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[bookmark: OLE_LINK12]Abstract: Despite the increasing adoption of modular construction worldwide, it is still largely limited to low-to-medium-rise buildings. One of the main reasons is the knowledge gap regarding the structural design of modular high-rises. This provides a significant opportunity for research and development as high-rise buildings are more competitive in metropolises. This study aims to develop a novel module equivalent frame method (MEFM) for structural design of concrete high-rise modular buildings based on the concept that modules bear vertical loads and transfer lateral loads to cores that mainly resist such loads. A typical Hong Kong high-rise public residential building was used for the case study. The modular structural design scheme was considered as the case study building based on three aspects, i.e. floor plan, connection types, and modular components. A new procedure was established to determine the strength grades of module walls for unifying their thickness at different stories while satisfying the structural performance. An analytical method was established to determine an equivalent frame system with significant vertical resistance and limited lateral resistance to model the walls within a concrete module according to the equivalent principle of concrete volume, size, and shape requirements. The structural responses of the 30-, 40-, and 50-story cases under wind load were calculated using the developed MEFM and compared with the results using the ‘equivalent shear wall method’, which considers the module walls as shear walls. Results show that the MEFM is feasible for achieving structural design solutions of concrete high-rise modular buildings. Moreover, the MEFM is found to be more suitable for the 30-story case than for the 50-story case owing to the reduced precast ratio with an increase in building height. Furthermore, the MEFM is more appropriate than the equivalent shear wall method for simulating module walls because it can better balance the structural safety, material consumption, and precast ratio. The procedure for determining the strength grades of module walls can reduce the lifting weight owing to the higher strength concrete used in the module walls at lower stories. The proposed modularisation scheme is typical and representative and can be adopted for standard flat types of high-rise public residential buildings in Hong Kong. 
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1. Introduction
In the past few decades, productivity has been growing slowly in the building and construction industry worldwide, lagging behind that of many manufacturing industries [1]. One of the main reasons is that the conventional cast-in-situ construction starts almost from scratch for each building, despite having numerous simple, repetitive works [2]. In addition, the adverse effects of increasing manpower costs, labour shortage, and aging workforce gradually become more prominent, especially in metropolises [3, 4]. Modular construction is deemed as a game-changing technology for building construction and the industry [5, 6]. By using this technology, the entire building is designed into a set of standard volumetric modules prefabricated in an offsite factory. Then, the modules are transported and integrated onsite to construct the entire building. Modular construction transfers most of the construction activities to the factory, which can reduce the demand for onsite employees and improve the construction site environment [7]. Meanwhile, the production of standard modules in an offsite factory will significantly improve productivity and quality and reduce the waste of materials [8, 9]. Thus, modular construction has been promoted and applied in many countries such as the UK, Germany, Singapore, the US, Australia, and China [10]. 
Currently, the applications of modular construction are mainly limited to low-to-medium-rise buildings [4, 11]. This is partly due to the insufficient understanding of the structural performance of high-rise modular buildings, especially under lateral loads such as seismic, wind, and other accidentally imposed loads [3, 12]. However, high-rise modular buildings are more competitive in metropolises with limited land resources and high labour costs. Some researchers have begun to explore the feasibility of adopting modular construction for high-rise buildings. Unlike low-rise modular buildings, which mainly rely on pure modules to resist lateral loads, additional concrete cores or structural frames are normally required for high-rise modular buildings. Lawson and Richard [13] first put forward a design concept in which cores are designed to provide lateral force resistance for high-rise modular buildings, whereas modules are designed to resist vertical load and transfer the lateral load to the cores to reduce the chance of structure failure in modules under seismic and wind loads. The feasibility of this design concept was validated using three actual project cases in the UK that adopted steel modules and concrete cores [14]. A 12-story pilot case was reported to introduce a modular in-fill method, in which the steel modules were designed to be independent and in-filled into a cast-in-situ concrete frame on site [15]. Gunawardena et al. [16] developed steel modules within stiff concrete walls to replace monolithic concrete cores to resist wind and seismic loads in a 20-story modular building. The robustness of the corner column removal scenario was first investigated [17], and then the lateral stability was studied considering the semi-rigid effect of inter-module connections [18] in a 40-story high-rise modular building with steel modules and concrete coupled cores. Hayes [19] proposed some design guidance for high-rise modular buildings using hot-rolled steel modules. Shi et al. [20] investigated the effects of module layouts on the seismic performance of a 20-story steel high-rise modular building using corrugated steel plate shear walls within the steel modules to replace cores.
In Hong Kong (HK), research on the feasibility of modular construction was investigated through 31- and 40-story building cases with steel modules and concrete cores under the high wind load context of the city [10, 21]. Wang et al. [12] validated the feasibility of a novel lateral force resistance system relying only on concrete module walls through a 40-story building case, which was further proposed to improve the seismic resilience using a hybrid coupled wall system with replaceable steel coupling beams [3]. 
According to a literature review, existing studies on the structural performance of high-rise modular buildings are limited and mainly focused on steel modular structures. Despite a few applications of concrete high-rise modular buildings, such as the 40-story Clement Canopy Condominium in Singapore [22], the design details are generally unavailable in public domains. There is also a lack of clear design concepts and modelling analysis methods. A significant research gap exists in the structural design of concrete high-rise modular buildings. This has significantly hindered the application of concrete high-rise modular buildings, which are more easily accepted by residents compared with the steel counterparts [12].
HK is a typical high-density city with scarce developable land resources and exorbitant labour costs. Thus, the HK government has vigorously promoted the application of the modular integrated construction (MiC) [23]. Owing to the high wind speed, the structural design of HK's high-rise buildings is dominated by wind load, especially according to the new wind load code released in September 2019 [24], which considers more adverse effects. It is crucial to establish a reliable structural design method for high-rise modular buildings to ensure their lateral stability under wind load. This study aims to develop a novel structural design method, namely, the module equivalent frame method (MEFM), for concrete high-rise modular buildings where the structural design is controlled by wind load. This MEFM is based on the concept that concrete modules are mainly designed to resist the vertical load and transfer the lateral load to the cores, whereas cores are mainly intended to resist the lateral load. To achieve this aim, this work first selects a typical HK high-rise public residential building with the new cruciform floor plan as a case study. Then, it determines the modular structural design scheme of the case study building considering three aspects, i.e. floor plan, connection types, and modular components. Next, it proposes an analytical method to determine an equivalent frame system to model the walls within a concrete module in the numerical model of the case study building. Finally, it predicts the structural responses of 30-, 40-, and 50-story cases under wind load using the developed MEFM, which is assessed by comparing it with the equivalent shear wall method that considers module walls as shear walls.
2. Engineering background 
2.1. Design and construction characteristics of public residential buildings in Hong Kong
[bookmark: OLE_LINK8][bookmark: OLE_LINK9]Since the first project in 1953, public residential buildings in HK have progressively become crucial for providing housing supply [25]. As they are led by the government, many innovative design and construction technologies obtain greater support and earlier promotion in the public residential buildings. Among the innovative technologies, the most interesting one is the combination of standardised designs and prefabricated production [26]. On the one hand, all the provided standard block floor plans are composed of four standard modular flat types (Fig. 1) [27]. On the other hand, public residential buildings have widely adopted many precast elements including facades, staircases, parapets, partition walls, semi-precast slabs, structural walls, and even precast volumetric elements such as kitchens and bathrooms [28]. The standardised design and prefabricated production are also the basis of modular construction, which indicates that it is more easily accepted in HK for public residential buildings. 
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[bookmark: OLE_LINK14]Fig. 1. Four standard modular flat types for Hong Kong public residential buildings [25]
2.2. Case study: a Hong Kong high-rise public residential building 
A HK high-rise public residential building with a new cruciform floor plan was selected for the case study. The case study building was designed to be no less than 30 stories, with plan dimensions of 58.7 m × 48.5 m. Considering architectural functions such as natural ventilation, lighting provision, and human comfort, the floor plan located the public area in the core zone and the private living area in the wing zones [29]. Each floor consisted of 28 flats, for which four standard modular flat types were adopted. The detailed floor plan of the case study building is shown in Fig. 2.
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Fig. 2. Floor plan of the case building (unit: m)
3. Modular structural design scheme of the case study building 
3.1. Floor plan considering modularisation requirements
The layouts of high-rise modular buildings can be generally divided into two types: 1) cluster arrangement, which means cluster modules around a core, and 2) corridor arrangement, which means that the modules are accessed from the core through a corridor, as shown in Fig. 3 [14]. The case study building combined the two types of layout owing to the plan characteristics of HK public residential buildings (Fig. 4): the module layout in each wing conformed to the corridor type, and the module layout of the entire story adopted the cluster type when each wing was regarded as a ‘big’ module. Meanwhile, the case study building was designed based on the design concept in which the core is mainly designed to resist the lateral loads and the concrete modules are only intended to bear axial compression and transfer the lateral load to the core. The design concept and floor plan enabled all the shear walls to be allocated in the core zone and all the modules to form the private living area, in which thin module walls could be adopted. 
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	(a) Cluster arrangement
	(b) Corridor arrangement


Fig. 3. Typical floor plans of high-rise modular buildings [14]
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Fig. 4. The proposed modular floor plan of the case building
3.1.1. Cast-in-situ core walls 
Concrete core walls are critical to ensure the overall structural stability of the case study building. Thus, the core zone still adopted the traditional cast-in-situ construction method, which is deemed to be more reliable for owners and residents. On the premise that the use function of the public zone should be satisfied, as many core walls as possible were assigned (Fig. 4), aiming to resist the strong wind load in HK. The thickness of the core walls was determined so as to avoid an excessive overall deflection under wind load, as explained below.
[bookmark: OLE_LINK37][bookmark: OLE_LINK38]3.1.2. Modularisation scheme 
A reasonable modularisation scheme is the foundation of modular construction. Because the private living area was composed of four standard modular flat types, the modularisation scheme was mainly intended to determine the external dimensions of the modules that suited the flat types in the case study building. The proposed principles included the following ones:
· Keeping the area of the flat types unvaried.
· Satisfying the architectural function. 
· Being adaptable to the transportation limitations.
· Meeting the lifting capacity requirements on site.
· Minimising the module types.
· Facilitating the continuation of site construction, such as the installation of various pipelines.
Among the above factors, the influence of transportation was more significant for the modularisation scheme. When shipping is needed for module logistics, the module width should be no greater than 2.345 mm to match the width of common shipping containers [19]. For road logistics in HK streets, the module width must be no greater than 2.5 m and its height must be no greater than 4.6 m from the road surface [30]. Considering the vehicle board height and the protruding bar length from the top surface of the modules, it is preferable that the module height be no greater than 3 m. 
A modularisation scheme was proposed for the standard modular flat types of HK public residential buildings (Fig. 5). Except for interior decorations, the scheme enabled the modules to include only four types of structural dimensions, which minimised the types of templates required in the factory. The concrete module types M-5 and M-7 had the maximum outer dimension of 2.3 m × 6 m, which conformed to the transportation limitations. The area of the flat types did not change after the modularisation (Table 1). The entire modular floor plan of the case study building is shown in Fig. 4.
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Fig. 5. The proposed modularization scheme for the standard modular flat types (unite: m)
Table 1 Comparison of the area of the flat types before and after modularization
	
