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1 Abstract 

The current study introduces methods to estimating seismic damage to the unidirectional and 

bidirectional setback type of 3D RC irregular buildings across a range of time periods. These 

methodologies are used to calculate the amount of energy that was absorbed as well as the 

stiffness that was deteriorate and lateral drift that was increasing during seismic loads are 

applied. Analyses of characteristics such as height changes, aspect ratio changes in floor 

designs, and the application of acceleration, IS 1893, and mode, amongst other types of 

monotonic loads, are taken into account while assessing damage at critical points of structural 

members in RC buildings. Analyses are performed on critical positions on pushover curves, 

and damage indices that are based on energy, stiffness and drift have been compared with those 

that are based on deformation, strength and displacement, respectively. These three methods 

have offered acceptable and reliable results for estimating the damages to existing and/or 

prospective complex buildings at any given point on the pushover curve. This is because the 

pushover curve does not indicate the damage status at any given position on the curve. Every 

single one of the drift findings for every single one of the cases fits well within the tolerance 

limits of the criteria, and every single one of the building's performances is up to the level 

required to ensure the safety of the lives of people. The performance criteria has been achieved 

while the damage index, which is based on the computed stiffness, displays a value of about 

fifty percent. As a direct consequence of this, a structure that has a damage index that is higher 

than 50% will sustain more severe damage. Due to the fact that this study focuses just on 

irregular buildings with unidirectional setbacks, additional research is required to take into 

consideration several other types of architectural irregularities. The concept of soil-structure 

interaction may also be applied to determine the anticipated level of damage to a building's 

footings. This is done through studying the relationship between the soil and the structure. 

2 Brief description of the state of the art of research 

The Bhuj earthquake in 2001, the Sikkim earthquake in 2011, the Turkey earthquake in 2022, 

and many other earthquakes, all of which caused the collapse of reinforced concrete structures 

in entire or in part, have shown that it is necessary to evaluate the seismic performance of a 

structure before confirming its design. In order to make such a damage calculation, the 

simplified linear elastic processes that are used in the seismic code of practice are insufficient. 

The structural system should be designed as a consequence to reduce the loss of lives and 

property. The main reason for structural damage is a loss of strength, stiffness, or ductility. 
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Currently, buildings are built using the IS (Indian standard) code for force based seismic design 

approach, which means that forces and displacements within elastic limits are computed. 

Reinforced concrete buildings in earthquake prone areas stand the risk of being damaged or 

collapsing as a result of seismic instability during the unexpected event [1].Seismic damage 

indices for RC buildings have been subjected of much research, and it appears that all feasible 

possibilities have at least been partially examined. In comparison to the development of all 

suggested indices, which result in damage index (DI) equal to zero when no damage occurs, 

indicating in elastic limit, and DI equal to one indicates at extreme failure, far less work has 

been put into developing intermediate damage stages [2]. Investigation is conducted into the 

damage and vulnerability indices, in addition to the modelling issues connected to the 

generation of the capacity curve. According to the results obtained by A. Cintha et al. (2015)  

[3], it is recommended that the global damage indices in the hardening and elasto plastic 

sections of the capacity spectra can be determined by using defined basic formulas. A nonlinear 

analytic tool is required in order to conduct an analysis of seismic demands made at the various 

performance levels. Pushover analysis is typically utilised as the primary method for this kind 

of nonlinear analysis due to the fact that it is more straightforward in comparison to dynamic 

processes [4]. According to the findings of a pushover study, buildings with eccentric bracing 

in soft storeys have a lower drift demand and a reduced risk of collapsing. These findings were 

published in terms of storey drift demand and collapse fragility curve, and the research that led 

to these findings was conducted in 2016 by D. Khan et al. [5]. In the past, researchers have 

investigated the reducing factor that influences the flexural stiffness of RC columns and beams 

in order to account for the cracking and softening effects that are caused by seismic loadings. 

