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Abstract—   The rapid urban migration and the infrequency 

of spaces in megacities have become a challenge for all most all 

countries. To fulfill the housing requirements of the ever-

growing population with the scarcity of valuable lands, the best 

solution is to come up with high-rise or medium-rise apartment 

buildings. Even though there are different structural forms that 

can be incorporated into high-rise apartment structures, most 

of the time structural designers select based on their experience 

and approach which are not effective all the time. The structural 

design for a given structure should be optimum in terms of 

structural performance and associated costs. Since wind and 

seismic forces govern the design of high-rise structures, those 

lateral forces are significant to be studied. So, this analytical 

study was carried out to evaluate the effectiveness of six 

different structural systems of 20-story RC (Reinforced 

Concrete) structures under the effect of wind and seismic 

loadings including a moment-resisting frame as the base model, 

four wall frame structures and a frame-tube structure. Models 

are compared based on the parameters such as maximum top 

storey displacement, inter-storey drift ratios, member forces 

and moments utilization, seismic induced base shear and human 

perception levels of lateral acceleration. 
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walls, Rigid frames, Frame-tube 

I. INTRODUCTION 

With the current urbanization, the free lands available are 
declining at a rapid rate. This has led to the construction of tall 
buildings, especially for residential purposes. Since those 
structures are subjected to high lateral loads, it is very 
important to (a) select the most appropriate lateral load 
resisting system and (b) configure the proposed lateral load 
resisting systems at lucrative positions [1]. As the building 
increases in height, the lateral displacement of the building 
due to wind loads becomes one of the major concerns to avoid 
failures in both structural and non-structural elements [2]. 
Providing the required stiffness by only enlarging the size of 
columns will cause congestion in space and is not economical 
[3]. So, shear walls and/or bracings should be positioned at 
lucrative locations in the frame. When lateral load resisting 
elements are selected and configured in advantageous 

locations in the plan, they actively and efficiently take the 
lateral loads avoiding the frame being damaged. 

In this study, the structural performances of six different 
structural forms against wind and seismic forces were 
compared based on the parameters maximum top storey 
displacement, inter-storey drift ratios, member force 
utilization, base shear and fundamental modal periods. Finite 
Element Models (FEM) were developed with ETABS 
software and the parameters used for the analysis are generally 
applicable to Sri Lankan conditions. 

II. LITERATURE REVIEW 

Tall buildings can be classified based on the structural 
forms incorporated to resist gravity and lateral loads [4]. Rigid 
frame systems, braced frame systems, wall frame systems, 
outrigger systems, framed-tube systems, braced-tube systems 
and bundled tube systems are the most common structural 
forms whose efficiencies vary with the total height of the 
structure. Moment resisting frames are efficient for buildings 
in the range of 20 to 30 stories. But the tubular systems are 
efficient for super-tall buildings because of their high 
cantilever efficiency. Any given system is economical only 
over a limited range of building heights [4]. 

The adopted structural system should have sufficient 
stiffness to prevent dynamic motion due to wind and seismic 
effects. The drift index is one simple parameter to estimate the 
lateral stiffness of the structure. For conventional structures, 
the acceptable range is 0.0015 to 0.0013 [4]. 

In medium-rise buildings, the shear walls are often parts 
of the elevator and service core. If the lateral load exerting on 
the structure is very much high, usually shear walls can be 
incorporated along the perimeter which results in high stiff 
structures. When a wall-frame structure is subjected to lateral 
loads, the wall deflects in flexure mode and the frame deflects 
in shear mode. The deflection of the structure at the bottom is 
governed by shear walls while at the top is governed by frame 
[2]. 

The human response to vibration and perception of motion 
should be concerned deeply relating to the wind-induced 
motion of buildings. As humans are surprisingly sensitive to 



vibration, they feel uncomfortable even if they experience a 
relatively low wind-induced motion which corresponds to low 
levels of stress and strain in structural members. So, for most 
tall buildings, serviceability requirements govern the design 
rather than strength issues [5]. 

III. METHODOLOGY 

In the proposed work, the following load patterns were 

considered. 

A. Dead and live loads considered for the analysis 

TABLE I.  DEAD AND LIVE LOADS 

Live Load (Qk) 2 kNm-2 

Finishes (Gk) 1 kNm-2 

Partitions (Gk) 1.5 kNm-2 

Typical values for dead and live loads were taken by F. 