	1/2P flat type
	2/3P flat type
	1B flat type
	2B flat type

	Area of modularization scheme (m2)
	14.4
	22.0
	30.2
	35.8

	Area of original scheme (m2)
	14.1 ~ 14.5
	21.6 ~ 22.0
	30.2 ~ 30.9
	35.0 ~ 35.9


3.2. Connection types for concrete high-rise modular buildings
Reliable connections are crucial to ensure the structural integrity of high-rise modular buildings. The existing literature and engineering practices have shown that bolted connections are widely used to link the corner posts or edge beams of adjacent steel modules [7, 22], whereas the ceiling and/or floor slabs within steel modules are separated [17, 18]. However, the bolted inter-module connections are not suitable for concrete modules because the rigid diaphragm effect becomes the basis for the structural integrity of concrete modular high-rises [3, 12]. In this work, based on the case study building, detailed horizontal and vertical connections are proposed for concrete modular high-rises.
3.2.1. Horizontal connections
[bookmark: OLE_LINK17][bookmark: OLE_LINK18]The horizontal connections of concrete modular high-rises aim to form a ‘rigid diaphragm’ at each story. Semi-precast slabs have been widely used for HK public residential buildings as one of the innovative technologies [26]. They were recommended for one of the pilot MiC projects, the Fire Services Department Staff Quarters, which adopted concrete modules to build five blocks of 16–17 stories [31]. The technology was further developed to form a set of horizontal connections including module-to-module, module-to-corridor slab, module-to-core slab, and corridor slab–core slab connections using the case study building for illustration. The detailed construction process is depicted in Fig. 6. The concrete modules of the same story are installed after the cast-in-situ core zones are built (Fig. 6(a)); the curved bars of core slab are straightened for being embedded in the late-cast part of the ceiling slab (Fig. 6(b)); the precast slab of the modules acts as the formwork for the cast-in-situ part of the corridor slab in which the protruding bars of modules are embedded (Fig. 6(c)); an additional bar mesh is laid on the top surface of the modules and the corridor slab (Fig. 6(d)); and the late-cast concrete is poured to build the cast-in-situ part of the ceiling slab (Fig. 6(e)). All the ties should meet the requirement of the HK concrete code of practice regarding the anchorage bond length [32], which is generally 12 times the bar diameter. It is preferable that the cast-in-situ part of the ceiling slab be of no less than 80 mm in thickness considering the requirements of double steel mesh, cover thickness, and sufficient diaphragm effect. 
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	(a) Installing concrete modules 
	(b) Straightening the tie bars of core slab 
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	(c) Casting concrete for the cast-in-situ part of corridor slab
	(d) Laying bar mesh for the cast-in-situ part of ceiling slab
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	(e) Casting concrete for the cast-in-situ part of ceiling slab


[bookmark: OLE_LINK15][bookmark: OLE_LINK16]Fig. 6. Construction process of horizon connections in concrete modular high-rises
3.2.2. Vertical connections
The vertical connections in concrete modular high-rises mainly refer to the wall-to-wall connections between concrete modules at the upper and lower stories. The HK precast concrete code of practice [33] provides two types of vertical wall-to-wall connections. One type uses late-cast concrete to build the two ends of the wall and duct-filled grout to anchor the vertical bars at the centre of the wall. The other type uses a semi-precast wall as formwork and the overlap method for connecting the vertical bars. The former type requires grouting inside the module walls, which may damage the prefinished interior decoration, whereas the latter type involves construction difficulties considering the mutual influence of adjacent module walls at the same story during the construction period. Thus, a new connection was proposed for the case study building combining the advantages of the two connection types, as shown in Fig. 7. The walls of adjacent concrete modules at the lower story are installed (Fig. 7(a)); the top of the module walls is covered by the aforementioned cast-in-situ part of the ceiling slab (Fig. 7(b)); the tie bars are set for the vertical bars of the adjacent modules (Fig. 7(c)); the vertical bars at the centre of the wall are lengthened using nuts for the grout-filled duct connections (Fig. 7(d)); the concrete module lifted for the upper story has recesses at the two ends of the wall where the transverse bar rings as constraints and the vertical bars as overlap parts are set for the protruding vertical bars (Fig. 7(e)); and the concrete modules are installed at the upper story and grout is poured into the recesses and ducts (Fig. 7(f)). The vertical connections can improve the construction efficiency and enhance the structural integrity between adjacent modules at the same story and also at the upper and lower stories. The lap length of the vertical bars should meet the requirement set in the HK concrete code of practice [32].
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	(a) Installing lower module walls
	(b) Casting concrete for ceiling slab
	(c) Setting tie bars for vertical bars
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	(d) Lengthen vertical bars using nuts
	(e) Lifting upper module for assembly
	(f) Casting grout for recesses/ducts


Fig. 7. Construction process of vertical connections in the walls of concrete modular high-rises
3.3. Structural design of modular components considering the effects of multi-period loads
There are mainly three types of concrete modules: six-sided, five-sided excluding ceiling, and five-sided excluding floor. Compared with the two other types, the six-sided concrete module is the most commonly used type in practical engineering. It can take full advantage of the prefinished interior decoration, although it leads to additional vertical loads due to the existence of a double-slab system, which refers to ceiling and floor slabs at one floor level. Thus, the case study building adopted the six-sided concrete module, including four walls, precast part of the ceiling slab, and floor slab (Fig. 8). 
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Fig. 8. Basic components of a typical six-sided precast concrete module in the case building
The effect of multi-period loads should be considered for designing modular components. The floor slab was designed to bear only its self-weight during the transportation and lifting periods owing to the relatively limited prefinished decorations of public residential buildings compared with those of their private counterparts, and it was deemed to have no contribution to resisting vertical loads during the service period. The precast part of the ceiling slab acted as a template for the cast-in-situ part, which means that it was designed to bear its self-weight and the cast-in-situ part's weight during the erection period. The superimposed ceiling slab was designed to resist the dead and live loads from the upper layer within its area during the service period. The precast part of the module walls was designed to bear the dead load of the precast module during transportation. The lifting anchors embedded in the module walls were required to be verified considering the lifting load. The module walls needed to bear the vertical loads from the modules at the story and above during the erection and service period. The detailed design loads are listed for the modular components in Table 2. 
Table 2 Design load for components within modules
	Modular components
	Transportation
	Lifting
	Erection
	Service

	
	Bearing
	Load
	Bearing
	Load
	Bearing
	Load
	Bearing
	Load

	Ceiling slab
	Precast 
	αtrrf,GGcs,p
	Precast 
	αtrrf,GGcs,p
	Precast 
	αerrf,G(Gcs,p + Gcs,c)
	Entire
	rf,G(Gcs,p + Gcs,c + Gfl) + rf,imqimAcs

	Floor slab
	Precast 
	αtrrf,GGfl
	Precast 
	αtrrf,GGfl
	—
	—
	—
	—

	Modular wall
	Precast 
	αtrrf,GGmod,p
	Lifting insert
	αlirf,GGmod,p/nli
	Entire
	αerrf,GGmodnab
	Entire
	(rf,GGmod + rf,imqimAcs)nab


αtr is the equivalent load factor considering the dynamic effect during transportation and equal to 1.5; rf,G is the appropriate partial safety factor for the dead load and equal to 1.4; Gcs,p is the dead load due to the precast part of ceiling slab; αer is the equivalent load factor considering the dynamic effect during erection and equal to 1.2; Gcs,c is the dead load due to the cast-in-situ part of ceiling slab; Gfl is the dead load due to the floor slab; rf,im is the appropriate partial safety factor for the imposed load and equal to 1.6; qim is the imposed load due to the residential activities and equal to 2.0 kN/m2; Acs is the area of the ceiling slab; Gw,p is the dead load due to the precast part of wall; αli is the safety factor for lifting insert and equal to 4; Gmod,p is the dead load due to the precast part of module; nli is the number of lifting inserts; Gmod is the dead load due to the entire module including cast-in-situ part; and nab is the number of modules at this story and above. 
The structural details specified in the HK codes needed to be met for designing the modular components, such as the minimum cover thickness required by fire demand. Eventually, it was concluded that when the ceiling and floor slab dimensions met the specified structural details, their resistance to multi-period loads was generally sufficient. That is, the specified structural details were dominant in determining the ceiling and floor slabs' dimensions. In this study, the thickness was proposed to be 80 mm for the floor slab and the precast part of the ceiling slab considering the double steel mesh and cover thickness. It should be noted that the superimposed ceiling slabs were regarded to meet the minimum thickness requirement set for the fire limit state and the minimum span-to-depth ratio requirement set for the serviceability limit state. The floor slabs within modules were only under short term load during the transportation and lifting periods, which indicated that they did not need to meet the requirements regarding the fire/serviceability limit states.
When a concrete wall is designed to only bear vertical loads, its thickness tw is determined by two specifications according to the HK concrete code of practice [32]. Owing to the requirement of slenderness, tw should be no less than the minimum limit tsd,min as

		(1)
where lw,o is the clear height of the wall between the ceiling and floor slabs. Further, tw should be large enough to ensure that the axial load ratio η of the wall is no greater than the allowable maximum value ηmax, which is calculated as

		(2)
The axial load of a module wall is linearly increased with nab. For the convenience of prefabrication and erection, the same type of modules at different stories was considered to have the same module wall thickness. Thus, the modules at lower stories needed to adopt higher strength concrete to prefabricate the module walls. However, there has been no research on the determination of the strength grade of module walls at a particular story. According to the full strength design and optimisation principles for structural components [34], when η = ηmax is satisfied for a module wall at any story, it is deemed to reach the maximum material utilisation. According to the above principle, the following procedure was proposed to determine the strength grades of module walls at different stories (Fig. 9):
(1) An initial value is given for tw, which should be no less than lw,o/40 in accordance with Eq. 1.
(2) When tw is known, the axial loads of the wall at the first story during different construction/service periods can be identified and the allowable maximum value ηmax can be calculated.
(3) The dominant axial load Pwd,1 of the wall at the first story (ground level) can be determined. The dominant axial load Pwd,i of the wall at the i-th story can be determined as

		(3)
where ntol is the total number of stories of the case study building. 
(4) The minimum strength demand fc,de,min,i of the wall at the i-th story should satisfy the following equation: 

		(4)
where Aw is the section area of a module wall. Eq. 3 is substituted into Eq. 4, and fc,de,min,i can be calculated as 

		(5)
(5) According to Eq. 5, the minimum strength demand fc,de,min,1 of the wall at the first story can be calculated as

		(6)
(6) The upper limit fc, low, lim and lower limit fc, up, lim are proposed for fc,de,min,1. When fc,de,min,1 < fc, low, lim, the given tw is deemed to be too large and should become smaller. When fc,de,min,1 > fc, low, lim, the given tw is deemed to be too small and should become larger. Then, a renewed tw will be given to repeat the above steps (1)–(5). 
(7) When fc, low, lim ≤ fc,de,min,1 ≤ fc, up, lim, a strength grade scheme for the module walls can be developed according to the variation of fc,de,min,i.
[image: E:\学习\香港大学博后阶段\香港博后工作\Paper Plan in HKU\新计划\可行性研究\墙厚参数研究\墙厚优化的流程图.emf]
Fig. 9. Flow-chart of determining the strength grades of module walls at different building stories
[bookmark: OLE_LINK19][bookmark: OLE_LINK20]For the case study building with lw,o = 2.5 m, ntol = 50, fc, low, lim = 30 MPa, and fc, up, lim = 80 MPa, the distribution of fc,de,min,i was determined according to the proposed procedure when tw was 80 mm, 100 mm, 120 mm, 140 mm, and 160 mm, respectively (Fig. 10). The required maximum concrete grade was C35 when tw = 140 mm; it changed to C40 when tw = 120 mm; and it changed to be C50 when tw = 100 mm. In this study, tw = 80 mm was selected and the detailed strength grade scheme of the module walls was as follows: C70 was used at the 1st–10th stories, C55 was used at the 11st–20th stories, C45 was used at the 21st–30th stories, and C30 was used at the 31st–50th stories (Fig. 10 (a)). Compared with the other schemes which individually adopted C35, C40, and C50 to build module walls, the selected scheme could respectively reduce the lifting weight of concrete modules by 30.3%, 22.5%, and 12.7% (Fig. 10 (b)).
	
