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Abstract 

In India, most of the existing buildings are vulnerable to earthquakes due to their poor material quality and inaccurate design. 
Besides, so many destructive earthquakes occurred in the past, because India is located on a seismically active region. Therefore, 
existing buildings should be assessed and necessary precautions should be taken before a probable earthquake. Serious threats to 
many Indian RC buildings were designed mainly for gravity loads. The need for evaluating the seismic adequacy of existing 
structures has come into focus following the damage and collapse of numerous concrete structures during recent earthquakes. In 
order to assess the vulnerability, a simplified procedure for evaluation is highly in need for a country like India which is prone to 
earthquakes. It is important to estimate the response of buildings under earthquakes from the view point of life reservation and 
risk management. To assess seismic performance of the existing buildings, there are two methods which are linear assessment 
procedure and nonlinear assessment procedure. For linear assessment, members are controlled by comparing the force demands 
and capacities and is done using SAP 2000 with IS 1893-2002 procedures where for nonlinear assessment, ATC 40 procedure is 
followed to perform the push over analysis for assessing the seismic vulnerability of buildings using SAP 2000.In this study, the 
building, which stands in Trivandrum district of Kerala which comes under zone 3 as per IS 1893-2002 is being assessed 
according to the linear elastic and nonlinear static procedures. Comparative results and conclusions are summarized finally.   
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1. Introduction 

The buildings are expected to deform beyond their linear elastic range during design level earthquake. The 
need for evaluating the seismic adequacy of existing buildings has come into focus following the enormous loss of 
life and property during the recent earthquakes in India. After the Bhuj earthquake in 2001, the community is great 
concerned in this natural event. Many buildings were heavily damaged or collapsed after these earthquakes which 
resulted in great loss of life. Most of the mage cities in India are in seismically active zones and are designed for 
gravity loads only. A large number of existing buildings in India need seismic evaluation due to various reasons 
such as noncompliance with codal requirements, updating of codes and design practice and change in the use of 
building. Hence evaluation of existing RC buildings in India is a growing concern. Most of the reinforced concrete 
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buildings in India are framed constructions with unreinforced masonry infill ranging from 2 to 8 stores. Midrise 
buildings having open ground story for parking facilities is a common construction practice in the whole of India. 
These buildings have undergone major damage in recent earthquakes. Soft storey mechanism of failure is observed 
in many of the cases. The analytical technique proposed in ATC 40 uses capacity spectrum approach. The capacity 
spectrum method requires the construction of strength capacity curve expressed in standard acceleration versus 
period format and compared with elastic response displacement response spectra earthquake demands. The strength 
capacity curve is established from a push over analysis. The inadequate joint reinforcements and lack of 
confinement in columns govern the performance of majority of existing Indian RC buildings.   

 
 

2. Research significance 
  

In a seismically active region like India, there is a potential risk for existing RC buildings. The need for 
simple yet reliable evaluation of existing buildings is of growing concern to the practicing community. While 
analytical tool for linear and nonlinear static analysis exist, the real issue is whether the modeling of certain non-
ductile detailing is properly accounted for in the evaluations. The purpose of this study is to provide a comparison of 
linear and nonlinear procedure for analyzing existing RC buildings that were designed for gravity loads. The 
analysis provides an insight into the behavior of the components and failure mechanism of the structure as a whole. 
The evaluation is applied to a significant six storey RC building MRF building that reveal the inherent deficiencies 
as compared to current earthquake resistant design requirements in India. 
 
 
 
