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Abstract 

Damage caused by an earthquake depends not just on the intensity of an 

earthquake but on the engineering and construction practices of the region. Past 

earthquakes in Asian countries have highlighted inadequate construction practices 

and caused huge property and life loss, indicating the severe need to retrofit existing 

structures. For this, an understanding and quantification of damage are required to 

assess the amount of damage. Many researchers have proposed many indices; out of 

those, energy-based indices are chosen for this study. In literature, energy-based 

damage indices have progressed well but with a gap in mapping of local-to-global 

indices though they can be computed at local and global levels. This study bridges 

the gap between global and local energy-based indices using weighting factors, 

which further proposes sequence of strengthening. Strengthening activities shall be 

done first at the higher weighted members to increase the capacity of the building 

immediately and then to the other members. The proposed strengthening sequence 

is proposed to make it more economical and efficient. 

This study is conducted on existing buildings, mainly on gravity load-

designed buildings (Type G) and precode buildings of IS 1893 designed as per the 

2002 version (Type P). These buildings represent a significant stock of RCC MRF 

buildings on site that should be strengthened. The members contributing significant 

damage are identified in existing buildings, different weights are allotted to 

members as per their contribution to global energy dissipation. Nonlinear static 

analysis is conducted to quantify the damage. The methodology adopted to compute 

the contribution of local damage to the exterior and interior columns is verified with 
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nonlinear time history analysis with eleven earthquakes. In gravity, load-designed 

buildings, higher weight for exterior columns is observed in the energy dissipation 

capacity of the building than interior columns. However, in precode buildings of 

IS1893, the significance of exterior and interior columns is similar.  

Storey-wise weights are computed using energy dissipated by each hinge in 

that storey. Therefore, the highest weighted stories are identified for each type of 

building. Damage is distributed within stories as a parabolic curve. In type G 

buildings, as the height of the building increases, parabolic distribution changes 

from convex to concave, and the maxima location of the parabola shifts from bottom 

to middle stories. In type P buildings, parabolic damage distribution remains convex 

or like a straight line. As the height of the building increases, damage shifts to upper 

stories in a convex parabolic shape. An increase in the storey height of a building 

does not change the damage distribution pattern and the quantity of damage. 

The sequence for strengthening activities is proposed as per the computed weighting 

factors. Strengthening activities shall be done first at the higher-weighted members 

to increase the capacity of the building immediately. Further, a strengthening 

sequence is proposed as per the weighting factor in descending order for regular 

RCC buildings. Therefore, proposals made in the study would increase the efficacy 

of strengthening activities. 

… 
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elasticT  Initial time period before damage by an earthquake computed by an 

Iranian code 

Xi  Maximum displacement in the ith cycle 

XF Final displacement 

y    Yield deformation 

u   Ultimate deformation capacity 

  Constant parameters 

AE  Damage coefficients related to the initial elastic time period of the 

building 

VC  Modification factor 

  Non-negative parameter  

AE  Damage coefficients related to the initial elastic time period of the 

building 



xviii 
 

Symbol Description  

PA  Non-negative Park and Ang parameter to include the effect of cyclic 

loading 

SS  Cumulative damage factor 

ws  Cyclic loading parameter 

AE  Nonlinear fundamental period elongation 

Critical  Corresponding elongation period 

DCf _  Ultimate stiffness degradation 

max  Maximum deformation under specific loading 

m  Maximum deformation under monotonic loading 

DCM _  Maximum softening index 

M  Maximum deformation under earthquake 

u  Ultimate deformation under monotonic loading 

y  Yielding deformation under monotonic loading 

  Error in computation 

  Calibration parameter for energy functions 

  Constant parameters 

VC  Accounts for the difference between theoretical and real hysteretic 

energy 

1  Constant parameters 

2  Constant parameters 

elementk ,  Weighting factor based on hysteretic energy 

m  Maximum ductility ratio 

md  Ratio of maximum deformation 

ud  Ratio of ultimate deformation to yielding deformation under 

monotonic loading 

u  Ultimate ductility ratio 

m  Maximum curvature of the member 

y  Yield curvature of the member 

f  Ultimate curvature of the member 
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Symbol Description  

  Ratio of tension reinforcement at hinge location 

'  Ratio of compression reinforcement at hinge location 

t  Ratio of area of distributed transverse reinforcement to gross concrete 

area perpendicular to reinforcement 

w  Ratio of the volume of transverse reinforcement to concrete core 

volume 

  Constant 

c  Maximum drift ratio in an elastic SDOF 

m  Maximum rotation in entire loading history 

p  Pre capping plastic deformation capacities 

pc  Post capping plastic deformation capacities 

r  Recoverable rotation on unloading 

u  Ultimate rotation capacity 

… 
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1 INTRODUCTION 

1.1 Introduction 

1.1.1 Performance of buildings during earthquakes 

An earthquake is a natural phenomenon that cannot be predicted accurately 

or avoided. So, the best way to deal with earthquakes is to understand the response 

of a build-up environment to an earthquake and be prepared for it. However, 

earthquake is a complex phenomenon, the built-up environment of an area might 

respond in different ways to two different earthquakes depending upon the source 

and travel path of seismic waves. Also, different buildings may behave differently in 

the same earthquake depending upon their configuration, construction practices, 

and design methodology. Past earthquakes in various parts of the world have taught 

us how the built-up environment responds. 

Significant life and property losses have been observed in many past 

earthquakes, as in Table 1.1. 

Table 1.1: Fatalities in some of the major earthquakes. 

Date Location Magnitude Fatalities 

15 Jan 1934 Bihar-Nepal M 8 7253 deaths in India and 3400 in 
Nepal (Jain, 1998) 

21 July 1956 Gujarat M 6.1 115 deaths and 254 injuries 
(Kayal, 2008) 

10 Dec 1967 Koyna M 6.5 200 death and 1500 injured (Jain, 
1998) 

9 February 1971 San Fernando M 6.5 60 deaths with damage of $500 
million (Jennings, 1997) 

19 September 
1985 

Mexico M 8 10000 deaths (Popov, 1987) 

21 August, 1988 Bihar-Nepal M6.6 282 India and 722 in Nepal (Jain, 
1998) 

20 June 1990 Iran M 7.4 35000 deaths (Moinfar and 
Naderzadeh, 1990) 

20 October 1991 Uttarkashi M 6.8 Fatalities 768 and 5066 injured 
(Jain, 1998) 

30 September 
1993 

Killari (Latur) M 6.4 Fatalities 8000 (Jain, 1998) 

17 January 1995 Kobe, Japan M6.9 5,394 deaths (Esper and 
Tachibana, 1998) 

17 August 1999 Turkey M 7.6 15000 deaths and 27000 injuries 
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(Toksoz et al., 1999) 

26 January 2001 Gujarat M 7.7 20005 deaths and 1,66,000 injuries 
(Roy et al., 2002) 

8 October 2005 Kashmir M 7.6 8000 deaths and 70000 injuries 
(Rehman et al., 2016) 

12 May 2008 Sichuan, China M 7.9 69227 deaths (Zhao et al., 2009) 

25 April 2015 Nepal, India M 7.8 8200 deaths and 21952 injuries 
(Murty et al., 2016) 

12 May 2015 Nepal, India M 7.3 135 deaths and more than 2500 
injuries (Murty et al., 2016) 

These fatalities have been mainly due to ground shaking, movements along 

faults, landslides, and sliding of houses on weak soil in hilly areas. Damage caused 

to the built-up environment by only ground shaking due to an earthquake is being 

studied in this study. 

San Fernando (1971) earthquake of M6.6 struck Los Angeles in the northern 

San Fernando Valley on 9th February. As reported in Caltech (1971) (Caltech, 1971), 

the intensity was not very high, but this was an important earthquake because it 

occurred near a densely populated area and caused damage to many important 

ground facilities of the city. Figure 1.1(a) highlights one such damage caused by the 

ground shaking in San Fernando (1971) in the New Olive View Hospital building. 

Huge deformation is seen in columns of an open ground storey above which the 

shear wall abruptly ended. Those columns were inadequate in transverse 

reinforcement with large tie spacing, making them nonductile, leading to shear 

failure. Had the intensity been stronger, there would have been a definite collapse of 

many buildings in the city since the design procedure did not include adequate 

transverse reinforcements for the ductility of frames which was later proposed in 

revised codes. 
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Figure 1.1: Damage in New Olive View hospital building and Hanshin Expressway 
(Caltech, 1971)(Ghosh, 1995) 

In 1973 Union Building Code has revised post San Fernando (1971) 

earthquake for stringent shear design. Similarly, in Japan, revision in the 

enforcement order of building standard law was made effective in 1981 after 

Miyagiken Oki (1978) earthquake. That included a two-phase design, one for 

building serviceability for frequently occurring earthquakes and the other for safety 

against once-in-lifetime earthquakes. In Kobe (1995) earthquake of magnitude M6.9, 

massive destruction was observed in old structures based on the codes before 1973 

as per Ghosh (1995) (Ghosh, 1995). As shown in Figure 1.1 (b), a typical example was 

the failure of the Hanshin Expressway constructed in 1962. The Pier bottom failure 

of the Hanshin Expressway was a typical flexure and shear failure example. One 

segment of the elevated bridge completely collapsed. The superstructure segment 

changed from steel to concrete; therefore, a sudden increase in base shear led to the 

segment failure. Pier failed in shear at the location of the formation of a flexural 

hinge in the column due to premature discontinuation of longitudinal steel. 

However, structures based on new code performed better. 

Bhuj (2001) earthquake on 26th January of magnitude M7.7 struck the city of 

Bhuj with an epicenter located 50 km from the Bhuj city in India. Humar et al. (2001) 

(Humar et al., 2001) earthquake reconnaissance highlighted poor reinforcement 

detailing and substandard construction practices, including inadequate transverse 

reinforcement. Figure 1.2(a) highlights a column failure due to flexure hinge 

formation and buckling of longitudinal reinforcement due to inadequate transverse 

reinforcement. Figure 1.2(b) highlights the flexure hinge of the column where the 

cover has been chipped off, exposing the reinforcement. It is visible that hooks are 

bent at 90֯ instead of 135 ֯, capable of opening up under severe shaking, making 

transverse detailing ineffective. Keeping the construction joint in the column just 
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200-250mm below the column-beam junction is often observed, leading to improper 

bonds in the hinge region. Earthquake events also highlighted typical pancake 

failures of open-ground storey buildings, as shown in Figure 1.2(c), where an open-

ground storey is crushed, bringing the rest of the floors down. 

 

Figure 1.2: Column failure in Open ground stories after Bhuj (2001) earthquake 
(Humar et al., 2001) 

 

Figure 1.3: Beam Column failures in Sumatra (2004) earthquake (Saatcioglu et al., 
2005) 

Sumatra (2004) earthquake of magnitude M9.3 triggered a devastating 

Tsunami with wave heights exceeding 20m destroying Indonesia, Malaysia, 

Thailand, India, and other countries surrounding the Indian Ocean. Researchers 

reported that no new lessons were learned from the damage caused by this 

earthquake's ground shaking (Saatcioglu et al., 2005). Past earthquake damage issues 

were observed here as well. Figure 1.3(a) highlights the lack of transverse 

reinforcement in beam-column joint reinforcement. Figure 1.3(b) shows a classic 

shear failure of the column, and Figure 1.3(c) highlights a failed beam-column 

connection due to a strong beam weak column. The column got damaged, and the 

beam remained in an elastic state. 
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Nepal Twin earthquakes in 2015 on 25th April of M7.5 and on 12th May of 

M7.3 struck Lamjung and Kodari areas. Though both earthquakes were almost the 

same magnitude, they caused different levels of damage as per the built 

environment near their epicenters. Ground shaking due to the long-period waves 

affected tall buildings more. Similar to past earthquakes, the poor performance of the 

open ground storey was observed again, as shown in Figure 1.4 (Rai et al., 2016). An 

open ground storey in Sitapalia, Kathmandu collapsed, as shown in Figure 1.4(a), 

and a soft storey on the 2nd floor of a four-storey building in Sitapalia, Kathmandu 

completely collapsed, as shown in Figure 1.4(b). Reconnaissance observations 

concluded that structures were being built without designing. Some common 

violated features were huge cantilevers, lack of detailing in beam-column joints, and 

the practice of having open ground stories. 

 

Figure 1.4: Soft storey failure in Nepal (2015) Twin earthquakes (Rai et al., 2016)  

Past earthquake reconnaissance reports show that damage in a building is 

dependent on the intensity of an earthquake. However, there have been cases where 

the intensity was not very severe; still, colossal damage was observed. Therefore, 

damage caused by an earthquake is dependent not just on the intensity of an 

earthquake but on the engineering and construction practices of the region as well. 

In Asian and developing countries, recent earthquakes have demonstrated damage 

due to the same mistakes reported in the last decade. Therefore, highlighting the fact 

that no strengthening of existing buildings is being taken up. 

Henceforth, indicating the severe need to incorporate the lessons in 

constructing new buildings and, most importantly, retrofitting the old buildings as 

per new specifications to avoid any future damage for the same reasons. If lessons 

learned from past earthquakes are implemented in existing buildings, at least 

catastrophic failures caused by open ground stories, failure of beam-column joints, 
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and failure of columns in strong beam weak columns can be avoided. A clear 

understanding of the damage caused in RCC buildings is required to start 

retrofitting activities on a large scale. If damage concentration and propagation 

pattern are known or predicted, retrofitting actions can be planned accordingly. 

1.1.2 Need for damage indices 

Damage quantification and information about damage concentration are 

required for strengthening and retrofitting activities. Damage can be quantified by 

assigning a numerical value to the building, known as a damage index. The damage 

index indicates the amount of damage caused in a building numerically or the 

amount of capacity left there. Therefore, the amount of repair required in a building 

can be associated with such indices. 

Various researchers have attempted to quantify damage using damage 

indices. Researchers have defined damage indices on scales where lower limit 

indicates no damage and upper limit indicates collapse of a building. Typically it is 

normalized on a scale of 0-1. Any number in between defines the intermediate 

amount of damage. Quantitative information about the amount of intermediate 

damage indicates the capacity left in the building. 

Damage can be computed in terms of many parameters, for example, displacement, 

natural period, stiffness, and energy dissipation. Further advantages and limitations 

of each parameter based on damage quantification are presented in the next section. 

1.2 Literature Review on Damage Indices 

The need for damage quantification has prompted many researchers to work 

on the quantification of damage. The first step is to finalize the parameter for the 

damage model, which can quantify the damage in a structure. In literature, damage 

models based on parameters such as displacement, stiffness, natural period, and 

energy dissipation have been proposed. Empirical or analytical formula based on 

these damage models, including seismic demand and structure capacity, gives an 

index called damage index. The damage index varies on a scale of 0-1, where 0 

represents no damage, 1 represents collapse, and intermediate values indicate various 

damage states. 

Some models proposed local damage indices of members, and some proposed 

global damage indices for the entire building. The objective is to capture actual 

damage in numbers through the damage index, reflecting locally concentrated and 

globally distributed damage in a building. 
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Many damage indices have been proposed in the literature based on the 

damage parameters mentioned above. Some damage models are based on one 

damage parameter for damage quantification, and some are based on a combination 

of two parameters. Different types of damage models present in the literature are 

reviewed below. 

1.2.1 Single Parameter Model 

Researchers proposed damage indices based on displacements, energy 

dissipation, stiffness, or natural period. Models using one physical quantity for 

damage measurement are called single-parameter models. Damage indices based on 

the single parameters for damage quantification are: 

(i) Displacement-based damage models 

(ii) Natural Period-based damage models 

(iii) Stiffness-based damage models 

(iv) Energy-based damage models 

1.2.1.1 Displacement-based damage models 

Damage models based on response quantities such as building displacement, 

inter-story drift, member deformation, or ductility give displacement-based damage 

indices. 

Powell & Allahabadi (1988) (Powell and Allahabadi, 1988) proposed a damage 

index based on deformation or ductility ratio. 
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where y  is yield deformation, u  is maximum deformation capacity, max  is 

maximum deformation under specific loading. m  is the maximum ductility ratio 

and u  is the ultimate ductility ratio. 

No experimental calibration is done for the proposed index. This ductility 

index does not consider the effect of repeated cycles in cyclic loading. Since the 

structure undergoes massive displacement in inelastic cycles under an earthquake, 

low-fatigue effects should be considered. 

Wang and Shah (1987) (Wang and Shah, 1987) proposed a displacement-based 

index. 
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where βws is calculated for various values of n, determined from experimental data. 

For ws =0; D=0 and ws =1; D=1. Damage is dependent on maximum displacement 

during each cycle in which ws  is the cyclic loading parameter and is given by 
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where Xi is the maximum displacement in the ith cycle, and XF is the final 

displacement under monotonically increasing load, and C is a constant less than 1. A 

small-scale model of a reinforced concrete beam-column joint is used for 

experimental validation of the index. From the experiment, recommended values of 

C and n are 0.1 and 1 for well-reinforced concrete members. 

  The index considers the cyclic effect of earthquake loading. The value of n, 

dependent on the amount of reinforcement in the beam and column joint, should 

ideally change in all cases instead of one constant value. Hence this becomes a 

limitation for this index. 

Bazan and Sasani (2004) (Bazan and Sasani, 2004) proposed a new index based on 

the drift capacity model, as the ratio of maximum drift ratio demand under cyclic 

load (DRd) and drift ratio capacity (DRc) proposed from the experiments. 
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  is the error in computation. Bazan and Sasani experimentally proved that the 

widely used Park and Ang model, as explained in Section 1.2.2, is biased towards 

dissipated energy components. Proved that considering   a constant value is 

incorrect and challenged Park and Ang index. Also, concluded energy may not be a 

reliable parameter to consider the effect of displacement history on the drift ratio 

capacity of an RC specimen. Experiments are performed on 159 RC specimens to 

derive the formula for DRc for a reinforced concrete element 
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w is the ratio of the volume of transverse reinforcement to concrete core volume; 

( ) '/ cgo fAP=  where P is applied axial load and Ag is the cross-sectional area of the 

specimen; 21,,,  are parameters;   is equal to 1 for cantilever; a/d = aspect ratio. 

The damage index considers the effect of cyclic loading, and the index 

proposed is derived from regression analysis of 159 RC specimens. Also, the index is 

proposed for an element, and its applicability to the entire building is yet to be 

worked upon. 

Observations from Displacement-based damage indices 

Some indices are non-cumulative based on maximum deformation demand, 

which may not work well in long-duration earthquakes. Since displacement history 

affects final damage, it should be considered for exact damage calculation. Though 

non-cumulative indices are crude and quick to get information about the amount of 

damage, they are not exact. Therefore, researchers tried incorporating the effect of 

cyclic loading by introducing relevant parameters. However, displacement-based 

indices cannot capture actual strength and stiffness degradation due to cyclic 

loading. 

Also, some indices gave global damage and some local element level damage, 

but an accurate picture of the damage is highlighted when both are reflected in the 

index. 

1.2.1.2 Natural Period-based Models 

Experiments by Newmark et al. (1974) indicated that the natural frequency of 

a structure decreases with severe damage (Newmark and Rosenblueth, 1974). Hence, 

change in the structure’s fundamental properties, such as natural frequency or 

natural period, can be used as key parameters to calculate damage. Some damage 

indices proposed based on the natural period are reviewed below. 

DiPasquale and Cakmak (1987) (DiPasquale and Cakmak, 1987) proposed a natural 

period-based index that measures damage in terms of change in the fundamental 

period of a building caused by seismic activity. This takes into account the combined 

effect of stiffness degradation and plastic rotation. 
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The entire strong motion duration is divided into small intervals, and a time period 

is found for each. The time period of the first interval represents an initial time 

period aT , and the time period of the last interval represents a final time period 
fT

and maximum time period mT . DCf _
 
is the ultimate stiffness degradation,  DCM _

 
is the maximum softening index. Six buildings experiencing the San Fernando (1971) 

earthquake are used to validate this index. The damage index consistently increases 

with the severity of the damage observed. Maximum softening and cumulative 

softening represent two aspects of damage. Therefore, the damage is a function of 

cumulative and maximum softening both. 

Experimental validation with a more extensive database is needed to bring it 

to practical use. The stiffness degradation index is impractical to compute since 

digitized records are not long enough, and measuring the time period post-

earthquake using instruments is not a viable solution. Ultimate stiffness degradation 

does not include the signature of a ground motion since it depends on only the 

initial and final time period values. The maximum softening index yields a value 

between 0-1 and includes the signature of the ground motion in the damage index. 

However, these damage indices could not provide information about the local 

damage in the elements and only provide global damage. 

Ali Massumi and Ehsan Moshtagh (2013) (Massumi and Moshtagh, 2013) 

Correlation between Park and Ang damage Index (Park and Ang, 1985) and period 

elongation is shown in this paper. Effects of infill panels and distribution of damage 

(plastic hinges and cracks) are encompassed within DI with the addition of 

fundamental period elongation to the Park and Ang damage index. The correlation 

found encourage precise and quick assessment of existing structures by new damage 

pattern even when no original modal information is available. By computing Tplastic 

from a field test, it can be predicted whether a structure is recoverable and what the 

damage is. As mentioned below, a new damage index of an RC frame building 

without a shear wall is proposed. 

