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Abstract:



Featured Application


A high-efficiency design method based on the rational yield ratio of isolation system is proposed and applied to the design of the seismically isolated RC frame-core tube tall buildings. The research outcome of this paper can guide the design of such buildings located in high seismic region and significantly improve the design efficiency.




Abstract


Resilience-based seismic design of reinforced concrete (RC) tall buildings has become an important trend in earthquake engineering. Seismic isolation technology is an effective and important method to improve the resiliency of RC frame-core tube tall buildings located in high seismic regions. However, the traditional design method for this type of building does not focus on the key design parameter, namely, the yield ratio of the isolation system and has therefore been proved to be highly inefficient. To address these issues, the rational yield ratio of isolation system for such buildings is investigated based on 28 carefully designed cases, considering the influences of total heights, yield ratios and seismically isolated schemes. The rational range of the yield ratio is recommended to be 2-3%. Based on this, a high-efficiency design method is proposed for seismically isolated RC frame-core tube tall buildings. Subsequently, a seismically isolated RC frame-core tube tall building with a height of 84.1 m is designed using the proposed design method. The rationality, reliability and efficiency of the proposed method are validated. The research outcome can serve as a reference for further development of the seismic design method for seismically isolated RC frame-core tube tall buildings.
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1. Introduction


In recent years, studies on the resilience-based seismic design of next-generation cities have attracted much attention in earthquake engineering [1,2,3,4]. To achieve a seismically resilient city, it is essential to improve the seismic resilience of important buildings that can highly affect the normal operation of the city, such as the government buildings, hospitals and telecommunications buildings, which are usually constructed using reinforced concrete (RC) tall structure. For RC tall buildings located in high seismic regions, it is difficult to achieve a seismic resilient structure through traditional seismic design [5]. It is well acknowledged that the seismic isolation technology can significantly reduce or even eliminate the damage of structural and nonstructural components [6,7,8,9,10,11,12,13,14,15,16], thus enabling the buildings to achieve a resilient performance after an earthquake. Hence, the seismic isolation technology is considered an effective and important method to realize resilient RC tall buildings located in high seismic regions. The seismic design of one type of typical seismically isolated RC tall buildings, namely, the RC frame-core tube tall building, is studied here.



In comparison with the seismic design of seismically isolated multi-story buildings, it is somewhat difficult to design seismically isolated tall buildings, which satisfy all the requirements specified in the Chinese Code for seismic design of buildings (GB50011-2010) [17], including the efficiency of isolation system, the maximum bearing displacement (MBD) and the maximum tensile and compressive stresses of isolators. This is due to the characteristics of the RC frame-core tall buildings, including long fundamental period, large weight and significant overturning effect [7,9,18]. Various problems may be encountered during the design of such isolated tall building, especially in the design of the isolation system. Specifically, some of the main problems are as follows: (1) Numerous parameters are required to be determined. The selection of the isolators, including the number, size and type (which includes the lead rubber bearing (LRB) and the natural rubber bearing (NRB)) of the isolators, are extremely complicated. In addition, nonlinear fluid viscous dampers (NFVDs) may be required to control the large MBD, which is usually observed in the isolation system. (2) Design experience and comprehensive investigations on such buildings are less reported than those on the multi-story buildings. It is worth mentioning here that a step-by-step iterative design method based on a refined finite element (FE) model is usually adopted for such buildings, leading to an overwhelming workload to create such model and implement the time history analysis [9]. The traditional design method of the isolated tall buildings is conclusively considered undesirable and inefficient for the RC frame-core tube tall buildings.



In light of the issues discussed above, this study aims to (1) identify and propose a rational range of the critical design parameter for the isolation system of the RC frame-core tube buildings, (2) develop a high-efficiency design method based on such range and (3) validate the rationality and reliability of this method. The yield ratio of the isolation system (referred to as the “yield ratio” hereafter), Qy/W, is defined as the ratio of the total yield force of the LRBs (Qy) to the total seismic weight of the structure (W) [19,20,21,22,23]. Previous research has indicated that the yield ratio is a critical design parameter, which significantly affects the efficiency of the isolation system and the seismic performance of the entire building [19,20,21,22,23]. It is also notable that yield ratio is directly related to the quantity of the LRB isolators. Hence, a rational range of yield ratio can be theoretically used to guide the design of an isolation system. Various investigations on the rational value of the yield ratio have been conducted for multi-story buildings. Pourzeynali et al. [24] studied the optimal values of the parameters of the base isolation system. Shen et al. [25] investigated the influence of the yield ratio on the seismic responses of a multi-story isolated structure and found that there existed a rational range for the yield ratio. Wang et al. [26], Li [21], Providakis et al. [20] and Mollaioli et al. [22] also investigated the rational range of the yield ratio.



