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Abstract: 

 Earthquake is a manifestation of rapid release of stress waves during a brittle rupture of rock. The complexity of earthquake 

ground motion is primarily due to factors such as source effect, path and local site effect s. The dynamic loading on the structure 

during an earthquake is not external loading, but the motion of support. The various factors causing structural damage during 

earthquake are vertical irregularities, irregularities  in  strength, stiffness, mass and torsional irregularity. Designs are exp licitly done 

to prevent collapse or damage in major earthquakes which may  occur rarely. The seismic rehabilitation of older concrete structures 

in high seismicity areas is a matter of growing concern, since it must be identified and an acceptable level of safety must be 

determined. To make such assessment, pushover analysis  is a viable method to assess damage vulnerability of build ings. The main 

focus of the present work is to carry out pushover analysis on  10-storey RC frames with mass irregularity. The objective is to 

understand the non-linear behaviour of RC frames under earthquake loadings of much higher magnitude that takes the structural 

frame up to failure stage. For this purpose ETABS v9.7, a fin ite element program has been used. In this study an attempt was made 

to understand the seismic capability of frames designed for different seismic zones. Capacity-demand spectrums were plotted for 

frames with different percentage of irregularities. Formation of plastic hinges and their transformation from elastic level to 

immediate-occupancy, life-safety, collapse-prevention and finally co llapse levels under incremental lateral load are studied. 
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I. INTRO DUCTION 

Earthquake is a natural phenomenon associated with violent  

shaking of the ground. Large strain energy released during an 

earthquake travels as seismic waves in all directions through 

the Earth’s layers, reflecting and refracting at  each interface. 

The damage to structures due to earthquake depends  on the 

material that the structure is made out of, the type of earthquake 

wave (mot ion) that is affecting the structure, and the ground on 

which the structure is built. Thus the dynamic loading on the 

structure during an earthquake is not external loading , but 

inertial effect due to motion of support. The various factors of 

the structure contributing to damage during earthquake are 

vertical irregularities, irregularity in strength and stiffness, 

mass irregularity, torsional irregularity.  

      Irregular configuration either in plan or in elevation was 

often recognized as one of the main cause of failure of 

buildings during past earthquakes. Hence in order to overcome 

these issues we need to  identify the  seismic  performance  of  

the  built   environment  through  the  development of various 

analytical procedures, which ensure the structures to withstand 

during frequent minor earthquakes and produce enough caution 

whenever subjected to major earthquake events. So that can 

save as many lives as possible. But nowadays need and demand 

of the latest generation and growing population has made the 

architects or engineers inevitable towards planning of irregular 

configurations. Hence earthquake engineering has developed 

the key issues in understanding the role of building  

configurations. 

      As  per  IS  1893  (Part   1):  2002,  irregular  buildings  are  

mainly   classified  into  two  categories, viz., p lan and vertical 

irregularities. The present work focuses mainly on the study of 

vertically irregular buildings. 

      The past earthquakes in which many reinforced concrete 

structures are severely damaged or collapsed, has indicated the 

need for evaluating the seismic adequacy of existing buildings. 

In particular, the seismic rehabilitation of older concrete 

structures in areas of high seismicity is a matter of growing  

concern, since structures vulnerable to damage must be 

identified and an acceptable level of safety should be 

established. To make such an assessment, simplified linear -

elastic methods are inadequate. Recent interests in the 

development of performance based codes for the design of 

and/or rehabilitation of buildings in seis mically active areas 

show that the inelastic procedure commonly referred to as 

“pushover analysis” is a viable method to assess the damage 

vulnerability of buildings. 

      The main focus of the present work is to carry out non-

linear static (pushover) analysis to evaluate the capacity and 

performance of reinforced concrete framed structures under 

seismic loading especially  those structures which are having an  

uneven distribution of mass in elevation. For this purpose, RC 

frames are init ially analyzed and designed using ETABS v9.7 

fin ite element software, under the combination of gravity  

loading and seismic loading for different seis mic zones. 