	

	(a) The minimum strength demand of module walls
	(b) The lifting weight of precast concrete modules


Fig. 10. The strength grade schemes of module walls for different wall thicknesses
4. Modelling concrete modular high-rises using MEFM
[bookmark: OLE_LINK22][bookmark: OLE_LINK23]The ETABS software was adopted to establish a numerical model of the case study building. According to the design concept in this study, the module walls were intended to bear vertical loads and transfer lateral loads to the cores. Thus, it should be preferable not to model the module walls using a shell element, which is generally used for modelling shear walls with high lateral resistance. In the numerical model of this research, according to the MEFM, the walls within a concrete module were equivalent to a frame system (Fig. 11), which could be modelled using frame elements and be able to provide great vertical resistance and limited lateral resistance. The equivalent principles are proposed below.
(1) The volume Mtol of walls within a concrete module is unvaried before and after the equivalent treatment.
(2) The equivalent beams along the long and short sides have the same sectional width tb, which is no less than 200 mm, and different sectional heights hb,l and hb,s, which are equal to 1/10 of the corresponding wall lengths lw,l and lw,s [35].
(3) The equivalent columns have a square section with length tc no shorter than tb, a clear height no shorter than 4tc [35], and a sectional area that is no larger than that of a module wall along the short side.
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[bookmark: OLE_LINK30][bookmark: OLE_LINK31]Fig. 11. Schematic design for walls within a concrete module being equivalent to a frame system
The first principle aims to ensure that the equivalent treatment does not change the self-weight of module walls. There are two purposes of the second and third principles: one aims to ensure that the equivalent frame system has good structural performance in accordance with the Chinese code [35], whereas the other aims to minimise the unknown parameters. According to the second and third principles, there are only two pending parameters, tc and tb, which need to meet the following limits:

		(7)
where tc,up,lim is the upper limit of tc.
According to the first principle, the following equation can be obtained:

		(8)
The substitutions of hb,l = 1/10 lw,l and hb,s = 1/10 lw,s into Eq. 8 lead to 

		(9)
When tc is given, tb can be uniquely determined. The tc–tb relations of the adopted module types are presented in Fig. 12 according to Eq. 9. The available combinations of tc and tb are located in the closed zone formed by tc = tb, tb = 200 mm, and tc = tc,up,lim. Fig. 12 illustrates the selected plans for the module types, considering tc as large as possible to enhance the vertical bearing capacity of the equivalent columns. The details of the equivalent frame systems for the module types are listed in Table 3. 

Fig. 12. The tc-tb relations of the used module types according to Eq. 9
Table 3 Details of the equivalent frame systems for the used module types
	Module type
	Section of beam along long side
	Section of beam along short side
	Section of column

	
	hb,l (mm)
	tb (mm)
	hb,s (mm)
	tb (mm)
	tc (mm)
	tc (mm)

	M-1, M-4, M-8
	350
	330
	160
	330
	350
	350

	M-2
	400
	210
	220
	210
	420
	420

	M-3, M-6
	160
	210
	160
	210
	330
	330

	M-5, M-7
	600
	220
	230
	220
	420
	420


[bookmark: OLE_LINK32]Meanwhile, there are a few points requiring extra attention when a numerical model is established to simulate the case study building. The continuous rigid diaphragm is still available for the entire case study building based on the superposed ceiling slabs, which are continuous and work together with the cast-in-situ slabs in corridor and core zones. Floor slabs are considered in the form of a uniformly distributed load, which aims to not consider their contribution to vertical loads. At the same story, adjacent modules have no joint–joint or beam–beam connections (Fig. 13), and there are no other connections between the cast-in-situ core zone and the concrete modules except for the continuous rigid diaphragm effect.
Fig. 14 illustrates the plan and 3-D views for the numerical model of the case study building with 40 stories using the MEFM. The module walls were modelled using frame elements. The precast and cast-in-situ slabs were modelled using membrane elements, and the monolithic core walls were modelled using shell elements. No connections existed between adjacent columns or between neighbouring columns and core walls. 
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Fig. 13. Schematic diagram design for modeling concrete modules of the case building
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	(a) Plan view
	(b) 3-D view


[bookmark: OLE_LINK10][bookmark: OLE_LINK11]Fig. 14. ETABS model of the case building with 40 stories using MEFM
5. Structural responses of the case study building under wind load
5.1. Calculation of the specified wind load in the new HK code
A new wind load code [24] has been enforced in HK. Compared with the old version, there are many additional specifications in the new version that consider the adverse effects of the wind load, including the across-wind, directional wind, directional shelter, corner shape, and building size effects. Meanwhile, in the old version, the internal force and deflection of a building under wind load are separately calculated along the two main-axis directions, whereas in the new version the structural responses are separately calculated under three wind load combinations. Each combination simultaneously includes two horizontal loads along the main-axis directions and a torsional moment around the vertical direction. In the numerical model, the horizontal loads and torsional moment were imposed on the rigidity centre of each story. Based on the case study building, the effect of building height was investigated using three cases with 30, 40, and 50 stories, for which wind loads were respectively determined (Fig. 15). The combination factors are listed in Table 4 [24] for the three wind load combinations. Due to the good plan symmetry, the calculated results are only presented for the three cases when the combination factors are positive.
	
	
	

	(a) Horizontal force Fx along X axis
	(b) Horizontal force Fy along Y axis
	(a) Torsional moment T around Z axis


Fig. 15. Wind load for the case building with different story numbers
Table 4 Wind load combination factors for buildings [24]
	Combination
	Horizontal force Fx along X axis
	Horizontal force Fy along Y axis
	Tensional moment T around Z axis

	Wind1
	±1.00
	±0.55
	±0.55

	Wind2
	±0.55
	±1.00
	±0.55

	Wind3
	±0.55
	±0.55
	±1.00


5.2. Calculated results of the case study building using MEFM
In the numerical model, the thickness of core walls started from 100 mm and increased with  intervals of 50 mm, and it can be determined once the deflection of the building does not exceed 500/H under the wind load combinations (H is the building height) [32]. According to the above method, the thickness of core walls was respectively 100, 450, and 1050 mm for the 30-, 40-, and 50-story cases along the entire building height. Fig. 16 illustrates the drift ratios of the three cases with the proposed core wall thickness under the three wind load combinations using the MEFM. It can be found that the three cases reach the maximum drift ratio, which is very close but no greater than 0.20% under Wind1 combination, indicating that the proposed core wall thickness values are optimised. 
	
	
	

	(a) 30-story case 
	(b) 40-story case
	(c) 50-story case


Fig. 16. Drift ratios of the three cases using MEFM
The new code adds the upper limit Aacc,lim for peak acceleration Aacc caused by wind load, which aims to consider the occupant comfort. The peak acceleration at height Z can be calculated as 

		(10)
[bookmark: OLE_LINK28][bookmark: OLE_LINK29]where Gry is the peak factor, which can be determined with the fundamental frequency Nacw for the mode mainly aligned with the across-wind direction; ξacw is the ratio of damping to critical damping in the across-wind direction of vibration; (BD)b is the plan area of the enclosing rectangle; Sr is the return period factor; Qh is the wind reference pressure at the effective building height; ρa is the mass density of air; Iv,h is the wind turbulence intensity at the building height; Hb is the height of building above the ground level; Mh is the mass of the building above 2Hb/3; and ηacw is the parameter used to depict the approximate mode deflection variation with height. 
Nacw and Mh can be obtained from the ETABS model. Other parameters can be determined based on the basic information of the cases in accordance with the new code. Nacw and Mh can be obtained from the ETABS model. According to Eq. 10, the maximum value of peak acceleration is located at the top story. The demand-to-capacity ratio of peak acceleration is defined as

		(11)
where Aacc,top is the peak acceleration at the top story. When Nacw is known, Acc,lim can be obtained using the chart provided in the new code. When γd-c,acc is less than 1.0, the building is deemed to have sufficient capacity to avoid an excessively large wind vibration. The new code suggests two return periods, including 1 and 10 years, to consider the wind acceleration. As shown in Fig. 17, γd-c,acc is far less than 1.0 for the 1-year and 10-year peak accelerations, indicating that the three cases can ensure occupant comfort using the design scheme.
	
	

	(a) 1-year peak acceleration 
	(b) 10-year peak acceleration


Fig. 17. Demand-to-capacity ratios of peak acceleration using MEFM
Fig. 18 shows the shear forces of the core and module walls calculated using the MEFM to validate whether the concept is satisfied or not. For the three cases, the shear force of the module walls at the top is almost unvaried and it is generally reduced to a lower value at the bottom, whereas that of the core walls significantly increases from the top to the bottom. Meanwhile, when the case study building is higher, the shear force of the module walls slightly decreases at the same story, whereas that of the core walls obviously increases. This indicates that the core walls of the 50-story case resist a greater proportion of shear force than those of the 30-story case at the same story.
	
	

	(a) Shear force along X axis under Wind1 combination
	(b) Shear force along Y axis under Wind2 combination


Fig. 18. Shear forces of core walls and modular walls using MEFM
A contribution ratio of the modules at the i-th story is defined to quantify the contribution of module walls to lateral force resistance of the building, as follows:

		(12)
where Fmw,i and Fcw,i are the shear forces of the module walls and the core walls at the i-th story along a particular direction. The maximum internal force of structural components is generally located at the bottom stories, which are crucial to determine the design state of those components. Thus, the bottom five stories are selected to show the contribution ratio of the modules. As shown in Fig. 19, the closer the story is to the ground, the lower the module contribution ratio is. At the bottom two stories, the contribution ratios are lower than 0.20 for the 30-story case, whereas they are reduced to approximately 0.05 for the 40- and 50-story cases. It means that at the bottom stories, the module walls provide limited lateral force resistance for the 30-story case and their contribution can even be neglected for the 40- and 50-story cases. Thus, the calculated results using the MEFM can match the concept that is the basis of the method, indicating that the method can justify itself.
	
	

	(a) Along X axis under Wind1 combination
	(b) Along Y axis under Wind2 combination


Fig. 19. Contribution of modules at the bottom five stories using MEFM
5.3. Comparison between MEFM and equivalent shear wall method
To further assess the MEFM, a numerical model was established considering the module walls as shear walls (i.e., the equivalent shear wall method), which means that the contribution of the module walls to lateral force resistance of the building is maximised. For the numerical model using the equivalent shear wall method, the module walls were modelled using shell elements, and no connections existed between adjacent module walls and between neighbouring module walls and core walls (Fig. 20). Other modelling details were the same as those in the model using the MEFM. 
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	(a) Plan view
	(b) 3-D view


Fig. 20. ETABS model of the case building with 40 stories using the equivalent shear wall method
The new numerical model was used to re-calculate the structural responses of the three cases with the same thickness of core walls under the three wind combinations. Fig. 21 compares the maximum drift ratios of the three cases based on the two methods. It is easily found that the maximum drift ratio based on the equivalent shear wall method is significantly smaller, and the descending range becomes greater for the case with lower building height. For instance, under the wind1 combination, the descending range is respectively 30.4%, 16.4%, and 7.4% for the 30-, 40-, and 50-story cases, which is due to a larger contribution of the core walls to lateral force resistance for the case with higher building height.
	
	

	(a) Wind1 combination
	(b) Wind2 combination

	

	(c) Wind3 combination


Fig. 21. Comparisons of the maximum drift ratios under wind load using the two methods
The demand-to-capacity ratios of peak acceleration were also re-calculated using the new numerical model and compared with the previous results using the MEFM (Fig. 22). Although the demand-to-capacity ratio of peak acceleration using the equivalent shear wall method is still smaller than that of the model using the MEFM, the difference is not significant. For instance, for 1-year peak acceleration along the X axis, the descending range of the demand-to-capacity ratio is respectively 14.4%, 3.7%, and 5.3% for the 30-, 40-, and 50-story cases. Compared with the equivalent shear wall method, the MEFM is deemed to have the capacity to provide a conservative and close prediction for the demand-to-capacity ratios of peak acceleration.
	