These investigations indicate that the rational range of the yield ratio is highly related to the seismic responses of structures. It is notable that the total height and the seismically isolated scheme also have a certain extent of influence on the seismic response of such buildings and therefore, affect the rational range of the yield ratio. However, investigations on the rational range of the yield ratio with consideration of such factors, as well as the high-efficiency design method based on this, have been rarely reported for seismically isolated RC frame-core tube tall buildings.



As described above, based on two real engineering practices (seismically isolated RC frame-core tube buildings) with different heights located in high seismic regions, 28 study cases with different yield ratios and seismically isolated schemes are designed. Subsequently, the influence of the yield ratio on the efficiency of the isolation system and the MBD are investigated. A rational range of the yield ratio is recommended and is used to propose a high-efficiency design method for the isolated tall building. Subsequently, a seismically isolated RC frame-core tube building with a height of 84.1 m is designed using the proposed design method. The rationality, reliability and efficiency of the proposed method are validated. The research outcome can serve as a reference for further development of seismic design method for seismically isolated RC frame-core tube tall buildings.




2. Rational Range of the Yield Ratio of Isolation System


As mentioned above, the yield ratio of isolation system is a critical design parameter for the seismically isolated RC frame-core tube tall buildings. To obtain a rational value for this ratio, a number of rational and comprehensive study cases are required. Specifically, (1) the cases based on real engineering practices, which are located in high seismic region with different heights, are preferred; (2) different seismically isolated schemes, which are determined according to real architectural design requirements, should be considered; (3) a number of yield ratios of isolation system, covering a sufficiently large range, are required for such investigation. To achieve these, two carefully designed real engineering practices with different heights are selected as the prototype buildings. Based on the prototype buildings, the study cases accounting for different seismically isolated schemes and yield ratios of isolation system are designed to investigate the rational yield ratio of isolation system.



2.1. Overview of the Prototype Buildings


The selected two real engineering practices are seismically isolated RC frame-core tube tall buildings located in a near-fault region with a seismic intensity of 8.5 degree. According to GB50011-2010 [17], the 8.5 degree means that the correspond peak ground acceleration (PGA) values of the service level earthquake (SLE) (i.e., 63% probability of exceedance in 50 years), the design basis earthquake (DBE) (i.e., 10% probability of exceedance in 50 years) and the maximum considered earthquake (MCE) (i.e., 2% probability of exceedance in 50 years) are 110 cm/s2, 300 cm/s2 and 510 cm/s2, respectively. The total heights of these two buildings above the ground are 79.2 m with 22 stories (named as C1) and 65.8 m with 17 stories (named as C4), respectively. The height-to-width ratios are 2.3 and 1.91 for C1 and C4, respectively. The three-dimensional views and the plan views of the prototype buildings are presented in Figure 1 and Figure 2, respectively. The site condition belongs to the Site Class III and the second group in the GB50011-2010 [17]. The characteristic period of the site is 0.55 s. The closet distance from these two buildings to the rupture plane (i.e., Rrup) is 7.5 km. When Rrup is lower than 10 km and higher than 5 km, a near field influence coefficient with a value not less than 1.25 is introduced to consider the near field effect according to the GB50011-2010 [17]. Because the seismic design load of these buildings is extremely large and the occupancy importance of these buildings is very high, a special advisory committee (referred to as “the committee” hereafter) was established to guide and monitor the seismically isolated design. The near field influence coefficient was recommended to be 1.25 through a detailed discussion by the committee, which means the PGA values of the SLE, DBE and MCE increase to 137.5 cm/s2, 375 cm/s2 and 637.5 cm/s2, respectively.


Figure 1. Three-dimensional view of prototype buildings: (a) C1 and (b) C4.
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Figure 2. Isolation system of prototype reinforced concrete (RC) frame-core tube tall buildings: (a) C1 and (b) C4.
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It is notable that the basements of C1 and C4 are designed as 4 stories with a total height of 16.05 m and 14.15 m, respectively. The conventional base-isolated (CBI) scheme, which isolates the superstructure in the elevation of ±0 m, cannot satisfy the architectural design requirements. Meanwhile, the base-isolated scheme, which isolates the entire structure at the bottom of the basement, leads to a total height of approximately 95 m, thus leading to a certain extent of tensile stress in the isolators. Hence, a partially basement-isolated (PBI) scheme as shown in Figure 2 is recommended by the committee and adopted for these two buildings. Specifically, the columns are isolated in the elevation of ±0 m, while the core tubes are isolated at the bottom of the basement.



Because of the limit width of the isolation gap, which is recommended to be 600 mm by the committee, 16 NFVDs are adopted to control the MBD under the MCE. Specifically, by adopting the NFVDs, the MBD under the MCE are effectively reduced from 932 to 488 mm and 656 to 488 mm for C1 and C4, respectively. It is worth mentioning here that the authors have designed 29 different RC tall buildings located in this region and 16 NFVDs with approximately identical parameters are adopted for these buildings. The damping exponent and damping coefficient of the NFVDs are approximately 0.3 and 210 kN·s/mm. The maximum damping forces of the NFVDs in these buildings are all almost 2000 kN. Hence, the variation in numbers and parameters of NFVDs are herein not considered. The layouts of the LRB isolators, the NRB isolators and the NFVDs are schematically presented in Figure 2. The characteristic parameters of all isolators are presented in Table 1.



