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Abstract 

From last two decades, India is witnessing rapid urbanisation. Many tall buildings are 

coming up in tier I and tier II cities of India. To accommodate the functional needs of 

an occupant, such as car parking, within the same building, two different floor plans 

are needed. The requirement for unobstructed space for car parking and residential 

units is fulfilled by discontinuing the closely spaced vertical elements, such as 

structural walls and columns at certain floor levels. Elements supporting such 

discontinued elements are known as transfer elements, and buildings with such 

features are becoming popular in India. Transfer elements introduce stiffness 

irregularity in the structure, which is undesirable from the design code point of view. 

The recently introduced tall building code IS 16700 does not have detailed guidelines 

for analysing and designing such structures. Weather these structures are safe is the 

question that needs to be answered. With that question in mind, a detailed literature 

review is carried out to know the global practice of analysing and designing tall 

buildings with transfer elements located in lower seismic zones of respective 

countries. Overall, the literature reviewed supports the idea of constructing buildings 

with transfer elements in the lower seismic zone. However, these recommendations 

are supported by comprehensive experimental and numerical studies tailored to local 

seismic hazard and construction practices. 

Therefore, the motivation of this study is to contribute to the understanding of the 

global response of RC tall buildings with transfer beams subjected to seismic activity. 

Particular attention is given to the residential building with RC transfer beam (TB) 

located in seismic zone II. Along with this, the study also attempts to evaluate the 

advantages and disadvantages of attaching a podium to the buildings under focus. 

For this purpose, residential buildings inspired by current building stock are analysed 

and designed using relevant IS codes. And later, the seismic performance of these 

buildings is evaluated using Linear Time History Analysis (LTHA) method. Three 

global parameters, viz., base shear, displacement and inter-storey drift ratio (IDR), 

and two local parameters of PMM capacity ratio and shear demand to capacity ratio, 

are used as performance indicators.  

Assessment of these buildings revealed that the base shear values due to LTHA were 

observed to increase by 19-32% compared to the design base shear of buildings. 

However, roof displacements for all the buildings are found to be very lower. Also, 

displacement variation due to podium configurations were found to be negligible. The 

maximum IDR value did not exceed 1/5th of code limiting IDR values. Furthermore, 

despite the stiffness and mass irregularities near the TB level, the maximum IDR 

demand was found to be at the upper storeys. The PMM capacity ratio of all the 
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columns of different buildings does not exceed 0.30, which indicates that the brittle 

failure of transfer columns will not be present. Similarly, the transfer column shear 

demand to capacity ratio reached only 0.50.  

The study found that the building performance was satisfactory under LTHA, even 

after qualifying for several irregularities, thus eliminating the need to revise the code 

limits for inter storey drift ratio. Additionally, it was found that residential buildings 

with RC transfer beams can perform well in seismic zone II when all analysis and 

design criteria are properly followed. The impact of podium configurations on the 

seismic resistance of buildings was found to be negligible. This implies that architects 

and structural engineers can choose whether or not to include a separation joint based 

solely on functional and execution requirements. Hence, the transfer beam feature can 

be allowed in seismic zone II and for zone III, IV and V further investigation is needed 

before it is recommended.  
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Chapter 1. Introduction 

 

1.1 Overview 

India is prone to various natural disasters due to its unique geographical, climatic and 

socio-economic conditions. This disaster includes floods, droughts, cyclones, 

tsunamis, earthquakes, urban flooding, landslides, avalanches, and forest fires. 

Disaster risks in India are further compounded by increasing vulnerabilities related 

to changing demographic and socio-economic conditions, unplanned urbanization, 

and development within high-risk zones. Of the country’s 36 states and union 

territories, 27 are disaster-prone (NDMA GoI, 2021). About 58.6% of the landmass is 

prone to moderate to high intensity earthquakes. In the last three decades, India has 

witnessed many large earthquakes, such as Khillari (30th September 1993), Jabalpur 

(22nd May 1997), Chamoli (29th March 1999), Bhuj (26th January 2001) and Nepal 

(25th April 2015) which has caused significant life loss and property loss. The primary 

cause of life loss is attributed to the collapse of the buildings (Ramancharla & Murty, 

2014). The professionals involved in building construction should be more concerned 

with the safety of building infrastructure during future earthquake events.  

Further, Urbanization is rapidly increasing in almost every city in India. Huge 

infrastructure developmental plans have been laid by government and private 

organizations. Urban-centric economy, slum redevelopment project (Deshpande, 

2023), housing for all scheme(GoI, 2015b, 2021), and smart city mission (GoI, 2015a) 

are going to create an increase in the number of tall buildings in Indian towns and 

cities. Hence, sufficient attention must be paid to the safety of the physical 

infrastructure of the urban area. 

Tall buildings in urban areas have a major contribution to its physical infrastructure. 

Usage of tall buildings is not just limited to the residential sector but also office space, 

trading, and hotel industry. Due to space constraints and the need for multiple 

functional utility usage, discontinuous vertical elements are becoming popular in 

urban settlements in India (Figure 1.1). The builder community tries to accommodate 

a maximum number of flats in a project constructed at the city's prime location. The 

overall flat size in such projects is designed to cater for the need of a middle-class 

family. This leads to a closely spaced supporting system or the adoption of a structural 

wall system. However, the bay width from such planning is not feasible for 

accommodating obstruction-free space for an assembly hall, shopping malls, indoor 

sports facilities, gym, parking area, commercial space for sell/rent/lease etc., within 

the same structure.  
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To have obstruction-free space use of transfer elements to support the discontinuous 

elements came into practice (Figure 1.2). The idea is to use large span beams, trusses 

or slabs in the lower storey of the tall buildings to have obstruction-free facilities listed 

above. Once the desired additional facilities are accommodated at initial floor levels, 

the typical floors with closely spaced vertical elements such as structural walls or 

columns are constructed. The first storey of a typical floor, which needs closely spaced 

elements, is supported on the transfer storey provided just below it. Such a storey has 

a relatively huge depth of slab, beams or truss compared to a typical storey since they 

have to carry a large amount of axial force and bending moments transferred by 

floating columns or shear walls. Transfer storey must transfer the vertical and lateral 

load from the upper storey to the storey below it. However, adopting such features 

leads to an abrupt change in the lateral stiffness of the storey. This might lead to 

localised damage near the transfer storey during earthquake shaking. Despite this 

known fact use of transfer structure is adopted in India and worldwide.  

 
(a) 

 
(b) 

Figure 1.1: Buildings with Transfer Storey (a) Hotel from Mumbai(Ahmed, 2020); (b) Upcoming twin 
residential apartments from Hyderabad; 

 

 

Figure 1.2: Types of transfer structures (G. X. S. Ribeiro, 2018) 
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The tall building code (IS 16700, 2017) of India is relatively new and does not have 

detailed provisions on buildings with transfer storey. Because of a lack of code 

provision, unregulated building stock with a transfer element is getting added to the 

physical infrastructure. On the other hand, vertical space above the railway station 

can be utilized by constructing buildings with transfer elements. The Vashi railway 

station commercial complex located in Navi Mumbai, Maharashtra, is an excellent 

example of the same (Figure 1.3). As part of the 75th independence celebration, Indian 

railways has launched Amrit Bharat Station Scheme (PIB Delhi, 2022), under which 

about 1275 railway stations (PIB Delhi, 2023) will undergo a major upgrade. Utilizing 

this space without the use of a transfer beam is impossible. To seize development 

opportunities, including those similar to this scheme, and to promote city 

infrastructure growth without compromising seismic safety, an in-depth literature 

review and code provisions on buildings with transfer storeys are carried out in 

Chapter 2. Based on the comprehensive study of this topic, including the analysis and 

design of transfer storeys and other relevant topics, the motivation, objectives, and 

scope of the present study are defined in the subsequent sections. 

 
(a) Bird’s eye view of Vashi station building (VRSCCL, 2019) 
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(b) Inside view of building showing track, deep beams and transfer columns (Hindustan Times, 2016) 

Figure 1.3: Building above railway station example of Vashi railway station Navi Mumbai, Maharshtra 

1.2 Motivation and Objective of the study 

The motivation of this study is to contribute to understanding the global response of 

RC tall buildings with transfer beams (TBs) subjected to seismic activity. Particular 

attention is given to the residential building having a TB. 

There are two primary objectives of this study: 

1. To evaluate the effect of RC TB on seismic performance of tall residential 

buildings located in low seismic zone (II) of India.  

2. To evaluate the advantage or disadvantages of attaching podiums in buildings 

under focus and propose guidelines that could be incorporated in IS 16700. 

1.3 Scope of the study 

1. The present study is limited to assessing the performance of RC TB only. And the 

study does not cover other materials, such as steel or composite TBs. 

2. As per IS 16700, tall building height ranges from 50 m to 250 m; however, the 

current work is restricted to a storey range of 20-50 floors(50-150m).  

3. Further, only residential buildings are chosen for study without considering 

complex architectural features such as chajja, balconies and openings in structural 

walls. 
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1.4 Significance of the study 

1) The insight from current work would assist the Bureau of Indian Standards 

(BIS) and building approval body at the municipal/town level in improving 

building codes and bylaws. This will not only help in regulating the 

development of tall buildings with TB in India but also become reference 

material for the non-prescriptive review process of code exceeding tall 

buildings. 

2) The present study is probably the first study examining the seismic 

performance of RC residential tall buildings with transfer beams in India 

(seismic zone II). It is hoped that current work will lay the groundwork for 

future research on assessing and retrofitting existing tall buildings with 

transfer elements located in zones III to V. 

3) The outcome of this thesis might open a new possibility for constructing tall 

buildings with TB above railway stations located in seismic zone II across the 

country, which can be directly valuable to Indian Railways for executing Amrit 

Bharat Station Scheme (PIB Delhi, 2022), aiming to renovate 1275 railway 

stations (PIB Delhi, 2023) across the nation.  

1.5 Organization of the Thesis 

The entire thesis consists of five chapters. 

Chapter one initially gives the background of the problem, and based on the literature 

review done in chapter two, the study's motivation, objective, and scope are listed.  

Chapter two beings by discussing damage to tall buildings in the past earthquake, 

followed by documenting nation-wise literature on transfer structures of several 

countries. Further, It also highlights the provisions published in the USA and Hong 

Kong codes on transfer storey. The chapter ends by comparing Indian and Chinese 

codes on several aspects linked with tall buildings with TB.  

The numerical modelling takes the form of Chapter three. Initially, the details of the 

buildings chosen are described, followed by detailed information on the modelling 

and design of buildings is described in detailed. The other section discusses several 

code recommendations which are violated by these buildings and the reasons for 

violation. 

Chapter four mainly focuses on the seismic performance of eighteen buildings under 

focus. After designing these buildings, they are subjected to eleven ground motions. 

The outcome of this assessment in terms of displacements, inter-storey drift ratios, 

base shear, PMM capacity ratio and shear demand to capacity ratio is discussed in 

detailed.  
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At last, Chapter five gives the conclusion of the current study along with the 

significance of the finding. The study's limitations and future scope have also been 

discussed at the end.  

  

… 
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Chapter 2. Code Provisions and Literature Review  

2.1 Overview 

This chapter contains the behaviour of tall buildings in past earthquakes, followed by 

a discussion of numerical and experimental studies carried out around the world. The 

code provisions developed by some of these countries based on extensive research are 

also discussed and compared with those available in the Indian codes.  

2.2 Literature review 

2.2.1 Damage in past earthquakes  

It is well-known that discontinuities in vertical stiffness and strength lead to damage 

concentration. The performance of Olive View Hospital in the 1971 San Fernando 

earthquake was a wakeup call for the earthquake engineering community. It has 

revealed the possible threats posse by buildings having a discontinuous shear wall. 

The olive hospital did not collapse, but two occupants in intensive care and a 

maintenance person working outside the building were killed. The general vertical 

configuration of the main building was a 'soft’ two-storey layer of rigid frames 

supporting a four-storey (five, counting penthouse) shear wall-plus-frame structure 

(Figure 2.1). The second floor extends out to form a large plaza. Severe damage 

occurred in the soft story portion (Figure 2.2). The upper stories moved as a unit and 

moved so much that the columns at ground level could not accommodate such a large 

displacement between their bases and tops, and hence failed (FEMA 454, 2006). The 

largest amount by which a column was left permanently out-of-plumb was 2 feet 6 

inches.  

 
(a) Long section 

 
(b) Cross section 

Figure 2.1: Olive View Hospital (FEMA 454, 2006) 

Quoting Arnold (Arnold, 1984) on the reason for such damage at the hospital, he 

states, “Had the columns at Olive View been more strongly reinforced, their failures would 

have been postponed, but it is unrealistic to think that they would have escaped damage. Thus 

the significant problem lies in the configuration, and not totally in the column reinforcement.” 

Such practices are continued for high-rise buildings as well without knowing the 

consequences.   
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(a) Fallen stair towers and damaged basement 

 
(b) Heavy damage to columns at the bottom storey 

Figure 2.2: Damage in Olive Hospital  (USGS (Wikimedia Foundation, 2005)) 

A decade back, on 27 February 2010 devasting offshore Maule, Chile earthquake of 

moment magnitude 8.8 shook a major part of Chile. Among many organisations, The 

Los Angeles Tall Buildings Structural Design Council (LATBSDC) formed a 

reconnaissance team to visit the areas of Santiago, Concepción and Viña del Mar areas. 

Based on the reconnaissance survey, they have compiled the common damages 

observed in the tall buildings in the regions mentioned above. One very interesting 

case of 16 storeys tall ‘Torre del Mar’ building located at 8 Norte 380 at 3 Poniente, Viña 

del Mar was mentioned in their study (Carpenter et al., 2011) and is discussed here. 

The building was constructed in 1988, and the change of floor plan took place at level 

3 of the building, causing vertical irregularity. The wider shear wall in the lower storey 

suddenly narrows at level 3. This sudden change in stiffness was the fundamental 

reason for causing damage to shear walls and columns at level 3 (Figure 2.3). The 

authors observed that transfer and discontinuities in the structural system, 

particularly at the ground floor storey, were prevalent. They also found that such 

building irregularities are present largely at the transition areas at the first storey from 

residential units above to the lobby and transitions to the parking areas below. The 

study recommends paying special attention to the planning and execution of such 

unique configurations.   

 
(a) Exterior view with an evident change of stiffness 

at level 3 

 
(b) Damage to wall and column at level 3 

 

Figure 2.3: Torre Del Mar building (Carpenter et al., 2011) 
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2.2.2 Past  Studies on Transfer Structure  

2.2.2.1 India 

There are very limited documented or published studies on building with transfer 

elements. Palais Royale, a popular and unique building in Mumbai, has used a 9m 

deep post-tensioned transfer girder (TG). Palais Royale Residential Tower (Figure 2.4) 

has a height of 325m, measured from the bottom of the raft to the roof, and is located 

in downtown Mumbai, India. The typical floor consists of a residential area with 244 

columns, whereas the initial few storeys are reserved for parking area, and the sports 

arena has only 88 columns. Hence, up to 9m deep by 1200mm to 1500 mm wide TGs 

support discontinuous columns. Girders are analysed by finite element modelling 

using STADD-Pro commercial software. The analysis confirmed that girder behaves 

as a deep beam which can be designed by strut-tie model (Colaco et al., 2012).    

 

 
Figure 2.4: Palais Royale, Mumbai (Under construction) 

2.2.2.2 Europe  

The interaction between walls supported by the beam has been an area of research as 

back as 1960s. A study conducted in great Britain (Coull, 1966) emphasises that the 

assumption of neglecting the stiffness of walls and treating the wall as a purely 

uniformly distributed beam load must be changed. The study redraws the reader's 

attention towards the ‘arching’ action in the wall, tending to redistribute the loads to 

the ends of the beams. In the same study, as part of the opening remark, the author 

identifies a similar problem in modern tall buildings where shear walls are 

discontinued. In the next decade, Green (Green, 1972) proposes the approximate 

method for designing beam supporting shear walls. The study gives formulae to 

compute complex demand with reasonable accuracy. The entire proposal is based on 
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the finite element method, verified with experimental studies, considering important 

variables (Figure 2.5) such as dimensions of shear walls, beam & columns: dimensions, 

cross sectional area, and moment of inertia. A recent study by Ribeiro et al. reveals the 

importance of tackling vertical vibration in transfer storey to ensure human comfort 

(G. Ribeiro et al., 2022).  

 
Figure 2.5: Parameters considered in Green’s study [Source : (Green, 1972)] 

2.2.2.3 Hong Kong and China   

Hong Kong has many tall buildings with transfer elements(Ho, 2009; C. S. Li, 2005; S. 

Li, 2000; Puvvala, 1996; Zhang, 2000). Hence, the scientific community of this region 

does many numerical and experimental studies on transfer elements. Many of the 

work is published in the native Chinese language; hence, work published in English 

and easily accessible are only discussed in this section. A study by Kuang and Puvvala 

(Kuang & Puvvala, 1996) extended the understanding of the interaction between the 

shear wall and the TG. The study focuses on a continuous girder supported by three 

columns. The authors use the finite element analysis tool, ABAQUS, to model a typical 

assembly, as shown in Figure 2.6. The study reveals how the upper structural form 

significantly influences the behaviour of TGs, where the girder can undergo full 

tension or behave as an ordinary flexure beam. Significant parameters of the transfer 

beam-shear wall system, such as the span/depth ratio of the TB, the span of the shear 

wall and the stiffness of the support columns, are linked with the vertical stress, axial 

stress, and shear stress of transfer beam-shear wall system.  
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Figure 2.6: Typical two span transfer beam-shear wall assembly (Kuang & Puvvala, 1996) 

Kunag and his team kept working in this area for a few more years and produced the 

design tables in two case studies, which can help the designer decide the size of TBs 

and supporting columns. Both case studies use finite element tool to compare the 

results obtained by the proposed tables. The first study (Kuang & Li, 2001) derived 

tables based on the equivalent portal method (Figure 2.7), and the second study 

(Kuang & Li, 2005) drew inspiration from the box foundation analogy (Figure 2.8).  

 
Figure 2.7: Equivalent portal frame model (Kuang & Li, 2001) 
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Figure 2.8: Box foundation model (Kuang & Li, 2005) 

In 2006 (C. S. Li et al., 2006), One of the experimental studies aimed to assess the 

seismic performance of high-rise buildings with a transfer plate (TP) designed for non-

seismic requirements. For this purpose, a typical reinforced concrete residential 

building in Hong Kong was selected. A 1:20 scale model of a building was fabricated 

using micro-concrete with steel wires to simulate reinforcement in concrete. The 

similitude laws of length ratio, modulus ratio, equivalent density ratio, time ratio, 

frequency ratio and acceleration ratio were fully considered in preparing the model 

tests. The typical characteristic strength of the micro-concrete was 2-3 MPa. Additional 

mass was used to satisfy the similitude law of equivalent density ratio. The building 

had 34 typical floors supported by a TP of 2.7m thick and a three-level podium (Figure 

2.9). Shaking table tests were conducted by considering minor, moderate, major, and 

supermajor earthquakes. Earthquake records of the 1940 El Centro Earthquake in NS 

component and/or the 1952 Taft earthquake were employed in the tests. Peak 

accelerations of the various earthquake records were appropriately magnified or 

reduced to reflect different levels of earthquakes (Table 2.1). All tests assumed the 

same seismic intensity of VII pursuant to National Standard (GB18306-2001, 2001).  

