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ABSTRACT: The earthquake design loads applied to the foundation arise from the inertia forces developed in the 

superstructure and from the soil deformations, caused by the passage of seismic waves, imposed on the foundations. The 
past earthquakes have revealed that the irregularity in buildings is of vital importance on seismic performance of structure. 
Further, the strength and stiffness of foundation soil have been identified as the major cause for vulnerable performance of 
structures. Traditional methods of seismic analysis and design of foundation systems are centered heavily on the strength 
characteristics of soil (i.e. on properties such as SBC, ABP etc.) while elastic properties of the soil (such as modulus of 
rigidity, poison’s ratio) are often neglected. In the present work, Pushover analysis has been carried out to compare the 
performance of regular RC buildings with irregular RC buildings on ground of different flexibility. Ground flexibility is 

modeled using Gazetas approach. ETABS, a Finite Element software that performs non-linear pushover analysis is used and 
three dimensional analysis is performed. It has been brought out that the flexibility of ground (soft ground) reduces the 
overall seismic performance of RC buildings and irregular RC buildings on soft ground are even more vulnerable than 
regular RC buildings. 
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1. INTRODUCTION 
 
Site effect has been considered to significantly affect 

the performance of structures during earthquakes. The 
ground motion may amplify on some ground and may 

experience de-amplification on some ground 
depending on the type of ground, its thickness and 

location of ground water table among many. There 
may be absence of high frequency waves on some 

grounds and presence of waves of a range of 
frequency at places. The net result is that the 

performance of structures is significantly affected by 
the type of ground. It is possible that SBC of soil is 

excellent at places and may be not considerable at 
some other places. Further, during earthquakes, there 

is scope for SBC to further deteriorate. Hence, soft 
ground with low SBC is likely to be more flexible 

during earthquakes. Flexibility of soil causes 
lengthening of lateral natural period due to overall 

decrease in lateral stiffness of the structural system. 

Such lengthening of lateral natural period may 
considerably alter the seismic response of the building 

frames resting on isolated foundation. 

Earthquake resistant design in recent years has 
emphasized the need for performance-based seismic 
analysis. An essential element in many seismic 

evaluations is the determination of ultimate inelastic 
response of the structure. Performance-based methods 
require reasonable estimates of inelastic deformation 

or damage in structures which are better quantities to 
assess damage than stress or forces. The performance 
based analysis is based on quantifying the 

deformation of the members and the building as a 

whole, under the lateral forces of an earthquake of a 
certain level of seismic hazard. Existing codes are 
based on elastic analysis which has no measure of the 

deformation capability of members or of building. The 
performance based analysis gives the analyst more 
choice of ‘performance’ of the building as compared 

to the limit states of collapse and serviceability in a 
design based on limit state method. Pushover analysis 
is a simplified, static, nonlinear procedure in which a 

predefined pattern of earthquake loads is applied 
incrementally to frameworks until a collapse 
mechanism is reached. 

 
Some structures are well planned considering all 
earthquake resistance features and some are 

constructed with plan or elevation irregularities 
leading to vulnerable performance during earthquakes.  

 

2. PUSH OVER ANALYSIS 

 
Pushover analysis can provide the most effective 
measure of global behavior of structures in terms of 

base shear carrying capacity and displacement 
ductility of the structure. Pushover analysis can also 

define the performance of the structure for a given 
level of earthquake intensity. In pushover analysis the 

structure is subjected to monotonically increasing 
lateral loads until target displacement is reached. A 

predefined load pattern is applied and is increased till 
yielding in one member occurs then the structure is 

modified and lateral loads are increased further. A 

typical pushover or capacity curve along with the 
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demand curve of a building is shown Fig. 1. Lateral 

loads are increased till the structure reaches its 
ultimate capacity. The pushover curve is expected to 

provide information on many response characteristics 
that cannot be obtained from an elastic static or 

dynamic analysis. Vulnerability Index is obtained by 
multiplying the probability of exceeding the damage 

state developed by the fragility curves with the cost 
fraction associated with the damage states. 