Table 1. Characteristic parameters of the isolators.







	
Type

	
NRB

900

	
NRB

1100

	
LRB

900

	
LRB

1000

	
LRB

1100

	
LRB

1200






	
Notation

	
N9

	
N11

	
R9

	
R10

	
R11

	
R12




	
Effective diameter (mm)

	
900

	
1100

	
900

	
1000

	
1100

	
1200




	
Total rubber thickness (mm)

	
176

	
216

	
176

	
197

	
216

	
235




	
Vertical stiffness (kN/m)

	
3,630,000

	
4,519,000

	
4,168,000

	
4,639,000

	
5,550,000

	
5,940,000




	
Equivalent stiffness at 100% shear strain (kN/m)

	
1110

	
1358

	
2070

	
2300

	
2450

	
2600




	
Post-yield stiffness (kN/m)

	
/

	
/

	
1070

	
1190

	
1310

	
1470




	
Horizontal yield force (kN)

	
/

	
/

	
238

	
294

	
355

	
410




	
Rubber shear modulus (N/mm2)

	
0.32

	
0.32

	
0.32

	
0.32

	
0.32

	
0.32










The critical design parameters and indexes of the prototype buildings are listed in Table 2. The fundamental period of the corresponding fixed-base structure is denoted as Tf. The isolation period, Tis, is calculated using the equivalent stiffness of the isolators when the horizontal shear strain of isolator is 100% according to the GB50011-2010 [17].



Table 2. Critical design parameters and indexes of prototype structures.







	
Indexes

	
C1

	
C4






	
Tf (s)

	
1.59

	
1.52




	
Tis (s)

	
4.44

	
4.08




	
Qy/W (%)

	
2.7

	
3.2




	
β

	
0.36

	
0.36




	
MBD (mm)

	
488

	
488




	
[image: ] (MPa)

	
12.38

	
13.17




	
[image: ] (MPa)

	
29.07

	
26.43




	
[image: ] (MPa)

	
0.00

	
0.09










The horizontal seismic absorbing coefficient, β, which indicates the efficiency of the isolation system, is one of the most important indexes in the design of seismically isolated structures. It is defined as the maximum ratio of the shear force of the isolated structure to that of a fixed-base structure in each story subjected to the DBE [17]. For seismically isolated building with NFVDs, β is required to be no more than 0.38 according to the GB50011-2010 [17]. The horizontal seismic absorbing coefficient of C1 and C4 are both 0.36, which satisfy this specification.



The MBD under the MCE is another important design index that determines the width of the isolation gap (i.e., Dg). Specifically, MBD = max{ηi·uc}, where ηi is the torsion influence coefficient (i.e., a scale factor to consider the effects of torsion) of ith isolator with a value of 1.15 for the prototype buildings and uc is the maximum displacement of the mass center of the isolation system under the MCE [17]. For each isolator, MBD is required to be no more than the smaller of the two values of 0.55 times the effective diameter of the isolator and 3.0 times the total rubber thickness. The MBD of C1 and C4 are both 488 mm as shown in Table 2, which strictly satisfy the specification of the GB50011-2010 [17]. In addition, Dg is required to be no less than 1.2 times the MBD. As for the prototype buildings, Dg is 600 mm, which is larger than 1.2 times the MBD (i.e., 585.6 mm).



The maximum compressive and tensile stresses of the isolators are also important design indexes for the seismically isolated structures. According to the GB50011-2010 [17], the compressive stress of isolators under gravity load (i.e., [image: ]) should be no more than 15 MPa. Furthermore, the compressive and tensile stresses of isolators under the MCE (i.e., [image: ] and [image: ]) should be no more than 30 MPa and 1 MPa, respectively. The typical results presented in Table 2 indicate that the design of the prototype buildings can meet the abovementioned requirements.




2.2. Design of the Study Cases


Through the introduction of the prototype buildings, it can be seen that two different heights and one seismically isolated scheme (i.e., PBI scheme) have been taken into consideration. As mentioned above, different schemes of the isolation system, which are usually determined by the real architectural design requirements, may be adopted in the design of seismically isolated RC frame-core tube tall buildings. Hence, in addition to the PBI scheme, the conventional base-isolated scheme should also be taken into account. The cases using the CBI scheme are herein designed based on the structures of C1 and C4 above the ground. Subsequently, different yield ratios are considered. 28 study cases with different yield ratios and seismically isolated schemes were redesigned based on the prototype buildings. The upper and lower limits of the yield ratios are approximately 1.5% and 3.5%, respectively. Different yield ratios are achieved through the adjustment of the type and quantity of the isolators. Detailed information (consisting of the height, seismically isolated scheme and yield ratio) and the corresponding Tis of these cases are presented in Table 3.



