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Abstract

The increasing trend of urbanization and limited availability of land have accelerated the construction of high-rise reinforced
concrete (RCC) buildings. As building height increases, the influence of lateral forces such as wind and seismic loads
becomes more critical, necessitating the adoption of efficient structural systems to ensure stability, safety, and serviceability.
The selection of an appropriate lateral load-resisting system plays a vital role in controlling structural response and improving
overall performance of tall buildings.

This study presents a comparative analysis of various structural systems, namely Moment Resisting Frame (MRF), Shear
Wall System, Bracing System, and Outrigger Belt Truss System, for high-rise RCC buildings. Four building configurations
with heights of G+20, G+30, G+40, and G+50 storeys were modelled and analysed using ETABS software. The models were
developed with identical plan dimensions, material properties, and loading conditions to ensure a consistent basis for
comparison. Seismic analysis was carried out in accordance with relevant Indian Standard provisions.

The structural performance of each system was evaluated based on key parameters such as base shear, storey displacement,
storey drift, fundamental time period, and overall stiffness. The comparative assessment highlights the effectiveness of
different lateral load-resisting systems in controlling seismic response as building height increases. The results indicate
significant variations in structural behaviour depending on the adopted system, with certain configurations demonstrating
superior stiffness and reduced lateral displacement.

The findings of this study provide valuable insights into the selection of suitable structural systems for high-rise RCC
buildings, contributing to safer, more economical, and efficient structural design practices in seismic regions.

Keywords: High-Rise RCC Buildings, Structural Systems, Moment Resisting Frame (MRF), Shear Wall, Bracing System,
Outrigger Belt Truss System, Seismic Analysis, ETABS, Storey Drift, Base Shear, Lateral Load Resistance.

I. Introduction

Rapid urbanization and increasing population density have significantly accelerated the construction of high-rise buildings
worldwide. Reinforced Concrete (RCC) remains one of the most widely adopted construction materials for tall structures due
to its durability, economy, and ease of construction. However, as building height increases, the influence of lateral loads such
as earthquakes and wind forces becomes more critical, making the selection of an efficient structural system essential for
ensuring safety, stability, and serviceability.

The structural response of high-rise buildings is primarily governed by lateral stiffness, strength, and ductility. Conventional
Moment Resisting Frame (MRF) systems provide satisfactory performance for low- and medium-rise buildings but become
less effective in controlling lateral displacement and storey drift in taller structures. To overcome these limitations, several
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advanced lateral load-resisting systems, including Shear Wall Systems, Bracing Systems, and Outrigger Belt Truss Systems,
have been developed and widely implemented in modern high-rise construction.

Shear walls enhance the stiffness of buildings and effectively reduce lateral displacement under seismic loading. Bracing
systems improve structural performance by transferring lateral forces through axial action, resulting in increased strength and
reduced drift. Outrigger belt truss systems connect the central core with perimeter columns, significantly improving the
overall stiffness and stability of tall buildings. The effectiveness of these systems varies depending on building height,
geometry, and loading conditions, necessitating a comparative evaluation to determine the most suitable structural
configuration.

With the advancement of structural analysis software, the behaviour of high-rise buildings can be accurately assessed using
numerical modelling techniques. ETABS is one of the most widely used software packages for the analysis and design of
multi-storey structures due to its capability to perform detailed seismic and modal analyses. Parameters such as base shear,
roof displacement, storey drift, stiffness, and natural time period provide important indicators for evaluating structural
performance under seismic excitation.

