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Abstract 
In the recent earthquakes, concrete structures have been severely damaged or collapsed, which 
has raised questions against the seismic adequacy of existing buildings. These existing reinforced 
concrete buildings need to be evaluated to determine the capacity to resist seismic loads. The be-
havior of a building during earthquakes depends critically on its overall shape, size and geometry. 
Conventional approach to earthquake resistant design of buildings depends upon providing the 
building with strength, stiffness and inelastic deformation capacity which are great enough to 
withstand a given level of earthquake-generated force. This is generally accomplished through the 
selection of an appropriate building configuration and the careful detailing of structural members. 
In this research, nonlinear pushover analysis has been used to evaluate the seismic performance 
of three buildings with three different plans having same area and height. This method deter-
mines the base shear capacity of the building and performance level of each part of building under 
varying intensity of seismic force. The results of effects of different plan on seismic response of 
buildings have been presented in terms of displacement, base shear and plastic hinge pattern. 
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1. Introduction 
An earthquake is the vibration of the earth’s surface that follows a sudden release of energy in the crust. Ground 
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surface moves in all directions during earthquake. The most devastating effects on buildings are caused by later-
al movements which disturb the stability of the structure, leading to collapse sideways. Since buildings are nor-
mally constructed to resist gravity loads, many conventional systems of construction are not inherently resistant 
to horizontal forces. Strengthening of such buildings have been proved as more economical and viable imme-
diate shelter solution rather than replacement of buildings [1].  

These vulnerable buildings to damage need to be identified and an acceptable level of safety must be deter-
mined. To make such evaluation, pushover analysis which is a nonlinear method performance based method has 
been developed by structural engineers. Pushover analysis determines expected seismic performance of structur-
al system by estimating its strength and deformation demands in design earthquake. Also this method deter-
mines the capacity curve for the building based on series of incremental static analysis. Based on this capacity 
curve, a targeted displacement (an estimation of design displacement during earthquake) is determined. In recent 
researches, capacity spectrum method (CSM), the displacement coefficient method (DCM) and modal pushover 
analysis (MPA) have been used to evaluate the performance of the buildings [2]. 

In modern world, challenges for structural engineer increased due to various types of irregularities involve in 
the buildings as designed by the architects. In more slendrical buildings, the horizontal movement of the floors 
increases significantly which may lead to increment in drift and overturning effects of the earthquake. Therefore, 
damaging effects are more in short but long buildings during earthquake shaking. Generally, seismic calcula-
tions are done by assuming ground as a solid elastic base under the building. This assumption is applicable in 
buildings with small plan area. However, chances for differential settlement of foundations in buildings with 
long plan increase due to uneven shaking of different parts [3]. The inertia force produced during earthquake 
tends to transfers to foundation through lateral resisting slabs in proportion to their stiffness. Also slabs in long 
plan buildings tend to bend to their plane direction, which may lead to overstressing of slabs then their capacities. 
Consequently, it disturbs the rigid diaphragm action of slabs causing undue displacement as shown in Figure 1. 
Therefore, it is undesirable to have buildings with large plan size [4]. 

In this paper, four buildings have been analysed with different plans of aspect ratio of 1, 1.5, 2 and 4 having 
the same area. The results are compared in terms base shear, displacement and plastic hinge pattern to evaluate 
the effects of different plan aspect ratio on the performance level of buildings. The study shows that hinges have 
developed in the beams and columns showing the three stages IO (immediate occupancy), LS (life safety) and 
CP (collapse prevention) as shown in Figure 2. 

2. Pushover Analysis 
Static pushover analysis is an attempt by the structural engineers to evaluate the real strength of the structure and 
it promises to be a useful and effective tool for performance based design. In pushover analysis; building is sub-
jected to incremental lateral loads at different levels representing the inertial forces due to ground shaking dur-
ing earthquake. Consequently, at each increment some elements of structure may yield due to loss of stiffness as 
shown in Figure 2. The sequence of crack propagation, plastic hinge formation and yielding of structural ele-
ments of the building are recorded with respect to incremental lateral loads. The ATC-40 [5] and FEMA-356 [6]  

 

 
Figure 1. Lateral displacement of diaphragm [4].                         
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Figure 2. Load deformation curve [9].              

 
documents have developed modeling parameters, acceptance criteria and procedures of pushover analysis. 
Pushover analysis significantly evaluates the expected performance level of the structural system by the capacity 
curve of the building. Based on this capacity curve, target displacement is estimated which is expected to be 
produced during the earthquake. Also analysis enables to determine the collapse load and ductility capacity. The 
output of the analysis can better be explained by demand versus capacity curve. In Figure 3, demand curve in-
tersects the capacity curve in elastic range which shows the good resistance level of the building. However, in 
Figure 4 the intersection of demand curves to capacity curve outside the elastic range, which shows the poor 
performance level of the building [7] [8]. 