3. Background of the research 
 

Though the evaluation of vulnerability of existing RC MRF buildings is not new, the application of it to 
non-ductile detailing or gravity load designed buildings is not so well developed in India. Various computational 
tools are available in the published literature comprising of analytical models and procedures. They systematically 
predict the vulnerability associated with the buildings and give an assessment of the risk level either qualitatively or 
quantitatively. Different studies were made based on the seismic assessment procedures. The protection of existing 
constructions against natural hazards and in particular earthquakes using static and dynamic nonlinear analysis were 
studied by Gennaro Magliuloa et al (2008) since enlargement of seismic zones occurred in many European 
countries. As a consequence, a large number of constructions built without specific seismic provisions is 
characterized by relevant levels of structural risk. The research study shows that existing industrial precast buildings 
can be affected by severe damages under medium intensity seismic forces because of beam–column connection 
failure. Investigations done by Erol Kalkan, Sashi K. Kunnath(2006) studied over the effectiveness of several 
NSPs(nonlinear static procedures) in predicting the salient response characteristics of typical steel and reinforced 
concrete (RC) buildings through comparison with benchmark responses obtained from a comprehensive set of 
NTH(nonlinear time history) analyses. Results from the analytical study indicate that the Adaptive Modal 
Combination procedure predicted peak response measures such as inter-story drift and component plastic rotations 
more consistently than the other NSPs investigated in the study. Studies for the seismic loading provisions in the 
existing building codes focus on the minimum lateral seismic forces for which the building must be designed, but do 
not explicitly incorporate the demand and response characteristics (Fajfar “et al.”. 1996). With this understanding, 
the code writing bodies in various jurisdictions including Canada have embarked on major changes to the seismic 
codes. Gennaro et al. (2008) studied the topic of analyses performed according to modern code provisions, in 
particular Euro code 8 (EC8) rules. Elastic, nonlinear static and non-linear dynamic analyses of a multi-storey r/c 
frame building designed according to Euro code 2 (EC2) and EC8 provisions are carried out. The results show that 
the 3 methods of analyses provided by EC8 for new buildings respect a correct hierarchy in terms of safety, i.e. the 
simpler the analysis is the safer is the result returned: the building designed according to elastic analyses is verified 
by both non-linear static and dynamic analyses and displacements and total chord rotations demanded by non-linear 

 
. 
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4. Description of the work 
 

Linear-elastic analysis procedure is a simple approximate method for displacement-based seismic 
assessment of the existing buildings. The procedure is mainly based on reducing the stiffness of structural members 
that are expected to respond in the inelastic range. Nonlinear static procedure (NSP) or pushover analysis is widely 
used for seismic design/evaluation of buildings. The NSP requires nonlinear static pushover analysis of the structure 
subjected to monotonically increasing lateral forces with specified height-wise distribution until a target 
displacement is reached. The building design is deemed to be acceptable if seismic demands (e.g., plastic hinge 
rotations, drifts, etc.) at the target displacement are within acceptable values.  
 

 
4.1 Non-Linear Analysis Procedure (Pushover Analysis) 
 

The analysis is performed using the tool SAP2000. The pushover analysis follows the nonlinear static 
procedure. It essentially adopts the capacity spectrum method proposed by ATC40. This method of evaluation 
considers two aspects, the performance of a structure during seismic event, and the strength/capacity of the structure. 
The structure has been idealized as a 3D finite element model constructed with elastic frame elements having point 
plasticity at the possible plastic hinge locations. A lateral force distribution in accordance with IS 1893:2002 is 
applied to the analytical model. The force deformation relationship is defined as per the ATC-40 guidelines which 
follows the convention below:  

 
Figure-1. Typical Force Deformation relationship  

  
The performance levels are discrete damage states identified from a continuous spectrum of possible 

damage states. A building performance level is a combination of the performance levels of the structure and non-
structural components. The desired structural performance levels to be found are Immediate Occupancy (IO), Life 
Safety (LS) and Collapse Prevention (CP).  
 
4.1.1 Immediate Occupancy (IO) Performance Level 
 

At any storey, in the considered direction, at most 10% of the beams are allowed to go beyond Immediate 
Occupancy Limit and all other members should be below Immediate Occupancy Limit. After retrofitting brittle 
members if any, building performance is considered as Immediate Occupancy Level. 
 
4.1.2 Life Safety (LS) Performance Level 
 

After retrofitting brittle members if any, building is considered as Life Safety Performance Level when the 
following conditions are satisfied. 
 a) At any storey, in the considered direction, except secondary (which are not in the considered direction) beams, at 
most 30% of the beams is allowed to go beyond Life Safety Performance Limit. 
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b) At any storey, columns in Collapse Prevention Level should carry at most 20% of the total storey shear. At the 
top storey, columns in Collapse Prevention Level may carry 40% of the total storey shear. 
 
c) All other members should be in Immediate Occupancy Level or Life Safety Level. However, at any storey, 
columns that exceed Immediate Occupancy Limit from top and bottom ends together should carry at most 30% of 
total storey shear. 
 
