
A Ph.D. dissertation on

GLOBAL DAMAGE INDICES FOR RC

STRUCTURES: A NUMERICAL RESPONSE-

DRIVEN TRAINING APPROACH

submitted by

Subhadip Naskar

DEPARTMENT OF CIVIL ENGINEERING

INDIAN INSTITUTE OF TECHNOLOGY GUWAHATI

ASSAM, INDIA

September 2023

TH-3386_156104037



A Ph.D. dissertation on

GLOBAL DAMAGE INDICES FOR RC

STRUCTURES: A NUMERICAL RESPONSE-

DRIVEN TRAINING APPROACH

in Partial Fulfillment of the Requirements
for the Degree of

DOCTOR OF PHILOSOPHY

submitted by

Subhadip Naskar

DEPARTMENT OF CIVIL ENGINEERING

INDIAN INSTITUTE OF TECHNOLOGY GUWAHATI

ASSAM, INDIA

September 2023

TH-3386_156104037



Declaration

I hereby declare that the works presented in this thesis entitled “Global Damage Indices

for RC Structures: A Numerical Response-Driven Training Approach”, submitted

in partial fulfillment of the requirement for the award of the degree of Doctor of Philosophy

(Ph.D.) in Department of Civil Engineering with the specialization in Structural Engineering,

is an original record of my own research works carried out at the Indian Institute of Tech-

nology Guwahati under the supervision of Dr. Sandip Das and Dr. Hemant B. Kaushik ,

Department of Civil Engineering, IIT Guwahati.

The research output embodied in this thesis work has not been submitted by me for the

award of any other degree, diploma associate-fellowship, fellowship or its equivalent to any

University or Institute.

Date: September 13, 2023

Place: Guwahati

Subhadip Naskar

Research Scholar

Department of Civil Engineering

Indian Institute of Technology Guwahati

Pin - 781039, Assam, India

iTH-3386_156104037

https://www.iitg.ac.in/sandip.das/homepage/index.html
https://www.iitg.ac.in/hemantbk/homepage/index.html


TH-3386_156104037



Certificate

It is certified that the work contained in the dissertation entitled “Global Damage Indices

for RC Structures: A Numerical Response-Driven Training Approach”, by Sub-

hadip Naskar (156104037) for the partial fulfillment of the requirements for the award

of the Doctor of Philosophy (Ph.D.) in Department of Civil Engineering with the specializa-

tion in Structural Engineering at the Indian Institute of Technology Guwahati, India is an

authentic work. This work has been carried out under our sole supervisions, and it has not

been submitted elsewhere for the award of a degree.

Date: September 13, 2023

Place: Guwahati

Dr. Sandip Das

Associate Professor

Department of Civil Engineering

Indian Institute of Technology Guwahati

Pin - 781039, Assam, India

Dr. Hemant B. Kaushik

Professor

Department of Civil Engineering

Indian Institute of Technology Guwahati

Pin - 781039, Assam, India

iiiTH-3386_156104037



Acknowledgements

As I stand at the culmination of this educational voyage that has spanned years, the sentiment

of Swami Vivekananda in his own words “Education is the manifestation of the perfection already

in man” resonate deeply in my mind. This journey of knowledge has been a revelation of the

latent potential within, a journey not only of academic growth but also of personal transformation.

I am acutely aware that this achievement is the harmonious symphony of efforts, sacrifices, and

unwavering support from a constellation of individuals.

In the realm of academia, the significance of mentors is immeasurable. Foremost, I extend

my heartfelt gratitude and utmost appreciation to my esteemed supervisors, Dr. Sandip Das and

Dr. Hemant B. Kaushik . They have stood as the navigators of the most crucial expedition of

my life through the ocean of knowledge. Their profound grasp of the technical subjects, combined

with their dedication to cultivating my potential, has illuminated my path through the intricate

landscape of research. Their mentorship has extended beyond academics, enriching my intellectual

and personal growth. I am particularly thankful to Dr. Sandip Das, as his ideology and way of life

have truly helped me become a better version of myself as a human being in reality.

In addition to my supervisors, I extend my gratitude to the members of my Doctoral Committee:

Dr. Anjan Dutta, Dr. Arunasis Chakraborty , and Dr. Satyajit Panda. Their insights, suggestions,

and guidance have greatly contributed to the continuous improvement of this thesis. Moreover, I

sincerely acknowledge the scholarship from the Ministry of Education, Government of India, and

IIT Guwahati, India, which greatly aided the successful thesis completion.

At IIT Guwahati, the academic community cultivates an environment where knowledge thrives.

Engaging dialogues, collaborative endeavours, and shared intellectual pursuits among my peers have

significantly deepened my comprehension and expanded my perspectives. A heartfelt commendation

to my friends at NDT Laboratory who have fostered a blend of free-spirited camaraderie and healthy

competition, making this journey both enjoyable and memorable in myriad ways.

As Rabindranath Tagore eloquently put it, “The butterfly counts not month but moments, and

has time enough.” Each moment of learning and growth has been nurtured by the strength of my

family. The blessings of my parents have been a constant source of strength, with their unconditional

belief and encouragement fostering a foundation since my childhood. The love and wisdom of my

elder sisters have illuminated my life. They have consistently shown me the significance of embracing

the journey of life itself, transcending the focus solely on the ultimate destination. Furthermore, I

extend a heartfelt toast to my beloved nieces and endearing daughter, whose presence has infused

my life with boundless joy and wonderful moments.

