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Abstract

Super high-rise buildings of 400 m and above are currently rare globally, making their
design and construction data invaluable. Due to their enormous size, the structural safety,
architectural effect, and construction cost are key concerns of all parties. This study employs
parametric analysis to research the lateral force-resisting system and key local structural
issues of a 400 m under-construction super-high-rise structure. The overall analysis results
show that the 8-mega-column scheme can relatively well balance architectural effect and
structural performance; the 5-belt truss design minimizes the steel consumption. The
local research results indicate that the inward inclination of bottom columns leads to
increased axial forces in floor beams significantly, necessitating reinforcement; horizontal
braces directly connected to the core tube enhance folded belt truss integrity under rare
earthquakes; failure of bottom gravity columns in the folded secondary frame increases
beam bending moments and axial forces substantially. Steel consumption sensitivity
analysis shows that when the structural first-order period is reduced by 0.1 s, adjusting the
section sizes of the members in the belt truss minimizes the increase in steel consumption,
while adjusting steel beams maximizes it. These findings provide essential design insights
for similar super-high-rise projects.

Keywords: super high-rise building; parametric analysis; lateral force-resisting system;
mega-column; folded belt truss; folded secondary frame

1. Introduction
Over the past few decades, rapid urbanization and the growing demand for space have

led to the rise of super-high-rise buildings around the globe, transforming city skylines
and redefining architectural possibilities. In 1931, the Empire State Building, standing at
381 m, was completed in New York and held the title of “the world’s tallest building” for
the next 40 years [1]. In 1974, the Sears Tower, measuring 442 m, was completed in Chicago,
USA, and became the tallest building until 1998 [2]. In 2010, the Burj Khalifa in Dubai,
United Arab Emirates, reached a height of 828 m, making it the current tallest building in
the world. China has also seen the completion of notable super-high-rise buildings, such as
the Jin Mao Tower in Shanghai, which was completed in 1999 at 365 m [3], Taipei 101 at
508 m in 2004, and the Shanghai Tower in 2016, standing at 632 m, currently the third tallest
building in the world [4].
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Since entering the 21st century, super-high-rise buildings have emerged rapidly world-
wide, especially in China [5]. Structures reaching heights of 300 m and above have be-
come important symbols of a city’s economic strength and status, while those exceeding
400 m have served as “skyline landmarks” and core carriers of urban spatial strategies [6,7].
According to statistics from the Council on Tall Buildings and Urban Habitat (CTBUH) [3],
as of 2024, a total of 241 high-rise buildings over 300 m have been completed globally,
but only 25 buildings reach the 400 m threshold. Therefore, the accumulation of design
and research data for super-high-rise buildings of approximately 400 m or above remains
extremely scarce and valuable.

As a landmark building in the region, 400 m class super-high-rise buildings should
balance architectural imagery, structural safety, and economic efficiency [8,9]. However,
achieving this balance poses significant challenges. In terms of architectural imagery,
due to their great height, these super-high-rise buildings have a significant impact on the
urban landscape. Therefore, their forms should integrate regional culture with contempo-
rary aesthetics [10]. Additionally, builders often have stringent requirements for internal
functionality and space utilization, such as for office and residential spaces. As a result,
maximizing the fulfillment of architects’ demands presents a considerable challenge. In
terms of structural safety, the extremely high-altitude environment and enormous structural
self-weight require the structural system to have higher safety redundancy. For instance,
due to its extremely high building height, the building’s own weight is very large. All of
the self-weight is concentrated on the columns and walls at the bottom floor. Therefore,
it is essential to focus on reducing the overall weight of the structure and ensuring the
safety of the components at the base. To achieve this, various materials are utilized in the
construction of super-high-rise structures [11]. Additionally, as building height increases,
so do the lateral forces and deformations caused by horizontal wind loads and seismic ac-
tivity [12]. Consequently, selecting an appropriate lateral force-resisting system becomes a
critical consideration [13]. Moreover, it is important to focus on specific structural practices
that arise from the architect’s design requirements for certain parts of the building. In terms
of economic efficiency, the massive construction volume makes material consumption and
construction costs non-negligible issues. How to minimize material consumption while
still meeting the functional requirements of the building through the reasonable layout of
the structure and the optimization of materials is a question worth considering [9,14,15].
In conclusion, against the backdrop of global infrastructure transitioning towards “tech-
nologization, greenization, and efficiency”, achieving dynamic balance among spatial
performance, safety reserves, and economic costs through structural system innovation,
member optimization, and exploration of material performance has become one of the core
research propositions in the engineering field [16].

This paper takes an under-construction super-high-rise structure with a height of
approximately 400 m as the research object. Based on the height, shape characteristics,
and functional features of this super-high-rise building, it concentrates on and solves the
following issues:

(1) How to select the lateral force-resisting system of the structure and determine the
appropriate number of exterior frame columns.

(2) How to determine the number and position of the belt trusses.
(3) The problems caused by the inward inclination of the bottom columns and

their solutions.
(4) The problems brought about by the folded floor outline and their corresponding solutions.
(5) The optimization efficiency of various components?

At the same time, this paper employs parametric analysis techniques to provide a
detailed comparison process and calculation results, thereby enhancing computational
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efficiency. Finally, by extracting technical guidelines and optimization strategies throughout
the design process, the research in this paper can provide references for the design of the
super-high-rise structures under similar heights, planar shapes, and design conditions, and
the parametric analysis technique adopted can support future research on more complex
super-high-rise structures.

2. Research Objects and Methods
2.1. Project Overview

This project is a super-high-rise tower in the southwest of China, as shown in Figure 1.
The structure is 396 m in height, with 83 floors above ground. The floors below the
65th are for office use, while the floors above the 65th are for hotel and observation deck
functions. There are five floors underground and a 5-story podium. Starting from the 5th
floor above ground, a refuge floor is set every ten floors. The floor plan is larger at the
bottom and smaller at the top, with the floor outline gradually narrowing. The bottom
floor outline is roughly square-shaped, while the top is close to an octagon, and there are
some folded angles in the middle of the side edges. The facade curtain wall has turning
lines that change in two directions along the height, and the corners at the bottom are cut
off. The low-rise office floor outline is 63 m × 63 m, and the high-rise hotel floor outline is
52 m × 52 m. The core tube is square with a nine-grid internal layout, and its bottom
outline is 29.4 m × 29.4 m.

(a) (b) 

Figure 1. The floor plan and overall shape of the tower. (a) Typical floor plan; (b) The tower model.

The seismic fortification intensity of this project is 7 degrees (0.1 g) for a Class II site;
the design seismic group is the third group, and the characteristic period of the site is
0.45 s [17]. The basic wind pressure in this area is 0.35 kN/m2, and it falls under Class
B terrain [18]. For super-high-rise structures in areas with similar seismic intensity, site
conditions and wind loads, the research results presented in this paper have considerable
reference value. However, they are not applicable to some regions with extremely high
horizontal loads, such as those with a seismic intensity of 8 degrees or above, or those
located in coastal areas with strong typhoons.