Cobb, Structural engineer’s pocketbook [6]. 

B. Wind load calculation 

Considering zone 3 in the wind zones map in Sri Lanka, a 
wind speed of 35 ms-1 was considered. Auto lateral wind 
loading option in ETABS software was used to do the wind 
analysis. So, the program automatically calculates the wind 
loads (Wk) and apply on the center of the diaphragms at each 
floor level as point loads.  

C. Earthquake load calculation 

Although Sri Lanka is in a low seismic region, it is 
advisable to carry out a dynamic analysis for earthquake 
loadings to get an idea of how the structure will behave in a 
seismic event [7]. Since the research was carried out relating 
to the Sri Lankan conditions, it was required to find relevant 
earthquake data. AS1170.4  was considered because (a) Both 
Australia and Sri Lanka lie on the same tectonic plate and (b) 
Both countries may experience intra-plate type earthquakes 
[8]. 

The static analysis was carried out in accordance with the 
Quasi-Static analysis procedure in AS1170.4. Response 
Spectrum analysis was chosen as the dynamic method of 
analysis. According to AS1170.4, considering ordinary 
moment-resisting frames in combinations with  limited ductile 
shear walls, a structural performance factor of 0.77 and a 
structural ductility factor of 2 were considered. A hazard 
factor of 0.085 with a maximum acceleration of 0.25g was 
selected to derive the response spectrum [8]. Static responses 
(EQ) and dynamic responses (RS) for the models were 
obtained in accordance with AS1170.4 for comparison 
purposes. 

D. Load Combinations 

In the proposed work, the following load combinations 

were considered. 

1) Wind analysis 

TABLE II.  LOAD COMBINATIONS FOR WIND ANALYSIS 

 

 

2) Earthquake analysis 

TABLE III.  LOAD COMBINATIONS FOR EARTHQUAKE 

ANALYSIS 

 

IV. DESIGN CRITERIA 

In terms of designing a structure for lateral loads, the 
following design criteria need to be satisfied. 

A. Strength and stability 

The structural elements of the building should have 
adequate strength to resist and remain stable under the most 
critical load combinations. That is the prime design 
requirement for the ultimate limit state. An analysis should be 
carried out for various load combinations and a sufficient 
reserve of strength should be available so as not to occur any 
type of failures in the structural members [1]. 

B. Stiffness and drift limitations 

Top storey displacement and inter-storey drift ratios give 
an indication of the lateral stiffness of the structure. 
Controlling displacements and drifts is imperative in tall 
buildings to limit the damage and cracking of non-structural 
elements due to load redistribution [1]. As well as lateral 
deflection should be limited to a permissible level to prevent 
second-order effects. For the proper functioning of non-
structural elements such as doors, lift shafts displacement 
should not be very high [4]. So, it is very important to have 
sufficient lateral stiffness against wind and seismic loads in 
both Ultimate and Serviceability limit states. 

Since there are no widely accepted values, sound 
engineering judgments are needed when defining the 
permissible inter-storey drift ratios. Since residential buildings 
are sensitive 1/500 was selected. For the permissible top 
storey displacement, building height/600 was selected. 

Second-order effects, loss of stiffness due to cracking, the 
effects of shrinkage and creep and any rotational foundation 
movement should be involved to get an accurate value for top 
storey displacement and inter-storey drift. However, at this 
level this research doesn’t touch up to that level. 