5.0

1

AE

DI
 −

=      (1.8) 

 ,   are damage coefficients related to the initial elastic time period of the 

building. AE  is the nonlinear fundamental period elongation calculated from the 

expression as mentioned below. From the regression analysis, correlation curves 

between damage coefficients  ,   and nonlinear fundamental period elongation   

are developed. 
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plasticT  is the time period of an existing damaged building obtained by field tests 

experimentally; elasticT  is the initial time period before damage by an earthquake 

calculated by an empirical formula given in the Iranian Code. 

)
4
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Where H is the height of RC frames in meters. Numerical models are validated by 

matching experimental and numerical hysteretic curves. Once softening is observed 

building is irreparable, and the corresponding elongation period is called Critical . 

Modified damage index in terms of Critical  is 

)(

1
5.05.0  −

=
Critical

DI      (1.11) 

When there is no available modal information of the original structure, DI can 

be calculated by computing 
plasticT  from a field test. However, the index indicates 

only two damage states repairable and non-repairable. 

Even though the building is marked irreparable, many elements will still have 

loading capacity remaining due to non-uniform cracks and damage distribution in 

the building. Some members contributing to global stability might have been 

damaged, indicating global instability. Though the index correctly indicates global 

damage but fails to highlight damage distribution at the element level. Also, values 

of damage coefficients  ,   are limited to similar frame structures as presented in 

the paper, which becomes a limitation to the broad applicability of this index. 

Observations from Natural Period-based indices 

Natural period-based damage indices give global damage information of the 

structure, which incorporates the effects of cyclic loading and subsequent strength 

degradation. However, no local concentration of damage can be located from such 

indices. Calculating the change in the structure's natural period is time taking and 

difficult to analyze and hence becomes a significant drawback of this concept for 

practical purposes. 
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1.2.1.3 Stiffness-based damage Models 

Dowell (1979) concluded that local stiffness degradation causes natural 

frequency or natural period change and hence characterizes structural damage 

(Dowell, 1979). Therefore, another way to capture global structural damage is by 

measuring the degradation of stiffness. 

Banon et al. (1980) (Banon et al., 1980) proposed a flexural damage ratio (FDR) as a 

ratio of the initial flexural stiffness of the member to its reduced secant stiffness to 

measure the stiffness degradation of a member. Experimental studies done by the 

author to compare various damage parameters proved that FDR and energy 

dissipation models give better results than member ductility models, as ductility 

models give experimentally lesser damage values than numerical analysis. Only 

qualitative damage is reliable in the case of ductility parameters. Therefore, FDR 

proved a better option for damage calculation. 

r

f

K

K
FDR =        (1.12) 

where Kf is initial flexure member stiffness, and Kr is reduced secant stiffness. 

A better damage indicator than ductility and stiffness is calculated from the 

ratio of force to deformation. Therefore, it provides information about deformation 

and strength both in one parameter. The damage index gives member damage. 

However, no damage information of a building globally can be computed from this 

index. 

Roufaiel and Meyer (1987) (Roufaiel and Meyer, 1987) proposed a modified flexural 

damage ratio MFDR as a member damage index. 
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(1.14) 

mmM /  represents secant stiffness at the onset of failure, 
yyM / represents initial 

elastic stiffness. When the yield moment of a member is not reached, MFDR=0, and 

when failure curvature is reached, MFDR=1. Damage estimation is done as per the 

first mode of deformation. Also, only the flexure mode of failure is considered. 
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Experimental validation was done with Healey and Sozen’s (1978) test results for a 

ten-storey frame on a shake table for three ground motions. 

MFDR is a local damage index, though the author also proposes the global 

damage index based on displacement. Based on stiffness, no global parameter is 

proposed. Validation is done on only one type of building; therefore, the general 

applicability of the index cannot be confirmed. Only the flexure mode of failure is 

captured, and the damage is calculated as per that. 

Ghobarah et al. (1999) (Ghobarah et al., 1999) The author proposed a change in the 

global stiffness-based index, calculated by pushover analysis before and after an 

earthquake. The damage to each story, as well as the structure as a whole, can be 

computed from this index. initialK  is the initial slope of the capacity curve before the 

earthquake and 
f inalK  is the initial slope of the capacity curve after an earthquake. 
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Similarly, it can be calculated for each storey. The storey damage index indicates 

which storey contributes to the damage. This index provides information on the 

failure sequence of elements. Therefore, a storey and global index are achieved 

without any weighting factor. Also, the damage index can be calculated at any 

loading level. This method also considers shear deformation failure. 

The author has proposed a global damage index based on stiffness. Therefore, 

stiffness degradation is considered due to the cyclic effect. However, the calculation 

of this index includes much computation, each storey damage index analysis 

separately and a global analysis for the global index. Also, member-level damage 

concentration can not be predicted from this index. 

Observation from Stiffness-based indices 

Stiffness is considered a better damage parameter than displacement or 

ductility as it considers stiffness and strength deterioration in damaged members. 

Also, experimental and numerical models give better correlations in stiffness-based 

models than in ductility-based models. Compared with natural period-based 

indices, stiffness-based indices are easy to compute analytically. Stiffness-based 

models have proposed both local and global damage indices. However, it does not 

capture the difference between the buildings damaged by short duration and a long-

duration earthquake where the final stiffness may be the same but still damage 

caused may be different. 
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1.2.1.4 Energy-based Models 

The concept of energy was first proposed by Housner (1956) (Housner, 1956) 

at the first world conference of earthquake engineering. He proposed that the effect 

of ground motion on a structure depends upon the structure’s capacity to dissipate 

or absorb energy. Within elastic limits, energy absorbed is the strain energy. As the 

structure exceeds its elastic stress limits in higher PGA, additional energy dissipation 

is through hysteretic energy because of cracking and permanent deformation. 

Therefore, hysteretic energy can be one more parameter for damage quantification. 

This theoretical concept of Housner was formulated for a building by Akiyama 

(1985) (Akiyama, 1985) in the book “Earthquake resistant limit state design of 

buildings”. Further, Uang et al. (1988) (Uang and Bertero, 1988) derived energy 

balance equations. 

Deger and Sutcu (2016) presented the distribution of earthquake input energy into 

different floors and structural members (Deger and Sutcu, 2017). To measure the 

damage potential of a building, the distribution of energy into various components, 

i.e., kinetic, elastic strain, hysteretic and structural damping, is observed. A four-

story RCC building was tested on an E-defence shake table in Miki, Japan, and was 

calibrated with a numerical model in Perform 3D. It was found that the energy 

distribution on each floor is independent of ground motion intensity. Energy is 

distributed maximum on the first-floor column and then on the first-floor and 

second-floor beams. An increase in duration and ground motion intensity increases 

hysteretic energy and damage. 

UCAR and Merter (2018) proposed a relationship between hysteretic energy and 

input energy from earthquake ground motion based on a study conducted on 

ground motions from 7 accelerograms (UÇAR and MERTER, 2018). Nonlinear time 

history analysis presents the energy distribution over the entire earthquake ground 

motion duration, and the ratio of hysteretic and input energy is constant. Then the 

result of this study was compared with already existing ratios in literature given by 

researchers Akiyama (1985), Fajfar & Vidic (1994), Manfredi (2001), and Khashaee 

(2004). However, they have already been proven over-conservative. Ratios given by 

the above-mentioned researchers are expressed as a function of viscous damping 

ratio, ductility, and hysteretic model and are not dependent on earthquake ground 

motion characteristics. 

Akiyama and Kato (1980) proposed that damage distribution is related to the 

hysteretic/absorbed energy distribution in the structure (Akiyama and Kato, 1980). 

Therefore, hysteretic energy absorbed or dissipated is the damage potential of a 

structure. Using hysteretic energy dissipation as a measurable quantity for damage 
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indexing and calculating all components of energies using energy equations, various 

researchers have proposed damage indices. 

Anthugari and Ramancharla (2014) proposed three global energy-based models for 

the damage assessment of buildings (Vimala and Kumar, 2014). Damage indices 

from all three energy models are calculated for three types of buildings varying in 

height and plan. The third damage index, as presented below, is found to be in good 

agreement with the literature by Powell and Allahabadi (1988), Roufaiel and Meyer 

(1987), and Poljansek and Fajfar (2008). The computation of energy parameters is 

highlighted in Figure 1.5. 
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The proposed index is a global damage index; it gives reasonable value and presents 

a gradual rise from no damage to slight to moderate and severe damage. This index 

cannot provide information about how much each member contributes to global 

stability since local damage information cannot be computed from this index. 

Models proposed do not consider damaging effects due to cyclic loading of an 

earthquake ground motion. They are based on monotonic loading to reduce 

computation efforts. 

 
a)    b)    c)    d) 

Figure 1.5: Parameters for global damage estimation based on the energy model 
(Reproduced) (Vimala and Kumar, 2014) 

Van Cao et al. (2014) (Cao et al., 2014) proposed two energy-based damage indices, 

one for monotonic and the other for cyclic loading. Damage index for monotonic 

loading where 
yrecnonE ,−
 and 

collaperecnonE ,−
 are non-recoverable energy at yield and 
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collapse under monotonic loading. 
elementkDI ,

 is the damage index of the kth element 

and 
elementk ,  is the weighting factor based on hysteretic energy  
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Damage index for cyclic loading 
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where VC  is the modification factor describing the effect of the number of cycles. 

VC  accounts for the difference between theoretical and real hysteretic energy. The 

index for the static load on a beam/column is calibrated with Kunnath et al. (1992). 

The damage index for cyclic loading is validated by Park et al. (1985) damage index. 

The index agrees with Park and Ang at a specific VC = 0.06 value. 

The energy-based index proposed is in good agreement with the literature. 

Though global energy dissipation in a building is well indicated in the damage 

index, the index does not provide element-level damage distribution information to 

highlight specific damaged areas. 
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Diaz et. al (2017) proposed an energy-based damage index for steel structures with 

two energy functions: Strain energy function Eso and energy dissipation by hysteretic 

function ED (Diaz et al., 2017). 

( ) ( ) ( ) ( ) ( ) PAwDsoEC DIEEDI −+= 1   (1.25) 

The area under the secant stiffness to the ultimate capacity point gives strain energy 
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The area of a complete parallelogram of hysteresis depicts energy dissipated by the 

structure in one hysteresis cycle. 
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where, ( )ECDI  = Energy capacity damage index; cA  is the area under the capacity 

curve;  = calibration parameter for both energy functions. In the energy capacity 

damage index,   the value should change with different types of building frames. 

Earthquakes with different frequency content and duration also affect the value  . 

The paper suggests a value of   between 0.6-0.7, a lower side for long-duration 

earthquakes and a higher side for near-fault short accelerograms. No experimental 

calibration was done for the index. However, the energy capacity damage index is 

validated with Park and Ang index at the element level, and globally both gave a 

good correlation. 

Though the damage index is validated with Park and Ang index, it does not 

improve the current status of quantitative damage assessment. Till   is tabulated for 

all variations; the index cannot be used, although this energy index provides a quick 

and easy way to calculate damage. Until now, the usage of displacement and energy 

functions together was more reliable. However, this paper converts the displacement 

function into an energy function, making it an equivalent pure energy-based damage 

index, which can be easily computed with Nonlinear static analysis. 
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Figure 1.6: Capacity, force deformation, and hysteretic energy dissipation curve 
(Reproduced) (Diaz et al., 2017) 

Shima Mahboubi (2019) proposed an energy-based damage index for bridge 

pier as a ratio of hysteretic energy and earthquake input energy (Mahboubi and 

Shiravand, 2019). The input energy is distributed into the structure as kinetic, strain, 

damping, and hysteretic energy. The author calculated hysteretic energy as the 

difference between earthquake input energy and other components. Since hysteretic 

energy calculated on the basis of energy loops may not consider the cumulative 

effects of pinching, stiffness degradation, inelastic deformation, low cycle fatigue, 

and material non-linearities. Energies are calculated from the direct integration 

method for a single degree of freedom system presented below. 
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Input Energy    −=
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where m =mass of SDOF system; u =displacement; u  and u  are velocity and 

acceleration of SDOF system; c =damping coefficient; k =tangent stiffness to the 

system. The proposed damage index was compared with some well-established 

damage indices of literature. It performed better than all when mapped with the 

experiment on RC specimens with five different types of cyclic loading. The 

proposed index gave better results than Park and Ang in one of the experiments. The 

damage index proposed is easy to calculate and experimentally validated for a 

column member. 

Maeda and Kang (2009) (Maeda and Kang, 2009) presented the fundamental idea of 

the Guideline for Post-Earthquake Damage Assessment of RC Buildings in Japan. 

The study presents a comprehensive approach to evaluate the damage to reinforced 

concrete buildings in the aftermath of earthquakes. The authors proposed a 

procedure for damage rating based on a residual capacity index (R), known as 

residual capacity to original capacity. The procedure was applied on low-rise 

buildings in Kobe 1995 earthquake, and its effectiveness and validity were discussed. 

The remaining seismic strength can be computed using the R index. Point A is the 

point of maximum response, and point B is the point during an earthquake ground 

motion on unloading. After unloading, η is computed as the remaining energy 

dissipation capacity ratio to the original capacity. 

Damage levels computed for 150 school buildings were similar to the 

investigators' mentioned damage levels. It can be inferred that the Damage 

Evaluation Guideline may provide a conservative, however safe, estimation of the 

remaining seismic capacity for an earthquake-damaged RC building structure. 

Therefore, the reported damage levels of RC buildings in Kobe (1995) strong 

earthquakes were in good agreement with the residual capacity index. 
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Figure 1.7: Computation of residual capacity index (Reproduced) 

Observations from Energy-based indices 

Another way of calculating damage is by calculating energy, which considers 

information of both displacement and force since energy is calculated from the area 

under the pushover curve or hysteresis curve depending upon the type of loading 

considered. The advantage of the energy parameter over the natural period is that it 

can be calculated at member and global levels both. Various indices have been 

proposed for both types of loading. Some indices incorporate damage accumulation 

due to cyclic effects in the energy-based method by the area under the hysteresis 

curve for more accuracy. However, it becomes a time taking procedure to calculate 

energy dissipated at every hinge location. Few authors proposed a crude and quick 

way to calculate energy dissipated by taking a monotonic load only. The concept of 

pushover capacity has been validated with the damaged buildings in real 

earthquakes in Japan and was concluded as a conservative but safe approach. 

1.2.2 Two Parameter Model 

Deformation and energy are the two most important parameters for 

calculating damage locally and globally. Therefore, damage models combing both 

parameters too were proposed in the literature. 

Deformation and Energy Combined Model 

Park and Ang (1985) – Authors proposed an element-level damage model 

comprising two components based on structural deformation and absorbed 

hysteretic energy (Park and Ang, 1985). Therefore, the damage index proposed is a 

linear function of maximum deformation and the effect of cyclic loading. Damage is 

represented on a scale of 0-5, with D≥1 representing total collapse. 
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where, 
M = maximum deformation under earthquake; 

yQ = calculated yield 

strength; dE = incremental absorbed hysteretic energy; 
PA = non-negative 

parameter; u = ultimate deformation under monotonic loading. This index is 

proposed for cyclic loading considering cumulative damage in terms of hysteretic 

energy, although maximum deformation is computed from monotonic loading.
PA  

factor represented the effect of cyclic loading. The factor depended upon the shear 

span ratio, axial stresses, and total longitudinal and confining reinforcement. It was 

computed experimentally from regression analysis of a large set of 261 samples of 
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beams and columns where failure could be located. Parameters u , yQ  were also 

computed experimentally. The damage index was found to be log normally 

distributed. 

Weighting factor: The author also proposed an index for a single storey and overall 

structure by combining element-level indices with a storey level and global index 

using weighting factors. The weighting factor is based on the amount of hysteretic 

energy dissipated by each element. 
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Though it has many limitations, it is one of the most widely used indexes 

because of the experimental validation of well-calibrated damage states and damage 

index. The index gives damage value even in the elastic range where hysteretic 

energy dissipated is zero because of the deformation ratio though it may not be the 

actual damage. The upper limit of the index is more than 1, therefore, it does not 

satisfy the basic criteria of a damage index lying between 0-1. The methodology to 

determine the value of
PA  factor for different types of buildings is not well defined. 

Hence, determining 
PA  value is one of the limitations of this damage index. The 

recommended value is 0.1, but it should not be constant. A combination of 

deformation and hysteretic energy is a nonlinear problem, but a linear combination 

is assumed in this index. The index has a non-normalization issue, i.e., DI>1, even 

when a structure is monotonically loaded since the structure dissipates some plastic 

energy under monotonic loading. Ideally, it should be one from the deformation 

component and zero from the energy component, which captures cumulative 

damage.  
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Further, many researchers worked on the same index and gave modified 

versions of the Park and Ang index, removing some limitations. 

Kunnath et al. (1992) (Kunnath et al., 1992) proposed modifying the Park and Ang 

damage index by introducing moment rotation in place of the deformation ratio and 

ignoring the elastic recoverable part from the first term. 
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m  is maximum rotation in entire loading history; u  is ultimate rotation capacity; 

r is recoverable rotation on unloading; 
yM  is yield moment; hE  is hysteretic energy 

dissipated by an SDOF subjected to an earthquake; 
PA factor to include the effect of 

cyclic loading. 

This modified damage index removed the effects of recoverable or elastic 

rotations from the damage index, removing the limitation of the Park and Ang 

damage index, i.e., DI>0 even in an elastic state. This index is 0 in the elastic state 

though the upper limit of DI is still more than 1. 

Jiang et al. (2015) (Jiang et al., 2015) proposed modifying the Park and Ang damage 

index. The index proposed is mentioned below. 
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where md = ratio of maximum deformation m  under earthquake to yielding 

deformation y  under monotonic loading; 
yF = calculated yield strength; dE = 

incremental absorbed hysteretic energy;  = non-negative parameter different from 

PA ; ud  = ratio of ultimate deformation to yielding deformation under monotonic 

loading. Since it is a combined model,   factor reflects the contribution of the 

deformation ratio and hysteretic energy in the damage index. 115 rectangular RC 

columns test results from the PEER database were extracted, which were cyclically 

loaded and experienced flexure dominant failure. These 13 tests of flexure dominant 

rectangular RC columns and beams were taken from Chen et al. (2009) (Jiang et al., 

2015).  

This index eliminates the non-normalization problem of the Park and Ang 

damage index. However, the index was primarily validated for flexure dominant 

columns only. For   factor, the empirical formula proposed was based on mostly 
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experiments conducted on flexure-dominated columns only and very few beams. 

Therefore, it is not a universal formula to calculate  . It may give incorrect results 

when elements fail in shear. The limitation of this index, being a linear combination 

of energy and deformation, is still present though it is a nonlinear relation. 

Poljanšek and Fajfar (2008) (Poljanšek and Fajfar, 2008) proposed a new damage 

index as the ratio of deformation quantities, where equivalent deformation capacity 

considers the effects of cumulative damage through the energy concept. Indirectly 

index considers both deformation and hysteretic energy parameters.  
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u
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where umax is the maximum deformation a structural element experience during an 

earthquake and 
equu  is the equivalent deformation capacity of the structural element. 
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Mu  and Cu  are the deformation capacities of the structural elements under 

monotonic loading and cyclic loading, respectively. 
dissHE ,

 is the hysteretic energy 

dissipated during ground motion, demand, and 
capHE ,

 is the capacity of the 

structural element for dissipation of hysteretic energy. The proposed index works 

well for cyclic loading though it requires monotonic loading deformations for 

computation. The author gave a nonlinear relation between deformation capacity 

and hysteretic energy and removes   factor from the index. 

In the case of the elastic region, there is no energy dissipation, however, due 

to the elastic deformation damage index has some value. Secondly, in the case of 

monotonic loading, the maximum DI should be 1 when deformation demand is 

equal to monotonic deformation capacity. However, the equivalent deformation 

capacity is lower than the monotonic deformation capacity, therefore, DI would be 

more than 1. This does not align with the basic criteria of DI to be between 0-1. The 

index has not been mapped with the damage states, and experimental validation has 

not been attempted. The index proposed gives a global damage index, therefore, 

information about local damage is difficult to retrieve from this index.  

Rodriguez and Padilla (2009) (Rodriguez and Padilla, 2009) Rodriguez proposed a 

seismic damage parameter in 1994 involving the Park and Ang damage index 

parameters. In addition, it included the effect of displacement history on drift ratio 

capacity. The proposed index value comes between 0-1. 
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HE = Energy demand; c  is the maximum drift ratio in an elastic SDOF; h is the 

column height. The proposed damage index is calibrated using experimental results 

from the RC column database at failure and states preceding failure. The damage 

index is calibrated with the observed damage states of 21 test specimens. The 

damage index is also calibrated with Park and Ang damage index resulting in 

almost the same range however only till DI>0.6. 

Though this index is experimentally validated and calibrated with damage states 

and gives DI between 0-1, it does not map the collapse damage state with the 

damage index.  