Table 3. Detailed information and corresponding Tis of the study cases.







	
Prototype Buildings

	
Seismically Isolated Schemes

	
Yield Ratio/%

	
Tis/s






	
C1 (79.2 m)

	
PBI scheme

	
1.4

	
4.95




	
1.8

	
4.70




	
2.0

	
4.63




	
2.2

	
4.58




	
2.7

	
4.44




	
3.0

	
4.36




	
3.4

	
4.27




	
CBI scheme

	
1.5

	
4.65




	
1.8

	
4.55




	
2.0

	
4.48




	
2.2

	
4.43




	
2.7

	
4.30




	
3.0

	
4.23




	
3.5

	
4.15




	
C4 (65.8 m)

	
PBI scheme

	
1.4

	
4.51




	
1.8

	
4.40




	
2.0

	
4.35




	
2.2

	
4.30




	
2.6

	
4.21




	
3.0

	
4.12




	
3.5

	
4.00




	
CBI scheme

	
1.5

	
4.35




	
1.8

	
4.27




	
2.0

	
4.22




	
2.2

	
4.17




	
2.5

	
4.11




	
3.0

	
3.99




	
3.5

	
3.90










The single-degree-of-freedom (SDOF) model and multi-degree-of-freedom (MDOF) shear model are widely used to guide the preliminary design and conceptual research of seismically base-isolated structures exhibiting significant shear deformation mode [9,22,24,27,28,29]. However, the RC frame-core tube buildings exhibit a flexural-shear deformation mode [30]. A reliable numerical model that can consider such deformation characteristic is required. The refined finite element (FE) model, which is widely acknowledged to be capable of reflecting such deformation characteristic [31,32,33,34], is adopted here. The general-purpose commercial software ETABS [35] is used to establish the refined FE model and conduct the seismically isolated design as well as the seismic performance assessment of the abovementioned 28 cases. It is notable that the superstructure of the isolated buildings usually experiences minor damage as expected; therefore, an elastic model for the superstructure is usually adopted [36,37]. Because of this, the beams and columns of the superstructure are modeled with elastic frame elements. The shear walls are simulated using the elastic shell element. In contrast, as the plastic response of the seismically isolated structures is mostly concentrated in the isolation system, a plastic model is usually adopted for the isolation system. Hence, the Rubber Isolator element and the Gap element are herein adopted for the isolators, while the Damper-Exponential element is used for the NFVDs. The abovementioned modeling methods are widely adopted and have been proved to be reliable [20,38].



For the ground motions, two natural ground motion records and one artificial ground motion are used to design the study cases and investigate the rational yield ratio according to GB50011-2010 [17]. The response spectrum of each ground motion is compared with the design response spectrum as shown in Figure 3. The ranges of interest for the period are 1.31–1.59 s for the fixed-base structures and 3.90–4.95 s for the seismically isolated structures. It can be found that the mean response spectrum agrees well with the design response spectrum at these period ranges. The ground motions are scaled to 375 cm/s2 and 637.5 cm/s2 to conduct time history analyses (THAs) under DBE and MCE, respectively. The indexes, including [image: ], [image: ] and [image: ], all meet the requirements specified in the GB50011-2010 [17]. The β and the MBD under the MCE are critical indexes to evaluate a rational yield ratio. Hence, these two critical indexes of 28 study cases will be presented and discussed in detail in the following section.


Figure 3. Response spectra of design ground motions.
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2.3. Rational Value of the Yield Ratio


To identify the rational yield ratio for the RC frame-core tube tall buildings located in high seismic regions, the following two principles are followed: (1) the horizontal seismic absorbing coefficient, β, is required to be no more than 0.38 as specified in the GB50011-2010 [17]; (2) the MBD under the MCE should not exceed 540 mm. In consideration of the difficulties in design of such seismically isolated tall buildings, the committee recommended that the limit width of the isolation gap could increase to 650 mm, which meant that the MBD could raise to approximate 540 mm (i.e., 650/1.2 ≈ 540 mm).



The values of β and MBD for the 28 study cases with different yield ratios and different seismically isolated schemes are calculated and presented in Figure 4, Figure 5, Figure 6 and Figure 7. The following conclusions can be drawn:


Figure 4. C1 with partially basement-isolated (PBI) scheme.
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Figure 5. C1 with conventional base-isolated (CBI) scheme.
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Figure 6. C4 with PBI scheme.
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Figure 7. C4 with CBI scheme.
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(1) The recommended upper limit of the yield ratio is 3% and the upper limit is determined by the β. When the yield ratio is no more than 3%, the value of β of all 28 study cases do not exceed 0.38, which means that the expected efficiency of the isolation system is successfully achieved and 3% can be regarded as the upper limit. In addition, β decreases with the decrease in yield ratio, indicating that a lower yield ratio can achieve a better isolation efficiency. However, the value of β becomes steady when the yield ratio decreases to 2%, which means the continuous decrease of the yield ratio below 2% cannot lead to better isolation efficiency.



