear force of the shear wall are reduced to a certain extent, making
the structural stress more reasonable and the safety redundancy higher.

In summary, through multi-dimensional internal force analysis of simplified models,
single models, and 3D models of both schemes, the final choice is to adopt Scheme 2,
which involves the first elastic connection and then the rigid connection. In this scheme,
the large-span and heavy-load-transfer truss is initially elastically connected to the core
tube shear wall, and the shear wall of the core tube is mainly subjected to the vertical
pressure from the superstructure. After the completion of the construction of six floors
above ground, the large-span and heavy-load-transfer truss is then rigidly connected to
the shear wall. At this point, the core tube shear wall starts to bear the bending moment
transmitted by the large-span and heavy-load-transfer truss. As a result, after the structural
construction is completed, the bending moment and shear force of the core tube shear wall
are smaller than those of the shear wall in Scheme 1, making it easier to meet the design
requirements of “strong columns and weak beams.” This improvement in the stress state of
the core tube shear wall and transfer truss leads to a more rational distribution of structural
stress and significantly enhances the overall safety of the structure.

3. Simulation Calculation Based on the Entire Construction Process
3.1. Finite Element Theory during Construction Stage

According to the comparison and research of Scheme 1 and Scheme 2 in the above
section, the construction scheme of Scheme 2 with the first elastic connection and then
rigid connection is determined to be the optimal construction scheme. With this decision in
mind, the entire process of Scheme 2 is simulated and analyzed to examine whether the
variations in stress and deflection during the entire construction process align with the
requirements specified in the design specifications.

Assembling an incomplete structure into a complete system in stages is a common
method in spatial structure construction. Examples of such methods include the unit
assembly method, the mobile support method, the sliding method, etc. Accurate structural
design calculations during the construction phase of a structure should be based on the
actual construction process of the structure [13]. Assuming that a structure is divided into
n stages of construction, the basic finite element equations and internal force calculation
formulas for each stage of non-integral structure construction are as follows:

Construction Phase 1
1K1U1 = P1 F1 = k1B1U1

Construction Phase II

(2K1 + 2K2)U2 = P2 F2 = k2B2U2
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Construction Phase n

(nK1 + nK2 + . . . + nKn)Un = Pn Fn = knBnUn

In the nth stage of construction, the variables are represented as follows:
nKi: The total stiffness matrix of the ith unit block structure.
Ui: The displacement vector of the non-integral structure.
Pi: The node force vector of the ith unit block structure.
ki: The element stiffness matrix of the non-integral structural component.
Bi: The element number matrix of the non-integral structural component.
Fi: The element internal force vector of the non-integral structural component.

During the analysis and simulation of Scheme 2, these variables play crucial roles in
understanding the structural behavior and internal forces at different stages of construction.
The utilization of these matrices and vectors allows for a comprehensive evaluation of
stress and deflection variations, aiding in the assessment of the structure’s stability and
compliance with specified requirements. With these variables, engineers can make informed
decisions and implement necessary adjustments to ensure the overall structural integrity
and safety of the non-integral structure throughout its construction process.

Assuming the structure is in the linear elastic stage, the final displacement and internal
force of the structure can be linearly superimposed as follows:

U = ∑n
i=1 Ui F = ∑n

i=1 Fi

The superposition principle can be used to calculate the components when they are
in the linear elastic deformation stage in the construction stage, which greatly reduces the
calculation time and ensures the overall structural integrity and safety of the non-integral
structure during the whole construction process.

3.2. Construction Process Simulation

The construction scheme that adopts Scheme 2 of the first elastic connection and then
rigid connection introduces a discontinuity between the large-span and vertical components
in the structure. Consequently, the timing of support removal during the construction stage
significantly influences the stress state of the large-span and heavy-load-transfer truss. To
address this, the principle of dividing the construction steps is based on using the transfer
truss and temporary support as boundaries. The timing of support removal during the
construction phase determines the stress state of the transfer trusses of the transfer layer.
When the large-span and heavy-load-transfer trusses become rigid connections, the stress
will increase when the support is removed, and the bending moment at the end of the
trusses will also occur due to the change in the stress mode of the trusses. The parts without
the transfer truss and temporary support are divided into one construction step, while the
model is separated into different construction steps layer by layer at the transfer truss and
temporary support. Each division is considered as a time period during model calculation.
During the construction phase, the online elastic deformation phase at the component can
be simulated using the superposition principle to replicate the traditional construction
scheme involving layer-by-layer construction and layer-by-layer formwork removal. Midas
Gen is utilized to achieve this simulation, and the model diagram of each construction step
under Scheme 2 construction is depicted in Figure 15.
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3.3. Analysis of Construction Simulation Results

Based on the actual full construction process of the project, and taking into consider-
ation the construction schemes provided by the design and construction units, the load
during the construction phase is taken as one times the self-weight, with no consideration
given to the floor stiffness. The floor stiffness is adjusted to 0.01 times the actual forming
stiffness, and the load during the use stage after construction is taken as 1.0 times the dead
load + 0.5 times the live load. The simulation calculation results of the entire construction
process in Scheme 2 are shown in Table 1.