ETABS performs the initial design depending on the 

earthquake zone and the type of structure. Further, it  carries out 

pushover analysis providing the desired informat ion. Further, 
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the performance under non-linear incremental loading is 

studied based on the capacity curves generated upto the 

maximum d isplacement. The study includes the consideration 

of the effect of zone and effect of type of structure on the 

seismic performance of the structure. 

II. PUS HOVER ANALYS IS 

In earthquake resistant design, s tructures are generally designed 

for a lower level of seis mic forces and allowed to undergo 

nonlinear response due to severe ground motion. Hence, a 

nonlinear static pushover analysis has become popular in recent 

years to determine parameters such as initial stiffness, yield  

load, yield d isplacement, maximum base shear and maximum 

displacement. In the pushover analysis, the nonlinear load-

deformation characteristics of individual components are 

modelled. A computer model of the structure incorporating 

inelastic material response is displaced to a target d isplacement  

or for a target force in monotonically increasing order and 

resulting internal deformations and forces in structural 

members is determined. Pushover analysis may be classified as 

displacement controlled  pushover analysis when lateral 

displacement is imposed on the structure and its equilibrium 

determines the forces. Similarly, when lateral forces are 

imposed, the analysis is termed as force-controlled pushover 

analysis. The target displacement or target force is intended to 

represent the maximum displacement or maximum force likely  

to be experienced by the structure during the design earthquake. 

Response of structure beyond maximum strength can be 

determined only by displacement-controlled pushover analysis. 

Hence, in the present study, displacement-controlled pushover 

method is used for analysis of RC frames. A  structural analysis 

software package ETABS 9.7 version has been used for the 

purpose. A typical pushover curve is shown in Figure 1. 

 

     

  The seismic performance of a building can be evaluated in 

terms of pushover curve, performance point, displacement, 

ductility, p lastic hinge format ion etc. The base shear vs. roof 

displacement curve, Figure 2 is obtained from the pushover 

analysis from which the maximum base shear capacity of 

structure can be obtained. This capacity curve is transformed  

into capacity spectrum by ETABS as per ATC40 and demand  

or response spectrum is also determined for the structure 

depending upon the seismic zone, soil conditions and required  

building performance level. The intersection of demand and 

capacity spectrum at 5% damping gives the performance point  

of the structure analyzed. The performance of a building is 

measured by the state of damage under a certain level  of 

earthquake. The state of damage is expressed as a ‘performance 

level’. For the build ing as a whole, the performance level is 

quantified by the inelastic drift of the roof. For a member, the 

performance level is quantified by its deformation. The 

building performance level is a function of the post event 

conditions of the structural and non-structural components of 

the structure. Figure 3 shows the capacity-demand curve with 

performance levels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

III. BEHAVIOUR OF MASS  IRREGULAR 

BUILDINGS  

 

Any building that lacks the symmetry and has discontinuity in 

either geometry, mass or the distribution of lateral load  

resisting elements is termed as an  irregular building. These 

irregularities may cause interruption to the flow of earthquake 

forces to the ground besides giving rise to stress concentrations.  

FIGURE 2 
BASE SHEAR VERSUS ROOF DISPLACEMENT CURVE 

FIGURE 3 
CAPACITY-DEMAND CURVE WITH PERFORMANCE LEVELS [1] 

 

FIGURE 1 
IDEALIZED PUSHOVER CURVE FOR RC FRAMES [1] 
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IS 1893 (Part I): 2002 recommends building configuration  

systems for a better performance of RC buildings during 

earthquakes. Mass irregularity shall be considered to exist in  

the building where the seis mic weight of any storey is more 

than 200 percent of those in its adjacent storeys as shown in 

Figure 4. Mass irregularity is the presence of heavy mass on a 

floor o r when one floor is much heavier than the others like 

heavy machinery o r a swimming pool installed on an  

intermediate floor of a building. Mass irregularit ies affect the 

dynamic response of the structure by increasing ductility  

demands at a few locations and lead to unpredicted higher 

mode effects. During an earthquake, period o f the structure 

increase due to the abrupt changes of masses at floor levels in  

the RC frame models [3]. The frame with heavy loads develops 

maximum storey shears, which should be accounted for in  

design of columns suitably. 

