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Abstract— The history of earthquakes in which numerous 

reinforced concrete structures were seriously damaged, has 

indicated the need for gauging the seismic adequacy of 

buildings. In particular, the seismic rehabilitation of older 

concrete structures in high seismicity areas is a matter of 

growing concern, since the structures which are vulnerable 

to damage must be identified and an acceptable level of 

safety must be established. To make such an assessment, 

simplified linear-elastic methods are not adequate. Thus, the 

structural engineering community has developed a new 

generation of design and seismic procedures that incorporate 

performance based design of structures. This is different 

from simplified linear elastic methods and involves non-

linear techniques.” The advancement of performance based 

design and rehabilitation of structures in high seismic zones 

reveal that the static non-linear analysis also known as 

“pushover analysis is the most appropriate method of 

analysis used to gauge the severity of the damages caused to 

the buildings. There are two special codes called “ATC-40” 

and “FEMA-273” which inhibit all the modelling and design 

procedures and judging criteria of the performances of 

buildings. Incremental lateral loading is applied to the frame 

and pushover analysis is carried out using a suitable analysis 

and design software package such as ETABS. A graph is 

plotted involving the pushover curves which indicate the 

capacity of the frame and the seismic demand curves 

depending on the magnitude of shaking. This graph suggests 

the seismic performance of a system and its adequacy 

against the design earthquake.” Later an attempt has been 

made to understand the seismic behaviour of structures 

having irregularities in the distribution of structural stiffness 

in both plan and elevation using pushover analysis. 

Formation of the plastic hinges and their transformation 

from elastic level to various seismic performance levels 

such as immediate occupancy (IO) level, life safety (LS) 

level, collapse prevention (CP) level and finally collapse (C) 

level under incremental lateral loading is investigated. For 

the purpose of carrying out pushover analysis, ETABS v.13, 

finite element software has been used. ETABS performs the 

initial design depending on the earthquake zone and 

formulates the results. 
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I. INTRODUCTION 

An earthquake is a natural phenomenon which takes place 

due to a rapid release of energy in the earth’s crust as a 

result of movement in the direction of any fault plane or due 

to activities of volcanic eruptions giving rise to destructive 

seismic waves. Seismic forces are induced in the structure 

when the earthquake occurs. The waves generated due to 

ground shaking reach the structure and cause the structure to 

shake. Main target of this current study is performing “non-

linear static (pushover) analysis” to find out the “capacity” 

and “performance” of RC framed structures subjected to 

earthquake loading and especially those structures which are 

having an uneven allotment of structural stiffness in both 

plan and elevation. To establish the above said results, the 

RC frames are modelled, analyzed and designed in 

ETABS.v13, with the gravity and seismic load combination 

for a particular seismic zone. Further, the performance under 

non-linear incremental loading is studied based on the 

capacity curves generated up to the maximum displacement. 

The study includes the consideration of the effect of zone, 

effect of type of structure, effect of number of storeys etc. 

on the seismic performance of the structure. 

II. ELEVATION STIFFNESS IRREGULARITIES (IS-1893:2002) 

A. Vertical Irregularities due to Irregular Geometry in the 

Elevation of the building 

Discontinuities (irregularities) are one of the key reasons for 

the damage of structures during earthquakes because of the 

irregularities in the transfer of vertical (earthquake) loads. 

Failure to provide adequate strength and stiffness to the 

structural elements or the failure to tie them together 

properly can result in distress or a complete collapse of the 

structure. The load path should be continuous and 

sufficiently strong. The general path of load followed for the 

movement of seismic forces to the supporting ground is 

given below: 

1) Seismic forces that are developed in all the 

components of structure are transferred by means 

of the structural connections to the horizontal 

diaphragms. 

2) Horizontal diaphragms share these forces to the 

lateral load resisting elements like moment 

resisting frames, shear walls, bracings etc. The 

diaphragms should have sufficient stiffness to 

transmit these forces. 

3) Finally, these lateral load resisting elements 

transfer the forces to the supporting ground. 

 
Fig. 2.1: Elevation Asymmetric RC structures 
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The failure of RC buildings during earthquakes due 

to irregular geometry in elevation of the building has been a 

notable and spectacular contributor. Because of functional, 

economical or aesthetic considerations, many buildings are 

designed and constructed with vertical irregularities. These 

irregularities arise because of drastic change in stiffness, 

strength or mass in between the neighbouring stories which 

are connected with the changes in structural system in the 

vertical direction because of the changes in storey height, 

material changes, setbacks, unexpected input of non-

structural elements etc. Irregular configuration either in plan 

or in elevation (Fig. 2.1 a) was often recognized as one of 

the main cause of failure of buildings during past 

earthquakes (Fig. 2.1 b). 