The present study aims to compare the seismic performance of four lateral load-resisting systems, namely Moment Resisting
Frame, Shear Wall, Bracing, and Outrigger Belt Truss Systems, for G+20, G+30, G+40, and G+50 storey RCC buildings
using ETABS. Response Spectrum Analysis and Modal Analysis are carried out in accordance with relevant Indian Standard
provisions. The comparative assessment is based on key performance parameters including base shear, roof displacement,
storey drift, stiffness, fundamental time period, and modal behaviour. The outcomes of this study are expected to assist
structural engineers in selecting efficient and economical structural systems for high-rise RCC buildings in seismic regions.
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Figure 1: Typical structural systems considered in the study: (a) Moment Resisting Frame (MRF) (b) Shear Wall
System (c) Bracing System (d) Outrigger Belt Truss System

1.2. Research Objectives and Scope

The primary objective of this study is to evaluate the seismic performance of high-rise RCC buildings with different lateral
load-resisting systems using ETABS. Four building configurations, namely G+20, G+30, G+40, and G+50 storeys, are
considered for analysis. The specific objectives of the study are:

e To analyse the seismic response of high-rise RCC buildings in terms of base shear, roof displacement, storey drift,
stiffness, and fundamental time period.

e To compare the performance of Moment Resisting Frame (MRF), Shear Wall System, Bracing System, and
Outrigger Belt Truss System under seismic loading.

e To investigate the modal characteristics and mode shape behaviour of different structural systems for varying
building heights.
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This study focuses on Response Spectrum Analysis and Modal Analysis of RCC buildings modelled in ETABS. The
comparative evaluation aims to identify the most efficient structural system in terms of strength, stiffness, stability, and
displacement control. The findings are expected to provide practical guidance for the selection of suitable lateral load-
resisting systems for high-rise RCC buildings located in seismic regions.

II. Literature Review

Several researchers have investigated the seismic performance of high-rise buildings using different lateral load-resisting
systems. Dhruv Kumar Biswas et al. (2025) compared framed structures, framed tubes, braced tubes, diagrids, tube-in-tube
systems, shear wall-frame systems, and outrigger systems for 31- and 62-storey buildings. Their study reported that diagrid
and tube-in-tube systems exhibited lower natural periods, indicating higher stiffness, while shear wall-frame and framed tube
systems provided balanced seismic performance.

Azam et al. (2024) evaluated RCC and steel—concrete composite frame systems through nonlinear time-history analysis. The
results showed that composite structures reduced structural weight and seismic demand while maintaining acceptable drift
limits and improved ductility. Similarly, Smita Sambhaji Patil (2021) reported that moment-resisting frames are suitable for
low- to medium-rise buildings, whereas shear wall and outrigger systems provide better performance for taller structures.

Hussain Ahmad Hasrat (2021) compared shear wall, outrigger, braced frame, diagrid, and framed tube systems for buildings
ranging from 30 to 60 storeys. The study concluded that shear walls are more effective for medium-height buildings, whereas
framed tube systems become increasingly efficient for taller structures. Ruofan Luo et al. (2020) also observed that frame—
shear wall systems provide a balanced combination of stiffness and energy dissipation compared with conventional frame and
shear wall systems.

Mukesh Sharma et al. (2018) investigated the effect of shear walls on RCC buildings and found significant reductions in
displacement and storey drift compared with buildings without shear walls. Diviya M.S. et al. (2017) demonstrated that
diagrid and hexagrid systems outperform conventional frames in terms of displacement control, drift reduction, and natural
time period.

Rasool Owais et al. (2016) compared moment-resisting frames, shear wall systems, and braced frames under seismic loading.
Their findings indicated that shear walls provide superior lateral stiffness, while bracing systems efficiently control internal
forces and improve overall stability. Gadkari and Gore (2016) further highlighted the effectiveness of outrigger and belt-truss
systems, reporting substantial reductions in lateral displacement and storey drift through optimal outrigger placement.

Kyoung Sun Moon (2014) investigated the structural efficiency of braced tube, diagrid, and outrigger systems for tall
buildings and concluded that braced tube and diagrid systems offer excellent stiffness and material efficiency. G.V.S. et al.
(2013) compared OMRF and SMRF systems and observed that SMRF structures exhibit lower storey drift and enhanced
seismic resistance, making them more suitable for earthquake-prone regions.