Table 2.1: Peak accelerations values adopted in shaking table test (C. S. Li et al., 2006) 

Earthquake Peak Acceleration 

Minor 0.02g–0.06g 

Moderate 0.08g–0.14g 

Major 0.15g–0.20g 

Supermajor 0.25g–0.34g 
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(a) Above transfer plate 

 

 

 
 

 
 
 

 
 

 

(b) Below the transfer plate (c) Elevation (d) Microconrete prototype of building in 
1:20 scale 

Figure 2.9: Building details and Experimental setup of Test 

The shaking table tests indicated that under frequent (minor) earthquake excitations, 

all the buildings remained elastic, no cracks were found in the models, and the natural 

frequencies of the models did not decrease. When the models were subjected to 

occasional (moderate) earthquakes, cracks began to occur at the tops of columns below 

TBs and at the base of the 1st floor columns. After rare (major) earthquakes, all the 

models were severely damaged. Tension failure was found on the end shear walls in 

the vicinity above the TP. When subjected to occasional earthquakes, damage in a 

building leads to changes in natural frequencies and damping. The natural 

frequencies in both directions were reduced by 14%. Considerable inelastic behaviour 

was observed when a model was subjected to rare earthquakes. At this stage, the 

decrease in natural frequency was in the range of 20-46%.  

For many years, the multistorey buildings in Hong Kong regions have been designed 

without seismic provisions since many urban areas come under low to moderate 

seismicity region. In 2007, Zhou et al. (Zhou & Xu, 2007) demonstrated that a building 

with TP, designed for wind load and located in a moderate seismicity region, may also 

need to be explicitly designed for seismic action as well. The study arrived at this 

conclusion after assessing the performance criteria of a building when subjected to 

frequent earthquakes, design based earthquakes and maximum creditable 

earthquakes. The study reveals that most of the performance criteria are satisfied 

under the application of frequent earthquakes, but a few objectives, such as inter-

storey drift ratio, could not be satisfied.   

Immediately next year, Su (R.K.L. Su, 2008) published a detailed literature review on 

the seismic behaviour of transfer structures in low-to-moderate seismicity regions. 
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This paper first discussed existing seismic guidelines as per Chinese and Hong Kong 

codes. Then a comparative analysis of past experimental studies is done. Further, 

additional members' demands are discussed due to local transfer element 

deformation. A literature review is concluded by discussing important topics such as 

the design criteria for transfer structure in Chinese code, the effect of soft storey below 

the transfer storey, and vertical position of transfer storey. In 2009, same author (R. K. 

L. Su & Cheng, 2009) developed a qualitative model representing the shear 

concentration in the exterior wall due to TP deformation (Figure 2.10). The study 

reveals that this shear concertation demand arises due to a change in inter-storey drift 

between the exterior walls and centre wall above the transfer level. Further, authors 

have linked the effect of a) depth of TB, b) exterior wall thickness, c) storey height 

above the transfer storey, and d) vertical position of the transfer storey; with a shear 

concentration in the exterior wall.  

 
Figure 2.10: Local deformation of the transfer structure and shear concentration at the exterior 

2.2.2.4 Sri Lanka   

A Sri Lankan study (Balasuriya et al., 2007) on buildings with TP uncovers that careful 

modelling of a tall building with a transfer element can help in reducing wind induced 

acceleration. The author compares the linear performance of a building with and 

without TP and concludes that the wind induced deflection is reduced due to TP 

behaving as an outrigger system. The study admits that the proposed solution to 

reduce vibration is costly but can solve the problem of providing obstruction-free 

parking space at the lower storey. It is also important to note that this study does not 

consider the effect of earthquakes. Another study by Bandara et al. (Bandara et al., 

2010) suggests a similar conclusion. The authors admit that depending upon wind and 

seismic demand, the TP may or may not become an economical option. However, with 

trial and error, the optimum location of TP can be chosen based on the procedure 

outlined in their study. The study by Gampathi et al. (Gampathi & Peiris, 2010) also 



15 

revolves around establishing the advantage of TP and is not discussed here to avoid 

reptation. A few years later, Jayasinghe came up with a new study explicitly focusing 

on investigating the performance of TP under earthquake loading (Jayasinghe et al., 

2012). Study shows that a building with TP attracts more seismic force due to an 

increase in the mass of a structure. However, the author firmly believes that TP should 

not be seen as a problem and suggests that sufficient attention should be given to the 

design and detailing of columns supporting  TP since columns located immediately 

under the TPs are the areas that may suffer the worst damage.  

2.2.2.5 Egypt 

Egyptian study conducted in 2014 (Elawady et al., 2014) investigates the influence of 

the transfer storey's vertical location on a building's global response. For this, the 

study uses TP and TG as transfer elements and places them at different elevations. 

Several 3D models were analysed by linear response spectrum and non-linear time 

history analysis methods. The study shows that TG improves the global behaviour 

and reduces the straining action below the transfer storey compared to the transfer 

slab. This outcome is unaffected by the position of the transfer storey. It also reveals 

that the transfer storey's location directly influences the location of maximum inter-

storey drift. Higher level transfer storey leads to domination of the fundamental mode 

in overall deformation, whereas lower-level transfer storey leads to higher mode 

effects. Another study from Egypt (Osman & Azim, 2015) emphasizes the importance 

of the correct modelling technique of the TP element to get accurate results. With the 

help of their numerical models, the Authors shows that changing modelling 

assumption leads to missing in capturing the true interaction between tower and 

podium elements. The same author in one more study (Osman & Saad, 2015) 

attempted to show the benefit of transfer slab (TS) when one of the columns 

supporting TS is removed/damaged. Study shows how progressive collapse analysis 

at the initial design stage can make a structure safe when one supporting column is 

damaged in the event of a blast. The following subsection discusses the Indian and 

international codes or guidelines which are directly or indirectly applicable to transfer 

structures.  

2.2.3 Code Provisions and Guidelines  

The buildings constructed following the guidelines of modern building codes have 

proven relatively resilient in recent earthquakes such as the 2010 Offshore Maule, 

Chile earthquake and the 2011 Great East Japan (Tohoku) earthquake (Naeim, et al., 

2012). However, each earthquake exposes the vulnerabilities of building codes that 

were unrecognised or unknown previously. Hence, this section briefly summarises 

the current practice and methodology adopted in analysing and designing tall 

buildings with transfer elements worldwide.    
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2.2.3.1 Hong Kong, China 

Hong Kong’s concrete code (HK Buildings Department, 2020) has a dedicated section 

(section 5.5) on transfer structures. This code does not give any prescriptive clause for 

analysis and design of transfer structure, except restricting the inter-storey drift limit 

ratio to 1/700 for transfer storey. However, it specifically mentions the topics which 

need to be considered by the designer for the analysis of the transfer structure. The list 

of topics is mentioned below and is taken as it is from the code: 

a) construction and pouring sequence; 

b) temporary and permanent loading conditions; 

c) varying axial shortening of elements supporting the transfer structure;  

d) local effect of shear walls on the transfer structure;  

e) stiffness of structural elements above and below the transfer structure; 

f) deflection of the transfer structure;  

g) lateral shear forces on the transfer structure; and  

h) sidesway of the transfer structure under lateral loads. 

It appears that, In Hong Kong, designers must be referring to specialist literature for 

analysis and design of transfer structures.  

The reference book on Seismic Detailing for Concrete Buildings in Hong Kong (R. K. 

L. Su, 2019) is a good resource throwing light on transfer structures and other 

structural systems. The guideline clearly states that all structural components do not 

need to have ductile detailing since they remain elastic or near to an elastic state 

during a rare earthquake. However, the component adjoining the transfer storey 

needs to design for ductile detailing (Figure 2.11). Further transfer element is not 

recommended for a dual system. It is also advisable to avoid transfer element for 

regular RC frames, where high seismic force and displacement is anticipated, founded 

on the soil site. This is because the transfer structure might further amplify the seismic 

demand of the structure.  
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Figure 2.11: Critical zones of walls adjoining to transfer element (R. K. L. Su, 2019) 

Further, The behaviour of the transfer element is studied in such detail that a separate 

parameter called Distortion inter-storey drift ratio (DIDR) (Figure 2.12) is derived to 

accurately measure gravity and seismically induced deformation in the structural wall 

above or below the transfer storey. The guideline reveals that DIDR can reach around 

1/500 under gravity load alone. This gravity-induced shear force can use up to 40% 

shear deformability; hence, the guideline suggests limiting the local rotation of the 

transfer element at the base of the structural wall to be not greater than 1/1000 under 

gravity loads.  

 
Figure 2.12: Distortion deformation in transfer structure (R. K. L. Su, 2019) 
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2.2.3.2 USA 

A non-prescriptive performance-based guideline is more popular in the USA reflected 

in LATBSDC (LATBSDC, 2017) and Tall building Guideline (TBI, 2017). Such codes 

insist designer to consider the effect of vertical ground motion when significant 

discontinuities are encountered in the vertical-load-resisting system. For such cases, 

vertical masses (based on the effective seismic weight) shall be included with 

sufficient model discretisation to represent the primary vertical modes of vibration in 

the analysis model used to simulate the vertical response. Whereas ASCE 7-16 (ASCE 

7-16, 2016) clearly outlines a separate provision for elements supporting 

discontinuous walls  or  frames, this is in addition to the basic irregularities provision 

of out-of-plane offset, stiffness-soft storey, stiffness extreme soft storey, in-plane 

discontinuity, discontinuity in lateral strength. The code states, “The connections of such 

discontinuous walls or frames to the supporting members shall be adequate to transmit the 

forces for which the discontinuous walls or frames were required to be designed.” Hence, Code 

outlines the additional load combinations for both allowable stress and strength 

design of members as per Eq. 2-1. 

(1.2 + 0.2𝑆𝐷𝑆)𝐷 + 𝐸𝑚ℎ + 𝐿 + 0.2𝑆 
(0.9 − 0.2𝑆𝐷𝑆)𝐷 + 𝐸𝑚ℎ + 1.6𝐻 

2-1 

D, S and H are the dead load, snow load and lateral earth or water pressure, 

respectively. Emh is the horizontal seismic forces effect, including the structural over-

strength factor; Emh=ΩoQE with Ωo being the seismic force amplification factor (Ωo=1.25 

to 3.0) and QE is the horizontal seismic forces from V or FP (equivalent lateral force 

procedure). SDS is the design spectral response acceleration parameter at short 

periods.  

Alternatively, ASCE 7-16 also allows the user to compute horizontal seismic load 

effect, including overstrength directly (eq. 2-2), where the exact demand of supporting 

element is derived based on the yielding capacity of the members to be supported.  

𝑆 = 𝑆𝐺 + 𝑆𝑀𝑢
+ 𝑆𝑉𝑢

+ 𝑆𝑁𝑢
+ 𝑆𝐸 2-2 

Where,  

S = Combine action on Transfer element 
SG = Gravity demand 
SVu = Shear demand  
SMu = Bending moment demand 
SNu = Axial couple demand 
SE = Seismic force in TB 
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Figure 2.13: Capacity design approach as per clause 12.4.3.2, ASCE 7-16 [Image courtesy: (G. X. S. Ribeiro, 2018) ] 

2.3 Tall building code comparison of India and China 

This section briefly summarises the current practice and methodology adopted in the 

analysis and design of tall buildings with transfer elements in India and China. China 

is chosen since India and China are the only countries with dedicated prescriptive tall 

building codes. And in the previous section, we have already seen that extensive 

numerical and experimental research is conducted and published on transfer structure 

by the scientific community of China. 

2.3.1 Transfer structures and seismic zone 

The tall building code of India (IS 16700, 2017) defines transfer structure in the 

terminology section. Where there is an acknowledgement of the transfer element in 

the form of a deep beam, truss, and thick slab (Clause 3.15 of IS 16700). However, IS 

16700 or relevant associated codes like IS 456 (IS 456:2000, 2000), IS 1893 (IS 1893(Part 

1):2016, 2016) and IS 13920 (IS 13920:2016, 2016) do not have any specific provisions 

or guidelines for any of this transfer structure element. Since a structural wall system 

supported by a moment resisting frame (MRF) system is not a typical structural 

system covered in IS 16700, buildings with transfer elements need to be designed and 

approved based on the performance objective as stated in annexure A of the IS 16700. 

On the other hand, Hong kong’s concrete code (HK Buildings Department, 2020) has 

a section (section 5.5) dedicated to transfer structures. This code does not give any 

prescriptive clause for the analysis and design of the transfer structure. However, it 

specifically mentions the topics which need to be considered by the designer for the 

analysis of the transfer structure. Further, The Tall Building Code of China (JGJ 3-2010 

China, 2010) has a detailed analysis and design guideline for transfer elements under 

section 10.2, having the title “High-rise buildings with transfer floors”. The definition 

of transfer structure in all these three codes is tabulated in Table 2.2. 
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Table 2.2: Transfer structure definitions  

Country/Region Particular 

India: Cl. 3.15, IS 16700 
(IS 16700, 2017) 

Transfer Structure: A structure, comprising horizontal deep beams, 
trusses or thick slabs that transfers load actions and supports vertical 
elements above to vertical elements below that are not aligned with each 
other, through flexural and shear actions. Alternatively, it can be a trussed 
structure that fulfils the task through axial actions in the truss members. 

Hong Kong: Cl. 5.5 (HK 
Buildings Department, 
2020) 

Transfer Structure: Transfer structures are horizontal elements which 
redistribute vertical loads where there is a discontinuity between the 
vertical structural elements above and below. 

China: 10.2.1 (JGJ 3-2010 
China, 2010) 

Transfer layer: At the bottom of the high-rise building structure, when 
some of the vertical members (shear walls, frame columns) of the upper 
floors cannot be directly connected to the ground, a structural transfer 
layer shall be set up to form a high-rise building structure with a transfer 
layer. 

India and China both have broadly four categories of seismic regions. In India, it is 

termed “Seismic Zone”, whereas, in China, it is popular with the name “Seismic 

precautionary intensity”. The peak ground acceleration (PGA) values associated with 

them are tabulated in Table 2.3. Table 2.3 and Figure 2.14 show that the Chinese 

provision of intensity 6 and 7 can be compared with seismic zone II and III of India. 

Similarly, zone III and IV can be compared with Chinese precautionary intensity 8 and 

9. Clause 10.1.2 (JGJ 3-2010 China, 2010) of the tall building code of China restricts the 

construction of transfer structures in intensity 9. As intensity reduces, from 8 to 6, the 

Chinese code becomes more liberal by reducing the number of clauses to be followed 

while the design of the transfer structure. For example, clause  10.2.5 of the same code 

links the allowable position of frame supported transfer layer (above the ground level) 

with the seismic intensity as a) up to 3 floors for intensity 8, b) up to 5 floors in intensity 

7 and; c) appropriate floor level for intensity 6.  

Table 2.3: Design Acceleration values as per Indian and Chinese seismic codes 

Indian Seismic Code (IS 1893:2016) Chinese Seismic Code (GB 50011-2010) 

Seismic Zone 
Peak Ground 
Acceleration 

Seismic precautionary 
intensity 

Design basic 
acceleration value of 

ground motion 

II 0.10 g 6 0.05 g 

III 0.16 g 7 0.10 (0.15) g 

IV 0.24 g 8 0.20 (0.30) g 

V 0.36 g 9 0.40 g 
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Figure 2.14: Graphical representation of Acceleration values as per Indian and Chinese seismic codes 

2.3.2 Stiffness irregularity 

The next most relevant criteria linked with the transfer element is the guideline on 

stiffness irregularity. To prevent stiffness irregularity, the Indian tall building code (IS 

16700) allows designers to have a stiffness difference of up to 30% between two 

consecutive storeys, i.e. it states, “lateral translational stiffness of any storey shall not be 

less than 70 per cent of that of the storey above”. The code committee must have 

consciously kept the scope of a 30% difference in stiffness in two consecutive storeys. 

The difference in stiffness must be coming out of a few unavoidable or popular 

geometrical features. Else this relaxation might not have been given for tall buildings. 

The Chinese tall building code appendix E is fully reserved for outlining the 

provisions for lateral stiffness of upper and lower structures of the transfer layer. 

Depending upon the vertical location of the transfer storey, this provision directs the 

designer to compute the relative storey stiffness formulae. When the transfer storey is 

located above the second floor, one additional formula of an equivalent lateral 

stiffness ratio must be computed. All these formulae are tabulated in Table 2.4.  

Table 2.4: Stiffness Irregularity provision in Indian and Chinese Tall building codes 

Clause Number Formula 

India: Cl 5.3, IS 16700  

𝑘𝑖 < 0.7𝑘𝑖+1 
 
Where,  
ki and ki+1 = Storey Stiffness of ith and i+1th storey  
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Clause Number Formula 

China: Annexure E, 
JGJ 3-2010 

First or Second Storey, 

𝛾𝑒1 =
𝐺1𝐴1

𝐺2𝐴2
×

ℎ2

ℎ1
}  ≥

0.4, 𝐺𝑟𝑎𝑣𝑖𝑡𝑦 𝐷𝑒𝑖𝑠𝑔𝑛
0.5, 𝑆𝑒𝑖𝑠𝑚𝑖𝑐 𝐷𝑒𝑖𝑠𝑔𝑛

 

 

𝐴𝑖 = 𝐴𝑤,𝑖 + ∑ 𝐶𝑖,𝑗𝐴𝑐𝑖,𝑗

𝑗

   (𝑖 = 1,2) 

 

𝐶𝑖,𝑗 = 2.5 (
ℎ𝑐𝑖,𝑗

ℎ𝑖
)

2

   (𝑖 = 1,2) 

Where, 
G1 & G2 = Shear modulus of elasticity of storey below transfer 

element and above it, respectively 
A1 & A2 = Reduced Shear area section of storey below transfer 

element and above it, respectively 
Awi = The sum of effective cross-section area of all shear walls 

in the direction of lateral load (excluding flange area) 
Aci,j = The effective area of column jth column 

hi = Height of ith storey 
hci,j = Column height for ith storey along calculation direction 
Cij = Conversation factor of the cross-sectional area  1  

 
 
Above Second Storey, 
 

𝛾1 =
𝑉𝑖  𝛥𝑖+1

𝑉𝑖+1𝛥𝑖
≥ 0.6 

 
Where,  
Vi and Vi+1 = Storey shear at ith level  and (i+1)th level 
Δi and Δi+1 = Storey displacement at ith level  and (i+1)th level 
 

China: Annexure E, 
JGJ 3-2010 

 
Additional Formula for transfer storey located above second floor, 
 

𝛾𝑒2 =
∆1

𝐻1

∆2

𝐻2
=

∆1𝐻2

∆2𝐻1
⁄ }  ≥  

0.5, 𝑁𝑜𝑛 − 𝑠𝑒𝑖𝑠𝑚𝑖𝑐 𝑑𝑒𝑠𝑖𝑔𝑛
0.8, 𝑆𝑒𝑖𝑠𝑚𝑖𝑐 𝑑𝑒𝑠𝑖𝑔𝑛

 

 
H1 = Height of the substructure below the transfer structure 
H2 = Height of the substructure above the transfer structure  H1 

∆1 & ∆2 = Elastic lateral deflections of substructure below and above the transfer 
structure under the application of unit load, respectively.  

 
. 
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2.3.3 Discontinuity of Vertical Elements 

IS 16700 does not have any specific provision on the discontinuity of elements. Hence, 

IS 1893 is to be referred to, and this code does not allow discontinuity of columns when 

they are part of a lateral load-resisting system. Code is silent over discontinuity of 

structural wall element. A future revision of the code might prohibit discontinuity of 

structural walls at a lower level and link it with vertical irregularity. In the same way, 

clause 3.5.4 of JGJ 3-2010 also recommends the continuity of vertical, lateral load-

resisting elements from top to bottom. These provisions are summarised in Table 2.5. 

Table 2.5: Vertical Irregularity provision in Indian and Chinese Tall building codes 

Clause Number Clause Description 

India: Cl 7.1, IS 
1893:2016 

Floating or Stub columns: Such columns are likely to cause concentrated damage in 
the structure, and are undesirable. A building with floating columns shall not be 
permitted, if the floating columns are part of or supporting the primary lateral load 
resisting system. 

China: 3.5.4, JGJ 3-
2010 

During the seismic design, the vertical lateral force-resisting members of the structure 
should be connected continuously at the top and bottom 

China: 3.4.3, GB 
50011-2010 

Discontinuity of vertical lateral-force-resisting component: The internal force of 
vertical lateral-force-resisting components (columns, seismic walls and seismic bracing) 
is transmitted downward through horizontal transmission components (beam and 
truss) 

 

2.3.4 Mass Irregularity 

Uniform mass distribution in multi-storey buildings is important since that will 

influence the earthquake-induced force. Sudden change in mass irregularity should 

be avoided; for this, both country codes have the same provision. As per IS 16700 and 

JGJ 3-2010, mass irregularity is said to exist when any storey's mass is more than 1.5 

times the mass of the storey below. The exact wording of both codes is presented in 

Table 2.6. 