1) Types of Vertical Irregularities 

According to IS- 1893- Part I: 2002, any structure is 

supposed to be irregular in elevation only if it satisfies either 

of the following two conditions: 

a) Vertical Geometric irregularity 

This is a kind of irregularity in the building wherein the 

dimension in the horizontal direction of any storey exceeds 

150 percent of the dimensions in its adjoining storeys. 

b) Mass irregularity 

Mass irregularity is the one in which the seismic weight of 

any storey is greater than 200 percent of seismic weight in 

its adjacent storeys. It is not necessary to consider this 

irregularity in case of roofs. 

 
Fig. 2.2: Mass Irregularity 

 
Fig. 2.3: Vertical Geometric Irregularity 

(When L2 > L1) 

 
Fig. 2.4: In-plane discontinuity in vertical resisting elements 

(when b > a) 

 
Fig. 2.5: Weak storey (When Fi < 0.8 Fi+1) 

B. Introduction to Soft storey 

According to IS- 1893- Part I: 2002, a storey is said to be a 

soft storey (Fig. 2.6) if it satisfies at least one of the 

following two conditions: 

 If the lateral stiffness of any storey is within 70 

percent of the lateral stiffness of the storey above 

or below. 

 If the lateral stiffness of the storey is within 80 

percent of the mean lateral stiffness of the three 

storeys above or below. 

Buildings with soft storeys are often very critical 

during earthquakes. Past results show that soft storeys are 

the vulnerable areas in RC framed buildings and are the 

most probable regions where damage takes place during 

earthquakes. 

 
Fig. 2.6: Soft storey 
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III. SEISMIC PERFORMANCE STUDY 

A. Study of 2D Soft Storey Buildings: 

 
Table 3.1: Parameters used for the Study 

B. Model Description 

       
Model 1                              Model 2 

         
          Model 3                               Model 4 

Fig.3.1: Models used for the study 

Model 1 is without any soft storey, Model 2 has soft storey 

as the ground storey, Model 3 has soft storey as the 

intermediate storey and Model 4 has soft storey as the top 

storey. 

C. Results for Soft storey models (2D analysis) 

 
Fig.3.2: Pushover Curve Variation 

 
Table 3.2: Table of Results from Pushover Analysis 

The design base shear for all the four 2D frame models is 

obtained from the response spectrum analysis according to 

IS-1893-Part I: 2002 and comparison is done with the base 

shear obtained from pushover analysis and the outcomes are 

shown in Table 3.2 The four pushover curves shown in Fig. 

3.2 can be correlated with the help of a bi-linear 

relationship. For Model 1, at a displacement of 53.4 mm, the 

Capacity of the structure was 824.8 kN which is equivalent 

to 4.6 times that of the structure under elastic seismic design 

which is displayed in terms of the ratio of (Vpo / Ve) and 

presented in Table 3.2. From Table 3.2 it is observed that 

the infill enhances the base shear carrying capacity of the 

building. 

 
Model 1 

 
Model 2 

 
Model 3 
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Model 4 

Fig. 3.3: Performance Point Variation 

Fig. 3.3 shows the variation of performance point 

for the four 2D frame models. It can be seen that the curve 

of demand seems to meet the curve of capacity near the 

elastic range and all the five models are in Life Safety (LS) 

state. Comparing Models 2, 3 and 4 with Model 1, it can be 

seen that the ratio (Vpo / Ve) decreases from Model 4 to 

Model 2. Thus, it can be said that Model 2 with the presence 

of soft storey at the ground storey level undergoes failure 

earlier than the other models. 

Also, capacity versus demand curves indicate that 

the performance point gets shifted towards higher spectral 

displacement and lower spectral acceleration for soft storey 

frames. Hence, it can be said that soft storey buildings 

cannot withstand higher level of ground accelerations and 

need to be retrofitted to perform better during seismic 

excitations. 

 
Fig. 3.4: Storey Drift Variation 

Fig. 3.4 Exhibits the deviation of storey drift with 

height of storey for the four 2D frame models. For Models 

1, because of the symmetry in elevation, the variation in 

storey drift is uniform when any two adjacent storeys are 

considered. The storey drifts are higher at all floor levels. 

For Models 2, 3 and 4, there is a higher storey drift at the 

levels where soft storey is located. This shows that soft 

storeys attract large lateral forces and because of their lower 

stiffness, they undergo large deflections under lateral loads. 