II1. Proposed Research Methodology

The methodology adopted in this study consists of modelling and analysing high-rise RCC buildings with different lateral
load-resisting systems using ETABS software. Four building heights, namely G+20, G+30, G+40, and G+50 storeys, were
considered to evaluate the influence of structural height on seismic performance.

Four structural systems were investigated:

Moment Resisting Frame (MRF)
Shear Wall System

Bracing System

Outrigger Belt Truss System
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Figure 3.1. Methodology adopted for comparative seismic analysis of high-rise RCC buildings.
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3.1 Analysis Procedure

The analysis procedure adopted in the present study is illustrated in Figure 3.1. Initially, four high-rise RCC building models
(G+20, G+30, G+40, and G+50) were developed in ETABS. Each building was analysed using four different lateral load-
resisting systems, namely Moment Resisting Frame, Shear Wall, Bracing, and Outrigger Belt Truss systems. Response
Spectrum Analysis and Modal Analysis were subsequently carried out to determine seismic response parameters and modal
characteristics. The obtained results were compared to evaluate the efficiency of each structural system and identify the most
suitable configuration for high-rise RCC buildings.

IV. Building Modelling and Analysis
4.1 Building Description

In the present study, four reinforced concrete (RCC) building models having heights of G+20, G+30, G+40, and G+50
storeys were developed and analysed using ETABS V22. Four different lateral load-resisting systems, namely Moment
Resisting Frame (MRF), Shear Wall (SW), Braced Frame (BF), and Outrigger Belt Truss (OT) systems, were considered for
evaluating their seismic performance.

All models were developed with identical plan geometry, material properties, loading conditions, and boundary conditions to
ensure a uniform basis for comparison. Seismic analysis was carried out for Zone V in accordance with IS 1893 (Part 1):
2016.

Table 1. Structural Parameters Adopted in the Study

Parameter Value
Building Heights G+20, G+30, G+40, G+50
Seismic Zone \Y
Concrete Grade M40
Steel Grade Fe550
Response Reduction Factor (R) 5
Slab Thickness 125 mm
Live Load 3 kN/m?
Floor Finish Load 1 kN/m?
Bay Spacing 4 m
Bays in X-Direction 8
Bays in Y-Direction 6
Bracing Section ISA 150x150%12 mm
Bracing Steel Grade Fe345

4.2 Structural Systems Considered
Four structural systems were investigated:

1. Moment Resisting Frame (MRF) — Conventional frame system resisting lateral loads through beam-column
action.

2. Shear Wall System (SW) — RCC shear walls provided to enhance lateral stiffness and strength.

Braced Frame System (BF) — Steel cross-bracing introduced to improve lateral load resistance.

4. Outrigger Belt Truss System (OT) — Outrigger and belt truss arrangement connecting the core and exterior
columns to improve overall stiffness.

[08)
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(a) Moment Resisting Frame
(M20MR)

(b)) Shear Wall System
(M20O5SW)

(c) Braced Frome System
(M2ZOBF)

(d) Outrigger System
(M2Z00OT)

Figure 4.1 Representative Structural Systems Considered

(Which includes ETABS models of MRF, Shear Wall, Bracing, and Outrigger systems here.)

4.3 ETABS Modelling Procedure

The building models were generated in ETABS V22 by defining grid layouts, storey data, material properties, and member
sections. Dead load, live load, and seismic loads were assigned according to relevant Indian Standard provisions. Floor
diaphragms were defined to ensure rigid in-plane floor behaviour, and mass sources were specified for dynamic analysis.

Response Spectrum Functions were generated based on IS 1893 (Part 1): 2016 provisions. Modal analysis was performed to
determine natural frequencies, mode shapes, and participation factors. Subsequently, Response Spectrum Analysis was
carried out to evaluate the seismic response of all structural systems.
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Figure 4.2 ETABS Modelling and Analysis Procedure
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4.4 Load Application and Dynamic Analysis

Gravity loads consisting of self-weight, floor finish load, wall load, and live load were assigned to the structural elements.
Seismic loading was considered through Response Spectrum Analysis using the codal response spectrum for Zone V
conditions.