Shiradhonkar and Sinha (2017) (Shiradhonkar and Sinha, 2017) developed a 

member damage index constituting two parts, DI1 and DI2. The first part marks the 

initiation of damage states. It is therefore defined in terms of curvature related to 

extreme fiber compression strain, which identifies different damage states, including 

crack width and spalling. Second part DI2 represents the reduction in strength 

caused by damage accumulation under cyclic loading.  
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fym  ,,  are maximum, yield, and ultimate curvature of a member. 
yM  is the yield 

moment, dE  represents dissipated hysteretic energy. 
pC  is the control parameter 

which maps cumulative damage under cyclic loading between limiting damage 

indices. Cumulative damage is represented by normalized hysteretic energy and ss  

factor. Control parameter Cp from regression analysis is computed as a function of 

member cross-section properties. Using strain equations from literature, extreme 
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fiber compressive strain at significant spalling is calculated, and at other damage, 

states strain is calculated from IDARC-2D 7.0. These strain values are calibrated with 

observed damage states from the experimental PEER database. Damage 

quantification obtained is the element level for both beams and columns. 

The index proposed is an element-level damage index that maps moderate 

and severe damage states with the index and is also experimentally validated.  

Observations from two-parameter models 

Using calibration coefficients to combine two or more parameters in the 

damage index limits the generalization of indices. Therefore, the preference is to 

have a single-parameter damage model. 

1.2.3 Summary 

The usage of a two-parameter model has been quite popular in literature 

because of the early development of experimentally validated Park and Ang (1985) 

damage index and its calibration with damage states. Further, many researchers 

tried to eliminate the limitations of that index, but still, limitations exist. In combined 

models, a calibration factor is always needed to decide the percentage contribution 

of each parameter in the total damage. These calibration factors often become 

limitations to their respective damage models since lots of data and a parametric 

study are required to give an empirical formula to fix these values.  

Simultaneously, single parameters-based models such as Displacement-based, 

Natural-period based, Stiffness-based, and Energy-based models also evolved. 

Displacement-based indices could not capture strength degradation because of the 

cyclic loading effect. Though natural-period-based indices could effectively capture 

the cyclic loading effect, they gave only global damage, no local damage information 

could be retrieved from such indices. Stiffness-based indices could calculate local 

and global damage and incorporate cyclic effects. However, they could not 

differentiate the damage caused by short-duration and long-duration earthquakes 

where the final stiffness may be the same, but the damage caused could still be 

different. Energy-based indices were calculated from the area under the force 

deformation curve. Strength degradation and cumulative damage could be 

accurately computed for long-duration earthquakes because the area under each 

cycle was taken in energy computation. However, there are still some unresolved 

issues in energy-based indices. One is local to global mapping of energy-based 

damage index. 
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1.3 Literature Review on Weighting Factors 

Two types of indices, i.e., local-level and global-level damage indices, have 

been proposed in the literature. Global level damage index provides information 

about the building's overall structural stability and remaining capacity, which, when 

mapped with damage states, facilitates retrofitting decisions whether a building 

needs retrofitting or not. If yes, how much retrofitting is required, and at what 

location are further questions to be answered. However, the global damage index 

does not provide information about damage distribution, whether the damage is 

locally concentrated in a few members or uniformly distributed among members. 

This lack of information is of paramount importance to take up retrofitting actions. 

Therefore, it creates the requirement for local damage indices.  

Local damage indices give each member a damage index, therefore, 

highlights member to be retrofitted. Since both global and local damage indices are 

required for practical purposes, they must be related. Local damage indices of all 

members should combine to give the global damage index of the building. 

1.3.1 Types of Weighting Factors 

Appropriate weighting factors are required to map the local damage index to 

the global damage index. Weighting factors shall be decided such that the most 

crucial members should have higher importance or weighting factor as their damage 

would impact the global failure of the building more. Crucial members are decided 

considering the member type, member location, storey level, and their contribution 

to global stability. For example, a beam failure on the first floor might not be as 

damaging as a column failure on that floor for a building’s global stability. Also, a 

column failure on the first floor and a column failure on the top floor will have a 

different impact on the global stability of the building. Hence, the importance of 

member type and location must be appropriately weighted and accounted for in 

local to global damage index mapping. 

Therefore, combining these local damage indices of each member using the 

weighting factor to get a correct global damage index depends on the concept 

adopted for the computation of weighting factors. Literature has three broad 

classifications of weighting factors in damage indices. (i) Energy-based weighting 

factor; (ii) Triangular shape-based weighting factor; (iii) Tributary area gravity load-

based weighting factor. 
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1.3.1.1 Energy-based weighting factor (EWF) 

An energy-based weighting factor was proposed by Park and Ang (1987) 

(Park et al., 1987). The most commonly used weighting factor in the literature to 

combine local damage indices to compute the global index is the energy-based 

weighting factor proposed by Park and Ang (1987). The authors had earlier 

proposed a local damage index based on the combined effect of displacement and 

energy (Park and Ang, 1985). A weighting factor was proposed to combine the 

damage indices of all building members to compute the global index. The weighting 

factor proposed is based on the Akiyama study, which concluded that damage 

distribution is closely related to the absorbed energy distribution (Akiyama and 

Kato, 1980). Therefore, the global index of a building D is computed from damage 

indices of each member Di, weighted by their corresponding energy contribution 

factor i  as already mentioned in Equation 1.37 to 1.40. 

    

 

1.3.1.2 Triangular shape-based weighting factor (TSWF) 

A triangular shape-based weighting factor was proposed by Chung et al. 

(1988) (Chung et al., 1988). The author proposed a local damage index based on a 

modified Miner’s rule and damage factors for considering the effect of loading 

history. A weighting factor based on a triangular shape for each storey was 

proposed to compute the global damage index. Storey damage index was calculated 

in the same way as Park and Ang damage index (Park et al., 1987). Storey indices 

were combined using a triangular shape with a maximum weightage at the base and 

a minimum at the top. This triangular distribution factor is multiplied with storey 

indices to compute the global damage index of the building. 





=

==
n

i

k

i

n

i

k

i

k

i

k

E

ED

Ds

1

1      (1.51) 


=

=
N

k

kkg IDsD
1

     (1.52) 

N

kN
Ik

−+
=

1
      (1.53) 

where 
gD  is the global damage index; kDs  is the storey index of the kth storey; 

N is the total number of stories; kI  is the important factor for the kth story. The 
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maximum damage index as per this index is 2. This weighting factor gives more 

importance to the lower stories than the upper stories. If a lower storey collapses, the 

whole building is affected, therefore, a higher global damage index. If an upper 

storey is affected, only a few upper stories are damaged while the rest of the 

building is safe, indicating a lesser global damage index. Though it has a limitation, 

in the same storey same weighting factor for a beam and column is assigned, though 

a column failure and a beam failure would have different global effects on the 

building.  

1.3.1.3 Tributary area Gravity load-based weighting factor (GLWF) 

A tributary area of gravity load-based weighting factor was proposed by 

Bracci et al. (1989) (Bracci et al., 1989). The author proposed a local damage index 

based on the combined effect of plastic deformation and energy dissipated through 

moment-curvature. The index was validated with Mander’s experiments (Mander et 

al., 1983). To compute the global damage index weighting factor based on tributary 

area gravity load was proposed by Bracci et al. (1989) (Bracci et al., 1989). The 

authors proposed a self-weight procedure to combine local indices at the storey 

level. 
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i= the component; m= control weighting factor for the component; =iw

importance factor for the component and is calculated as mentioned below: 

=iw (Total tributary gravity load)i / (Total tributary gravity load)all members 

Total tributary gravity load assigned importance factors to the members. As 

per the tributary area of gravity load, more importance is given to columns than 

beams and more importance to lower storey columns than upper storey columns. 

Almost all stories above would be affected if a column fails, but a beam failure 

would cause only local damage. Therefore, a higher importance factor for columns 

than beams leading to a higher global damage index, is justified in this method. 

Similarly, if a lower storey collapses, the whole building is affected, therefore, a 
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higher global damage index. If an upper storey is affected, only a few upper stories 

are damaged while the rest of the building is safe, leading to a lower global damage 

index. For a normalized damage index, all components' importance factor sum is 1. 

The same procedure can be extended to the storey level. Since a storey collapse 

might not be reflected in the global index, it is recommended to compute both the 

global and storey damage indices. 

1.3.2 Comparison studies on weighting factors 

Rodriguez and Cakmak (1990) (Rodriguez-Gomez and Cakmak, 1990) compared the 

global damage index calculated from DiPasquale and Cakmak (1987) (DiPasquale 

and Cakmak, 1987) based on natural period parameters with the global damage 

index obtained from weighted averages using TSWF and EWF used on the local 

damage index proposed by Chung et al. (1988). The authors concluded that the 

global damage index from weighting factors of TSWF gave a good correlation with 

the numerically and experimentally found global damage index of DiPasquale and 

Cakmak (1987) in the first case study(Rodriguez and Padilla, 2009).  

In the second case study, the report also compared the global damage index 

calculated numerically and experimentally from DiPasquale and Cakmak (1987) 

(DiPasquale and Cakmak, 1987) with the global damage index obtained from 

weighted averages using EWF on the local damage index of Park and Ang (1985) 

(Park and Ang, 1985). The comparison showed a good correlation between both 

indices, although damage index definitions differed in both cases. One is natural 

period based, and another combines deformation and energy. 

EWF works well when used on Park and Ang local damage index, as the 

second case study proved. Since Park and Ang local damage index has deformation 

as one parameter, it takes care of the importance of columns which shows huge 

deformation in the global stability. Suppose columns dissipate less energy in 

comparison to beams. Even if EWF is used where column energy dissipation is less, 

the deformation factor in the local index makes these members considerable 

contributors to the global damage index. However, when EWF is used with local 

indices based on other parameters, this weighting factor does not give an accurate 

global damage index, as concluded in the first case study when EWF is used with 

Chung et al. (1988).  

EWF is the most widely used weighting factor because of its experimental 

calibrations and mapping with damage states in Park et al. (1987). It can be 

concluded that EWF works well with Park and Ang local damage index only and 

might not work the same way with other parameter local indices, as shown in the 
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study above. When used with Chung et al. (1988), a local damage index based on 

Minor’s hypothesis did not correlate well. 

Bracci et al. (1989) conducted experimental study to compare weightages (Bracci et 

al., 1989). A three-story two-bay RCC structure was experimentally tested until 

failure by Yunfei et al. (1986). The second-floor beam was severely damaged, as 

observed in the experiment. The same was numerically modeled in IDARC for 

damage calculation. One global damage index was calculated using GLWF, and 

another with the same importance factor was assigned to all members of all stories. 

In the first case, the global index was less than in the second case. Since the 

importance factor calculated from the gravity load tributary area was less for a beam 

than a column, therefore, was more important to the column than a beam. Hence, the 

global damage index is reduced with the usage of GLWF. Similarly, a higher global 

damage index is expected in the case of a building with severe column failure. This 

case study calculated the proposed damage index and Park and Ang index for a six-

storey five-bay building. Though structural damage states were relatable, the mean 

proposed global index was 2.5 times the Park and Ang index. However, the 

proposed model gave a linear distribution between 0-1, and Park and Ang gave a 

nonlinear distribution with severe damage in the 0.4-0.7. 

With the tributary area for gravity load as the basis for importance factor 

calculation, columns get a higher importance factor than beams, and lower stories 

get a higher distribution factor than upper stories. Therefore, a higher global damage 

index in the case of a column is expected than in the case of a beam failure, though 

energy dissipation in both members may be the same. Therefore, for local damage 

indices based on the energy parameter, GLWF might give a reasonable global 

damage index as it gives different importance factors for different members and 

storey levels. 

Observation from comparative studies on weighting factors 

Since the effectiveness of the weighting factor may change as per the type of 

damage index chosen. Therefore, the applicability of existing weighting factors must 

be checked for the local energy-based indices to compute a global energy-based 

index. As proved above, EWF may not work well with energy-based indices. 

Existing concepts of TSWF and GLWF assume uniform or linearly decreasing 

distribution of weighting factors along the height of the building from bottom to top, 

which may not be the case in all types of buildings. The number of floors, bay width, 

and floor height may affect the weights. Also, the effect of with and without infill 

has not been included. The effect of member location within a floor is considered 
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only in GLWF, i.e., different weighting factors for interior and exterior columns, 

which may be quite significant. 

1.4 Literature Review on Assessment of Existing 

Buildings 

Damages in past earthquakes have highlighted the need of mitigation. 

Mitigation measures include strengthening of existing buildings. An experimental 

study to validate and establish that the retrofitted gravity load-designed (GLD) 

structures have better seismic performance has been conducted. Seismic 

performance of reinforced concrete frames designed only for gravity loads before 

and after retrofitting is investigated. During excitation equal to the spectrum 

suggested in IS 1893:2002, cracks were observed in the ground storey. Damaged 

columns were retrofitted with reinforced concrete jacketing. This paper 

experimentally demonstrated better seismic performance of retrofitted bare frame 

structures as crack widths reduced in the experimental investigations on three-

storied structures with single bay on 1:3 scale models on the shake table. Therefore, 

it emphasized the significance of retrofitting GLD buildings in India (Santhi et al., 

2005). The performance of non-ductile RC moment frame buildings to demonstrate 

the critical need for mitigation measures worldwide was performed. The collapse 

risk of non-ductile RC frames buildings designed as per provisions of the Uniform 

Building Code 1967 and ductile RC frames designed as per the IBC 2003 building 

code was computed. It is found that non-ductile frames have 40 times higher results 

than corresponding modern code-conforming RC moment frames. Three bay two 

dimensional RC frame archetypes structures ranging in height from 2 to 12 stories 

were modeled using Opensees. The study employs nonlinear static and dynamic 

analyses to compare the seismic performance of non-ductile and ductile moment 

frames under different seismic hazard levels (Liel et al., 2011). 

The vulnerability of a low-rise three-storey, four-bay RC bare frame building 

designed for gravity loads in seismic zone V as per the Indian standard code was 

assessed. Damage probability matrices were created for maximum considered 

earthquake (MCE) and Design basis earthquake (DBE) to compare the damage state 

at each hazard level. It was concluded that buildings might undergo moderate 

damage in DBE-level earthquakes and severe damage in MCE-level earthquakes 

(Halder and Paul, 2016). The seismic vulnerability of GLD buildings in seismic zones 

IV and V of India was carried out. Four-storey GLD buildings were analyzed and 

studied with a performance-based approach with fragility curves and drift hazard 

curves. With increasing levels of seismic hazard, the vulnerability of GLD buildings 

increased. For example, at 1% drift, the risk of a GLD building is twice the risk of a 

code-designed building in seismic zone II, and it increased to 100 times in seismic 
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zone V. The urgent need for immediate inhabitation and mitigation measure in GLD 

buildings have been proposed after carrying out the seismic vulnerability of seismic 

zones IV and V of India (Dhir et al., 2018). Therefore, experimental and analytical 

studies highlighted the vulnerability of existing GLD and precode buildings and 

emphasized the benefits of mitigation measures. 

To study the progressive collapse capacity of modern European buildings with RC 

frame structures, column removal case, ultimate load capacity, and maximum and 

residual drifts corresponding to ultimate steel strain are assessed. Two cases were 

analyzed; in one case, the corner column and in another case central column of the 

ground floor were removed. Results indicated that cases of corner column removal 

were more critical than the central columns with lower load capacity. Also, buildings 

were more sensitive to removing columns in the plan than elevation. Ground storey 

corner columns are critical in a five-story RCC bare frame building. This indicates 

that location of a column within a storey is a critical parameter which affects 

progressive collapse of a building (Parisi et al., 2019). The behavior of non-

engineered reinforced concrete columns under cyclic loading in developing 

countries was examined. Experimental tests were conducted on 16 concrete columns 

of different dimensions and reinforcement ratios to investigate the collapse behavior 

of such columns. The lateral load carrying capacity of the columns with low axial 

load levels depends on the longitudinal reinforcement as tension failure was 

governing. It is observed that a tension failure governs in low rise building columns. 

And the number of stories affect how critical a column is (Boonmee et al., 2018). 

High axial load variation in bottom storey corner columns, initiated inelastic 

behavior at lower displacement demands and, therefore, reduced the capacity of the 

columns. Therefore, significance of axial load variation is demonstrated. (Rodrigues 

et al., 2018). The seismic response of GLD and seismic load designed (SLD) buildings 

built in accordance with Italian design standards in three time periods of the 1950s-

60s, 1970s, and 1980s-90s were examined by De Risi et al. (2022). These were the time 

periods with different design provisions. The number of stories and the site hazard 

are some significant parameters explored. The key concerns about early seismic and 

non-seismic design practices were identified and modelled. The study analyzed the 

seismic response of the buildings, evaluated by nonlinear static and dynamic 

analyses, with reference to two performance levels. Three and six-story RCC bare 

fame buildings were selected to represent widespread buildings in four sites in Italy 

with increasing hazard levels. It was concluded that SLD buildings had higher 

displacement capacity for the same construction period. With the improvement of 

codes, there was no change in the results of usage prevention damage due to the 

0.5% interstorey drift threshold. However, there was an improvement in 

performance with time in terms of the global collapse limit state. (De Risi et al., 

2022). 
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Observation  

Assessment of existing buildings is a vast area with lots of variables affecting 

the failure modes of a building. Some of the variables which have been discussed in 

the literature are geometric regularity, number of stories or axial load, design period 

and corresponding design codes, construction materials, modelling assumptions, 

different types of failures like flexure or shear or axial, location of failure initiation, 

country-specific construction material and design standards. Worldwide researchers 

have worked on assessing existing buildings and computation and mitigating risks 

involved. It becomes much more difficult to tackle an issue of this magnitude in 

countries with many unsafe buildings. Therefore, generalized solutions must be 

applied to widespread buildings of similar typologies. Generalized guidelines are 

needed to identify members and stories with the potential for huge damage. 

1.5 Literature gaps 

Two questions need to be addressed to carry out retrofitting activities in 

damaged buildings.   

1. How much-retrofitting needs to be done in the building? 

2. At what location would retrofitting be most effective with minimum effort?  

The first question can be answered by comparing desired capacity with the base 

shear requirement of that region. 

As understood from the literature review, the second one can be answered from the 

local damage indices of all members and their weighting factors. The weighting 

factor indicates the most critical members for the global stability of the building. 

Therefore, strengthening shall consider the damage distribution among members 

and their weighting factors. However, there are research gaps in weighting factor 

computations, as mentioned in the literature review. 

As seen from the literature, energy-based damage indices have progressed 

well but with a limitation of no local to global mapping of indices. However, they 

can be computed at both local and global levels both. This study is proposed to map 

local damage to global damage using weighting factors. Each member on each floor 

should have a weighting factor describing how much percentage of local damage is 

contributed to the global building damage. Once it is established, strengthening 

actions can be taken up first at higher weighted members to increase the capacity of 

the building immediately. Moreover, such strengthening actions as per the 

weighting factor and local damage can be continued till the desired capacity of the 

building is achieved, which is computed by checking the updated capacity of the 

strengthened building. 
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Three types of weighting factors have already been proposed in the literature. It has 

already been proved that EWF might not hold well with all types of local damage 

indices. Its experimental calibration is only with Park and Ang local damage index. 

If more energy is dissipated in a beam than a column and EWF proposed by Park 

and Ang is used, then column weightage would be less than the beam. Therefore, 

when used with energy-based damage indices, the accurate global damage index 

might not be captured by otherwise popular EWF. 

Existing concepts of TSWF and GLWF assume uniform or linearly decreasing 

distribution of weighting factors along the height of the building from bottom to top, 

which may not be the case in all types of buildings. Researchers have highlighted 

that low-rise buildings experience extensive damage in the ground storey with 

negligible damage in upper stories. Therefore, storey-wise weighting factors need 

further research where the axial load on columns significantly affects capacity and 

damage. The effect of member location within a floor is considered only in GLWF, 

i.e., higher weighting factors for the interior, which may be quite significant. 

However, from the literature on the progressive collapse of buildings, it is 

understood that corner and façade columns are the critical members. Therefore, 

weighting factors for columns within a storey needs further research. 

1.6 Problem statement 

From the gaps identified in the Literature, the need to assess existing 

buildings to strengthen them for the expected earthquake ground motion is evident. 

Upon looking at the history of design and construction practices in India, it was 

common to construct buildings without seismic design and without consulting a 

design engineer. It continued even after the introduction of seismic ductile detailing 

codes in 1992. These buildings are termed Gravity load designed buildings denoted as 

Type G. The massive stock of RCC buildings constructed with no seismic design is 

still in use in seismic-prone areas. Another widespread deficient typology is the 

buildings constructed with IS 1893:2002, i.e., between 2002 to 2016, termed precode 

buildings of IS1893, denoted as Type P. 