Table 2.6: Mass Irregularity provision in Indian and Chinese Tall building codes 

Clause Number Clause Description 

India: Cl 7.1, IS 
1893:2016 

Mass Irregularity: Mass irregularity shall be considered to exist, when  the seismic weight 
of any floor is more than 150 percent of that of the floors below. 

China: 3.5.6, JGJ 
3-2010 

The floor mass should be evenly distributed along the height, and the floor mass should 
not be greater than 1.5 times the mass of the adjacent lower floor. 

2.3.5 Inter-storey Drift limits 

Inter-storey drift limits are essential check to protect the non-structural elements. In 

India, for all Tall buildings, irrespective of it’s height and structural system, the inter-

storey drift limit is restricted to 1/250. This value is further reduced to 1/500 for that 

storey and all storey below, if any, with stiffness irregularity. Whereas, as per JGJ 3-
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2010, the upper limit for inter-storey drift is kept as 1/1000 for transfer structures of 

height up to 150m. Which is more stringent than current  Indian limits.  

2.3.6  Additional provisions 

Apart from provisions compared in earlier sections Chinese code has a few specific 

provisions linked with TB that are discussed here. Clause 3.5.8, JGJ 3-2010  imposes a 

penalty for a storey having either stiffness irregularity and/or discontinuity of vertical 

lateral load resisting members by amplifying the design storey shear by factor 1.25. In 

Indian buildings qualifying for stiffness irregularity, the inter-storey drift limit is 

reduced by 50% from 1/250 to 1/500. At the same time, the discontinuity of lateral 

load-resisting member like columns is not allowed in IS 1893.  

To increase the factor of safety of transfer elements, clause 10.2.4 of JGJ 3-2010 

recommends an increase of internal forces caused due to earthquake by multiplying 

the coefficient in the range of 1.3-1.9. Further, clause 10.2.17 instructs the designer to 

consider the minimum shear force in the column supporting transfer elements as a) 

up to 10 columns in one layer, the design shear forces in individual columns should 

be taken in the range of 2-3% of base shear; b) Or for layers with more than 10 number 

of columns, a sum of shear force resisted by columns of one layer should be designed 

for 20-30% of the base shear. Further, as per clause 4.3.2-3, transfer structures located 

in intensity 7 (0.15g) and 8 should consider the earthquake's vertical effect if the 

transfer element has a span greater than 8m.  

In view of all that has been mentioned so far, these studies support the notion that 

there is a similarity in a seismic zone between India and China (Figure 2.14). China is 

well aware of the adverse effect of the construction of transfer structures in higher 

seismicity areas; hence, such structures are restricted to intensity 8 (0.3 g) only and are 

not allowed for intensity 9 (0.4g). Further, additional prescriptive clauses are outlined 

to ensure the seismic safety of such buildings in lower to moderate intensity (up to 8). 

Looking at Chinese prescriptive clauses for TB, there is enough evidence to explore 

the suitability of TB in the lower seismic zone (II) of India. 

2.4 Summary 

The studies presented thus far prove that transfer elements in the form of transfer 

girder/beam or transfer slab/plate are very popular and widely used worldwide. In 

most cases, they tend to reduce the wind-induced vibration and deflection of the 

structure but are likely to attract greater seismic force due to an increase in mass. From 

a functional point of view, transfer elements give obstruction-free space, which is 

quite essential from the occupant's point of view. In fact, some of the modern tall 

buildings' structural forms have inherent transfer elements, e.g., an outrigger system. 
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Hence, such buildings are adopted worldwide but need rigorous and sophisticated 

analysis and design. Countries like China (Hong Kong) have done extensive 

experimental and numerical studies and incorporated outcomes into their codes and 

guidelines. However, they have too restricted certain forms of transfer structures in 

some specific seismic intensities. Similarly, the USA has chosen a performance-based 

design approach which needs a rigorous review process for approval of such 

buildings.  

2.5 Research Gap 

It is found that the due to need of parking space and commercial value of lower floors 

many tall buildings are having transfer structure configuration. And these structures 

are found across  all seismic zone in India. The literature review addressing the seismic 

safety of such configuration, from Indian condition, is not done yet. Hence, it becomes 

necessary to carry out the seismic performance of Tall buildings with TB tailored to 

Indian construction practise. And to develop analysis and design provisions to 

regulate and promote such construction without worrying about safety.  

 

… 
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Chapter 3. Numerical Structural Modelling and Analysis 

provision 

3.1 Introduction 

In the last chapter detailed discussion of studies highlighting the performance of 

transfer buildings is carried out. The global practise and building code provisions of 

some of the countries is also discussed to arrive at the objectives of the current study. 

This chapter discusses the numerical study carried out to achieve the objectives 

mentioned in 1.2. Initially, the details of the buildings chosen are described, followed 

by detailed information on the modelling and design of buildings is described in 

detailed. The other section discusses several code recommendations which are 

violated by these buildings and the reasons for violation. The chapter ends with 

outlining a few critical observations linked with buildings with TB and violated code 

provisions.   

3.2 Buildings under consideration 

In the current parametric study, eighteen tall residential buildings are studied to 

achieve the objectives stated in the previous chapter. These eighteen buildings arrived 

based on two plans, three structural configurations and three different heights (Figure 

3.1).  

a) Two Plan aspect ratios: 

a. Tower 1 (27.40m x 27.34m), Plan aspect ratio = 1.00 

b. Tower 2 (60.80m x 27.34m), Plan aspect ratio = 2.22 

b) Three Structural configurations: 

a. Type B: Only transfer beam 

b. Type C: Transfer beam with podium portion without retaining walls 

c. Type D: Transfer beam with podium having retaining walls 

c) Three height variations: 

a. 60m, 100m and 150m  

The above variables and their values were selected to represent the typically built 

environment buildings in metropolitan cities such as Hyderabad and Bengaluru. 

More details on each parameter are outlined in the following subsections.  
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Figure 3.1: Overview of buildings considered in the study 

3.2.1 Building Plans 

Two residential building plans, having two different aspect ratios, 1.00 and 2.22, are 

considered (Figure 3.2). Both plans are inspired by a typical residential building 

consisting of four to ten flats on each floor. Such a flat can be identical or a combination 

of smaller and larger units. For the present study, Tower 1 consists of four units, 

whereas Tower 2 consists of eight identical units per floor. Each flat comprises one 

master bedroom, two bedrooms, one drawing room, one dining cum living area, one 

kitchen along with a utility area, and one sit-out. These four units in tower 1 are 

connected by each other by a 2m wide passage for horizontal movement and are 

served by two lifts and one staircase for vertical transport. The same is the case with 

tower 2, except that there are eight units, and they are served by four lifts and two 

staircases to cater to the demand of eight units.  
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(a) Tower 1 

 

(b) 
(b)    Tower 2 

Figure 3.2: Typical floor plans 

3.2.2 Structural configurations  

Three structural configurations, as observed in real buildings, are incorporated into 

the study (Figure 3.3). The first configuration, type B, consists of a structural wall 

supported by a TB, which is further supported by transfer columns. This configuration 

does not have any additional portion, and the main tower footprint remains the same 

until the foundation. Type C configuration is an extension of type B, where the podium 

portion gets attached to the main tower for one or more storeys, increasing the 

building footprint beyond the footprint of the main tower along one or both sides 

(Figure 3.4). This configuration is commonly found in large gated communities 

consisting of multiple towers within the same plot. These towers are connected by a 

single podium at lower levels with few expansion joints at the required lengths. Type 

D is an extension of type C with retaining walls in the podium portion. This 

configuration arises due to local topography and/or functional requirements when 

the soil has to be retained at the podium's boundary, making retaining walls essential. 
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(a) 

 
(b) 

 

 
(c) 

Figure 3.3: Structural Configurations considered in current study (a) Type B: Only transfer beam, (b) Type C: 
Transfer beam along with podium, (c) Type D: Transfer beam with podium having retaining walls 

 

(a) Type B 

 

(b) Type C and D 

Figure 3.4: Building footprints 

3.2.3 Height variations 

Three height variations considered in this study are ~60m, ~100m and ~150m. 

Assuming floor to floor height as 3m, the height range considered in the study 

represents buildings of 20, 33 and 50 floors, respectively. This is the typical case of 

buildings in metro cities; further, the height range considered also covers 50% of the 

height range specified by the tall building code(IS 16700, 2017) as 50-250m.  The exact 

height of each building is tabulated in Table 3.1.  

3.2.4 Location of transfer storey 

For all the buildings, the structural walls terminated at the fifth storey, and the fourth 

storey consists of transfer beams supported by transfer columns. Following clause 

8.1.3.3.k of IS 16700, the transfer beams are provided one storey above the connected 

floor, as shown in Figure 3.5. The transfer storey (storey 4) has a height of five meters 

to accommodate the transfer beam. Additionally, the spacing of transfer columns is 

adjusted to allow two vehicles to park comfortably, which would not be possible if the 

structural walls were extended to the foundation. Two sets of columns are used to 
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support the transfer beams, one set of columns being circular and the other set being 

square in shape Figure 3.6.  

 

Figure 3.5: Location of Transfer beam 

 
(a) Tower 1 
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(b) Tower 2 

Figure 3.6: Floor plan of transfer storey showing the location of transfer columns 

3.2.5 Model ID 

The building model ID is assigned in such a way that it captures all three details, 

which include two plans, three configurations, and three height variations, as shown 

in Figure 3.1. For future studies, a seismic zone is added as an additional variable. For 

example, model ID T2ZIID100 indicates T2 = plan of Tower 2, ZII = Seismic zone II 

(constant for all buildings), D = Configuration type D, 100 = Indicates the height of 

100m. Similarly, a building with a plan of Tower 1 without a podium (i.e., 

configuration type B) with 150m height will be identified as T1ZIIB150.  

Table 3.1: Building plan dimensions and exact heights 

Model ID 
Typical Floor 
Dimensions 

(m) 

Podium 
Dimensions 

(m) 

Total Height 
(m) 

Tower 1 buildings 

T1ZIIB60 27.40 x 27.34 - 062 

T1ZIIC60 27.40 x 27.34 63.40 x 63.34 062 

T1ZIID60 27.40 x 27.34 63.40 x 63.34 062 

T1ZIIB100 27.40 x 27.34 - 101 

T1ZIIC100 27.40 x 27.34 63.40 x 63.34 101 

T1ZIID100 27.40 x 27.34 63.40 x 63.34 101 

T1ZIIB150 27.40 x 27.34 - 149 

T1ZIIC150 27.40 x 27.34 63.40 x 63.34 149 

T1ZIID150 27.40 x 27.34 63.40 x 63.34 149 

Tower 2 buildings 

T2ZIIB60 60.80 x 27.34 - 062 

T2ZIIC60 60.80 x 27.34 98.85 x 62.40 062 

T2ZIID60 60.80 x 27.34 98.85 x 62.40 062 

T2ZIIB100 60.80 x 27.34 - 101 
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Model ID 
Typical Floor 
Dimensions 

(m) 

Podium 
Dimensions 

(m) 

Total Height 
(m) 

T2ZIIC100 60.80 x 27.34 98.85 x 62.40 101 

T2ZIID100 60.80 x 27.34 98.85 x 62.40 101 

T2ZIIB150 60.80 x 27.34 - 149 

T2ZIIC150 60.80 x 27.34 98.85 x 62.40 149 

T2ZIID150 60.80 x 27.34 98.85 x 62.40 149 

 

3.3 Modelling and Design of buildings 

The eighteen buildings discussed in the previous section are analysed and designed 

using a commercial finite element software called ETABS(Computer and Structures 

Inc., 2020). This tool is chosen since it is one of the most widely accepted in the research 

community (Abdelbasset et al., 2014; Y. Abdlebasset et al., 2016; Y. M. Abdlebasset et 

al., 2016; Ahn et al., 2020; Colaco et al., 2012; El-Abbasya et al., 2017; Elassaly & Nabil, 

2017; Elawady et al., 2014; Gwalani et al., 2023; Huynh & Panahshahi, 2020; C. S. Li et 

al., 2006; J. H. Li et al., 2002; Looi & Su, 2018; Mwafy & Khalifa, 2017; O. El-Mahdy et 

al., 2022; Osman & Saad, 2015; G. Ribeiro et al., 2022; Shan et al., 2020; R. K. L. Su & 

Cheng, 2009; R. K. L. K. L. Su et al., 2002; Tang & Su, 2015; Yacoubian et al., 2016, 2018; 

Zhou & Xu, 2007) for linear analysis of tall buildings and equally popular among 

structural engineering community of India due to its capability of integration of 

Indian codes. The latest versions of IS 16700(IS 16700, 2017), IS 456(IS 456:2000, 2000),  

IS 875 (IS 875 (Part 1) : 1987, 1987; IS 875 (Part 2) : 1987, 1987; IS 875 (Part 3) : 2015, 2015) 

and IS 1893 (Part 1)(IS 1893(Part 1):2016, 2016) are extensively used for analysis and 

design of all these buildings.  

3.3.1 Materials 

The concrete and steel used in the current design are chosen based on local practice. 

A thumb rule of using a higher grade of material for a taller structure to have 

reasonable sizes of structural members is adopted. For example, for taller buildings of 

150 m height, the maximum grade of concrete M70 is chosen as per clause 5.7.1.2, IS 

16700. M35 and M45 are used for the remaining two groups of buildings having a 

height of 60 m and 100 m, respectively. Similarly, in the case of steel, for buildings of 

height 60 m Fe415 is used as a main reinforcement, whereas for the remaining two 

height categories, Fe500 is chosen. A constant grade Fe415 is used for stirrups in beams 

and columns. In summary, materials are chosen to strike a balance between economy 

and moderate section sizes. The grade of concrete and steel is kept constant for 

buildings of the same height to facilitate comparison of the performance of buildings 
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due to variations in configuration (Type B, C, and D). A summary of the materials used 

in each building is provided in  Table 3.2.  

Table 3.2: Grade of concrete and Steel used in the study 

Model ID 
Concrete Grade of Steel 

Model ID 
Concrete Grade of Steel 

Main Rebar Main Rebar 

T1ZIIB60 

M35 Fe415 Fe415 

T2ZIIB60 

M35 Fe415 Fe415 T1ZIIC60 T2ZIIC60 

T1ZIID60 T2ZIID60 

T1ZIIB100 

M45 Fe500 Fe415 

T2ZIIB100 

M45 Fe500 Fe415 T1ZIIC100 T2ZIIC100 

T1ZIID100 T2ZIID100 

T1ZIIB150 

M70 Fe500 Fe415 

T2ZIIB150 

M65 Fe500 Fe415 T1ZIIC150 T2ZIIC150 

T1ZIID150 T2ZIID150 

 

3.3.2 Geometry and Cracked Section 

The structural walls have a thickness of 160 mm which is derived based on the 

minimum thickness criteria of IS 16700 and as per the recommendation of IS 456 

(Clause 21.2) for two-hour fire resistance with a reinforcement percentage of range 

0.4-1.0%. The size of beams and columns are assumed initially and optimized in 

successive iterations based on the actual demand due to gravity and lateral loads. The 

sizes of beams and structural wall is given in Appendix A.2.  

In the absence of non-linear analysis, cracked section properties are used to overcome 

the shortcoming of linear analysis and represent reduced stiffness of members in their 

damaged state (Murty et al., 2012). For members other than transfer elements, code 

recommended values are used as per IS 16700 (Table 3.3). As mentioned in the 

previous chapter, there are no clear guidelines for the design of TB in Indian codes; 

hence, ideally, such elements’ behaviour shall be within the elastic range when 

subjected to seismic force. However, in the absence of additional load combination (as 

suggested in ASCE 7-16 (ASCE 7-16, 2016)) for the design of TB and to go for an over 

conservative approach, a reduced moment of inertia of 0.90Ig for columns supporting 

TB and 0.80Ig for TB is considered in the present study. These values are assumed by 

keeping the structural importance hierarchy in mind. The supporting member should 

be stronger than the member to be supported. In other words, supporting members 

should have lesser damage compared to members to be supported. Hence, 0.70Ig is 

used for columns and walls supported by TB. A value of 0.80Ig is used for TBs, and 

vertical members supporting TB are assigned with 0.90Ig. 
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Table 3.3: Cracked RC section properties 

SI No. Structural Element Moment of Inertia Remark 

1 Slabs 0.25 Ig 

Table 6, IS 16700 
2 Beams 0.35 Ig 

3 Columns 0.70 Ig 

4 Walls 0.70 Ig 

5 Transfer Beams 0.80 Ig 
Assumption 

6 Transfer Columns and Walls 0.90 Ig 

 

3.3.3 Loads 

All buildings are designed for possible gravity (dead and imposed) and lateral (wind 

and earthquake) loads (Figure 3.7).  

 

Figure 3.7: Loads considered in the design 

(a) Gravity Loads 

The self-weight of various members is computed based on the unit weight of concrete 

and steel. As per IS 875 (Part 1)(IS 875 (Part 1) : 1987, 1987), the floor nish is 

considered as 1.0 kN/m2 for typical floors above the transfer storey and 1.5 kN/m2 

for storeys below TB. Loads on the roof of buildings and podium due to water 
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proofing treatment is considered as 2 kN/m2. A load of 0.5 kN/m2 is applied on all 

floors below TB to account for various services. 

Live loads (LL) are considered as per IS 875 (Part 2) - 1987(IS 875 (Part 2) : 1987, 1987). 

For the residential floor, LL is taken as 2 kN/m2, and for balconies and passages, 3 

kN/m2 is applied. Light vehicular load of 5 kN/m2 is applied for the podium and 

oors below TB. For fire fighting vehicles, a fire tender load of 20 kN/m2 is applied 

on the podium roof. LL reduction assumption as per clause 3.2.1, IS 875 (Part 2) is also 

considered in the study. 

(b) Lateral loads 

Dynamic wind loads are applied to all structures as per IS 875(IS 875 (Part 3) : 2015, 

2015). Buildings are assumed to be subjected to a basic wind speed of 50 m/sec, which 

is the second highest basic wind speed. The maximum basic wind speed of 55 m/sec 

applies only to regions covering partial or full states like Tripura, Mizoram, Assam 

and Leh region (Figure 3.8). Hence, assuming a basic wind speed of 50 m/sec is the 

worst-case scenario for tall buildings in zone II. Further, terrain category 3 is assumed 

to compute design wind pressure. Design wind load is computed manually using an 

excel sheet as per the procedure stated in IS 875 for tall buildings. The computed 

design forces for each floor are then applied to the buildings as user-specified loads.   

 

Figure 3.8: Basic wind speed (Source: IS 875(IS 875 (Part 3) : 2015, 2015)) 

For earthquake loads, all buildings are assumed to be in seismic zone II resting on 

medium soil (Type II) as per IS 1893 (IS 1893(Part 1):2016, 2016). Further, buildings are 

designed as ordinary structural walls and frame system; Response reduction factor R 

of 3 and Importance factor I of 1.2 are considered. Response spectrum analysis is used 
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for the design of buildings. Load intensities considered under each of these load 

categories are summarized in Figure 3.9. 

 

Figure 3.9: Overview of category wise load intensity 

3.3.4 Other Provisions 

The other important provisions applicable to tall buildings are also adopted in the 

analysis. For example, the P-Delta effect is considered by incorporating clause 7.2.d of 

IS 16700 (IS 16700, 2017). However, the limitation of software package to carry out P-

Delta analysis is not address in this study.  

3.3.5 Load Combinations 

All the load combinations for the limit state of collapse recommended by IS 456 and 

IS-1893 are applied to all building models, and member design is carried out 

accordingly (Table 3.4). Buildings are designed for both wind load and earthquake 

loads. Hence, the first 24 load combinations are considered for wind load, and 

additional 24 load combinations for earthquake load are considered for each building.  

