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With the improvement and development of the economic level, people's living habits and concepts are changing, and
the requirements for residential quality have become higher and higher. People gradually shift from traditional residential
concepts to trendy modern urban concepts, and staggered residential buildings come into sight. Although staggered resi-
dential buildings are relatively beautiful and cater to the aesthetic preferences of most people nowadays, their structures
are poor in terms of seismic resistance. Due to the uneven and asymmetric overall quality and stiffness of the building
caused by staggered floors, the seismic resistance has also become poor. Staggered structure refers to a type of structure
in a building where the floor slabs on the same floor are not at the same height, and the height difference is greater than
the beam height or greater than S00mm. Due to the discontinuity of the floor slab, staggered structures can complicate
the distribution of internal forces and seismic effects along the floor height. The staggered parts can also easily form short
columns and low walls that are not conducive to earthquake resistance, making them complex multi-story and high-rise
structures. Therefore, staggered structures have their unique characteristics in various design stages such as modeling,
calculation, and drawing, which are much more difficult than the design of flat story structures [1].

The "Seismic Code" stipulates that high-rise buildings must undergo seismic design in areas with seismic fortification
intensity of 6 degrees or above. The seismic damage caused by major projects and lifeline projects is highly harmful and
causes severe losses, sometimes leading to the paralysis of urban functions. Therefore, compared to general building
structures, it is required to improve the corresponding seismic fortification requirements for major projects and lifeline
projects. This project mainly conducted a study on the seismic performance of high-rise staggered structures based on the
thickness of floor slabs. This article is based on the study of the impact and optimization analysis of floor thickness on
the seismic performance of staggered structures under earthquake action, with floor thickness as a variable and other
component sizes being the same.
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1. Scheme design

A commercial and residential integrated high-rise building with a prefabricated spiral staggered building structure,
including a main structure and a glass curtain wall structure. The main building adopts a tube-in-tube structure, and the
main building is composed of multiple building bodies, with multiple building bodies forming staggered structures. The
structural design of glass curtain walls is a spiral structure, which is divided into upper building, middle building, and
lower building. The upper building and lower building have symmetrical axes and are mutually symmetrical. Effectively
connecting the staggered structure and spiral glass curtain wall building together, and setting friction dampers or friction
energy dissipation cross support damping devices at adjacent staggered structures of different heights in two adjacent
areas, solves the problem of contradiction between structural design and ornamental function in high-rise buildings in
existing technology, making the internal structure of the building unique, improving visual enjoyment effect, and having
good seismic performance.

The structural system of this project is a frame structure, with a total of 23 floors. The basic design conditions are as
follows:

This structure adopts a staggered structure with grid dimensions of 8m * 6 and 7.2m * 4. The layout of the staggered
structure is that the middle two spans are 1.2m lower than the left and right two spans. The structural model diagram is
shown in Figure 1.1. The thickness of the four types of structures is different from that of other structures of the same
size. Option | selects 110mm for the thickness of the floor, Option 2 selects 120mm for the thickness of the floor, Option
3 selects 140mm for the thickness of the floor, and Option 4 selects 160mm for the thickness of the floor.

Basic information on structural earthquake resistance: The seismic design of reinforced concrete structural components
should adopt different seismic levels based on structural type, building height, and seismic intensity, and should comply
with corresponding calculation and construction requirements. Structural rule-based information, irregular; Seismic for-
tification group, second group; Fortification intensity, 7 (0.15g); Site category, Class III; Concrete frame seismic rating,
Level 2; Reduce the seismic level of seismic structural measures below the embedded end according to the seismic code
(6.1.3-3); The seismic resistance level of the shear wall in the bottom reinforcement area of the partially frame supported
shear wall structure is automatically increased by one level (Table 3.9.3 and Table 3.9.4 of the high specification) [2].

The wind load information is, ground roughness category, A; Corrected basic wind pressure (kN/m?), 0.90; The basic
period of X-direction structure (seconds) and Y-direction structure (seconds), 1.24; Damping ratio of the structure under
wind load (%), 5.00; Amplification coefficient of wind load effect during bearing capacity design, 1.00; Wind pressure
for comfort calculation (kN/m?), 0.90; Structural damping ratio (%) for comfort calculation, 2.00 [3].