In the journey of life, my wife has stood as my steadfast pillar of support. Her patience, profound

understanding, and unshakable faith in my dreams have provided sustenance during moments of

adversity. Her encouragement, even when faced with my self-doubt, has been the wind beneath my

wings. She has shared not only in the victories but also in the struggles, reminding me that every

step forward is a step closer to my aspirations.

ivTH-3386_156104037

https://www.iitg.ac.in/sandip.das/homepage/index.html
https://www.iitg.ac.in/hemantbk/homepage/index.html
https://www.iitg.ac.in/sandip.das/homepage/index.html
https://www.iitg.ac.in/adutta/homepage/index.html
https://www.iitg.ac.in/arunasis/
https://www.iitg.ac.in/mech/faculty/spanda/


This thesis is dedicated to the people who lost
their lives due to earthquakes

TH-3386_156104037



Abstract

The seismic damage index (SDI) is mainly used to quantify the earthquake-induced damage

at the local and global levels for civil structures. Such quantification of damage has various

practical applications in structural engineering, such as assessing post-earthquake damage

conditions of a structure, predicting seismic performances for novel types of structures with

great importance, damage-based seismic design, and carrying out reliability studies of existing

structures. Researchers have developed several SDI models for different types of material,

i.e., homogeneous material (e.g., steel), heterogeneous material (e.g., reinforced concrete or

RC), and composite material. However, the scope of the present research work is limited to

RC buildings only.

The SDIs are generally classified as local damage index (LDI) and global damage index

(GDI) based on whether an SDI quantifies damage at the local level (i.e., section or mem-

ber) or the global level (i.e., an assemblage of members or complete structure), respectively.

Among the available LDIs (non-cumulative, cumulative and combined), the combined ones

are more comprehensive as they can capture the structural damage due to maximum and

cyclic deformations for any ground motion. The computation of the GDI of a structure

using such LDI involves using any suitable weighted average method based on dissipated

hysteresis energy at each section or gravity loads at each member. Generally, the demand

parameters used for computing combined LDIs (and GDIs) are required at the section level

(e.g., sectional stress and strain resultants, dissipated hysteresis energy) obtained through

nonlinear time-history analysis. Therefore, the available combined SDI models rely exclu-

sively on sectional responses and do not consider global responses (e.g., the lateral behaviour

of floors). Nowadays, different sensors are available to record global dynamic responses for

structures with satisfactory accuracy and precision during an earthquake. So, there is a

scope to develop a new combined GDI evaluation method which utilizes such recorded data

and bypasses the requirement of numerically obtained sectional responses. For the new GDI

evaluation method to be viable like other existing SDI models, it should successfully predict

the damage state for a structure due to any seismic event.

For computing structural damage using any SDI model, the required inputs are obtained

either through direct experimental observations (for very limited cases) or through responses

of the representative finite element model, which is essentially calibrated with some exper-

imental results. Usually, the response of a finite element model is preferred for estimating

damage index (especially using combined damage models) because the collection of compul-

sory dynamic responses for real-life structures due to earthquakes is not always possible. In

this case, the acceptability of the computed damage index depends on the authenticity of

the experimental results with which the corresponding finite element model is calibrated.

The lateral behaviour of a building is highly dependent on the lateral load-deformation be-
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haviour of columns, which is generally obtained experimentally by considering a cantilever

column of half the length of the actual one based on a symmetric double-curvature defor-

mation profile. For most of the available experimental setups regarding such axially loaded

cantilever columns due to unidirectional or bidirectional horizontal loading(s), the true can-

tilever behaviour is altered due to the undesirable orientations of the actuators, and the fixing

arrangements between the actuator heads and the free end of the column during the exper-

iment. Therefore, rectifying the experimentally obtained load-deformation curve through

some mechanics-based formulation to get the true lateral behaviour is obligatory. The rec-

tified curve for the cantilever column should be used to calibrate the material properties

associated with a representative finite element model. Finally, the finite element models for

different structures incorporating the material properties calibrated with the rectified (or

true) lateral load-deformation curve must be used to find LDI and GDI values.

Based on the above discussions, the primary objectives of this dissertation work are to

address the necessity of rectifying experimental data obtained for axially loaded cantilever

columns due to quasi-static horizontal loading and the development of novel combined GDI

evaluation method for RC buildings equipped with floor response measuring sensors. There-

fore, a novel mechanics-based formulation is proposed in this thesis to get the true lateral

load-deformation behaviour for cantilever columns subjected to constant axial load and unidi-

rectional lateral load by identifying the effects of fixity and interactions between the actuators

and the specimen. An overall underestimation and overestimation of lateral strength and

lateral displacement capacity for cantilever columns are observed if the experimental data are

not rectified. The analytical models for predicting the lateral load-deformation behaviour of

the columns can be calibrated using the rectified data without changing the experimentally

obtained material properties. Also, the proposed formulation can directly identify the yield

parameters for a column, which are required for quantification of SDI subsequently.

A novel method for predicting combined GDI for instrumented RC buildings utilizing the

recorded floor-displacement data during earthquakes (along with some readily obtainable

structural capacity terms) is attempted in the present research work. For two-dimensional

(2D) RC frames, two different combined 2D GDI formulae are proposed to predict the GDI

obtained from the dissipated hysteresis energy-based weighted average of the modified Park

and Ang local damage model. The difference in those formulae is the type of capacity parame-

ter required (i.e., displacement ductility or curvature ductility of columns). Further, the scope

of the proposed method is extended for three-dimensional (3D) RC buildings by introducing

another two combined 3D GDI formulae, which can accommodate the effect of structural

responses considering biaxial bending and axial load due to bidirectional ground motions.