Table 3.4: Load combinations considered in the design 

 SI No. Load Combination Number of Load combination 

1 1.5 [DL + LL] 1 

2 1.2 [DL + LL WL] 8+8 

3 1.5 [DL WL] 8+8 

4 0.9 DL 1.5 WL 8+8 
Note:  

1. DL = Dead load; LL = Live/Imposed load; WL = Wind Load; EL = Earthquake Load 
2. While considering earthquake effects, substitute EL for WL  

 

3.3.6 Modelling and Design of individual members 

The slabs and structural walls are modelled as thin shell elements, while beams and 

columns are modelled as a line element. The software computes the flexure and shear 
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steel for beam design based on the beam moments, shears, and load combination 

factors and designs them for major direction flexure, major shear, and torsion. The 

beam section is designed for the maximum positive and maximum negative factored 

moment envelopes obtained from all the load combinations. To design shear 

reinforcement for a particular beam, the software determines the factored shear force, 

the shear force that can be resisted by concrete, and the reinforcement steel required 

to carry the balance for a particular set of loading combinations at a specific station 

due to beam major shear (CSI, 2020a). 

For column design, the procedure includes generating axial force-biaxial moment 

interaction surfaces for all different concrete section types of the model, checking the 

capacity of each column for factored axial force and bending moments obtained from 

each loading combination at each end of the column, and designing the shear 

reinforcement similar to beams, except considering the effect of the axial force on 

concrete shear capacity (CSI, 2020a). 

A uniform reinforcing is given for structural walls, and the software uses P-M-M 

interaction for flexure design. It creates an interaction surface for that pier and 

determines its critical flexural demand/capacity ratio. The reinforcement is provided 

based on the desired demand/capacity ratio. To design for shear force, the software 

follows these steps: determine the factored forces Pu and Vu acting on the wall pier 

section, determine the shear stress τc that can be carried by the concrete alone, and 

determine the required shear reinforcing Asv/Sv to carry the balance of the shear force 

(CSI, 2020b). 

3.3.7 Scope of Modelling 

The current study focuses on the global performance of tall buildings with TB; 

therefore, the modelling interaction of structural wall-floor slab-transfer beam is not 

included in the current work. It is important to note that the local interaction of these 

members and reinforcement detailing is crucial, and there are ongoing efforts in India 

in this direction, as seen in a recent study from Anna University (Balasubramanian & 

Jaya, 2022). Additionally, due to the lack of access to detailed drawings of an actual 

building and the complexity of architectural features such as chajja, overhang balcony, 

and openings in structural walls, these features are ignored in the current study. 

3.3.8 Iterative design  

Figure 3.10 and Figure 3.11 shows the ETABS models of buildings under 

consideration. Once the numerical model is ready with the geometry and applied 

loads, the typical iterative building design process consist of manual computation of 

code recommended natural period, modal analysis, gravity and lateral load analysis, 
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verification of code clauses (analysis requirements), computing elements demand, 

checking the capacity of members against demand. This process is iterative in nature 

and needs to be followed until all members pass different checks (Figure 3.12).  

 

 
(a) T1ZIIB60 

 
(b) T1ZIIC60 

 
(c) T1ZIID60 

 
(d) T1ZIIB100 

 
(e) T1ZIIC100 

 
(f) T1ZIID100 

 
(g) T1ZII150 

 
(h) T1ZIIC150 

 
(i) T1ZIID150 

Figure 3.10: 3D view of Tower 1 buildings modelled in commercial software 
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(a) T2ZIIB60 

 
(b) T2ZIIC60 

 
(c) T2ZIID60 

 
(d) T2ZIIB100 

 
(e) T2ZIIC100 

 
(f) T2ZIID100 

 
(g) T2ZII150 

 
(h) T2ZIIC150 

 
(i) T2ZIID150 

Figure 3.11: 3D view of Tower 2 buildings modelled in commercial software 
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Figure 3.12: Typical iterative design of a building 

3.4 Analysis Provisions 

This section discusses certain code recommended provisions that buildings must 

adhere to during their design stage to ensure the desired performance during 

earthquake shaking. However, due to their configuration, the buildings under focus 

do not satisfy some of these provisions. Hence, they depart from the code 

recommended guidelines. The scope of this section is restricted to discussing only 

those parameters which are not in line with code recommended provisions, such as 

stiffness irregularity, mass irregularity, fundamental natural periods etc. The satisfied 

provisions are not included in the discussion.  

3.4.1 Stiffness Irregularity 

The response of a building to the lateral load, such as earthquakes, is greatly 

influenced by its lateral stiffness. Building stiffness controls the overall displacements, 

whereas storey stiffness influences the inter-storey drift at any particular level. Thus, 

it is important to have a uniform distributed stiffness along the plan and elevation of 

a building (Murty et al., 2012). To ensure uniform distributed stiffness along the 

elevation, IS 1893 defines a soft storey as a storey whose lateral stiffness is less than the 

stiffness of the storey immediately above it. The code further mandates the 

compulsory execution of dynamic analysis and limits the maximum inter-storey drift 

to 0.2% for that storey and all the storeys below it. 
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However, the Tall building code relaxes this aspect and allows a lateral storey 

difference of up to 30%. In other words, for any storey, the storey stiffness should not 

be less than 70% of stiffness of the storey above. Figure 3.14 shows the lateral stiffness 

ratios of transfer storey (storey 4) to the structural wall storey (storey 5) of Tower 1 and 

Tower 2 buildings. Storey stiffness is extracted from the numerical software package. 

One such example of extracted results is plotted in  Figure 3.13. Two lateral direction 

stiffness ratios are plotted for each building, and a value less than 0.70 along Y-axis 

indicates qualification for stiffness irregularity. The dotted line at 0.7 separates the 

regular zone (above) and irregular zone (below). All bars below the dotted line 

indicate the presence of stiffness irregularity.  

 
Figure 3.13: Sample Storey stiffness plot of T1_150s along X direction 

It is observed that, except for three cases, the stiffness irregularity could not be 

eliminated for the current building plan and chosen transfer structure configuration. 

Attempts were made to continue a few structural walls along the Y-axis till the 

foundation, but that did not completely resolve the challenge. Further, the increase in 

structural walls continuing till the foundation will not serve the purpose of 

obstruction-free space. 

Comparing the stiffness of configuration types B, C and D for both plans and across all 

three height ranges, it was observed that the effect of podium configuration on lateral 

stiffness is insignificant. However, a comparison of the stiffness of type B and D reveals 

that retaining walls (type D) can increase the stiffness by 10-15% along the X direction 

and 3-5% along the Y direction (Table 3.5). The contribution of retaining walls in 

increasing stiffness is less along the Y direction since many walls are continued from 

the top to the foundation along this direction.  
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(a) Tower 1 

 
(b) Tower 2 

Figure 3.14: Storey stiffness ratio plots to indicate the presence of stiffness irregularity 

Table 3.5: Storey stiffness ratio of Transfer Storey/Structural wall storey for all buildings 

Model ID 
TB/SW Storey 

Model ID 
TB/SW Storey 

X Y X Y 

T1ZIIB60 0.39 0.60 T2ZIIB60 0.41 0.50 

T1ZIIC60 0.40 0.61 T2ZIIC60 0.42 0.52 

T1ZIID60 0.52 0.64 T2ZIID60 0.46 0.55 

T1ZIIB100 0.38 0.64 T2ZIIB100 0.40 0.56 

T1ZIIC100 0.38 0.64 T2ZIIC100 0.40 0.56 

T1ZIID100 0.52 0.69 T2ZIID100 0.50 0.59 

T1ZIIB150 0.49 0.78 T2ZIIB150 0.42 0.60 
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Model ID 
TB/SW Storey 

Model ID 
TB/SW Storey 

X Y X Y 
T1ZIIC150 0.50 0.62 T2ZIIC150 0.43 0.59 

T1ZIID150 0.65 0.70 T2ZIID150 0.57 0.63 

In summary, many buildings exhibit stiffness irregularity, which necessitates the 

imposition of a limitation of 0.2% inter-storey drift ratio along both directions for 

storeys at the transfer level and all storeys below it. The implications of stiffness 

irregularity on inter-storey drift ratio are discussed in the next chapter.   

3.4.2 Mass Irregularity 

The earthquake forces are inertial forces generated at locations where mass is 

mobilised. The uniform distribution of mass ensures the uniform generation of inertia 

forces, leading to the uniform distribution of earthquake forces in members. Hence, it 

is important to have a uniform distribution of mass in plan and elevation (Murty et 

al., 2012). To ensure this, IS 1893 has a provision on mass irregularity, which is said to 

exist when the seismic weight of any floor is more than 150% of that of the floors 

below. The code recommends going for dynamic analysis in such qualifying mass 

irregularity cases, provided the building is located in zone III and above.   

Unlike stiffness irregularity, when the transfer storey (storey 4) stiffness is found to be 

less than the storey above (storey 5) reverse case is observed for the storey mass. The 

transfer storey(storey 4) seismic weight was found to be more than the storey 

above(storey 5). This is natural since deep TB contribute more to the seismic weight 

of storey four than thin uniform walls contribute to storey five. Hence, as shown in 

Figure 3.15 a and b, the ratio of structural wall storey (storey 5) to transfer storey 

(storey 4) ranges between 0.4 to 0.5 for all eighteen buildings. Further, comparing the 

seismic mass of the transfer storey (storey 4) with the storey below (storey 3), it was 

observed that six buildings of type B are getting qualified for the mass 

irregularity(Figure 3.15 c and d). This indicates that mass irregularities are 

predominant between the transfer storey (storey 4) and the storey below (storey 3). 

And podium configurations (type C and D) greatly influence this asymmetric in mass. 

The mass ratios of all buildings are supplied in Table 3.6. 
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(a) Tower 1 
 

(b) Tower 2 

 
(c) Tower 1 

 
(d) Tower 2 

Figure 3.15: Storey mass ratio plots to indicate the presence of mass Irregularity 

Table 3.6: Seismic Mass Ratio for all buildings 

Model ID 
Mass Ratio 

Model ID 
Mass Ratio 

S5/S4 S4/S3 S5/S4 S4/S3 

T1ZIIB60 0.41 1.64 T2ZIIB60 0.42 1.71 

T1ZIIC60 0.42 0.41 T2ZIIC60 0.42 0.57 

T1ZIID60 0.41 0.38 T2ZIID60 0.42 0.51 

T1ZIIB100 0.42 1.65 T2ZIIB100 0.43 1.64 

T1ZIIC100 0.42 0.42 T2ZIIC100 0.43 0.55 

T1ZIID100 0.40 0.42 T2ZIID100 0.44 0.49 

T1ZIIB150 0.49 1.62 T2ZIIB150 0.40 1.86 

T1ZIIC150 0.46 0.52 T2ZIIC150 0.42 0.61 

T1ZIID150 0.46 0.46 T2ZIID150 0.42 0.56 
Note: 
S5 = Storey 5 →  Structural wall storey; S4 = Storey 4 →  Transfer  storey; 
S3 = Storey 3 → Podium  storey 

 

3.4.3 Modal Analysis 

This section discusses the fundamental natural periods and cumulative modal mass 

observed in the buildings' first three modes. The relationship between the 

fundamental lateral natural periods and the fundamental torsional period is also 

discussed in detail.  

a) Validation of Fundamental Natural Periods: 

The fundamental natural period obtained from the numerical models is compared 

with IS 16700:2023(IS 16700, 2023) and the Indian study(Velani & Ramancharla, 2023), 

as shown in Figure 3.16. The figure indicates that the natural period values are close 

to the code-recommended value and the proposed equation, which was derived based 

on an ambient vibration test of tall buildings in India. The usual case is that the natural 

period computed by code recommended empirical expression gives a lower value 

than the natural period of a numerical model, which is not observed in the current 
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study. The reason is that the proposed tall building code expression is based on testing 

carried out on building stock of other countries, and the empirical equation for Indian 

code is being tailored.  

 
Figure 3.16: Validation of fundamental natural period of numerical model 

b) Fundamental Natural Periods: 

The fundamental lateral natural periods along X and Y are plotted in Figure 3.17 a and 

b. The fundamental natural period along X is greater than that of Y for all the 

buildings. The reason is that there are more structural walls along the Y direction, 

which is going till the foundation level, making the Y direction stiffer, which tends to 

reduce in the natural period. . Comparing the fundamental lateral period of types B, C 

and D across all three height ranges for both plan types indicates the influence of 

podium configuration on the fundamental natural period. The natural period is 

reduced due to the confinement effect of the podium configuration. The maximum 

decrease in the fundamental natural period due to type D configuration is 0.184 sec 

compared to the type B period. A Korean study observed similar results focussing on 

practical modelling of surrounding basement structures (Jeong et al., 2020). 

 
(a) Tower 1 

 

 
(b) Tower 2 
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(c) Tower 1 

 
(d) Tower 2 

Figure 3.17: Relation between fundamental lateral periods 

Table 3.7: Fundamental lateral periods of buildings 

Model ID 
Fundamental Period (Sec) 

Model ID 
Fundamental Period (Sec) 

X Y X Y 

T1ZIIB60 1.072 0.691 T2ZIIB60 1.045 0.665 
T1ZIIC60 1.050 0.685 T2ZIIC60 1.033 0.662 
T1ZIID60 0.985 0.663 T2ZIID60 0.929 0.613 

T1ZIIB100 2.101 1.534 T2ZIIB100 2.097 1.501 
T1ZIIC100 2.085 1.529 T2ZIIC100 2.083 1.489 
T1ZIID100 2.037 1.512 T2ZIID100 1.900 1.390 

T1ZIIB150 3.161 2.442 T2ZIIB150 3.326 2.625 
T1ZIIC150 3.175 2.460 T2ZIIC150 3.340 2.630 
T1ZIID150 3.157 2.452 T2ZIID150 3.140 2.441 

In addition, the fundamental natural period along X and Y directions should be 

sufficiently apart so that they do not vibrate in phase with each other, leading to a 

phenomenon called coupling or torsional response. To prevent this phenomenon, the 

vertical irregularity number vii of Table 6 of IS 1893 has the provision of having at 

least 10% (of the larger period) difference in fundamental lateral natural periods for 

buildings in zone IV and V. Figure 3.17 c and d illustrate the normalised fundamental 

lateral period of all eighteen buildings. Since the natural periods along X were the 

maximum for all buildings, both lateral fundamental periods of each building are 

normalised with respect to the period along X. A dotted line along 90% marks the 

number of buildings with closely spaced lateral fundamental modes. The current 

buildings under focus were found to have lateral fundamental modes that are 

sufficiently spaced apart, as shown in Table 3.7 and Table 3.8.  

Table 3.8: Normalized fundamental lateral periods of buildings 

Model ID 
Normalized Fundamental 

Period (%) Model ID 
Normalized Fundamental 

Period (%) 
X Y X Y 

T1ZIIB60 100 64.5 T2ZIIB60 100 63.6 
T1ZIIC60 100 65.2 T2ZIIC60 100 64.1 
T1ZIID60 100 67.3 T2ZIID60 100 66.0 

T1ZIIB100 100 73.0 T2ZIIB100 100 71.6 
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Model ID 
Normalized Fundamental 

Period (%) Model ID 
Normalized Fundamental 

Period (%) 
X Y X Y 

T1ZIIC100 100 73.3 T2ZIIC100 100 71.5 
T1ZIID100 100 74.2 T2ZIID100 100 73.2 

T1ZIIB150 100 77.3 T2ZIIB150 100 78.9 
T1ZIIC150 100 77.5 T2ZIIC150 100 78.7 
T1ZIID150 100 77.7 T2ZIID150 100 77.7 

The relationship between lateral and torsional fundamental periods is also important 

for tall buildings. Clause 5.5.1 of IS 16700 insists designers to ensure that the 

fundamental torsional period is less than 0.9 times the smaller of the fundamental 

translation modes. Figure 3.18 a and b show the fundamental lateral and translation 

periods of all the buildings, while the percentage difference between fundamental 

torsion and minimum fundamental lateral period can be identified in Figure 3.18 c 

and d. For the current study, around four buildings have a fundamental torsional 

period that exceeds one of the fundamental lateral periods, and about four buildings 

have a difference of at least 10%. For the remaining ten buildings, the torsion period 

is less than the lateral period but does not have a difference of 10%.  

Nevertheless, none of the buildings qualifies for torsional irregularities as specified by 

type i plan irregularity of Table 5 of IS 1893. According to this clause, a building is said 

to have torsional irregularity if the torsional period is greater than the lateral period 

plus if the maximum horizontal displacement of any floor in the direction of the lateral force 

at one end of the floor is more than 1.5 times its minimum horizontal displacement at the far 

end of the same floor in that direction. The actual values and normalised values of periods 

are tabulated in Table 3.9 and Table 3.10. 

 
(a) Tower 1 

 

 
(b) Tower 2 
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(c) Tower 1 

 
(d) Tower 2 

Figure 3.18: Relation between lateral and torsional fundamental periods 

Table 3.9: Fundamental lateral and torsional periods of buildings 

Model ID 
Fundamental Period (sec) 

Model ID 
Fundamental Period (sec) 

X Y θ X Y θ 

T1ZIIB60 1.072 0.691 0.759 T2ZIIB60 1.045 0.665 0.675 

T1ZIIC60 1.050 0.685 0.709 T2ZIIC60 1.033 0.662 0.660 
T1ZIID60 0.985 0.663 0.625 T2ZIID60 0.929 0.613 0.582 

T1ZIIB100 2.101 1.534 1.435 T2ZIIB100 2.097 1.501 1.460 
T1ZIIC100 2.085 1.529 1.391 T2ZIIC100 2.083 1.489 1.439 
T1ZIID100 2.037 1.512 1.345 T2ZIID100 1.900 1.390 1.324 

T1ZIIB150 3.161 2.442 2.101 T2ZIIB150 3.326 2.625 2.457 
T1ZIIC150 3.175 2.460 2.072 T2ZIIC150 3.340 2.630 2.457 
T1ZIID150 3.157 2.452 2.053 T2ZIID150 3.140 2.441 2.287 

Table 3.10: Normalized Fundamental minimum lateral and torsional periods of buildings 

Model ID 
Normalized Fundamental 

Period (sec) Model ID 
Normalized Fundamental 

Period (sec) 
X Y θ X Y θ 

T1ZIIB60 155 100 110 T2ZIIB60 157 100 102 

T1ZIIC60 153 100 104 T2ZIIC60 156 100 100 

T1ZIID60 149 100 94 T2ZIID60 152 100 95 

T1ZIIB100 137 100 94 T2ZIIB100 140 100 97 

T1ZIIC100 136 100 91 T2ZIIC100 140 100 97 

T1ZIID100 135 100 89 T2ZIID100 137 100 95 

T1ZIIB150 129 100 86 T2ZIIB150 127 100 94 

T1ZIIC150 129 100 84 T2ZIIC150 127 100 93 

T1ZIID150 129 100 84 T2ZIID150 129 100 94 

 

c) Modal Mass of first three modes: 

The cumulative modal mass in the first three lateral modes of a building indicates 

irregular modes of oscillation in two principal plan directions. The seventh vertical 

irregularity of Table 6 from IS 1893 insists designer to ensure that the cumulative 

modal mass participating in the first three lateral modes is greater than 65% for 

buildings in zone II and III. Figure 3.19 and Table 3.11 have this data for buildings 
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under focus and indicate that, except for three buildings, all other buildings have a 

modal mass greater than 65%. Those three buildings are exempt from this provision 

as it does not apply to buildings with large podiums, and these buildings have a 

podium. 