The mass source was defined by considering self-weight and additional gravity loads contributing to seismic mass. Modal
analysis was conducted to obtain natural periods and mode shapes, while Response Spectrum Analysis was used to determine
key seismic response parameters.
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Figure 4.3 Dynamic Analysis Setup in ETABS

(Which includes load patterns, response spectrum definition, mass source, and load case definitions.)
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The seismic performance of all models was evaluated using the following parameters:

Base Shear

Roof Displacement

Storey Drift

Structural Stiffness

Fundamental Time Period

Modal Characteristics and Mode Shapes

These parameters were extracted from ETABS and compared for different building heights and structural systems to identify
the most efficient lateral load-resisting system for high-rise RCC buildings.
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(Which includes displacement, drift, base shear, and mode shape outputs.)

V.RESULTS AND DISCUSSION
5.1 General

The seismic performance of 20-, 30-, 40-, and 50-storey reinforced concrete buildings was evaluated using four different
lateral load-resisting systems, namely Moment Resisting Frame (MR), Shear Wall (SW), Braced Frame (BF), and Outrigger
System (OT). The analysis was carried out using Response Spectrum Analysis in ETABS. The performance parameters
considered include roof displacement, base shear, stiffness, modal mass participation factor, fundamental time period, storey
drift, and mode shapes.

The results indicate that building height has a significant influence on seismic behavior. As the height increases, roof
displacement, storey drift, and fundamental time period increase, whereas structural stiffness decreases. The incorporation of
lateral load-resisting systems considerably improves the overall seismic performance by enhancing stiffness and reducing
deformation.

5.2 Roof Displacement

Roof displacement is one of the most important parameters for evaluating the lateral stability of high-rise structures. Figure
5.1 presents the roof displacement values of all models in both X and Y directions.

The results show that roof displacement increases progressively with building height for all structural systems. The Moment
Resisting Frame exhibits the maximum displacement due to its comparatively lower lateral stiffness. For the 20-storey
building, the roof displacement of the MR system is 73.72 mm and 77.20 mm in the X and Y directions respectively. These
values increase significantly to 486.25 mm and 525.81 mm for the 50-storey building.

The introduction of shear walls, bracing systems, and outriggers substantially reduces lateral displacement. Among all
systems, the Braced Frame demonstrates the best performance by achieving the minimum displacement values across all
building heights. For the 50-storey building, the BF system reduces roof displacement by approximately 62% in the X-
direction and 46% in the Y-direction when compared to the MR system.

The Shear Wall and Outrigger systems also provide considerable improvement in lateral resistance. However, their
displacement values remain slightly higher than those of the Braced Frame system. Furthermore, displacement in the Y-
direction is consistently higher than in the X-direction, indicating a relatively lower stiffness along that direction.

Overall, the results confirm that increasing structural stiffness through lateral load-resisting systems effectively controls roof
displacement, with the Braced Frame system providing the most efficient performance.

5.3 Base Shear

Base shear represents the total lateral seismic force acting at the foundation level and is an important indicator of structural
response during earthquakes.

The results indicate that base shear generally increases with building height due to the increase in structural mass. The MR
system records the lowest base shear values because of its greater flexibility and longer fundamental time period. Conversely,
the stiffer structural systems attract higher seismic forces.

For the 50-storey building, the MR system develops a base shear of 4521 kN, whereas the BF system records the highest
value of 5936 kN. The SW and OT systems show intermediate values of approximately 5663 kN and 5666 kN respectively.
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The higher base shear observed in the BF, SW, and OT systems is primarily attributed to their increased stiffness, which
results in reduced natural periods and consequently higher seismic force demand as per the response spectrum provisions.
Although these systems attract greater seismic forces, they effectively reduce lateral deformation and improve structural
safety.