The additional permanent dead load on the office area floor is 2.0 kN/m2, the live load
is 3.5 kN/m2, the additional permanent dead load on the hotel area floor is 4.5 kN/m2,
and the live load is 3.0 kN/m2. Since the internal functions of most buildings over 300 m
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in height are for offices or hotels [4], the vertical load values for this project have a certain
degree of universality.

In terms of structural materials, the structure employs a concrete core tube combined
with a steel-concrete composite exterior frame, which leverages the advantages of both
steel and concrete materials comprehensively [19]. With a relatively low self-weight, it
achieves high bearing capacity and good seismic performance [20]. The exterior frame
columns adopt steel-reinforced concrete (SRC) cross-sections, which must meet a minimum
steel ratio of 4% [21].

2.2. Research Methods and Approach

With the advancement of computer technology, parametric modeling analysis tech-
niques are being increasingly applied in the field of building structures. In the field of
super-high-rise buildings, their application can significantly enhance the efficiency of
modeling, analysis, and design [22–27].

This study introduces the parametric analysis technique and conducts research and
secondary development based on the Grasshopper (GH) platform. It establishes a para-
metric analysis method from the structural geometric model to the finite element model,
and subsequently to solution calculation, result extraction, and optimization, as shown
in Figure 2. First, based on the CAD floor plan or Rhino geometric model provided by
the architect, key structural geometric feature data are extracted and formatted into Excel
files or TXT files through preprocessing. Second, in GH, specific components are selected,
and related components are developed using programming languages such as C#. The
geometric information in the files is read, and a geometric model is established. Following
this, the material properties, section dimensions, boundary conditions, and loads for the
finite element model are defined, and the finite element model itself is created. Third,
through the use of the ETABS Open API and the PKPM API, direct calls and calculations
in these two software applications are executed within GH, and the calculation results
are generated. The structural index limits are then assessed, including metrics such as
period, displacement angle, displacement ratio, and axial compression ratio. If these limits
are not met, the component sections are adjusted and recalculated until the requirements
are satisfied. Finally, the component optimization principles and goals are set, results are
evaluated, components are modified, and recalculations are performed repeatedly until the
optimization goals are achieved. This entire parametric analysis process has been tested
and verified with simple models prior to its application, and in this study, the intermediate
process models and calculation results are manually reviewed to ensure their reliability.

In terms of software versions, ETABS operates on version 2021, while PKPM uses
version 2024. The calculations and designs adhere to Chinese standards. The structural
calculation model for the tower building accounts for 4 floors below ground and 83 floors
above ground. After conducting a calculation, we found that the lateral stiffness ratio of the
underground first floor compared to the first floor of this project is greater than 2, which
complies with the relevant standards [17,28]. As a result, the top slab of the basement is
treated as a fixed end, allowing us to disregard the interaction between the soil and the
structure in our analysis. The floor slabs utilize elastic membranes, which means that in-
plane stiffness is considered, while out-of-plane stiffness is disregarded. The construction
sequence of the model is based on a layer-by-layer approach. Preliminary calculations are
carried out according to the relevant standard [28], the gravity second-order effect needs to
be considered in the model calculation.

This paper divides its research into two main steps, considering the height and planar
characteristics of the project. First, the overall system is examined and compared across two
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approaches: case data statistics and numerical simulation. Second, specific key structural
issues are analyzed in detail. The overall research framework is illustrated in Figure 3.

Figure 2. The workflow for structural parametric modeling analysis and optimization.

Figure 3. The research framework of this paper.
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3. Research on Structural Lateral Force-Resisting System
3.1. Statistical Study on Structural Systems of Super-High-Rise Buildings

The structural system of high-rise buildings, commonly referred to as the “force
transmission system,” classifies these structures based on their various force transmission
properties and the composition of their structural components. Among these, the “lateral
force-resisting structural system” is crucial for super-high-rise buildings [13], as it must
consider two main factors: the building’s intended function and its height [29]. The purpose
of the building, along with the internal space provided by the structural system, is a primary
focus of the structural design. Additionally, different structural systems possess varying
stiffness and load-bearing capacities, which means their suitable height ranges differ as
well [30].

For super-high-rise structures, the commonly used lateral force-resisting systems
mainly include three types, as shown in Figure 4, namely the frame–core tube structure,
the mega-column and core tube structure, and the tube-in-tube (closely spaced columns
exterior frame structure) structure [31–34].

 
Figure 4. Three types of lateral force-resisting systems for super-high-rise structures.

The frame–core tube structure refers to a structural system with an appropriate number
of exterior frame columns and relatively uniform column spacing. Typically, there are
no fewer than 12 exterior frame columns, and the spacing between columns generally
does not exceed 15 m. This structural system has a large and flexible space, but its lateral
stiffness is relatively low, so structural engineers usually reinforce it by adding multiple
rigid strengthening layers [35]. This structural system is commonly seen in super-high-rise
buildings with a height of no more than 300 m, such as the T1 tower of Sanya Joy City [36],
and the D building of Hefei Greenland Center [37].

The mega-column and core tube structure is a system designed with fewer exterior
frame columns that have larger cross-sections while ensuring the stiffness of the exterior
frame. Typically, the number of mega-columns is usually no more than 8. This structural
system usually consists of two or more structural forms. Generally, it is formed by large-
section components that form the main structure of the exterior frame, such as the mega-
columns and the belt trusses, and small components are flexibly arranged inside to form
the secondary structure. Together, they constitute the entire structure. During the force-
bearing process, the main structure bears most of the load and plays a primary role, while
the load on the secondary structure can be transferred to the main structure. Therefore,
the load acting on the secondary structure is relatively small, and it cooperates with the
main structure. Due to the smaller column spacing and load of the secondary structure,
smaller beam and column sections can be utilized, enabling more efficient use of floor
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space and greater flexibility in the structural layout [11,38]. This structural system is
commonly employed in super-high-rise buildings exceeding 300 m in height, such as the
super-high-rise project in Chengdu Tianfu New District [39], and the CITIC Building in
Beijing [40].

The tube-in-tube structure resists lateral forces by making the exterior frame columns
denser and smaller, so that the exterior frame can have the effect of a tube. Typically, the
column spacing of this structural system is usually less than 4.0 m, providing high lateral
stiffness. However, the excessively tight column spacing can make the building’s shape
rigid and result in inflexible space divisions, which often do not meet the architectural
needs of super-high-rise office towers. Additionally, the shear lag effect is quite pronounced
in this design [35]. Therefore, this scheme has been rarely adopted in China in recent years,
with representative examples including the Shenzhen Headquarters Building of China
Resources [41].