J. Amin et al. (2019) [6] have conducted research on the seismic assessment of reinforced 

concrete two-dimensional moment resisting frames using gross and effective cross section's 

moment of inertia for RC beams and column as per IS 1893-2016. This study was performed 

using nonlinear static and dynamic analysis on reinforced concrete for structures like irregular 

buildings, whose three-dimensional seismic response in the inelastic area is extremely difficult, 

it is imperative to take into consideration the contribution that comes from every significant 

mode of vibration. This is particularly relevant for structures that have a larger mode response 

than considering only first mode of vibration, T. Ucar et al. (2017) [7] have developed an 

energy-based damage index for the purpose of this investigation. Even though there may be 

minor, moderate, or major structural damage as a result of seismic occurrences, the most 

important role of structural engineering is to prevent structures from fully collapsing. It is 

possible to regulate the failure mechanism by increasing the seismic capacity of structural 
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systems, and it is recommended that the entire structure be constructed to be stable. This study 

has offered a global failure mechanism by using derived empirical equations, and it has also 

worked out the hysteretic response by applying nonlinear time history analysis. Oner Merter et 

al. (2017) proposed a new methodology for energy-based damage assessment on RC 2D frames  

[8]. Deterministic and probabilistic are the two methods that can be utilised in the process of 

damage estimation. Multiple academics or researchers have developed probabilistic damage 

estimate models for structures that can be used in the event of an earthquake. In addition, Halder 

et al. (2016) have made efforts to build simple yet comprehensive nonlinear static methods for 

producing damage estimation indices and fragility curves. These approaches are now in the 

development stage [9] .Haoxiang H. et al. (2013) had been proposed the integrated damage of 

a reinforced concrete structure is evaluated using a global damage index based on numerous 

linear force-deformation curves using results of pushover analysis [10] . In this instance of 

utilising the suggested methodologies, a nonlinear static analysis has been carried out, which 

has allowed for the use of different engineering demand parameters. A check for seismic 

damage assessment for RC moment-resisting 2D frames is another application of the 

performance-based seismic design concept [11]. Some more numerous researchers [2], [3], 

[12]–[14] presented deterministic methods for computing, which are based on a variety of 

engineering demand parameters (EDP).Although nonlinear dynamic analysis had been utilised 

by Habibi A. et al. (2012, 2016) [15], [16] to compute drift-based damage index on 2D setback 

frames, and Ghobarah A. et al. (1999) [121] [14] investigated stiffness-based damage index, 

the effects of torsional forces were not taken into consideration in these studies. Damage 

estimation in terms of stiffness, ductility, and dissipated energy has been addressed by S. Diaz 

et al. (2017) [17], but torsion or bidirectional moment effects had not been taken into account. 

Pritam H. et al. (2019) [18] introduced damage estimating methods for horizontal irregular and 

regular RC multi-storied buildings. These approaches employ joint rotation, inter-storey drift 

(IDR), and peak roof displacement factors, and they take into consideration nonlinear time 

history analysis. 

3 Problem Definition 

Symmetrical frames or 2D frames are typically used in seismic performance studies, although 

these produce torsion and are therefore inappropriate for vertical irregular-type buildings. In 

order to better understand behaviour and greater modes of influence, it is necessary to examine 

irregular buildings, as the majority of buildings have unpredictable geometries and loads. A 

number of researchers have employed parametric investigations, which account for ground 
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vibrations, 2D frame changes, and structure height. In this work, parametric studies on irregular 

buildings have been taken into consideration. These studies include subjects such as varying 

the plan aspect ratio, changing the building heights, varying in vertical irregularity, varying 

lateral loads and applying plastic hinges to define parameters using energy, stiffness, and drift-

based methods based on the results of nonlinear static and dynamic analysis. 

4 Research objectives 

1) To carry out non-linear analysis utilising their results in order to estimate energy, 

stiffness, and drift-based damage index on vertical irregular buildings and to validate 

their results using methodologies for damage indices that are now accessible. 

2) To apply the performance based seismic design concept to the formulation of seismic 

damage index charts will help to evaluate the degree of seismic damage on vertical 

irregular buildings by using the nonlinear analysis. 