 

 
IO- Immediate Occupancy,   LS - Life Safety 

CP-collapse Prevention,        C- Collapse 

Fig. 1 Typical Capacity and demand curves  

 

3. GAZETAS APPROACH 

 
The simplest method of representing the foundation 
stiffness characteristics is by the use of uncoupled 

linear springs. The springs are used to represent soil-
structure interaction. A 2D representation requires 3 

springs while a 3D representation requires definition 
of 6 springs to represent soil structure interaction. 

Though the use of linear spring is not an exact 
representation of the soil properties, as behavior of 

soil tends to be non-linear even at low strain levels, it 
can be considered as the first step in accounting the 

influence of foundation flexibility in the seismic 
analysis. Further improvements can always be made 

by the incorporation of multi-linear or plastic spring 
properties for accounting the foundation flexibilities. 

Gezetas (1991) has provided a set of empirical 
equations for estimating various stiffness values of 

rectangular footings resting on ground surface as 

detailed in Table 1. The same is adopted by ATC 40 
for considering foundation flexibility in pushover 

analysis. 

Table 1 Gazetas stiffness equations for rigid plates in 
different conditions 

Stiffness parameter Rigid plate stiffness at surface, 

Kio 

Vertical 

Translation,Kzo,(kN/m) 

𝐺𝐿

1−µ
[0.73 + 1.54(

𝐵

𝐿
)0.75] 

Horizontal Translation, 

Kyo,(kN/m) 

(towards long side) 

𝐺𝐿

2−µ
[2 + 2.5(

𝐵

𝐿
)0.85] 

Horizontal Translation, 

Kxo,(kN/m) 

(towards short side) 

𝐺𝐿

2−µ
[2 + 2.5(

𝐵

𝐿
)0.85] -

𝐺𝐿

0.75−µ
[0.1(1 −

𝐵

𝐿
)] 

Rotation, Kθxo, (kN/rad) 

(about x axis) 
𝐺

1 − µ
𝐼𝑋

0.75  
𝐿

𝐵
 

0.25

(2.4 + 0.5
𝐵

𝐿
) 

Rotation, Kθyo, (kN/rad) 

(about y axis) 
𝐺

1 − µ
𝐼𝑌

0.75 [3  
𝐿

𝐵
 

0.15

] 

Here, 

E=Young’s modulus of elasticity of soil 
µ=Poisson’s ratio of soil 

G=Shear modulus of elasticity of soil= 
𝐸

2(1+µ)
 

L= Length of the footing 
B= Width of the footing 

Ix, Iy= Moments of inertia of the footing with respect 
to longitudinal and transverse directions respectively 

 

4. PROBLEM DEFINITION 

 
This paper presents the performance of regular and 

irregular buildings during earthquake from pushover 
analysis. An irregular building is one which is not 

symmetric with respect to the main axis of building 
both in geometry and in mass. For this purpose, one 

regular and three vertically irregular frames as shown 

in Fig. 2 are considered with three dimensional 
idealizations. The properties of Reinforced Concrete 

frames considered in the analysis are detailed in Table 
2. Care has been taken to maintain the total volume, 

floor heights, column spacing, number of columns and 
beams and properties of structural members same for 

all four frames for the purpose of comparison. The 
frames are considered to be in Zone III and the 

analysis is made for the frame on ground with 
different stiffness parameters. 

 

 
Regular 

 
Irregular 1 

 
Irregular 2 

 
Irregular 3 

Fig. 2 Different types of Frames considered 

 

4. RESULTS AND DISCUSSION 

 
Pushover curves resulting from the analysis of four 

types of RC framed buildings are compared to study 
the effect of analytical parameters on the pushover 

analysis. Base shear carrying capacity of the structure, 
displacement ductility, performance point, status of 

hinges formed and vulnerability index are the 
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parameters of the structures considered for the 

comparison. 
 

Table 2 Design details of frames considered 
 

Type of Structure Special RC Moment 

Resisting Frame 

Seismic Zone III 

Imposed Load 3kN/m
2
 

Floor finish 1kN/m
2
 

Grades of Materials M30and Fe415 

Size of Beam 230x300 mm 

Size of columns 300x300 mm 

Thickness of Slab 130 mm 

Footing Dimensions (m) 1x1x1 

 

Fig. 3 Base shear Vs Roof top displacement 

 
Fig. 3 presents the variation of base shear carrying 
capacity with roof top displacement for the four types 

of frames considered on soft soil soil with E = 20 

MPa. It can be seen that base shear increases with roof 
top displacement till a stage is reached beyond which 

increase is marginal. Further, base shear carrying 
capacity of regular frame is much higher than those of 

irregular frames. Besides ductility of regular frame is 
found to be marginally higher than those of irregular 

frames. 