To deepen our understanding of the relationship between the lateral force-resisting sys-
tem and various factors like building height, this paper collected 46 cases of super-high-rise
buildings with a height exceeding 300 m [4,42] and conducted statistical analysis. Further-
more, in the following sections of this paper, the exterior frame columns of frame–core
tube structures and tube-in-tube structures will be collectively referred to as “conventional
column” in contrast to mega-column.

The relationship between the types of exterior frame columns and the structural height
is shown in Figure 5a. For super-high-rise buildings below 350 m, the exterior frame
columns are mainly conventional columns. For those above 450 m, the exterior frame
columns are mainly mega-columns. For super-high-rise buildings with a height ranging
from 350 m to 450 m, both types of column cross-sectional forms are widely adopted.
Among engineering cases involving mega-columns, the 8-mega-column scheme is in the
majority, and the number of columns in projects with conventional columns is mainly
concentrated in the range of 12 to 24.

  
(a) (b) 

Figure 5. Statistics on the number of columns, structural height and construction time. (a) The
relationship between the number of columns and the structural height; (b) The relationship between
the number of columns and the start construction date.

The relationship between construction start time and the type of exterior frame
columns is shown in Figure 5b. It can be seen that before 2013, conventional columns
were more commonly used in super-high-rise buildings. After 2013, the number of super-
high-rise buildings adopting mega-column gradually increased. This might be related to
architectural aesthetics, economy, as well as the development of materials and construction
technologies [30].
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The relationship between the structural planar shape and the number of columns is
shown in Table 1. Twenty-seven super-high-rise buildings feature a square planar shape,
among which 14 adopt the mega-column, with 6 to 8 mega-columns as the main type. For
super-high-rise buildings with other planar shapes, conventional columns are the main
type in terms of column type.

Table 1. Statistics on the shape of the floor plan.

Column Type Square Circle Triangle Other

4 mega-columns 2 0 0 0
6–8 mega-columns 14 0 1 1

conventional column (≥12) 11 2 3 12

3.2. Comparative Study on the Number of Exterior Frame Columns
3.2.1. Comparison Scheme

By analyzing and summarizing previous engineering cases, it is initially determined
that the overall lateral force-resisting system of the structure consists of exterior frame
columns/mega-columns, belt trusses, and a core tube. The core tube is slightly retracted in
the middle and upper areas. The exterior frame columns follow the retraction and changes
in the building’s exterior contour. They are also inclined inward and to the left and right
as the height increases. Combined with the building’s refuge floors and equipment floors,
the belt trusses are arranged starting from the 5th floor, with one belt truss installed every
10 floors, resulting in a total of 8 belt trusses. The super-high-rise structural system studied
in this paper is shown in Figure 6.

 

Figure 6. Composition of the structural system.

While keeping the building’s exterior contour, core tube wall thickness, number of
belt trusses, and material unchanged, by adjusting the number and section size of the
exterior frame columns, the differences in the overall mechanical performance, material
consumption, architectural effect, and construction difficulty of different exterior frame
column quantity schemes are studied.

Due to the nearly square shape of the floor plan, considering the visual requirements
of the building’s corners, columns should be avoided from being placed at the corners,



Buildings 2025, 15, 3199 9 of 28

especially those with larger cross-sections. As a result, the minimum number of columns
required is 8; at the same time, the architect prefers that the spacing between columns
should not be less than 10 m. Based on this, the maximum number of columns estimated
is 20. Thus, four different schemes featuring varying numbers of columns have been
developed, as shown in Figure 7. In each scheme, the thickness of the bottom wall is
1400 mm, the thickness of each floor slab is 120 mm, and the height of the steel beams is
controlled not to exceed 1000 mm. The concrete grades for walls and columns range from
C70 to C50 from bottom to top, the floor slabs use C35 concrete [43], and the steel material
is G390GJ [44].

Figure 7. Typical floor plan of different column arrangement schemes (the 6th floor).

Scheme 1 adopts 8 exterior frame mega-columns. The cross-section of the bottom
mega-columns is 3 m × 3 m, the spacing between the mega-columns is 26 m, and the
cantilever length is 15 m. Due to the large column spacing, 4 steel gravity columns are set
in the middle of the mega-columns, and 8 steel gravity columns are set at the cantilevered
corners to control structural deformation.

Scheme 2 adopts 12 exterior frame columns. The cross-section of the bottom column is
2.45 m × 2.45 m, the column spacing is 19 m, the cantilever length at the corners is 9 m,
and there are no gravity columns.

Scheme 3 adopts 16 exterior frame columns. The cross-section of the bottom column is
2.1 m × 2.1 m, the column spacing is approximately 13.5–15 m, the cantilever length at the
corners is 7 m, and there are no gravity columns.

Scheme 4 adopts 20 exterior frame columns. The cross-section of the bottom column is
1.85 m × 1.85 m, the column spacing is approximately 10.5–12.3 m, there is no cantilever at
the corners, and there are no gravity columns.

In terms of architectural effect, the influence of column spacing and column cross-
section on the office view needs to be considered. In addition, to meet the spatial require-
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ments at the entrance of the first floor lobby and the form of corner chamfering at the
bottom floor, the 12-column scheme requires structural transfer of the middle columns at
the bottom, while the 16-column and 20-column schemes need to adopt inclined columns
or adopt structural transfer at the corners, respectively, as shown in Figures 8 and 9.

 

Figure 8. Structural models of different column schemes.

Figure 9. The positioning of the bottom columns in different column schemes.

In terms of structural rationality, on the basis of ensuring reliable force transmission of
the structure, the principles for modifying and determining the cross-sectional dimensions
of the exterior frame columns are as follows: control the first-order natural vibration period
of the structure not to exceed 8.0 s to avoid insufficient structural stiffness; ensure that the
displacement angle meets the requirement of 1/500 [28]; the steel content of the exterior
frame column section is controlled at 4.8%. And when other indicators are met, it should
be ensured that the axial compression ratio of the columns in each scheme is as close as
possible to the limit value.

3.2.2. Results

The axial compression ratios of the exterior frame columns for each scheme are shown
in Figure 10. The axial compression ratios of the columns in different height zones across
the four schemes are basically controlled at the similar level. Notably, the axial compression
ratios of the columns in the middle and low zones are utilized relatively fully, with ratios
below the 26th floor approaching the limit value of 0.6, and those below the 46th floor
remaining above 0.5. In contrast, the axial compression ratios of the columns in the higher
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floors are relatively lower, primarily to ensure that the column sections do not decrease too
rapidly with height, which could lead to non-compliance with other structural indicators
such as period, displacement angle, and stiffness ratio.

 
Figure 10. Axial compression ratio of the bottom columns in different floors of each scheme.