Weighting factors have been identified as the key tool to assist in 

strengthening activities in deficient buildings. However, further research is needed 

to address the key limitations of existing weighting factors. The first is the 

computation of weighting factors for columns within the storey, and the second is 

the storey-wise weighting factors. The axial load of the columns may significantly 

impact weights. Therefore, the number of stories shall be taken as one of the 

parameters for the study. 
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1.7 Scope of study 

Weighting factors to combine energy-based local and global damage indices 

shall be proposed, which shall assist in strengthening decisions. Nonlinear static 

analysis is chosen for quick and simple analysis. However, typical results are 

verified with non-linear time history analysis. Building types considered should be 

able to represent mass buildings. Therefore, two categories of buildings, Type P and 

Type G, are chosen for the study, representing widespread existing buildings. To 

simplify the problem and reduce the complexities due to many variables, the bare 

frame configuration is adopted to model regular RC frame buildings in 2D in 

SAP2000. The parametric variation with the number of stories and storey heights is 

taken up in this study. In future studies, more variables can be included to bring 

results closer to the real problem. 

1.8 Objectives 

Relative weightage of local damage to global damage using the energy 

dissipation model shall be computed. A sequence of members as per the decreasing 

weights shall be assigned from computed relative weights. To achieve this work is 

divided into the following objectives. 

i) To compute the contribution of damage of exterior and interior columns to global 

damage in gravity load-designed buildings. 

ii) To compute the contribution of damage of exterior and interior columns to global 

damage in buildings designed as per previous code IS 1893-2002. 

iii) To compute the contribution of damage by each storey in global damage of 

gravity load designed building. 

iv) To compute the contribution of damage by each storey in global damage of 

buildings designed as per previous code IS 1893-2002. 

Buildings considered for the study shall include variations of 1) Axial load and 2) 

storey height. 

1.9 Organization of thesis 

Chapter 1 introduces the problem faced by the existing buildings. The literature 

review is divided into three sections: damage indices, weighting factors, and critical 

issues identified by the assessment of existing buildings. In the end, the problem 

statement, scope, and objectives are defined. 

Chapter 2 presents details of buildings considered for the study. It starts with the 

geometric details and describes the analytical modelling of the buildings and the 

analysis details used in the study. 

In Chapter 3, weighting factors are computed for exterior and interior columns within 

a storey in Type G buildings for two parameters, i.e., axial load variation and storey 
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height variation. Validation for the methodology used in the computation of 

weighting factors is presented. 

In Chapter 4, the weighting factors are computed for exterior and interior columns 

within a storey in Type P buildings for axial load variation. 

In Chapter 5, storey-wise weighting factors of Type G buildings are computed for 

two parametric variations, i.e., variable axial load on columns and storey height 

variation. 

In Chapter 6, storey-wise weighting factors of Type P buildings are computed for the 

same parametric variation.  

Chapter 7 presents the proposal for the sequence of weighting factors to assist in 

strengthening activities. 

Chapter 8 summarizes the study findings and recalls the key conclusions. Potential 

areas for future work are outlined. 
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2 STRUCTURAL MODELLING 

2.1 Overview 

To meet the objectives outlined in the previous chapter, the types of buildings 

considered in the study are presented in this chapter. Geometric details of the 

buildings and analytical modelling and analysis details are also presented in the 

subsections. 

2.2 Building details 

A substantial amount of buildings in India are designed for only gravity 

loading with no seismic provisions mentioned as Type G buildings. Another 

significant set of buildings constitutes Type P buildings constructed before the 

revision of earthquake loading and ductile detailing codes in 2016. These are called 

Precode buildings of IS 1893, termed Type P buildings. Hence, most of the RCC MRF 

building stock constructed before 2016 falls in either Type G or Type P buildings, 

and they all need strengthening. This study is being undertaken to identify 

significant damage contributing members in both types of buildings to propose 

different weights as per their contribution. 

 
   a)        b) 

Figure 2.1: Typical Plan and elevation of four-storey type G and type P buildings. 

The buildings studied are RC MRF buildings constructed in two different 

years and designed with different IS code editions in the same city in zone V. 

Building type P was built in the year 2003. During that time, IS 1893- 2002 was in 

practice, along with provisions of ductile detailing in beams and columns from IS 

13920 : 1993. The typical plan and elevation of a 4-storey building are presented in 

Figure 2.1. Building type G was constructed in 1992 and was designed only for 

gravity loads with no earthquake loading and ductile detailing provisions for 

seismic loads. Building type G had key detailing issues like low confinement levels, 
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inadequate anchorage of rebars, and inadequate lap splice length, creating a 

potential hinge location with a possible brittle failure (IITM and SERC, 2005). 

Table 2.1: Section sizes of all type G and type P buildings with transverse 
reinforcement details 

S.No Time 

Period 

(sec) 

Column 

size  

(ext, int) 

(mm) 

Column 

ρt  

(ext, int) 

Column 

stirrup 

spacing 

(ext, int) 

(mm) 

Beam size 

(mm) 

Beam ρ 

(ρ’) 

Beam 

stirrup 

spacing 

(mm) 

Curtailment 

G4 / 

G4SH3 

1.6 230x230, 

250x300 

0.00123, 

0.00094 

200, 

200 230x350 

0.0122 

(0.0078) 

200 - 

G6 / 

G6SH3 

2.2 230x270, 

280x390 

0.00123, 

0.00145 

200, 

200 250x360 

0.0103 

(0.0076) 

125 - 

G8 / 

G8SH3 

2.7 250x320, 

300x500 

0.00157, 

0.00101 

225, 

225 250x350 

0.0092 

(0.0072) 

125 @ 6th Storey 

G10 / 

G10SH3 

3.2 280x380, 

380x500 

0.00112, 

0.00101 

200, 

225 280x330 

0.0106 

(0.0068) 

150 @ 8th Storey 

P4 / 

P4SH3 

0.99 250x470, 

300x500 

0.01114, 

0.00838 

60, 

75 250x470 

0.0107 

(0.0088) 

100 - 

P6 / 

P6SH3 

1.3 270x450, 

330x540 

0.01074, 

0.00727 

65, 

80 270x470 

0.0124 

(0.0081) 

100 - 

P8 / 

P8SH3 

1.8 300x480, 

340x560 

0.00436, 

0.00660 

75, 

85 300x450 

0.0116 

(0.0114) 

100 

@ 6th Storey 

P10 /  

P10SH3 

2.1 330x500, 

360x580 

0.00673, 

0.00580 

70, 

70 330x475 

0.0124 

(0.0055) 

100 @8th Storey 

 

G6SH3.5 2.7 230x290, 

280x400 

0.00097, 

0.00141 

200, 

200 230x360 

0.0103 

(0.0076) 

125 - 

G6SH4 3.2 230x290, 

290x410 

0.00097, 

0.00138 

200, 

200 230x360 

0.0103 

(0.0076) 

125 - 

G6SH4.5 3.6 230x300, 

300x420 

0.00094, 

0.00135 

200, 

200 230x360 

0.0124 

(0.0076) 

150 - 

P6SH3.5 1.6 290x470, 

340x560 

0.00955, 

0.00660 

70, 

85 270x480 

0.0124 

(0.0097) 

100 - 

P6SH4 1.8 330x470, 

350x570 

0.00836, 

0.00648 

80, 

85 330x500 

0.0117 

(0.0076) 

100 - 

P6SH4.5 2 340x500, 

370x580 

0.00785, 

0.00637 

80, 

85 340x500 

0.0113 

(0.0111) 

100 - 
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Member sizes for RC MRF buildings with variable building height and 

variable storey height are mentioned in Table 2.1. Building nomenclature consists of 

strings and numbers where G represents the Gravity load designed building, P 

represents the previous code designed building, and SH represents storey height. 

G4SH3 indicates the building is a 4-storey gravity load-designed building with a 

storey height of 3m. P6SH4 represents a 6-storey precode-designed building with a 

storey height of 4m. 

2.3 Modelling 

Buildings are represented as the 2-dimensional multi-degree of freedom system. 

A bare frame modelling approach is adopted, and this modelling is done through 

building analysis software SAP2000 v23.3.1 (CSI, 2016). The concrete and reinforcing 

steel grades used in the study are M30 and Fe-415. The Mander model (Mander et 

al., 1988) is used for concrete material modelling. Cracked section properties are 

derived from IS 15988 (2013) (IS 15988:2013, 2013). Members are modelled as elastic 

frame members with lumped plasticity approach by modelling concentrated 

nonlinearity at both member ends. Lumped plasticity models exhibit strength 

degradation behaviour due to bond slip, bar buckling and shear failure leading to 

strain softening (Haselton and Deierlein, 2007; Liel et al., 2011). In the lumped 

plasticity approach, an element's force deformation behavior is defined by a 

backbone curve. This study uses hinge backbone parameters from ASCE 41-17 to 

represent nonlinearity (ASCE/SEI 41-17, 2017). A more gentle slope compared to 

ASCE 41-17 has been provided to join points C and E in post-peak behaviour to 

avoid numerical stability issues, as shown in Figure 2.2 (Ibarra and Krawinkler, 2005; 

FEMA, 2018). Moment rotation of typical structural members of one of the models, 

i.e., 6 storey building, are listed in Table 2.2. Flexural hinges (M3) and interacting 

hinges (P-M3) are modelled at beam and column ends, respectively. User-defined 

hinges were a better alternative in the case of the existing precode building of 

Turkey in numerical analysis for better nonlinear analysis (Inel and Ozmen, 2006). 

Therefore, user-defined flexural hinges are used for modelling hinges. Column user-

defined hinges are calculated for five axial load values for each column and given as 

input in SAP2000 to form a 3D envelope. For the axial load coming on each column 

in each combination, the software further interpolates user-defined hinge values 

from that envelope. Shear hinges are modelled as force-controlled brittle hinges. 

As stated earlier, the Type G building has key detailing issues. Low 

confinement levels are simulated by transverse confinement reinforcement at the 

potential hinge location, ρt, as per ASCE 41-17 in hinge parameters calculations 

(ASCE/SEI 41-17, 2017). During the construction of Type G buildings, lap splices 

might have been provided as per design compressive forces experienced due to 
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gravity load. However, tensile forces act on the column during an earthquake, which 

renders existing lap splice length insufficient. This issue is also considered in hinge 

modelling parameters for a column controlled by inadequate development or 

splicing along clear height in Table 10-8 of ASCE 41-17. Typical transverse 

reinforcement provided throughout is 6Ф-200/225mm c/c spacing. For beam hinge 

modelling, parameters assume non-conforming transverse reinforcement to simulate 

low confinement levels. 

Table 2.2: Plastic rotation capacities of typical members of 6 storey Type G building 
with a storey height of 3m. 

Member NUD/AgfcE’ θp θpc 

Beam 0 0.0156 0.008 

Column ext (1,2 floor) 0.413 0.0168 0 

Column ext (3,4 floor) 0.33 0.0208 0 

Column ext (5,6 floor) 0.1 0.026 0.0097 

Column int (1,2  floor) 0.45 0.0148 0 

Column int (3,4 floor) 0.405 0.0186 0 

Column int (5,6 floor) 0.15 0.026 0.003 

Note: NUD/AgfcE’ is the axial stress ratio. Values θp, and θpc are pre-capping and post-capping plastic 

deformation capacities. 

The effect of cyclic degradation of stiffness and energy dissipation capacity is 

modelled using the degrading hysteresis model in SAP2000. Three parameters f1, f2, 

and s, are required for this hysteretic modelling. These parameters were obtained 

from calibrated analytical hysteretic models with experimental results for ductile 

and non-ductile components (Surana et al., 2017). For non-conforming beams, 

f1=0.95, f2=0.4, and s=0.1 are utilized. A similar degrading hysteretic model cannot 

be used for columns in lumped plasticity modelling; hence it is not considered in this 

verification study. In commercial software, sometimes the solution does not 

converge, therefore, while dealing with the negative stiffness in the post-peak 

region, a further gentle slope is adopted to converge the solution. Descending branch 

of the pushover curve would be affected by this approximation of a gentle slope of 

negative stiffness (Hall, 2018). However, a strength drops up to 85% is considered. 
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Figure 2.2: Typical backbone curve for an RC section 

2.4 Analysis 

The building can be analyzed through linear and nonlinear analysis both. 

Nonlinear analysis is closer to real structural behaviour but is complex and time-

consuming. Linear analysis is quick but gives conservative results. Due to 

advancements in high-speed computing, researchers and engineers can deal with 

complex nonlinear analysis for structures more easily. Therefore, this study uses 

nonlinear analysis for more accurate simulation. Nonlinear analysis can be done for 

static and dynamic loading. The modelling procedure is the same for both analyses. 

Nonlinear static analysis, known as the Pushover Analysis (POA), is done 

with monotonically increasing lateral load to achieve target deformation at the roof 

or collapse stage, which is 85% of the ultimate strength. It is a simple and quick 

method to observe potential damage locations in a structure and estimate its 

capacity. Therefore, it is a valuable tool for the damage assessment of existing 

structures. However, it only considers the fundamental mode and ignores higher 

modes. It also ignores the variation in response due to dynamic behaviour, which 

can be captured by only nonlinear dynamic time history analysis. However, the 

literature supports that pushover analysis gives a somewhat acceptable estimate of 

the seismic behaviour of the structure (Bosco et al., 2009; Pinho et al., 2013). 

Whereas in Nonlinear dynamic analysis, earthquake ground motion is the 

loading. The structural response is computed at each time interval of the ground 

motion. Therefore, this is a more accurate analysis; however, the response will differ 

for different ground motions. ASCE 7 (Kircher et al., 2006) recommends performing 

nonlinear analysis for eleven earthquakes to cover responses for different types of 

earthquakes expected in that region. The analysis takes much time to run as the 

response is computed at each time step of an earthquake ground motion. Due to 
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these reasons, nonlinear time history analysis is more time-consuming than 

nonlinear static analysis. 

In this study, nonlinear static analysis is performed. However, the 

methodology is verified for effectiveness with the nonlinear time history analysis in 

subsequent chapters. 
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3 WEIGHTING FACTORS FOR EXTERIOR AND 

INTERIOR COLUMNS OF TYPE G BUILDINGS 

3.1 Methodology for exterior and interior column 

damage contribution  

This study is being carried out by pushover analysis. The area under the 

pushover curve gives the energy dissipation capacity of the building (Maeda and 

Kang, 2009; Vimala and Kumar, 2014). The study is based on this concept of energy 

dissipation calculation to understand the importance of exterior and interior 

columns in the global energy dissipation capacity of the building.  

The exterior and interior columns are replaced with reduced column sections, 

which have a 50% yield moment of the original section, this would affect stiffness of 

the section as well. In the first case, the exterior left column is replaced with the 

reduced column section size and termed Reduced Exterior Column Left (RECL). In the 

second case, a similar replacement is done in the exterior right column, and this case 

is termed Reduced Exterior Column Right (RECR). In the third case, the interior center 

column is replaced with the reduced column section termed the Reduced Interior 

Centre Column (RICC). Pushover analysis is performed for all three cases to obtain 

the capacity curves. To calculate energy dissipation capacity, a triangle with initial 

elastic stiffness from the last point of pushover analysis is subtracted from the area 

under the curve to indicate recovery of elastic energy, as shown in Figure 3.2. Four 

capacity curves are obtained for every building, i.e., one original capacity curve and 

three reduced section capacity curves for RECL, RECR, and RICC. The energy 

dissipation capacity of all three reduced cases is subtracted from the original 

building energy dissipation capacity, as shown in Figure 3.2. Reduction in the 

energy dissipation capacity of the building due to the reduced sections is computed. 

If a member with a reduced section causes more reduction in energy dissipation 

capacity, it has a higher contribution and hence a higher weighting factor. This way, 

the contribution of exterior and interior columns is calculated for GLD buildings. 

Non-linear time history analysis is also performed using eleven earthquakes 

to establish this methodology firmly. GLD building is strengthened at exterior 

columns in one case and interior columns in another. Their non-linear time history 

analysis compared the behavior of the original GLD building and strengthened 

buildings. 
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3.2 Effect of Axial Load 

3.2.1 Gravity load designed building of 4 Storey (G4) 

The hinge mechanism of a G4 building at 85% strength drop in PoA is 

presented in Figure 3.1. It is observed that the ground floor's exterior and interior 

columns got damaged and crossed peak point ‘C’ of the backbone curve (Figure 2.2). 

Upper-storey beams and columns have also yielded; however, they are in the 

backbone curve's B-C range (Figure 2.2). 

 

Figure 3.1: Hinge mechanism of G4 building at the pushover step corresponding to 
85% strength drop. 

  
      a)       b) 

Figure 3.2: a) Comparison of G4 building capacity curve with another capacity curve 
of 4 storey building with a) reduced exterior column b) reduced interior 

column 

The capacity curve from NSA of RECL is plotted in Figure 3.2 a) in green 

colour, and its area under the curve is reduced from the area under the original 

building capacity curve plotted in red. It is observed that the energy dissipation 

capacity of the building is reduced by 23.6% in the RECL case, as tabulated in Table 

3.1. Whereas in the case of the RICC section, the capacity curve is plotted in blue 
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Figure 3.2 b) and compared with the original building capacity curve plotted in red. 

The energy dissipation capacity of the building is reduced by 8.3%.  

The green capacity curve for RECL shows that strength drop is at lower drift, 

and more reduction in energy dissipation occurs when the exterior column is 

reduced in size. Therefore, exterior columns have a higher weighting factor in the 

building's global stability and energy dissipation capacity. 

Table 3.1: Reduction in energy dissipation capacity of type G buildings with 
increasing axial load 

Building Name Exterior Column Left 

(%) 

Interior Column 

Centre (%) 

Exterior Column 

Right (%) 

G4 23.6 8.3 4.8 

G6 4.1 -1 8.2 

G8 7 4.8 -1.3 

G10 0.1 -2.4 -20 

 

3.2.2 Gravity load designed building of 6 Storey (G6) 

The hinge mechanism of the G6 building is presented in Figure 3.3, which 

highlights beam mechanism formation on the first and second storey where beams 

lie between points ‘C’ and ‘D’ (Figure 2.2) of the hinge backbone curve. Therefore, 

dissipating huge amounts of energy. Exterior columns yielded in almost all stories, 

and interior columns yielded in the first and third storey. Hence, energy dissipation 

capacity is shared by both beams and columns.  

 

Figure 3.3: Hinge mechanism of G6 building at the pushover step corresponding to 
85% strength drop. 
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Nonlinear static analysis for three reduced cases is performed further to study 

its division between exterior and interior columns. Subtraction of reduced section 

energy dissipation capacity from original building energy dissipation capacity gives 

8.2% contribution for exterior and negligible for interior columns calculated from 

Figure 3.4 a) and b) and is tabulated in Table 3.1. Again computed contribution of 

exterior and interior columns in the energy dissipation capacity of the building 

follows the same trend, i.e., more contribution from exterior columns than interior 

columns. However, the overall contribution is significantly less from columns, and 

the same is plotted in Figure 3.9. 

 
            a)              b) 

Figure 3.4: a) Comparison of G6 building capacity curve with another capacity curve 
of 6 storey building with a) reduced exterior column b) reduced interior 

column 

3.2.3 Gravity load designed building of 8 Storey (G8) 
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Figure 3.5: Hinge mechanism of G8 building at the pushover step corresponding to 
85% strength drop. 

The hinge mechanism for the G8 building is shown in Figure 3.5. All the 

beams up to the third storey are damaged. They lie between points ‘C’ and ‘D’ 

(Figure 2.2), exhibiting strength degradation after utilizing their entire ductility and 

dissipating huge energy. The first storey columns and the exterior columns up to the 

third storey have yielded and are in the strength degradation zone of the backbone 

curve, hence dissipating huge energy.  Both columns and beams share energy 

dissipation.  

Nonlinear static analysis of buildings with reduced exterior and interior 

columns is performed, and capacity curves are plotted in Figure 3.6. The 

contribution of the exterior column is computed from the subtraction of the capacity 

curve of the RECL from the capacity curve of the original building. Similarly, the 

contribution of the interior column is also computed. It is observed that the exterior 

column contributes 7% energy dissipation, while interior columns contribute 4.8% 

energy dissipation, as tabulated in Table 3.1. The higher contribution of exterior 

columns reduced to 7% in G8 as the number of stories increased. However, the 

weightage of the exterior columns is still higher in G8, the contribution of the 

exterior and interior columns is comparable and plotted in Figure 3.9. 

  
    a)                      b) 

Figure 3.6: Comparison of G8 building capacity curve with another capacity curve of 
8 storey building with a) reduced exterior column b) reduced interior column 

3.2.4 Gravity load designed building of 10 Storey (G10) 

 In the G10 building, eighth storey columns just yielded, as shown in Figure 

3.7. The drop in capacity curve obtained from pushover analysis is mainly because of 

the beam hinges in the second to sixth storey beams, which lie between points ‘C’ 

and ‘D’ in the hinge backbone curve (Figure 2.2). Till 85% of strength drop in POC, 

participation of columns in energy dissipation capacity is less. 
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Figure 3.7: Hinge mechanism of G10 building at pushover step corresponding to 
85% strength drop. 

 

Figure 3.8: Comparison of 10 storey building capacity curve with another capacity 
curve of 10 storey building with a) reduced exterior column b) reduced 

interior column 

The buildings' energy dissipation capacity reductions in three cases calculated from 

Figure 3.8 are tabulated in Table 3.1. The percentage contribution is significantly less. 