Dead Partition Finishes Live Win X Win Y

Com 1 1.35Gk + 1.5Qk 1.35 1.35 1.35 1.5 - -

X1 1.35Gk + 1.5Qk + 0.9Wk 1.35 1.35 1.35 1.5 0.9 -

X2 1.35Gk + 1.5Qk - 0.9Wk 1.35 1.35 1.35 1.5 -0.9 -

X3 1.35Gk + 1.05Qk + 1.5Wk 1.35 1.35 1.35 1.05 1.5 -

X4 1.35Gk + 1.05Qk -1.5Wk 1.35 1.35 1.35 1.05 -1.5 -

X5 1.35Gk + 0.9Wk 1.35 1.35 1.35 0 1.5 -

X6 1.35Gk - 0.9Wk 1.35 1.35 1.35 0 -1.5 -

X7 1Gk + 1.5Wk 1 1 1 0 1.5 -

X8 1Gk - 1.5Wk 1 1 1 0 -1.5 -

Y1 1.35Gk + 1.5Qk + 0.9Wk 1.35 1.35 1.35 1.5 - 0.9

Y2 1.35Gk + 1.5Qk - 0.9Wk 1.35 1.35 1.35 1.5 - -0.9

Y3 1.35Gk + 1.05Qk + 1.5Wk 1.35 1.35 1.35 1.05 - 1.5

Y4 1.35Gk + 1.05Qk -1.5Wk 1.35 1.35 1.35 1.05 - -1.5

Y5 1.35Gk + 0.9Wk 1.35 1.35 1.35 0 - 1.5

Y6 1.35Gk - 0.9Wk 1.35 1.35 1.35 0 - -1.5

Y7 1Gk + 1.5Wk 1 1 1 0 - 1.5

Y8 1Gk - 1.5Wk 1 1 1 0 - -1.5

Combination

Envelop X

Envelop Y

Dead Partition Finishes Live RS-X RS-Y EQ-X EQ-Y

X1 1Gk + 0.3Qk +EQ-X 1 1 1 0.3 0 0 1 0

X2 1Gk + 0.3Qk - EQ-X 1 1 1 0.3 0 0 -1 0

X3 1Gk + EQ-X 1 1 1 0.3 0 0 1 0

X4 1Gk - EQ-X 1 1 1 0.3 0 0 -1 0

X5 1Gk + 0.3Qk +RS-X 1 1 1 0.3 1 0 0 0

X6 1Gk + RS-X 1 1 1 0.3 1 0 0 0

Y1 1Gk + 0.3Qk +EQ-Y 1 1 1 1.5 0 0 0 1

Y2 1Gk + 0.3Qk - EQ-Y 1 1 1 1.5 0 0 0 -1

Y3 1Gk + EQ-Y 1 1 1 1.05 0 0 0 1

Y4 1Gk - EQ-Y 1 1 1 1.05 0 0 0 -1

Y5 1Gk + 0.3Qk +RS-Y 1 1 1 0 0 1 0 0

Y6 1Gk + RS-Y 1 1 1 0 0 1 0 0

Combination



C. Member force utilization 

Having large tension forces in columns is not preferable 
since then the complete column section is subjected to tension 
(not in the way like when it is subjected to flexure). Then large 
amount of crack controlling reinforcement should be 
incorporated to control the cracks due to tension. As well as 
when a series of columns are subjected to high tension forces, 
there is a tendency to get overturned the structure as a whole 
when the structure is subjected to lateral loads especially wind 
loads.  

Having large compression stresses in the columns is also 
not recommended since then large cross-sections have to be 
incorporated which are not economical. Otherwise, the 
columns will be failed due to crushing. 

In most the tall buildings, columns are subjected to axial 
shortening and foundations are subjected to differential 
settlements. Then the beams are subjected to additional 
bending moments at the supports which results in occurring 
plastic hinges there. Then additional moments are transferred 
to the mid-span which causes high flexures there. So, there 
should be an adequate reserve of capacity to accommodate 
those additional moments in beams. So having large moments 
in the beams is not recommended.  

So, the best practice is to have sufficient lateral resisting 
systems in the way that most of the lateral loads are absorbed 
by the lateral resisting system. Then the frame structure can 
be designed mainly for gravity loads which results in very 
economical designs. 

D. Human comfort 

Since this is a residential building, the comfort of the 
occupants should be guaranteed. So, the sway accelerations 
when the structure is subjected to wind loads should be 
controlled. Acceptability criteria for vibrations in buildings 
can be expressed in terms of horizontal accelerations for one, 
five or ten-year return period wind events [5]. Wind response 
can be reduced by increasing mass, stiffness or both. 

        However, there is no internationally accepted 
standard for comfort criteria. But some guidelines have been 
developed based on several research as shown in Table IV. 

TABLE IV.  HUMAN PERCEPTION LEVELS 

Level Acceleration (ms-2) Effect 

1 <0.05 Humans cannot perceive motion 

2 0.05-0.1 a) Sensitive people can perceive 

motion 

b) hanging objects may move slightly 

3 0.1-0.25 a) Majority of people will perceive 

motion 

b) level of motion may affect desk 

work 

4 0.25-0.4 a) Desk work becomes difficult or 

almost impossible 

b) ambulation still possible 

5 0.4-0.5 a) People strongly perceive motion 

b) difficult to walk naturally 

c) standing people may lose balance. 