	

	(a) 1-year peak acceleration 
	(b) 10-year peak acceleration


Fig. 22. Comparisons of the demand-to-capacity ratios of peak acceleration using the two methods
The frame efficiency factor αfe is defined as the ratio of the shear force of all the module walls using the MEFM to that using the equivalent shear wall method. The factor is adopted to measure the degree to which the former considers the shear wall effect of module walls. Fig. 23 shows the frame efficiency factors at the bottom five stories. It is found that for the same case, αfe decreases at the story closer to the bottom, while for the higher case αfe at the same story decreases. At the bottom two stories, αfe is respectively reduced to approximately 0.20, 0.10, and 0.06 for the 30-, 40-, and 50-story cases along the X axis under Wind1 combination or the Y axis under Wind2 combination. Thus, the MEFM considers the module walls' shear wall effect for the 30- and 40-story cases in a low degree, and it is deemed to ignore the shear wall effect for the 50-story case.
	
	

	(a) Along X axis under Wind1 combination
	(b) Along Y axis under Wind2 combination


Fig. 23. Frame efficiency factors at the bottom five stories
[bookmark: _GoBack][bookmark: OLE_LINK33][bookmark: OLE_LINK34]Meanwhile, it can be seen that the numerical model established by the equivalent shear wall method reduces the contribution of the core walls to the lateral force resistance of the building. The reduced factor βrf of core walls is defined as the ratio of the shear force of core walls using the equivalent shear wall method to that using the MEFM. As shown in Fig. 24, at the bottom five stories, βrf is varied in the range of 0.20–0.40 for the 30 story-case, 0.40–0.60 for the 40-story case, and 0.60–0.80 for the 50-story case. The closer the story is to the bottom, the smaller value βrf has. The significantly reduced internal force at critical locations may lead to an unsafe design of core walls, which will be a disaster for the entire building. This is also a reason why the equivalent shear wall method is not preferred to model module walls in the structural design of concrete modular high-rises.
	
	

	(a) Along X axis under Wind1 combination
	(b) Along Y axis under Wind2 combination


Fig. 24. Reduced factor of core walls at the bottom five stories
The equivalent shear wall method was used to re-design the three cases in terms of the thickness of core walls. For the 30-story case, the thickness of core walls adopting 100 mm could not be further reduced considering the out-of-plane stability of shear walls [36]. The thickness of core walls was respectively decreased to 350 and 950 mm for the 40- and 50-story cases. Fig. 25 shows the detailed drift ratios of the re-designed cases under wind load. Except for the 30-story case, the other cases reach a maximum drift ratio that is very close but no greater than 0.20% under Wind1 combination, which means that the re-designed core wall thickness values are optimised. As shown in Fig. 26, γd-c,acc is also used to validate whether the re-designed cases meet the code requirement regarding peak acceleration under wind load. Considering that γd-c,acc is far less than 1.0 for the 1- and 10-year peak accelerations, the re-designed cases can ensure occupant comfort under wind load.
	
	
	

	(a) 30-story building case with 100 mm-thickness core walls
	(b) 40-story with 350 mm-thickness core walls
	(c) 50-story with 950 mm-thickness core walls


Fig. 25. Drift ratios of the re-designed cases using the equivalent shear wall method
	
	

	(a) 1-year peak acceleration 
	(b) 10-year peak acceleration


Fig. 26. Demand-to-capacity ratios of peak acceleration for the re-designed cases using the equivalent shear wall method
[bookmark: OLE_LINK35][bookmark: OLE_LINK26]A comparison of concrete usage was conducted between the design schemes based on the two methods for the three cases (Fig. 27(a)). The precast concrete usage per story is almost constant for any of the three cases in both methods. The cast-in-situ concrete usage per story dramatically increases with the total number of stories of the case according to either of the two methods. From 30 to 50 stories, the cast-in-situ concrete usage per story increases by 1.93 times based on the MEFM, whereas it increases by 1.73 times based on the equivalent shear wall method. When the module walls are modelled by the equivalent shear wall method rather than the MEFM, the cast-in-situ concrete usage per story decreases by 6.6% and 6.9% for the 40- and 50-story cases, respectively. The precast ratio γp refers to the volume ratio of the precast concrete usage to the total concrete usage [37]. According to the Chinese code [38], when assessing the industrialised construction level of precast concrete structures, γp ≥ 60% is excellent; 40% ≤ γp < 60% is high, 30% ≤ γp < 40% is moderate; and 20% ≤ γp < 30% is low. Fig. 27 shows that γp can reach up to 67.8% for the 30-story case, which means that concrete high-rise buildings can reach an excellent industrialised construction level by adopting modular construction. When the number of stories varies from 30 to 50, γp is significantly weakened from 67.8% to approximately 40%. This reveals that the concept whereby the modules are intended to resist the vertical load and cores are meant to resist the lateral load gradually becomes unfeasible for buildings with more than 30 stories. In addition, the relative error of γp of the two equivalent methods is less than 5.0% for the 40- and 50-story cases, which indicates that the MEFM almost does not influence γp.
	
	

	(a) Concrete usage per story
	(b) Precast ratio


Fig. 27. Comparison of concrete usage and precast ratio according to the two methods
6. Conclusions
This paper proposed a novel structural design method, MEFM, for concrete high-rise modular buildings where wind load dominates the structural design. The developed MEFM is based on the structural design concept whereby modules are intended to resist the vertical load but transfer the lateral load to cores, while cores are mainly meant to resist the lateral load. A typical high-rise public residential building in HK was used for the case study, which has the new cruciform floor plan – the most typical and representative floor plan for public housing in HK. For the case study building, a floor plan composed of core zones and concrete modules was proposed according to the modularisation requirements. The available horizontal and vertical connection types were shown to ensure structural integrity and a continuous rigid diaphragm effect. Structural design details were reported for modular components considering the effects of multi-period loads. A new procedure was developed to determine the strength grades of modular walls for unifying their thickness at different stories. An analytical method was established to determine an equivalent frame system with great vertical resistance and limited lateral resistance to model walls within a concrete module. A numerical model based on the MEFM was used to analyse the structural responses of case study buildings with 30, 40, and 50 stories under wind load. The calculated results were compared with those of the numerical model considering the module walls as shear walls.
The main conclusions of this paper are as follows:
(1) The developed new method, MEFM, is found to be feasible for achieving structural design solutions of concrete high-rise modular buildings. The method can ensure that the designed case study building under wind load has structural responses that meet the code requirements and an internal force distribution that matches the design concept, which justifies the developed MEFM method. 
(2) The MEFM is also found to be more suitable for the 30-story case than for the 50-story case owing to the reduction in precast ratio with increasing building height. According to the method, the precast ratio is 67.8% for the 30-story case but 41.7% for the 50-story case, which is due to the large amount of cast-in-situ concrete used for the cores. It is necessary to adopt stronger structural systems such as an out-rigger or tube system, or to utilise other technologies such as dampers to improve the lateral force resistance of the 50-story case under wind load. 
(3) Further, the MEFM is observed to be more appropriate than the equivalent shear wall method to simulate module walls because it can better balance the structural safety, material consumption, and precast ratio. The use of the MEFM can help reduce the designed force in the shear walls of modules while enhancing the design of the cores, which in turn can reduce the failure probability of the whole structure. In comparison, the MEFM is found to be not too conservative to predict the structural responses of concrete modular high-rises within the average relative error of 10%–20%, and it increases the cast-in-situ concrete usage by no more than 7% and decreases the precast ratio by no more than 5%. Notably, the equivalent shear wall method can sharply reduce the shear force of the core walls, which may be unsafe for the structure.
(4) The proposed procedure for the strength grades of module walls can help reduce the lifting weight for the modules owing to the higher strength concrete used in the module walls at the lower stories. The optimised scheme can respectively reduce the lifting weight of concrete modules by 30.3%, 22.5%, and 12.7%, compared with the schemes that individually adopt C35, C40, and C50 to build the module walls.
(5) The proposed modularisation scheme is typical and representative for HK public residential high-rises. It requires no change to the area of the four standard modular flat types being adopted for the general layout of high-rise public residential buildings in HK. Moreover, the modules can be minimised to include only four types of structural dimensions. The maximum external width of these module types can satisfy the transportation limitations. 
The findings of this study fill the research gap about the structural design of concrete high-rise modular buildings. Notably, the current seismic codes in HK have not been officially promulgated. Thus, the structural design method is developed to meet current HK codes and does not consider the effects of seismic load. Further, the effect of openings on module walls is not considered in this work. Moreover, this study is mainly focused on the global structural modelling method of high-rise modular buildings and discusses the feasibility of the method for different building heights. Thus, the connection details of modules are not fully considered, nor are the construction process and design details for ensuring the performance of the joints. These limitations and their influence on the structural design of high-rise modular buildings will be studied in future research.
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Thickness 80mm	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	68.442490423689435	67.073640615215652	65.704790806741855	64.335940998268072	62.967091189794282	61.598241381320491	60.229391572846701	58.860541764372918	57.491691955899128	56.122842147425338	54.753992338951541	53.385142530477765	52.016292722003975	50.647442913530178	49.278593105056395	47.909743296582604	46.540893488108814	45.172043679635024	43.803193871161241	42.434344062687451	41.065494254213661	39.696644445739878	38.327794637266081	36.958944828792298	35.590095020318508	34.221245211844717	32.852395403370927	31.483545594897141	30.114695786423351	28.745845977949564	27.37699616947577	26.008146361001987	24.639296552528197	23.270446744054407	21.901596935580621	20.53274712710683	19.16389731863304	17.795047510159254	16.426197701685464	15.057347893211675	13.688498084737885	12.319648276264099	10.95079846779031	9.5819486593165202	8.2130988508427318	6.8442490423689426	5.4753992338951551	4.1065494254213659	2.7376996169475776	1.3688498084737888	80mm	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	70	70	70	70	70	70	70	70	70	70	55	55	55	55	55	55	55	55	55	55	45	45	45	45	45	45	45	45	45	45	30	30	30	30	30	30	30	30	30	30	30	30	30	30	30	30	30	30	30	30	Thickness 100mm	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	46.811293751857534	45.875067876820381	44.938842001783222	44.002616126746076	43.066390251708924	42.130164376671779	41.193938501634626	40.257712626597474	39.321486751560322	38.385260876523176	37.449035001486024	36.512809126448872	35.576583251411726	34.640357376374574	33.704131501337422	32.767905626300269	31.83167975126312	30.895453876225968	29.959228001188819	29.02300212615167	28.086776251114518	27.150550376077369	26.214324501040217	25.278098626003068	24.341872750965916	23.405646875928767	22.469421000891611	21.533195125854462	20.596969250817313	19.660743375780161	18.724517500743012	17.788291625705863	16.852065750668711	15.91583987563156	14.97961400059441	14.043388125557259	13.107162250520108	12.170936375482958	11.234710500445805	10.298484625408657	9.362258750371506	8.4260328753343554	7.4898070002972048	6.5535811252600542	5.6173552502229027	4.681129375185753	3.7449035001486024	2.8086776251114514	1.8724517500743012	0.9362258750371506	Thickness 120mm	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	38.345994974442476	37.579075074953622	36.812155175464774	36.045235275975919	35.278315376487072	34.511395476998224	33.744475577509377	32.977555678020522	32.210635778531675	31.443715879042827	30.676795979553972	29.909876080065125	29.142956180576277	28.376036281087426	27.609116381598579	26.842196482109728	26.07527658262088	25.308356683132029	24.541436783643181	23.77451688415433	23.007596984665483	22.240677085176632	21.473757185687784	20.706837286198937	19.939917386710086	19.172997487221238	18.406077587732387	17.639157688243536	16.872237788754688	16.105317889265837	15.338397989776986	14.571478090288139	13.804558190799289	13.03763829131044	12.270718391821591	11.503798492332741	10.736878592843892	9.9699586933550428	9.2030387938661935	8.4361188943773442	7.6691989948884931	6.9022790953996447	6.1353591959107954	5.3684392964219461	4.6015193969330968	3.8345994974442466	3.0676795979553977	2.3007596984665484	1.5338397989776988	0.76691989948884942	Thickness 140mm	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	33.805666119623744	33.12955279723127	32.453439474838788	31.777326152446321	31.101212830053843	30.425099507661368	29.748986185268894	29.072872862876419	28.396759540483945	27.720646218091467	27.044532895698996	26.368419573306518	25.692306250914044	25.016192928521573	24.340079606129095	23.66396628373662	22.987852961344142	22.311739638951671	21.635626316559197	20.959512994166719	20.283399671774248	19.60728634938177	18.931173026989295	18.255059704596821	17.578946382204347	16.902833059811872	16.226719737419394	15.550606415026921	14.874493092634447	14.198379770241973	13.522266447849498	12.846153125457022	12.170039803064547	11.493926480672071	10.817813158279598	10.141699835887124	9.4655865134946477	8.7894731911021733	8.1133598687096971	7.4372465463172235	6.761133223924749	6.0850199015322737	5.4089065791397992	4.7327932567473239	4.0566799343548485	3.3805666119623745	2.7044532895698996	2.0283399671774243	1.3522266447849498	0.6761133223924749	Thickness 160mm	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	30.963980714047402	30.344701099766453	29.725421485485505	29.106141871204557	28.486862256923608	27.86758264264266	27.248303028361711	26.629023414080763	26.009743799799818	25.390464185518869	24.771184571237921	24.151904956956972	23.532625342676024	22.913345728395075	22.294066114114127	21.674786499833179	21.055506885552234	20.436227271271285	19.816947656990337	19.197668042709388	18.57838842842844	17.959108814147491	17.339829199866543	16.720549585585594	16.101269971304649	15.481990357023701	14.862710742742753	14.243431128461804	13.624151514180856	13.004871899899909	12.38559228561896	11.766312671338012	11.147033057057063	10.527753442776117	9.9084738284951683	9.2891942142142199	8.6699145999332714	8.0506349856523247	7.4313553713713763	6.8120757570904278	6.1927961428094802	5.5735165285285317	4.9542369142475842	4.3349572999666357	3.7156776856856881	3.0963980714047401	2.4771184571237921	1.8578388428428441	1.238559228561896	0.61927961428094802	Story