 
(a) Tower 1 

 
(b) Tower 2 

Figure 3.19: Cumulative modal mass in the first three modes 

Table 3.11: Cumulative modal mass in the first three modes of buildings 

Model ID 
Cumulative Modal 

Mass(%) Model ID 
Cumulative Modal 

Mass(%) 
X Y X Y 

T1ZIIB60 90 89 T2ZIIB60 88 90 
T1ZIIC60 61 90 T2ZIIC60 86 86 
T1ZIID60 64 73 T2ZIID60 69 77 

T1ZIIB100 92 91 T2ZIIB100 92 90 
T1ZIIC100 83 85 T2ZIIC100 84 86 
T1ZIID100 67 71 T2ZIID100 71 77 

T1ZIIB150 84 83 T2ZIIB150 88 78 
T1ZIIC150 72 73 T2ZIIC150 79 80 
T1ZIID150 63 66 T2ZIID150 68 70 

 

d) Higher mode effect: 

In the design phase, the higher mode effect is considered in the study by carrying out 

modal analysis. At this stage, the effect of higher modes on the overall performance of 

structure depends upon the modal mass (Figure 3.20 a), participation factor and 

corresponding Sa/g values (Figure 3.20 a).  It is observed that modal mass of 

fundamental mode is about 55% and remaining modal mass is distributed across rest 

of the mode. Further, Sa/g values for second and third mode is higher compared to 

fundamental natural mode. In this way higher mode effect, i.e. influence of higher 

modes (second and above) on the global response of the building, is considered in the 

design of all towers. However, the effect of higher mode is accurately captured when 

structures goes into nonlinearity, further, it’s effects change from one ground motion 

to another ground motion. This non-linear part of higher mode effect is not covered 

in this thesis.  
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(a) Modal Mass 

 
(b) Sa/g value 

Figure 3.20: Higher mode effect for T1ZIIB150 

3.4.4 Design Base Shear due to Earthquake Load 

The design base shear is calculated using response spectrum analysis (RSA) and 

equivalent static method (ESA). If the base shear calculated from RSA is less than that 

calculated from ESA, the RSA base shear is scaled to the ESA base shear to determine 

the final design base shear. The process of computing the RSA base shear involves 

modelling the building, conducting modal analysis, and arriving at the base shear. In 

contrast, the computation of the ESA base shear is iterative in nature. First, the 

fundamental lateral natural period is calculated using the empirical formula 

suggested by the code for RC structural wall buildings as per equations 3-1 and 3-2.  

𝑇𝑎 =
0.075 ℎ0.75 

√𝐴𝑊

≥
0.09 ℎ

√𝑑
 3-1 

𝐴𝑤 = ∑ [𝐴𝑤𝑖 {0.2 + (
𝐿𝑤𝑖

ℎ
)

2

}]

𝑁𝑤

𝑖=1

;  𝐿𝑤𝑖 ℎ⁄  ≤ 0.9 3-2 

 

Where Awi  is the effective cross-sectional area of ith wall in first storey, Lwi is length of 

structural wall at first storey along the direction under consideration, NW is the 

number of walls in the considered direction and h is the height of a building in metre. 

This natural period cannot be less than the natural period computed by equation 3-3. 

Hence, with help of h and d (width of the building at the lowermost level along the 

direction of shaking under consideration) is computed. The natural period is then 

verified against the natural period computed by the empirical formula for RC bare 

frame building (equation 3-4) to ensure it does not exceed the bare frame period. 

Finally, an additional check is performed to ensure that the selected natural period is 

not greater than the natural period computed by ETABS. Once the natural period is 

determined, the corresponding ESA base shear can be derived. 

𝑇𝑎 =
0.09 ℎ

√𝑑
 

 

3-3 



51 

𝑇𝑎 = 0.075ℎ0.75 3-4 

Figure 3.21 shows the design base shear coefficient (Ah) computed based on various 

parameters of the buildings. All the buildings were observed to have Vb greater than 

the minimum base shear prescribed by codes for different heights [Table 5 and Clause 

6.3.3, IS 16700]. However, no clear pattern was observed in the design base shear 

coefficient for buildings with similar or different heights. This is primarily because the 

Sa/g value changes with the natural period, which is governed by code 

recommendations. Therefore, it is difficult to comment on the influence of podium 

configuration on the design base shear. 

 
(a) Tower 1 

 
(b) Tower 2 

Figure 3.21: Design base shear 

3.4.5 Design Base Shear due to Wind Load and Earthquake Load 

As discussed earlier, the dynamic wind loads for Tall buildings are computed as per 

IS 875 Part III 2015 and applied to the model. Figure 3.22 compares the base shear 

coefficient of all towers for earthquake and wind load. It is found that only two towers 

(T2C150 and T2D150), along only one direction (along Y), have wind load base shear 

greater than earthquake load base shear. Hence, the current study only discusses 

earthquake loads and it’s effect.  

 
(a) Tower 1 along X 

 
(b) Tower 1 along Y 
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(c) Tower 2 along X 

 
(d) Tower 2 along Y 

Figure 3.22: Base shear coefficient comparison between earthquake and wind load 

3.5 Summary 

The current study considered eighteen RC tall buildings based on i) two plans, ii) three 

structural configurations and iii) three height variations. The plans are typical 

residential buildings commonly found in city of Hyderabad and Bengaluru. Whereas 

structural configurations consist of transfer beam-only (type B), transfer beam with 

podium portion without retaining walls (type C), and transfer beam with podium 

having retaining walls (type D). Three different height variations represent buildings 

of 20, 33, and 50 floors, respectively. The structural walls terminate at the fifth storey, 

and storey four consists of transfer beams supported by transfer columns. The model 

ID is assigned to each building, capturing the details of the plan, configuration, height, 

and seismic zone. This same ID will be referred in successive chapters.  

These eighteen buildings are modelled and designed using the finite element software 

ETABS(Computer and Structures Inc., 2020). The software is chosen due to its 

acceptance in the research community for linear analysis of tall buildings and its 

popularity among the structural engineering community in India. The buildings are 

designed using the latest versions of IS 16700, IS 456, IS 875 (Part 1), IS 875 (Part 2), 

and IS 1893 (Part 1). The grades of concrete and steel used in the design are chosen 

based on local practice, and a thumb rule of using a higher grade of material for taller 

structures to have reasonable sizes of structural members is adopted. The buildings 

are designed for possible gravity (dead and imposed) and lateral (wind and 

earthquake) loads. The load combinations recommended by IS 456 and IS-1893 are 

used for both wind and earthquake loads. The slabs and structural walls are modelled 

as a thin shell element, and beams and columns are modelled as a line element. The 

scope of the modelling is limited to the global performance of tall buildings with 

transfer beams, and the interaction of structural wall - floor slab - transfer beam is not 

included. The individual elements such as beams, columns and structural walls are 

designed for governing load of axial, shear, moment, and torsion. The iterative design 

process involves manual computation of code recommended natural period, modal 
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analysis, gravity and lateral load analysis, verification of code clauses, computing 

elements demand, and checking the capacity of members against demand is followed. 

After studying several provisions that departure from the code recommended value, 

the following salient observations are made:  

a) Stiffness irregularity:  

a. It cannot be completely eliminated and brought to 70%. However, 

continuing a few structural walls until the foundation can be helpful. 

But this has to be checked on case to case basis as it may create a 

challenge to getting obstruction free space.   

b. The increase in storey stiffness due to type C configuration is 

insignificant for the current study. However, the type D configuration 

increased stiffness by 10-15% along the X direction and 3-5% along the 

Y direction. The increase in stiffness depends on the number of walls 

continuing from the top and the amount of retaining walls in the 

podium.  

b) Mass irregularity: 

a. Mass irregularity has to be checked at two locations. One between the 

lowest typical storey and the transfer storey and the second one between 

the transfer storey and the storey below it.  

b. The mass irregularity was found to be between the transfer storey 

(storey 4) by the storey below it (storey 3) only for non-podium (type B) 

buildings. This also indicates that podium configurations (type C and D) 

can eliminate mass irregularities at this location.   

c) Fundamental Natural Periods: 

a. The fundamental natural period along the X direction was found to be 

more for all buildings, as the Y direction was stiffer due to many 

continuous structural walls running from the top to the foundation. 

They were also found to have a sufficient gap of more than 10% between 

them for all buildings. The influence of podium configurations (type C 

and D) on fundamental lateral periods was found to be insignificant.  

b. The fundamental torsional period was found to be more than the 

fundamental lateral period for four buildings, and ten buildings had a 

torsional period very close to the minimum fundamental lateral period. 

Only four building has a torsional period sufficiently away from the 

lateral period. However, none of these buildings qualified for torsional 

irregularity as per IS 1893, where apart from the torsional period, the 

displacement relationship of an extreme end of a building also needs to 

be satisfied.  

d) Cumulative Modal mass in first three modes: 
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a. Except for three buildings, all buildings have a cumulative modal mass 

>65% in the first three modes. The three buildings that do not have a 

65% modal mass cannot come under this requirement since they all have 

a podium.  

e) Design base shear 

a. It was clearly evident that there is no specific pattern for a design base 

shear since it is highly sensitive to the code recommended natural period 

expressions. In several cases, the code recommended natural period was 

greater than the software computed period, which indicates the 

inadequacy of the code recommended natural period expression.  

Table 3.12: Summary of code compliance 

Building 

ID 

Stiffness Irregularity 

(Cl 5.3a, IS 16700:2017) 

Mass Irregularity 

(T6 ii, Cl 7.1, IS 
1893(1):2016) 

Torsion and Lateral 
Period Relationship 

(Cl 5.5.1, IS 
16700:2017) 

Along X Along Y 

T1ZIIB60 Y Y Y Y 
T1ZIIC60 Y Y N Y 

T1ZIID60 Y Y N Y 

T1ZIIB100 Y Y Y Y 

T1ZIIC100 Y Y N Y 
T1ZIID100 Y Y N N 

T1ZIIB150 Y N Y N 
T1ZIIC150 Y Y N N 
T1ZIID150 Y N N N 

T2ZIIB60 Y Y Y Y 
T2ZIIC60 Y Y N Y 
T2ZIID60 Y Y N Y 

T2ZIIB100 Y Y Y Y 
T2ZIIC100 Y Y N Y 
T2ZIID100 Y Y N Y 

T2ZIIB150 Y N Y Y 
T2ZIIC150 Y Y N Y 
T2ZIID150 Y N N Y 
Note: Y = Yes; N = No  

 

Table 3.13: Summary of Analysis provisions  

Parameters Overall Effect of Podium 

Configurations 

Stiffness Irregularity It cannot be eliminated  Type D configuration 

increases stiffness by 10-

15% along the X direction 
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and 3-5% along the Y 

direction 

Mass Irregularity It cannot be eliminated  Type D configuration 

increases stiffness by 10-

15% along the X direction 

and 3-5% along the Y 

direction 

 

…  
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Chapter 4. Seismic Performance of Buildings 

     

4.1 Introduction 

The previous chapter discussed a detailed description of building modelling and 

design. This was followed by a discussion of some important code recommended 

analysis provisions that could not be met. This chapter focuses mainly on the seismic 

performance of eighteen buildings designed in the previous chapter. After the design, 

these buildings are subjected to eleven ground motions using LTHA. The outcome of 

this assessment in terms of displacements, inter-storey drift ratios, base shear, and 

PMM capacity ratio, as well as shear demand to capacity ratio for transfer columns, 

are discussed in detail.  

4.2 Methodology 

An overview of the methodology adopted to know the seismic performance of tall 

buildings with TB  and to comment on their appropriateness in seismic zone II is 

shown in Figure 4.1. The first two steps, i.e. the selection of buildings and the step-by-

step procedure of building design, have already been discussed in sections 3.2 and 3.3 

of Chapter 3. Once the building design is complete, the buildings are assessed using 

the Linear Time History Analysis (LTHA) method. The performance of buildings due 

to eleven ground motions adopted in LTHA is discussed in detail to outline the 

recommendations. 

 
Figure 4.1: Methodology of current work 
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4.2.1 Linear Time History Analysis (LTHA) 

In a LTHA, the structural behaviour is assumed to be elastic, i.e. the stiffness and 

strength of the structure do not change during the earthquake. It involves selecting 

ground motions and applying them to a structural model to compute the response of 

buildings in terms of forces and deformations.  

a) Ground Motions 

For the present study, eleven ground motions are chosen. Ideally, ground motions are 

selected to represent the time history that the building is likely to experience at its 

location. In other words, as a first step, ground motions should be selected to have 

similar source mechanism, magnitude, focal depth, epicentral distance, characteristics 

of the path through which the seismic waves travel, and soil strata on which the 

structure is founded. However, the current study focuses on zone II, which is spread 

over a larger region; hence, narrowing down to these factors representing the entire 

zone II is difficult. Further, only a limited number of large Indian earthquakes are 

recorded and publicly available. Therefore, except for the Bhuj earthquake, significant 

earthquakes that occurred outside India are chosen for this study. Table 4.1 gives 

details of all these ground motions along with their characteristics, viz., amplitude, 

predominant period, and significant duration. The signature and Fast Fourier 

Transform (FFT) of all these ground motions are plotted in Figure 4.2 and Figure 4.3, 

respectively.   

Table 4.1: Details of ground motions considered and their characteristics 

Sr 

No. 

Name of 

Earthquake 

(Country) 

Station Date 

Peak 

Ground 

Acceleration 

(g) 

Predominant 

Period (sec) 

Significant 

duration 

(sec) 

1 Bhuj (India) Ahmedabad January 26, 2001 0.1060 0.07-1.23 16.97 

2 Chi-Chi (Taiwan) TCU045 
September 20, 

1999 
0.3610 0.81-1.78 11.78 

3 Friuli (Italy) TOLMEZZO(000) May 06, 1976 0.3513 0.47-0.53 04.24 

4 Hollister (USA) 
USGS STATION 

1028 
April 09, 1961 0.1948 0.37-1.37 16.53 

5 
Imperial Valley 

(USA) 

USGS STATION 

5115 
October 15, 1979 0.3152 0.43-0.61 08.92 

6 Kobe (Japan) 
KAKOGAWA 

(CUE90) 
January 16, 1995 0.3447 1.14-2.05 12.86 

7 Kocaeli (Turkey) 
YARIMCA 

(KOERI330) 
August 17, 1999 0.3490 1.14-5.12 15.62 

8 Landers (USA) 
000 SCE 

STATION 24 
June 28, 1992 0.7803 0.07-0.10 13.73 
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Sr 

No. 

Name of 

Earthquake 

(Country) 

Station Date 

Peak 

Ground 

Acceleration 

(g) 

Predominant 

Period (sec) 

Significant 

duration 

(sec) 

9 Loma Prieta (USA) 
090 CDMG 

STATION 47381 
October 18, 1989 0.3674 1.08-2.56 11.37 

10 Northridge (USA) 
090 CDMG 

STATION 24278 
January 17, 1994 0.5683 0.68-0.91 09.06 

11 Trinidad (USA) 
090 CDMG 

STATION 1498 
August 24, 1983 0.1936 0.27-0.40 07.80 
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Figure 4.2: Time history plots of all Ground Motions 
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Figure 4.3: Fourier Spectrum Plots of all the Ground Motions 

b) Ground motion scaling 

Clause 7.7.4 of IS 1893 (IS 1893(Part 1):2016, 2016) indicates that the designer shall 

choose an appropriate ground motion. The same clause defines appropriate ground motion 

as preferably compatible with the design acceleration spectrum in the desired range of natural 

periods. Apart from this, the code is silent on giving further details. In the absence of 

guidelines from BIS, ASCE 7-16 (ASCE 7-16, 2016) guidelines are followed to make 

eleven ground motions appropriate. The spectral matching method is adopted to 

modify ground motions such that they become compatible with the design 
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acceleration spectrum (Figure 4.4 a) for medium soil as given in IS 1893. This technique 

consists of using different modification factors for different periods and, in some cases, 

adding or subtracting additional energy wavelets to the ground motions so that the 

response spectra of the modified ground motions more or less match the target 

spectra. A SeisoMatch (Seismosoft, 2020) tool is used to perform this task, and 

modified ground motions compatible with the design spectra are shown in Figure 4.4 

b. 

 
(a) 

 
(b) 

Figure 4.4: Ground motion scaling (a) Input Design spectra as per IS 1893 (b) Response spectra of scaled ground 

motions 

Ground motions are matched for a specific period ranges that ensure the selected 

ground motions accurately represent the design hazard at the building’s fundamental 

response period. To do this, ASCE 7-16 gives two formulae for upper bound and lower 

bound periods. The upper bound period consists of two times the maximum 

fundamental lateral natural period as per equation 4-1. The modification factor two is 

applied to capture the period elongation effects during the earthquake. And the lower 

bound period is selected based on the minimum of the lateral period needed for 90% 

modal mass participation. However, this value can not exceed 20% of the minimum 

fundamental lateral natural period (equation 4-2). This lower bound period captures 

the higher mode response.   

𝑇𝑢𝑝𝑝𝑒𝑟 ≥ 2{𝑇𝑥1
, 𝑇𝑦1

}
𝑚𝑎𝑥

 

 

4-1 

𝑇𝑙𝑜𝑤𝑒𝑟 = {𝑇𝑥𝑖
, 𝑇𝑦𝑖

}
𝑚𝑖𝑛, 90% 𝑚𝑜𝑑𝑎𝑙 𝑚𝑎𝑠𝑠

≤ 0.2{𝑇𝑥1
, 𝑇𝑦1

}
𝑚𝑖𝑛

 4-2 
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Table 4.2: Spectral matching period range as per ASCE 7-16 (ASCE 7-16, 2016) 

Model ID 
Period  (Sec) 

Model ID 
Period  (Sec) 

Upper 
bound 

Lower 
bound 

Upper 
bound 

Lower 
bound 

T1ZIIB60 2.144 0.083 T2ZIIB60 2.090 0.060 

T1ZIIC60 2.100 0.120 T2ZIIC60 2.066 0.070 

T1ZIID60 1.970 0.069 T2ZIID60 1.858 0.063 

T1ZIIB100 4.202 0.167 T2ZIIB100 4.194 0.172 

T1ZIIC100 3.770 0.265 T2ZIIC100 4.166 0.117 

T1ZIID100 4.070 0.101 T2ZIID100 3.800 0.047 

T1ZIIB150 6.322 0.043 T2ZIIB150 6.652 0.158 

T1ZIIC150 6.350 0.130 T2ZIIC150 6.680 0.114 

T1ZIID150 6.314 0.060 T2ZIID150 6.280 0.047 

The upper and lower bound periods for all buildings are tabulated in Table 4.2. The 

same has been plotted in Figure 4.5. The comparison of the upper bound and lower 

bound periods for the building with the same height indicates that the influence of 

podium configurations (type C & D) is negligible. This is inevitable since the 

fundamental lateral natural periods were more or less the same (Figure 3.17), and so 

is the case with modal mass participation, which resulted in a similar lower bound 

period with an insignificant difference.  

 
(a) Tower 1 

 

 
(b) Tower 2 

 
(c) Tower 1 

 
(d) Tower 2 

Figure 4.5: Spectral matching period range as per ASCE 7-16(ASCE 7-16, 2016) (a) Tower 1 upper bound, (b) 
Tower 2 upper bound, (c) Tower 1 lower bound, (d) Tower 2 lower bound 
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Once the upper and lower bound period has been computed for each building, the 

eleven ground motions for each building are modified. Figure 4.6 summarises the 

spectral matching procedure from the computation of period range to the outcome of 

modified ground motions.  

 

Figure 4.6: Overview of Ground Motion Scaling Procedure 

4.2.2 Evaluation parameters  

The modified ground motions are applied in the lateral direction of a building at the 

foundation level. As a next step, the linear response to these time histories using 

cracked section property (Table 3.3) is evaluated. For the evaluation, three global 

parameters, viz. base shear, displacements and inter-storey drift ratio, and two local 

parameters for transfer columns, viz., PMM capacity ratio and shear 

demand/capacity ratio, are considered as performance indicators for buildings with 

transfer beams.  