90% of energy is dissipated via beams and only 10% of energy is dissipated via 

columns. As energy dissipation capacity is coming from beams, this method cannot 

be used to calculate exterior and interior column weights in the case of G10. 
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3.2.5 Discussions 

 

Figure 3.9: Weightage of exterior and interior columns in type G buildings 

In gravity load-designed buildings with a storey height of 3m, it is observed 

that the exterior columns have higher weightage in energy dissipation capacity of 

the building than interior columns in G4, G6, and G8 buildings, as shown in Figure 

3.9. The exterior columns of these buildings were designed for almost half the 

vertical load of interior columns. However, they are subjected to lateral load, which 

puts exterior columns under huge axial stress. Therefore, the higher weightage of 

exterior columns in gravity-load-designed buildings is justified theoretically also. 

However, in G10, almost the entire energy dissipation capacity happened via beams. 

Therefore, the same cannot be concluded for G10 from this methodology.  
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3.3 Effect of Storey Height 

The effect of storey height is studied on the weights of interior and exterior 

columns. The storey height of a G6 storey building is varied from 3m to 4.5m to 

observe the change in the contribution of exterior and interior columns. Four G6 

buildings are designed and analyzed with storey heights of 3m, 3.5m, 4m, and 4.5m. 

3.3.1 G6 with 3m storey height (G6-SH3) 

 

Figure 3.10: Hinge mechanism of G6-SH3 building at the pushover step 
corresponding to 85% strength drop. 

The hinge mechanism of a 6-storey G6 building is presented in Figure 3.10. 

Beams up to the second storey have crossed post-peak strength. Exterior and interior 

columns are yielded up to the fifth storey. However, they are in the backbone curve's 

B-C range (Figure 2.2). 

The capacity curve obtained from the PoA of RECR is plotted in green in 

Figure 3.11. Its area under the curve is computed and subtracted from the original 

building capacity curve area plotted in red. This subtraction gives an energy 

dissipation capacity of 8.2% due to the reduced exterior column section, as tabulated 

in Table 3.2. Whereas in the case of the RICC section, the capacity curve is plotted in 

blue, subtracted from the original building capacity curve in red, and tabulated in 

Table 3.2. The first row of Table 3.2 highlights more weightage of exterior columns 

when the storey height is 3m. 
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Table 3.2: Reduction in energy dissipation capacity of type G buildings with 
increasing storey height 

Building with a 

variable storey 

height  

Exterior 

Column Left (%) 

Interior Column 

Centre (%) 

Exterior Column 

Right (%) 

 G6SH3  4.1  -1  8.2  

G5SH3.5  4.3  -0.5  7.1  

G5SH4  6.5  4.9  5.6  

G5SH4.5  3  2.5  8  
 

 
     (a)           (b) 

Figure 3.11: Comparison of G6SH3 building capacity curve with another capacity 
curve of 6 storey building with (a) reduced exterior column (b) reduced 

interior column 

3.3.2 G6 with 3.5 m storey height (G6SH3.5) 

The hinge mechanism of a 6-storey G6 building with a storey height of 3.5 m 

is presented in Figure 3.12. Most of the beams up to the third storey are in their post-

peak strength region. Exterior and interior columns up to the third storey are 

yielded. However, they are in the backbone curve's B-C range (Figure 2.2).  

The capacity curve obtained from NSA of RECR is plotted in green colour 

along with the red colour pushover curve of the original building in Figure 3.13. 7.1 

% reduction in area under the curve gives energy dissipation capacity due to 

reduced exterior column section as tabulated in Table 3.2. Similarly, the reduction in 

energy dissipation capacity due to the reduced interior section is tabulated in the 

second row of Table 3.2. It is observed that the weightage of exterior columns is 

higher than interior columns even when the storey height is increased to 3.5m. 
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Figure 3.12: Hinge mechanism of G6-SH3.5 building at the pushover step 
corresponding to 85% strength drop 

 

Figure 3.13: Comparison of G6-SH3.5 building capacity curve with another capacity 
curve of 6 storey building with (i) reduced exterior column, (ii) reduced 

interior column 

3.3.3 G6 with 4m storey height (G6SH4) 

The hinge mechanism of a 6-storey G6 building with a storey height of 4m is 

presented in Figure 3.14. Beams up to the third storey have crossed post-peak 

strength. Exterior and interior columns are yielded up to a third storey. However, 

they are in the backbone curve's B-C range (Figure 2.2).  

The capacity curves for RECL and the original building are plotted in Figure 

3.15. The difference in the area under the curve is 6.5% indicating energy dissipation 

capacity due to the reduced exterior column section. Capacity curves for RICC and 

the original building are also plotted in Figure 3.15b. The difference in the area 

under the curve is 4.9%, and the same values are tabulated in Table 3.2. It is 



53 
 

observed that both exterior and interior columns contribute in a similar range. Due 

to the increase in height of columns, they are more flexible and attract lesser 

moments. Exterior columns were significantly deficient; however, the deficiency was 

reduced due to lesser demands in exterior columns. This may have reduced exterior 

columns' significance in global stability. Therefore, both exterior and interior 

columns share similar weightage in global stability. 

 

Figure 3.14: Hinge mechanism of G6SH4 building at the pushover step 
corresponding to 85% strength drop 

 

Figure 3.15: Comparison of G6SH4 building capacity curve with another capacity 
curve of 6 storey building with (i) reduced exterior column (ii) reduced 

interior column 



54 
 

3.3.4 G6 with 4.5m storey height (G6SH4.5) 

The hinge mechanism of a 4.5m storey height of the G6 building is presented 

in Figure 3.16. Similar to lower-storey height buildings, extensive damage upto third 

storey beams is observed where beams are in the peak strength range of the 

backbone curve. Furthermore, columns have yielded up to the third storey. 

 

Figure 3.16: Hinge mechanism of G6SH4.5 building at the pushover step 
corresponding to 85% strength drop 

 

Figure 3.17: Comparison of G6SH4.5 building capacity curve with another capacity 
curve of 6 storey building with (i) reduced exterior column, (ii) reduced 

interior column 

The capacity curves for RECL and the original building are plotted in Figure 

3.17. The difference in the area under the curve is 8%, indicating energy dissipation 

capacity due to the reduced exterior column section. Capacity curves for RICC and 
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the original building are also plotted in Figure 3.17 (ii). The difference in areas under 

the curve is 2.5%, and the same values are tabulated in Table 3.2. It is observed that 

both exterior and interior columns contribute in a similar range. As stated in the 

previous section, due to flexible columns, fewer moments are attracted to columns. 

Exterior columns have become less deficient due to reduced demands. However, the 

significance of exterior columns is reduced; it is still higher than interior columns. 

3.3.5 Discussions 

The G6 building is analyzed with 3, 3.5, 4, and 4.5m storey heights to 

understand the effect of increasing story height. Damage contribution of exterior and 

interior columns in all cases are plotted in Figure 3.18. It is observed that exterior 

weightage is significantly higher for 3m and 3.5m storey heights. As the storey 

height increased to 4 and 4.5m, the difference in weightage between exterior 

columns and interior columns reduced; however, exterior columns still hold higher 

weights than interior columns. Hence, it is concluded that as storey height increases, 

exterior columns continue to be higher weighted members; however, quantitative 

significance is reduced due to flexible columns attracting lesser moments. 

 

Figure 3.18: Weightage of exterior and interior columns of G6 building with 
increasing storey height. 
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3.4 Validation of methodology - Non-Linear Time 

History Analysis 

GLD building is strengthened at exterior columns in one case and interior 

columns in another, denoted as ‘ECS’ and ‘ICS’. The third case is the original GLD 

building. Strengthening is done by concrete jacketing of columns. At least 100 mm is 

increased on all four sides of the section, as recommended in IS 15988:2013 (IS 

15988:2013, 2013). Sizes of strengthened buildings ECS and ICS are given in Table 

3.3. Non-linear time history analysis of strengthened and original buildings is 

attempted to understand the effectiveness of concrete jacketing of exterior columns. 

Eleven earthquake ground motions are selected as per the guidelines in ASCE 7 

(ASCE/SEI-7-16, 2017) for the non-linear time history analysis. The time history and 

Fast Fourier transforms of these ground motions are shown in Figure 3.19 a)~k). 

Earthquakes are selected such that building fundamental frequency lies in the 

predominant frequency range of earthquake ground motions, as shown in Figure 

3.19. The PGA of earthquakes selected ranges from 0.016g to 0.57g. For Non-linear 

time history analysis, PGA is scaled to 0.36g to match zone V as per IS 1893:2016. 

However, it was observed that further scaling is required in Northridge and Chichi 

to observe damage in the building. Therefore, as per the latest PGA proposal for the 

Himalayan region by Sreejah et al. (2022), scaling is done till 0.6g (Sreejaya et al., 

2022). 

When a scaled ground motion is subjected to the building, seismic energy is 

fed into the structure. Seismic energy has various components, i.e., kinetic energy, 

elastic strain energy, hysteretic energy, and structural damping energy. Hysteretic 

energy is also a parameter for measuring the damage potential of a building 

(Akiyama, 1985). Further energy balance equations have been derived using 

different types of energies (Uang and Bertero, 1988). Hysteretic energy can be 

calculated by computing the area under the hysteresis loops in each cycle of seismic 

loading. However, it is a tedious and complex process to compute for the entire 

building subjected to the earthquake ground motion. Therefore, this study calculates 

hysteretic energy as the difference between the earthquake input energy and the 

other components. 
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Table 3.3: Section sizes and reinforcement details of strengthened buildings 

G6 

Original 

Column 

Section 

sizes 

(mm) 

Original 

Column r/f 

(%) 

(1,2)(3,4)(5,6) 

storey levels 

Column 

stirrup r/f 

Strengthened 

Column 

Section sizes 

(mm) 

Strengthened 

Column r/f 

(%) 

(1,2)(3,4)(5,6) 

storey levels 

Column 

stirrup r/f  

Exterior 

Column 

230x270 (3.2)(3.2)(2) 6Ф 

170mm 

c/c 

430x470 (1.6)(1.6)(1.3) 8Ф 

100mm 

c/c 

Interior 

Column 

280x390 (3.5)(2.3)(1.4) 6Ф 

200mm 

c/c 

480x590 (1.8)(1.3)(1.1) 8 Ф 

100mm 

c/c 

 

Energies can be calculated from the direct integration method. For a single 

degree of freedom system, energy equations are presented below. 

 
where m =mass of SDOF system; u =displacement; u  and u  are velocity and 

acceleration of SDOF system; c =damping coefficient; k =tangent stiffness to the 

system. 

A comparison of all three cases of Type G building is made by computing 

hysteretic energy from the method mentioned above using SAP2000 v23.3.1. The plot 

of hysteretic energy dissipated in the original building GLD, ICS, and ECS buildings 

at every time step in each earthquake time history is plotted in Figure 3.20 & Figure 

3.21 a). Jumps in the horizontal line of hysteretic energy indicate energy dissipation 

in the formation of hinges in beams and columns as shown in Figure 3.20 & Figure 

3.21 b), c) & d) corresponding to each earthquake ground motion. 
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Figure 3.19: Fast Fourier Transform of earthquakes 
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             a)     b)          c)       d) 
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Figure 3.20: a) Hysteretic Energy dissipation and time history of six earthquake 
ground motions. Hinge mechanism of b) GLD c) Interior Column 

Strengthened d) Exterior Column Strengthened type G buildings when 
subjected to earthquakes 

 
                a)     b)          c)       d) 

Figure 3.21: a) Hysteretic Energy dissipation and time history of five earthquake 
ground motions. Hinge mechanism of b) GLD c) Interior Column 
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Strengthened d) Exterior Column Strengthened Type G buildings when 
subjected to earthquakes 

When the original building is subjected to the Northridge (1994), Chichi (1999), 

Kocaeli (1999), and Morgan Hill (1984) earthquake, flexure hinges formed in exterior 

and interior columns. After exterior column strengthening, however, hysteretic 

energy remained almost the same but hinges redistributed to beams and interior 

columns along with yielding of some exterior columns as shown in Figure 3.20 and 

Figure 3.21c). This is a seismically desirable behavior. After interior column 

strengthening, either there is some increment or no change in hysteretic energy, 

however in all cases exterior columns failed in shear, indicating this is not a 

preferable strengthening solution. Therefore, due to the redistribution of hinges in 

beams, ECS is a preferred strengthening scheme to start with and exterior columns 

are given higher weightage. 

When the original building is subjected to Loma Preita (1989), Kobe (1995), 

Imperial Valley (1959), Darfield (2010), Tabas (1988), Kern County (1952) and Big 

Bear (1992) earthquake, flexure hinges are formed in all exterior and some interior 

columns. In the ECS building, hysteretic energy increased as hinges shifted from 

exterior columns to beams. This is a seismically good behavior where beam capacity 

is utilized prior to columns, and more hysteretic energy dissipation is observed as 

plotted in Figure 3.20 a) and Figure 3.21 a). In the ICS building, in some cases, 

hysteretic energy increased, and in some cases, it decreased; however, both are not 

desirable as there is shear hinge formation in exterior columns. Therefore, ECS is a 

better option to quickly upgrade the seismic safety of the building by redistributing 

the damage to beams. Therefore, this reinforces the proposal of higher weightage of 

exterior columns. 

It is observed that strengthening redistributed the damage and utilized the 

redundant non-linear capacity of beams prior to the columns. This is the desired 

seismic behavior of a building, and in many cases, ECS dissipates higher hysteretic 

energy. Hence, exterior columns shall be given higher weightage in the 

strengthening sequence. This observation from non-linear time history analysis 

supports the higher weightage of exterior columns than the interior columns, as 

concluded in Section 3.2 with the proposed methodology from NSA. 

3.5 Summary 

This case study is conducted to study the weightage of interior and exterior 

columns of regular gravity load-designed buildings. The structural members shall be 

strengthened in a sequence of higher weightage with the idea of strengthening the 

most crucial member first. With this philosophy, NSA is performed to compute the 
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energy dissipation capacity of the building for weightage calculation. To establish 

results firmly, non-linear time history analysis is performed on the original and 

strengthened building to observe the behaviour in a real earthquake. Parametric 

variation is done by increasing axial loads due to increasing building height and by 

increasing storey height. It is observed how the weights of exterior and interior 

columns are affected. 

1. The effect of axial load on the weightage of interior and exterior columns is 

studied by changing the number of stories, i.e., G4, G6, G8, G10. For G4, G6 and G8 

buildings, exterior columns have higher weightage in the energy dissipation 

capacity of the building. Axial stress distribution on exterior columns is more due to 

lateral load. Therefore, in Type G buildings where exterior columns are significantly 

under-designed for lateral forces, strengthening them increases the overall strength 

of the building. However, in the G10 building, the weights of columns could not be 

computed as significant energy dissipation was due to beams. 

2. The effect of increasing storey height is also studied where G6 building is 

analyzed with 3, 3.5, 4, and 4.5m storey heights. It is observed and concluded that, as 

storey height increases, quantitatively weightage of exterior columns reduces as the 

difference between the weights of exterior and interior columns reduces. However, 

exterior weightage is still higher as they demonstrate a huge deficiency. Therefore, 

the exterior column shall be strengthened first to start strengthening sequentially, 

irrespective of the storey height. 

3. For verification of NSA methodology, non-linear time history analysis is 

performed for eleven earthquakes. The building is strengthened at the exterior and 

interior columns separately. Because of a seismically desirable behavior of 

redistribution of damage to beams in the case of strengthened exterior columns, it is 

concluded that exterior columns have a higher weightage. Also, beam damage 

prompted higher hysteretic energy dissipation in many cases. Therefore, the results 

supporting higher weightage for exterior columns obtained from the proposed NSA 

methodology hold good.  
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4 WEIGHTING FACTORS FOR EXTERIOR AND 

INTERIOR COLUMNS OF TYPE P BUILDINGS 

The methodology to compute weights of exterior and interior columns 

remains the same as proposed for Type G buildings. For each precode building of IS 

1893, four capacity curves are obtained, i.e., one original capacity curve and three 

reduced section capacity curves for RECL, RECR, and RICC. The energy dissipation 

capacity of all three reduced cases is subtracted from the original building energy 

dissipation capacity. Reduction in energy dissipation capacity of the building is 

observed due to reduced exterior and interior columns. The higher the reduction in 

energy due to the reduced section, the higher its contribution and hence a higher 

weighting factor. Weighting factors of exterior and interior columns may vary as the 

axial load on columns increase with an increasing number of stories and may also 

get affected by an increase in the storey height of the building. 

4.1 Effect of Axial Load P1 

Three buildings of 4, 6, and 8 stories termed P4, P6, and P8 are designed and 

analyzed to study the effect of increasing the axial load on columns with increasing 

stories. Nonlinear static pushover analysis is performed to obtain the capacity curve 

of the original buildings. Further exterior and interior columns are reduced in 

sections, respectively, to obtain capacity curves of RECL, RECR, and RICC. With the 

computed capacity curves, weights for exterior and interior columns are computed 

in the following sections. 

4.1.1 Precode building of IS 1893 – 4 storey (P4) 

On nonlinear static analysis of a 4-storey precode building, it is observed that 

first, second, and third-storey columns and beams are damaged, as shown in Figure 

4.1. At the pushover step corresponding to 85% strength drop, columns are nearby 

peak point ‘C’ (Figure 2.2), represented in green colour in the hinge backbone curve. 

Whereas first storey beams are in the strength degradation zone between C and D. 

Rest of the energy is dissipated through second and third storey columns and beams. 

In this building, energy is getting dissipated through beams and columns both. To 

compute the contribution of exterior and interior columns in the energy dissipating 

capacity of the building, exterior and interior columns are reduced, respectively. As 

described previously, three more nonlinear static analyses are performed with 

reduced column sections of the exterior left, right, and interior center column termed 

RECL, RECR, and RICC. The building's energy dissipation capacities are calculated 

by calculating the area under the curves. Capacity curves of RECL, RECR, and RICC 
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are subtracted from the original building capacity curves to compute the effect of 

exterior and interior columns separately. 

 

Figure 4.1: Hinge mechanism of P4 building at the pushover step corresponding to 
85% strength drop 

 
       a)                                                                   b) 

Figure 4.2: Comparison of P4 building capacity curve with another capacity curve of 
4 storey building with a) reduced exterior column b) reduced interior column  

It is observed that the energy dissipation capacity of the building is 

marginally affected by 1.4% when the exterior left column is intentionally reduced 

by 50% in yield strength in the case of RECL. The capacity curve for RECL is plotted 

in Figure 4.2 a) in green colour and is compared with the original curve plotted in 

red in Figure 4.2 a) and b). Similarly, in the case of the RICC section, the energy 

dissipation capacity of the building is reduced by 4.6% by the interior column is 

reduced intentionally. The capacity curve is plotted in blue (Figure 4.2 b) and 

compared with the original building capacity curve plotted in red. In both cases, it is 

observed that the capacity of the building reduced, but ductility increased. 

Therefore, energy dissipation capacity, i.e., the area under the PoA curve, remained 

almost the same. Reductions in the energy-dissipating capacity of the building 

obtained from subtracting area under the curves from Figure 4.2 a) and b) are 

tabulated in Table 4.1. The energy dissipation capacity of the building is reduced less 
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than 5% with a reduction in interior and exterior column sizes. Minimal contribution 

indicates that this methodology can not be used for weightage calculation. 

Table 4.1: Reduction in energy dissipation capacity of type P buildings with 
increasing axial load 

Building 

Name 

Exterior Column 

Left (%) 

Interior Column 

Centre (%) 

Exterior Column 

Right (%) 

P4 0.1 4.3 1.4 

P6 4 -3 0.1 

P8 1.1 -5 0.4 

4.1.2 Precode building of IS 1893 - 6 Storey (P6) 

 

Figure 4.3: Hinge mechanism of P6 building at the pushover step corresponding to 

85% strength drop. 

 
    a)            b) 

Figure 4.4: Comparison of P6 building capacity curve with another capacity curve of 
6 storey building with a) reduced exterior column b) reduced interior column  
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In this case, the first storey columns are in the strength degradation zone, and 

the third, fourth, and fifth are between ‘B’ and ‘C’. At the last point of PoA, which is 

85% strength drop, the first and second-storey beams exhibit strength degradation 

behaviour as they lie between points C and D in the hinge backbone curve. Hinges 

of third and fourth storey beams lie between points B and C. Both beams and 

columns share the energy dissipation capacity in this case. To further study its 

division between exterior and interior columns similar study of reduced exterior and 

interior column section sizes is done. 

Nonlinear static analysis for three cases, RECL, RECR, and RICC, as described 

earlier, is carried out. In the case of RECL, the 4% contribution of exterior columns in 

the energy dissipation capacity of the building is calculated from Figure 4.4 a) and 

tabulated in Table 4.1. It is observed that in this case, the effect of exterior and 

interior columns is negligible on the global energy dissipating capacity of the 

building. A small contribution of less than 5% indicates that this methodology can 

not be used for weight computation. 