 
4.1.3 Collapse Prevention (CP) Performance Level 
 

a) At any storey, in the considered direction, except secondary (which are not in the considered direction) 
beams, at most 30% of the beams is allowed to go beyond Collapse Prevention Limit. 
 

b) All other members should be in Immediate Occupancy Level, Life Safety Level or Collapse Prevention 
Level. However, at any storey, columns that exceed Immediate Occupancy Limit from top and bottom ends together 
should carry at most 30% of total storey shear.  

 
Buildings are assessed for different levels of earthquake forces that are determined according to their type 

and usage. The design acceleration spectra given in the code assumes that it represents an earthquake effect that has 
a probability of 10% in 50 years. This spectrum is multiplied by 0.5 and 1.5 to represent the earthquake effects with 
a 10% and 2% respectively in 50 years. The responses of the structure are the capacity curve representing the base 
shear versus roof displacement, the sequence of hinge formation and the capacity spectrum curve in ADRS format. 
Building performance can be described by the extent of damage sustained by the building, which influences the 
safety of the building occupants during and after the event Traditional retrofit design techniques assume that 
buildings respond elastically to earthquakes. In reality, large earthquakes can severely damage building causing 
inelastic behavior that dissipates the energy. Therefore, in modern codes displacement based analysis and design by 
using nonlinear parameters are used to assume the real behavior of a building under an earthquake. ATC-40 
provides a procedure that is based on nonlinear analysis. Failure mode of each member is estimated depending on 
whether it is ductile or brittle. Then, plastic rotation capacities of each member are estimated from moment 
curvature diagrams. After performing a nonlinear analysis, pushover curve is obtained for the building. ATC-40 
evaluates the performance point of the building using capacity spectrum method. This method requires that both the 
demand response spectra and pushover curves be plotted in the spectral acceleration vs. spectral displacement 
domain. Spectra plotted in this format are known as Acceleration – Displacement Response Spectra (ADRS). After 
estimating the plastic rotations of each member, they are compared with the performance based limit values which 
are given for each member type according to three performance levels; Immediate Occupancy, Life Safety and 
Collapse Prevention .  

 
Capacity spectrum method was used to approximate the performance level the building will be subjected to 

during an earthquake. The lateral force resisting capacity of a building is represented by a force displacement curve 
such as obtained by a push over analysis. The demands of earthquakes are represented by response spectra curves. 
When the two curves are plotted in the same set of coordinates, the relationship between demand and capacity are 
readily apparent. If the capacity curve can break through the demand envelope, the building survives the earthquake. 
The intersection of the two curves approximates the response and performance levels of the structure for that 
earthquake The Capacity Spectrum Method (CSM), by means of a graphical procedure, compares the capacity of the 
structure with the demands of earthquake ground motion on the structure. The capacity of the structure is 
represented by a nonlinear force-displacement curve, sometimes referred to as a pushover curve.  The base shear 
forces and roof displacements are converted to equivalent spectral accelerations and spectral displacements, 
respectively, by means of coefficients that represent effective modal masses and modal participation factors. These 
spectral values define the capacity spectrum.   
Performance limits not in terms of rotation but in terms of strain. Therefore, recorded rotations for target 
displacement need to be converted into curvatures first, then to strains through cross sectional analysis. By carrying 
out cross sectional analyses, strains at the level of concrete and steel are computed for the total curvature 
 

For Immediate Occupancy Performance Level (IO) 
(εcg)MN = 0.0035 ; (εs)MN = 0.010 
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For Life Safety Performance Level (LS) 
(εcg)GV = 0.0035 + 0.01 (ρs / ρsm) ≤0.0135 ; (εs)GV = 0.040. 
 
For Collapse Prevention Performance Level (CP) 
(εcg)GC = 0.004 + 0.014 (ρs / ρsm) ≤0.018 ; (εs)GV = 0.060 
 
ε / εlimit is calculated for each member for the assessment.  