D. Study of 3D soft storey buildings: 

In the present study, four 3D frame models having five 

storeys with 5 m bays in both directions have been 

considered as shown in Fig. 3.5 wherein the first model is a 

symmetric 3D frame with complete infill and all other 

models are with the presence of soft storey at different 

levels. The modelling is carried out in ETABS 13 software 

and the loads are applied. The models are analyzed for 

different combinations of gravity and lateral loads. The 

design is done as per Indian Standard Code IS-456: 2000 in 

ETABS 13. Grade of concrete is assumed to be M-25 and 

grade of steel is assumed to be Fe-415. The input data 

consists of unit weight of concrete as 25 kN/m
3
, Young’s 

modulus of infill 2.5*10
4
 kN/m

2
. The imposed load on 

beams is taken as 25kN/m, beam size is 0.23m x 0.45m and 

column size is 0.23m x 0.45m respectively. The location of 

the building is assumed to be in zone V, and is a public 

building having special moment resistant frame (SMRF). 

E. Model Description 

     
              Model 1                             Model 2 

         
               Model 3                             Model 4 

Fig.3.5: 3D Models used for study 

F. Results for Soft storey models (3D analysis) 

 
Fig. 3.6: Pushover Curve Variation 

The pushover (capacity) curves for the four 3D frame 

models are shown in Fig. 3.6. All the graphs have similar 

features. It can be observed that because of the infill effect 

in Model 1, it possesses a higher base shear carrying 

capacity owing to the enhanced stiffness of the frame than 

the remaining. 

In Models 2, 3 and 4, due to the presence of soft 

storey at different floor levels, there is a reduction in the 

base shear carrying capacity. In Models 2, 3 and 4, the base 

shear carrying capacity decreases as the position of soft 
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storey shifts to the lower floors. Thus, it can be said that the 

presence of soft storey at ground storey is the most 

vulnerable case during earthquakes. 

 
Table 3.3: Table of Results from Pushover Analysis 

The four pushover curves shown in Fig. 3.6 are 

interrelated by a bi-linear relationship. For Model 1, at a 

displacement of 71.1 mm, the base shear of the structure 

was 2266.82kN which is equivalent to 29.9 times that of the 

structure under elastic seismic design that is given in terms 

of the ratio (Vpo / Ve) and presented in Table 6.7. 

From Table 6.7, it can be observed that the 

presence of infill increases the base shear carrying capacity 

of the building frame. For Model 2, the collapse 

displacement is the least. It means that this model will fail 

earlier than the other models. Thus, it can be said that it is 

the most vulnerable case during earthquakes. 

 
Model 1 

 
Model 2 

 
Model 3 

 
Model 4 

Fig. 3.7: Performance Point Variation 

Fig. 3.7 shows the variation of performance point 

for the four 3D frame models. The greater the value of 

spectral acceleration and lesser the value of spectral 

displacement, the performance will be better. It can be seen 

that the curve of demand seems to meet the curve of 

capacity near the elastic range and all four models are in 

(LS) state. Thus, the margin of safety against collapse is 

substantial in all the models. Also, capacity versus demand 

curves indicate that the performance point gets shifted 

towards higher spectral displacement and lower spectral 

acceleration for soft storey frames. Hence, soft storey 

buildings cannot withstand higher levels of ground 

accelerations and need to be retrofitted to perform better 

during seismic excitation. 

 
Earthquake in X-Direction (Pushover-X) 

 
Earthquake in Y- Direction (Pushover-Y) 

Fig. 3.8: Storey Drift Variation 
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Fig.3.8 presents the deviation of storey drift with 

height of storey for the four 3D frame models. For Model 2, 

because of the symmetry in elevation, the variation in storey 

drift is uniform when any two adjacent storeys are 

considered. For Models 2, 3 and 4, there is a higher storey 

drift at the levels where soft storey is located. This shows 

that soft storeys attract large lateral forces and because of 

their lower stiffness, they undergo large deflections under 

lateral loads. 

IV. CONCLUSIONS 

1) The pushover curves for the soft storey models show 

that there is a reduction in the load carrying ability of 

the building in the lateral direction because of the 

presence of soft storey at various storey levels. 

2) In soft storey models, the base shear carrying capacity 

decreases as the position of soft storey shifts to the 

lower floors. Therefore the presence of soft storey at the 

ground level is the most vulnerable case during 

earthquakes. 

3) Capacity versus demand curves indicate that the 

performance point gets shifted towards higher spectral 

displacement and lower spectral acceleration for the 

soft storey models. This shows that soft storey buildings 

cannot withstand higher level of ground acceleration 

and they need to be retrofitted to perform better during 

seismic excitations. 

4) For the models with soft storey, the drift in the storey is 

higher in the levels where soft storey exists. This is due 

to the fact that soft storeys attract larger lateral forces 

and because of their low stiffness, they undergo large 

deflections under lateral loads 
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