From Table 1, it can be seen that the maximum vertical deformation in the mid-
span of the large-span structure is 35.66 mm, the maximum stress is 74.11 Mpa when
the bending moment of the truss floor is released, and the upper diagonal tie rod is
located on the two floors. Upon reaching the top floor during construction, the large-span
structure exhibits a maximum vertical deformation of 44.03 mm and a maximum stress of
93.7 MPa. Subsequently, when the main construction is completed, and 1.0 times the dead
load + 0.5 times the live load is applied, the maximum stress of the structure during the
construction process remains in a tensile state, reaching a maximum stress of 209.63 MPa,
which meets the stress requirements. Additionally, the maximum vertical deformation in
the mid-span of the transfer floor reaches 74.61 mm, resulting in a deflection-to-span ratio
of 1/716, which satisfies the allowable deflection value specified as 1/400 in the regulations.

3.4. Results and Discussion

Based on the simulation and verification through layer-by-layer construction, the
results indicate that the deflection of the large-span and heavy-load-transfer truss meets
the specifications’ requirements during the construction process, and the stress of the steel
structure components remains in the elastic stage. In the process of structural construction,
the improvement in the stress state of the core tube shear wall and the transfer truss makes
the structural stress distribution more reasonable and significantly improves the overall
safety of the structure. To ensure structural stability, deformation and stress monitoring
should be conducted on the large-span and heavy-load-transfer truss and the connecting
parts of the two towers on both sides. Ensure safety during construction. It is crucial to
control the deformation at each construction stage to ensure it does not exceed the calculated
value. Specifically, careful attention should be given to the stress state of the upper and
lower chords and diagonal web members at the mid-span, as well as the connecting parts
at both ends of the large-span and heavy-load-transfer truss, to prevent any exceeding
of the calculated value that might lead to local component instability. To further ensure
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stability during construction, effective stability control measures must be implemented for
the local structures.

4. Conclusions

This article presents an analysis of the stress situation of the core tube shear wall in
the Zhanjiang Bay Laboratory R&D Building under both construction and use conditions.
Multiple construction schemes are compared and evaluated, and simulations are performed
to assess the vertical displacement and stress of the large-span and heavy-load-transfer truss.
Based on these analyses, the optimal construction and installation scheme is proposed,
leading to the following conclusions:

(1) By simplifying the model to study the force transmission mechanism of the large-
span and heavy-load-transfer truss, it is found that both schemes have the same structural
stress form. However, the maximum bending moment and maximum shear force generated
by the construction of the first elastic connection and then the rigid connection in Scheme 2
are much smaller than those generated by the construction of the rigid connection in
Scheme 1.

(2) Through Midas simulation of both construction schemes under a single model
and a 3D model, it is found that the bending moment and shear force changes in the shear
wall are similar, but the proportion of the difference in the maximum bending moment
in the single model changes more significantly, and the proportion of the difference in
the maximum shear force in the 3D model changes more clearly. During the construction
phase, particularly when the top floor construction is completed, Scheme 2 exhibits smaller
maximum bending moment and maximum shear force values compared to Scheme 1.
However, after the completion of construction, while the maximum shear force generated
by Scheme 2 remains smaller than that of Scheme 1, the maximum bending moment has
increased.

(3) By adopting Scheme 2 with the first elastic connection and then rigid connection,
the stress state of the core tube shear wall and transfer truss is improved, leading to a more
reasonable distribution of structural stress. The bending moment and shear force of the
core tube shear wall are smaller than those of the shear wall in Scheme 1, and it is easier to
meet the design requirements of “strong columns and weak beams”.

(4) During the construction process, it is essential to conduct deformation and stress
monitoring for the large-span and heavy-load-transfer truss and the connecting parts of
the two towers on both sides. This monitoring helps to ensure that the deformation at
each construction stage remains within the calculated value. Additionally, close attention
should be given to the stress state of the upper and lower chords, diagonal web members
at the mid-span, and the connecting parts at both ends of the large-span and heavy-
load-transfer truss. The stress levels should not exceed the calculated value to prevent
any local instability of the components. To maintain structural stability and prevent
potential instability, effective measures for stability control must be implemented for
the local structures under construction. These measures contribute to the formation of
stable and efficient spatial structures, ensuring the overall safety and reliability of the
construction process.

5. Possible Directions for Future Studies

The stress state and deformation state of large complex space structures are closely
related to the construction scheme. The designer puts forward the final working state of
the structure and then requires the construction personnel to determine the construction
scheme. In the end, it is difficult to fully meet the design requirements, and there are
hidden dangers. Based on this characteristic, the construction scheme should be incorpo-
rated into the structural design of the long-span and heavy-duty transfer truss, and the
integrated analysis should be carried out. The design should be adjusted according to
the construction scheme, and the construction scheme should be optimized. The specific
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design and construction scheme for specific projects can greatly reduce the safety hazards
in the construction process and speed up the project’s progress.
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