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Abstract: The buildings constructed prior to the 

development of seismic codes are vulnerable to 

earthquakes and have inferior seismic performance. 

These buildings can be viability retrofitted to improve 

their performance at very reasonable cost in comparison 

with the increase in land development and new building 

costs. Several strategies are involved in seismic 

retrofitting; one of these is concerned with the increment 

in stiffness. This paper attempts to apply this method to 

an existing under-designed reinforced concrete building 

by jacketing of elements. A comparison is made between 

bare frame and that with retrofitting for various 

performance parameters including target displacement, 

capacity and non-linear static pushover.  The increase in 

stiffness improves the seismic performance, resulting in 

reduction of target displacement, increase in capacity 

and better performance under non-linear static 

pushover. 

Keywords: Performance Objectives, Pushover analysis. 

I- INTRODUCTION 

Seismic retrofitting of reinforced concrete buildings is 

practised with an aim to improve the performance of 

building. The various methods developed for improving 

performance include, mass reduction techniques, use of 

energy dissipation devices, stiffness increment and base 

isolation methods. Every method is suitable for a known 

class of building and performance level. According to 

ATC-40 there are structural as well as non-performance 

levels, the buildings are generally evaluated according to 

structural performance levels. The structural 

performance levels are defined as an ensemble of 

performance objectives for a particular building type. 

The performance levels are designated as SP-

1(Immediate occupancy), SP-2(Damage control), SP- 

 

3(Life Safety), SP-4(Limited Safety), SP-5(Structural 

Stability), SP-6 (Not Considered). A Combination of 

these structural and non-performance levels is sought 

after to get a safe functional building in practice. The 

paper discusses the basics of building performance and 

adopted methodology for analysis, it then tries to study 

the definition of parameters which form the basis of 

comparison between bare & retrofitted RC frame. 

II- RELATED WORK 

Various studies have been forwarded to explain the 

relation between different performance objectives and 

the retrofitting strategies suitable to achieve desired 

performance. Some studies emphasize on energy 

dissipation devices to modify the drift profile of 

building; they study the effect of different strategies on 

the behavior of building. Some of them investigate the 

use of memory alloys, or shear linkages in braces for 

dissipation of energy. While the effectiveness of these 

methods cannot be overlooked, they may lead to 

significant increase in costs and functionality which 

might not always be desired from a retrofitting project. 

Other alternatives have also been discussed which study 

effects on experimental models, the scope of such 

studies is somewhat limited as all scenarios and building 

types cannot be effectively modelled. Analytical studies 

however focus on more realistic and performance 

oriented goals. 

III-METHODOLOGY 

The paper focuses on analytically comparing the two 

models, so as to evaluate performance parameters 

affected by the use of retrofitting strategy. The main 

objective of the study is to study the increase in capacity 

and the change in target drift due to jacketing of 

elements. The models are evaluated using a computer 
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based tool and the results are compared analytically. The 

modeling work is carried out on SAP2000, and a non-

linear pushover curve is plotted for the yield 

displacement of h/20 as per ASCE 41-17. The sections 

are jacketed and the capacity of the retrofitted section is 

assessed through moment curvature. Non-linear static 

procedure is adopted and the hinges are assigned as per 

FEMA 356. The material defined for jacketing of 

elements is of M25 grade and the reinforcement of grade 

Fe415 is taken for design. 

IV. ANALYSIS  

Non-Linear static Pushover analysis  

Pushover analysis is a non-linear static procedure (NSP) 

where the lateral force is incrementally increased in a 

predefined pattern. It gives better insight as to which 

member in the structure acts as a weak link, the trends in 

formation of hinges help in identifying weak members. 

Pushover analysis helps in estimating base shear and 

displacement capacity of structure along with sequential 

formation of hinges in the hinges under analysis. The 

result is displayed in the form of pushover curve which 

is essentially a curve of base shear vs. roof displacement. 

This curve can also be used as capacity curve of the 

structure. To incorporate the effect of inelastic behavior 

of structural elements lumped plasticity models has been 

used and assigned in the form of moment rotation 

capacity ( i.e Plastic hinge )to individual element. In the 

present study default properties of plastic hinges in 

SAP2000 as per FEMA 356 have been used. 

 

Fig.1 Ideal pushover curve from ASCE 41-17 

 

Fig. 2 Validation curve for Pushover analysis 

The results have been verified by Inel & Ozmen paper, it 

was observed that the procedure was correct and the 

same procedure was followed in further analysis. 

Monitored roof displacement at the center of mass is 

used in pushover analysis of buildings. The non-linearity 

in case of beams is provided by uncoupled moment 

hinges (M3) and for columns coupled axial force and 

biaxial bending moment hinges (P-M2-M3). 

The pushover curve for bare and jacketed element 

building is thoroughly studied and compared, following 

parameters are calculated. 

Target displacement, 

As per 7.4.3.3.2 from ASCE/SEI 41-17 Target 

displacement can be calculated as follows, 

⸹t=C0C1C2 .Sa . (Te
2
/4⸹

2
).g 

⸹t= Target displacement  

C0=Modification factor to relate the spectral 

displacement model to an equivalent single degree of 

freedom system (SDOF) to the Multiple degree of 

freedom (MDOF) system. 

C1=Modification factor to relate expected maximum 

inelastic displacement to displacements calculated for 

linear elastic response. For periods less than 0.2s, C1 

need not be taken, for periods greater than 1.0s C1=1.0.  

C2=Modification factor to represent the effect of pinched 

hysteresis shape ,cyclic stiffness degradation, and 

strength deterioration on the maximum displacement 

response.  
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Sa= Response spectrum acceleration at the effective 

fundamental period and damping ratio of the building 

under consideration.  