These two 3D GDI formulae can predict the GDI computed through the biaxial dissipated

hysteresis energy-based weighted average of the three-dimensional extension of the modified

Park and Ang local damage model. The main advantage of applying the new GDI formulae

is that they do not need dynamic responses from any complex and time-consuming nonlinear
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time-history analysis. Explicit expressions for the global damage coefficients (available in

the new GDI formulae) are also provided in terms of structural properties (e.g., fundamental

period, total building height, total bay widths along orthogonal directions, number of floors

and bays) and the local soil type for wider applicability of the GDI formulae.

Finally, the performances of the new formulae to predict the global damage states based

on post-disaster restoration of a building (i.e., no damage, repairable, irreparable and col-

lapse) from the estimated GDI values are cross-checked and found satisfactory. For 2D GDI

formulae, the global damage states are checked using the available limiting values for GDI

obtained from the modified Park and Ang damage model. In the case of 3D GDI formulae,

the limiting values for GDI are established in the absence of any such limiting ranges in the

literature to connect the global damage states with the physical damage conditions for the

structural members. The performances of 3D GDI formulae are checked using the established

limiting values.
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Nomenclature

All abbreviations and symbols used in the present research work are enlisted here along with

their definitions. The symbols used for literature review in Chapter 1 and mathematical

formulae in Appendix A are excluded from the following lists.

List of Abbreviations
2D Two-dimensional, see Page 4

3D Three-dimensional, see Page 4

DOF Degree of freedom, see Page 29

DSCBGM Design spectrum-compatible bidirectional ground motion, see Page 82

DSCUGM Design spectrum-compatible unidirectional ground motion, see Page 54

GDC Global damage coefficient, see Page 26

GDI Global damage index, see Page 3

GF Ground floor, see Page 55

LDI Local damage index, see Page 3

PSA Pseudo spectral acceleration, see Page 58

RC Reinforced concrete, see Page 2

SDOF Single degree of freedom, see Page 8

List of Greek Symbols
α Angle between horizontal actuator and horizontal axis, see Page 33

αs Level of significance considered for statistical tests, see Page 68

µ̄d(s∆t) Normalized global displacement ductility factor for 3D RC building at

time s∆t, see Page 90

µ̄ϕn Weighted average (based on the axial load demand of columns due to

gravity loads) of curvature ductility values for all columns situated be-

tween Floor n and Floor (n− 1) of 2D RC frame, see Page 63

µ̄ϕ Weighted average (based on the axial load demand of columns due to

gravity loads) of curvature ductility values for all columns present in 2D
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RC frame, see Page 63

µ̄ϕ(s∆t) Curvature ductility factor for 3D RC building at time s∆t, see Page 94

µ̄dn Weighted average (based on the axial load demand of columns due to

gravity loads) of displacement ductility values for all columns situated

between Floor n and Floor (n− 1) of 2D RC frame, see Page 61

µ̄ϕ,m Maximum curvature ductility factor for 3D RC building, see Page 94

µ̄
(x)
ϕn
, µ̄

(y)
ϕn

Weighted average (based on the axial load demand of columns due to

gravity loads) of curvature ductility values for all columns situated be-

tween Floor n and Floor (n − 1) corresponding to global x- and y-

directions, respectively, for 3D RC building, see Page 95

µ̄
(x)
ϕ , µ̄

(y)
ϕ Weighted average (based on the axial load demand of columns due to

gravity loads) of curvature ductility values for all columns correspond-

ing to global x- and y-directions, respectively, for 3D RC building, see

Page 95

µ̄d,m Maximum normalized global displacement ductility factor for 3D RC

building, see Page 89

µ̄
(x)
dn
, µ̄

(y)
dn

Weighted average (based on the axial load demand of columns due to

gravity loads) of displacement ductility values for all columns situated

between Floor n and Floor (n−1) along x- and y-directions, respectively,

of 3D RC building, see Page 93

βKRL Non-negative parameter in modified Park and Ang-type 2D local damage

model [1] representing the energy-based strength degradation of material

in the case of cyclic loading, see Page 11

∆e,∆p Elastic and plastic portions of ∆, respectively, see Page 33

δh Incremental displacement readings of horizontal actuator, see Page 34

∆t Small-time interval for recorded displacement data, see Page 60

∆un(s∆t) Difference between the absolute interstory drifts of Floor n and Floor

(n− 1) at time s∆t and (s− 1)∆t along x-direction of 3D RC building,

see Page 91

∆vn(s∆t) Difference between the absolute interstory drifts of Floor n and Floor

(n− 1) at time s∆t and (s− 1)∆t along y-direction of 3D RC building,

see Page 91

∆ Lateral displacement of cantilever column tip, see Page 31

∆′ Displacement of cantilever column due to tip moment, M , see Page 41

∆′
e ∆e/ cos θp, see Page 36

∆r Rectified lateral displacement of cantilever column, see Page 41

δv Incremental displacement readings of vertical actuator, see Page 36

∆Lc Vertical displacement of cantilever column tip during total deformation,

see Page 33
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Nomenclature

ϵu Strains corresponding to ultimate stress of steel, see Page 48

ϵcu, ϵcc Unconfined and confined concrete strains at fcu and fcc, respectively, see