6 0.5-0.6 Most people cannot tolerate motion 

and are unable to walk naturally 

7 0.6-0.7 People cannot walk or tolerate 

motion 

8 >0.85 Objects begin to fall and people may 

be injured 

 

Horizontal acceleration limit is a function of the frequency 
of the vibration being felt. Peak acceleration limits as 
suggested by Melbourne and Chengue have been plotted along 
with the Irwin’s E2 curve in Fig. 1. below [5]. 

 

Fig. 1. Horizontal acceleration criteria for occupancy comfort 

E. Lateral load-induced base shear 

Base shear is an estimate of the maximum expected lateral 
force on the base of the structure due to lateral forces. When a 
structure is subjected to high base shear forces, the formation 
of plastic hinges and associated crushing of concrete will be 
occurred. Usually, base shear increases with the stiffness and 
the mass of the structure when it is subjected to seismic 
effects. So, shear wall and/or bracing should be positioned at 
lucrative locations to control occurring large base shear at the 
base. 

V. MODELING AND ANALYSIS 

A. Case study 

In this research, six different G+20 storied residential 
buildings were considered as shown in Table V. Since this is 
a low-income residential building, no need of any 
underground carpark facilities. So, the same structural 
arrangement can be replicated from bottom to top without 
using transfer elements. The bay size is 7.5 m × 6 m. All the 
arrangements were selected symmetrically in both X and Y 
directions to avoid the torsional effects due to irregularities. 
Since the rigid frames and wall frame structures are the most 
common structural forms for medium-rise apartment 
buildings, the first five models consist of rigid frames and wall 
frame structures. The sixth model is a frame tube structure. 

TABLE V.  MODELS 

Model Structural Form 

M1 Bare Frame structure 

M2 Bare frame structure + L type shear walls at 4 corners 

M3 Bare frame structure + L type shear walls at 4 corners + 

perimeter shear walls along the Y direction 

M4 Bare frame structure + L type shear walls at 4 corners + 

perimeter shear walls in Y direction + internal partition 

shear walls 

M5 Bare frame structure + L type shear walls at 4 corners + 

perimeter shear walls on X and Y direction + internal 

partition shear walls 

M6 Frame – Tube structure 

 

 

 



TABLE VI.  MATERIAL PROPERTIES AND DIMENSIONS OF 

ELEMENT 

Concrete Grade Grade 30 

Reinforcement 500 MPa 

Column sizes 800 mm × 800 mm 

Beam sizes 600 mm × 400 mm 

Slab thickness 200 mm 

Wall thickness 250 mm 

Total height 70.5 m 

Story height 3.5 m 

B. Finite element modeling 

Following assumptions were considered in the modeling. 

• Floors and beams were modeled as rigid elements 
using the rigid diaphragm option. So, there is no 
relative displacement at the floor levels. 

• Slabs and walls were modeled as shell-thin elements. 

• Beam-column joints were taken as rigid joints. 

• All supports were fixed supports at the base level. 

• The system was assumed to be linearly elastic. 

• 100% dead load and 25% live load were considered for 
mass source. The mass is lumped at each storey level. 

 

 

Fig. 2. 3D views of models 1and 6 

C. Typical floor plans of the selected models 

 

Fig. 3. M1 - Bare Frame structure 

 

Fig. 4. M2 - Bare frame structure + L type shear walls at 4 corners 

 

Fig. 5. M3 - Bare frame structure + L type shear walls at 4 corners + 

perimeter shear walls along the Y direction 

 

Fig. 6. M4 - Bare frame structure + L type shear walls at 4 corners + 

perimeter shear walls in Y direction + internal partition shear walls 

 

Fig. 7. M5 - Bare frame structure + L type shear walls at 4 corners + 

perimeter shear walls on X and Y direction + internal partition shear walls 

 

Fig. 8. M6 - Frame – Tube structure 

VI. RESULTS AND DISCUSSIONS 

The FE modeling of all six models were analyzed. 