(2) The upper limit of the yield ratio can increase to a certain level when the building height is smaller than 80 m or the CBI scheme is adopted. The upper limit of the yield ratios of C1 with the height of 79.2 m (3% for the PBI scheme) is lower than that of C4 with the height of 65.8 m (3.5% for the PBI scheme), indicating a higher upper limit of the yield ratio can be adopted for a building with a height lower than approximately 80 m. In addition, when the yield ratios of the PBI scheme and the CBI scheme both reached 3% for C1, the value of β for the CBI scheme is lower than that for the PBI scheme, indicating that a larger value of the yield ratio can be adopted for the CBI scheme.



(3) The recommended lower limit of the yield ratio is 2%. When the yield ratio is no less than 2%, the MBD under the MCE are all lower than 540 mm, which satisfy the requirements specified by the limit value of the isolation gap. The MBD generally decreases with the increase of the yield ratio, indicating that a higher yield ratio can better control the MBD, thereby satisfying the demand of the isolation gap. In addition, with the increase of the height of the building, the lower limit of the yield ratio can adopt a smaller value (e.g., 1.8% for C1 with the PBI scheme). However, the isolation efficiency becomes steady when the yield ratio decreases to 2% as mentioned above, while a considerable increase of the MBD is observed. Hence, the lower limit of the yield ratio with a value of 2% is recommended.



Based on the above discussion, it can be concluded that the upper and lower limits of the yield ratio are determined according to the requirements of the horizontal seismic absorbing coefficient and the width of the isolation gap, respectively. A yield ratio in the range of 2–3% is considered rational for the seismically isolated RC frame-core tube tall buildings.





3. Design Method for Seismically Isolated RC Frame-Core Tube Tall Building


3.1. Traditional Design Method


For the traditional design method of seismically isolated tall buildings, the seismic performance targets, including the limits of the β and the MBD under the MCE, are determined first. According to the GB50011-2010 [17], β is required to be no more than 0.40 and 0.38 for the structures without and with the NFVDs in the isolation system, respectively. This indicates that the seismic forces of the superstructure are similar to that of a fixed-base structure with one-degree lower seismic intensity. Due to this fact, the seismically isolated structures are designed following a step-by-step iterative design method as shown in Figure 8.


Figure 8. Traditional design method for seismically isolated tall building. (Q1~Q3 denote the critical problems).



[image: Applsci 07 01191 g008]






The design method can be divided into 5 steps:



(1) Design of the superstructure.



The superstructure is first designed as a fixed-base structure with a one-degree lower seismic intensity. An appropriate superstructure is the basis for the seismic design of the isolated building. The Tf is the most critical index to be determined in this step, because it is highly associated with the seismic force of the structure and the seismic absorbing coefficient.



(2) Selection of the isolator numbers and sizes.



The numbers and sizes of isolators are determined according to the appropriate compressive stress of each isolator under gravity load (referred to as σg hereafter). It is notable that the requirements of σg for different isolators, including the isolators under the columns, the corner of core tube, the outer wall and the inner wall, are different. Due to the significant overturning effect of the RC frame-core tube tall buildings, the isolators under the columns and the corner of the core tube may possibly be under tension, a higher σg is usually required for these isolators. However, an appropriate σg for different isolators of RC frame-core tube buildings has rarely been investigated and reported, which is critical for the selection of numbers and sizes of isolators.



(3) Selection of the isolator types.



Determining the type of the isolators (LRB or NRB) is a key step in the design of such buildings. This can significantly affect the seismic performance of the isolation system and the entire structure. Specifically, an appropriate yield ratio is required first, as mentioned above. In addition, a rational distribution of the LRB isolators should be carefully designed to avoid torsion effect. However, a comprehensive investigation on the appropriate yield ratio and the distribution of the LRB isolators has rarely been proposed for the RC frame-core tube seismically isolated tall buildings.



(4) Calculation of the design indexes.



After the preliminary isolation system is established, critical design indexes, including β, MBD under the MCE, [image: ] and [image: ], are assessed to validate the feasibility of the isolation system. The Tis is initially obtained through modal analysis. Then, a set of appropriate ground motions are selected according to Tf and Tis. The THAs are conducted for these two structures and critical design indexes are calculated.



(5) Validation and/ or modification of isolation system.



Three design indexes, including β,[image: ] and [image: ], are evaluated. If one of these indexes cannot meet the requirements, the sizes, numbers or types of the isolators will be constantly modified (i.e., iterate from step 2) until these indexes can satisfy the requirements. Subsequently, the MBD under the MCE is examined. The introduction of the NFVDs in the isolation system is recommended, if the MBD under the MCE exceeds the limit value specified by the allowable width of the isolation gap.