4.3 Results 

4.3.1 Base Shear 

Figure 4.7 and Figure 4.8 illustrates the difference between the design base shear from 

RSA and the maximum base shear obtained from LTHA for Tower 1 and 2 buildings, 

respectively. Figure 4.7 c and Figure 4.8 c shows the ratio of seismic demand (LTHA) 

to capacity (RSA) base shear. For Tower 1 buildings, these values range from 0.57 to 
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1.19, whereas for Tower 2 buildings, they range from 0.53 to 1.32. The variation in the 

base shear among various ground motions and between LTHA base shear and RSA 

base shear is obvious since, despite the modification of ground motion based on the 

response spectrum matching procedure, there will be a slight uniqueness of each 

ground motion. This leads to a difference in the base shear between the RSA and 

LTHA methods.  

Out of eighteen buildings, only seven have a ratio greater than one. The values less 

than one indicate the possibility of the building performing better during earthquake 

shaking since they are designed for higher seismic base shear. However, the 

distribution of base shear, also known as storey shear, does influence the performance 

of the building, hence few more indicators of the performance of buildings are 

discussed in further subsections. The values of Figure 4.7 and Figure 4.8 are listed in 

Table 4.3, Table 4.4 and Table 4.5.   

 
(a) Capacity: Design Base Shear (RSA) 

 
(b)  Demand: Max. LTHA Base Shear 

 
(c) Base Shear Demand / Capacity Ratio 

Figure 4.7: Design (RSA) and LTHA base shear for Tower 1 buildings 
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(a) Capacity: Design Base shear 

 
(b) Demand: Max. LTHA Base Shear 

 
(c) Base Shear Demand/Capacity Ratio 

Figure 4.8: Design (RSA) and LTHA base shear for Tower 2 buildings 

Table 4.3: Maximum LTHA base shear coefficient 

Model ID 
Max. LTHA Base Shear 

Coefficient (%) Model ID 
Max. LTHA Base Shear 

Coefficient (%) 
X Y X Y 

T1ZIIB60 2.6 3.2 T2ZIIB60 2.7 3.5 
T1ZIIC60 2.8 3.5 T2ZIIC60 2.7 3.6 
T1ZIID60 2.9 2.7 T2ZIID60 2.7 3.1 

T1ZIIB100 1.6 2.0 T2ZIIB100 1.9 2.4 
T1ZIIC100 2.0 2.6 T2ZIIC100 1.7 2.3 
T1ZIID100 2.3 2.3 T2ZIID100 2.4 2.0 

T1ZIIB150 1.4 1.9 T2ZIIB150 1.2 1.6 
T1ZIIC150 1.5 2.0 T2ZIIC150 1.7 1.8 

T1ZIID150 1.8 1.8 T2ZIID150 1.4 1.8 
 

Table 4.4: Design base shear coefficient (RSA) 

Model ID 
Design (RSA) Base Shear 

Coefficient (%) Model ID 
Design (RSA) Base Shear 

Coefficient (%) 
X Y X Y 

T1ZIIB60 3.8 5.0 T2ZIIB60 3.7 4.1 
T1ZIIC60 3.7 4.8 T2ZIIC60 3.6 4.9 
T1ZIID60 3.7 4.8 T2ZIID60 3.6 4.8 

T1ZIIB100 1.4 1.7 T2ZIIB100 2.3 1.8 
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Model ID 
Design (RSA) Base Shear 

Coefficient (%) Model ID 
Design (RSA) Base Shear 

Coefficient (%) 
X Y X Y 

T1ZIIC100 2.4 2.4 T2ZIIC100 2.3 2.3 
T1ZIID100 2.4 2.4 T2ZIID100 2.2 3.7 

T1ZIIB150 2.4 1.8 T2ZIIB150 1.2 1.6 
T1ZIIC150 1.7 2.7 T2ZIIC150 1.6 1.6 

T1ZIID150 1.7 2.7 T2ZIID150 1.6 1.6 

 

Table 4.5: Base shear Demand (LTHA) to Capacity (RSA) Ratio 

Model ID 
Base Shear 

Demand/Capacity Ratio Model ID 
Base Shear 

Demand/Capacity Ratio 
X Y X Y 

T1ZIIB60 0.7 0.7 T2ZIIB60 0.7 0.9 
T1ZIIC60 0.8 0.7 T2ZIIC60 0.7 0.7 
T1ZIID60 0.8 0.6 T2ZIID60 0.7 0.6 

T1ZIIB100 1.2 1.2 T2ZIIB100 0.8 1.3 

T1ZIIC100 0.8 1.1 T2ZIIC100 0.8 1.0 
T1ZIID100 1.0 1.0 T2ZIID100 1.1 0.5 

T1ZIIB150 0.6 1.0 T2ZIIB150 1.1 1.0 
T1ZIIC150 0.9 0.8 T2ZIIC150 1.1 1.1 

T1ZIID150 1.0 0.7 T2ZIID150 0.9 1.1 

 

4.3.2 Displacements 

The displacement profile for building T1Z2C150, when subjected to modified ground 

motions, is plotted in Figure 4.9. The maximum roof displacement along the X-

direction is found to be 42mm, and the minimum is found to be 17mm. Similarly,  

27mm and 12mm are found to be maximum and minimum displacements along the 

Y direction, respectively. The additional structural walls along the Y direction reduce 

the displacements along the Y direction compared to that along X. Closer inspection 

of displacements near the podium and transfer level (Figure 4.9 c & d) indicates no 

drastic change in the displacements at these levels. Also, displacement amplitude is 

less due to higher stiffness and proximity to ground level. The displacement plots of 

LTHA for the rest of the buildings also have the same outcome and are plotted in the 

Appendix (Figure B.7 to Figure B.12).  
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(a) Along X 

 

 
(b) Along Y 

 
(c) Along X: Lower Levels 

 
(d) Along Y: Lower Levels 

Figure 4.9: LTHA displacement profile for T1Z2C150 
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(a) Tower 1 (Along X) 

 
(b) Tower 1 (Along Y)                       

 
(c) Tower 2 (Along X) 

 
(d) Tower 2 (Along Y) 

Figure 4.10: Maximum and Minimum LTHA Roof Displacements 

The roof displacements of all the buildings due to LTHA are plotted in Figure 4.10 and 

tabulated in Table 4.6 and Table 4.7. Comparing LTHA displacements of buildings of 

similar height, it is observed that they have a more or less similar response to the 

ground motions. This indicates that the podium configurations (type C & D) do not 

affect the displacements of buildings of the same height.   

Table 4.6: Maximum and Minimum LTHA Roof Displacements  

Model ID 

LTHA Roof Displacements 
(mm) 

Model ID 

LTHA Roof Displacements 
(mm) 

X 
Max 

X 
Min 

Y 
Max 

Y 
Min 

X 
Max 

X 
Min 

Y 
Max 

Y 
Min 

T1ZIIB60 13 6 8 7 T2ZIIB60 13 10 8 6 
T1ZIIC60 14 6 9 6 T2ZIIC60 13 8 8 5 
T1ZIID60 12 9 8 6 T2ZIID60 11 9 8 5 

T1ZIIB100 21 11 17 10 T2ZIIB100 24 13 20 11 
T1ZIIC100 26 13 20 12 T2ZIIC100 22 17 17 11 
T1ZIID100 27 8 17 5 T2ZIID100 23 16 16 11 

T1ZIIB150 39 13 30 8 T2ZIIB150 41 8 33 7 
T1ZIIC150 42 17 27 12 T2ZIIC150 38 20 29 18 
T1ZIID150 39 13 31 8 T2ZIID150 40 24 27 20 

Table 4.7: Maximum and Minimum LTHA Roof Displacements Range 

Group 
Name 

LTHA Roof Displacement 
Range (mm) Group 

Name 

LTHA Roof Displacement 
Range (mm) 

X 
Max 

X 
Min 

Y 
Max 

Y 
Min 

X 
Max 

X 
Min 

Y 
Max 

Y 
Min 

T1_60s 12-14 06-09 08-09 06-07 T2_60s 11-13 08-10 08-08 05-06 



69 

Group 
Name 

LTHA Roof Displacement 
Range (mm) Group 

Name 

LTHA Roof Displacement 
Range (mm) 

X 
Max 

X 
Min 

Y 
Max 

Y 
Min 

X 
Max 

X 
Min 

Y 
Max 

Y 
Min 

T1_100s 21-27 08-13 17-20 05-12 T2_100s 22-24 13-17 16-20 11-11 

T1_150s 39-42 13-17 27-31 08-12 T2_150s 38-41 08-24 27-33 07-20 
Note: 
T1_60s = T1Z2B60, T1Z2C60, T1Z2C60 

 
T2_60s = T2Z2B60, T2Z2C60, T2Z2C60 

T1_100s = T1Z2B100, T1Z2C100, T1Z2C100 T2_100s = T2Z2B100, T2Z2C100, T2Z2C100 
T1_150s = T1Z2B150, T1Z2C150, T1Z2C150 T2_150s = T2Z2B150, T2Z2C150, T2Z2C150 

 

4.3.3 IDR (Inter-storey Drift Ratio)  

Inter-storey drift (ID) refers to the relative displacement or deformation between 

adjacent floors of a building or structure during seismic events or other dynamic 

loads. The inter-storey drift ratio (IDR) is calculated by dividing the maximum ID by 

the height of the storey. For example, if the maximum ID  between two adjacent floors 

of a building is 100 mm, and the height of each storey is 3 meters, the IDR would be 

100/3000 = 0.0333 or 3.33%.  

Excessive IDR can compromise the structural integrity of a building, leading to 

excessive damage or collapse of a building. The performance of non-structural 

elements (NSE) is also linked with an amplitude of IDR, as higher IDR can lead to 

damage to partition walls and cladding. Further, IDR is also monitored to ensure the 

comfort and safety of the occupants of a building. As higher IDR may lead to a 

toppling of objects and/or may cause motion sickness. Finally, IDR is also used as a 

seismic performance indicator to assess the building's performance and identify 

members needing strengthening or modification.    

Figure 4.11 shows the IDR profile of all the towers for LTHA along the X and Y 

directions. The more clear figure of each plot can be referred at Figure B.13 to Figure 

B.18. In addition to IDR plots, a code specified IDR limit of 0.4% is also shown with a 

dotted line. One of the latest amendments to IS 1893 imposes a limit of 0.2% of IDR 

where stiffness irregularities are present in the structure. None of the buildings’ IDR  

crosses the 0.04% value, indicating that the IDR of all eighteen buildings is well within 

the code specified limit. Interestingly, despite irregularity introduced due to TB and 

podium, all buildings are performing well in terms of IDR. The IDR are relatively 

small first reason is due to the higher stiffness of the structural system. And the second 

reason is lower seismic demand. Together with this, the building has a uniform 

distribution of stiffness and mass. All this together results in relatively less 

displacements and inter-storey drift in buildings. Similar IDR have also been reported 

in past literature (Y. M. Abdlebasset et al., 2016; Lu et al., 2012).    
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Figure 4.12 shows the IDR of T1_150s (i.e. T1Z2B150, T1Z2C150, T1Z2D150), and 

Figure 4.13 shows the IDR of T1Z2C150. Close observation of the IDR profile of these 

figures along the X and Y directions reveals that the IDR along Y is less than the IDR 

along X. This observation holds true for the rest of the buildings. This indicates that 

the greater number of continuous walls along the Y direction reduces the amplitude 

of the IDR profile of the building. Figure 4.13 b and e also show that the maximum 

IDR of a building occurs at upper storeys and not at lower levels. A similar 

observation is made for the rest of all buildings.  

 

 
(i) T1_60s 

 
(ii) T2_60s 

 
(iii) T1_100s 

 
(iv) T2_100s 
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(v) T1_150s 

 
(vi) T2_150s 

Figure 4.11: IDR for all buildings 

 
Figure 4.12: IDR for T1_150s 
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(a) With code limit (X) 

 

 
(b) Without code limit (Y) 

 

 
(c) Lower Storey(X) 

 
(d) With code limit (Y) 

 

 
(e) Without code limit (Y) 

 

 
(f) Lower Storey(Y) 

Figure 4.13: LTHA IDR profile for T1Z2C150 

Figure 4.13(c and f) shows the IDR near the transfer storey for T1Z2C150; Figure 4.14 

shows the effect of podium configurations in IDR demands in lower storeys of T1_60s 

and Figure 4.15 for the rest of all buildings. These figures are plotted to compare the 

maximum IDR near the vicinity of a TB level (storey 4). Though the overall IDR values 

are well within a code defined limits, the slight influence of podium configurations 

(type C & D) is observed in IDR values when IDR values are compared for four lower 

levels, viz., a floor above TB level (storey 5), TB level (storey 4), storey 3/podium level, 

and storey 2/level below podium level. What is striking about the figures is that all 

the buildings of type B configuration have a maximum IDR at a floor below TB level, 

i.e. storey 3. This indicates that a storey below TB level (storey 3) will have a higher 

IDR demand without podium configuration. 

Further, for all buildings of type C configuration, the difference between IDR demand 

at TB level and Podium level is drastically reduced. This indicates that the podium 

configuration of type C reduces IDR demand at the podium level due to increased 
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stiffness due to podium members (Figure 4.14). However, in most cases, LTHA IDR 

demand was slightly higher for the podium level than the TB level. Similarly, close 

observation of IDR of all the buildings of type D configuration shows that adding 

retaining walls in the podium further increases the stiffness of the podium level. 

Hence IDR demand at the TB level (storey 4) is greater than IDR demand at the 

podium level (except for four buildings along the Y direction). However, for buildings 

of similar height, the amplitude of maximum IDR tends to reduce from configuration 

B to D (Figure 4.14). The detailed plots of IDR for lower levels are provided in Figure 

B.19 to Figure B.24. 

 

Figure 4.14: IDR demand in T1_60s at lower level showing the effect of podium configurations 
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(i) T1_60s 

 
(ii) T2_60s 

 
(iii) T1_100s 

 
(iv) T2_100s 

 
(v) T1_150s 

 
(vi) T2_150s 

Figure 4.15: LTHA IDR profile for lower storeys for all the buildings 

4.3.4 Column PMM Capacity Ratio 

Under the action of gravity and lateral load, structural members such as a column are 

subjected to combinations of axial force (P) and biaxial bending moments (M2, M3). 

They are, therefore, designed for the P-M interaction envelope curve as per SP:16 (SP 

16, 1980). With the advancement of computational capabilities, generating 3D 

interaction capacity surface (PMM interaction) is possible. The methodology for the 

design of the column is discussed in 3.3.6.  
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Columns subjected to high axial force typically have brittle failure when this axial 

force is coupled with relatively small moment. For columns to behave in a ductile 

manner, they need to have a large axial area, and their axial stress should be way 

below the balanced point in the P-M interaction diagram under the combined action 

of dead, live and earthquake loads (Murty et al., 2012). Hence, while doing 

performance evaluation, it is desirable that the combined demand of design axial 

compressive force and bending moment sit in the lower third of their compression P-

M interaction diagrams (Figure 4.16). In the absence of any code recommendation 

value on this aspect, the suggested guideline is followed for the evaluation.   

 

Figure 4.16:  Schematic of P-M Interaction diagram of RC columns (Murty et al., 2012) 

The PM or PMM capacity ratio is a factor that indicates the stress condition of the 

column with respect to the capacity of the column. For example, one P-M interaction 

curve is generated (Figure 4.17 a) for a square RC column having details as given in 

Table 4.8. The black line indicates the capacity curve or P-M interaction curve. The 

combined demand (P and M3) due to lateral load combination is plotted as a circular 

dot. If P and M3 keep on increasing linearly with the same proportion, then RC column 

can take P-M3 combination as shown as a square mark. For a quick comparison of P-

M curves of different sizes of columns or same size columns with different 

reinforcement detailing, it is common practice to convert this P-M interaction curve 

axis into a normalised axis, as shown in Figure 4.17 b. The demand is also converted 

and plotted. Now, the PM capacity ratio is nothing but the ratio of length between the 
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origin to demand point (circular mark) to the length between the origin to capacity 

point (square mark).  

 
(a) Actual 

 
(b) Normalised 

Figure 4.17: Example of computation of PM capacity ratio 

Table 4.8: RC column detail of PM capacity ratio example 

INFORMATION FOR CAPACITY 
Geometry Shape: Square Dimensions: 1800mmx1800mm 
Materials Concrete: M35  Steel: HYSD 415 
Reinforcement 
Detailing 

Main:  
36 – 32 ϕ (On each face: 
Along X=10 & Along Y= 
8) 

Secondary:  
3 Legged 12 ϕ @ 175mm c/c (Both 
direction) 
 

INFORMATION FOR DEMAND 
LTHA Bhuj X Axial: 5942 kN Bending Moment: 1684 kNm 

Similarly, software (Computer and Structures Inc., 2020) used for the study can 

generate a 3D surface of P-M2-M3 (Figure 4.18). The PMM capacity ratio is computed 

as follows: 

a. Generation of P-M2-M3 curves starting from 0 degrees to 360 degrees at every 

15-degree orientation.  

b. Extract the P-M2-M3 demand for various load combinations.  

c. Generate an additional curve when the demand point is not exactly at a 

multiple of 15 degrees. For this, linear interpolation is used to derive the value.  

d. In Figure 4.18, the demand is plotted as points L. Point C is derived based on 

generated curves and the location of L. Point C is defined as the point where 

the line OL (if extended outwards) will intersect the failure surface. This point 
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is determined by three-dimensional linear interpolation between the points 

that define the failure surface. 

e. The PMM capacity ratio, CR, is given by the ratio OL/OC.  

a. If OL = OC (or CR = 1), the point lies on the interaction surface, and the 

column is stressed to capacity. 

b. If OL < OC (or CR < 1), the point lies within the interaction volume, and 

the column capacity is adequate. 

c. If OL > OC (or CR > 1), the point lies outside the interaction volume and 

the column is overstressed. 

 

Figure 4.18: Geometric representation of column PMM capacity ratio (CSI, 2020a) 

Table 4.9: Sizes of Transfer columns 

Model ID 
Transfer Column Size 

Model ID 
Transfer Column Size 

Square Circular Square Circular 

T1ZIIB60 18001800 1400 T2ZIIB60 19001900 1500 
T1ZIIC60 18001800 1400 T2ZIIC60 19001900 1500 
T1ZIID60 18001800 1400 T2ZIID60 19001900 1500 

T1ZIIB100 18001800 1400 T2ZIIB100 19001900 1500 
T1ZIIC100 18001800 1400 T2ZIIC100 19001900 1500 
T1ZIID100 18001800 1400 T2ZIID100 19001900 1500 

T1ZIIB150 25002500 1800 T2ZIIB150 21002100 1500 
T1ZIIC150 25002500 1800 T2ZIIC150 21002100 1500 
T1ZIID150 25002500 1800 T2ZIID150 21002100 1500 
Note: All dimensions are in mm 
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In this way, PMM capacity ratios are computed for all the transfer columns of eighteen 

buildings. Table 4.9 shows the details of transfer columns, and Figure 4.19 shows the 

maximum PMM capacity ratio from a storey one to four. The plot shows that the 

maximum PMM capacity ratio does not exceed 0.30. This indicates the possibility of 

column failure in tension. Further, there is no drastic change in PMM demands for 

buildings of similar height. Hence, the effect of podium configurations (type C and D) 

is not visible. The exact values of PMM capacity ratios are given in Table 4.10. 