Concrete grade (MPa)


80mm	100mm	120mm	140mm	160mm	13.155999999999999	15.065	16.974	18.882999999999999	20.791999999999998	Thickness of wall (mm)

Precast module weight (t)

M-1	200	210	220	230	240	250	260	270	280	290	300	310	320	330	340	350	357.77	617.07126076742361	605.85727818124406	593.66544644278213	580.47175866495502	566.25141562853912	550.97879282218594	534.62740582332617	517.1698739216987	498.57788188054207	478.82213972325349	457.87234042553189	435.69711538461536	412.26398752814828	387.53932191541418	361.48827367307354	334.07473309608542	311.80992336892183	M-2	200	210	220	230	240	250	260	270	280	290	300	310	320	330	340	350	360	370	380	390	400	410	419.5	549.01960784313724	541.51129633691596	533.34805653710248	524.51634422948632	515.00223914017022	504.79143179255919	493.86920980926431	482.22044363137434	469.82957162597882	456.68058455114823	442.75700934579442	428.04189220993175	412.5177809388336	396.1667064724146	378.97016361886432	360.90909090909093	341.96384953590621	322.11420132906721	301.33928571428572	279.61759560109971	256.92695214105794	233.24447829398324	209.80595592843167	M-3	200	210	220	230	240	250	260	270	280	290	300	310	320	330	340	350	357.77	1062.5	1026.218220338983	985.99137931034488	941.61184210526312	892.85714285714289	839.48863636363637	781.25	717.8655660377359	649.03846153846155	574.44852941176475	493.75	406.56887755102042	312.5	211.10372340425531	101.90217391304348	-15.625	-113.05225964147573	M-5	200	210	220	230	240	250	260	270	280	290	300	310	320	330	340	350	360	370	380	390	400	410	420	428.95	376.08638398735843	372.31509893133	368.24485891917743	363.87169086251066	359.19155095695061	354.20032310177709	348.89381727700544	343.26776787654859	337.31783199607008	331.03958767408704	324.42853208482512	317.4800796812749	310.18956028684198	302.5522171339216	294.56320484766871	286.21758737316799	277.51033584414114	268.4363263912598	258.99033788805673	249.16704963235293	238.96103896103895	228.36677879596334	217.37863511859666	207.20553064537515	150	450	150	450	150	450	200	200	350	334.07473309608542	419.5	209.80595592843167	330	211.10372340425531	420	217.37863511859666	428.95	428.95	0	1200	tc (mm)

tb (mm)


30-story	308.09211491756497	303.46934392640179	298.83067977628582	294.17436523445127	289.49843318600301	284.80067351900846	280.07859329973661	275.32936854447911	270.54978537425467	265.73616762755404	260.88428702134024	255.98925056706392	251.04535797519301	246.04591891947547	240.98301580263023	235.84719128564004	230.62702999778543	225.30858825690285	219.87460022436204	214.3033461257177	208.56699329820913	202.62908392955188	196.44057967558763	189.9333327883069	183.00865726655704	175.51576002032493	167.20674815081679	157.62854513225142	145.80003187780193	128.76988117242865	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	40-story	331.91451174785334	327.76880113634445	323.61712983323065	319.45884685676327	315.29324242108953	311.1195411606181	306.93689437051682	302.7443710881227	298.54094780263944	294.32549653368335	290.09677096027593	285.85339020710114	281.59381979930703	277.31634917411964	273.01906497783244	268.69981916752982	264.35619066025373	259.98543890269974	255.58444723522717	251.14965324140482	246.67696232908378	242.16163946150928	237.59817206381882	232.98009438456765	228.29975953521736	223.54803931251939	218.71392246857846	213.7839671488473	208.74153886483569	203.56572435165054	198.22973990929142	192.69852165011542	186.92493245039529	180.84350257724927	174.35947529603641	167.32813852495116	159.51172117462394	150.47587312253685	139.28051795899788	123.09931571997221	40	39	38	37	36	35	34	33	32	31	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	50-story	353.52233849455422	349.71448799380534	345.9044768251822	342.09200722291115	338.27675939938695	334.45838953343917	330.63652753018118	326.81077452094479	322.98070006664312	319.14583902175502	315.30568800877012	311.45970144410131	307.60728704582021	303.74780074066859	299.88054087208849	296.00474159180339	292.11956529385742	288.22409392080675	284.31731893543525	280.39812970590981	276.46529999505248	272.51747217181332	268.55313867030429	264.57062010237877	260.56803927477432	256.54329015886918	252.49400059273509	248.41748713665078	244.31070001901026	240.1701554476748	235.99185164534526	231.77116368059393	227.50271033108319	223.18018355431684	218.79612720993282	214.34164574935133	209.80601444244391	205.17614823356578	200.43586273007483	195.56482110183597	190.53699118769947	185.3183100916188	179.86300897414438	174.10754947573065	167.96001431127374	161.28009422341731	153.83736012603103	145.21106957214087	134.49102194634997	118.94201706262591	50	49	48	47	46	45	44	43	42	41	40	39	38	37	36	35	34	33	32	31	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	Horizontal force (kN)

Story


30-story	384.67792097129848	379.10477069352072	373.50955093195626	367.88996593927635	362.24344852289278	356.56711739440595	350.85772589663924	345.11159993507482	339.32456227372262	333.49183944399232	327.60794625298246	321.66654110512269	315.66024282344455	309.58039599100186	303.41676641718931	297.1571401664707	290.78678698552716	284.28772901660432	277.63772317901402	270.80881085641272	263.76519276698343	256.46001183167675	248.83028973169888	240.78857184814953	232.20830655316968	222.89626184576736	212.5350056079842	200.54477560358549	185.6710128354635	164.14262168554501	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	40-story	417.96685072905694	412.90528734021785	407.83489927584213	402.75482256374858	397.6641162159753	392.56175340046491	387.44661133434079	382.31745967149135	377.17294710870817	372.01158587398777	366.83173368423309	361.63157266275527	356.40908458327277	351.16202164786648	345.88787179963049	340.58381730003089	335.24668494302279	329.87288579979702	324.45834174219738	318.9983951101047	313.48769666585366	307.92006526251265	302.28831020567929	296.5840037398043	290.79718584787656	284.91597564872711	278.92605148130269	272.80994246278101	266.54604285724923	260.1072076309992	253.4586949400809	246.55505197434425	239.33521454848079	231.71442263659259	223.57007593600284	214.71505422710186	204.84209302994068	193.39023164616228	179.14609775411682	158.4639580789235	40	39	38	37	36	35	34	33	32	31	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	50-story	448.83704591412112	444.13730349242701	439.43393015550151	434.72652434598012	430.01465530887458	425.29786044097875	420.57564234029712	415.84746551421841	411.11275269839354	406.3708807302371	401.62117591134609	396.86290878157291	392.09528821356002	387.31745471966667	382.52847284267438	377.7273224765442	372.91288893260628	368.08395152839029	363.23917042882408	358.37707141014232	353.49602814205616	348.59424148891588	343.66971520948437	338.72022727905176	333.74329585527698	328.7361386441662	323.69562407228455	318.61821220338891	313.49988270576563	308.33604631295793	303.12143502496144	297.84996461829894	292.51456064003145	287.10693559054175	281.61729987412957	276.03398136819061	270.34291654010326	264.526957172967	258.56490602235914	252.43014296859923	246.08861271215633	239.49577961915014	232.59183679599326	225.29380372971025	217.48170305227907	208.97249164577786	199.46571986975744	188.41308624170179	174.62907299593724	154.55310776671598	50	49	48	47	46	45	44	43	42	41	40	39	38	37	36	35	34	33	32	31	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	Horizontal force (kN)

Story


30-story	1265.8810027346003	1247.5411275366414	1229.1286270624639	1210.6359465688081	1192.0546380524211	1173.3752198975158	1154.5870081489747	1135.6779122598784	1116.6341859677161	1097.4401209542398	1078.0776667904756	1058.5259548356157	1038.7606954405981	1018.7534057440844	998.47040752655835	977.87150771188794	956.90823263723644	935.52142156745276	913.63787796135159	891.1655968470784	867.98677153936967	843.94720684536765	818.83965651308085	792.37632877014084	764.14077314502777	733.49711035837299	699.40074890680512	659.9438329947551	610.99791564185443	540.15324301985891	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	40-story	1375.4267330310295	1358.7703652262694	1342.0849575715256	1325.3676669455488	1308.615396786983	1291.8247680425379	1274.9920859082331	1258.1133016157753	1241.1839683566341	1224.1991902368343	1207.1535629041625	1190.0411041708192	1172.8551725474699	1155.5883710806418	1138.2324332051335	1120.7780864322312	1103.214888516537	1085.5310291706596	1067.7130882717427	1049.7457385989067	1031.6113771186256	1013.2896631873397	994.75693398754811	975.98545583591783	956.94245275120852	937.58882765779492	917.87745147010583	897.75083178356022	877.13786940282853	855.94923665762769	834.07060663222171	811.3524052394248	787.59368517263226	762.51552190634868	735.7144678143203	706.57475599567238	674.08525415822567	636.39997777149836	589.52601513589968	521.46614924959056	40	39	38	37	36	35	34	33	32	31	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	50-story	1477.0129991125641	1461.547295662918	1446.069643758829	1430.5787219731717	1415.0731127965787	1399.5512939149828	1384.0116285000074	1368.452354376371	1352.8715719082136	1337.2672304198006	1321.6371129343738	1305.9788189769054	1290.2897451406543	1274.5670630618979	1258.8076943796045	1243.0082821741664	1227.165158277659	1211.27430572247	1195.331315438902	1179.3313361169201	1163.2690159011026	1147.1384342758286	1130.9330220991708	1114.6454672309872	1098.2676025348237	1081.7902721612836	1065.2031708677107	1048.494649589273	1031.6514783970774	1014.658555137069	997.49854410900514	980.15142362072118	962.59391337695718	944.79874124236642	926.73369205058282	908.36035569938633	889.6324525407739	870.49355198483727	850.87389908188425	830.68589352538083	809.81746764944739	788.12206556979629	765.40287741953011	741.3868346151761	715.67912096724865	687.67738631987288	656.39292435176412	620.02140891720626	574.66159085123161	508.5964968862267	50	49	48	47	46	45	44	43	42	41	40	39	38	37	36	35	34	33	32	31	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	Tensional moment (kN∙m)