3) To derive drift based damage index on irregular buildings considering the theory of 

nonlinear regression analysis and to ensure their results with available damage index 

methods. 

4) To relate the energy, stiffness and drift based index with performance based seismic 

design. 

5 Scope of the work 

1) To develop damage indices utilising multiple engineering demand parameters by 

performing non-linear static and dynamic analysis on irregular buildings. 

2) To perform nonlinear analysis of various irregular buildings of varying heights and its 

vertical irregular configuration, applying lateral loads, and plastic hinges in accordance 

with I.S 1893 and FEMA 356 provisions 

3) To carry out nonlinear time history analysis that use various scaled ground motions 

(GMs) that are consistent with the acceleration spectrum of elastic designs and to satisfy 

the requirements of the IS seismic code for the development of drift based damage 

index. 

4) To use of SiesmoMatch software, which provides an application to fit earthquake 

accelerograms with specific target response spectrum as per IS 1893-2016, and then 

using these time histories to carry out nonlinear dynamic analysis.  

5) To use of SAP-2000 software to precisely and quick assessment for critically evaluation 

of the non-linear analytical process. 
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6) Nonlinear regression analysis theory is used to quickly and accurately forecast the drift 

based damage index utilising the findings of nonlinear static and dynamic analysis. 

6 Original contribution by the thesis 

A performance-based seismic design philosophy was used in this study to provide an estimate 

of the damage that was caused to the vertically irregular RC buildings. In order to evaluate 

damage, empirical formulas that are derived from characteristics such as energy, stiffness, and 

drift have been developed. These formulas are derived based on the results of nonlinear 

analysis. Professionals in structural design can use this damage index to make damage 

estimates on a scale from 0 to 1 before completing the structural design. It is also possible to 

decide on a target performance level for the RC structures. 

7 Methodology of research and results 

7.1 Performance based seismic design approach and nonlinear modelling 

Performance-based seismic design (PBSD) is a way to build that takes into account the manner 

in which a building is likely to react during an earthquake. Traditional seismic design methods 

focus on making sure that people are safe by meeting certain code requirements and making 

sure that a building doesn't fall down during the designed earthquake. PBSD goes above and 

beyond these basic standards to reach higher performance goals, such as limiting damage, 

lowering upkeep costs, reducing downtime, and making sure occupants are safe. The PBPD 

method is based on the idea that the work done on the inside of a plastic hinge by its non-elastic 

strain energy is the same as the work done on the outside by its horizontal forces [19]. The 

PBSD philosophy is based on seven main ideas. 1) Goals for performance 2) Risk evaluation 

3) Analysis of structure and assessment of performance 4) Design process 5) Validation and 

confirmation of that process of designing in small steps 6) Building the building and keeping 

the quality control and 7) An evaluation after the incident. 

Nonlinear modelling is an important part of structural design, especially when working with 

materials and structures that behave in complicated or nonlinear ways. Nonlinear modelling 

methods are needed to make accurate predictions and make sure the stability of structures, since 

linear models don't always capture the full range of the way structures perform. Concrete, steel, 

and polymer material are all examples of building materials that don't behave in a straight line 

when they're under stress. Nonlinear material models, such as stress-strain charts or constitutive 

models, are used to show how the material behaves in the right way. In these models, nonlinear 

processes like creep, strain stiffening, and plasticity are taken into account. When designing a 
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structure, it's important to think about the geometric effects and nonlinearities that come from 

big changes. Linear models may make incorrect estimations because they skip changes in 

geometry and assume only small deformations. Nonlinear modelling methods like finite 

element analysis (FEA) take into account large displacements and rotations. This makes it 

possible to describe the structure's response more accurately [20], [21]. In structural design, 

selecting an acceptable nonlinear modelling approach depends on the challenge and complexity 

of the structure's design, the level of accuracy needed, the current computing power, and the 

design rules and standards that apply to the analysis process. In structural design, nonlinear 

modelling is done with the help of modern computational methods and software tools, such as 

finite element analysis software. When solving the equations that control how the structure 

behaves, these technologies take into account the fact that materials, shape, and boundary 

conditions don't always behave in a linear way. By answering these equations over and over 

again, engineers can get accurate predictions of how the structure will react and improve the 

design. 