 
(a) Tower 1 

 
(b) Tower 2 

Figure 4.19: Maximum LTHA PMM capacity ratio (storey 1-4) for all buildings  

Table 4.10: Maximum LTHA PMM capacity ratio (storey 1-4) for all buildings 

Model ID 
Max. PMM Ratio 

Model ID 
Max. PMM Ratio 

Square Circular Square Circular 

T1ZIIB60 0.18 0.24 T2ZIIB60 0.19 0.24 
T1ZIIC60 0.18 0.26 T2ZIIC60 0.19 0.25 
T1ZIID60 0.18 0.24 T2ZIID60 0.19 0.24 

T1ZIIB100 0.23 0.29 T2ZIIB100 0.23 0.29 
T1ZIIC100 0.23 0.28 T2ZIIC100 0.23 0.29 
T1ZIID100 0.23 0.29 T2ZIID100 0.24 0.29 

T1ZIIB150 0.13 0.19 T2ZIIB150 0.21 0.29 
T1ZIIC150 0.14 0.19 T2ZIIC150 0.21 0.30 
T1ZIID150 0.13 0.20 T2ZIID150 0.21 0.29 
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4.3.5 Column Shear Demand/Capacity Ratio 

The shear force demand in transfer columns is usually high owing to the large height 

of buildings and a limited number of columns. The shear demand to capacity ratio of 

columns is computed manually by extracting shear demand from various load 

combinations from software and computing shear capacity as per IS 456 for a given 

reinforcement detailing. The maximum shear demand to capacity ratio for all columns 

( square and circular) in the bottom four stories is plotted in Figure 4.20. The maximum 

value of the shear D/C ratio is 0.387 and 0.505 for buildings of Tower 1 and Tower 2, 

respectively. Also, for most cases, a slight increase in shear D/C ratio is observed for 

type C and D buildings compared to type B. This indicates that podium configuration 

slightly alters the lateral force distribution for lower locations. However, it is 

important to note that the variation in the shear D/C ratio is not large (Table 4.11).  

 
(a) Tower 1 

 
(b) Tower 2 

Figure 4.20: Maximum LTHA shear demand/capacity ratio (storey 1-4) for all buildings  
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Table 4.11: Maximum LTHA shear demand/capacity ratio (storey 1-4) for all buildings 

Model ID 
Max. Shear D/C Ratio 

Model ID 
Max. Shear D/C Ratio 

Square Circular Square Circular 

T1ZIIB60 0.211 0.175 T2ZIIB60 0.270 0.278 
T1ZIIC60 0.224 0.175 T2ZIIC60 0.298 0.284 
T1ZIID60 0.286 0.216 T2ZIID60 0.301 0.282 

T1ZIIB100 0.279 0.212 T2ZIIB100 0.389 0.419 
T1ZIIC100 0.318 0.229 T2ZIIC100 0.420 0.434 
T1ZIID100 0.344 0.242 T2ZIID100 0.438 0.429 

T1ZIIB150 0.310 0.239 T2ZIIB150 0.450 0.315 
T1ZIIC150 0.386 0.224 T2ZIIC150 0.506 0.275 
T1ZIID150 0.387 0.216 T2ZIID150 0.505 0.274 

 

4.4 Summary 

The current chapter deals with assessing eighteen buildings discussed in the previous 

chapter. The assessment of these buildings is carried out based on LTHA for eleven 

ground motions (GMs). It is ideal to select ground motions representing the time 

history experienced by the building at its location. However, the study focuses on zone 

II, which is spread across a larger region, making it impossible to narrow down the 

selection to a few ground motions. Moreover, a limited number of Indian earthquakes 

have been recorded and are publicly available, so significant earthquakes occurring 

outside India, except for the Bhuj earthquake, were chosen for the study. As IS 1893 

does not provide detailed guidelines for spectral matching methods, the ASCE 7-16 

guidelines are used to modify the ground motions and make them compatible with 

the design acceleration spectrum of IS 1893. 

These modified ground motions are applied to the lateral direction of buildings at the 

foundation level. The response of the building is then evaluated using cracked section 

property, and three global parameters, namely base shear, displacements and inter-

storey drift ratio, and two local parameters for transfer columns, namely PMM 

capacity ratio and shear demand to capacity ratio, are considered as performance 

indicators of buildings with transfer beams. 

After studying several performance indicators, the following salient observations are 

made: 

a) The uniqueness of structural configuration and modification of GMs tailored 

to the natural periods of each building leads to a varied range of design as well 

as LTHA base shear. The base shear ratio of LTHA to RSA (design) was found 

to vary in the range of 0.57-1.19 and 0.53-1.32 for tower 1 and 2 buildings, 

respectively. However, cracked section property and partial safety factors used 
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in the assessment are believed to take care of the ill effects of increased LTHA 

base shear demand.  

b) The roof displacement for all the buildings is less, indicating that the general 

performance of buildings is well controlled. Further, similar maximum 

displacements of buildings with the same height indicate that podium 

configurations (type C and D) influence is negligible on LTHA displacements.  

c) IDR: 

a. The enormous stiffness of the structural wall configuration above the 

transfer storey and the massive proportions of transfer elements at lower 

levels can keep IDR value much lower than code specified limits. This 

was not captured in the displacement profile. Hence, IDR is a better 

indicator of measuring the effect of podium configuration.  

b. The continuation of more number of structural walls along the Y 

direction is further able to restrict the IDR profile of buildings along the 

Y direction compared to X. Hence, a continuation of a few vertical 

structural walls at strategic locations will help in improving the 

performance of buildings.  

c. Close observation of the IDR profile only at lower levels to compare IDR 

values of storeys near the vicinity of transfer storey (storey 4) to reveal 

the effects of podium configurations indicated that: 

i. For type B buildings, the maximum IDR demand is observed to 

be at one storey below the transfer storey, i.e. at storey 3. 

ii. Increased stiffness of the podium without retaining walls (type C) 

can reduce the difference in IDR of TB level (storey 4) and a level 

below (podium level = storey 3). Still, in most cases, the IDR 

demand at the podium level is higher than the IDR demand at the 

TB level. 

iii. This scenario changes for type D buildings where increased 

stiffness due to retaining wall is shifting maximum IDR demand 

to TB level (storey 4) for all buildings, except four buildings along 

the Y direction.  

iv. The amplitude of maximum IDR tends to reduce from 

configuration B to D.  

d) The PMM capacity ratio for all transfer columns is computed, and based on the 

suggested literature, it was observed that the demand from LTHA analysis is 

falling at the lower 1/3rd portion of the PMM curve; hence columns have the 

sufficient reserved capacity to take additional loads. Moreover, the failure of 

columns will be non-brittle in nature.  

e) Shear Demand to Capacity Ratio:  
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a. The shear demand to capacity ratio in transfer columns is found to reach 

up to 50%. Which indicates there is still reserved capacity is left.  

b. Podium configurations alter the shear demands; however, the variation 

is insignificant. 

Table 4.12: Summary of LTHA results 

Parameters Overall Effect of Podium 

Configurations 

Global Parameters: 

Base Shear No specific pattern - 

Displacements Overall displacements 

were less 

Negligible effect 

IDR Max. IDR did not cross 

1/5th of Code specified 

limit of  0.2% 

The Amplitude of IDR 

tends to reduce from 

configuration B to D 

Local parameters for Transfer columns: 

PMM capacity Ratio Demand from LTHA 

analysis is falling at the 

lower 1/3rd portion of the 

PMM curve 

- 

Shear demand to capacity 

ratio 

Reached up to 50% Not significant alteration  

 

… 
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Chapter 5. Summary, Conclusions and Future Work 

     

5.1 Summary 

The present research aimed to evaluate the effect of RC transfer beam on the seismic 

performance of tall residential buildings located in a low seismic zone (II) of India. 

The second aim of this study was to evaluate the advantage or disadvantages of 

constructing podiums in buildings under focus and propose guidelines that could be 

incorporated into IS 16700. To achieve these goals, eighteen buildings of height 60 to 

150m are designed and assessed using widely used finite element commercial 

software in the structural engineering community of India.  

The investigation results indicate that transfer beams essentially introduce mass and 

stiffness irregularities, which are difficult to alter since they are inherent in such 

buildings. Although stiffness and mass irregularities can be altered to a certain extent, 

complete elimination is impossible. Moreover, this configuration can also cause 

deviation in modal mass and modal period compared to an ideal regular building. 

While it is difficult to make a generalized statement about the relation between natural 

period and modal mass from the current study, it was found that the difference 

between the least lateral fundamental lateral period and torsion period tends to 

decrease with an increase in the height of the tower or attachment of podiums with 

retaining walls. Furthermore, most buildings in the current sample had 65% of modal 

mass participation in the first three modes, indicating the absence of irregular 

oscillation modes in the two principal plan directions. 

The study used the amplitude of roof displacements, maximum inter-storey drift 

ratios, and base shear values obtained from linear time history assessment was used 

as indicators of seismic performance. The roof displacements and maximum inter-

storey drifts were well within the limiting values prescribed by the code for irregular 

buildings. Furthermore, the base shear due to various ground motions increased by 

30% for a couple of buildings. Despite this variation in base shear, the buildings 

performed well. 

The performance of transfer columns supporting transfer beams was studied in detail 

by observing the PMM capacity ratio and shear demand to capacity ratio. The 

maximum PMM capacity ratio was found to be no not more than 0.30, and all the 

LTHA demands were found to be sitting on the lower one-third portion of the PMM 

curve. Another observation that emerged from this study is that the shear demand to 

capacity ratio reached about 0.5 for columns supporting the transfer. This finding 

suggests that shear force governs the fixing dimensions of columns. 
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The study could not meet the aim of developing a concise analysis and design 

provisions that can be directly incorporated into the IS 16700. The reason being even 

after getting qualified for several irregularities, the building performance was found 

to be satisfactory under LTHA; hence, the need to revise code defined limits got 

eliminated. Further, limited access to data of actual plans of such configuration and 

the amount of computation time that goes for analysis and design of buildings 

additional buildings were not added in this work.  

5.2 Significant Observations and Conclusions 

The following conclusions can be drawn from the present study: 

1) Analysis: 

a. Complete elimination of stiffness irregularity by bringing the stiffness 

difference between two consecutive floors to less than 30% is quite 

challenging. However, continuing a few structural walls other than the 

core walls down to the foundation level will be beneficial.  

b. The contribution of stiffness increase due to type C is relatively less. A 

significant increase in stiffness occurs when type D configuration is 

present. However, the percentage of increase in stiffness depends on the 

number and orientation of walls continuing from the top to the 

foundation.  

c. Mass irregularity occurs between level below TB level and TB level due 

to a large mass of TB level due to TB. If necessary, this irregularity can 

be eliminated by modelling podium configurations.  

2) LTHA behaviour: 

a. The increase in base shear demand due to LTHA did not cause any 

significant change in performance parameters such as displacements 

and IDR.  

b. Building displacements are minimal, and the effect of podium 

configurations on displacements is insignificant.  

c. IDR demands are also well within the code specified limits. Further, 

IDR can better capture the influence of podium configuration in a better 

manner. The amplitude of maximum IDR tends to reduce from 

configuration B to D.  

d. The transfer column PMM capacity ratios are in the interaction curve's 

lower third, indicating column failure's non-brittle nature. 

e. The effect of podium configurations on transfer column shear demand 

to capacity ratio is insignificant, and up to 50-60% of shear capacity is 

reserved for transfer columns.  

3) Design Provisions: 
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a. Even after qualifying for several irregularities, the building 

performance was satisfactory under LTHA, thus eliminating the need 

to revise the code limits for inter storey drift ratio.  

4) Other: 

a. Residential buildings with RC transfer beams can perform well in 

seismic zone II when all analysis and design criteria are properly 

followed. 

b. The impact of podium configurations (Type C and Type D) on the seismic 

resistance of buildings is negligible. Thus, architects and structural 

engineers can choose whether or not to include a separation joint based 

solely on functional and execution requirements. 

5.3 Significance of the findings 

1) The insights gained from this study could assist the Bureau of Indian Standards 

(BIS) and building approval body at the municipal/town level in improving 

building codes and bylaws, which permit the construction of residential 

buildings with floating members in seismic zone II. Further, allowing such 

buildings in the lower seismic zone will promote development in seismic zone 

II and prevent them from being built in higher seismic zones (III-V).  

2) The present study lays the groundwork for future research on assessing and 

retrofitting existing buildings with transfer stories located in zones III to V, 

which is a significant step toward building a seismically resilient city.  

3) The present study has advanced our understanding of infrastructure 

development while ensuring seismic safety, creating a new possibility for 

constructing buildings above railway stations located in seismic zone II across 

the country. These buildings can be used as railway passenger lounges, railway 

operation offices, railway booking counters and can be rented or sold as 

commercial space.  

5.4 Scope for future work 

The following are some potential areas for future research: 

 

1) Investigating the local behaviour of individual members and their interaction 

with each other should be a priority. This could involve experimental work to 

explore the stress and deformation within transfer beams, as well as the effect 

of the deformation of the transfer beam on the floating members and transfer 

columns and walls. Additionally, determining the values of cracked RC section 

properties for transfer elements would also be helpful. 
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2) Since the current study was limited to buildings in seismic zone II, future 

research could assess the performance of such buildings in seismic zone III to 

V. Additionally, the effect of vertical ground motion, which was not considered 

in zone II buildings, could be studied. 

3) The study could also be extended to include detailed information on existing 

building stock with transfer beams constructed for functional utility beyond 

residential purposes. More broadly, research is also needed to determine the 

performance of transfer elements made from steel and composite materials. 

 

… 
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Appendix A. Details of Analysis and Design of Tall Buildings 

A.1 Building Plans 

 
Figure A.1: Structural layout of transfer storey for Tower 1 



95 

 
Figure A.2: Structural layout and architectural plan of tower 1 
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Figure A.3: Typical floor layout of a numerical model showing location of structural walls and beam of tower 1 
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Figure A.4: Structural layout of transfer storey for Tower 2 

 
Figure A.5: Structural layout and architectural plan of tower 2 

 
Figure A.6: Typical floor layout of a numerical model showing location of structural walls and beam of tower 2 
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A.2 Element sizes 

Table A.1: Story wise Beam sizes in all buildings 

Model ID 
Storey 

1 to 3 4 5 and above 

T1ZIIB60 

B230x350 B230x350 B230x350 

FB375x700 TGP600x1400  
FB450x700 TGP750x1400  

 TGP800x2100  

 TGS 300x400  

 TGS2 600x1100  

T1ZIIC60 

B230x350 B230x350 B230x350 

FB375x700 TGP600x1400  
FB450x700 TGP750x1400  

 TGP800x2100  

 TGS 300x400  

 TGS2 600x1100  

T1ZIID60 

B230x350 B230x350 B230x350 

FB375x700 TGP600x1400  
FB450x700 TGP750x1400  

 TGP800x2100  

 TGS 300x400  

 TGS2 600x1100  

T1ZIIB100 

B230x350 B230x350 B230x350 

FB375x700 TGP600x1400  

 
TGP750x1400  

 
TGP800x2100  

 
TGS 300x400  

 

TGS2 600x1100 
 

T1ZIIC100 

B230x350 B230x350 B230x350 

B250x350 B250x350 B250x350 

FB375x700 TGP600x1400  

 
TGP750x1400  

 TGP800x2100  

 
TGS 300x400  

 

TGS2 600x1100 
 

T1ZIID100 

B230x350 B230x350 B230x350 

B250x350 B250x350 B250x350 

FB375x700 TGP600x1400  
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Model ID 
Storey 

1 to 3 4 5 and above 

 
TGP750x1400  

 TGP800x2100  

 
TGS 300x400  

 

TGS2 600x1100 
 

T1ZIIB150 

B230x350 B230x350 B230x350 

FB375x700 TGP750x1400  

 
TGP800x1600  

 
TGP900x2300  

 
TGS 400x500  

 

TGS2 750x1300 
 

T1ZIIC150 

B230x350 B230x350 B230x350 

B250x350 B250x350 B250x350 

FB375x700 TGP750x1400  

 
TGP800x1600  

 
TGP900x2300  

 
TGS 400x500  

 

TGS2 750x1300 
 

T1ZIID150 

B230x350 B230x350 B230x350 

B250x350 B250x350 B250x350 

FB375x700 TGP750x1400  

 
TGP800x1600  

 TGP900x2300  

 
TGS 400x500  

 

 

TGS2 750x1300 
 

T2ZIIB60 

B230x350 B230x350 B230x350 

B250x350 B250x350 B250x350 

FB375x600 TGP1000x2000  
FB375x700 TGP1000x2200  
FB400x750 TGP750x1200  
FB400x800 TGP800x1400  

 
TGP800x1600  

 
TGP900x1900  

 
TGP900x2100  

 
TGS 350x450  

 
TGS2 750x900  

T2ZIIC60 B230x350 B230x350 B230x350 
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Model ID 
Storey 

1 to 3 4 5 and above 

B250x350 B250x350 B250x350 

B250x400 B250x400 B250x400 

FB375x600 TGP1000x2000  
FB375x700 TGP1000x2200  
FB400x750 TGP750x1200  

 TGP800x1400  

 
TGP800x1600  

 TGP900x1900  

 
TGP900x2100  

 TGS 350x450  

 
TGS2 750x900  

T2ZIID60 

B230x350 B230x350 B230x350 

B250x350 B250x350 B250x350 

B250x400 B250x400 B250x400 

FB375x600 TGP1000x2000  
FB375x700 TGP1000x2200  
FB400x750 TGP750x1200  

 TGP800x1400  

 TGP800x1600  

 TGP900x1900  

 TGP900x2100  

 TGS 350x450  

 TGS2 750x900  

T2ZIIB100 

B230x350 B230x350 B230x350 

B250x350 B250x350 B250x350 

FB375x600 TGP1000x1800  
FB375x700 TGP1000x2000  

 
TGP1000x2400  

 
TGP750x1000  

 
TGP800x1200  

 
TGP800x1400  

 
TGP900x1700  

 
TGP900x1900  

 
TGS 350x450  

 
TGS2 400x850  

 
TGS2 750x800  

T2ZIIC100 

B230x350 B230x350 B230x350 

B250x350 B250x350 B250x350 

FB375x600 TGP1000x1800 
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Model ID 
Storey 

1 to 3 4 5 and above 

FB375x700 TGP1000x2000 
 

 

TGP1000x2400 
 

 
TGP750x1000  

 TGP800x1200  

 
TGP800x1400  

 TGP900x1700  

 
TGP900x1900  

 TGS 350x450  

 

TGS2 750x800 
 

T2ZIID100 

B230x350 B230x350 B230x350 

B250x350 B250x350 B250x350 

FB375x600 TGP1000x1800  
FB375x700 TGP1000x2000  

 
TGP1000x2400  

 
TGP750x1000  

 
TGP800x1200  

 
TGP800x1400  

 
TGP900x1700  

 
TGP900x1900  

 
TGS 350x450  

 

TGS2 750x800 
 

T2ZIIB150 

B230x350 B230x350 B230x350 

B250x350 B250x350 B250x350 

FB375x600 TGP1000x2200  
FB375x700 TGP1000x2400  

 
TGP1300x2800  

 
TGP750x1400  

 
TGP800x1400  

 
TGP800x1600  

 
TGP900x1700  

 
TGP900x2100  

 
TGP900x2300  

 
TGS 350x500  

 
TGS 400x500  

 
TGS2 400x850  

 
TGS2 750x1100  
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Model ID 
Storey 

1 to 3 4 5 and above 

T2ZIIC150 

B230x350 B230x350 B230x350 

B250x350 B250x350 B250x350 

FB375x600 TGP1000x2200  
FB375x700 TGP1000x2400  

 
TGP1100x2300  

 
TGP750x1400  

 
TGP750x1500  

 
TGP800x1500  

 
TGP800x1600  

 
TGP900x1700  

 
TGP900x2100  

 
TGP900x2200  

 
TGP900x2300  

 
TGS 350x500  

 
TGS2 750x1100  

T2ZIID150 

B230x350 B230x350 B230x350 

B250x350 B250x350 B250x350 

FB375x600 TGP1000x2200  
FB375x700 TGP1000x2400  
FB375x600 TGP1100x2300  
FB375x700 TGP750x1400  

 
TGP800x1600  

 
TGP900x1700  

 
TGP900x2100  

 TGP900x2300  

 
TGS 350x500  

 TGS2 750x1100  
Note: 

1. All dimensions are in mm  
2. FB: Floor Beam; B=Beam; TGP = Transfer Girder Primary; TGS = Transfer Girder 

Secondary; 
3. E.g. FB375600 indicates Floor beam of size 375mm width and 600mm depth 

    
Table A.2: Structural walls thickness 

Model ID Storey Wall thickness (mm) 

T1ZIIB60 

1 to 4 160, 225, 250, 800 

5 to 7  160, 200, 250, 350 

8 & beyond  160 

T1ZIIC60 1 to 4 160, 225, 250, 300, 800 
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Model ID Storey Wall thickness (mm) 