Page 48

ϵsh Strains corresponding to initial strain hardening of steel, see Page 48

κ1, κ2, · · · , κ11 Regression coefficients associated with global damage coefficients for pro-

posed 2D GDI formulae, see Page 71

κ12, κ13, · · · , κ55 Regression coefficients associated with global damage coefficients for pro-

posed 3D GDI formulae, see Page 104

λ2D-1, ψ2D-1 Regression coefficients (or GDCs) for GDI2D-1, see Page 60

λ2D-2, ψ2D-2, γ2D-2 Regression coefficients (or GDCs) for GDI2D-2, see Page 63

λ3D-1, ψ3D-1 Regression coefficients (or GDCs) for GDI3D-1, see Page 89

λ3D-2, ψ3D-2, γ3D-2 Regression coefficients (or GDCs) for GDI3D-2, see Page 94

µ
(d)
ϕn

Curvature ductility value for dth column situated between Floor n and

Floor (n− 1) of 2D RC frame, see Page 63

µ
(d)
dn

Displacement ductility value for dth column between Floor n and Floor

(n− 1) of 2D RC frame, see Page 61

µ
(d,x)
ϕn

, µ
(d,y)
ϕn

Curvature ductility values for dth column situated between Floor n and

Floor (n − 1) corresponding to global x- and y-directions, respectively,

for 3D RC building, see Page 95

µ
(d,x)
dn

, µ
(d,y)
dn

Displacement ductility values for dth column situated between Floor n

and Floor (n−1) along x- and y-directions, respectively, of 3D RC build-

ing, see Page 93

ωn(t) Rotational DOF associated with nth floor (n ≥ 1) of 3D RC building,

see Page 83

ρa Actual axial stress ratio, see Page 31

ρd Design axial stress ratio, see Page 31

ρSM Spearman’s rank correlation coefficient between a particular new GDI for-

mula and the corresponding target modified Park and Ang global damage

model, see Page 70

θe, θp Elastic and plastic portions of θ, respectively, see Page 33

θ Tip rotation of cantilever column, see Page 31

φ Angle between vertical actuator and vertical axis, see Page 35

ϑ Angle oriented from üg(t) to r̈g(t, ϑ) in the counterclockwise sense, see

Page 87

ξ, η, ζ Indices to represent various null and alternative hypotheses correspond-

ing to explicit expressions of GDCs, see Page 73
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List of Roman Symbols
(x, y, z) Right-handed Cartesian coordinate system, see Page 56

r̈g(t, ϑ) Time-history of resultant of üg(t) and v̈g(t) along the direction making

an angle of ϑ with üg(t) in counterclockwise sense, see Page 87

üg(t), v̈g(t) Time-histories of bidirectional ground motion recorded along two orthog-

onal horizontal directions, see Page 87

det (•) Determinant of a matrix, see Page 37

Ke Elastic stiffness matrix of cantilever column, see Page 36

Kg Geometric stiffness matrix of cantilever column, see Page 36

K Ke +Kg, see Page 37

SE(•) Standard error, see Page 69

RotDnn nnth percentile value of response parameter associated with the resultant

motion of the recorded bidirectional ground motion for all orientations

ranging from 0◦ to 180◦, see Page 87

GDI
(j,k)

2D-ST Mean of all GDI2D-ST values in the case of the jth soil type and the kth

2D RC frame, see Page 68

x̃2D-i, ỹ2D-i Numerical values of independent variables present in the ith 2D GDI

formula, see Page 69

x̃3D-i, ỹ3D-i Numerical values of independent variables present in the ith 3D GDI

formula, see Page 103

G̃DI3D-GWLZD Normalized value of GDI3D-GWLZD for 3D RC building, see Page 99

a1, a2, a3, a4 Geometric parameters depending on each incremental load-step during

cantilever column experiment used in the new mechanics-based formula-

tion for the purpose of deformation compatibility, see Page 34

a5, a6, a7 Geometric parameters depending on each incremental load-step during

cantilever column experiment used in the new mechanics-based formula-

tion for the purposes of constitutive laws and equilibrium equations, see

Page 38

Ac Area of column cross-section, see Page 31

b Width of cantilever column stub, see Page 33

b1, b2, b3, b4 Trigonometric parameters depending on each incremental load-step dur-

ing cantilever column experiment used in the new mechanics-based for-

mulation for the purposes of constitutive laws and equilibrium equations,

see Page 38

c θeLc/∆e, see Page 37

c0 Initial value of the parameter c, see Page 39

c1, c2 Indices to represent all possible linear regression models considered for

explicit expressions of various GDCs associated with 2D GDI formulae,

see Page 71
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c3, c4, c5 Indices to represent all possible linear regression models considered for

explicit expressions of various GDCs associated with 3D GDI formulae,

see Page 104

Cframe Total number of columns present at each floor of 2D RC frame, see

Page 61

Cbuilding Total number of columns present at each floor of 3D RC building, see

Page 93

Cϕ(s∆t) Overall curvature ductility-based capacity of 3D RC building at time

s∆t, see Page 94

Cϕn(s∆t) Curvature ductility-based capacity for Floor n of 3D RC building at time