Story


Limit	0.2	0.2	0	50	Wind1	0.17463919949427162	0.17660908810137718	0.17831054371517127	0.18010136035022056	0.18207278764274468	0.18386421620315357	0.1857018309010442	0.18718146275740019	0.18852652333292524	0.18955959485080148	0.19009944765832434	0.19023882358761579	0.18988483351758245	0.18890709356718186	0.18734751132587804	0.18511769229330835	0.18199420320438781	0.17806529701207927	0.17329033441020303	0.16721569902374595	0.15984092091826799	0.15202795795510771	0.14301223723863632	0.13274656304402008	0.12100859473607649	0.10771369457965872	9.2455881370521811E-2	7.4932836593845822E-2	5.4695977914285439E-2	2.6527721349561856E-2	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	Wind2	0.16808405635276655	0.17005557914987676	0.17185764457829625	0.17379758341242837	0.17587543887649579	0.17773083581641089	0.1795863302147466	0.18121942500736504	0.18263017275357324	0.18368061955470427	0.18428635326578036	0.18453184007102949	0.18427894616586019	0.18344334275192437	0.18210925292252453	0.17997013641157247	0.17719427191644768	0.1735592406067738	0.16911918873977608	0.16337542654879281	0.15635760294913709	0.1491175375333163	0.14071197532548535	0.13108657444605074	0.12015739677606202	0.10759340128465128	9.3172635467716591E-2	7.6336950423762664E-2	5.6594434355332152E-2	2.800660636349931E-2	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	Wind3	0.13539815360631768	0.13737321427410804	0.13927975445124821	0.14125526538858649	0.14337590453071253	0.14542413829897705	0.14733108972650683	0.14916906515762579	0.15072110004906411	0.15206275020530177	0.15305247466147029	0.1536872473564414	0.15403928070463066	0.1538257780737676	0.15311606708637734	0.15184087065082313	0.15000016666657406	0.14752206614605151	0.14419573502708047	0.13973832688278476	0.13414980432337573	0.12855979153685651	0.12212194724946043	0.11462377589313658	0.10599533008581086	9.5955041555928683E-2	8.4292941578758537E-2	7.0442032906496949E-2	5.3703351850699223E-2	2.7197426348829407E-2	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	Drift ratio/%

Story


Limit	0.2	0.2	0	50	Wind1	0.19098232902548865	0.19151629173519416	0.19214046944878635	0.19280835044157188	0.19338658174754525	0.19405506950347881	0.19463401552657747	0.19512360185277433	0.19556945057958311	0.19570232497341467	0.19583556878156735	0.19579019383002819	0.19538766593620999	0.19485137926122054	0.19400257730246784	0.19288551008305418	0.19141212082833209	0.18962502471984016	0.18752562491563651	0.18489056222533373	0.18185191777927448	0.17863594263193508	0.1748846762869749	0.17077567156945977	0.1661317549416727	0.16104176476926724	0.1554588369955211	0.14925350917147645	0.14255525244620063	0.1351879432493889	0.12701625880177703	0.1183997466213505	0.10906681438457803	9.9066694706142294E-2	8.81277481840992E-2	7.6250770487910485E-2	6.3437607142766667E-2	4.9279306001606807E-2	3.3865173851613396E-2	1.5042606157179015E-2	40	39	38	37	36	35	34	33	32	31	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	Wind2	0.17699909604288944	0.17758023538671189	0.17821966782597257	0.17907989836941499	0.17985888913256415	0.18071911907709157	0.18143979717801714	0.18213758535788269	0.1827770499816648	0.1831957696018115	0.1835560949682685	0.18369567224080155	0.1836145146768087	0.18331265640975256	0.18273163382403168	0.18201101615012208	0.18084902543281786	0.17948888544976815	0.17768739403795647	0.1754670339408517	0.17280535292634888	0.16994543241876198	0.16670284940576152	0.16312234672171683	0.15896093859813484	0.1543805687254714	0.14935896357433659	0.14377871887035298	0.1376763233094202	0.13095651950170331	0.12343524618195567	0.11549497824580945	0.10683417056354207	9.7533789016935046E-2	8.7233594446176524E-2	7.5992170649350446E-2	6.3692464232434895E-2	5.0032989117181473E-2	3.4793246471118505E-2	1.5754681843820267E-2	40	39	38	37	36	35	34	33	32	31	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	Wind3	0.15224798849245924	0.15294512087673801	0.15379209992714191	0.15477186436817256	0.1558930723284393	0.15702257799437636	0.15806960492137634	0.15912476237217135	0.16010562138788256	0.16094548766585537	0.161785567959568	0.16234337066846924	0.16282727044325221	0.16302898515294756	0.1630223604294822	0.16280073709906845	0.1622967960250602	0.16151049501502993	0.16036820133679869	0.15887583201985128	0.15688623266558477	0.15475558148254298	0.15234254166187461	0.14957392820943094	0.14638172700169924	0.14276589228523737	0.13872638537783646	0.13412181030689974	0.12902092853486988	0.12328280496484496	0.11676955938942306	0.10997422425277661	0.10247053234954916	9.4263301448654968E-2	8.5067326277484465E-2	7.4953452222029107E-2	6.3640238843046454E-2	5.0844960418904843E-2	3.6286223281019478E-2	1.6917742166140257E-2	40	39	38	37	36	35	34	33	32	31	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	Drift ratio/%

Story


Limit	0.2	0.2	0	50	Wind1	0.19233005485362914	0.19259348379423433	0.19276540145990931	0.19312050642021422	0.19342440383777845	0.19372849558079988	0.19403278073562727	0.19437787939989468	0.19459131532522206	0.19480503073586167	0.1948868389604593	0.19487762826964003	0.19468641452345872	0.1944956811859842	0.1941729641324971	0.19362711586965295	0.19299069925776216	0.1922220590879205	0.19113945171000152	0.18996654968704357	0.18852843286889115	0.18699999999999997	0.18515790558331557	0.18318324159158231	0.1808950248072069	0.17838377168341293	0.17564948050022808	0.17269215384608533	0.16937830439581097	0.1657512594220629	0.16181127896410682	0.15764850142008963	0.15321883043542656	0.14838679186504439	0.14319804467938796	0.1376971314152913	0.1318394857392883	0.12553573196504653	0.11887506046265549	0.11176842130047288	0.10421612159354232	9.6171981366716147E-2	8.7729413539587728E-2	7.8748015848019937E-2	6.9234240083935347E-2	5.9093146810776619E-2	4.8373546489791301E-2	3.666769695522204E-2	2.4147877753541821E-2	9.8183501669068616E-3	50	49	48	47	46	45	44	43	42	41	40	39	38	37	36	35	34	33	32	31	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	Wind2	0.17022085653644206	0.1703607936116758	0.1707208540278545	0.17108091652782315	0.17158091385699054	0.17208091120167859	0.17258090856175257	0.17300072254184373	0.17350072045959924	0.17386077763544022	0.17414066153543806	0.17442055498134387	0.17456050526966288	0.17456050526966288	0.1744803713888757	0.17434041413281087	0.17404022523543228	0.17354022588437526	0.17290026026585384	0.1721001162114657	0.17110011689066726	0.16988007534728727	0.16852005815332488	0.16702005867559741	0.16516004359408484	0.16316004412845692	0.16094001988318507	0.1585	0.15572000513742607	0.15272000523834459	0.14949999999999999	0.14586000137117786	0.14206002252569158	0.13792001305104348	0.13342001349123001	0.12864000155472635	0.12356002589834626	0.11792001526458518	0.112060028556127	0.10570004730367911	9.892001819652077E-2	9.1720008722197571E-2	8.4080021408179953E-2	7.5860002636435497E-2	6.7080026833626127E-2	5.766012486979194E-2	4.7520206228508735E-2	3.640123624274319E-2	2.4262110378118387E-2	1.0043903623591775E-2	50	49	48	47	46	45	44	43	42	41	40	39	38	37	36	35	34	33	32	31	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	Wind3	0.1383718179399259	0.138653092284305	0.1391379531256659	0.13962292075443775	0.14031179565524773	0.14101524740254154	0.14178198051938759	0.14253490800502169	0.1433020934948265	0.14399225673625649	0.14468272184334935	0.1453096693272681	0.14592371294618295	0.14633335231586816	0.14680735676388973	0.14707664668464535	0.14726958273859542	0.1473219603453606	0.1472337257560237	0.14700482985262764	0.14655906659091414	0.14611372283259366	0.14538679444846428	0.14451920287629599	0.14351090550895429	0.14222081422914157	0.1408554223308425	0.13920833308390701	0.13727945949777046	0.13513463656664784	0.13264207477267534	0.13007482462029307	0.12722578355034803	0.12395370103389411	0.12054086444023868	0.11677161470151896	0.11272062810328906	0.10824661657529994	0.10334950411105029	9.8096788938272589E-2	9.2353505618357562E-2	8.6187005981180245E-2	7.9524210150117181E-2	7.2438801757069404E-2	6.4720707659913612E-2	5.6155676471751279E-2	4.688549882426335E-2	3.655803605228268E-2	2.5103187048659777E-2	1.0683164325236227E-2	50	49	48	47	46	45	44	43	42	41	40	39	38	37	36	35	34	33	32	31	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	Drift ratio/%

Story


Along X axis	30-story	40-story	50-story	0.29230769230769227	0.27142857142857141	0.24675324675324675	Along Y axis	30-story	40-story	50-story	0.33802816901408456	0.3125	0.30588235294117644	
Demand-to-capacity ratio of peak acceleration


Along X axis	30-story	40-story	50-story	0.28000000000000003	0.26153846153846155	0.24642857142857141	Along Y axis	30-story	40-story	50-story	0.32222222222222219	0.32857142857142851	0.3	
Demand-to-capacity ratio of peak acceleration