Therefore, a balance between stiffness and force demand must be considered during the design of high-rise structures.
5.4 Stiffness

Structural stiffness governs the ability of a building to resist lateral deformation under seismic loading. Higher stiffness
generally results in lower displacement and drift.

The analysis shows a gradual reduction in stiffness with increasing building height for all structural systems. The MR system
consistently exhibits the lowest stiffness values due to the absence of dedicated lateral load-resisting elements.

The Outrigger and Shear Wall systems provide the highest stiffness among all models. For the 20-storey building, the OT
system records a stiffness of 9.63 x 10° kN/m in the X-direction, which is nearly nine times greater than that of the MR
system. Similar trends are observed for the 30-, 40-, and 50-storey models.

Although the BF system provides substantial improvement in stiffness compared to MR, its stiffness remains lower than that
of the SW and OT systems. Nevertheless, the BF system achieves superior displacement control through efficient load
redistribution and enhanced lateral resistance.

The results clearly demonstrate that the addition of shear walls and outriggers significantly enhances the lateral rigidity of
high-rise buildings.

5.5 Modal Mass Participation Factor

The Modal Mass Participation Factor (MMPF) indicates the percentage of total structural mass participating in dynamic
response and is used to verify the adequacy of modal analysis.

All models achieve modal mass participation values greater than 90% in both principal directions, satisfying the requirements
of IS 1893 (Part 1): 2016. The values range from approximately 91% to 97%.

The Braced Frame system consistently exhibits the highest participation factors. The maximum value of 97.06% is observed
for the M20BF model in the Y-direction. The SW and OT systems show slightly lower participation factors, although all
values remain within acceptable limits.

The results confirm that a sufficient number of modes have been considered in the dynamic analysis and that the obtained
seismic response is reliable.

5.6 Fundamental Time Period
The fundamental time period is an important dynamic characteristic that reflects the flexibility of a structure.

The results indicate a clear increase in time period with increasing building height. The MR system consistently records the
highest values because of its lower stiffness. The fundamental time period increases from 2.61 seconds for the M20MR
model to 6.53 seconds for the M50MR model.

The inclusion of lateral load-resisting systems significantly reduces the time period. Among the systems considered, the BF
model generally exhibits the lowest time period values, followed by the OT and SW systems. For the 50-storey building, the
BF system reduces the time period to 4.50 seconds, representing a reduction of approximately 31% compared to the MR
system.
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The reduced time period indicates improved lateral stiffness and better resistance to seismic-induced deformation.

5.7 Storey Drift

Storey drift is a critical serviceability parameter that measures the relative lateral displacement between adjacent floors.
Excessive drift can lead to structural and non-structural damage during seismic events.

The storey drift profiles of all buildings show a similar trend, where drift increases from the base and reaches a maximum
near the middle or upper-middle storeys before decreasing towards the roof. This behavior is typical of high-rise buildings
subjected to lateral loading.

The MR system exhibits the highest drift values for all building heights. Maximum drift increases from approximately
0.00153 for the 20-storey model to 0.00381 for the 50-storey model.

The BF system consistently records the minimum drift values. For the 50-storey building, the maximum drift of the BF
system is approximately 0.00144, which is nearly 62% lower than that of the MR system. The SW and OT systems also show
significant reductions in drift due to enhanced lateral stiffness.

Although the drift values increase with building height, all models satisfy the permissible drift limit of 0.004h specified in IS
1893 (Part 1): 2016. Therefore, all structural systems provide adequate serviceability under the considered seismic loading.

The results clearly establish the superiority of the Braced Frame system in controlling storey drift.
5.8 Mode Shape Behaviour

Mode shape analysis provides insight into the dynamic characteristics and deformation patterns of structures subjected to
seismic excitation.

The first mode of vibration for all models is predominantly translational, while higher modes exhibit combined translational
and torsional behavior. The MR systems show larger lateral deformation patterns due to their relatively low stiffness.