The overall indicators of each scheme are shown in Table 2, and the seismic displace-
ment angles and frame-shear ratios [28] of each scheme are shown in Figure 11. The
first-order period of the four schemes ranges from 6.71 s to 7.23 s, with the first two modes
corresponding to translational periods and the third mode representing a torsional period.
The period ratios are approximately 0.61, which comply with the limit requirement of
no more than 0.85, indicating that the structural torsional stiffness is relatively strong.
The maximum displacement angles under earthquake and wind loads all satisfy the limit
requirement of 1/500, and there is a considerable margin. Furthermore, the seismic dis-
placement angles for each scheme are greater than those under wind load, highlighting
that an earthquake is the primary factor affecting horizontal displacement.

Table 2. The overall structural indicators for different column schemes.

Structural Indicator 8-Col 12-Col 16-Col 20-Col

Period/s
T1 7.23 7.11 6.96 6.71
T2 7.2 7.09 6.94 6.69
T3 4.37 4.42 4.22 4.11

Period Ratio ≤0.85 0.60 0.62 0.61 0.61

Displacement Angle
(Maximum)

earthquake 1/628 1/647 1/690 1/742
wind 1/1108 1/1137 1/1207 1/1230

Frame-Shear Ratio
>0.05 83% 76% 87% 97%
>0.08 37% 34% 43% 54%

Shear Weight Ratio 1.071% 1.061% 1.082% 1.093%
Seismic shear force/kN 33,463 33,160 33,834 34,193

Total weight/t (D + 0.5L) 328,198 329,149 315,453 311,667
Column steel consumption/t 4894 5722 5587 5323

Total steel consumption/t 25,959 25,628 (−1.3%) 25,258 (−2.7%) 24,048 (−7.4%)
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(a) (b) 

Figure 11. Curves of seismic displacement angle and frame–shear ratio. (a) the seismic displacement
angle; (b) the frame-shear ratio.

(1) Comparison of structural lateral stiffness

The translational period and displacement angle of a structure can reflect the mag-
nitude of its overall lateral stiffness. Based on the variation in the first-order period in
each scheme and the change in the displacement angle curve in Figure 11a, it can be con-
cluded that the overall lateral stiffness of the structure increases gradually as the number
of columns increases. By analyzing the reasons, increasing the number of columns can
enhance the integrity of the outer frame, thereby increasing the lateral stiffness.

(2) Comparison of seismic forces

As the number of columns increases, the structural base seismic shear force first
decreases and then increases, and the shear-weight ratio follows the same trend, consistent
with the variation trend of the base shear force. Among the schemes, the 20-column scheme
has the largest base seismic shear force, followed by the 16-column and 8-column schemes,
while the 12-column scheme has the smallest base seismic shear force. Overall, the seismic
shear forces of the four schemes are quite close, with the difference not exceeding 2.2%.

(3) Distribution of internal and external shear forces

For super-high-rise structures, there should be a proper ratio between the lateral
stiffness of the core tube and that of the exterior frame, in order to meet the requirements
of dual seismic fortification [28]. Among the four schemes, the 20-column scheme has
the largest proportion of floors where the frame–shear ratio exceeds 0.08, accounting
for 54%, which meets the requirements. The proportion of such floors in the remaining
schemes is less than 50%, with the 12-column scheme having the smallest proportion at
34%. According to the relevant literature [45], for structures where the structural stiffness
decreases with height, appropriate relaxation can be applied. Additionally, to ensure that
the exterior frame has sufficient shear resistance capacity under earthquakes, calculations
are conducted separately for the exterior frame by assuming it bears 25% of the shear
force at the bottom floor [46–48], and for the exterior frame columns using the adjustment
coefficient method [49,50] to verify the shear resistance capacity of the exterior frame
columns, ensuring that the shear resistance capacity of the exterior frame columns meets
the requirements. Thus, the frame–shear ratio requirement can be relaxed to such that the
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frame–shear ratio of most floors is not less than 0.05. Under this adjusted requirement,
all four schemes meet the criteria, though the 12-column scheme still has the smallest
proportion of compliant floors, standing at 76%.

(4) Comparison of steel consumption

As the number of exterior frame columns increases, the steel consumption of the
exterior frame columns first increases and then decreases. The 8-column scheme shows
the lowest steel consumption for columns, while the 12-column scheme has the highest
consumption. However, the total steel consumption of the structure gradually decreases
as the number of exterior frame columns increases. The total steel consumption for the
12-column and 16-column schemes is 3% lower than that of the 8-column scheme, with a
maximum reduction of about 700 tons. The 20-column scheme exhibits a larger reduction
of 7.4%, equating to approximately 1900 tons.

A comprehensive analysis of the four schemes is presented in Table 3, focusing on four
aspects: structural rationality, architectural effect, construction difficulty, and material cost.

Table 3. Comprehensive comparison of different schemes.

Structural Scheme 8-Col 12-Col 16-Col 20-Col

Structural Performance reasonable
Needs transfer structure

at the first floor,
low efficiency

reasonable

Needs transfer
structure at the first

floor,
low efficiency

Architectural Effect Transparent, good Transfer structure at the
first floor, poor relatively poor Small column spacing,

worst effect
Construction
Complexity General General General General

Material Cost Relatively high Moderate Relatively small Minimum
Comprehensive

Evaluation Optimal Poor General Poor

In terms of structural efficiency, the 12-column scheme and the 20-column scheme
have lower force transmission efficiency for vertical members due to the need for a transfer
structure on the first floor, while the 8-column and 16-column schemes allow all columns
to be directly grounded, enabling more direct and reliable force transmission. Regarding
architectural effects, the 8-column scheme, which has the fewest columns, achieves the best
performance in terms of the first-floor lobby space, corner view, and office view. Although
the 12-column scheme incorporates transfer structures, it still has a significant impact on
the first-floor lobby. The 16-column scheme, due to its smaller column spacing, has a
certain impact on the views of the first floor and offices. The 20-column scheme, with
the smallest column spacing, has the worst architectural effect. In terms of construction
difficulty, the differences among the four schemes are not significant, and all have good con-
struction feasibility. For material cost, the 20-column scheme has the lowest material cost,
while the cost difference among the other three schemes is within 3%, making their costs
relatively close.

Considering multiple factors, although the 8-column scheme has a slightly higher
material cost than the others, it offers the best architectural effect, a reasonable structural
system, and feasible construction. Therefore, the 8-column scheme is finally selected for
this project.

3.3. Sensitivity Analysis of the Number of the Belt Truss

Based on the 8-mega-column and gravity column scheme, a sensitivity analysis is
conducted on the number and position of the belt trusses in the structure. Belt trusses are



Buildings 2025, 15, 3199 14 of 28

usually arranged on the refuge floors and equipment floors of the building. They not only
play a role in enhancing the lateral stiffness of the structure, but also serve as the transfer
structure for the gravity columns and ensure the integrity of the exterior frame.