4.1.3 Precode building of IS 1893 - 8 Storey (P8) 

 

Figure 4.5: Hinge mechanism of P8 building along with M-θ of the beam and 
exterior columns, respectively. 

In 8 storey building of type P, first, fourth, fifth, and sixth-storey columns 

yielded. Beam hinges in the 1st, 2nd, 3rd, and 4rth storey lie between points C and D in 

the hinge backbone curve, indicating severe damage and huge energy dissipation. 

Nonlinear static analysis for three reduced-size cases of exterior and interior 

columns termed RECL, RECR, and RICC is carried out. The reductions in energy 
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dissipation capacity of the buildings in three cases calculated from Figure 4.6 are less 

than 5% and are tabulated in Table 4.1. It is observed that there is energy dissipation 

from beams and columns. However, their failure does not have an impact on the 

global stability of the building. Minimal contribution indicates that this methodology 

can not be used for weight compuation. 

 
     a)              b) 

Figure 4.6: Comparison of P8 building capacity curve with another capacity curve of 
8 storey building with a) reduced exterior column b) reduced interior column  

4.1.4 Discussions 

Less reduction in global energy due to damage of columns may be because no 
energy is dissipated via that particular member or maybe because there is no highly 
deficient member like exterior columns in Type G buildings, all load paths are 
mobilized, and redundancy of the building is being utilized properly. Due to this 
reason, even if a column is damaged, immediate collapse is not observed. 
Alternatively, it may be because of lesser energy dissipation locally by that particular 
member. Therefore, the local energy dissipated by each member is computed by 
calculating the area under the moment rotation curve of each hinge in the beam and 
column. 

The computation of energy dissipation at the local level shows that the column to 

beam energy ratio is 1:0.96 for P4, 1:2.2 for P6, and 1:3.6 for P8 buildings. In P4, the 

amount of energy dissipated in columns is more than the beam. As the height of the 

building increases, i.e., in P8, more energy dissipation is in beams.  Therefore, it is 

demonstrated that even though some amount of energy is dissipated via columns in 

4 storey building, their damage does not impact the global damage index much. This 

indicates that precode buildings can use different load paths due to redundancy, 

unlike GLD buildings, as there were highly deficient exterior columns for seismic 

loading. 
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4.2 Summary 

 

Figure 4.7: Exterior and Interior column weighting factors with the increasing 
number of stories 

Exterior and interior column weighting factors are computed with the same 

methodology using non-linear static analysis as proposed in section 3.1 and verified 

with non-linear time history analysis in section 3.4. Weights computed for P4, P6, 

and P8 buildings are plotted in Figure 4.7. Since weights are less than 5%, it is 

concluded that numbers are quite less to compute the significant contribution of 

either the exterior or interior column. When columns are intentionally damaged, no 

impact on the global damage index of the building is observed. Redundancy is being 

utilized better in Type P buildings as there is no extremely deficient member like 

exterior columns in Type G buildings, hence all loads paths can be mobilized. Due to 

this, global weightage numbers are less than 5%. Therefore, damage to exterior or 

interior columns had negligible impact on the global damage of the building. 

Weights could not be computed from this methodology. 
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5 STOREY-WISE DAMAGE CONTRIBUTION FOR 

TYPE G BUILDINGS 

Each storey contributes to global damage; however, contribution may vary 

depending upon its location and the type of building. To study the damage 

contribution of each storey of Type G building, two parameters, i.e., variable number 

of stories and variable storey height, have been chosen. Non-linear static analysis is 

performed to observe the hinge mechanism in each storey for lateral loading. The 

hinge mechanism indicates the damage progression in the building. Since energy is 

chosen as the damage quantification parameter, energy dissipated in each hinge of a 

storey is computed to quantify the contribution of a storey.  

5.1 Methodology for storey-wise damage contribution 

The area under the moment rotation curve of a hinge gives energy dissipated in the 

formation of that hinge. This calculation is done for the hinges formed in beams and 

columns of each storey to calculate the storey damage via energy dissipation. 

Similarly, damage in the whole building can be calculated. The ratio of storey 

damage to the entire building damage computes the contribution of each storey. The 

contribution of each storey is computed at five stages till the last step of the 

pushover curve to understand the progress of damage. Three main stages are at 

steps where (i) yielding starts, (ii) ultimate strength is achieved (iii) at the last step of 

POA. Two intermediate stages are defined to understand the progress of damage to 

the ultimate and last steps of POA, respectively. These five stages, denoted with 

letters A to E, are shown in Figure 5.1. 

 

Figure 5.1: Different stages considered for weights computation in the pushover 
curve 
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Stage A marks the initiation of yielding, stage C marks the ultimate strength of the 

building, and stage E marks the last step of pushover analysis. Stage B marks the 

middle point of yielding strength and ultimate strength. Stage D marks the middle 

point of deformation corresponding to the ultimate strength and maximum 

deformation. The contribution of each storey (Es) in damage is calculated by the ratio 

of energy dissipated by each storey divided by the total dissipated energy (EB) of the 

building. 

Contribution of nth storey = Esn/ EB 

5.2 Effect of Axial load 

The effect of increasing the axial load on the storey weightage is captured by 

considering buildings with an increasing number of stories. Four buildings of 

different heights, 4, 6, 8, and 10 storey, are considered in this study. Storey weights 

are computed in all cases to understand how storey weights changed as the building 

height increased. Each storey comprises columns and the beams on top of those 

columns. The area under the moment rotation curve is computed for all members of 

the storey to compute the storey damage. Total damage in the building is computed 

by computation of the percentage damage contribution of each storey. Damage 

contribution of each storey in each building is computed at B, C, D & E, considering 

damage at E as 100% and at A as just started with the first hinge. Table 5.1 

summarizes each story's damage contribution in four buildings at stage B and 

indicates less than 10% damage in all buildings. As pushover progress to stage C, 

which is the ultimate strength stage, it is observed that there is more than 50% 

damage in G4 and G10; however, less than 50% in G6 and G8 (Table 5.2). Damage in 

all buildings at stage D increased to more than 70%. The contribution of each storey 

is tabulated in Table 5.3. The last step of pushover analysis which is at 85% strength 

drop, is assumed to be 100% damage. The contribution of each storey in 100% 

damage is tabulated in Table 5.4. 

Table 5.1: Storey-wise comparison of damage in type G buildings with increasing 
axial load at stage ‘B’ in the capacity curve. 

Storey Height G4 
5%  

G6 
3%  

G8 
3.5%  

G10 
6.6%  

Tenth Storey                                            - 

Ninth Storey    - 

Eight storey   - - 

Seventh Storey   - - 

Sixth storey   -  - 0.4 

Fifth Storey   -  - 1  
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Fourth Storey -  -  - 1.5 

Third Storey 0  0.8  0.6 1.7 

Second Storey 0  1.5  0.4 1.5 

First Storey 4 1 0.1 0.4  

Table 5.2: Storey-wise comparison of damage in type G buildings with increasing 
axial load at stage ‘C’ in the capacity curve. 

Storey Height G4 
73%  

G6 
48%  

G8 
49%  

G10 
65%  

Tenth Storey                                                  - 

Ninth Storey        - 

Eight Storey   - 0 

Seventh Storey   - 2 

Sixth storey  - - 7  

Fifth Storey  - 1  11  

Fourth Storey 0  2  7 14  

Third Storey 5  8  12 15 

Second Storey 14  18  14 13 

First Storey 53 21  15 12.8 

Table 5.3: Storey-wise comparison of damage in type G buildings with increasing 
axial load at stage ‘D’ in the capacity curve. 

Storey Height G4 
88%  

G6 
79%  

G8 
74%  

G10 
90%  

Tenth Storey    - 

Ninth Storey    - 

Eight Storey   - 1.7 

Seventh Storey   - 2 

Sixth storey  - -  12 

Fifth Storey  - 1  14 

Fourth Storey 2  2  6 16 

Third Storey 15  15  17  16  

Second Storey 14  26  22  14  

First Storey 69  36  28 14 
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Table 5.4: Storey-wise comparison of damage in type G buildings with increasing 
axial load at stage ‘E’ in the capacity curve. 

Storey Height G4 
100%  

G6 
100%  

G8 
100%  

G10 
100%  

Tenth Storey    - 

Ninth Storey    - 

Eight Storey   - 8  

Seventh Storey   - 1  

Sixth storey  - 0 18  

Fifth Storey  - 1  17  

Fourth Storey 1  1  7  17  

Third Storey 4  18  20  15  

Second Storey 13  30  28  12  

First Storey 83  51  43  13  

From stage E, it is observed that damage is concentrated at the ground storey 

in G4 building up to 83% (Table 5.4). In G6, the maximum damage is in the ground 

storey up to 50%; in G8, the maximum damage in a storey is 43%. In the G10 

building, the maximum damage in a storey is 18%. Therefore, it is observed that as 

building height increases, damage concentration in a single storey is reduced from 

83% to 18% as it is distributed to more stories in higher buildings. The trend stays 

the same in all stages. 

To understand why damage is progressing to upper stories in G10 building and not 

concentrated on the ground floor like in G4, G6 and G8, storey weights are 

rearranged stage-wise for each building. Damage progression and distribution are 

studied in buildings of variable height. 

5.2.1 Storey-wise damage progression in G4 

 
         a)     b)    c) 

Figure 5.2: Pushover curve for G4 building along with hinge states at C and E, 
respectively 
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Storey weights computed in the previous section are rearranged stagewise for 

the G4 building and are tabulated in Table 5.5. The first story is observed to be 

damaged more than 50% at stage C, and damage increased to 83% in stage E. Second 

storey is damaged up to 13% in stage E. Therefore, almost the entire damage is 

concentrated in the first storey. 

Table 5.5: Damage contribution of each storey in each stage of the pushover curve of 
the G4 building 

Damage A 

0.001% 

B 

5% 

C 

73% 

D 

88% 

E 

100% 

Fourth Storey  - 0 0 2 1 

Third Storey  - 0 5 5 4 

Second Storey  0.001 1 14           14 13 

First Storey  - 4 53 69 83 

The transition of damage from B to C is observed to understand the 

progression of damage. It is reported that there is a sudden damage increment from 

5% to 73% in the building at this stage. On further distribution, it is observed that 

30% contribution is from first storey columns and 23% is from first storey beams, 

and rest 15% is divided to the upper storey. Therefore, a huge damage contribution 

is from first-story columns. Since the Mc/Mb ratio is 0.4-0.5 for exterior and 0.6-0.9 

for interior columns, columns are the first to get damaged. Therefore, the building 

could not use redundancy due to beams, and damage is concentrated. 

 

Figure 5.3: Storey deflection of G4 building 

Building deflection is plotted in Figure 5.3 to compute interstorey drifts (ISD). 

To understand why weights are concentrated more in the first storey. ISD at stages 

A, C, and E are plotted along with the demand capacity ratio (DCR) of exterior 

columns and weighting factors in Figure 5.4. As the pushover curve progresses from 
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the stage of the first yield point to ultimate capacity, i.e., A to C, it is observed that 

ISD increases in the first, second, and third storey at stage C (Figure 5.4). However, 

the maximum increment in ISD is observed in the first storey. The first storey 

columns at the bottom yielded and initiated redistribution of moments to the top of 

the first storey columns. The effect of this high ISD in the first storey is reflected in 

the damage contribution of the first storey, which is 50% at stage C. 

 

Figure 5.4: Interstorey drift, demand capacity ratio, and weighting factors at 
different stages of the Pushover curve in the G4 building 

Increment in ISD from stage C to stage E is limited to the first storey. The 

demand capacity ratio (DCR) is reduced in the corresponding storey column at the 

bottom. This indicates that the column started utilizing nonlinear capacity by 

deforming more with lesser demands, leading to more damage in the first storey. 

This demand is redistributed to the top of the first storey column, which crosses the 

post-peak strength of the column at the top in stage E, as shown in Figure 5.2 (c). In 
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addition, beams of the first storey also crossed post-peak strength and are in the 

strength degradation zone of the backbone curve, as shown in Figure 5.2 b) and c). 

They provide less restraint to first storey columns, making them more flexible. 

Therefore, more damage is observed in the first storey due to flexible columns and 

their nonlinear behaviour. 

An increment in ISD from stage C to stage E in the first storey is observed to trigger 

an increment in damage contribution in the same storey (shaded in black in Figure 

5.4@E). Parabolic damage distribution is observed from the damage percentage of 

each storey at stage E with maxima of the convex parabola at the bottom storey, as 

shown in Figure 5.4. Therefore, it is observed that P4 building has parabolic damage 

distribution with maximum damage at the first storey, as highlighted with a blue 

trend line in Figure 5.5. The damage contribution of each storey is the damage 

weightage of that storey. The highest weighting factor is for the first storey, which 

significantly affects the health of the building. 

 

Figure 5.5: Storey weights and proposed strengthening scheme for the G4 building 

Therefore, zone-wise strengthening activities shall be proposed in line with the 

storey weights. Zone 1 is defined as the first storey till one storey above the mid-

height of the building. Stepped strengthening is proposed in zone 1, with the 

maximum at the bottom and the minimum at one storey above the mid-height of the 

building. The strengthening proposal is shown with a pink line in Figure 5.5. 

Stepped strengthening shall be done sequentially as per the base shear requirement 

of that region. After strengthening at the first storey, updated capacity shall be 

computed. If the updated capacity is less than the base shear, strengthening shall be 

done at the next storey (Niharika and Ramancharla, 2020). 

5.2.2 Storey-wise damage progression in G6 

Storey weights are rearranged stage-wise and are tabulated in Table 5.6. It is 

observed that there is a sudden damage increment of 45% from stage B to stage C. At 

stage E, more than 50% damage is concentrated in the ground storey, and the rest of 
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the stories get 30% and 18% damage. Hence, the entire damage is distributed in three 

stories with a 2:1 distribution ratio among beams and columns.  

Figure 5.7 presents the deflection profile of the building to compute ISD. To 

understand the reasoning behind the damage distribution in each storey at each 

state, ISD, DCR of exterior columns, and damage weights are computed and plotted 

(Figure 5.8).  

 
          a)     b)    c) 

Figure 5.6: Pushover curve for G6 building along with hinge states at C and E, 
respectively. 

 

 

Figure 5.7: Storey deflection of G6 building 

Table 5.6: Damage contribution of each storey in each stage of the pushover curve of 
the G6 building. 

Damage A 

0.001%  

B 

3%  

C 

48%  

D 

79%  

E 

100%  

Sixth Storey -  -  -  -  -  

Fifth Storey -  -  -  -  -  
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Fourth Storey    2 2 1 

Third Storey  -  0.8 8 15  18 

Second Storey  0.001 1.5 18  26  30 

First Storey  -  1 21 36 51 

 

Figure 5.8: Interstorey drift, demand capacity ratio, and weighting factors at 
different stages of the Pushover curve in the G6 building 

As the pushover analysis progresses from stage A to C, it is observed that ISD 

and DCR increase in all stories due to increasing lateral loads. However, the damage 

is only observed in the first, second, and third stories. 

As the pushover curve progresses from C to E, the increment in ISD is huge in the 

first three stories. DCR reduced in the same stories in stage E (Figure 5.8). Due to 

damaged first and second-storey beams, less restraint is provided to columns (Figure 

5.6 c)). Flexible columns attract lesser moments, reducing DCR in the bottom two 

stories. In addition, third-storey columns hinged, increasing the flexibility of 
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columns up to the third-storey. Therefore, the DCR of third-story columns is also 

reduced. Due to the flexibility of the bottom three storey columns and the nonlinear 

behaviour of columns, ISD in the bottom three stories is huge. And due to beam 

damage in the first and second storey and column hinge mechanism in the third 

storey. Damage weights are high in the bottom three stories. This indicates that 

members utilize nonlinear capacity by deforming more with the reduced moments, 

leading to more damage in the first three stories. 

As the increment in ISD from stage C to stage E is limited to the bottom three stories 

(shaded black in Figure 5.8 @E), the damage is also observed in the same stories. The 

damage is distributed in a parabolic shape with maxima at the bottom storey and 

minimum significant damage at the mid-height of the building, as shown in Figure 

5.8@E. Damage contribution is the damage weighting factor of each storey. 

Therefore, it is observed that the G6 building distributes damage in a shape similar 

to a straight line in the transition of a convex parabola to a concave parabola with 

maximum weightage of damage at the first storey, as highlighted in Figure 5.9. 

 

Figure 5.9: Storey weights and proposed strengthening scheme for the G6 building 

Hence, strengthening activities shall be proposed zone-wise as per the 

damage weights. Zone 1 is defined as the first storey till one storey above the mid-

height of the building. Therefore, stepped strengthening shall be done in zone 1 with 

a maximum at the bottom and a minimum at one storey above the mid-height of the 

building, as shown with the pink line in Figure 5.9. Stepped strengthening shall be 

done in a sequential manner as per the base shear requirement of that region. If the 

updated capacity after the first storey strengthening is less than the base shear, this 

shall be done at the next storey with the reduced amount of strengthening. 

5.2.3 Storey-wise damage progression in G8 

Storey weights are rearranged in Table 5.7 to understand the damage 

progression stagewise in the G8 building. It is observed that there is a sudden 

damage increment of 48% from stage B to stage C. At stage E, around 43% damage is 

concentrated in the ground storey, and the upper two stories get 28% and 20% 
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damage. The entire damage is distributed in three stories with a 2:1 distribution ratio 

among beams and columns. The building deflection profile is plotted in Figure 5.11 

to compute ISD. The ISD and DCR of exterior columns are plotted in Figure 5.12 to 

understand how damage gets distributed to the stories. 

 
         a)     b)    c) 

Figure 5.10: Pushover curve for G8 building along with hinge states at C and E 

 

 

Figure 5.11: Storey deflection of G8 building 

Table 5.7: Damage contribution of each storey in each stage of the pushover curve of 
the G8 building 

Damage A 

0.001%  

B 

1.2%  

C 

49%  

D 

74%  

E 

100%  

Eight storey  - -  - - - 

Seventh Storey  -  -  - -  -  
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Sixth storey  -  0.1  0 0  0 

Fifth Storey  -  0 1  1  1  

Fourth Storey  - 0 7 6 7  

Third Storey  -  0.6 12 17  20  

Second Storey  - 0.4 14 22  28  

First Storey  -  0.1 15 28 43  

 

Figure 5.12: Interstorey drift, demand capacity ratio, and weighting factors at 
different stages of the Pushover curve in the G8 building 

As pushover progresses from stage A to stage C, an increment in ISD is 

observed in all stories, with a maximum in the fourth storey. This led to damage in 

the first four stories plotted as the damage contribution of each storey (Figure 5.12). 

As pushover progresses from stage C to stage E, the DCR substantially 

reduces in the first three stories. Due to the damaged beams in the bottom three 

stories, less restraint is provided to the columns leading to flexible columns (Figure 
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5.10 c)). Due to flexible columns and damaged beams, fewer demand moments are 

attracted to bottom stories, and hence, DCR in the bottom three stories reduced.  

DCR reduction is accompanied by the huge increment in ISD from C to E in the 

bottom four stories shaded in black (Figure 5.12@E). Therefore, damage in the 

bottom three stories increased further in this stage, with a major concentration in the 

first storey. 

Damage contribution is from the bottom stories with maxima at the bottom 

storey and minima at the mid-height of the building. Damage distribution is similar 

to a straight line transitioning from a convex parabola to a concave parabola. The 

damage distribution pattern is plotted in the blue trend line in Figure 5.13. Damage 

contribution is the damage weighting factor, and the first storey has the highest 

weighting factor and hence affects the health of the building more. 

 

Figure 5.13: Weighting factors and proposed strengthening scheme for the G8 
building 

Strengthening activities are proposed zone-wise as per the damage weights. 

Zone 1 is defined as the first storey till one storey above the mid-height of the 

building. The stepped strengthening in zone 1, as shown with the pink line in Figure 

5.13, is proposed. The strengthening is done sequentially as per the base shear 

requirement of a city. 



82 
 

5.2.4 Storey-wise damage progression in G10 

   
         a)     b)    c) 

Figure 5.14: Pushover curve for G10 building along with hinge states at C and E 

Storey weights are rearranged stagewise for G10 and are tabulated in Table 

5.8 to understand the damage progression in each storey. Up to the sixth story, it is 

observed that up to 20% of damage is distributed in each storey. As building height 

increases, damage concentration is reduced, and damage gets distributed to upper 

stories. The building deflection profile is plotted in Figure 5.15 to compute ISD. ISD 

and the DCR of exterior columns are plotted in Figure 5.16 to understand how 

damage gets distributed to upper stories. 

Table 5.8: Damage contribution of each storey in each stage of the pushover curve of 
the G10 building. 