 

 

 

 

 

 

 

 

 

 

 

 

 

IV. MODELLING AND ANALYS IS 

In the present study, three reinforced concrete frames of ten 

storeys have been considered. Regular frame /  Basic Frame 

(20m X 30m) is treated as a benchmark frame as there is no 

vertical irregularity in it. Irregular Model M1, this frame carries 

heavier loading on the top storey, i.e. by providing swimming  

pool at the roof level (with a live load of 20kN/m
2
). And for 

irregular Model M2, mass irregularity is introduced by 

increasing load on 4
TH

 and 7
TH

 storeys respectively i.e. by  

assuming the respective floors to have machine foundation 

(with a live load of 7 kN/m
2
). Slab thickness of these heavier 

floors is taken  as 300mm. In th is way, the effective mass of 

heavier storeys is made greater than 200% of effective mass of 

an adjacent storey (as per IS 1893-Part  I: 2002). The building  

parameters considered for the analysis are presented in Table I. 

 

 

 

 

TABLE I 

BUILDING PARAMETERS 

PARAMETER TYPE / VALUE 

Structure type 

Special Moment 

Resisting Frame 

(SMRF) 

Number of storeys 10 storey 

Grid Size  20 m x 30 m 

Typical storey height 3.0 m 

Bottom storey height 3.5 m 

Bay width in X – d irection  4.0 m 

Bay width in Y – d irection  6.0 m 

Beam size  0.4 m x 0.6 m 

Column size  0.5 m x 0.5m 

Thickness of slab 0.150 m 

Floor fin ishes 
1 kN/m

2 
(Floor) 

1.5 kN/m
2 

(Roof) 

Live Load 
3.5 kN/m

2 
(Floor) 

1.5 kN/m
2 

(Roof) 

Grade of concrete  M 30 

Grade of steel Fe 415 

Importance factor “I”  1.5 

Response reduction factor 

“R”  
5.0 

Soil type 
Medium stiff  

(Type II) 

 

 

 

 

 

 

 

 

      The modelling is carried out in ETABS 9.7 software and  

the loads are applied. The models are analyzed for different  

combinations of gravity and lateral loads . Equivalent static 

method of analysis is carried out for the 3D frames as per IS 

1893 (Part I): 2002. Then, they are designed according to the 

Indian Standard Code IS 456: 2000 in ETABS. After the 

design, default plastic hinge properties available in ETABS 9.7 

as per ATC-40 are assigned to the frame elements, and then the 

models are subjected to pushover analysis. The target 

displacement fo r pushover analysis is taken as 4% of the total 

    FIGURE 4            

MASS IRREGULARITY [2] 

FIGURE 5 
TYPICAL 3D VIEWS OF RC FRAMES 
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height of the frame. Base shear carried, roof d isplacement  

experienced, status of the performance point, number of plastic 

hinges formed and ratio of pushover base shear and elastic base 

shear in the structure are some of the parameters used to judge 

the performance of the build ing models. 

V. RES ULTS  AND DISCUSS ION 

A. Variation of Storey lateral displacement 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From Figure 6 and 7, compared to the regular frame the storey 

lateral displacement of mass irregular frame will increase as the 

heavy mass floor level increases in the buildings. From the 

analysis it is observed that, compared to regular frame the value 

of lateral displacement of mass irregular frames increases by 

2% to 8%. 

B. Variation of Storey Drift  

 

From the Storey drift plots, Figure 8 and 9 it is clearly v isible 

that inter storey drift will increase as the floor mass increases in 

the building. Significant drift  is observed at the top in the frame 

M1 which  has swimming pool at roof level and in  the middle 

storeys in case of irregular frame model M2 which carries 

machine foundation at 4
TH

 and 7
TH

 floors. 