The sensitivity analysis of the belt trusses adopts the decreasing method, which starts
with 8 belt trusses and gradually reduces their quantity. The comparison schemes for the
sensitivity analysis of the belt trusses are shown in Figure 12. The first model is the initial
8-belt trusses model. In the other models, the arrows indicate the positions where the
trusses are to be removed. The Model-2 to Model-4 have had a belt truss removed, the
Model-5 to Model-7 have had two belt trusses removed, and the Model-8 and Model-9,
respectively, have had three and four belt trusses removed. Moreover, it should be noted
that three belt trusses cannot be removed: the first one at the 5th floor at the bottom,
which is used to suspend the lower gravity columns, and the two at the top, which are,
respectively, used to support the crown and serve as the transfer structure between the
hotel and office areas.

Figure 12. Different schemes for the arrangement and quantity of belt trusses (The arrows in the
figure indicate the positions where the trusses are to be removed).

In terms of control indicators and model component adjustments, while ensuring
that the overall indicators of each model meet the requirements and the model displace-
ment angles are basically consistent, the models after belt truss removal are optimized
or strengthened.

The calculation results for the overall indicators of each scheme are presented in
Table 4. The indicators for the period, displacement angle, and frame–shear ratio of
each scheme all meet the specified requirements. Additionally, the displacement angle
levels across all schemes are relatively consistent. The cross-sectional areas of the mega-
columns and walls are determined by the axial compression ratio and are not significantly
influenced by the number or positioning of the belt trusses; therefore, these details are not
included here.
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Table 4. The results of the overall structural indicators.

Model
Number

Position of
Removing the

Belt Truss

Period/s
(Adjusted)

Seismic
Displacement

Angle

Frame–Shear
Ratio > 0.05 Steel

Consumption/t

T1 T2 T3 EX EY X Y

1 No 7.23 7.20 4.37 1/628 1/650 84% 83% 25,959
2 15F 7.31 7.27 4.52 1/630 1/649 84% 85% 25,716
3 35F 7.38 7.34 4.54 1/635 1/656 85% 84% 25,791
4 55F 7.42 7.37 4.50 1/633 1/653 85% 87% 25,845
5 15F/35F 7.43 7.39 4.68 1/633 1/651 85% 87% 25,613
6 35F/55F 7.47 7.42 4.65 1/635 1/651 85% 87% 25,667
7 15F/55F 7.54 7.49 4.67 1/640 1/659 89% 87% 25,742
8 15F/35F/55F 7.61 7.56 4.81 1/637 1/652 91% 89% 25,602
9 15F/25F/45F/55F 7.68 7.62 4.90 1/631 1/646 89% 88% 26,968

The first-order periods for each scheme are shown in Figure 13a. The term “period
before adjustment” refers to the structural period observed when only the belt trusses are
removed, without any optimization or strengthening of the structural members. In contrast,
“period after adjustment” describes the structural period following further optimization
or adjustments made after the removal of the belt trusses. From the figure, we can draw
two conclusions:

1. As the number of removed belt trusses increases, the overall translational stiffness
of the structure decreases, and the first-order period becomes longer. Optimizing or
strengthening structural members does not change this law, indicating that the impact
of adjusting the number of belt trusses on structural stiffness is greater than that of
modifying member sizes.

2. The contribution of belt trusses located in the high zone to structural stiffness is
generally greater than that of those situated in the low zone.

(a) (b) 

Figure 13. The changes in periods, base seismic shear forces and shear weight ratios of different belt
truss schemes. (a) the period; (b) the base seismic shear force and shear weight ratio.

The base shear force and shear-weight ratio of each scheme are shown in Figure 13b.
Both the base shear force and shear-weight ratio exhibit a similar trend: they decrease as
the number of belt trusses is reduced. This indicates a reduction in seismic action, which
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reflects decreased structural stiff-ness and aligns with previous conclusions. There is no
clear pattern regarding how changes in the positions of the belt trusses affect the base
shear force.

In terms of the distribution of internal and external shear forces in the structure,
according to Table 4, the proportion of floors with a frame–shear ratio greater than 5%
is relatively close for each scheme. Overall, as the number of belt trusses decreases, the
proportion of floors meeting the requirements increases slightly, indicating that the frame–
shear ratio is not sensitive to the number and positions of the belt trusses.

In terms of material consumption, as shown in Figure 14, as the number of belt
trusses decreases, the structural members need to be strengthened. The increased steel
consumption caused by such strengthening is more sensitive to the number of removed
belt trusses than to the positions of the removed belt trusses.

Figure 14. The steel consumption of different belt truss schemes.

Reducing the number of belt trusses does not lead to a continuous decrease in the total
steel consumption of the structure. Instead, the total steel consumption initially decreases
and then increases as the number of belt trusses decreases. When three belt trusses are
removed and the spacing between the remaining belt trusses does not exceed 20 floors,
the total steel consumption of the structure is the lowest. However, if four belt trusses are
removed, the steel consumption significantly increases, even exceeding the level associated
with having 8 belt trusses. This increase occurs because the spacing between the remaining
trusses reaches 30 floors, which weakens the integrity of the exterior frame. Moreover, the
cumulative effect of vertical loads leads to a significant increase in the axial force of the
gravity columns. As a result, additional strengthening of the steel gravity columns and
frame beams is required, leading to a rapid rise in steel consumption. Therefore, at least
this conclusion can be drawn: when the number of floors between two adjacent belt trusses
reaches or exceeds 30 floors, the consumption of steel becomes uneconomical.

In summary, considering the reduction in seismic action, the minimization of steel
consumption, and the preservation of architectural functions, the Model-8 scheme (with
five belt trusses) is the optimal solution and is ultimately chosen.
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4. Research on Key Local Issues of the Structure
4.1. Study on the Bottom Inclination of Mega-Columns

In accordance with the architectural requirements, the design for the mega-columns
on the bottom five floors will feature an inwardly inclined shape with an inclination angle
of 6◦. To assess the impact of this inclination, a comparison is made between the bottom
straight columns and the bottom inclined columns, as shown in Figure 15.

Figure 15. Comparison between inclined columns and straight columns at the bottom.

After the calculation, the overall indicators of the two schemes show only a minor
difference. The first-order period of the inclined column scheme is approximately 1% longer
than that of the straight column scheme. However, other indicators, such as the displace-
ment angle and the overall frame-shear ratio, remain largely unchanged. Additionally, the
total mass decreases by about 0.4%.

In terms of member force, the axial compression ratios of the bottom 5 floors of
the mega-columns and shear walls in both schemes remain basically unchanged, with
differences within 0.01. However, there is a significant difference in the axial force of the
floor beams located near the folded corner of the mega-columns, as shown in Figure 16a.
This analysis focuses on the results under two load combinations: 1.3D + 1.5L and 1.0D
+ 0.5L + 1.0Ex (for a rare earthquake, which has a 2% to 3% probability of exceedance
in 50 years) [17]. The tensile force of the floor beams in the inclined column scheme is
significantly greater than that in the straight column scheme. The maximum axial force of
the floor beams occurs at the 5th floor (the corner floor), and then the tensile force of the
beams in floors farther from the corner floor decreases. Taking the corner floor beam as
an example, under the two combinations, the maximum tensile force of the floor beams in
the inclined column scheme reaches 4730 kN and 5230 kN, respectively. It is verified that
the beam section will enter a yield state due to the axial force alone, so it is necessary to
strengthen the beam section. In contrast, the tensile forces in the straight column scheme
are 800 kN and 1180 kN, with a reduction in axial force of 83% and 77%, respectively. The
force transmission before and after the overall inward inclination of the mega-columns at
the bottom is shown in Figure 16b.