 
If ε / εlimit < 1 , then the corresponding end of the member is acceptable for the target performance level. 

 
If ε / εlimit > 1, then the corresponding end of the member is not acceptable for the target performance level. 

 
Each member is checked for its two ends. The worst of two ε / εlimit ratios is assumed as the ε / εlimit  of that member. 
Using the interaction of the base shear and displacements calculated from the results of push over analysis, the 
capacity curve and the capacity spectrum of the structure are calculated. The demand spectrum is also generated for 
a design seismic load using the design response spectrum. The performance point which represents the state of 
maximum inelastic capacity of the structure is found through the cross point of the capacity spectrum and demand 
spectrum for a given damping ratio. The demands of the earthquake ground motion are represented by response 
spectra.  A graphical construction that includes both capacity and demand spectra results in an intersection of the 
two curves that estimates the performance of the structure to the earthquake  

 

4.2 Linear Analysis Procedure 

Linear elastic procedure is an assessment in which the building is analyzed elastically under vertical 
(gravity and live loads) and earthquake loads separately. After analysis, demands and capacities are calculated for 
each member of the building. The members are classified as either brittle or ductile. To identify the type of expected 
behavior, shear forces are compared by the corresponding capacities. For brittle members, assessment is done based 
on shear force whereas for ductile members flexural forces are checked by comparing the demand forces with the 
capacities of members. Based on these comparisons, the expected damage of each member and overall performance 
of the structure is estimated. The choice of the assessment and analysis procedure is based on certain criteria. Linear 
elastic procedure is an assessment in which the building is analyzed elastically under vertical (gravity and live loads) 
and earthquake loads separately. After analysis, demands and capacities are calculated for each member of the 
building. The members are classified as either brittle or ductile. To identify the type of expected behavior, shear 
forces are compared by the corresponding capacities. For brittle members, assessment is done based on shear force 
whereas for ductile members flexural forces are checked by comparing the demand forces with the capacities of 
members. Based on these comparisons, the expected damage of each member and overall performance of the 
structure is estimated. The choice of the assessment and analysis procedure is based on certain criteria. Linear elastic 
procedure can be applied to the buildings which 

- are at most 25 m in height from ground level, 

- have at most 8 stories, 
- have torsional irregularity constant smaller than 1.4, (ηbi < 1.4). assessment procedure has two main 

steps.  
 
4.2.1 Modeling and analysis 
4.2.2 Performance assessment and acceptance 
  
Modeling is the first step of the linear assessment procedure. 3-D model of the building is prepared in a 

computer program. By looking at the design drawings or building field survey results, beams, columns, slabs and 
other load carrying members are modeled. Beams and columns are modeled as line elements which are connected to 
each other at the joints. slabs can be modeled by finite element meshes. Members are assumed to have cracked cross 
sections in this assessment. Therefore, their rigidities should be reduced according to the gravity load level, cross 
sectional area and strength of concrete.  The total design force or design seismic base shear(VB) along any principal 
direction shall be determined  The design base shear shall be distributed along the height of the building Seismic 
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moment capacity of a member is defined as residual moment capacity which is the remaining amount of bending 
moment capacity after excluding the moment coming from gravity loads.  Capacity calculation is straightforward 
and simple for beams. Ultimate capacity of the member is calculated from section analyses first. Then, the bending 
moment demand computed from the gravity loads is subtracted to determine the residual moment capacity. 
However, for columns, because they carry axial load and axial load affects the capacity of a column, capacity 
depends on the gravity and earthquake analysis results. Ductility is a behavior which allows a material to go beyond 
large plastic deformations without a significant change in strength. More ductility means more displacement 
capacity during an earthquake. A brittle member fails due to shear forces before reaching its moment capacity. On 
the other hand, a ductile member fails due to flexure before reaching its shear capacity. Therefore, while estimating 
the performance of a building, it is important to know which members are ductile and which are not. Ductility is 
checked by comparing the shear force demand with the shear force capacity of a member. 