5 to 7  160, 200, 250, 300, 400 

8 & beyond  160 

T1ZIID60 

1 to 4 160, 225, 250, 800 

5 to 7  160, 200, 250, 350 

8 & beyond  160 

T1ZIIB100 

1 to 4 160, 200, 225, 250, 800 

5 to 11 160, 200, 225, 250, 300, 400, 500 

11 & beyond  160 

T1ZIIC100 

1 to 4 160, 225, 250, 300,  800 

5 to 10 160, 200, 250, 300, 400, 500 

10 & beyond  160 

T1ZIID100 

1 to 4 160, 225, 250, 300, 800 

5 to 10 160, 200, 250, 300, 400, 500 

10 & beyond  160 

T1ZIIB150 

1 to 4 225, 300, 350, 450, 500, 550, 800, 1000,1200 

5 to 13 
160, 180, 200, 225, 250, 275, 300, 400, 450, 500, 550, 600, 650, 

700, 800, 850, 900 

14 & beyond  160 

T1ZIIC150 

1 to 4 225, 300, 350, 450, 550, 800,1000 

5 to 13 
160, 180, 200, 225, 250, 300, 350, 400, 450, 500, 550, 600, 700, 

800, 850, 900 

14 & beyond  160 

T1ZIID150 

1 to 4 225, 300, 350, 500, 550, 800, 1000, 1200 

5 to 13 
160, 180, 200, 225, 250, 275, 300, 350, 400, 450, 500, 550, 600, 

650, 700, 800, 850, 900 

14 & beyond  160 

 

A.3 Modal Analysis Results 

Table A.3: Modal Analysis results for T1ZIIB60 

Mode  X 
Period 

Modal Mass 
(%) 

Y 
Period 

Modal Mass 
(%) 

T 
Period 

Modal 
Mass 
(%) 

1 X1 1.072 65.66 Y1 0.691 60.08 T1 0.759 72.85 
2 X2 0.355 21.90 Y2 0.200 26.97 T2 0.287 16.09 
3 X3 0.158 02.44 Y3 0.097 02.34 T3 0 0 
4 X4 0.098 00.53 Y4 0.083 01.31 T4 0 0 
5 X5 0.077 04.58 Y5 0.058 02.67 T5 0 0 
6 X6 0.040 03.16 Y6 0.047 03.62 T6 0 0 

  Total 98.27   96.99   88.94 
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Table A.4: Modal Analysis results for T1ZIIC60 

Mode  X 
Period 

Modal Mass 
(%) 

Y 
Period 

Modal Mass 
(%) 

T 
Period 

Modal 
Mass 
(%) 

1 X1 1.050 46.21 Y1 0.685 42.34 T1 0.709 36.32 
2 X2 0.182 09.04 Y2 0.214 37.24 T2 0.374 24.19 
3 X3 0.121 05.69 Y3 0.120 10.33 T3 0.356 19.19 
4 X4 0.085 03.13 Y4 0.087 02.59 T4 0.169 8.22 
5 X5 0.065 02.48 Y5 0.073 02.06 T5 0 0 
6 X6 0.039 01.61 Y6 0.060 02.53 T6 0 0 
7 X7 0.000 00.00 Y7 0.046 01.50 T7 0 0 
8 X8 0.000 00.00 Y8 0.023 01.05 T8 0 0 

  Total 96.41   97.80   88.93 

 

Table A.5: Modal Analysis results for T1ZIID60 

Mode  X 
Period 

Modal Mass 
(%) 

Y 
Period 

Modal Mass 
(%) 

T 
Period 

Modal 
Mass 
(%) 

1 X1 0.985 35.79 Y1 0.663 35.63 T1 0.625 11.86 
2 X2 0.278 19.03 Y2 0.178 24.32 T2 0.182 6.75 
3 X3 0.144 09.03 Y3 0.094 13.29 T3 0.140 0.05 
4 X4 0.092 17.77 Y4 0.069 15.71 T4 0 0 
5 X5 0.080 05.49 Y5 0.039 03.98 T5 0 0 
6 X6 0.056 02.78 Y6 0.021 02.50 T6 0 0 
7 X7 0.051 02.57 Y7 0 0 T7 0 0 
8 X8 0.033 04.70 Y8 0 0 T8 0 0 

  Total 97.16   95.43   18.66 

 

Table A.6: Modal Analysis results for T1ZIIB100 

Mode  X 
Period 

Modal Mass 
(%) 

Y 
Period 

Modal Mass 
(%) 

T 
Period 

Modal 
Mass 
(%) 

1 X1 2.101 62.08 Y1 1.534 57.85 T1 1.435 63.04 
2 X2 0.569 22.36 Y2 0.346 23.86 T2 0.441 26.26 
3 X3 0.290 07.31 Y3 0.167 09.45 T3 0.209 03.22 
4 X4 0.172 01.41 Y4 0.103 01.93 T4 0 0 
5 X5 0.111 00.66 Y5 0.066 01.12 T5 0 0 
6 X6 0.072 02.96 Y6 0.048 03.27 T6 0 0 
7 X7 0.038 02.05 Y7 0.025 01.63 T7 0 0 

  Total 98.83   99.11   92.52 
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Table A.7: Modal Analysis results for T1ZIIC100 

Mode  X 
Period 

Modal Mass 
(%) 

Y 
Period 

Modal Mass 
(%) 

T 
Period 

Modal 
Mass 
(%) 

1 X1 2.085 46.54 Y1 1.529 43.32 T1 1.391 24.28 
2 X2 0.562 22.83 Y2 0.346 23.49 T2 0.447 44.71 
3 X3 0.304 13.68 Y3 0.178 18.32 T3 0.265 14.28 
4 X4 0.186 04.81 Y4 0.118 06.36 T4 0 0 
5 X5 0.130 04.69 Y5 0.089 02.21 T5 0 0 
6 X6 0.091 03.17 Y6 0.072 02.20 T6 0 0 
7 X7 0.055 02.23 Y7 0.053 01.83 T7 0 0 

  Total 97.95   97.73   83.27 

 

Table A.8: Modal Analysis results for T1ZIID100 

Mode  X 
Period 

Modal Mass 
(%) 

Y 
Period 

Modal Mass 
(%) 

T 
Period 

Modal 
Mass 
(%) 

1 X1 2.037 42.69 Y1 1.512 41.18 T1 1.345 17.51 
2 X2 0.508 14.52 Y2 0.328 17.50 T2 0.325 06.94 
3 X3 0.249 09.75 Y3 0.155 12.34 T3 0.132 03.36 
4 X4 0.160 05.77 Y4 0.101 07.71 T4 0 0 
5 X5 0.107 05.98 Y5 0.073 10.10 T5 0 0 
6 X6 0.083 13.50 Y6 0.063 05.11 T6 0 0 
7 X7 0.040 04.21 Y7 0.049 02.31 T7 0 0 
8 X8 0 0 Y8 0.028 02.38 T8 0 0 

  Total 96.42   98.63   27.81 

 

Table A.9: Modal Analysis results for T1ZIIB150 

Mode  X 
Period 

Modal Mass 
(%) 

Y 
Period 

Modal Mass 
(%) 

T 
Period 

Modal 
Mass 
(%) 

1 X1 3.161 56.90 Y1 2.442 53.42 T1 2.101 53.09 
2 X2 0.804 16.86 Y2 0.536 19.17 T2 0.534 20.72 
3 X3 0.376 10.15 Y3 0.234 10.85 T3 0.148 09.55 
4 X4 0.239 06.75 Y4 0.143 06.66 T4 0 0 
5 X5 0.163 02.78 Y5 0.097 03.64 T5 0 0 
6 X6 0.067 03.49 Y6 0.043 03.93 T6 0 0 

  Total 96.93   97.67   83.36 
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Table A.10: Modal Analysis results for T1ZIIC150 

Mode  X 
Period 

Modal Mass 
(%) 

Y 
Period 

Modal Mass 
(%) 

T 
Period 

Modal 
Mass 
(%) 

1 X1 3.175 46.04 Y1 2.460 43.3 T1 2.072 24.16 
2 X2 0.810 14.43 Y2 0.541 16.72 T2 0.532 15.15 
3 X3 0.384 11.17 Y3 0.240 12.99 T3 0.290 33.88 
4 X4 0.252 10.41 Y4 0.154 11.92 T4 0 0 
5 X5 0.180 04.58 Y5 0.111 05.24 T5 0 0 
6 X6 0.130 02.45 Y6 0.077 04.56 T6 0 0 
7 X7 0.093 04.93 Y7 0.045 03.84 T7 0 0 
8 X8 0.055 04.18 Y8 0 0 T8 0 0 

  Total 98.19   98.57   73.19 

 

Table A.11: Modal Analysis results for T1ZIID150 

Mode  X 
Period 

Modal Mass 
(%) 

Y 
Period 

Modal Mass 
(%) 

T 
Period 

Modal 
Mass 
(%) 

1 X1 3.157 44.01 Y1 2.452 41.67 T1 2.053 19.96 
2 X2 0.794 12.21 Y2 0.534 14.78 T2 0.507 06.35 
3 X3 0.366 06.97 Y3 0.231 09.07 T3 0.231 03.35 
4 X4 0.228 05.50 Y4 0.142 08.52 T4 0 0 
5 X5 0.164 05.47 Y5 0.103 05.78 T5 0 0 
6 X6 0.124 02.82 Y6 0.060 05.38 T6 0 0 
7 X7 0.095 02.18 Y7 0.048 07.35 T7 0 0 
8 X8 0.065 10.36 Y8 0 0 T8 0 0 

  Total 89.52   92.55   29.66 

 

Table A.12: Modal Analysis results for T2ZIIB60 

Mode  X 
Period 

Modal Mass 
(%) 

Y 
Period 

Modal Mass 
(%) 

T 
Period 

Modal 
Mass 
(%) 

1 X1 1.045 65.22 Y1 0.665 62.18 T1 0.675 65.65 
2 X2 0.352 22.85 Y2 0.211 25.61 T2 0.276 04.43 
3 X3 0.080 03.61 Y3 0.096 02.68 T3 0.238 10.60 
4 X4 0.049 04.13 Y4 0.060 03.27 T4 0 0 

  Total 95.81   93.74   80.68 
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Table A.13: Modal Analysis results for T2ZIIC60 

Mode  X 
Period 

Modal Mass 
(%) 

Y 
Period 

Modal Mass 
(%) 

T 
Period 

Modal 
Mass 
(%) 

1 X1 1.033 50.76 Y1 0.662 47.99 T1 0.660 38.10 
2 X2 0.360 28.23 Y2 0.221 32.11 T2 0.286 35.30 
3 X3 0.172 07.13 Y3 0.120 05.71 T3 0.253 04.30 
4 X4 0.115 06.01 Y4 0.070 06.41 T4 0.142 06.62 
5 X5 0.073 04.32 Y5 0.040 02.56 T5 0 0 
6 X6 0.042 02.55 Y6 0 0 T6 0 0 

  Total 99.00   94.78   84.32 

 

Table A.14: Modal Analysis results for T2ZIID60 

Mode  X 
Period 

Modal Mass 
(%) 

Y 
Period 

Modal Mass 
(%) 

T 
Period 

Modal 
Mass 
(%) 

1 X1 0.929 39.89 Y1 0.613 42.51 T1 0.582 22.82 
2 X2 0.278 22.35 Y2 0.191 26.90 T2 0.175 15.34 
3 X3 0.144 06.99 Y3 0.098 07.90 T3 0 0 
4 X4 0.084 10.76 Y4 0.063 11.48 T4 0 0 
5 X5 0.067 10.48 Y5 0.033 05.02 T5 0 0 
6 X6 0.037 07.59 Y6 0 0 T6 0 0 

  Total 98.06   93.81   38.16 

 

Table A.15: Modal Analysis results for T2ZIIB100 

Mode  X 
Period 

Modal Mass 
(%) 

Y 
Period 

Modal Mass 
(%) 

T 
Period 

Modal 
Mass 
(%) 

1 X1 2.097 62.22 Y1 1.501 58.02 T1 1.460 58.79 
2 X2 0.570 22.29 Y2 0.353 25.04 T2 0.379 26.36 
3 X3 0.290 07.28 Y3 0.172 06.84 T3 0 0 
4 X4 0.172 01.13 Y4 0.102 01.79 T4 0 0 
5 X5 0.106 00.86 Y5 0.049 04.86 T5 0 0 
6 X6 0.060 04.27 Y6 0 0 T6 0 0 

  Total 98.05   96.55   85.15 
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Table A.16: Modal Analysis results for T2ZIIC100 

Mode  X 
Period 

Modal Mass 
(%) 

Y 
Period 

Modal Mass 
(%) 

T 
Period 

Modal 
Mass 
(%) 

1 X1 2.083 50.68 Y1 1.489 47.18 T1 1.439 34.03 
2 X2 0.568 22.56 Y2 0.353 25.14 T2 0.379 32.52 
3 X3 0.299 11.22 Y3 0.180 13.33 T3 0.238 03.13 
4 X4 0.181 03.69 Y4 0.117 04.17 T4 0.235 08.70 
5 X5 0.128 03.28 Y5 0.079 04.32 T5 0 0 
6 X6 0.102 03.42 Y6 0.050 03.42 T6 0 0 
7 X7 0.058 03.59 Y7 0 0 T7 0 0 

  Total 98.44   97.56   78.38 

 

Table A.17: Modal Analysis results for T2ZIID100 

Mode  X 
Period 

Modal Mass 
(%) 

Y 
Period 

Modal Mass 
(%) 

T 
Period 

Modal 
Mass 
(%) 

1 X1 1.900 44.81 Y1 1.390 43.78 T1 1.324 27.49 
2 X2 0.487 15.60 Y2 0.327 20.70 T2 0.313 11.97 
3 X3 0.237 10.29 Y3 0.161 12.50 T3 0 0 
4 X4 0.157 04.85 Y4 0.105 03.58 T4 0 0 
5 X5 0.108 01.50 Y5 0.047 05.94 T5 0 0 
6 X6 0.076 12.20 Y6 0 0 T6 0 0 

  Total 89.25   86.50   39.46 

 

Table A.18: Modal Analysis results for T2ZIIB150 

Mode  X 
Period 

Modal Mass 
(%) 

Y 
Period 

Modal Mass 
(%) 

T 
Period 

Modal 
Mass 
(%) 

1 X1 3.326 60.27 Y1 2.625 56.93 T1 2.457 56.78 
2 X2 0.853 17.70 Y2 0.577 10.52 T2 0.577 10.87 
3 X3 0.411 10.08 Y3 0.256 10.81 T3 0.273 10.99 
4 X4 0.265 04.93 Y4 0.158 05.35 T4 0 0 
5 X5 0.182 01.43 Y5 0.109 01.73 T5 0 0 
6 X6 0.129 00.53 Y6 0.073 00.93 T6 0 0 
7 X7 0.079 00.86 Y7 0.039 03.29 T7 0 0 
8 X8 0.046 02.88 Y8 0 0 T8 0 0 

  Total 98.68   89.56   78.64 
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Table A.19: Modal Analysis results for T2ZIIC150 

Mode  X 
Period 

Modal Mass 
(%) 

Y 
Period 

Modal Mass 
(%) 

T 
Period 

Modal 
Mass 
(%) 

1 X1 3.340 52.05 Y1 2.630 49.01 T1 2.457 37.00 
2 X2 0.857 16.04 Y2 0.577 18.17 T2 0.573 16.44 
3 X3 0.413 11.20 Y3 0.257 12.42 T3 0.278 21.19 
4 X4 0.269 07.29 Y4 0.159 08.80 T4 0 0 
5 X5 0.189 02.85 Y5 0.114 03.60 T5 0 0 
6 X6 0.133 02.02 Y6 0.075 03.36 T6 0 0 
7 X7 0.096 03.92 Y7 0.047 03.63 T7 0 0 
8 X8 0.052 03.31 Y8 0 0 T8 0 0 

  Total 98.68   98.99   74.63 

 

Table A.20: Modal Analysis results for T2ZIID150 

Mode  X 
Period 

Modal Mass 
(%) 

Y 
Period 

Modal Mass 
(%) 

T 
Period 

Modal 
Mass 
(%) 

1 X1 3.140 47.63 Y1 2.441 45.09 T1 2.287 31.87 
2 X2 0.796 13.16 Y2 0.538 16.27 T2 0.524 10.85 
3 X3 0.369 07.51 Y3 0.147 08.45 T3 0.229 06.10 
4 X4 0.232 06.48 Y4 0.102 04.74 T4 0 0 
5 X5 0.166 04.83 Y5 0.064 06.65 T5 0 0 
6 X6 0.122 02.41 Y6 0.040 06.46 T6 0 0 
7 X7 0.076 05.14 Y7 0 0 T7 0 0 
8 X8 0.047 10.11 Y8 0 0 T8 0 0 

  Total 97.27   87.66   48.82 
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Appendix B. LTHA Results 

B.1 Storey Shear 

 
Figure B.1: LTHA Storey Shear of T1_60s 
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Figure B.2: LTHA Storey Shear of T1_100s 
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Figure B.3: LTHA Storey Shear of T1_150s 

 
Figure B.4: LTHA Storey Shear of T2_60s 
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Figure B.5: LTHA Storey Shear of T2_100s 

 
Figure B.6: LTHA Storey Shear of T2_150s 
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B.2 Displacements 

 
Figure B.7: LTHA Displacements of T1_60s 
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Figure B.8: LTHA Displacements of T1_100s 

 
Figure B.9: LTHA Displacements of T1_150s 
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Figure B.10: LTHA Displacements of T2_60s 

 
Figure B.11: LTHA Displacements of T2_100s 
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Figure B.12: LTHA Displacements of T2_100s 

B.3 Building Drift 

The building drifts in percentage are computed using equation B.1, and computed 

values are given in Table B.1. 

𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔 𝐷𝑟𝑖𝑓𝑡 (%) = 100
𝑅𝑜𝑜𝑓 𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 

𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔 𝐻𝑒𝑖𝑔ℎ𝑡
= 100

𝛥𝑟𝑜𝑜𝑓

𝐻
 B.1 

Table B.1: Maximum LTHA Building Drift (%)  

Model ID 
LTHA Building Drift (%) 

Model ID 
LTHA Building Drift (%) 

X Max Y Max X Max Y Max 

T1ZIIB60 0.0204 0.0123 T2ZIIB60 0.0205 0.0125 
T1ZIIC60 0.0225 0.0143 T2ZIIC60 0.0218 0.0128 
T1ZIID60 0.0189 0.0129 T2ZIID60 0.0182 0.0131 

T1ZIIB100 0.0205 0.0165 T2ZIIB100 0.0233 0.0196 
T1ZIIC100 0.0253 0.0199 T2ZIIC100 0.0219 0.0168 
T1ZIID100 0.0264 0.0171 T2ZIID100 0.0225 0.0163 

T1ZIIB150 0.0265 0.0204 T2ZIIB150 0.0277 0.0222 
T1ZIIC150 0.0413 0.0263 T2ZIIC150 0.0376 0.0288 
T1ZIID150 0.0264 0.0205 T2ZIID150 0.0271 0.0180 
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B.4 Inter-storey Drift 

 
Figure B.13: LTHA IDR of T1_60s 

 
Figure B.14: LTHA IDR of T1_100s 
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Figure B.15: LTHA IDR of T1_150s 

 
Figure B.16: LTHA IDR of T2_60s 
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Figure B.17: LTHA IDR of T2_100s 

 
Figure B.18: LTHA IDR of T2_150s 
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Figure B.19: LTHA IDR of T1_60s at lower levels 

 
Figure B.20: LTHA IDR of T1_100s at lower levels 



122 

 
Figure B.21: LTHA IDR of T1_150s at lower levels 

 

 
Figure B.22: LTHA IDR of T2_60s at lower levels 
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Figure B.23: LTHA IDR of T2_100s at lower levels 

 

 
Figure B.24: LTHA IDR of T2_150s at lower levels 