Based on the analysis, from the perspective of force-bearing, the inclined column
scheme will lead to an increase in the axial force of the beams and an increase in their
cross-sections. Moreover, from the perspective of seismic resistance, the inclined column
scheme is less favorable. Therefore, the seismic grade of the inclined columns and their
surrounding members should be increased by one level. At the same time, the floor
slabs in this area require structural reinforcement, including increasing the slab thickness,
additional full-length steel reinforcement bars, and enhancing the connection between the
floor slab and the core tube. From the perspective of node design and construction, the axial
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force level of the floor beams in the inclined column scheme is very high, complicating the
design of connections between the floor beams and the core tube, which will also necessitate
specialized node design and finite element analysis. All these factors will contribute to
higher construction costs and increased difficulty in execution, leading us to abandon the
idea of using inward-inclined columns in favor of a straight column scheme.

 
(a) 

(b) 

Figure 16. Comparison of internal forces between straight columns and inclined columns. (a) Beam
axial force curve; (b) The force transmission of the two schemes.

4.2. Mechanical Behavior of the Folded Belt Trusses and Floor Strengthening

Due to the building’s shape requirements, there is a 10◦ to 16◦ fold angle in the exterior
frame beam between the two mega-columns on each floor. Correspondingly, the belt truss
at this location has an angle as well, as shown in Figure 17. As the transfer structure of the
upper gravity columns, this angle will cause the belt truss to twist under vertical loads,
thereby resulting in horizontal forces on both the upper and lower chords of the belt truss.
As shown in Figure 18a, under the action of dead and live loads, the concrete near the
upper chord of the belt truss experiences significant tension, with the maximum principal
stress reaching 7.0 MPa, exceeding the specified tensile strength of the floor concrete
(f tk = 2.2 MPa) [43]. Moreover, under the seismic action, the enhanced stiffness by the
belt truss leads to increased horizontal forces on the floor; however, the angle reduces the
integrity of the floor in the belt truss layer, resulting in large shear stress between the core
tube and the exterior frame during a rare earthquake (which has a 2% to 3% probability
of exceedance in 50 years) [17], as shown in Figure 18b. The red arrows in Figure 18a,b
indicate the directions of the tensile and shear forces acting on the floor. In conclusion, the
floors at the location of the belt trusses require strengthening.
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Figure 17. The folded belt truss.

  
(a) (b) 

Figure 18. Stress distribution of floor slab (the 45th floor). (a) under dead and live loads; (b) under a
rare earthquake.

Two strengthening schemes are attempted for this project, as shown in Figure 19.
Taking the belt truss on the 45th floor as an example, the thickness of the floor slab at
this location is 180 mm, and the cross-section of the horizontal brace is 250 mm × 16 mm
(square steel tube).

  
(a) (b) 

Figure 19. Layout scheme of horizontal bracing for strengthening layer floor (the 45th floor).
(a) Scheme 1: not connected to the core tube; (b) Scheme 2: connected to the core tube.

As shown in Table 5, under the two horizontal brace schemes, the floor slab stress,
horizontal deformation caused by torsion of the belt truss, the axial force of the floor beam,
and the weak-axis bending moment of the belt truss chord have all been reduced. Among
them, Scheme 1 demonstrates a slightly better reduction effect compared to Scheme 2.
However, both schemes have little effect on reducing the stress ratio of the floor beam and
the belt truss chord, and cannot prevent the floor from cracking.
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Table 5. Comparison of floor strengthening schemes.

Load Case Results Initial Scheme 1 Scheme 2

Dead load

Floor slab stress/MPa 7.0 5.6 5.1
Torsional deformation of the belt truss/mm 5.2 3.1 3.8

axial force of the floor beam/kN 484 313 365
axial force of the horizontal bracing/kN - 238 181

Weak-axis bending moment of the belt truss chords/kN·m 315 200 239

Rare
Earthquake

Floor slab stress/MPa 59.6 51.8 50.0
Torsional deformation of the belt truss/mm 2.3 1.4 1.9

axial force of the floor beam/kN 422 228 297
axial force of the horizontal bracing/kN - 985 2553

Weak-axis bending moment of the belt truss chords/kN·m 292 166 214

In terms of the axial force of the horizontal braces, under dead load, the axial force
of the horizontal braces in both schemes is small, and the effect is limited. However, un-
der a rare earthquake, the axial force of the horizontal braces increases significantly, and
the effect is remarkable (the cross-section meets the requirement of no yielding under a
rare earthquake), which better improves the integrity of the floor between the core tube
and the belt truss, and Scheme 2 performs significantly better than Scheme 1. Analyzing
the reasons, under the vertical load, the torsional deformation of the belt truss without
horizontal supports is relatively small, only 5.2 mm. Therefore, the setting of horizon-
tal supports provides relatively little assistance in constraining the deformation, and the
corresponding axial force is also relatively small. Under the horizontal seismic action,
the deformation and internal force transfer are mainly within the plane. Therefore, the
horizontal supports can play a significant role in constraining the in-plane deformation,
resulting in a significant increase in their axial force. In Scheme 2, the horizontal sup-
ports directly connect the belt truss and the core tube, directly coordinating the interior
and exterior deformations, and the force transmission is more direct than in Scheme 1,
making the floor structure more integral. Therefore, the axial force is greater under the
seismic action.

In terms of the increase in steel consumption, the total for the 5 belt truss layers is
about 530 tons for Scheme 1 and about 360 tons for Scheme 2. Therefore, Scheme 2 is more
economical, saving 170 tons of steel.

In conclusion, the horizontal braces have no significant impact on the section size of
the existing structural members. However, from the perspective of seismic concept, it can
improve the structural integrity of the belt truss layer after the floor slabs stop working,
and Scheme 2 has better effects and lower costs. Therefore, Scheme 2 is adopted.