Te=Effective fundamental period of the building in the 

direction under consideration. 

Target displacement gives a vague idea regarding the 

performance level of building, the members failing 

under these hinge conditions can be easily identified. 

From ATC-40, the following performance levels are 

formulated to analyse buildings for retrofitting 

requirements and performance levels, 

 

Fig 3. Performance levels defined as per ATC-40  

The combination of structural performance and non-

performance levels are considered as building 

performance levels.  

Calculation of capacity from pushover curve 

The target displacement when plotted onto the pushover 

curve gives capacity of the building under analysis, as 

per ASCE 41-17. The capacity gives a vague idea 

regarding   

Model 

The modelling work is done on SAP2000 package; the 

model has a plan dimension of 12x14m with three bays 

on either side of the structure. The building is a six-

storeyed building with a storey height of 3m; the 

building is situated in seismic zone V. The soil condition 

is hard rock and soil, the model is subjected to lateral 

loads in the form of earthquake loads which are self-

generated by the software. The load cases are defined as 

per IS 1893-Part-1-2016. The models are evaluated 

based on their target displacement, performance-point & 

hinge formation characteristics. 

First mode is predominantly used to perform pushover 

analysis on the building. Bare frame and retrofitted 

frame are inserted with auto hinges compliant with 

FEMA 356-2000, uncoupled moment hinges (M3) are 

used for beams and coupled force-biaxial bending and 

moment hinges (P-M2-M3). 

Response spectrum load case is defined in accordance 

with table 7 of IS 1893 (Part 1)-2016.The mass source is 

defined to include dead load , 25 per cent of live load as 

well as other participating  load combinations. The scale 

factor is calculated as follows, 

Scale factor = (Z/2)x(I/R)x g 

Where, 

Z=Zone factor 

R=Response reduction factor 

I=Importance factor . 

g= Acceleration due to gravity. 

Fig 4. Typical Frame in the X-Z Direction 

The model has similar beams on each floor, the beam 

dimensions are 230x450 mm. Building is designed for 

gravity as well as earthquake loads and the requirement 

for reinforcement is checked, this helps in identifying 

critical members. 
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Fig 5. Frame at Y=5 along X-Z direction  

The members shown in red have failed due to greater 

than maximum requirement of reinforcement; the 

columns failed are identified as GC-6, GC-7 at the 

ground storey and FC-6, FC-7 at first storey. 

 

Fig 6. Frame at X=9 along X-Z direction  

The members shown in red have failed due to greater 

than maximum requirement of reinforcement; the 

columns failed are identified from left to right as GC-10, 

GC-11 at ground storey and FC-10, FC-11 at first storey. 

The following table identifies Summarizes the critical 

members, 

 

Table 1 Critical members 

Name/designation 

of member  

Location  Percentage of 

reinforcement 

Required  

GC-6,GC-7 Ground storey >6% 

FC-6,FC-7 First floor  >6% 

GC-10,GC-11 Ground storey  >6% 

FC-10,FC-11 First floor  >6% 

 

The identified critical members fail in design itself due 

to greater than maximum reinforcement requirement. It 

should be noted that C stands for column in this naming 

system. The columns in other stories are also beyond the 

practical limit of reinforcement provision. Flexural 

members are marginally safe, although ultimate safety is 

dependent on the strength of compression members. 

These critical members need to be retrofitted to make 

them safe, this is done by increasing the cross sectional 

area and providing additional reinforcement required. 

The members are jacketed using RC jacketing by 

defining the material as M25 and Fe415.SAP2000 has a 

section designer utility for defining retrofitted sections. 

The sections adopted for retrofitting are as follows, 

Table 2 Dimensions of retrofitting sections 

Description Dimension Location 

R-Beam 300x600 All stories 

except roof 

G-Column 500x850 Ground floor 

1-Rcolumn 400x700 All stories 

except top 

storey 
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Fig 7. Typical frame for model with jacketed elements  

The model is analyzed by pushover analysis using 

displacement control same as bare frame.   

RESULTS 

The pushover curve is also known as pushover capacity 

curve, as per ASCE 41-17. The bare frame and 

retrofitted frame are analyzed and pushover curve is 

plotted for both of them, we will discuss each of them 

one by one. 

 

Fig.6 Pushover curve for bare curve 

The bare frame has been found to have a target 

displacement of   0.654 m. The hinges at this 

displacement are exhibiting the performance level of LS 

(Limited safety). The hinges at this point are completely 

yielded and the building is unsafe beyond occupational 

safety. The beams begin to form B-IO hinges at the 3
rd

 

step, in the 4
th

 step beams at the third storey show IO-LS 

hinge formation. A step 13 almost all columns show 

formation of C-D hinges. Step 17 marks the beginning of 

hinge formation in base columns. The hinges at all base 

story columns begin to yield completely at step 27 ,this 

is the point of total collapse.   

 

Fig Pushover curve for model with Jacketed elements  

The retrofitted frame has a target displacement of 0.120 

m. The IO hinges begin forming in beams immediately 

after the target displacement is exceeded. Step 10 

denotes formation of LS-IO hinges in first and second 

storey. However almost all beams remain intact until 

step 38 or 0.6511m. After this step all flexural members 

begin to form LS-CP hinges and the structure completely 

yields at 0.863 m. 

CONCLUSION 

The building exhibits a higher performance level after 

retrofitting as compared to bare frame. The overall 

vulnerability is reduced after jacketing of columns. 

Target displacement has reduced substantially, making 

the building more safe as compared to the bare frame. 
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