2. Structural period and vibration mode direction

According to the Technical Regulations for Concrete Structures of Tall Buildings, the ratio of the first natural vibration
period Tt, which is mainly based on torsion, to the first natural vibration period T1, which is mainly based on translation,
should not exceed 0.85 for high-rise mixed structures and complex high-rise buildings. According to Article 5.1.13 of the
High Regulation, the sum of the participating masses of each vibration mode should not be less than 90% of the total
mass. The periods and vibration modes of the four schemes with different heights of the conversion layer are shown in
Table 1.

Table 1. Natural seismic period and mode direction of different schemes of structures

Programme 1 2 3 4
Earthquake type Cycle Types Cycle Types Cycle Types Cycle Types
Earthquake type 1 1.5258 X 1.5401 X 1.5554 X 1.5714 X
Earthquake type 2 1.4288 Y 1.4401 Y 1.4526 Y 1.4659 Y
Earthquake type 3 1.3723 T 1.3359 T 1.2505 T 1.2655 T
Earthquake type 4 0.4720 Y 0.4769 Y 0.4819 Y 0.4869 Y
Earthquake type 5 0.4458 T 0.4500 T 0.4543 T 0.4586 T
Earthquake type 6 0.4261 X 0.4302 X 0.4343 X 0.4386 X
Earthquake type 7 0.2143 Y 0.2167 Y 0.2191 Y 0.2216 Y
Earthquake type 8 0.2080 T 0.2101 T 0.2122 T 0.2144 T
Earthquake type 9 0.1877 X 0.1899 X 0.1921 X 0.1943 X
Period ratio 0.899 0.867 0.804 0.805
Effective mass coefficient 91.2% 91.45% 91.51% 91.54%

DOI: 10.26855/ea.2023.12.001 444 Engineering Advances



Jianyang Du, Chuang Ma, Xianle Gao

The schematic diagram of the main directional force of multiple vibration modes under earthquake action is shown in
Figure 1:
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Figure 1. Schematic diagram of the main direction force of multiple vibration modes.

From Table 1 and Figure 3, it can be concluded that with the increase in plate thickness, various revitalization cycles
have an increasing trend. The cycle ratios of Scheme 1 and Scheme 2 are 0.899 and 0.867, respectively, which do not
meet the specifications. The ratio of the first natural vibration period Tt, which is mainly torsional, to the first natural
vibration period T1, which is mainly translational, should not exceed 0.85 for high-rise hybrid structures and complex
high-rise buildings. The cycle ratios of Scheme 3 and Scheme 4 are 0.804 and 0.805, which meet the requirements of the
specification. As the thickness of the plate increases, the cycle ratio also increases. From this, it can be seen that Scheme
1 and Scheme 2 do not meet the requirements of the specifications, and the seismic effect of Scheme 4 is not as good as
that of Scheme 3. The effective mass coefficient of these four schemes increases with the increase of plate thickness
because the overall mass of the structure increases with the increase of plate thickness and the effective mass coefficient
increases. From the vibration mode and period ratio, it can be seen that the structure must meet the seismic requirements,
and the thickness behind the plate must not be too thin, nor the thicker the better. In this structure, 140mm is sufficient,
which can meet seismic requirements and is relatively cost-effective.

3. Shearing force of structural floors under earthquake action

According to Article 5.2.5 of the "Anti seismic Code" [4], in a 7-degree (0.15g) fortified area, the maximum horizontal
seismic impact coefficient is 0.12, and the shearing weight ratio of the Y-direction floor should not be less than 2.40%.
The shear forces of each structural scheme are shown in Table 2:

Shear weight ratio, referred to as shear coefficient in the specification, is the ratio of floor shear force corresponding to
the standard value of horizontal seismic action to the representative value of gravity load. Mainly to limit the minimum
horizontal seismic shear force on each floor and ensure the safety of structures with longer periods. The shearing weight
of each structural scheme under various seismic conditions is shown in Figure 2:
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Table 2. Shear force table for each structural scheme