Numerous iterations are usually required to achieve a satisfactory isolation system for the traditional design method, leading to extremely low efficiency. This is attributed to the following three critical problems:



(1) An appropriate Tf is currently not available for RC frame-core tube buildings.



(2) The appropriate ranges of σg for the isolators at different locations, especially those under the columns and the corner of the core tube, are not proposed yet.



(3) A rational range of the yield ratio and associated distribution of LRB isolators have not been recommended.



Based on the above, it can be concluded that a high-efficiency design method with emphasis on the solutions of abovementioned three critical problems is required.




3.2. Proposed High-Efficiency Design Method


According to the above requirements, solutions for the three critical problems are firstly proposed here.



(1) For the appropriate Tf, a statistical regression analysis is conducted based on the seismically isolated tall buildings designed by the authors, as shown in Figure 9. An equation, which describes the relationship between the height and Tf, is obtained as shown in Equation (1). Here, H represents the total height of the structure.


Tf = 0.193H0.5



(1)






Figure 9. Relationship between the height and fundamental period of fixed-base structure.
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(2) A certain extent of tensile stress may be observed for the isolators under the columns due to the overturning effect, a relatively large σg is therefore usually adopted for these isolators. However, a σg with excessive value is also not recommended because it may lead to a large [image: ], which may exceed the specified limit value. Based on the design experience, the σg is recommended to be approximately 10–12 MPa for the isolators under the columns. It is notable that the stress of the isolators under the corner of the core tube when subjected to MCE is lower than this of the isolators under the columns. Hence, a lower σg can be adopted for such isolators and a σg with the value ranged from 8 to 10 MPa is recommended for the isolators under the corner of the core tube, which is also based on the design experience.



(3) The rational range of the yield ratio has been investigated in Section 2 and has been recommended in the range of 2–3%. To avoid the torsion effect, the LRB isolators are recommended for the columns and the corner of the core tube in the RC frame-core tube tall buildings. If these LRB isolators can lead to an acceptable yield ratio, the requirements of β,[image: ] and [image: ] are considered easily satisfied.



Based on the above discussion, a new high-efficiency design method, as shown in Figure 10, is proposed for the seismically isolated RC frame-core tube tall buildings. The entire design procedure is presented as follows:


Figure 10. Proposed high-efficiency design method for seismically isolated tall building based on rational range of yield ratios. (S1~S3 denote the solutions to the critical problems).
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(1) Design of the superstructure.



According to the height of the building, an appropriate value of Tf is calculated using Equation (1). Then, the superstructure is designed as a fixed-base structure with one-degree lower seismic intensity and with a Tf value approximate to the calculated value.



(2) Selection of isolator numbers and sizes.



Gravity analysis is conducted to calculate the axial forces under the columns and the shear walls. Then, according to the recommended compressive stress for different isolators, the demand for the area of the corresponding isolators can be calculated and appropriate numbers and sizes of the isolators can be selected.



(3) Selection of the isolator types.



LRB isolators are adopted for the isolators under the columns and the corner of the core tube. Then, the yield ratio is calculated. If the calculated yield ratio is lower than 2%, more LRB isolators are recommended to be adopted under the external wall. If the calculated yield ratio is higher than 3%, the LRB isolators under the corner of the core tube can be reduced first, followed by those under the columns.



(4) Calculation of the design indexes.



Modal analysis is conducted firstly to calculate the Tis and appropriate ground motions are selected. Based on these, THAs are performed to calculate the critical design indexes.



(5) Validation and/or modification of isolation system.



Because of the rational yield ratio adopted, β, [image: ] and [image: ] can usually satisfy the requirements. If not, only limit modifications of the isolators are required. Subsequently, the MBD under the MCE is examined. If the MBD exceeds the limit value, the NFVDs are recommended to be introduced in the isolation system. It is notable that the quantity and parameters of the NFVDs can be determined with a few number of iterations.



The application of this high-efficiency design method will be explained in detail in the following section.





4. Application of the Design Method


To validate the reliability and applicability of the proposed design method, a seismically isolated RC frame-core tube tall building is designed using this method. The seismic intensity and the site condition of this building are identical to those of the prototype buildings in Section 2. The near field influence coefficient with a value of 1.25 is also adopted. The PGA values of the SLE, DBE and MCE are also 137.5 cm/s2, 375 cm/s2 and 637.5 cm/s2, respectively. The total height of the building is 84.1 m with 23 stories above the ground and the height-to-width ratio is 2.06. The three-dimensional view of the entire building and one typical floor are presented in Figure 11 and Figure 12, respectively.