The previous study is used as a numerical building example to validate nonlinear models and 

structural response. As a result, the nonlinear analysis method is validated using two different 

research papers, one of the research article was published in 2018 [22] and another was in 2016  

[1]. The SAP2000 version 22 has been used to validate the results of nonlinear static and 

dynamic analysis. 

7.2 Proposed seismic damage index methods 

Estimating earthquake damage can be done in a number of ways, such as using computer 

programmes and mathematical models, observing patterns in the damage, doing experiments, 

and other methods. The method used varies on the amount of information and resources that 

are available as well as the level of accuracy that is needed. It's important to remember that 

estimating earthquake damage is a difficult task that often requires the help of structure 

engineers, seismologists, geotechnical engineers, and other experts who know about 

earthquake engineering and evaluating risk. So far, the research that has been done has shown 

that when a building is subjected to seismic loads, it responds in a way that was not expected, 

which causes serious damage [16]. 
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Figure 1 Flowchart for seismic damage evaluation in terms of damage index 

After considering carefully about the data, resources, and level of accuracy needed, the 

methods for estimating the damage index have been adopted. Damage to the building's 

structural parts, which happens when the concrete deforms a lot and becomes nonlinear, is the 

main reason why uneven reinforced concrete buildings either fall down completely or partially  

[23].Figure 1 is a conceptual flowchart that depicts the process that needs to be followed in 

order to evaluate the seismic performance of RC buildings in terms of the damage index. 
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7.2.1 Absorbed energy based damage index method 

A basic non-linear pushover study determines an RC building's energy absorbed. The 

suggested solution has been evaluated using several 3D setback RC buildings. Calculate the 

amount of inelastic energy each building used during pushover analysis at each incremental 

load stage. A technique that considers the building's consumption of energy calculates the 

damage for each incremental load step at many performance levels in the pushover analysis. 

This area computing approach follows the pushover curve collapse process, eliminating the 

necessity for nonlinear dynamic analysis. The amount of damage incurred as a result of 

applying dynamic loadings is denoted by the amount of inelastic energy in Equation (1). This 

energy reflects the different energies that are dissipated due to permanent plastic rotations in 

RC beams and columns, and it provides an indication of the level of damage. Using the first 

hysteretic cycle as a pushover curve, the area under the curve represents the estimated amount 

of energy that was absorbed at each of the possible performance levels. At a number of different 

curve performance levels, the lateral load was able to take up the optimum quantity of the 

various energies that were being applied. Damage is determined by using Equation (2), which 

states that it is measured as the ratio of the difference between the amount of energy absorbed 

at the targeted performance level and the amount of energy absorbed at the elastic performance 

level to the ratio of the amount of energy absorbed at the ultimate displacement point and the 

amount of energy absorbed at the elastic performance level. 

Ei (input energy) = Ee + Ed        (1) 

Where, Ee (elastic strain energy) = Ek (kinetic energy) + Es (strain energy) and 

Ed (dissipated energy) = Eh (hysteretic energy) + Eζ (viscous damping energy) 

Energy based damage index, DIE =  
Et.p−Eop.

Eco.−Eop.
     (2) 

Where E (t.p) targeted point = Absorbed energy at targeted performance level  

Eop. = Absorbed energy at the operational level, and 

Eco. = Absorbed energy at collapse level 

Energy at targeted point, 𝐸𝑡.𝑝 =  ∫ 𝑎𝑥6 + 𝑏𝑥5 + ⋯ + 𝐶 
𝑆𝑑𝑡.𝑝

0
   (3) 

Sd t.p. = Spectral displacement at targeted performance level 
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Figure 2 (a), (b) & (c) various absorbed energy on critical points 

 