C. Variation of Base Shear 

Base shear increases with the increase of floor mass. From 

Figure 11, the regular frame has a base shear of 4277 kN, but  

due to increase in mass of a floor it goes up to 4292 kN for  

model M1 and 4448 kN for model M2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 6 
PLOT OF LATERAL DISPLACEMENT, Ux (ZONE V) 

FIGURE 7  
PLOT OF LATERAL DISPLACEMENT, Uy (ZONE V) 

 

FIGURE 11 
BASE SHEAR VARIATION OF RC FRAMES (Y-DIRECTION) 

FIGURE 10 
BASE SHEAR VARIATION OF RC FRAMES (X-DIRECTION) 

 

FIGURE 9 
PLOT OF STOREY DRIFT ALONG Y-DIRECTION (ZONE V) 

 

FIGURE 8 
PLOT OF STOREY DRIFT ALONG X-DIRECTION (ZONE V) 
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D. Pushover Curve variation 

 

 

The pushover curves show similar features for all the three 

frames. They are init ially linear but start to deviate from 

linearity as the beams and columns undergo inelastic actions. 

The pushover curves show a decrease in the lateral load  

carrying capacity of the buildings well before the target  

displacement is reached, indicat ing the need for seis mic  

retrofitting. 

E. Performance point variation  

TABLE II 
VARIATION OF SPECTRAL ACCELERATION AND SPECTRAL 

DISPLACEMENT OF MASS IRREGULAR MODELS 

Performance Point  

Type of 

Model 
X Direction Y Direction 

 Sa  Sd  Sa   Sd 

Seis mic zone V 

BASIC 

FRAME 
0.143 0.140 0.139 0.147 

M1 0.126 0.158 0.123 0.165 

M2 0.134 0.150 0.130 0.157 

Seis mic zone IV 

BASIC 

FRAME 
0.109 0.087 0.109 0.091 

M1 0.096 0.099 0.096 0.101 

M2 0.101 0.092 0.101 0.096 

Seis mic zone III 

BASIC 

FRAME 
0.081 0.056 0.090 0.058 

M1 0.070 0.067 0.079 0.065 

M2 0.075 0.060 0.083 0.062 

Seis mic zone II 

BASIC 

FRAME 
0.070 0.034 0.072 0.039 

M1 0.062 0.039 0.064 0.044 

M2 0.064 0.036 0.067 0.040 

 

Table II shows the variation of spectral acceleration (Sa) and  

spectral displacement (Sd) across various mass irregular  

models in d ifferent seismic zones. As mass irregularity  

increases spectral displacement increases with reduction in  

spectral acceleration. A lso spectral acceleration and  

displacements are more in seismic zone V and it reduces for 

lower seismic zones. 

F. Capacity-Demand spectrum for irregular models 

 

 

 

 

 

 

 

 

 

 

 

  

FIGURE 12  
PUSHOVER CURVES FOR THREE RC FRAME MODELS (ZONE IV) 

 

FIGURE 13 
CAPACITY-DEMAND SPECTRUM PLOT OF BASIC FRAME 

 

    FIGURE 15 
CAPACITY-DEMAND SPECTRUM PLOT OF MODEL M2 

FIGURE 14 
CAPACITY-DEMAND SPECTRUM PLOT OF MODEL M1 
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Figures 13, 14 and 15 shows the Capacity-Demand spectrum 

plots for the mass irregular RC frame models. It is observed 

that the demand curve tends to intersect the capacity curve near 

the inelastic range. The performance point gets shifted slightly 

towards the inelastic side from regular frame to mass irregular 

frame because of the mass irregularity creeping in. A lso, the 

strength and displacement reserves in the regular and mass 

irregular RC frames are just adequate with a slight difference 

seen from Basic frame to mass irregular models. 

G. Plastic Hinge Formation Pattern  

Table III presents the number and status of plastic hinges in  

different states for the vertical mass irregular models. The 

hinges change their status namely – Operational, Immediate 

occupancy, Life safety, Collapse prevention, Collapse, Reduced 

hazard and Non structural damage depending on the severity of 

ground motion. The number o f p lastic hinges formed  for both 

regular and mass irregular frame is same but slight difference is 

observed in the number of hinges at difference performance 

levels [3]. 