30-Core	-1244.1541	-597.63919999999996	-392.00760000000002	-150.28469999999999	69.503299999999996	279.2002	478.68279999999999	670.42619999999999	855.83900000000006	1036.6199999999999	1214.2113999999999	1390.1035999999999	1565.7157999999999	1742.5436999999999	1922.0767000000001	2105.8436000000002	2295.8532	2492.0149999999999	2709.0194000000001	2856.9475000000002	2912.2723999999998	3224.0985000000001	3503.8218000000002	3814.5	4151.1589999999997	4524.8676999999998	4934.4067999999997	5397.3099000000002	5967.6598000000004	6030.9408999999996	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	30-Modules	1578.2313999999999	1245.1539	1353.1741	1419.2068999999999	1502.6079	1591.2515000000001	1685.268	1782.1282000000001	1880.3585	1978.2202	2074.1902	2166.7075	2254.2469000000001	2335.2501999999999	2408.0958000000001	2471.1486	2522.2667000000001	2561.4470999999999	2573.6707999999999	2648.9913999999999	2811.3159999999998	2709.18	2632.6278000000002	2517.7676000000001	2369.2685000000001	2175.5632000000001	1937.1989000000001	1604.34	1216.9589000000001	1271.1847	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	40-Core	-897.25779999999997	-203.06190000000001	84.139499999999998	424.59190000000001	745.32460000000003	1060.3927000000001	1367.5797	1668.3299	1962.8761	2251.9722000000002	2535.9405000000002	2815.3746000000001	3090.6685000000002	3362.3143	3630.6745000000001	3896.2006999999999	4159.6067000000003	4419.4305999999997	4687.0695999999998	4897.2326999999996	5017.8276999999998	5321.6206000000002	5582.1805999999997	5850.3045000000002	6118.9007000000001	6390.0036	6664.3447999999999	6941.5654999999997	7229.8447999999999	7486.5355	7691.2633999999998	8048.7734	8376.7744000000002	8723.6597999999994	9082.8955000000005	9459.2296999999999	9853.7670999999991	10268.368700000001	10758.1924	10906.0676	40	39	38	37	36	35	34	33	32	31	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	40-Modules	1309.9550999999999	971.4914	1048.8028999999999	1066.5543	1100.5489	1136.3314	1175.9702	1218.1574000000001	1262.5284999999999	1308.4142999999999	1355.3468	1402.7726	1450.2308	1497.2227	1543.2802999999999	1588.0038	1630.5596	1672.471	1702.0717	1785.1908000000001	1954.5789	1934.1542999999999	1953.1314	1959.8044	1961.3832	1955.7312999999999	1942.0640000000001	1920.7002	1883.2755	1872.7091	1909.7895000000001	1787.3076000000001	1689.8748000000001	1568.1329000000001	1428.9974999999999	1267.5512000000001	1082.9609	872.61069999999995	589.01580000000001	599.65139999999997	40	39	38	37	36	35	34	33	32	31	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	50-Core	-416.28620000000001	160.29259999999999	479.38659999999999	832.16750000000002	1171.4494	1506.1170999999999	1834.4589000000001	2157.35	2474.6651000000002	2786.8737999999998	3093.9679999999998	3396.2716999999998	3693.8227000000002	3986.9011999999998	4275.5466999999999	4559.9081999999999	4840.3072000000002	5115.6457	5392.8558000000003	5631.5613999999996	5809.5654000000004	6098.5807000000004	6356.8811999999998	6616.0454	6871.2613000000001	7123.4569000000001	7372.8280999999997	7618.6140999999998	7866.0276999999996	8085.3397000000004	8252.1021000000001	8522.4547999999995	8763.3569000000007	9007.4704999999994	9249.5347999999994	9490.7482999999993	9731.5802999999996	9970.7433000000001	10217.0435	10422.5679	10578.934499999999	10884.303400000001	11145.0566	11417.777	11692.494500000001	11971.809300000001	12254.796	12537.7783	12863.222	12843.0803	50	49	48	47	46	45	44	43	42	41	40	39	38	37	36	35	34	33	32	31	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	50-Modules	842.22029999999995	616.80640000000005	665.73059999999998	673.05119999999999	691.03480000000002	709.9307	731.26009999999997	754.3415	779.04259999999999	805.06989999999996	832.23699999999997	860.30970000000002	889.11120000000005	918.44380000000001	948.13239999999996	978.05269999999996	1007.7936999999999	1038.5337999999999	1062.8356000000001	1122.2744	1240.4783	1239.1070999999999	1265.6932999999999	1286.7307000000001	1307.365	1326.5254	1343.9807000000001	1360.479	1370.4411	1404.3373999999999	1488.0898	1459.4559999999999	1456.9182000000001	1445.7751000000001	1431.6569	1413.0977	1389.5603000000001	1362.2380000000001	1321.7091	1317.1268	1357.8756000000001	1237.9967999999999	1158.7995000000001	1060.0880999999999	952.31960000000004	832.09990000000005	698.25350000000003	550.94079999999997	361.75310000000002	334.52809999999999	50	49	48	47	46	45	44	43	42	41	40	39	38	37	36	35	34	33	32	31	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	Shear force (kN)

Story


30-Core	-1297.6615999999999	-557.27120000000002	-290.59739999999999	19.4115	306.8528	584.76099999999997	852.73599999999999	1112.9593	1366.7527	1615.5862	1860.7716	2103.6138999999998	2345.3852999999999	2587.3796000000002	2830.9355	3077.3672000000001	3328.4236000000001	3583.9524000000001	3857.5603999999998	4061.3366000000001	4168.2974999999997	4525.0064000000002	4850.1449000000002	5201.3980000000001	5574.5352999999996	5978.9942000000001	6416.0538999999999	6896.9706999999999	7503.0652	7425.8846999999996	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	30-Modules	1710.6993	1353.6042	1470.0533	1536.6502	1620.3154999999999	1707.7396000000001	1799.3815999999999	1892.932	1987.0443	2080.1615999999999	2170.9032000000002	2257.8588	2339.6532999999999	2414.8759	2482.0805	2539.7991000000002	2586.1235999999999	2621.1273000000001	2630.7642000000001	2703.4157	2867.0916999999999	2770.3598999999999	2697.3038999999999	2589.3503000000001	2450.3886000000002	2270.1774999999998	2047.4197999999999	1764.3	1357.8978	1576.3746000000001	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	40-Core	-767.36879999999996	-14.0198	364.59739999999999	789.65120000000002	1196.1622	1596.3415	1988.5677000000001	2373.9133999999999	2752.6902	3125.4699000000001	3492.64	3854.6363000000001	4211.8595999999998	4564.6927999999998	4913.4976999999999	5258.6111000000001	5600.6995999999999	5938.5538999999999	6282.0897999999997	6572.33	6778.4177	7149.0492999999997	7482.1674000000003	7820.3842999999997	8157.8850000000002	8496.3626000000004	8836.4496999999992	9177.8906000000006	9527.4508000000005	9848.3981999999996	10117.689	10522.288200000001	10900.6016	11293.677799999999	11696.8542	12113.7613	12548.635700000001	12997.330599999999	13531.424999999999	13621.3704	40	39	38	37	36	35	34	33	32	31	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	40-Modules	1240.0507	932.30790000000002	1002.9911	1020.8825000000001	1052.7817	1086.1876	1122.7357999999999	1161.3696	1201.7320999999999	1243.2743	1285.5794000000001	1328.1806999999999	1370.674	1412.6325999999999	1453.6459	1493.3637000000001	1531.0699	1568.0364999999999	1594.098	1668.7535	1824.1493	1807.0499	1822.7927	1827.9685999999999	1828.5063	1822.6264000000001	1809.6681000000001	1789.8388	1756.2601999999999	1745.8403000000001	1782.6868999999999	1676.2935	1591.1692	1485.2422999999999	1364.0178000000001	1223.1699000000001	1060.7116000000001	877.35310000000004	619.10640000000001	734.63689999999997	40	39	38	37	36	35	34	33	32	31	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	50-Core	-284.91320000000002	359.28070000000002	769.46069999999997	1207.037	1632.0173	2050.9904000000001	2463.4701	2869.5457999999999	3269.6347999999998	3663.7597000000001	4052.1903000000002	4435.0011000000004	4812.3765999999996	5184.4775	5551.3909000000003	5913.2317000000003	6270.2660999999998	6621.6283000000003	6973.2129999999997	7289.8094000000001	7549.0041000000001	7906.3679000000002	8236.3044000000009	8565.5581000000002	8890.0324999999993	9210.6034	9527.3423999999995	9839.7505999999994	10152.015600000001	10438.9961	10677.252899999999	11004.0705	11304.534299999999	11606.224	11904.645399999999	12200.888999999999	12495.178099999999	12786.672399999999	13082.251899999999	13342.298199999999	13552.77	13893.948200000001	14195.566199999999	14505.697	14815.492700000001	15127.8171	15443.036599999999	15757.094800000001	16108.120500000001	16107.928900000001	50	49	48	47	46	45	44	43	42	41	40	39	38	37	36	35	34	33	32	31	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	50-Modules	756.55079999999998	559.30589999999995	602.41020000000003	609.83619999999996	626.25670000000002	643.4778	662.71199999999999	683.40250000000003	705.43100000000004	728.55110000000002	752.60599999999999	777.39819999999997	802.77880000000005	828.58040000000005	854.65390000000002	880.88990000000001	906.94680000000005	933.78719999999998	955.14679999999998	1006.9498	1112.7899	1112.5827999999999	1135.508	1153.7844	1171.6104	1188.0996	1203.0612000000001	1217.0536999999999	1225.5776000000001	1254.1985999999999	1327.5709999999999	1304.1253999999999	1302.1628000000001	1293.021	1281.2273	1265.6161999999999	1245.7472	1222.5183	1188.4028000000001	1183.8989999999999	1224.0109	1122.5071	1054.5554	970.29390000000001	878.03809999999999	774.99559999999997	659.25850000000003	532.34960000000001	368.46789999999999	393.32530000000003	50	49	48	47	46	45	44	43	42	41	40	39	38	37	36	35	34	33	32	31	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	Shear force (kN)

Story


30-story	1	2	3	4	5	0.17408420090719887	0.16938392290741885	0.22913742088132683	0.28191357079757939	0.324690043441833	40-story	1	2	3	4	5	5.2117681650316675E-2	5.1908433300800812E-2	7.8324415535675429E-2	9.9020557153839811E-2	0.11816697029767805	50-story	1	2	3	4	5	2.5386101168403216E-2	2.7353783070638828E-2	4.2092797300539511E-2	5.39064951461816E-2	6.4987956959269913E-2	Story

Contribution ratio of modules


30-story	1	2	3	4	5	0.17510877519380053	0.15324494640142386	0.20369990283296424	0.24191246674518524	0.27520066044933944	40-story	1	2	3	4	5	5.1172786739945443E-2	4.3751459397489485E-2	6.3234097365405167E-2	7.7939931770276735E-2	9.1712994665519451E-2	50-story	1	2	3	4	5	2.3836085138304219E-2	2.2363118568890145E-2	3.2680648088893691E-2	4.0941896537469373E-2	4.8733240755580297E-2	Story

Contribution ratio of modules


Frame	30-story	40-story	50-story	0.19023882358761579	0.19583556878156735	0.1948868389604593	Shear wall	30-story	40-story	50-story	0.13246739221408413	0.16374190056305074	0.18046811352701619	
Drift ratio (%)


Frame	30-story	40-story	50-story	0.18453184007102949	0.18369567224080155	0.17456050526966288	Shear wall	30-story	40-story	50-story	0.12881867100696234	0.14895076367712923	0.15895360958468355	
Drift ratio (%)


Frame	30-story	40-story	50-story	0.15403928070463066	0.16302898515294756	0.1473219603453606	Shear wall	30-story	40-story	50-story	9.5910374829837886E-2	0.11676343605769746	0.12551784733654414	
Drift ratio (%)


Frame-Along X axis	30-story	40-story	50-story	0.29230769230769227	0.27142857142857141	0.24675324675324675	Shear wall-Along X axis	0.25	0.26086956521739124	0.23376623376623376	Frame-Along Y axis	30-story	40-story	50-story	0.33802816901408456	0.3125	0.30588235294117644	Shear wall-Along Y axis	0.29230769230769227	0.3066666666666667	0.29411764705882354	
Demand-to-capacity ratio of peak acceleration


Frame-Along X axis	30-story	40-story	50-story	0.28000000000000003	0.26153846153846155	0.24642857142857141	Shear wall-Along X axis	0.25454545454545457	0.25600000000000001	0.24285714285714285	Frame-Along Y axis	30-story	40-story	50-story	0.32222222222222219	0.32857142857142851	0.3	Shear wall-Along Y axis	0.28333333333333338	0.31481481481481483	0.29523809523809524	
Demand-to-capacity ratio of peak acceleration


30-story	0.20998554399299652	0.21286606656698884	0.29688008882309397	0.37420114953530326	0.43759623493522426	40-story	0.1091558628129625	0.12076494689078483	0.19770695371871999	0.2629466186951841	0.32399708994629206	50-story	6.6142231498096934E-2	9.1854597107352776E-2	0.1606404849939542	0.21685800491635521	0.27109364388768464	Story

Frame effeciency factor 


30-story	0.2061773449064985	0.19183574617904151	0.26997704667176742	0.3318164849904976	0.3887767556393481	40-story	0.10329650743310119	0.10314504328964878	0.17087843964803626	0.23227295730956452	0.29274894336618928	50-story	5.8362485743064241E-2	7.3641468351335865E-2	0.13632654250711396	0.19448265787237803	0.25110236182714391	Story