Figure 11. Three-dimensional view of the isolated RC frame-core tube building.
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Figure 12. Three-dimensional view of one typical floor.
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According to the GB50011-2010 [17], β is required to be no more than 0.40 and 0.38 for the structures without and with NFVDs in the isolation system, respectively. This indicates that the seismic forces of the superstructure are similar to those of a fixed-base structure with one-degree lower seismic intensity (i.e., 7.5 degree). The Dg value of this building is 600 mm, leading to an upper limit value of the MBD under the MCE of 500 mm, which is identical to that of the above prototype buildings.



4.1. Design of the Superstructure


The superstructure of the isolated building is designed as a fixed-base structure with a seismic intensity of 7.5 degree, along with a near field coefficient of 1.25. The corresponding PGA values of the SLE, DBE and MCE are also 68.75 cm/s2, 187.5 cm/s2 and 387.5 cm/s2, respectively. The seismic design of the superstructure is conducted using the structural design software PKPM [39] under the SLE.



The appropriate Tf is calculated using Equation (1) with a value of 1.77 s. Hence, the superstructure is designed with a Tf of 1.798 s and 1.697 s for the Y-direction and the X-direction, respectively, which can approximately satisfy the requirement. The section size and the concrete strength of the superstructure are listed in Table 4. The total gravity load of the entire structure is 617338 kN. The distribution of the inter-story drift ratio of the superstructure under response spectrum analysis is presented in Figure 13. The corresponding maximum inter-story drift ratios of the X and Y directions are 0.066% and 0.072%, respectively, which are both lower than the limit value (i.e., 0.125%) specified in the GB50011-2010 [17].


Figure 13. Distribution of inter-story drift ratio of superstructure.
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Table 4. Concrete strength and section size of components.







	
Component

	
Story

	
Concrete

	
Section/mm






	
Column

	
1–8

	
C50

	
1200 × 1200




	
9–10

	
C50

	
1000 × 1000




	
11–15

	
C40

	
1000 × 1000




	
16–18

	
C40

	
800 × 800




	
19–27

	
C30

	
800 × 800




	
Frame beam

	
1–15

	
C30

	
600 × 900




	
16–27

	
C30

	
500 × 900




	
Floor beam

	
1–27

	
C30

	
350 × 750




	
Shear wall

	

	

	
External

	
Internal




	
1–10

	
C50

	
400

	
300




	
11–15

	
C40

	
400

	
200




	
16–18

	
C40

	
300

	
200




	
19–27

	
C30

	
300

	
200




	
Height of coupling beam

	

	

	
External

	
Internal




	
1–3

	
Same as shear wall

	
1000

	
1000




	
4–27

	
600

	
1000










It is worth mentioning here that the design of the seismically isolated building is mostly conducted using ETABS. Therefore, a reliable refined FE model should be built using ETABS. To validate the reliability of this model, typical analytical results obtained from ETABS are compared with those from PKPM. After conducting the modal analysis and the response spectrum analysis under the SLE, the fundamental periods and distribution of the inter-story drift ratios predicted by ETABS and PKPM are found to agree well with each other, with only 3% of difference. This value can be considered acceptable and therefore, validates the reliability of the refined FE model.




4.2. Selection of the Isolator Numbers and Sizes


Gravity analysis is conducted to obtain the axial force of the columns and shear walls at the ground story, in order to determine the sizes and numbers of the isolators under these columns and shear walls. As mentioned above, the σg of isolators under the columns and the corner of the core tube are recommended to be approximately 10–12 MPa and 8–10 MPa, respectively. To achieve these, the sizes and the diameters of the isolators under the columns and the shear walls are determined as follows:



(1) The area of the isolators under the columns except those under the corner columns is required to be no less than 1,452,250 mm2. Hence, two isolators with diameter of 1000 mm are adopted, with the corresponding value of σg found to be approximately 11 MPa. The identical numbers and diameters of the isolators under the corner columns are adopted here for convenience, although a relatively lower σg with a value of 9.1 MPa is achieved.



(2) The area of the isolators under the corner of the core tube is required to be no less than 1,491,500 mm2. Two isolators with diameter of 1000 mm are also used, leading to the value of 9.5 MPa for σg.



(3) For the external and inner shear walls, the isolators with a diameter of 1000 mm and 900 mm are adopted, respectively. This difference in diameters is attributed to the fact that the axial force of the external shear walls is larger than that of the inner shear walls.



Based on the above discussion, the sizes and numbers of isolators are determined and the process is schematically illustrated in Figure 14. In addition, the σg value of each isolator is also presented in Figure 14.


Figure 14. Compressive stress of isolators under gravity load.
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4.3. Selection of the Isolator Types (LRB or NRB)


The torsion effect of the seismically isolated tall buildings should be controlled strictly. To avoid the torsion, the rigid center of the isolation system is required to be approximately identical to the mass center of the superstructure, which is specified in the technical specification for seismic-isolation with laminated rubber bearing isolators (CECS126:2001) [40]. To achieve this, LRB isolators are usually adopted for the columns and the corner of the core tube in RC frame-core tube tall buildings. In addition, an index named eccentricity of the isolation system is introduced to quantitatively evaluate the potential torsion effect.