4.3. Mechanical Behavior of the Folded Secondary Frame After the Failure of a Gravity Column

Between the mega-columns and the belt trusses of this project, a folded secondary
frame is formed by gravity columns and folded beams. This secondary frame adopts a “half-
sitting half-hanging” design [51], meaning that the gravity columns are either supported
by or hanging from the belt trusses, providing support for the folded exterior frame beams
with I-shaped cross-sections on each floor, as shown in Figure 20a. When local instability
or damage occurs to the gravity columns, the span of the exterior frame beams can change
from 13 m to 26 m, leading to a significant increase in mid-span vertical deformation and
altering the stress state of the members. Additionally, the folded exterior frame beams will
experience torsional deformation, causing the I-shaped cross-section beams to undergo
torsion and weak-axis bending. Therefore, it is essential to conduct a comparative analysis
of the force conditions of the exterior frame beams before and after the removal of the
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gravity columns to avoid continuous failure. Between every two adjacent belt trusses,
the topmost and bottommost gravity columns, respectively, bear the maximum tensile
force and the maximum compressive force. Failure of these columns would be the most
detrimental to the secondary frame. Therefore, in this study, the bottom gravity column is
selected for removal, and the removed column is located above the belt truss on the 15th
floor, as shown in Figure 20b.

 
(a) (b) 

Figure 20. The scheme for removing the gravity columns of the folded secondary frame structure.
(a) The folded secondary frame structure; (b) The position where the gravity column was removed.

In the analysis, the contribution of floor stiffness is not considered, and the investigated
load combination is 1.3D + 1.5L. The comparison results are presented in Table 6. After
the failure of the gravity column, there is a significant increase in the vertical deformation,
axial force, and strong-axis bending moment of the exterior frame beam, while the weak-
axis bending moment and torque experience slight increases that are minimal and can be
disregarded. After the removal of the gravity column, the axial force of the remaining
gravity columns decreases by 98%, but its strong-axis bending moment (towards the core
tube) increases significantly. Overall, the removal of the gravity column will lead to more
unfavorable force conditions on the exterior frame beam and the remaining gravity column,
and corresponding strengthening is required. The folded beams primarily experience
major-axis bending and axial force, and there is no need to consider the influence of torsion
or weak-axis bending.

Table 6. The calculation results.

Type of Member Results Before Removal After Removal

Folded Exterior Frame Beam

Vertical deformation/mm 7 103
Axial force/kN 370 1210

Strong-axis moment/kN·m 2477 6494
Weak-axis moment/kN·m 0.4 13

Torque/kN·m 1.0 2.6

Gravity Column

Axial force/kN 2543 26
Strong-axis moment/kN·m 237 1022
Weak-axis moment/kN·m 1 1.6

Torque/kN·m 0 0

To further investigate the mechanical behavior of the folded beams in the secondary
frame after the failure of the gravity column, a local simplified analytical model is estab-
lished. A parametric analysis is conducted to examine different folded angles, beam section
types, and constraint conditions. The folded angle is considered to be six different working
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conditions within the range of 0◦ to 35◦. The beam sections considered include H-shaped,
circular tube-shaped, and box-shaped sections (considering axial stiffness equivalence or
flexural stiffness equivalence). In addition, based on the previous analysis, the beam end
bending moment and the gravity column bending moment increase significantly after the
removal of the gravity column. Therefore, a scheme with hinged ends of the beam and
the column is supplemented to simulate the structural stress after the formation of plastic
hinges. The comparison scheme is shown in Figure 21.

Figure 21. Comparison schemes for secondary frames.

As shown in Figure 22a, for the strong-axis bending moment of the folded beam, with
the increase in the folded angle, the bending moment of the folded beam before gravity
column removal (Scheme 1) remains basically unchanged. For the scheme with a plastic
hinge at the column end (Scheme 5), the bending moment increases significantly from 0◦ to
4◦, and then increases slightly with the increase in the angle. For the other schemes, the
bending moments increase slightly as the angle increases. Comparing different types of
folded beam sections, the section type has no significant impact on the bending moment of
the strong axis. Among all six schemes, the bending moment of the folded beam before
column removal (Scheme 1) is the smallest. The scheme with a plastic hinge at the column
end (Scheme 5) and the scheme with a plastic hinge at the beam end (Scheme 6) have
significantly larger bending moments, and their values are relatively close. In the case of
Scheme 5, the maximum bending moment of the folded beam appears at the beam end,
and there is a tendency that the bending moment shifts from the mid-span to the beam
end as the angle increases. In the case of Scheme 6, the maximum bending moment of the
folded beam appears at the mid-span.

As shown in Figure 22b, for the axial force of the folded beam, under the working
condition of 0◦ folded angle, the initial axial force of all schemes is 0. When the angle
changes from 0◦ to 4◦, the axial force of each scheme increases significantly except for
Scheme 1. After that, as the angle continues to increase, the axial force of the box-shaped
section scheme (Scheme 3), circular tube-shaped section scheme (Scheme 4) and the beam
hinge scheme (Scheme 6) will gradually increase, while the axial force of the H-shaped
beam scheme (Scheme 2) remains basically unchanged, and the axial force of the column
hinge scheme (Scheme 5) gradually decreases to 0. Comparing different types of folded
beam sections, the axial force of the H-shaped section beam is the largest, and the axial
forces of the box-shaped and circular tube-shaped sections are close. As the angle increases,
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the axial forces of the three types tend to be consistent. Among all six schemes, the axial
force of the beam before the column removal (Scheme 1) is always 0; the axial force of the
beam hinge scheme (Scheme 6) is significantly larger than other schemes; and the axial
force of the column hinge scheme (Scheme 5) is the smallest.

  
(a) (b) 

 
(c) 

Figure 22. The internal forces of the folded beam with varying angles. (a) Strong-axis moment;
(b) Axial force; (c) Torque.

As shown in Figure 22c, for the torque of the folded beam, the torque is generally
low, not exceeding 60 kN·m, but exhibits a strong regularity. At the folded angle of 0◦,
the initial torque of all schemes is 0. As the angle increases, the torque of the Scheme 1,
the Scheme 2, and Scheme 6 is nearly at 0; the torque of the box-shaped section scheme
(Scheme 3), circular tube-shaped section scheme (Scheme 4), and the column hinge scheme
(Scheme 5) first increases and then decreases. The peak value of the former two appears
around 10◦ of the folded angle, and the peak value of Scheme 5 appears around 4◦ of the
folded angle. Comparing different section types, the H-shaped section shows virtually
no torque, while the box-shaped and circular tube-shaped section demonstrate significant
torque. Among all six schemes, the torque of the box-shaped section scheme (Scheme 3) is
the largest, followed by the circular tube-shaped section scheme (Scheme 4) and the column
hinge scheme (Scheme 5), with the remaining schemes exhibiting minimal torque.

The weak-axis bending moment of the folded beam is small, generally not exceeding
40 kN·m. Therefore, it is a non-controlling internal force with no obvious regularity, and
further discussion will not be provided here.

In summary, the following conclusions can be drawn:
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(1) Within the range of 0◦ to 35◦ of the angle, for the common cross-sectional types and the
above-mentioned constraint conditions, the folded beam mainly bears the strong-axis
bending moment and axial force, while the torque and weak-axis bending moment
are relatively small and their influences can be ignored.