Damage A 

0.001%  

B 

6.6%  

C 

65%  

D 

90%  

E 

100%  

Tenth Storey            -           -            -            -          - 

Nineth Storey  - - - - - 

Eight storey  - - 0 1.7 8  

Seventh Storey  - - 2 2 1  

Sixth storey  - 0.4 7  12 18  

Fifth Storey  - 1  11  14 17  

Fourth Storey  - 1.5 14  16 17  

Third Storey  -  1.7 15 16  15  

Second Storey  - 1.5 13 14  12  

First Storey  -  0.4  12.8 14 13  
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Figure 5.15: Storey deflection of a G10 building 

Most of the beams up to the sixth storey are in the strength degradation zone 

of the backbone curve, providing lesser restraint to columns, as shown in Figure 5.14 

c). Flexible columns of bottom stories attract lesser moments and redistribute them 

to upper stories. It is observed that moments have been redistributed to the eighth 

storey in stage E. Due to redistributed moments in eight storey, columns yielded, 

and storey mechanism is observed. In stories at mid-height of the building, ISD 

increased, as shaded in black in Figure 5.16, because of the increased flexibility of 

columns, and corresponding damage increased because of beams in the strength 

degradation zone. At the seventh storey, little increment in ISD and a considerable 

reduction in the DCR plot are observed. Because of this reduced demand, the area 

under the moment rotation curve is reduced; therefore, negligible damage weightage 

is observed at stage E. The reduced moment of the seventh storey shifted to the 

eighth storey, as seen in the DCR plot, hence causing damage at the eighth storey 

indicated in the plot of damage contribution at stage E (Figure 5.16). 

In the G10 building, the peak damage contribution is in the middle stories and 

is distributed in a parabolic shape, as highlighted by the blue trend line in Figure 

5.16. In this case, damage contribution and weighting factors are different. Since the 

maximum damage contribution is at mid-height, the weightage of the stories below 

shall be considered same as the maximum weightage at mid-height. Therefore, the 

proposed relative weighting factors are marked with double circles in Figure 5.17. 

Furthermore, the highest weighted stories are all the stories from first up to one 

storey above the mid-height of the building, which significantly impacts the health 

of the building. 
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Figure 5.16: Interstorey drift, demand capacity ratio, and damage contribution at 
different stages of the Pushover curve in the G10 building 

 

Figure 5.17: Storey weights and proposed strengthening scheme for the G10 building 
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Therefore, strengthening activities are proposed zone-wise as per the damage 

weights of each storey. Zone 1 is defined as the first storey till one storey above the 

mid-height of the building (shaded in pink in Figure 5.17), and zone 2 is for upper 

stories up to 90% height of the building. The same amount of strengthening is 

proposed in Zone 1, and stepped strengthening is proposed in Zone 2, as shown 

with the pink line in Figure 5.17. Zone 1 same amount of strengthening is mandatory 

in a single step, and zone 2 stepped strengthening is done in a sequential manner as 

per the base shear requirement of a city. 

5.2.5 Discussions 

Modal participation factors are tabulated in Table 5.9. The contribution of the 

first mode is 86% in 4-storey buildings and 79% in 10-storey buildings. The 

contribution of higher modes increased from 14% to 20% as the height of the 

building increased from G4 to G10. Therefore, validating that damage shifted to the 

upper stories as building height increased. 

Table 5.9: Modal participation ratios for type G buildings 

 G4 G6 G8 G10 

Mode 1 86.437 83.078 80.646 79.207 

Mode 2  9.541 9.756 10.056 9.918 

Mode 3 2.813 3.639 3.948 4.160 

Mode 4 0.680 1.867 1.898 2.135 

Mode 5  0.931 1.419 1.484 

Mode 6  0.274 0.620 1.049 

Mode 7   0.739 0.623 

Mode 8   0.221 0.690 

It has been understood that damage distribution cannot be associated with a 

single trend of uniform, triangular, and nonlinear distribution along the height. The 

distribution pattern is parabolic, and the shape and location of the parabola changes 

with an increase in building height. 

5.3 Effect of Storey Height 

The G6 building is analyzed with varying storey heights from 3m, 3.5m, 4m, 

and 4.5m to study the effect of storey height. Damage contribution of each storey is 

computed in all four buildings at each stages A, B, C, D, and E. Damage contribution 

at yielding stage A is tabulated in Table 5.10 and indicates that damage started on 

the same floor in all buildings. Damage contribution at stage B is mentioned in 

Figure 5.11 highlights similar damage in three stories. Table 5.12 presents storey 



86 
 

weights at stage C, i.e., at the ultimate strength of the buildings. It is observed that 

the total damage in the building is reduced; however, the difference is not huge. 

Damage distribution in several stories remains the same. Table 5.13 & Table 5.14 

present storey weights at stages D & E, and it is observed that damage distribution 

remains the same even in later stages of pushover analysis. Damage distribution and 

the quantity of damage remain almost the same. Therefore, damage contribution is 

not affected by different storey heights in the buildings. 

Table 5.10: Damage contribution at stage A in the G6 building with increasing storey 
height 

Damage 3m 

0.001%  

3.5m 

0.001%  

4m 

0.001%  

4.5m 

0.001% 

Sixth Storey -  -  -  -  

Fifth Storey -  -  -  -  

Fourth Storey  -  -  -  -  

Third Storey  -  -  -  -  

Second Storey  0.001 0.001 0.001 0.001 

First Storey  -  -  -  -  

Table 5.11: Damage contribution at stage B in the G6 building with increasing storey 
height 

Damage 3m 

3.3%  

3.5m 

3%  

4m 

2.9%  

4.5m 

2.7% 

Sixth Storey -  -  -  -  

Fifth Storey -  -  -  -  

Fourth Storey  - - - - 

Third Storey  0.8 0.7  0.7 0.7 

Second Storey  1.5  1.4  1.3  1.2  

First Storey  1  1 0.9  0.8 

Table 5.12: Damage contribution at stage C in the G6 building with increasing storey 
height 

Damage 3m 

49%  

3.5m 

40%  

4m 

40%  

4.5m 

30% 

Sixth storey  - - - - 

Fifth Storey  - - - - 

Fourth Storey  2 1 2 0.5 

Third Storey  8 10 10 7 
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Second Storey  18 16 16 14 

First Storey  21 13 12 9 

Table 5.13: Damage contribution at stage D in the G6 building with increasing storey 
height 

Damage 3m 

79%  

3.5m 

78%  

4m 

74%  

4.5m 

73%  

Sixth storey  -  -  -  -  

Fifth Storey  -  -  -  -  

Fourth Storey  2 2 3  1  

Third Storey  15  15  16  16  

Second Storey  26  26  25  27  

First Storey  36  35  30  29 

Table 5.14: Damage contribution at stage E in the G6 building with increasing storey 
height 

Storey Height  3m 

100%  

3.5m 

100%  

4m 

100%  

4.5m 

100%  

Sixth storey  -  -  -  -  

Fifth Storey  -  -  -  -  

Fourth Storey  1  2  3  1  

Third Storey  18  18  22  21  

Second Storey  30  34  29  32  

First Storey  51  46  46  46  

 

5.4 Summary 

The damage contribution of each storey is computed by calculating the 

energy dissipation of each member by using the area under the moment rotation 

curve. The effect of increasing the axial load on columns and increasing storey height 

on storey weights is studied. Four buildings with increasing floors, G4, G6, G8, and 

G10, are studied to study variable axial load on columns. In G4, G6 and G8 

buildings, the maximum increment in interstorey drift from C to E stage is in the 

bottom stories. This led to the peak damage in the bottom stories with maxima in the 

first storey. The last storey with some damage is near the mid-height of the building. 

Therefore, in such cases, the highest weighted storey is the first storey, and 

weightage reduces as per the parabolic curve as we go up till the midheight of the 

building. A stepped strengthening is proposed in zone 1, which is done in a 

sequential manner as per the base shear requirement of that area. 
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However, as the number of stories increases in G10, peak damage is observed 

at the storey with maximum increment in interstorey drift from C to E, which lies 

nearby the midheight of the building. In this case, the damage is distributed to 

several floors avoiding local concentration of damage. However, the middle storey 

has the highest damage. All stories below are allotted the same weighting factor as 

the middle storey with maximum damage. Strengthening is proposed zone-wise in 

two zones as per the damage weights. The same amount of strengthening is 

proposed in Zone 1, and stepped strengthening is proposed in Zone 2. Zone 1 same 

amount of strengthening is mandatory, and zone 2 stepped strengthening is done in 

a sequential manner as per the base shear requirement of that area. 

 Four buildings with variable storey heights (3m, 3.5m, 4m & 4.5m) are 

analyzed to study the effect of storey height on the damage distribution and 

strengthening proposal. It is observed that the same number of stories are damaged 

when the storey height of the building is increased. The quantity of the damage 

remains almost the same. Therefore, damage distribution and highest weightage 

storey label are not affected by varying storey height of gravity load designed 

buildings. 

Therefore, it has been demonstrated that low-rise buildings have convex 

parabolic damage distribution with the highest weighting factor for the first storey. 

However, damage distribution changed as building height increased. It is observed 

that parabolic damage distribution shifts to upper stories and is concave in shape, 

with the highest weighting factor for all the stories from the ground up to one storey 

above the mid-height of the building. Therefore, the shape of the parabola shifted 

from convex in G4 to concave in G10, with G6 and G8 in transition as a straight line. 

Stepped strengthening in buildings up to 8 stories is proposed in Zone 1 in a 

sequential manner. In G10 building with concave damage distribution, the same 

amount of strengthening in zone 1 is mandatory in a single step, and in zone 2, 

sequential stepped strengthening is proposed. 

 

 

Figure 5.18: Summary of storey weights distribution and proposed strengthening 
scheme in Type G buildings  
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6 STOREY-WISE DAMAGE CONTRIBUTION FOR 

TYPE P BUILDINGS 

Storeywise damage contribution is computed for Type P buildings to 

understand how the damage contribution of each storey changes. To study the 

damage contribution of each storey in Type P building, two parameters, i.e., axial 

load and storey height, have been chosen. Non-linear static analysis is performed to 

observe the hinge mechanism in each storey for lateral loading. The hinge 

mechanism indicates the damage progression in the building at five stages, as 

mentioned in section 5.1. Since energy is chosen as the damage quantification 

parameter, energy dissipated in each hinge of a storey is computed to quantify the 

contribution of a storey. Storey weights are computed in the same manner 

mentioned in Section 5.1 using the computation of energy dissipated via the area 

under the moment rotation curve of each hinge. 

6.1 Effect of Axial Load 

Buildings considered to study the effect of increasing axial load are 4, 6, 8, and 

10-storey buildings. Damage contribution is computed for all the buildings to 

understand how damage changed as the axial load on columns increased with an 

increasing number of stories. Each storey comprises columns and the beams on top 

of those columns. The area under the moment rotation curve is computed for all 

members of the storey to compute the storey damage. Similarly, total damage in the 

building is computed. The ratio of storey damage to the entire building damage 

computes the damage contribution of each storey. Damage contribution of each 

storey in each building is computed at B, C, D & E (Figure 5.1), considering damage 

at E as 100% and damage at A as just started. Table 6.1 summarizes each story's 

damage contribution in four buildings at stage B and indicates less than 5% damage 

in all buildings. As pushover progress to stage C, it is observed that there is more 

than 50% damage in P4, and it reduces as the height of the building increases; (Table 

6.1). Similarly, damage at stage D in P4 is 83% and decreases as the height of the 

building increases. The last step of pushover analysis which is at 85% strength drop, 

is assumed to be 100% damage. The contribution of each storey in 100% damage is 

tabulated in Table 6.4. 
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Table 6.1: Storey-wise comparison of damage contribution in type P buildings with 
increasing axial load at stage ‘B’ in the capacity curve. 

Storey Height P4 
3% 

P6 
3% 

P8 
2.5% 

P10 
2.8% 

Tenth Storey    - 

Ninth Storey    - 

Eight storey   - - 

Seventh Storey   - - 

Sixth storey   -  - 0.3 

Fifth Storey   -  - 0.2 

Fourth Storey -  0.1 0.1 0.4 

Third Storey - 0.8 0.8 0.6 

Second Storey - 1.2 1.4 0.7 

First Storey 3 0.9 0.2 0.4 

Table 6.2: Storey-wise comparison of damage contribution in type P buildings with 
increasing axial load at stage ‘C’ in the capacity curve. 

Storey Height P4 
71%  

P6 
61%  

P8 
55%  

P10 
37%  

Tenth Storey                                            - 

Ninth Storey      - 

Eight Storey   - 1 

Seventh Storey   - 3 

Sixth storey  - - 3 

Fifth Storey  - 1 4 

Fourth Storey - 4 8 7 

Third Storey 14 13 14 8 

Second Storey 15 18 15 8 

First Storey 42 26 17 9 

Table 6.3: Storey-wise comparison of damage contribution in type P buildings with 
increasing axial load at stage ‘D’ in the capacity curve. 

Storey Height P4 
83%  

P6 
83%  

P8 
81%  

P10 
73%  

Tenth Storey    - 

Ninth Storey    - 

Eight Storey   - 1 

Seventh Storey   - 3 

Sixth storey  - - 3 
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Fifth Storey  - 1 5 

Fourth Storey - 4 11 10 

Third Storey 13 17 21 14 

Second Storey 20 25 22 16 

First Storey 55 37 26 21 

Table 6.4: Storey-wise comparison of damage contribution in type P buildings with 
increasing axial load at stage ‘E’ in the capacity curve. 

Storey Height P4 
100%  

P6 
100%  

P8 
100%  

P10 
100%  

Tenth Storey    - 

Ninth Storey    - 

Eight Storey   - 1 

Seventh Storey   - 3 

Sixth storey  - - 3 

Fifth Storey  - 1 6 

Fourth Storey - 3 14 13 

Third Storey 12 21 25 19 

Second Storey 24 28 26 20 

First Storey 64 47 33 35 

From stage E, it is observed that damage is concentrated up to 64% at the 

ground storey in the P4 building (Table 6.4). In P6, the maximum damage in the 

ground storey is around 50%; in P8, the maximum damage in a storey is 33%. In the 

P10 building, the maximum damage in a storey is 35%. Therefore, it is observed that 

as building height increases, maximum damage concentration in a storey is reduced 

from 64% to 35%, and it is distributed to more stories in higher buildings. The trend 

stays the same in all stages. To understand why damage is progressing to upper 

stories as the height of the building increases, damage contribution is rearranged 

stage-wise for each building. Damage progression and distribution are studied in 

buildings of variable height. 
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6.1.1 Storey-wise damage progression in P4 

 
        a)     b)    c) 

Figure 6.1: Pushover curve of P4 building along with hinge states at stages C and E 

Damage contribution computed in the previous section is rearranged 

stagewise for the P4 building and is tabulated in Table 6.5. The first story is observed 

to be damaged around 42% at stage C, and damage increased to 64% in stage E. 

Second storey is damaged up to 24% in stage E. Therefore, more than 80% of damage 

is concentrated in the first and second storey. 

 

Figure 6.2: P4 building deflection profile 

The transition of damage from B to C is observed to understand the progression of 

damage. It is reported that there is a sudden damage increment from 3% to 71% in 

the building at this stage. The further distribution shows that 15% contribution is 

from ground-storey columns and 27% is from ground-storey beams, and 29% is 

divided into upper-story columns and beams. Therefore, a huge damage 

contribution is from the ground storey, and the same trend continues till stage E. To 

understand why weights are concentrated more in the ground storey. The building 

deflection profile is plotted in Figure 6.2. Interstorey drift is computed from the 
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deflection profile and at stages A, C, and E, along with the demand capacity ratio of 

exterior columns, as shown in Figure 6.3. 

Table 6.5: Damage contribution of each storey in each stage of the pushover curve of 
the P4 building 

Damage A 

0.001% 

B 

3% 

C 

71% 

D 

83% 

E 

100% 

Fourth Storey  - 0 0 0 0 

Third Storey  - 0 14 13 12 

Second 

Storey  

0.001 0 15           20 24 

First Storey  - 3 42 55 64 

 

Figure 6.3: Interstorey drift, demand capacity ratio, and damage contribution at 
different stages of the Pushover curve in the P4 building 
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From stage A to C of PoA, the lateral load increases ISD in three stories due to 

increased DCR in the corresponding stories. This led to huge damage contribution 

from the bottom three stories; however, significant damage is in the first storey. This 

damage contribution is the weighting factor and is plotted in the third column of 

Figure 6.3.  

Increment in ISD from stage C to stage E is limited to the bottom two stories. 

DCR remained the same or reduced a little in these two stories. This indicates that 

members utilize nonlinear capacity by deforming more with the same or less 

moment, leading to more damage in the first two stories. As beams of the first storey 

crossed post-peak strength and are in the strength degradation zone of the backbone 

curve as shown in Figure 6.1 b) and c). They provide less restraint to first storey 

columns, making them more flexible. In addition to that, the first storey columns 

yielded in stage C at the bottom. Due to more flexibility of columns because of 

damaged beams and due to the nonlinear behaviour of columns, more damage is 

observed in the first storey. 

When an increment in ISD from stage C to stage E is limited to bottom stories, 

significant damage is also observed in similar stories (shaded black in Figure 6.3). 

Damage distribution observed is parabolic with maxima at the bottom storey, as 

shown in Figure 6.4. It is observed that P4 building has parabolic damage 

distribution with maximum damage at the first storey, as highlighted with a blue 

trend line in Figure 6.4. Therefore, the first storey is the highest weighted storey 

which affects the health of the building. 

 

Figure 6.4: Strengthening pattern for P4 building 

Hence, stepped strengthening activities are proposed zone-wise as per the 

damage distribution. Zone 1 is defined as the first storey till one storey above the 

mid-height of the building. Stepped strengthening is proposed in zone 1, with the 

maximum at the bottom and the minimum at one storey above the mid-height of the 

building, as drawn with a pink line in Figure 6.4. This shall be done in a sequential 

manner as per the base shear requirement of that area. If the updated capacity after 
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the first storey strengthening is less than the base shear, strengthening shall be done 

at the next storey with reduced strengthening. 

6.1.2 Storey-wise damage progression in P6 

Damage contributions computed in the previous section are rearranged stage-

wise for the P6 building and are tabulated in Table 6.6. The first story is observed to 

be damaged around 26% at stage C, and damage increased to 47% in stage E. Second 

and third storey are damaged up to 28% and 21% in stage E. Therefore, almost the 

entire damage is concentrated in the bottom three stories with a maximum in the 

first storey.  

 

          a)    b)    c) 

Figure 6.5: Pushover curve along with hinge states at stages C and E 

Table 6.6: Damage contribution of each storey in each stage of the pushover curve of 
the P6 building. 

Damage A 

0.001% 

B 

3% 

C 

61% 

D 

83% 

E 

100% 

Sixth Storey - - - - - 

Fifth Storey - - - - - 

Fourth Storey  - 0.1 4 4 3 

Third Storey  - 0.8 13 17 21 

Second 

Storey  

- 1.2 18 25 28 

First Storey  0.001 0.9 26 37 47 
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Figure 6.6: P6 building deflection profile 

The building deflection profile is plotted in Figure 6.6; further ISD is 

computed from the building deflection profile. To understand why weights are 

concentrated at the ground storey, ISD at stages A, C, and E are plotted along with 

the DCR of exterior columns and damage contribution of each storey in Figure 6.7.  
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Figure 6.7: Interstorey drift, demand capacity ratio, and weighting factor at different 
stages of the Pushover curve in the P6 building 

From stage A to C, as lateral load increases, an increment in ISD is observed 

in all stories, as DCR also increases in all stories. However, the increment in ISD 

from stage C to stage E is limited to the bottom three stories only. It is observed from 

DCR that demand reduced in the bottom two stories due to the damage in the beam 

members, as shown in Figure 6.5 b) and c). As beam members get damaged, less 

restraint is provided to the columns. Damaged beams increase the columns' 

flexibility, redirecting fewer moments to the first and second storey. Due to this, a 

reduction of moments in the first and second storey columns is observed. Due to 

damaged beams, damage contribution of the first and second storey increased. These 

reduced moments get redistributed to the third and fourth storey; hence, no 

reduction in DCR is observed there. However, due to redistributed forces, the 

external column gets hinged to form a storey mechanism at the third storey (Figure 

6.5 c)). Due to the storey mechanism, an increase in damage contribution at the third 

storey is observed. 

As the increment in ISD from stage C to stage E is limited to the bottom three 

stories (shaded black in Figure 6.7), the damage is also observed in the same stories. 

Damage is distributed in a parabolic shape with a maximum at the bottom storey 

and minimum significant damage at the mid-height of the building, as shown in 

Figure 6.7 @E. Damage patterns can also be related to the deflection profile of the 

building. In the P6 building, the weighting factor is the same as the damage 

contribution, as shown in Figure 6.8. Therefore, the highest weighted storey to affect 

the health of the building is the first storey. 

 

Figure 6.8: Strengthening pattern for P6 building 

Hence, strengthening activities are proposed zone-wise as per the damage 

weights. Zone 1 is defined as stories from the bottom up to one storey above the 

mid-height of the building. Stepped strengthening is proposed in zone 1, as drawn 
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with a pink line in Figure 6.8. This shall be done sequentially as per the base shear 

requirement of that area. If the updated capacity after the first storey strengthening 

is less than the base shear, strengthening shall be done at the next storey. 