Frame effeciency factor


30-story	0.19116813099594462	0.22804743326688962	0.28117446063269408	0.32243121908797634	0.35932451682509969	40-story	0.42662514763799925	0.47848409924328922	0.53203875509456533	0.5685477384583203	0.59670782706545333	50-story	0.63903277938704461	0.72250709814383995	0.76932295094099723	0.79230846437590641	0.81046431302576794	Story

Reduced factor of core walls  


30-story	0.18138092017507357	0.23291099749473054	0.29970289709944686	0.35159911920316012	0.3963136642614572	40-story	0.40717798115232229	0.47951987318408817	0.55072574671602192	0.59936899753970863	0.63534399509754247	50-story	0.61393083253552228	0.71583018639573748	0.78846294051616672	0.82511306746498292	0.84866951491633247	Story

Conversion factor of core wall  


Limit	0.2	0.2	0	50	Wind1	0.13233295130087594	0.13246739221408413	0.13246739221408413	0.1323782459469833	0.13215464426194035	0.13184191291087977	0.13130559774815392	0.13059115590268738	0.12960771581969957	0.12831169081576316	0.12674651868986384	0.12477980605851255	0.12254386969571346	0.11990650524471141	0.11677623902147218	0.11324469082477995	0.10922014466205399	0.10474846060921374	9.9652195158962759E-2	9.4016594279946131E-2	8.798005455783714E-2	8.1720070974026948E-2	7.4743093326407092E-2	6.7230499031317628E-2	5.9000762706934565E-2	5.0235545184659836E-2	4.0664726729685526E-2	3.0376471157789214E-2	1.9417775361765827E-2	7.430343195303969E-3	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	Wind2	0.12873243569512699	0.12881867100696234	0.12881867100696234	0.12881867100696234	0.12868181689733793	0.12845870931937625	0.12796190839464688	0.1273788443973331	0.12643583352831586	0.12535601301892144	0.12388046657968318	0.12213128182410926	0.1200221646197068	0.11755313692113877	0.11463786459979093	0.11122594121876425	0.10741810834305358	0.10311362664556029	9.8226116690012744E-2	9.275559282329017E-2	8.6925255248402916E-2	8.0785270934744025E-2	7.3975739266329735E-2	6.6619666765903293E-2	5.8644096037026611E-2	4.9948973963435922E-2	4.0584233391798841E-2	3.0413319450530225E-2	1.9436306233438491E-2	7.5663729752107785E-3	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	Wind3	9.5910374829837886E-2	9.5910374829837886E-2	9.597942487846027E-2	9.597942487846027E-2	9.597942487846027E-2	9.5907142591154279E-2	9.5552132367624318E-2	9.5197163823298847E-2	9.463160148702969E-2	9.3852490643562575E-2	9.2859948309268414E-2	9.165675097885588E-2	9.0170782407606953E-2	8.833011943838863E-2	8.6278618440491964E-2	8.3802923576686741E-2	8.0972649703464697E-2	7.7859681478927203E-2	7.4181197078505012E-2	7.0150124732604721E-2	6.576473218982952E-2	6.1168047214211436E-2	5.6075752335568357E-2	5.0559371040391717E-2	4.4548625119076347E-2	3.7972226692676317E-2	3.0900647242412257E-2	2.3193102422918763E-2	1.4849242404917499E-2	5.7280013966478751E-3	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	Drift ratio/%

Story


Limit	0.2	0.2	0	50	Wind1	0.19061584404240903	0.19065762507699502	0.19069944939616371	0.19069944939616371	0.1907413169714417	0.1905597281694115	0.19037817627028575	0.18997315599841993	0.18947743929027541	0.18875828458639901	0.18790635965820845	0.18683093962189451	0.1854836111358629	0.18396121873916799	0.18216706617827497	0.18001655479427442	0.17764259061385024	0.17491212079212806	0.17177718125525288	0.16841882317603338	0.16461348668927464	0.16054189484368248	0.15619926376266952	0.15136674007191936	0.14613014747135517	0.14040348998511396	0.13427289376489954	0.12765206617990951	0.12053733861339397	0.11293228059328296	0.10488016971763538	9.6470980092460967E-2	8.7568544580802543E-2	7.8041655543690247E-2	6.7977937597429358E-2	5.7333410852660777E-2	4.6107916890703281E-2	3.4256678181049605E-2	2.1645553815968766E-2	8.2298238134239539E-3	40	39	38	37	36	35	34	33	32	31	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	Wind2	0.17442597283661626	0.17456471579331259	0.17464778842000833	0.17478652694072275	0.17478652694072275	0.17473087878220037	0.17464778842000833	0.17445343218177164	0.17409287751082753	0.1735936058730275	0.17287249636654178	0.17201267395165976	0.17101415146121682	0.16971063608389428	0.16821287108898653	0.16641009584757771	0.16432994249375249	0.16194474366276912	0.15928217100479264	0.15620358510610441	0.15287537407967314	0.14921437598301313	0.14533151757275503	0.14100485807233734	0.13626228384993405	0.13107589404615938	0.12552896080188028	0.11948288580378363	0.11299292013219235	0.1060038206858602	9.8599087216870315E-2	9.0805506440964259E-2	8.2596367958887876E-2	7.3804742395052095E-2	6.44305828004062E-2	5.4473846935937979E-2	4.3963848785109796E-2	3.2758052445162243E-2	2.0861447696648477E-2	7.9924964810752334E-3	40	39	38	37	36	35	34	33	32	31	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	Wind3	0.13446434471635965	0.13460534907647614	0.13474635431060833	0.13481146093711766	0.13501762847865459	0.13508282644363051	0.13514806694880988	0.13507231396551997	0.13499659254958993	0.13470419444100468	0.13434645510768045	0.13391314349233985	0.13326334829952308	0.13240702398286885	0.1314096647891623	0.13019589087217767	0.12870003885003298	0.12706317326432551	0.12514415687518135	0.12286781515108014	0.12045048775326732	0.11782601580296263	0.11484428588310347	0.1116465852590217	0.10802559881805794	0.10405599454140065	9.9795841596731868E-2	9.5045778443863554E-2	9.0080075488423075E-2	8.4624169124429216E-2	7.8811483934766779E-2	7.2716504316420488E-2	6.6197960693664876E-2	5.9181753944944897E-2	5.1742149162940655E-2	4.3811528163258583E-2	3.5383612025908263E-2	2.6322993750711562E-2	1.6765738874263789E-2	6.435060217278468E-3	40	39	38	37	36	35	34	33	32	31	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	Drift ratio/%

Story


Limit	0.2	0.2	0	50	Wind1	0.19569961675997222	0.19569961675997222	0.19583104963207443	0.19587069714482561	0.19587069714482561	0.19591038767763183	0.19585836719425598	0.19580643503215109	0.19562300478215747	0.19534792038821402	0.19507290944669894	0.19457466433223006	0.19407647977021844	0.19339519125355728	0.19258229409787392	0.19154615631747876	0.19041861778723213	0.18915932438026944	0.18767674336475471	0.1859200365748673	0.18408226421901702	0.1819704646364349	0.17976754434546854	0.17730056401489533	0.17451902475088499	0.17160539035822855	0.16837722530081081	0.16483461408332897	0.16106874308816096	0.15707959765672946	0.15273470463519415	0.14820796199934738	0.14332543389084856	0.13812870809502273	0.13266687604673594	0.12680003943217052	0.12066789133816833	0.1141308897713498	0.10723772657045653	9.9940032019206398E-2	9.2376674545038701E-2	8.4589952121986681E-2	7.644671346761743E-2	6.7809143926169727E-2	5.8772102225460678E-2	4.9421655172606264E-2	3.9580929751586176E-2	2.9203595669026784E-2	1.8469975636150687E-2	6.9771054170049635E-3	50	49	48	47	46	45	44	43	42	41	40	39	38	37	36	35	34	33	32	31	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	Wind2	0.17231961583058383	0.17240052204097295	0.17254019821479283	0.17262111690056925	0.17276078837514025	0.17284171950081959	0.17290046269458043	0.17298138628187715	0.17298138628187715	0.17284171950081959	0.17270205557549104	0.17248144827777856	0.17212117824370129	0.17170218402804316	0.17112130200533188	0.17040076290909029	0.16962149038373647	0.16862161783116658	0.16740113500212597	0.16612194316224452	0.16462214310353271	0.16290171883684962	0.16104164057783318	0.1590419127148564	0.15668190706013249	0.15424091545371479	0.15152062565868715	0.14852104228021026	0.14530082587514773	0.14180133990904317	0.13808120799008097	0.13414041150973111	0.12992036022117551	0.12542109073038712	0.12062006466587555	0.11545873721810748	0.1099596744265824	0.10423996354565747	9.8078794853933643E-2	9.1638474452600954E-2	8.4837845328603195E-2	7.7758150698174391E-2	7.045771781714194E-2	6.2657481596374437E-2	5.4496972392968766E-2	4.5894661998973262E-2	3.6874110158755011E-2	2.7354158733179861E-2	1.7392527130926087E-2	6.7119296778199332E-3	50	49	48	47	46	45	44	43	42	41	40	39	38	37	36	35	34	33	32	31	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	Wind3	0.13455946640797889	0.13463766189294882	0.13484053544835839	0.13498107274725593	0.13518402272458088	0.13538703778427238	0.13559011763399276	0.13579326198306013	0.13599647054243724	0.13612185717216763	0.13618461733984497	0.1362474219939592	0.13623252181472675	0.1360771104925439	0.13584421224328994	0.13554840463834311	0.13517521962253287	0.13459821692726839	0.13394390616970972	0.13314901426597195	0.13221350157983108	0.13106017701804007	0.12984336717753434	0.12840880032147331	0.1268335917649579	0.125117704582525	0.12312026640646942	0.1209052935152138	0.11854965204503976	0.11591242383799935	0.1131344333083434	0.11013918467103341	0.10686234135559636	0.10330382374336392	9.960451796981902E-2	9.55473181203952E-2	9.1284445553445739E-2	8.666371789855315E-2	8.1620156824157103E-2	7.6435724631876159E-2	7.0893723276465037E-2	6.5145452642529092E-2	5.9180824597161542E-2	5.2727412225520791E-2	4.5916663641863177E-2	3.8823961673172924E-2	3.1233475631123733E-2	2.3228000344411911E-2	1.4792227688891216E-2	5.6586217403180429E-3	50	49	48	47	46	45	44	43	42	41	40	39	38	37	36	35	34	33	32	31	30	29	28	27	26	25	24	23	22	21	20	19	18	17	16	15	14	13	12	11	10	9	8	7	6	5	4	3	2	1	Drift ratio/%

Story


Along X axis	30-story	40-story	50-story	0.25	0.27142857142857141	0.25974025974025977	Along Y axis	30-story	40-story	50-story	0.29230769230769227	0.32467532467532467	0.31764705882352939	
Demand-to-capacity ratio of peak acceleration


Along X axis	30-story	40-story	50-story	0.25454545454545457	0.2629629629629629	0.25714285714285712	Along Y axis	30-story	40-story	50-story	0.28333333333333338	0.33214285714285713	0.30937500000000001	
Demand-to-capacity ratio of peak acceleration


Frame-Precast	381.54252885520788	381.31050010803199	380.44423477349295	Shear wall-Precast	381.54252885520788	381.31050010803199	380.44423477349295	Frame-Cast-in-situ	30-story	40-story	50-story	181.4750556164625	310.54603047502053	532.21708422535187	Shear wall-Cast-in-situ	30-story	40-story	50-story	181.4750556164625	289.80922639976427	495.35165476981194	
Concrete usage per story (m3)


Frame	30-story	40-story	50-story	67.767426698269702	55.114099997970371	41.685149447423278	Shear wall	30-story	40-story	50-story	67.767426698269702	56.817060361524383	43.439828767851438	
Precast ratio (%)
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