Figure 3 Polynomial fitting curve on pushover curve 

The entire nonlinear energy capacity of the structure is shown in Figure 2c (Ecollpase) as the area 

that is occupied through the point of the building's most ultimate lateral displacement. This 
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area is defined as an area that extends from the point of collapse all the way up to the point of 

collapse under the curve. Figure 2a depicts the area that extends from below the pushover curve 

all the way to the first yielding point of the curve. This area represents the absorbed energy at 

the operational level (Eop). When the damage is calculated as shown in Figure 2b, the energy 

at the targeted performance point refers to the entire amount of dissipated energy that was taken 

in by the building prior to any particular performance point that was chosen. The six degree 

of polynomial equation that represents the fitting curve is displayed in Figure 3.Equation (2) is 

used to calculate an energy-based damage index, and Equation (3) is used to calculate the 

amount of energy that was absorbed at a certain point along the pushover curve. 

7.2.2 Degradation stiffness based damage index method 

Powell and Allahabadi (1988) were the first researchers to look into the stiffness-based damage 

index and do a nonlinear time history analysis. In 1999, Ghobarah et al. [14] made a new 

empirical method based on pushover and nonlinear time history analysis. This method had 

some limitations. So, M. Zameeruddin et al. (2017) [24] changed the idea of damage based on 

stiffness and used nonlinear static analysis to look at how the effects of stiffness degradation 

parameters included up for it. This was done because the initial plan presented a few problems. 

But since the empirical method had only been used for regular frames, this is not the case. So, 

in the current study, that method was changed to work with irregular buildings. The results of 

this study show a way to deal with the decrease of stiffness that occurs when the horizontal 

load goes up. While performing a pushover study, the capacity curve is often broken up into 

many parts that each show a different stage in which the structure responds. This is done so 

that a reduction of stiffness can be taken into account. Each component shows a different 

amount of damage or deterioration to the whole structure. The capacity curve can be found by 

using either computational methods, tests in real life, or a combination of the two. A structure's 

level of stiffness has a relationship both directly and inversely with the monotonic lateral load 

and displacement that is put on it. When determining the level of stiffness for each performance 

level, the initial slope is employed. Equation (4) is provided as a method for computing a 

damage index that is based on stiffness at a certain displacement on the pushover curve. The 

method involves use of nonlinear elements that are dependent on the stiffness of the material, 

as seen in Figure 4. 

Stiffness based damage index, DI𝑘 @ .𝑡𝑝 =  1 − 
∑𝑉

∑𝐾∗𝑑
    (4) 

Where, DIk @ t.p, targeted point = Stiffness based damage index at targeted performance level  
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ΣV = V1 +V2 +V3 + --- + Vn (Summation of base shear up to targeted performance level)  

ΣK = K1 +K2 +K3 + --- + Kn (Summation of stiffness up to targeted performance level)  

Where 1, 2, 3 -----n are the incremental lateral steps  

d = Corresponding lateral displacement at targeted performance level 

 

Figure 4 Stiffness based nonlinear parameters on pushover curve 

7.2.3 Drift based damage index based on nonlinear static analysis 

In this work, the drift criteria has been used to estimate the structural damage that has been 

done to irregular buildings using the results of pushover analysis. First, the influence of the 

setback is taken into consideration by employing two irregularity indices that were used by 

Karavasilis et al. [25]. This work attempts to describe and quantify the irregularity caused by 

the presence of setbacks through the use of two basic geometrical indices called Øb and Øs. 

These indices, which are obtained by the following formulae as shown in Equation 5 and 6 

with reference to Figure 5, are mentioned below. The setback irregularity is first quantified 

using both of the irregularity indices in terms of Øb (which is dependent on the number of bays) 

and Øs (which is based on the number of floors), and then the pushover analysis is performed. 

In the areas of structural engineering and architecture, a measure called the "irregularity index" 

is used to quantify the irregularity of a building's setback, which is also referred to as a step-

back irregularity or setback irregularity. 