 

 

 
Fig. 4 Pushover curves & Performance Points 

 
Fig. 4 is plotted to identify the performance point. 

Performance point locates the intersection of capacity 
curve with demand (displacement) curve in spectral 

acceleration and spectral displacement space. This 
point indicates the overall status of the building under 

earthquake shaking of Zone III. It suggests the base 
shear carrying capacity, ductility and region in which 

the building lies (such as elastic, immediate 

occupancy, life safety, collapse prevention, collapse 
as per ATC40 (1996) and FEMA273 (1997)). Here, 

the graphs are plotted for the four types of frames on 
ground with E =  20MPa in seismic Zone III. It can be 

seen that the performance point shifts towards right 
when the frames is irregular indicating that the status 

is beyond elastic limit and in the region of Immediate 
occupancy to Life safety and that status is more 

vulnerable in irregular frames. 

 
Fig. 5 Vulnerability Index for different frames 

 
Fig. 5 indicates the vulnerability index for different 

types of frames on soils with different stiffness. It can 
be seen that the vulnerability index is more for frame 
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on soil with low stiffness compared to that on soil 

with high stiffness. It can also be seen that 
vulnerability index is more for irregular frames than 

regular frame.  
 

Table 3 Performance points from Pushover curves 
 

Stiffness of 

Soil 
Frame Type 

Performance Points 

(Sa , Sd) 

20MPa 

Regular (0.139 , 0.040) 

Irregular 1 (0.129 , 0.051) 

Irregular 2 (0.112 , 0.052) 

Irregular 3 (0.090 , 0.057) 

20GPa 

Regular (0.140 , 0.035) 

Irregular 1 (0.132 , 0.045) 

Irregular 2 (0.133 , 0.047) 

Irregular 3 (0.134 , 0.049) 

 
Table 3 is plotted to represent the performance points 

for different frames on soft ground (E = 20 MPa) and 
hard ground (E = 20 GPa). It can be seen Sa is higher 

in regular buildings than in irregular buildings and Sd 
is lower in regular buildings than in irregular 

buildings. Further, Sa is higher in stiffer soil than in 
softer soil. Higher Sa indicates the increase in base 

shear carrying capacity and higher Sd indicates the 
increase in ductility. Hence, it can be inferred that the 

vulnerability is much more for irregular buildings on 
soft soil (E = 20 MPa) than those on hard soil (E = 20 

GPa).  

 
Fig. 6 compares the performance of regular buildings 

with that of irregular buildings in terms of 
Vulnerability Index for varying soil stiffness. It can be 

seen that the difference between vulnerability index of 
regular and irregular buildings is significant on soft 

ground (say E = 20 MPa). With the increase in 
stiffness of ground, the vulnerability index of all 

buildings decrease and more importantly the 
difference between the performance of regular and 

irregular buildings reduces. On stiffer ground (say E = 
10000 MPa), the vulnerability index of all buildings 

lies between 15 and 20. It indicates that irregular 
buildings on soft ground are even more vulnerable and 

hence proper care is necessary for construction on 
weak ground.  

Fig. 6 Comparison of Vulnerability index for frames 
on soils with different stiffness 

5. CONCLUDING REMARKS 

 
The following are the major inferences from the 
present study. 

 

 Frames that are irregular in elevation are more 

vulnerable than those which are regular in 
elevation. The vulnerability is identified based on 

the base shear carrying capacity, ductility 
characteristics, location of performance point, 

status of hinges and vulnerability index.  
 

 The gap between the vulnerability indices of 
regular and irregular structures on soft soil 

(Stiffness less than 100 MPa) is more than that on 
hard ground (Stiffness more than 10000 MPa)  

 

 The vulnerability of irregular buildings becomes 

more predominant in soft soil indicating that either 
un-engineered buildings or not so earthquake 

resistant structures are likely to be affected more 
when the ground conditions are poor. Hence care 

should be taken for quality construction on soft 
grounds in seismically active regions. Further, it 

may be necessary to modify the ground to suit the 
requirements. 
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