 

6.1.3 Storey-wise damage progression in P8 

Damage contribution is rearranged stagewise for the P8 building and is 

tabulated in Table 6.7. The first story is observed to be damaged around 33% at stage 

E. Second and the third storey is damaged up to 26% and 25% in stage E. The entire 

damage is concentrated in the bottom four stories. To understand why damage is 

concentrated in bottom stories, building deflection, ISD, and DCR are computed. The 

building deflection profile is plotted in Figure 6.10. ISD at stages A, C, and E are 

plotted along with the DCR of exterior columns in Figure 6.11. 

 
          a)     b)    c) 

Figure 6.9: Pushover analysis of a P8 building along with hinge states at stages C 
and E 

Table 6.7: Damage contribution of each storey in each stage of the pushover curve of 
the P8 building. 

Damage A 

0.001% 

B 

2.5% 

C 

55% 

D 

81% 

E 

99% 

Eight Storey - - - - - 

Seventh 

Storey 

- - - - - 

Sixth Storey - -  - - 
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Fifth Storey - - 1 1 1 

Fourth Storey  - 0.1 8 11 14 

Third Storey  - 0.8 14 21 25 

Second 

Storey  

- 1.4 15 22 26 

First Storey  0.001 0.2 17 26 33 

 

 

Figure 6.10: Deflection profile of P8 building 

An increment in ISD in stage C is observed in almost all stories. DCR also 

increased in all stories; however, the damage is observed only in the bottom four 

stories. Increment in ISD from stage C to stage E is observed in the bottom four 

stories as shaded in black in stage E of Figure 6.11. From stage C to E, as lateral load 

increased, DCR reduced in the bottom three stories. Demands redistributed to the 

fourth storey (Figure 6.11 @E). Therefore, an increment in ISD from stage C to stage 

E is observed in the bottom four stories (shaded black in Figure 6.11), leading to 

damage in the same four stories. Damage distribution is parabolic, with a maximum 

at the bottom and minimum significant damage at the mid-height of the building, as 

plotted in Figure 6.12. Damage contribution is the weighting factor of the storey. 

Therefore, it is observed that in the P8 building, damage distribution is parabolic 

with maximum weightage of damage at the first storey. Therefore, the first storey is 

the highest weighted storey to affect the health of the building. 

Strengthening activities are proposed in line with the damage weights. Zone 1 

is defined as stories from the bottom up to one storey above the mid-height of the 

building. Stepped strengthening is proposed in zone 1, as drawn with a pink line in 

Figure 6.12. This shall be done sequentially as per the base shear requirement of that 

area. If the updated capacity after the first storey strengthening is less than the base 

shear, strengthening shall be done at the next storey. 
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Figure 6.11: Interstorey drift, demand capacity ratio, and weighting factors at 
different stages of the Pushover curve in the P8 building 

 

Figure 6.12: Strengthening pattern for P8 building 
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6.1.4 Storey-wise damage progression P10 

The damage contribution of each storey for the P10 building is tabulated in 

Table 6.8. The Building deflection profile is plotted in Figure 6.14 to compute ISD. To 

understand damage distribution, ISD at stages A, C, and E are computed and plotted 

along with the DCR of the exterior right column in Figure 6.15. 

 
          a)     b)    c) 

Figure 6.13: Pushover analysis of a P10 building along with hinge states in stages C 
and E 

An increment in ISD in stage C is observed in almost all stories. As DCR 

increased in all stories, a little damage in the bottom seven stories is observed. 

Increment in ISD from stage C to stage E is observed in the bottom four stories and 

the sixth, seventh, and eighth storey as shaded in black in stage E of Figure 6.15. 

From stage C to E, as lateral load increased, DCR reduced in the bottom four stories. 

Demands redistributed to the fifth and sixth storey. 

Table 6.8: Damage contribution of each storey in each stage of the pushover curve of 
the P10 building. 

Damage A 

0.001% 

B 

2.6% 

C 

43% 

D 

73% 

E 

100% 

Tenth Storey - - - - - 
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Ninth Storey - - - - - 

Eight Storey - - 1 1 1 

Seventh 

Storey 

- - 3 3 3 

Sixth Storey - 0.3 3 3 3 

Fifth Storey - 0.2 4 5 6 

Fourth Storey  - 0.4 7 10 13 

Third Storey  - 0.6 8 14 19 

Second 

Storey  

- 0.7 8 16 20 

First Storey  0.001 0.4 9 21 35 

 

 

 

Figure 6.14: Deflection profile of P10 building 

The reduction in DCR is due to the damage in the beam members, as all the 

beam members get damaged up to the fourth storey (Figure 6.13 (c)), and less 

restraint is provided to the columns. Damaged beams lead to the increased flexibility 

of the columns, and fewer moments are attracted to these stories on redistribution of 

moments. DCR reduction in the bottom four stories is accompanied by a huge 

increment in ISD from C to E, as shaded in black in Figure 6.15. ISD values are 

higher because of the damaged beams and more flexible columns. Further, as 

moments got redistributed to upper stories, ISD increment is also observed at the 

sixth and seventh storey. However, both moment redistribution and ISD increment 

are less. Similarly, damage contribution is observed from the same stories where ISD 

increment is observed. There is a huge damage contribution from the bottom four 

stories and then less contribution from the fifth, sixth, seventh, and eighth storey. 

Damage has started progressing upwards in Precode buildings from this height, 

however, the amount is less. In the P10 building, major damage distribution is in the 

bottom stories, with a maximum contribution of damage from the first storey and 

minimum significant damage at 80% height of the building. The weighting factor is 
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same as the damage contribution of each storey. Therefore, the first storey is the 

highest weighted storey to affect the health of the building. 

 

Figure 6.15: Interstorey drift, demand capacity ratio, and weighting factors at 
different stages of the Pushover curve in the P10 building 

Strengthening activities are proposed in line with the damage weights. Zone 1 

is defined earlier as stories from the bottom up to one storey above the mid-height of 

the building. However, in this case, the damage is progressing higher than the Zone 

1 upper limit. Therefore, zone 2 is defined as the rest of the stories up to 90% height 

of the building. Stepped strengthening is proposed in Zone 1 and Zone 2, as shown 

with a pink line in Figure 6.16. This shall be done sequentially as per the base shear 

requirement of that area. If the updated capacity after the first storey strengthening 

is less than the base shear, strengthening shall be done at the next storey. And the 

same procedure shall continue until the updated capacity of the strengthened 

building is more than the base shear requirement. 
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Figure 6.16: Strengthening pattern for P10 building 

6.1.5 Discussions 

 Modal participation factors of each building are tabulated in Table 6.9. 

The contribution of the first mode is 86% in 4-storey buildings and 79% in 10-storey 

buildings, as tabulated in Table 6.9. The contribution of higher modes increased from 

14% to 21% as the height of the building increased from P4 to P10. Therefore, 

validating the damage shift to upper stories as the number of stories increased. 

Therefore, it has been demonstrated that weighting factors cannot be associated with 

a single pattern like uniform, triangular, and nonlinear distribution along the height 

of the building. The distribution pattern of weighting factors is parabolic, and the 

shape of the parabola changes with the increasing number of stories. 

Table 6.9: Modal Participation Ratio for type P buildings 

 P4 P6 P8 P10 

Mode 1 86.437 83.078 80.646 79.08 

Mode 2  9.541 9.756 10.056 10.3 

Mode 3 2.813 3.639 3.948 4.30 

Mode 4 0.680 1.867 1.898 1.85 

Mode 5  0.931 1.419 1.45 

Mode 6  0.274 0.620 0.9 

Mode 7   0.739 0.6 

Mode 8   0.221 0.40 

6.2 Effect of Storey Height 

To study the effect of storey height variation in storey-wise damage and 

weightage distribution, the P6 building is considered with variable storey heights 

ranging from 3m to 4.5m. Damage contribution is computed at each stage A, B, C, D, 

and E. The damage contribution at yielding stage A is tabulated in Table 6.10 and 
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indicates that damage started on the same floor in all buildings. Damage 

contributions at stage B & C as mentioned in Table 6.11 and Table 6.12, highlights 

similar damage in four stories. It is observed that the damage distribution in stories 

remains almost the same. Table 6.13 & Table 6.14 present damage at stages D & E, 

and it is observed that damage distribution remains the same even in later stages of 

pushover analysis. Therefore, different storey heights in the buildings do not affect 

the damage distribution and weighting factors. 

Table 6.10: Damage contribution at stage A in the P6 building with increasing storey 
height 

Damage 3m 

0.001%  

3.5m 

0.001%  

4m 

0.001%  

4.5m 

Sixth Storey -  -  -  -  

Fifth Storey -  -  -  -  

Fourth Storey  -  -  -  -  

Third Storey  -  -  -  -  

Second Storey  0.001 0.001 0.001 0.001 

First Storey  -  -  -  -  

Table 6.11: Damage contribution at stage B in the P6 building with increasing storey 
height 

Damage 3m 

3%  

3.5m 

2.5%  

4m 

1.7%  

4.5m 

1.2% 

Sixth Storey -  -  -  -  

Fifth Storey -  -  -  -  

Fourth Storey  0.1 -  -  -  

Third Storey  0.8 0.2 0.3 0.1 

Second Storey  1.2 1.7 0.8 0.7 

First Storey  0.9  0.6 0.6  0.4 

Table 6.12: Damage contribution at stage C in the P6 building with increasing storey 
height 

Damage 3m 

61%  

3.5m 

64%  

4m 

62%  

4.5m 

65% 

Sixth Storey -  -  -  -  

Fifth Storey -  -  -  -  

Fourth Storey  4 2 2 2 

Third Storey  13 13 13 12 
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Second Storey  18 20 21 22 

First Storey  26  29 26  29 

Table 6.13: Damage contribution at stage D in the P6 building with increasing storey 
height 

Damage 3m 

83%  

3.5m 

91%  

4m 

83%  

4.5m 

85% 

Sixth Storey -  -  -  -  

Fifth Storey -  -  -  -  

Fourth Storey  4 2 2 2 

Third Storey  17 16 16 15 

Second Storey  25 33 28 29 

First Storey  37 40 37  39 

Table 6.14: Damage contribution at stage E in the P6 building with increasing storey 
height 

Damage 3m 

100%  

3.5m 

100%  

4m 

100%  

4.5m 

Sixth Storey -  -  -  -  

Fifth Storey -  -  -  -  

Fourth Storey  3 2 2 1 

Third Storey  21 20 20 18 

Second Storey  28 31 31 33 

First Storey  47 48 46  47 

 

Figure 6.17: Effect of storey height variation on storey weightage in stage E 

The same numbers are plotted in Figure 6.17 to study the damage distribution 

pattern. It is observed that damage distribution in all stories remains the same even 
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if the storey height increases. Therefore, the highest weighted stories and 

strengthening proposals' conclusions remain the same in different storey heights. 

6.3 Summary 

The weightage of stories in global damage is computed by calculating the 

energy dissipated by each member in the storey using the area under the moment 

rotation curve. The effect of increase in the number of stories and increase in storey 

height on storey weights is studied in this chapter. Four buildings P4, P6, P8, and 

P10, are analyzed to study variable axial load on columns by increasing the number 

of stories. A huge increment in interstorey drift from stage C to stage E in the bottom 

stories is observed in all buildings. As height increases to P10, along with a huge ISD 

increment in bottom stories, a small ISD increment is observed in upper stories also 

(Figure 6.15). Damage distribution is observed in corresponding stories with a 

parabolic curve. It is observed that with increasing axial load on columns, the shape 

and extent of parabolic damage distribution keep on changing. For low axial loads, 

damage distribution observed is a convex parabola with maximum weightage of 

damage at the first storey, as shown in Figure 6.4. As axial load increased, the convex 

shape of damage distribution in P4 became similar to the straight line in P6 and P8 

(Figure 6.18). As the axial load increased further in P10, the parabola started 

extending upwards up to eight storey; however, the maximum weightage of damage 

is still at the bottom-storey (Figure 6.18). Damage distribution started shifting to 

upper stories. Unlike concave parabolic damage with maxima at mid-height in G10, 

the parabola in P10 is convex with maxima at the bottom. Precode buildings are 

code-designed, and beams have huge energy dissipation capacity due to ductile 

detailing.  The damage started shifting to upper stories due to flexible bottom stories 

and changes in modal participation ratios. However, bottom-storey beams still have 

capacity left and can contribute to dissipating more energy. Therefore, along with 

the initiation of damage shift to upper stories, bottom stories also contribute to 

energy dissipation. This led to huge damage weightage in bottom stories and a little 

shift of damage to upper stories. Therefore, the convex shape of damage with 

maxima at the first storey in P10 instead of concave with maxima at mid-height in 

G10 is observed. 

To study the second parameter, i.e., the effect of variable storey height on 

damage distribution and strengthening proposals, four P6 buildings with storey 

heights of 3m, 3.5m, 4m, and 4.5m are designed and analyzed. It is observed that the 

same number of stories are damaged when the storey height of the building is 

increased. The quantity of the damage remains almost the same. Therefore, damage 

distribution and the highest weighted storey are not affected by varying storey 

height of the precode building of IS 1893. 
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Strengthening is proposed zone-wise based on damage distribution in the 

building. For studied buildings P4, P6 and P8, irrespective of storey height, stepped 

strengthening is proposed in zone 1 and shall be done sequentially in regular RC 

framed structures (Figure 6.4). In P10, strengthening is proposed in both Zone 1 and 

Zone 2, which shall be done in a sequential manner. If the updated capacity is less 

than the base shear, a further reduced amount of strengthening shall be done. 

Therefore, it is demonstrated that damage distribution can be associated with 

a single type of distribution in selected precode buildings. It is either a convex 

parabolic or straight line with maxima at the first storey; however, the upper limit of 

damage changes with building height. In P4, P6 and P8 buildings, damage 

distribution is up to one storey above the mid-height of the building and in 10 

storey, it extends to 80% height of the building. Strengthening is done in zone 1 in 

P4, P6 and P8 stories and in zone 1 and zone 2 in P10. 

 

 

Figure 6.18: Summary of damage weights distribution and proposed strengthening 
scheme in Type P buildings 
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7 PROPOSED SEQUENCE OF WEIGHTING 

FACTORS 

A proposal for the sequence of strengthening is made from observations from 

damage distribution and computed weighting factors at each storey and within each 

storey among exterior and interior columns. The sequence of strengthening 

according to decreasing values of weighting factors for Type G and Type P buildings 

is mentioned in Figure 7.1 and Figure 7.2. Sequence 1 represents the highest 

weighted member in a building, and sequence 2 represents the members with the 

next weighted member in descending order. Similarly, all sequence numbers are 

allotted as per the decreasing weightage. This sequence shall assist in strengthening 

different types of regular bare-frame RCC MRF buildings. Strengthening shall start 

with all the members with sequence 1. The updated capacity of the building shall be 

checked with the base shear requirement in that area. If the updated capacity is less 

than the base shear, strengthening shall be done at members with sequence number 

2. Again, updated capacity shall be compared with the base shear of that area. This 

shall be repeated until the updated capacity of the building exceeds the base shear 

requirement in that area. 

In Figure 7.1 a), in type G building, all exterior columns are strengthened 

from bottom to top at once to give a peripheral stiffening, which triggers the 

redistribution of forces and redirects a significant amount of forces to beams, as seen 

from NLTH in chapter 3. In the next step, storey-wise strengthening shall start with 

strengthening the first storey’s interior columns and further beams. In subsequent 

steps, storey-wise strengthening shall continue up to one storey above the mid-

height of the building, as concluded in Chapter 5. In Figure 7.1 b) and c), the same 

sequence starting from exterior column strengthening from bottom to top is 

proposed, followed by storey-wise strengthening of columns and beams. In the G10 

building, since no special significance of exterior columns is concluded, interior and 

exterior columns are strengthened together, as shown in Figure 7.1 d). As per the 

conclusions in G10, all stories from the bottom to one storey above the mid-height of 

the building have the highest weightage. Therefore, all columns up to the sixth 

storey are strengthened in one step and beams in the second step. Further, storey-

wise strengthening of the upper stories shall continue with columns and beams up 

to 90% of the height of the building. 

Due to no special significance of exterior and interior columns and stepped 

strengthening proposals in precode buildings from the ground up to one storey 

above the mid-height of the building, strengthening sequences are proposed in 

Figure 7.2 a), b), and c). Strengthening of exterior and interior columns is done in a 

single step, and storey-wise weights are followed for the rest of the members. 

However, in P10, building damage shifted to upper stories in the same pattern; 
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therefore, a strengthening sequence is proposed up to 90% of the height of the 

building, as shown in Figure 7.2 d). 

 
a) G4        b) G6   c) G8       d) G10 

Figure 7.1: Proposed strengthening sequences for Type G buildings with storey 
heights 3m to 4.5m 

  
a)  P4    b)  P6     c)   P8     d)   P10 

Figure 7.2: Proposed strengthening sequences for Type P buildings with storey 
heights 3m to 4.5m 

  

The sequence of strengthening activities as per the weighting factors in 

descending order is proposed. After every sequential step of strengthening, base 

shear shall be compared with the updated capacity curve to check whether further 

strengthening is required. 
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8 SUMMARY, CONCLUSION AND FUTURE WORK 

8.1 Summary 

The literature shows that the Energy Weighting Factor proposed by Park and 

Ang is good and well-calibrated for Park and Ang local damage index only. 

However, it does not work well with local energy-based indices. Other weighting 

factors proposed in the literature are TSWF and GLWF, which are based on 

triangular-shaped distribution from the bottom to the top of the building, and 

tributary gravity load has been used with energy-based local indices. However, 

there are some limitations for example, damage distribution is considered linearly 

decreasing from bottom to top, and importance of a member as per its location 

within the storey is assumed. 

Therefore, damage weighting factors are computed in this study. Energy 

models are used to quantify damage on both a local and global scale. Weights have 

been calculated for gravity load-designed structures, referred to as Type G, and 

precode buildings of IS 1893, referred to as Type P, using nonlinear static analysis. 

Exterior and interior column weights and storey weights are computed. Variations 

of axial load on columns and storey height have been studied to comprehend their 

impact on weightage distribution.  

The study demonstrated that the distribution of weighting factors varies in 

shape and location along the height of the building as the number of stories 

increases. The highest weighted stories have been identified in all cases, and based 

on the observations strengthening solution is proposed. Also, a sequence of 

members in descending order of weights is proposed to assist in strengthening 

activities. 

8.2 Conclusion 

1. In gravity load-designed buildings up to the eighth storey, exterior columns 

have higher weightage than interior columns, irrespective of storey height. 

However, in precode buildings of IS 1893, weights are comparable for exterior and 

interior columns. 

2. Damage distribution is parabolic in shape in Type G and Type P buildings. 

The convex shape of the parabola in low-rise buildings transitions to a straight line 

as the height of the building increases up to eight stories, with maxima at the first 

storey and minima at the mid-height of the building. Therefore, the highest 

weightage is at the first storey in Type P and Type G buildings.  

However, in G10, damage propagates to upper stories as a concave parabola 

with maxima in middle stories. Therefore, the highest weighted stories are all the 

stories from the bottom till one storey above the mid-height of the building. 
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Furthermore, in P10, damage propagates to upper stories as a convex parabola with 

maxima at the first storey and minima at 80% height of the building, where the first 

storey is the highest weighted storey. 

3. Strengthening is proposed zone-wise as per the highest weighted members. 

Zone 1 covers the first storey up to one storey above the mid-height of the building, 

and zone 2 includes additional upper stories up to 90% of the building’s height. In 

all buildings of both Type G and P up to eight stories, stepped strengthening is 

proposed sequentially in Zone 1. In ten-storey buildings where damage propagated 

to upper stories, strengthening is done in both Zone 1 and Zone 2. In P10, stepped 

strengthening is done sequentially in both zones. In G10, where concave damage 

distribution is observed, the same amount of strengthening in Zone 1 is mandatory 

in a single sequence. Further stepped strengthening is done sequentially in Zone 2. 

Wherever stepped strengthening is recommended, it must be carried out 

sequentially following the base shear requirement of that area after every step. 

4. Sequence of weighting factors in descending order is proposed in Figure 7.1 

and Figure 7.2, which shall assist decision-making in strengthening activities. 

Strengthening shall start with all members with sequence 1. To determine if the next 

strengthening sequence is necessary, updated capacity after each strengthening step 

shall be computed and checked with the base shear of that area. 

8.3 Limitations 

1. Conclusions are based on the behavior of bare frame regular buildings only. 

2. These weightages are for the case when members failed in flexure. If 

members are shear critical, damage distribution would be very different and hence 

the weightages and strengthening sequences are subjected to change. 

3. As beam column joints are not modelled, they may be the weak links. 

8.4 Future Work 

1. For recommendations and guidelines regarding strengthening existing 

regular RCC MRF buildings in Indian Standard codes, further studies are required to 

convert these findings to generalized parabolic equations for damage distribution. 

For this, machine learning algorithms can be employed. 

2. Damage type from flexure, axial and shear forces may be studied with 

different concrete grades. 

3. Three-dimensional modelling shall be done to distinguish the weights of 

corner and perimeter columns. 

4. The same study shall be done for infill buildings of type G and Type P 

buildings with storey height and axial load variation. 

5. Experimental work can be planned to demonstrate these analytical 

findings.  
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