 

Fig. 9. Deformed shapes of models M1 and M6 under the load combination 

of 1.35Gk + 1.5Qk 



A. Maximum displacement and inter-storey drift 

Maximum displacement and inter-storey drift values 

corresponding to the most critical load combination 

(1.0Gk+1.5Wk) were compared as shown in Table VII. 

TABLE VII.  MAXIMUM DISPLACEMENT AND INTER-STOREY 

DRIFT 

Model Maximum Displacement 

(mm) 

Inter-storey Drift 

Ratio 

M1 146.64 0.0026 

M2 138 0.0024 

M3 102.4 0.0018 

M4 83 0.0015 

M5 77 0.0014 

M6 49 0.0014 

 

The allowable limit for maximum displacement at the top 
storey is 118 mm (height/600) and for inter-storey drift is 
0.002. Since M3, M4, and M5 consist sufficient amount of 
shear walls along the Y direction which is the most flexible 
direction, the maximum displacement and inter-storey drift 
values are well below the permissible levels. The in-plane 
stiffness of shear walls is very much high compared to the 
stiffness of columns.  

     M1 is just a frame structure where the lateral forces are 
resisted only by columns. As well as in the M2, the effect of 
‘L’ type shear walls at the corners on the overall stiffness is 
negligible. So those two models possess high displacements 
and inter-store drift values. In model M3, the perimeter walls 
along the Y direction have successfully absorbed the lateral 
forces which result in high stiff structure. In the M4 and M5, 
shear walls have been used as internal walls which possess 
high in-plane stiffness. So, the lateral displacements are very 
much low. 

     In the M6 (frame-tube structure), large size columns 
have been connected with large spandrel beams along the 
perimeter. They act as rigid connections. So, the stiffness 
along the Y direction is very high. 

B. Column force utilization 

The results explicit how compression forces on columns 

get reduced with the addition of shear walls as shown in Table 

VIII. 

TABLE VIII.  MAXIMUM AXIAL FORCES ON COLUMNS 

Model Maximum Compression 

(kN) 

Maximum Tension 

(kN) 

M1 13429 244.7 

M2 13300 186.9 

M3 13265 48 

M4 9285 8.36 

M5 3993 6.13 

M6 23586 0 

Lateral forces are absorbed by the structural elements 
(columns and walls) proportionally to their lateral stiffness. 
Since the high in-plane stiffness of shear walls compared to 
columns, columns absorb a very small proportion of lateral 
loads. So, the frame can be designed only for gravity loads 
which results in very economical and optimal designs. 

     But in model M6, the case is quite different because the 
perimeter columns create a very stiff perimeter tube and all the 
lateral forces are absorbed by those massive columns. So, 
those columns are subjected to very high compression forces. 

C. Maximum bending moments in columns 

TABLE IX.  MAXIMUM BENDING MOMENTS IN COLUMNS 

Model Maximum BM 

(M2) -kNm 

Maximum BM 

(M3)-kNm 

M1 1045.8 412.98 

M2 997 428.28 

M3 775 395.45 

M4 633 319.75 

M5 527 221 

M6 1186 1291 

 

The maximum bending moments on columns get reduced 
with the addition of shear walls because a large portion of the 
lateral forces is absorbed by shear walls. If the bending 
moments in the columns are low, no need of having a large 
amount of reinforcement to control cracks there which results 
in very economical designs. The maximum allowed 
reinforcement percentage was considered as 2 percent of the 
cross-section area usually which is used in tall buildings. Most 
of the columns in M1 and M2 fail in satisfying the maximum 
allowed reinforcement percentage because those columns are 
subjected to large axial compression forces and large bending 
moments simultaneously. So, the required reinforcement 
percentage is very much high which results in uneconomical 
designs. 

D. Maximum bending moments in beams 

TABLE X.  MAXIMUM BENDING MOMENTS IN BEAMS 

 
Model Maximum BM 

(Hogging)-kNm 

Maximum BM (Sagging)-

kNm 

M1 1015 798 

M2 972 752 

M3 841 799 

M4 697 669 

M5 646 604 

M6 969 783 

 
The bending moments on the beams (both hogging and 

sagging) reduce with the addition of shear walls. In frame 
structures, lateral forces and accordingly the moments are 
neutralized by the rigid joints of columns and beams at the 
support. When the structure is subjected to high lateral loads, 
plastic hinges occur on the beams close to the support. Then 
the beams lose their moment-resisting capacities. When there 
are shear walls at lucrative positions, lateral loads and 
accordingly moments are neutralized by walls. So, the beams 
can be designed very economically only for resisting gravity 
loads by adding shear walls. The moment resisting capacity of 
a 600 mm × 400 mm doubly reinforced beam is about 750 
kNm. But most of the beams in M1and M2 and few beams in 
M3 exceed that value. So, in those structures, large cross-
section beams with additional reinforcement should be 
incorporated which is not a practical solution. 