Øs =  
1

ns−1
∑

Li

Li+1

i= ns−1
i=1         (5) 
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Øb =  
1

nb−1
∑

Hi

Hi+1

i= nb−1
i=1         (6) 

Where, ns represents the number of stories in the frame, nb the number of bays in the first floor, 

Hi the height of each level from the base, and Li the width of each bay. 

 

Figure 5 Building frame geometry of irregularity indices for definition [150] 

When developing a drift-based damage index, the modified Park-Ang damage index [26] is 

generated using the stated in Equation 7. In result, by making use of the database that was 

developed and the multi-variable nonlinear regression analysis, two separate formulas have 

been proposed in order to evaluate the amount of damage caused to setback types of irregular 

buildings. A building that is subjected to lateral force can have its overall drift computed using 

the formula provided in Equation 8. 

DImeasured (P & A) =
dm−dy

du−dy
+  

β ∗ Eh

Fy ∗ du
       (7) 

Where, dm and dy = maximum (targeted level) and yield displacements, respectively  

du = ultimate displacement,β = constant parameter, which depends on structural characteristics 

and history of inelastic behaviour and Eh = absorbed hysteretic energy at targeted level. A value 

of 0.1 for the parameter β has been recommended for nominal strength deterioration [26].  

OD =  
∆

H
          (8) 

Where, OD = overall drift,  

∆ = maximum roof displacement and  
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H = total height of the building. 

There are 174 observations are used to derive the formula to estimate drift based damage index. 

It is possible to derive and evaluate both the power equation and the quadratic polynomial 

equation, which are two distinct damage measures. Equation 9 and Equation 10 respectively 

show the final mathematical expression of the suggested damage index. 

DIEstimated =  T ∗ 73.0399 +  Ø ∗ 134.5440 +  OD ∗ 45.4719 +  T2 ∗ (−259.1186) +

 Ø2 ∗ (−162.5226) +  OD2 ∗ (−203.9786) + T3 ∗ 330.6538 +  Ø3 ∗ 80.9829 +  OD3 ∗

54.5167 +  T4 ∗ (−157.9124) +  Ø4 ∗ (−14.3809) +  OD4 ∗ (−0.0000036) +  T ∗ Ø ∗

 7.5548 +  Ø ∗ OD ∗ (−0.1482) +  T ∗ OD ∗ 1.6685 −  46.4813   (9) 

The coefficient of determination of regression, or R2, is a statistical measure that can be used 

to determine how well the data fit the fitted regression model. In this case, the R2 value is 

0.9346. This demonstrates that the regression equation, when compared to the data, produces 

accurate results. 

DIEstimated =   8.395 ∗ T0.430  ∗  Øb
0.813

∗  Øs
−1.433

∗ OD−0.091   (10) 

To formulate the power equation using a fitted regression model, the summation of square 

deviation was calculated to be 5543.5, which demonstrates that the accuracy of the regression 

equation is not as good as that of the quadratic equation. 

7.2.4 Drift based damage index based on nonlinear dynamic analysis 

The extent of damage to a vertical irregular buildings using the nonlinear time history results 

is determined by a number of different parameters, including the type of structure, dynamic 

characteristics, plastic displacement, and design variables, amongst others. Taking into account 

all of these elements is an extremely difficult task. Through the application of nonlinear 

regression analysis, a mathematical model is developed in this investigation for the purpose of 

predicting the extent of damage to a vertical irregular 3D RC buildings. A few parameters, such 

as the irregularity indices which defined earlier, the fundamental period (T), and the overall 

drift (OD), which can be easily determined for buildings, are considered to be the independent 

variables in order to develop a simple model that is also applicable. The damage (DI) is 

considered to be the dependent variable. 