Programme 1

Programme 2

Programme 3

Programme 4

Floor X direction Y direction X direction Y direction X direction Y direction X direction Y direction
1 14411.7 14976.4 14179.2 14759.1 14411.7 14976.4 14629.2 15184.6
2 14278.9 14837.8 14049.2 14623.1 14278.9 14837.8 14493.7 15043.3
3 13998.1 14549.3 13774.8 14341 13998.1 14549.3 14206.6 14748.4
4 13746.6 14291.2 13528.2 14087.8 13746.6 14291.2 13950.3 14485.5
5 13302.7 13834.9 13093.4 13640.6 13302.7 13834.9 13497.4 14020.3
6 12991.6 13514.2 12787.8 13325.1 12991.6 13514.2 13181.1 13694.4
7 12473.1 12977.4 12278.8 12797.5 12473.1 12977.4 12653.6 13148.7
8 12132.7 12624.1 11943.5 12449.1 12132.7 12624.1 12308.3 12790.7
9 11584.2 12051.8 11403.8 11884.9 11584.2 12051.8 11751.7 12210.8
10 11237.4 11688.6 11061.4 11525.7 11237.4 11688.6 11400.8 11843.9
11 10682.2 11103.6 10513.9 10947.3 10682.2 11103.6 10839 11252.8
12 10320.9 10722.8 10156.8 10570 10320.9 10722.8 10474.2 10868.9
13 9726.5 10093.9 9570 9947.4 9726.5 10093.9 9873.4 10234.5
14 9326.8 9672.3 9174.9 9529.5 9326.8 9672.3 9469.8 9809.6
15 8651.6 8958.1 8508.6 8822.7 8651.6 8958.1 8787 9088.8
16 8181 8462.7 8043.9 8332.3 8181 8462.7 8311.3 8588.9
17 7354.6 7593.4 7229.8 7473.7 7354.6 7593.4 7474.1 7709.8
18 6768.7 6980.9 6652.1 6868.5 6768.7 6980.9 6880.8 7090.4
19 5728 5893.7 5628.4 5796.9 5728 5893.7 5824.3 5988.3

20 4998.1 5134.7 4909.6 5048.5 4998.1 5134.7 5083.8 5219.3
21 3681.6 3768.8 3616.5 3704.7 3681.6 3768.8 3745.2 3831.8
22 2755.1 2813.3 2704.9 2763.7 2755.1 2813.3 2804.2 2862.2
23 1067.8 1084.4 1048.4 1065 1067.8 1084.4 1086.9 1103.7
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Figure 2. Shear Weight Ratio under Different Seismic Conditions.
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From Table 2 and Figure 2, it can be seen that Scheme 1, Scheme 2, Scheme 3, and Scheme 4 show an increasing trend
in seismic shear force with the increase of floor thickness in both the X and Y directions. This is because the increase in
floor thickness increases the self-weight of the structure, thereby increasing the seismic shearing force of the structure.
The shearing weight ratio of schemes 1, 2, 3, and 4 decreases as the plate thickness increases. This is because the coefti-
cient of increase in interlayer shear force is smaller than the coefficient of increase in gravity load, resulting in a smaller
ratio of the standard value of horizontal seismic action floor shear force to the representative value of gravity load. Reduce

the shearing weight ratio and deteriorate the seismic resistance of the structure

4. Maximum displacement of the structure

According to Article 4.3.5-4 of the "High Regulation" [5], when calculating three sets of time history curves, it is
advisable to take the larger value of the envelope value of the time history method calculation result and the mode de-
composition response spectrum method calculation result for the seismic effect of the structure. The maximum floor

displacement in the X and Y directions of seismic waves for each structural scheme is shown in Figure 3
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Figure 3. Maximum displacement diagram of the structure

From Figure 3, it can be concluded that as the thickness of the floor increases, the maximum floor displacement of each

structure in both the X and Y directions shows an increasing trend. This is because the increase in floor thickness increases
the overall self-weight of the structure, as well as the seismic shear force and seismic moment of inertia of the structure

As a result, the maximum floor displacement and deformation of the structure increase, making it more prone to failure
Therefore, it can be seen that the larger the size of structural components, the better the seismic performance. Sometimes

it can have the opposite effect, causing waste and affecting the seismic performance

5. Conclusion
(1) As the thickness of the floor increases, the vibration mode period, effective mass coefficient, seismic shear force
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and seismic force of each structural scheme show an increasing trend, while the shearing weight ratio of the structure
shows a decreasing trend. Under the same external conditions such as earthquakes, as the thickness of the floor increases,
the self-weight of the structure increases, and the effective mass coefficient also increases with the thickness of the board,
resulting in an increase in the inertial force on the structure due to earthquakes.

(2) Cycle ratio: Scheme 1 and Scheme 2 do not meet the regulatory requirements, while Scheme 3 and Scheme 4 meet
the regulatory requirements. Because the dimensions of the panels in Scheme 1 and Scheme 2 are too small to meet the
seismic requirements of the structure.

From the overall analysis, the following conclusion can be drawn: to meet the seismic requirements of the structure,
the thickness of the floor slab must not be too thin, and the thicker the better. Choosing a floor thickness of 140mm in the
structure of this project is sufficient, which can meet seismic requirements and is relatively economical.
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