 
After calculating the shear demand (Ve) and capacity (Vr) of members, by comparing these values, the 

expected behavior mode of the member is determined as follows.    
 

If Capacity > demand, member is DUCTILE. 
If Capacity< demand, member is BRITTLE  
 
Expected seismic performance of the members is estimated by comparing their demands with capacities. 

This comparison is affected by some parameters which are actually related to the ductility of a member. If a member 
is more ductile, there is more tolerance to go beyond its elastic limit. Therefore, for ductile members, the assessment 
is carried out based on the ratio of moment demand to residual moment capacity, defines as “r” ratio that is obtained 
for each member depending on its ductility. This ratio basically shows the level of capacity exceeded 
 

for beams r=ME  MP-MD 
for columns r=ME  Mk-MD  

 
These ratios are compared with the limits to determine the expected damage states of the members. There 

are three limits for members which are determined based on the three performance levels; Immediate Occupancy, 
Life Safety and Collapse Prevention. 

    
 

Table 1: r limit Values for Reinforced Concrete Beams 
 

Ductile Beams  Damage Limits  
' 
b 

Confinement Ve 
bwdfc 

IO  LS CP 

≤ 0.0 YES ≤ 0.65 3 7 10 
≤ 0.0 YES ≥ 1.30 2.5 5 8 
≥ 0.5 YES ≤ 0.65 3 5 7 
≥ 0.5 YES ≥ 1.30 2.5 4 5 
≤ 0,0 NO ≤ 0.65 2.5 4 6 
≤ 0,0 NO ≥ 1.30 2 3 5 
≥ 0.5 NO ≤ 0.65 2 3 5 
≥ 0.5 NO ≥ 1.30 1.5 2.5  
                        Brittle Beams 1 1 1 

 
    Table 2: r limit Values for Reinforced Concrete Columns 

 

Ductile Beams  Damage Limits  
  Nk 
 Acfc 

Confinement Ve 
bwdfc 

IO  LS CP 

≤ 0.1 YES ≤ 0.65 3 6 8 
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≤ 0.1 YES ≥ 1.30 2.5 5 6 
≥ 0.4 and ≤ 0.7 YES ≤ 0.65 2 4 6 
≥ 0.4 and ≤ 0.7 YES ≥ 1.30 1.5 2.5 3.5 
≤ 0,1 NO ≤ 0.65 2 3.5 5 
≤ 0,1 NO ≥ 1.30 1.5 2.5 3.5 
≥ 0.4 and ≤ 0.7 NO ≤ 0.65 1.5 2 3 
≥ 0.4 and ≤ 0.7 NO ≥ 1.30 1 1.5 2 
≥ 0.7 - - 1 1 1 
                 Brittle Columns 1 1 1 

 
Brittle members cannot resist large moment, so when moment demand exceeds capacity, member will fail. 
Therefore, r limits are all 1 for brittle members. Longitudinal reinforcement ratio helps to check whether a beam is 
under reinforced or not.  

If  ρ − ρ∋∋∋∋    

                                   ρb < 1,   then section is under reinforced which means reinforcement in the tension zone 
yields. This causes ductility. Ασ  ρ − ρ∋∋∋∋ 

ρb ratio decreases, member becomes more ductile. 

 After estimating the limit values for each member r / rlimit is calculated for each member. 
 
If r / rlimit < 1 then the corresponding end of the member is acceptable for the desired performance level 
If r / rlimit > 1 then the corresponding end of the member is not acceptable for the desired performance level.Each 
member is checked for its two ends.  
 
The worst case, highest r / rlimit ratio, is assumed as the r / rlimit of that member 
 
 

5. Conclusion 
 
From the study the following conclusions can be drawn -In this study it is observed that. nonlinear assessment is 
more conservative when the building is more flexible and goes into inelastic range, while linear assessment gives 
larger demand to capacity ratios for the rigid direction as the building behaves nearly elastic. A suitable and 
reasonable retrofit alternative results in satisfactory performance regardless of the assessment procedure The 
performance limits for both linear and nonlinear procedures seem to be very conservative and can be adjusted to  
result in more economical decisions regarding the existing buildings. 
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