 

Type of Hinges 
Basic 

Frame 

Model 

M1 

Model 

M2 

A-B (Operat ional) 1644 1624 1644 

B-IO(Operational – 

Immediate occupancy) 
60 80 60 

IO-LS (Immediate 

occupancy – Life safety ) 
60 60 60 

LS-CP (Life safety – 

Collapse prevention) 
150 150 148 

CP-C (Collapse 

prevention - Collapse) 
0 0 0 

C-D (Collapse – Reduced 

hazard) 
4 4 2 

D-E (Reduced hazard – 

Non structural damage) 
2 2 4 

>E (Non structural 

damage ) 
0 0 2 

Total number of hinges 1920 1920 1920 

 

H. Comparison of results from Equivalent static analysis 

and Pushover analysis 

 

 

 

Seis mic Zone V 

X Direction 

Model Vpo Ve  Vpo/Ve 
Collapse 

Displacement 

BASIC 

FRAME 
10390 4612 2.25 0.1993 

M1 10157 4621 2.198 0.0619 

M2 10535 4799 2.195 0.1982 

 

 

 

Seis mic Zone V 

Y Direction 

Model Vpo Ve  Vpo/Ve 
Collapse 

Displacement 

BASIC 

FRAME 
10041 4277 2.34 0.2131 

M1 9835 4292 2.291 0.0646 

M2 10218 4448 2.297 0.2109 

The elastic base shear for all the mass irregular models is  

obtained from equivalent static method as per IS 1893 (Part  

I): 2002 and is compared with the base shear obtained from 

pushover analysis and the results are presented in Tab le IV 

and V. Base shear reserves in the regular and mass irregular  

RC frames are just adequate with a slight decrease seen from 

regular (Basic frame) model to irregular frames, which  

indicates that the RC frames are capable of resisting more  

base shear than it is designed. For the frame with immense 

mass irregularity, collapse displacement is less than the 

regular frame. This indicates that the models with mass 

irregularity fail earlier than the regular model.  

 

I. Performance point comparison in mass irregular frame 

 

 

 

 

From Figure 16, it  is observed that the performance point shifts 

rightwards (i.e . towards plastic zone) with the increase in 

severity of zones there by indicating vulnerability of the 

structure. This shows that, performance levels of the RC frames 

changes with the change in seismic zones. 

VI. CONCLUS IONS  

In the present study, the effect of mass irregularit ies on seismic 

performance of structural frames system has been carried out. 

The results obtained herein lead to the following conclusions. 

TABLE III 
NUMBER AND STATUS OF PLASTIC HINGES 

 

TABLE IV 
COLLAPSE DISPLACEMENT AND BASE SHEAR VARIATION 

X-DIRECTION 

TABLE V 
COLLAPSE DISPLACEMENT AND BASE SHEAR VARIATION 

Y-DIRECTION 

 

FIGURE 16 
CAPACITY-DEMAND CURVES OF MASS IRREGULAR 

FRAME M2 
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 The storey lateral displacement of mass irregular frame will  

increase as the heavy mass floor level increas es in the 

buildings. Regular frame has the least displacement, hence 

less susceptible to the damage. 

 Mass irregular RC frames have undergone significantly large 

inter storey drifts compared to the regular building  

configuration. Significant drift is observed in the middle  

storeys in case of irregular frame model M2 which carries  

machine foundation at 4
TH

 and 7
TH

 floors and at the  top in 

the frame M1 which has swimming pool at roof level.  

 It is observed that base shear increases with the increase in 

floor mass. 

 The pushover curves show a decrease in base shear capacity 

thereby reducing the lateral load carrying capacity of the 

structure. 

 As mass irregularity increases spectral displacement  

increases with reduction in spectral accelerat ion. 

 The strength reserve (Vpo/Ve) indicates that the RC frames  

are capable of resisting more base shear than it is designed 

for. Also for the frame with immense mass irregularity  

collapse displacement is less than the regular frame, this  

indicates that the models with mass irregularity fail earlier  

than the regular model.  

 It is observed that the performance point shifts towards 

plastic stage with the increase in severity of seis mic zones 

there by indicating vulnerability of RC frames in different  

zones. 

      In summary, the complete non-linear behaviour of 

structural frame elements can be studied by performing the 

pushover analysis. The results show that, capacity of RC 

frames may  be significant but the seismic demand varies with  

respect to the configurations. 
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