s∆t, see Page 94

Cdn(s∆t) Displacement ductility-based capacity for Floor n of 3D RC building at

time s∆t, see Page 89

d Index to represent columns of a particular floor for 2D RC frame, see

Page 61

db Maximum diameter (in m) of longitudinal reinforcement in a beam or a

column, see Page 33

D2
dn
(s∆t) Displacement-based demand for Floor n of 3D RC building at time s∆t,

see Page 89

Ec Elastic modulus of concrete, see Page 36

Es Initial elastic modulus of steel, see Page 48

E2D-hp Total dissipated hysteresis energy due to uniaxial bending associated

with pth plastic hinge location in a 2D RC frame, see Page 64

E3D-hp Total dissipated hysteresis energy due to biaxial bending associated with

pth plastic hinge location in a 3D RC building, see Page 96

Esh Initial strain hardening modulus of steel, see Page 48

F Force reading of horizontal actuator, see Page 33

f0 F -test statistic value, see Page 68

fc Actual compressive strength of concrete cube, see Page 31

FH , FV Horizontal and vertical components of F , respectively, see Page 33

F
(d)
n Axial load demand due to gravity loads for the dth column between Floor

n and Floor (n− 1) of 2D RC frame or 3D RC building, see Page 61

Fr Frame ratio for 2D RC frame, see Page 71

fu Ultimate strength of steel, see Page 48

fy Yield strength of steel, see Page 33

fαs Value of the percentage point of the F -distribution at the αs level of

significance, see Page 68

fck Characteristic (design) compressive strength of concrete cube, see Page 31

fcr Modulus of rupture of concrete, see Page 37
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fcu, fcc Unconfined and confined compressive strengths of concrete, respectively,

see Page 48

g Index to represent individual data available in regression dataset, see

Page 68

g(•) Algebraic function, see Page 71

GDI2D-1 Proposed global damage index formula based on displacement ductility

of columns for 2D RC frame, see Page 60

GDI2D-2 Proposed global damage index formula based on curvature ductility of

columns for 2D RC frame, see Page 63

GDI2D-ST Global damage index estimated through dissipated hysteresis energy-

based weighted average of modified Park and Ang-type local damage

model [1] for 2D RC frame, see Page 64

GDI3D-1 Proposed global damage index formula based on displacement ductility

of columns for 3D RC building, see Page 89

GDI3D-2 Proposed global damage index formula based on curvature ductility of

columns for 3D RC building, see Page 94

GDI3D-GWLZD Global damage index estimated through dissipated hysteresis energy-

based weighted average of modified Park and Ang-type local damage

model [2] for 3D RC building, see Page 96

H Net horizontal force at cantilever column tip, see Page 36

h Height of each story in 2D RC frame or 3D RC building, see Page 55

H0 Null hypothesis for ANOVA test, see Page 68

h1 Length of vertical actuator heads, see Page 35

h2 Lengths of horizontal actuator heads, see Page 33

Ha Alternative hypothesis for ANOVA test, see Page 68

hv Distance between cantilever column tip and bottom of vertical actuator,

see Page 35

htotal Total height of 2D RC frame or 3D RC building, see Page 56

i Index to represent proposed 2D or 3D GDI formulae, see Page 65

Ie Effective moment of inertia for cantilever column, see Page 36

Icr, It Crack and transformed moment of inertia for cantilever column, respec-

tively, see Page 37

j Index to represent the type of soil, see Page 65

k Index to represent the training 2D RC frames or 3D RC buildings, see

Page 65

Kij Element of K corresponding to ith row and jth column, see Page 37

l Length of each bay in 2D RC frame, see Page 55

Lc Length of cantilever column, see Page 33

Lh Initial length of horizontal actuators, see Page 34
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Lo Length of cantilever column participating in elasto-plastic deformation,

see Page 33

Lp Plastic hinge length of a beam or a column, see Page 33

Lv Initial length of vertical actuators, see Page 36

lx, ly Length of each bay along x- and y-directions, respectively, in 3D RC

building, see Page 83

lx,total, ly,total Total width of bays along x- and y-directions, respectively, for 3D RC

building, see Page 84

LDI2D-ST Modified Park and Ang-type local damage index model [1] for 2D RC

frame, see Page 11

LDI3D−GWLZD Modified Park and Ang-type local damage index model [2] for 3D RC

building, see Page 17

M Net moment at cantilever column tip, see Page 36

m Index used to represent bays for 2D RC frame, see Page 55

MF Moment at cantilever column tip due to eccentricity of horizontal actu-

ator, see Page 33

MP Moment at cantilever column tip due to eccentricity of vertical actuator,

see Page 35

Mcr Cracked moment capacity for column cross-section, see Page 37

MO′ Moment acting at lumped plastic hinge location of cantilever column, see

Page 37

N Axial compressive load, see Page 31

n Index used to represent floors for 2D RC frame and 3D RC building, see

Page 55

Nb Number of bays available in 2D RC frame, see Page 55

Ns Number of storeys available in 2D RC frame or 3D RC building, see

Page 55

Nbx, Nby Number of bays available along x- and y-directions, respectively, in 3D

RC building, see Page 82

P Force reading of vertical actuator, see Page 35

p Index to represent plastic hinge locations for 2D RC frame and 3D RC

building, see Page 64

Ph Total number of plastic hinge locations, see Page 64

PH , PV Horizontal and vertical components of P , respectively, see Page 35

q Total number of data points in regression dataset, see Page 68

r Ratio between the elastic lateral and total lateral displacements of can-

tilever column, see Page 32

r0 Initial value of the parameter r, see Page 39

R0, cR1, cR2 Parameters used in Steel02 controlling stress-strain transition during
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elastic to plastic behaviour, see Page 47