The incorporation of shear walls, bracing systems, and outriggers significantly modifies the modal behavior. The SW and OT
systems exhibit more uniform displacement profiles and reduced torsional effects. The BF system effectively controls lateral
deformation through enhanced stiffness provided by the bracing members.

For taller buildings, the influence of higher modes becomes increasingly significant. However, the SW and OT systems
maintain stable modal characteristics and improved dynamic performance. Overall, the mode shape analysis confirms that
lateral load-resisting systems enhance structural stability and reduce seismic vulnerability.

5.9 Overall Performance Comparison
Based on the comprehensive evaluation of all performance parameters, the following observations can be made:

Roof displacement, storey drift, and fundamental time period increase with building height.

Structural stiffness decreases as building height increases.

The Moment Resisting Frame exhibits the poorest seismic performance due to higher displacement and drift.
The Braced Frame system provides the best control of roof displacement and storey drift.

The Shear Wall and Outrigger systems provide the highest stiffness and improved dynamic behavior.

Stiffer systems attract higher base shear because of reduced natural periods.

All models satisfy the modal mass participation and storey drift requirements of IS 1893 (Part 1): 2016.

N =
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8. For the building configurations considered, the Braced Frame system demonstrates the most efficient overall seismic
performance.

Performance Ranking (Best to Least Effective):

Braced Frame (BF) > Outrigger (OT) = Shear Wall (SW) > Moment Resisting Frame (MR)

This ranking is based on the combined assessment of displacement control, storey drift reduction, stiffness enhancement, and
dynamic performance.

VI.CONCLUSIONS

6.0 General

This study presents a comprehensive evaluation of the structural performance of multi-storey buildings with different lateral

load-resisting systems. The analysis highlights the influence of building height and structural configuration on key response

parameters under seismic loading. It is observed that the selection of an appropriate structural system plays a vital role in

enhancing stability, controlling lateral deformations, and ensuring overall safety. The findings emphasize the need for

efficient design approaches and suitable structural systems to achieve optimal performance, particularly in high-rise

buildings, while complying with relevant design standards and serviceability requirements.

6.1 Conclusions

Roof displacement increases significantly with height, where the M20MR model shows 73.72 mm (X) and 77.20 mm
(Y), while the M50MR model reaches the maximum values of 486.25 mm (X) and 525.81 mm (Y).

Among all systems, the Braced Frame (BF) consistently shows minimum roof displacement, for example M50 BF has
185.75 mm (X) and 282.07 mm (Y), compared to much higher MR values.

The Outrigger (OT) and Shear Wall (SW) systems significantly reduce displacement compared to MR, with M30 SW at
82.46 mm (X) and 88.04 mm (Y), and M30 OT at 72.99 mm (X) and 79.41 mm (Y).

Base shear increases with stiffness and height, where M20MR has 2366 kN, while M50 BF reaches the highest value of
5936 kN, indicating higher force demand in stiffer systems.

Stiffer systems such as SW, BF, and OT attract higher base shear compared to MR due to reduced time period, for
example M40 SW and M40 OT both record about 5119 kN.

Structural stiffness decreases with height, where M20 OT shows the highest stiffness of 9629082 kN/m, while M50MR
drops to 952074 kN/m, indicating increased flexibility in taller buildings.

The Outrigger system generally provides the highest stiffness among all systems, followed closely by shear walls, as
seen in M40 OT (8567945 kN/m) and M40 SW (8402636 kN/m).

Time period increases with height, with M20MR at 2.61 sec and M50MR reaching 6.53 sec, while BF systems reduce it
significantly (e.g., M50 BF =4.50 sec).

Modal Mass Participation Factor (MMPF) values for all models exceed 90%, with M20 BF showing the highest values
0f 96.19% (UX) and 97.06% (UY), ensuring adequate dynamic participation.
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e  Storey drift is maximum in MR systems and minimum in BF systems, but all models satisfy the permissible limit of

0.004h as per IS 1893 (2016), ensuring structural safety.
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