The selection of time histories is a crucial step in the process of carrying out nonlinear dynamic 

analysis, as it helps to ensure that the results are correct and representative. In connection to 

the building that is being analysed, take into consideration the magnitude and the distance to 
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the fault of the earthquakes. The eight time histories that are used as lateral load characteristics 

for each building. Because of this, a total of 464 results have been generated after performing 

the nonlinear dynamic analysis, and the average value of displacement and drift was adopted 

for the regression analysis. In the process of developing a damage index based on drift, the 

damage index in terms of power equation developed by Habibi et al. (2016) [16] is utilised as 

the measured damage index, and its mathematical equation can be found in Equation 11.In 

order to make an accurate assessment of the possibility for damage, a mathematical model 

based on nonlinear regression analysis is developed using the drift of several RC buildings. 

DImeasured (Habibi) =   0.0671 ∗ T0.8688  ∗  Øb
−0.0335

∗  Øs
0.5797

∗ OD0.6971 (11) 

Where, T =  Natural time period as per IS 1893-2016,  

OD  = Overall drift in % 

Øb  = Bay factor of irregularity index 

Øs  =  Storey factor of irregularity index 

The suggested damage index, expressed mathematically with NLDA results, is shown in 

Equation 12.One statistical metric for assessing the accuracy of a regression model fit to a set 

of data is the coefficient of determination of regression (R2). The R2 value in this instance is 

0.99. This shows that the nonlinear regression equation is reliable when compared to the data. 

DIEstimated = T ∗ 0.0414 + Ø ∗ 0.6379 + OD ∗ 0.1575 + T2 ∗ (−0.007) +  Ø2 ∗

(−0.629) + OD2 ∗ (−0.254) +  T3 ∗ (−0.014) +  Ø3 ∗ 0.2709 + OD3 ∗ 0.1832 + T4 ∗

0.0099 + Ø4 ∗ (−0.043) + OD4 ∗ (−0.048) + T ∗  Ø ∗ (−0.002) + Ø ∗ OD ∗ (0.0057) +

T ∗ OD ∗ (0.0333) − 0.278         (12) 

7.2.5 Numerical modelling 

The proposed DIs have been applied to 4-, 6-, and 9-storey regular and vertically irregular RC 

buildings with setbacks of unidirectional and bidirectional types, as shown in Figure 6 and 7. 
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Figure 6 Typ. plans and elevation for RC irregular buildings with different aspect ratio 

Table 1 EBDI calculation for S4_AR_0.5_UNI_IR1_UD_ Accl_X 

Step 

no. 

Disp. 

(mm) 

Base 

Shear 

(kN) 

Per. 
level 

Region Drift 
(%) 

Area 
under 
curve 
(kN-
m) 

Energy 
based 
damage 
index 
(%) 

Remarks 

1 0.72 10.124 OP A-B 0.004 0.037 0.00 First step of 

Elastic range 

64 46.08 647.959 OP A-B 0.256 2.376 0.00 Last step of 

Elastic range 

65 46.80 658.084 IO B-IO 0.260 2.413 0.40 First hinge 

formation 

72 51.87 722.406 P.P IO-LS 0.288 2.639 2.87 P.P @ IO-LS 

109 78.48 959.858 LS IO-LS 0.436 4.021 17.93 Hinge @ IO-LS 

261 187.92 1309.105 CP LS-CP 1.044 9.418 76.77 Hinge @ LS-CP 

323 232.56 1389.947 C CP-C-

D-E 

1.292 11.55 100.00 Hinge @ D-E 
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Figure 7 Typical plans and elevation with unidirectional and bidirectional setback 

Table 2 SBDI calculation for S4_AR_0.5_UNI_IR1_UD_ Accl_X building case 

Step 
no. 