R1, R2, R3 Parameters used in ReinforcingSteel controlling stress-strain transi-

tion during elastic to plastic behaviour, see Page 83

rn(s∆t) Resultant displacement value for Floor n of 3D RC building at time s∆t,

see Page 93

R2
adj. Adjusted R2 value for multilinear regression analysis, see Page 70

R2
pred. Predicted R2 value for multilinear regression analysis, see Page 70

Rd1, Rd2, Rd3 Building dimensional ratios for 3D RC building, see Page 104

rNs,u(s∆t) Resultant global ultimate displacement for 3D RC building at time s∆t,

see Page 90

rNs,y(s∆t) Resultant global yield displacement for 3D RC building at time s∆t, see

Page 90

Rs1, Rs2, Rs3 Building shape ratios for 3D RC building, see Page 104

S Parameter representing local soil type, see Page 71

s Index to represent incremental time-steps, see Page 60

Sd Spectral displacement values corresponding to the fundamental period,

Tp, obtained using IS 1893: 2016 [3], see Page 61

S
′(x)
d , S

′(y)
d Spectral displacement values corresponding to fundamental periods, T

′(x)
p

and T
′(y)
p , respectively, obtained using IS 1893: 2016 [3], see Page 95

Sd, S
′
d Spectral displacement value corresponding to the fundamental period,

T ′
p, obtained using IS 1893: 2016 [3], see Page 63

S
(x)
d , S

(y)
d Spectral displacement values corresponding to fundamental periods, T

(x)
p

and T
(y)
p , respectively, obtained using IS 1893: 2016 [3], see Page 93

T ′
p Fundamental period of 2D RC frame obtained from eigen analysis by

assuming the frame as shear frame with masses lumped at each floor, see

Page 63

t0 Student’s t-test statistic value, see Page 69

Td Total duration of displacement time-history record for instrumented RC

frame or building, see Page 60

Tp Fundamental period of 2D RC frame obtained using eigenvalue analysis

of the corresponding finite element model, see Page 61

T ′
p Fundamental period of torsionally uncoupled 3D RC building obtained

using eigenvalue analysis of the building assuming two translational and

one in-plane rotational DOFs are attached at the center of mass for each

floor, see Page 96

T
′(x)
p , T

′(y)
p Fundamental periods of 3D RC building along x- and y-directions, re-

spectively, obtained using eigenvalue analysis of the building assuming

two translational and one in-plane rotational DOFs are attached at the

center of mass for each floor, see Page 95
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T
(x)
p , T

(y)
p Fundamental periods of 3D RC building along x- and y-directions, re-

spectively, obtained using eigenvalue analysis of the corresponding finite

element model, see Page 93

tαs/2 Value of the percentage point of the Student’s t-distribution at the αs/2

level of significance, see Page 69

un(s∆t) Displacement values recorded at Floor n along x-direction of 2D RC

Frames or 3D RC building, at time s∆t, see Page 60

un(t) Translational DOF along x-direction associated with nth floor (n ⩾ 1)

of 2D RC frame and 3D RC building, see Page 55

uu, uy Ultimate displacement and yield displacement values, respectively, along

x-direction for 2D RC frame and 3D RC building, see Page 60

V Net vertical force at cantilever column tip, see Page 36

v Number of GDCs present in proposed GDI formula, see Page 68

vn(s∆t) Displacement values recorded at Floor n along y-direction of 3D RC

building, respectively, at time s∆t, see Page 91

vn(t) Translational DOF along y-direction associated with nth floor (n ≥ 1)

of 3D RC building, see Page 83

vu, vy Ultimate displacement and yield displacement values, respectively, along

y-direction for 3D RC building, see Page 90

w Number of independent variables used in proposed GDI formulae, see

Page 68

yt Distance between centroidal axis and extreme tension fiber of trans-

formed column section, see Page 37

zc Distance (in m) from critical section to point of contraflexure for a beam

or a column, see Page 33
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1.1 General Overview

Earthquakes are one of the most powerful and destructive natural forces on Earth. There

are evidences of triggering other secondary natural disasters due to earthquakes. For ex-

ample, the earthquakes occurred at Chile (1960) [4], Northern Sumatra (2004) [5] and

Japan (2011) [6] were responsible for devastating tsunamis and floods affecting the areas

near the surrounding oceans, the earthquakes at Hawaii (1868, 1975) [7, 8] and Philip-

pines (1990) [9] triggered volcanic eruptions, whereas the earthquakes at southern Alaska

(1964) [10], Mount St. Helens (1980) [11] and Los Angeles (1994) [12] caused massive land-

slides and avalanches. Therefore, earthquakes are responsible for relatively more human

life and economic losses, among other natural hazards. According to World Health Orga-

nization [13], during 1998-2017, more people were affected (either directly or indirectly) by

earthquakes than the total number of people affected by all other natural hazards. The

growth of the human population and rapid urbanization, especially in the seismically active

regions, will only increase such losses in the future [14]. Besides life loss, earthquakes can im-

pact the socio-economic condition of a region/country by disrupting essential and life-saving

services through damage to critical structures, e.g., bridges, highways, power plants, under-

ground and underwater pipelines, sewerage systems, communication facilities, and hospitals.