E. Seismically induced base shear 

With the addition of shear walls, the base shear in both 

directions has been increased due to the increase in stiffness 

as shown in Table XI. 

 

 

 



TABLE XI.  BASE SHEAR VALUES 

Model Base Shear – Y (kN) Base Shear – X (kN) 

M1 3302 3245 

M2 3392 3283 

M3 4012 3443 

M4 4547 3396 

M5 4838 5148 

M6 12502 12204 

 

     High base shear forces are not desirable due to the 
formation of plastic hinges and associated crushing of 
concrete at the base. The model M6 is subjected to very large 
shear forces due to its high lateral stiffness provided by closely 
spaced columns and spandrel beams. But other structures 
consist of some flexibility. So, those structures can dissipate 
the energy which carries through seismic events by the 
damping of the elements. If the stiffness is fairly high, the 
elements (columns and walls) absorbed lots of energy which 
results in cracks and plastic hinges. 

F. Human comfort 

Fundamental natural frequencies of each model were 
considered to assess how the occupants would perceive the 
motion in each structure. A wind event of 5-year return period 
was considered to establish the variation of frequency with the 
horizontal acceleration according to Melbourne and Chengue 
relationship. 

TABLE XII.  FUNDAMENTAL FREQUENCY AND THE 

CORRESPONDING EFFECT 

Model Frequency 

(Hz) 

Effect 

M1 0.457 The majority of people will perceive motion 

M2 0.47 The majority of people will perceive motion 

M3 0.508 The majority of people will perceive motion 

M4 0.574 Sensitive people can perceive motion 

M5 0.607 Sensitive people can perceive motion 

M6 0.78 Sensitive people can perceive motion 

  

  With the addition of the shear walls, the lateral stiffness 
also increases. Then fundamental frequency gets increased 
which results in reducing the horizontal acceleration. Then the 
effect of motion on occupants also reduces. Since this is a 
residential building, the comfort of the occupants should be 
considered deeply. According to Table XII, the M1 and M2 
are not satisfying basic requirements for human comfort. 

VII. CONCLUSIONS 

 
Considering all the above results, M3 is found to be the 

most effective structural system for drift control of medium 
rise apartment buildings. It satisfies the lateral stiffness 
requirements with minimum number of shear walls resulting 
in less structural weight and accordingly less structural 
element cost. 

In model M4 and M5, lateral drifts have been reduced by 
more than 19% compared to M3 with the addition of internal 

partition shear walls. Therefore, internal partition shear wall 
is found to be very important structural element for apartment 
buildings because simultaneously they are acting as good 
sound and fire insulators between apartments. 

The structural weight of model M5 is very much higher than 
that of model M4 because it consists lots of shear walls in both 
‘X’ and ‘Y’ directions. But there is no significant 
improvement in structural efficiency in M5 compared to M4 
in terms of bending moment reduction in columns and beams 
and lateral stiffness. So, M5 can be identified as an 
overdesign.  

 The columns which are in line with the shear walls along 
the wind ward direction are subjected to high axial forces 
when the structure is subjected to wind effects. So, those 
columns should be equipped with additional crack controlling 
reinforcement. 

 Even though the frame-tube structure shows better 
performances in lateral stiffness, the columns and beams are 
subjected to high axial forces and bending moments because 
the overall lateral stiffness is provided by columns and beam-
column rigid joints. Also, it is subjected to high base shear 
forces during earthquakes due to its high stiffness. 

 It is concluded that with the addition of sufficient amount 
of shear walls at lucrative positions, the required axial forces 
and bending moment capacities in both columns and beams 
can be reduced drastically. Accordingly, the frame can be 
designed in such a way that it is dedicated only for gravity 
loads. Then both columns and beams can be optimized in 
terms of section sizes and required reinforcement quantity. 
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