(1) 

Drift 
(%) 

(2) 

Stiffness 

(kN) 

(3) 

Cumulative 
base shear, 

∑ Ko x dc 

(kN)          
(4) 

Sum. of 
base shear, 

∑ V 

(kN)          
(5) 

Ratio 
of 

col.5/ 

col.4 

(%)       
(6) 

Stiffness 
based 

damage 
index 

(%) 

 (7) 

Remarks 

1 0.004 14061.11 10.124 10.124 1.00 0.00 First step of 
Elastic range 

65 0.260 14061.62 42775.417 21716.760 50.77 49.23 First hinge 
formation 

72 0.288 13935.30 52640.575 26583.315 50.67 49.33 P.P @ IO-LS 

109 0.436 12230.60 117713.407 58406.346 49.62 50.38 Hinge @ IO-LS 

261 1.044 6966.28 541622.700 235964.161 43.57 56.43 Hinge @ LS-CP 

323 1.292 5976.72 763074.193 319764.867 41.90 58.10 Hinge @ D-E 

 

In order to compute DIs, a series of parametric analyses were carried out, during which time 

three distinct monotonic loadings, two directions of setback, different types of plastic 

hinges and the three distinct storey irregularities were taken into consideration. Standard 174 
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pushover curves have been employed in the process of damage assessment at a variety of the 

curve's performance levels.one of the building case result of energy and stiffness based damage 

estimations, has been shown in Table 1 and Table 2. 

8 Conclusion 

Linear static and dynamic study based on Indian seismic codes designed the seismic 

performance of RC buildings with regular and vertical irregular designs. Three unique 

monotonic loadings were applied to them during a nonlinear static analysis. Numerous 

earthquake damage indices have been measured. Most of them used regular or irregular 2D 

frames, which were unresponsive to seismic forces. This study on three-dimensional vertically 

irregular buildings shows that torsion causes the unanticipated nonlinear response and makes 

the building more vulnerable to damage. This study's conclusions: 

All three DI approaches can accurately predict 3D irregular building damage, and their 

estimates are acceptable. Performance damage evaluation requires all three monotonic load 

patterns. Because load pattern affects absorbed energy and stiffness deterioration the greatest. 

Damage indices can be calculated for any pushover curve point. It is easier and more efficient 

to estimate irregular building damage at any point along the curve. Existing and proposed 

buildings can be estimated. The stiffness damage index can estimate damage while maintaining 

performance. Early damage estimates ignored the cumulative effects of declining stiffness and 

nonlinear reactions at each pushover stage. This helps estimate damage. The pushover curve 

shows that drift is rarely more than a very minor deviation from standards. The Indian seismic 

code's force-based design method works for typical frame constructions. It fails to meet life 

safety performance level requirements when applied to irregular frames with height setbacks. 

Short buildings with unidirectional or bidirectional setbacks needed extra attention to ensure 

user safety. In order to provide a trustworthy database for the proposed method, all 3D RC 

buildings from parametric studies were analysed using nonlinear static and dynamic time-

history analysis. Using multivariate nonlinear regression, total drift, fundamental period, and 

irregularity indices were correlated. The quadratic polynomial equation and two nonlinear 

analyses equations were derived from this research. Each proposed function was shown to 

accurately estimate damage at crucial RC building locations. After being validated by existing 

damage indices, all damage index approaches demonstrated good accuracy. Most irregularly 

configured buildings collapsed during earthquakes. To estimate damage more accurately 
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utilising different demand characteristics of seismic behaviour in buildings with vertical 

anomalies, regulations 1893-2016 can be added. 

9 Future Recommendations 

The following specific recommendations are offered for additional research in this field: 

1) The method that has been proposed can be used for belongings other than building 

structures and can compute the damage index at foundation levels. Additionally, further 

studies can be expanded in order to make use of soil structure interactions. 

2) The results of a nonlinear static analysis are more dependent on the monotonic loads 

that are applied to the structures; the scope of this research can be widened to include 

the application of a variety of different forms of lateral loads that can be used in a way 

that is both more practical and accurate. 

3) The use of scaled ground motions can be employed for the purpose of performing 

experiments, and the outcomes of these experiments can be validated by the application 

of a drift-based damage index. 

4) The case studies can be performed using nonlinear static analysis on different types of 

horizontal and torsional irregular buildings. The findings should be compared with 

nonlinear dynamic assessments for numerous intensities in order to evaluate the 

effectiveness of the approach for varying degrees of structural inelasticity using various 

engineering demand parameters such as ductility, strength, hysteric energy, stiffness, 

drift etc. 
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