Studying the reasons and extent of structural damages due to past earthquakes will help to

minimize human life loss and monetary loss in future seismic events. Therefore, research

works on structural damages became very common a long time back, and such research
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introduced many new advanced engineering subjects, e.g., damage quantification using seis-

mic damage indices [15–17], damage detection (or identification) through structural health

monitoring [18–21], construction of new earthquake-resistant engineering structures through

performance-based structural design methodology [22–25]. Although those subjects are in-

terconnected with each other, the focus of this thesis will be on the damage quantification

of reinforced concrete (RC) structures.

Damage function can be defined as a non-decreasing and non-dimensional formula for

quantifying the damage state of a structure or its components using some representative

state variables (or damage parameters) [26]. Therefore, the selected state variables must

describe the evolution of the real state of structural degradation due to seismic loading [27].

The state variables are generally related to inelastic deformation at section or member-level

(e.g., strain, curvature, rotation) or at structural-level (e.g., horizontal floor-displacement,

interstory drift), stress resultant (e.g., base shear, member force), energy dissipated during

cyclic loading. A damage function incorporates specific state variables to permit indications

of the proximity of some limit states in structures such as collapse. The numerical value

represented by the damage function at a particular stage of seismic loading is considered

the seismic damage index (SDI). Usually, the values of SDIs range from 0 for an undamaged

structure to 1 for a structure near or at collapse, with intermediate values representing

different states of damage (e.g., minor damage, moderate damage, severe damage). SDI is

mainly used to scale the level of structural damage or identify the damage state of structure,

along with some other applications [28–30] in

(i) performance-based seismic design of structures to obtain an economical design by al-

lowing some structural damage within repairable range due to large and less frequent

earthquakes,

(ii) structural health monitoring for numerical representation of damage of an identified

damaged location,

(iii) post-earthquake damage assessment [31–33] to determine required measures for repair

and/or strengthening of a structure based on its performance due to the earthquake,

(iv) reliability studies of existing structures due to future earthquake scenarios [34] to de-

cide the necessity of structural strengthening as a pre-earthquake damage prevention

strategy,

(v) development of optimal intensity measures [35–38] by correlating ground motion pa-

rameters with engineering demand parameters, and

(vi) preparedness and planning for disasters [39–41] by predicting plausible cost, amount of

vulnerable casualties, number of required temporary accommodation due to earthquake

vis-à-vis structural damage estimation.
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1.2 Literature Reviews

1.2.1 Seismic Damage Indices for RC Structures

The earthquake-induced damage to any structure is governed by the load-deformation rela-

tionship of the structure, the amount of inelastic deformation, and the characteristics (e.g.,

temporal and frequency contents) of ground motions. Based on these governing factors, sev-

eral SDI models as a systematic approach to quantify the extent of seismic damage sustained

by structures or their members have been proposed by many researchers for the last fifty

years. Different well-documented papers, reports, state-of-the-art reviews about the devel-

opment of those damage models are available in the literature [15–17, 25, 26, 28, 42–45]. The

existing SDIs can be classified following different types of approach as described below.

(i) Classification based on the type of structural material properties: (a) damage

index for homogeneous material, e.g., steel [46–55], (b) damage index for heterogeneous

material, e.g., reinforced concrete, or (c) damage index for composite material [26, 56–

61]. Further explorations of damage indices for steel and other metals, and composite

materials are not in the scope of this dissertation works, and therefore, the SDIs appli-

cable for RC structures only will be discussed in this thesis.

(ii) Classification based on the definition of the damage index: (a) capacity-

demand type damage index [62–68], or (b) degradation type damage index [16, 69–

75]. The demand associated with a specific damage parameter (e.g., deformation, en-

ergy) due to seismic loading is related to the corresponding capacity of a member or

a structure in the case of the former type of damage index, whereas the degradation

of a structure is quantified via relating the value of specific damage parameter (e.g.,

strength, stiffness, modal parameters, dissipated energy) to a predefined threshold value

(representing the structural collapse) in the case of the latter type of damage index.

(iii) Classification based on the part of the structure whose damage is deter-

mined: (a) local damage index or LDI, or (b) global damage index or GDI. LDI is

associated with the damage that occurred at the local level, i.e., sections of a member

or a single member itself, whereas GDI is associated with the damage that occurred at

the global level, i.e., a storey in a building, sub-assemblage of members or substruc-

ture, whole structure. LDIs usually incorporate a single or combination of damage

parameters. GDIs are computed using global parameters, modal parameters [76–78]

considering two modes [79] or more, some suitable weighing functions [66, 80–83] on

LDI values of individual members. Some damage parameter such as displacement

ductility can be utilized both as LDI when associated with a member, or GDI when

associated with complete structure. On the other hand, other damage parameters such

as curvature ductility or interstory drift can only be used as either LDI or GDI. It is
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obvious that the accuracy of the estimated damage index decreases as one shift from a

critical region (such as plausible plastic hinge location of RC member) to the structure

in its entirety [29].

(iv) Classification based on the type of damage parameter’s value, i.e., maxi-

mum or cyclic, incorporated in the (local) damage index: (a) non-cumulative

LDI, (b) cumulative LDI, or (c) combined LDI. At the initial stage of developing SDIs,

the non-cumulative LDIs were introduced based on peak absolute deformation (usu-

ally normalized to the corresponding yield deformation, i.e., ductility terms such as

displacement ductility, rotational ductility, curvature ductility) or maximum values of

any other suitable damage parameter. Later, the cumulative LDIs are developed to

compute accumulated damage due to plastic deformation through dissipation of hys-

teresis energy during cyclic loading. Finally, combined LDIs (as their name suggests)

are introduced to consider the effects of both maximum and cyclic deformations due

to seismic loading on the total structural damage.