3. Description of Model 
Four cases of residential building with plan aspect ratio of 1, 1.5, 2 and 4 are considered for study as shown in 
Figures 5-8. The buildings are composed of moment resisting RC frame with solid slab, 140 mm thickness, 
situated in zone 3. The structure members are made of in-situ reinforced concrete. The overall plan dimensions 
are 20 m × 20 m, 25 m × 16 m, 28.5 m × 14 m and 40 m × 10 m having same area of 400 m2. The buildings are 
five-story with height of 15.2 m. Columns and beams sizes are 500 × 300 mm and have been modelled as frame 
elements while in-plane rigidity of the slab is simulated using rigid diaphragm action. The columns are assumed 
to be fixed at the base. The building is analyzed as per seismic provisions provided by UBC-1997 [10]. The 
seismic load according to the relevant code has been estimated and the building is analyzed for combined effect 
of gravity and seismic loads as shown in Table 1, considering all the design load combinations specified in code. 
SAP2000 [11] finite element software is utilized for three dimensional modeling and analyses of the buildings. 
Moreover, these models have been analyzed for seismic zoning Z = 0.3, with occupancy category I = 1, and site 
class SD. 

4. Seismic Loads on the Building  
The total design base shear according to UBC-1997 along any principal direction can be calculated by following 
equation [12] [13]. 

CvIV W
RT

= ⋅                                            (1) 

The maximum total base shear will be taken as the following: 
2.5 aC I

V W
R

= ⋅                                          (2) 

The minimum total base shear will be taken as the following: 
0.11 aV I C W= ⋅ ⋅                                        (3) 

The approximate fundamental period (T), in seconds, is determined from the following equation: 
3/4

t nT C h= ⋅                                           (4) 
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Figure 3. Safe design.                            

 

 
Figure 4. Unsafe design [7].                      

 

 
Figure 5. (Case 1) plan of the building with aspect ratio 1. 

 

 
Figure 6. (Case 2) plan of the building with aspect ratio 1.5. 



Y. Alashker et al. 
 

 
207 

 
Figure7. (Case 3) plan of the building with aspect ratio 2. 

 

 
Figure 8. (Case 4): plan of building with aspect ratio 4. 

 
Table 1. Gravity loads on building.                                                                           

Dead Loads 

Water Proofing 2.5 KN/m2 

Super Imposed Load on Roof 1 KN/m2 

Floor Finish 1 KN/m2 

Partitions 3 KN/m2 

Live Loads  

On Roof 1 KN/m2 

On Floors 3 KN/m2 

 
where: 

V = total base shear. 
W = total seismic weight of the building. 
R = the response modification factor. 
I = the occupancy importance factor. 
hn = is the height in (m). 
Ca and Cv are acceleration and velocity based seismic co-efficients respectively. 
Ct = 0.035 (0.0853) for steel moment-resisting frames. 
Ct = 0.030 (0.0731) for reinforced concrete moment-resisting frames and eccentrically braced frames. 
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Ct = 0.020 (0.0488) for all other buildings. 
The base shear shall be distributed over the height of the structure, including Level n, according to the fol-

lowing formula: 

( )
1

t x x
x n

i ii

V F w h
F

w h
=

− ⋅
=

⋅∑
                                        (5) 

where:  
Ft = 0.07 T V < 0.25 V; when: T ≤ 0.7 sec. 
Fx = the lateral seismic force at any level (KN). 

5. Results 
5.1. Base Shear versus Top Displacement  
All four buildings were analysed in both X and Y directions for static nonlinear (pushover) analysis using 
SAP2000. The Base shear versus displacement graphs have been plotted and compared for all models. The re-
sults show the highest values in X direction. Maximum base shear has been found in Case 4 (building with plan 
aspect ratio of 4). However, Case 2 shows the least value of base shear in both directions as shown in Figure 9 
and Figure 10. Moreover, displacement value has been found same in first three cases except the Case 4 where 
results show the maximum displacement in X direction. In addition to, all four models show more ductile beha-
vior in X direction. 