Based on the above, LRB isolators are adopted for the isolators under the columns and the corner of the core tube, while NRB isolators are adopted for other isolators as shown in Figure 14. The yield ratio calculated has a value of 2.3%, which lies in the proposed rational range of the yield ratio (i.e., 2–3%), indicating that there is no need to add other LRB isolators. Then, the eccentricity of isolation system is calculated to have the values of 0.0043% and 0.0007% in the X and Y directions, respectively, which are both lower than the limit of 3%.




4.4. Calculation of the Design Indexes


The fundamental periods of the isolated structure are 4.294 s and 4.242 s for the Y direction and the X direction, respectively. Based on the Tf and Tis values, three ground motions, including two natural ground motion records and one artificial ground motion, are selected according to GB50011-2010 [17]. The response spectrum of each ground motion is compared to the design response spectrum as shown in Figure 15. It can be found that the mean response spectrum agrees well with the design response spectrum at the periods of Tf and Tis. Subsequently, THAs are conducted for these two structures. The critical design indexes, including β under DBE, MBD under the MCE, [image: ] and [image: ] are calculated. The critical design indexes and parameters are presented in Table 5.


Figure 15. Response spectra of the selected ground motions.
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Table 5. Critical design parameters and indexes of the isolated tall building.







	
Index

	
Value






	
Tf (s)

	
1.798




	
Tis (s)

	
4.294




	
Qy/W (%)

	
2.3




	
β

	
0.40 ≤ 0.40




	
MBD (mm)

	
788 > 500




	
[image: ] (MPa)

	
11.1 < 15




	
[image: ] (MPa)

	
29.95 < 30




	
[image: ] (MPa)

	
0.00 < 1











4.5. Validation and Modification of the Isolation System


It can be found from Table 5 that the efficiency of the isolation system (i.e., β) and the stresses of the isolators under the gravity and seismic loads all satisfy the requirements specified in the GB50011-2010 [17], which is consistent with the expected results of the proposed design method. However, the MBD under the MCE with a value of 788 mm exceeds the limit value of 500 mm. As expected and recommended by the proposed method, the NFVDs are introduced for further control.



From the design experience of the 29 seismically isolated tall buildings conducted by the authors, 16 NFVDs are adopted in the isolation system as shown in Figure 16. The parameters of the NFVDs are determined by a few number of trials. When the damping exponent and the damping coefficient reach 0.3 and 220 kN·s/mm, respectively, the MBD under the MCE decreases to 493 mm, which is lower than 500 mm. The maximum damping forces of these NFVDs are approximately 2000 kN. The corresponding critical design parameters and indexes are presented in Table 6. It is obvious that the seismically isolated structure achieves the expected seismic performance.


Figure 16. Isolation system with nonlinear fluid viscous dampers (NFVDs) of the RC frame-core tube building.
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Table 6. Critical design parameters and indexes of the isolated tall building with NFVDs.







	
Index

	
Value






	
Tf (s)

	
1.798




	
Tis (s)

	
4.294




	
Qy/W (%)

	
2.3




	
β

	
0.37 < 0.38




	
MBD (mm)

	
492 < 500




	
[image: ] (MPa)

	
11.1 < 15




	
[image: ] (MPa)

	
27.5 < 30




	
[image: ] (MPa)

	
0.00 < 1










The above discussion demonstrates that the numbers, sizes and types of isolators can be directly determined with the proposed method. Only limited numbers of iteration are conducted to determine the quantity and the properties of the NFVDs. The efficiency can be substantially increased with the proposed design method.





5. Conclusions


The rational yield ratios of the isolation system for the RC frame-core tube buildings are investigated using 28 carefully designed study cases, which are designed based on two real engineering practices and considers the influences of total heights, yield ratios and seismically isolated schemes. Based on this, a high-efficiency design method is proposed for such buildings. Subsequently, a seismically isolated RC frame-core tube tall building with a height of 84.1 m is designed using the proposed design method. The following conclusions can be drawn:



(1) The upper and the lower limits of the yield ratio are determined according to the requirements of the horizontal seismic absorbing coefficient and the width of the isolation gap, respectively.



(2) A yield ratio in the range of 2–3% is considered rational and recommended for the seismically isolated RC frame-core tube tall buildings.



(3) A typical seismically isolated RC frame-core tube tall building is successfully designed using the proposed method, thereby validating the rationality, reliability and efficiency of the proposed method.



This paper focuses on the seismically isolated RC frame-core tube tall buildings with moderate height-to-width ratios, in which significantly overturning effect is not observed. Further investigations on such building with significantly overturning effect are required to be conducted. The research outcome can serve as a reference for further development of the seismic design method for seismically isolated RC frame-core tube tall buildings.
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