(2) With the increase in the angle, the strong-axis bending moment and axial force of the
folded beam generally show an increasing trend, while the torque first increases and
then decreases.

(3) The cross-sectional type has little influence on the bending moment of the folded
beam, but has a certain influence on the axial force and torque of the beam. In terms of
axial force, the order is H-shaped section > circular tube section ≈ box-shaped section;
in terms of torque, the order is box-shaped section > circular tube section, and the
torque of the H-shaped section is negligible.

(4) After removing the lower gravity column, the strong-axis bending moment, axial
force of the folded beam, and the bending moment of the gravity column will increase
significantly, and the vertical deformation will also increase considerably. Once plastic
hinges appear at the beam end or the end of the gravity column, the bending moment
and vertical deformation will further increase sharply, which may lead to a progressive
collapse. Therefore, in the design, it is necessary to ensure that the gravity column or
the folded beam has sufficient redundancy to avoid such a situation.

4.4. Sensitivity Analysis of Steel Consumption for Different Members

For this project, steel consumption is the main controlling factor of the structural
material cost. In Section 3 of this paper, we explored how the number of mega-columns
and belt trusses affects structural indicators and steel consumption from the perspective of
the overall structural system. On the premise that the overall structural scheme is deter-
mined, in order to find the most efficient and steel-saving strengthening or optimization
strategies at the member level, adjustments and comparative studies are, respectively, con-
ducted on the cross-sections of mega-columns, gravity columns, frame beams, and the belt
truss members.

The first-order period of the super-high-rise structure is a fundamental characteristic
that remains unaffected by external loads, determined by the distribution of the structure’s
mass and stiffness. It has certain correlations with indicators such as the stiffness weight
ratio, shear weight ratio, and the maximum displacement angle, serving as a comprehensive
indicator that effectively reflects the structural characteristics [33]. For super-high-rise
buildings that are up to 400 m tall, it is usually necessary to control their first-order period so
that it does not become too long. This is to prevent it from exceeding the reasonable period
range of the structure [33], which typically indicates insufficient structural stiffness and
inadequate seismic forces. Furthermore, based on calculations of this project and previous
experiences for super-high-rise structures, under the premise of reasonable buildings and
structures, the adjustment of member cross-sections usually has an impact on the period
within 0.2 s. Therefore, the adjustment and iteration goal for each scheme is to control the
decrease in the first-order period by 0.1 s, and then the increase in steel consumption of
each scheme is compared. The scheme with the smallest increase in steel consumption is
the most efficient adjustment strategy.

The iterative calculation results of each scheme are shown in Figure 23. The horizontal
axis represents the number of model iterations, while the vertical axis represents the
increase in steel consumption relative to the initial state after each iteration. Among them,
the mixed scheme A considers adjusting the cross-sections of both belt truss members and
gravity columns, and the mixed scheme B considers adjusting the cross-sections of belt
truss members, frame steel beams, and mega-columns simultaneously. The results show
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that the scheme with the smallest increase in steel consumption is the one that only adjusts
the belt truss members, and the scheme with the largest increase in steel consumption is
the scheme that only adjusts the steel beams. The efficiency of cross-section adjustment in
descending order is: belt truss member > mega-column > mixed A > mixed B > gravity
column > steel beam.

Figure 23. Calculation model iteration curves for strengthening strategies of different members.

5. Conclusions
For a super-high-rise structure of approximately 400 m in height, a comprehensive

research is conducted from both the overall and local perspectives of the structure. Compar-
isons and analyses are made on the structural system, column schemes, belt truss schemes,
strengthening measures for belt truss floors, and folded secondary structures, leading to
the following conclusions:

(1) First, through a statistical analysis of the structural systems of super-high-rise building
cases with a height of over 300 m, the structural system for this project is initially
established. Then, four types of exterior frame column schemes (8, 12, 16, and
20 columns) are calculated and compared. Considering the structural performance,
material consumption, and architectural effect comprehensively, the 8-mega-column
scheme is ultimately determined.

(2) Starting from the 8 belt trusses, the sensitivity analysis of the belt trusses is carried
out using the decreasing method. Finally, the solution corresponding to Model-8
belt trusses (with five belt trusses) is determined as the optimal solution. Regarding
the structural stiffness, the high-zone belt trusses usually contribute more than the
low-zone belt trusses; for the total steel consumption of the structure, as the number
of belt trusses decreases, the steel consumption first decreases and then increases,
and the steel consumption is minimized when the spacing between belt trusses is
20 floors.

(3) Using the inwardly inclined column scheme for the bottom mega-columns will signif-
icantly increase the axial force of the floor beams compared to the straight column
scheme, resulting in an increase in the beam section, greater difficulty in connecting
with the core tube, and a more unfavorable situation in terms of seismic resistance.
Therefore, the seismic grade of the relevant beams and columns should be raised by
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one level, the thickness and reinforcement of the floor slabs should be strengthened,
and the connection nodes between the beams and the core tube need further analysis
and treatment.

(4) Horizontal braces can enhance the integrity of polygonal belt trusses when floor slabs
crack and lose their function under rare earthquakes, but their role under vertical
loads is limited, and the scheme of horizontal braces directly connected to the core
tube is more effective and cost-efficient.

(5) For the secondary frame structure composed of gravity columns and folded beams,
after removing a lower gravity column, the internal forces of the beams and the
remaining gravity columns increase significantly. Once plastic hinges form, the
internal forces and deformations will further increase, so strengthening measures are
required in the design to avoid progressive collapse. After removing a lower gravity
column, the folded beams are mainly subjected to the strong-axis bending moment
and axial force, while the torque and weak-axis bending moment are relatively small
and can be ignored. The strong-axis bending moment and axial force of the folded
beam will increase with the increasing angle. The section type has little influence on
the bending moments of the folded beams: the axial force of the H-shaped section
is greater than that of the circular tube and box-shaped sections; the torque of the
box-shaped section is larger than that of the circular tube section; and the torque of
the H-shaped section can be ignored.

(6) A sensitivity analysis of steel consumption is carried out for different types of struc-
tural members. The scheme with the smallest increase in steel consumption is the one
that only adjusts the belt truss members, and the scheme with the greatest increase
in steel consumption is the one that only adjusts the steel beams. The efficiency of
cross-section adjustment in descending order is as follows: belt truss members >
mega-column > mixed A > mixed B > gravity column > steel beam.

This study systematically presents the comparison and establishment process of the
overall lateral force-resisting system of a 400 m high super-high-rise structure. It discusses
the adverse effects of the inward inclination of the bottom exterior frame columns and
reveals the mechanical mechanisms and strengthening measures of both the folded belt
truss and the folded secondary frame structure. Additionally, it compares the efficiency
of various component optimizations. The research findings can serve as a reference and
guide for the structural analysis and optimization of super-high-rise buildings with similar
heights, loads, or architectural characteristics.
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