 

 
Figure 9. Comparison of base force versus displacement in X & Y-directions.                                        

 

 
Figure 10. Comparison of base force in X & Y directions.                                              
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5.2. The Performance Point  
It is the point where the capacity curve crosses the demand curve according to ATC-40 as shown in Figure 11. 
Figures 12-15 shows the performance point in both directions for all push over curves, with the red colour is the 
elastic spectrum, the green curve represents the spectrum resistant and the yellow line defines the point as de-
fined by ATC-40.The intersection of the yellow line (demand) and the green curve (capacity) is the performance 
point. Case 2 (building with plan aspect ratio 1.5) showed the better performance point at low value of spectral 
acceleration and least number of hinges in both directions. Also the performance point has been found in step 3 
before CP (collapse prevention at step 7) which ensures the safe design of the building. Thereafter, the number 
of hinges increases with increase in plan aspect ratio, with Case 4 showing the most number of hinges at per-
formance point as shown in Figures 20-23. 

5.3. Yielding (Plastic Hinge) Pattern of the Structure at the Performance Point 
Plastic hinge formation for all four buildings models have been obtained at different displacement levels. The 
hinging patterns are plotted in Figures 16-19. Comparison of these figures shows the quite similarity of hinging  

 

 
Figure 11. The performance point.                                

 

 
Case 1                                                   Case 2 

Figure 12. Pushover capacity curve and performance point (X-Dir).                                                 
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Case 3                                                   Case 4 

Figure 13. Pushover capacity curve and performance point (X-dir).                            
 

    
Case 1                                                   Case 2 

Figure 14. Pushover capacity curve and performance point (Y-dir).                            
 

  
Case 3                                                   Case 4 

Figure 15. Pushover capacity curve and performance point (Y-dir).                              
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Figure 16. (Case 1 & Case 2) yielding pattern of the structure at the performance point (X-dir).             

 

   
Figure 17. (Case 3 & Case 4) yielding pattern of the structure at the performance point (X-dir).              

 

   
Figure 18. (Case 1 & Case 2) yielding pattern of the structure at the performance point (Y-dir).               

 

  
Figure 19. (Case 3 & Case 4) yielding pattern of the structure at the performance point (Y-dir).             
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pattern. Plastic hinge formation starts with the yielding of structural members of lower stories and then propa-
gates to upper stories with yielding of intermediate columns. Case 2 shows the better performance of building in 
both directions with least number of hinges formed at performance point. However, Case 4 shows the most 
number of hinges at performance point as shown in Figures 20-22. Moreover, number of hinges formed at dif-
ferent levels of performance of building increases with increase in plan aspect ratio. Figures 20-22 shows the 
number of plastic hinges formed due to yielding of members, at different level of performance in X and Y direc-
tions. Also the analysis results showed the limited damage in four buildings due to yielding occurred at events B, 
IO and LS respectively. 

 

 
Figure 20. Number of plastic hinges from A to B.                    

 

 
Figure 21. Number of plastic hinges from B to IO.                     

 

 
Figure 22. Total number of Plastic hinges from in X & Y directions.      
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6. Conclusions 
Static pushover analysis is an attempt by the structural engineers to evaluate the real strength of the structure. 
This method of analysis promises to be a useful and effective tool for performance based design of structure. 
Four residential buildings with different plan aspect ratio have been analyzed by this method and results have 
been compared in terms of base shear, displacement and, plastic hinge pattern. From this study, following con-
clusions can be drawn. 
1) Pushover analysis has been found relatively simple and evaluates the performance of the building close to 

more realistic behavior. 
2) The plan dimensions significantly influence the seismic behavior of the buildings.  
3) The building with plan aspect ratio 1.5 shows the least base shear in both directions, thereafter base shear 

significantly increases with increase in plan aspect ratio. 
4) The inter story drift is relative displacement of one story relative to story below. It significantly increases in 

Case 3 and Case 4 with increase in plan aspect ratio. 
5) Increasing plan aspect ratio makes the Y direction of building more vulnerable to damage during earthquake.  
6) By increasing plan aspect ratio, the total number of hinges formed at different performance levels also in-

creases, which may lead to building deficiency of resisting seismic loads. 
7) Ductility is one of the most important factors affecting the building performance. Thus, earthquake-resistant 

design strives to determine the plan dimensions to ensure ductile behaviour of the building. 
8) Finally, the architect and engineer should both employ ingenuity and imagination of their respective discip-

lines to reduce the effect of irregularities, or to achieve desired aesthetic qualities without compromising 
structural integrity. 
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