(v) Classification based on the mathematical formulation used to compute the

damage index: (a) deterministic damage index, or (b) probabilistic damage index [53,

77, 79, 84, 85]. The probabilistic formulation is a more rigorous choice to get the damage

index because of the uncertainties involved in seismic action and the behaviour of RC

members against cyclic loading are accounted for by this formulation. On the other

hand, deterministic formulation offers a more straightforward evaluation of damage

based on predetermined criteria without considering variations in input parameters.

Despite its disadvantage arising from no uncertainty characterization, the deterministic

formulation is explored predominantly mainly because of its direct applicability to

damage assessment and seismic design of structures at the expense of less computational

cost.

(vi) Classification based on the dimension of the structural model whose nu-

merical responses are utilized to get the damage index: (a) two-dimensional

or 2D seismic damage index, or (b) three-dimensional or 3D seismic damage index.

Frameworks for most of the developed SDIs utilize the structural responses (incorpo-

rating the effect of uniaxial bending and axial load) obtained from a representative

2D finite element model subjected to unidirectional ground motion. However, due to

bidirectional ground motions, such damage indices cannot capture the actual extent of

the damage that occurred in a real (3D) building. Therefore, a few research groups

proposed 3D SDI models by combining the effects of biaxial bending and axial loading

on structural damages either at member level [44, 86, 87] or cross-section level [2].

(vii) Classification based on the function of the part whose damage is quantified:

(a) structural damage index, or (b) non-structural damage index [88–92]. Although

4TH-3386_156104037



1.2. Literature Reviews

most of the developed SDIs concentrate on the damage occurred in structural members

due to their utmost importance for active participation in the load-transfer mechanism,

several researchers have introduced damage index models applicable for non-structural

elements (e.g., partition walls, cladding members, false ceilings, various necessary in-

stallations for different functionality). Because the cost of the non-structural members

exceeds around three-fourths of the total cost of the corresponding building, especially

for hospital or commercial buildings [92], also, non-structural members such as masonry

infill panels cannot follow the overall deformation profile of RC structural system, and

therefore, necessitates the development of separate suitable SDI model.

(viii) Classification based on the purpose for quantifying the damage occurred:

(a) structural damage index, or (b) economic or financial damage index [93–98]. Struc-

tural damage index is mainly used to study the performance of a structure due to

earthquake(s) in terms of sustained damages and predict its vulnerability for future

earthquake scenarios in terms of reserved strength, whereas economic damage index is

typically used for deciding insurance policies for a structure against seismic activities.

The economic damage index is generally represented as the repair cost ratio to the cor-

responding replacement cost for a member or a structure. Therefore, its value might

exceed unity while a structure is not physically collapsed.

(ix) Classification based on the type of analysis required: for computing the ex-

isting structural damage indices, structural responses obtained using either numerical

analysis (static/dynamic and linear elastic/inelastic) or no analysis, i.e., alternative

approaches without any analysis (e.g., in-situ measurements, on-site observations) is

mandatory. Inelastic dynamic analysis should be incorporated to find SDI for a struc-

ture as it can capture post-yield nonlinear responses of a structure (or its member)

due to time-varying seismic loading. However, other types of analysis are also ex-

plored, especially when the engineering judgement and computational framework for

carrying out nonlinear time-history analysis for multi-storey RC building other than

flexure-dominated plane frames are highly demanding. Also, ‘no analysis’ refers to the

damage index represented as a function of earthquake measures (i.e., magnitude or

intensity).

A detailed literature review of different types of available SDI models based on the classi-

fication strategies mentioned above is beyond the scope of this dissertation work. Figure 1.1

is a succinct representation of various SDIs based on different classification strategies suitable

for establishing the scope of the current research works. In this figure, structural SDI is first

classified according to the dimension of the required structural model for which the damage

index would be computed. Then the SDIs are classified according to the damage calculated

at which part of the structural model. Further, 2D LDI models are classified according to
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the type of damage parameter’s value, whereas 2D GDI models are classified according to

the types of weighing functions and global response parameters. Different types of 2D LDI

models are also classified according to the type of state variables used in the models. Finally,

3D LDI models are classified according to the methodology for combining the effects of bi-

axial bending and axial loading developed due to bidirectional ground motions. Necessary

references of the research works associated with different types of SDIs considered in the

present works are provided in Figure 1.1 for the sake of completeness.

1.2.1.1 Local damage index for 2D RC frames

Non-cumulative LDI

The earliest development of damage indices originated from the simple ductility concept,

which refers to the ratio between the maximum and yield values of a particular parameter.

Newmark and Rosenblueth [99] considered different types of ductility factors (displacement

ductility, rotational ductility and curvature ductility) to quantify the damage. Banon et

al. [70], and Roufaiel and Meyer [100] modified the expression of rotational ductility consid-

ering concentrated plastic hinge and the finite size of the plastic region, respectively. The

curvature ductility can be applied (instead of rotational ductility) when the yielding of a

member does not occur due to anti-symmetric bending. However, the curvature ductility

can be applied to the most damaged section along the length of a member and not to the

member as a whole [28]. Blejwas and Bresler [63] introduced a capacity-demand type dam-

age index with normalized deformation terms. Powell and Allahabadi [65], and Cosenza

et al. [101] introduced different displacement ductility-based normalized damage functionals.

Shibata and Sozen [69] introduced the stiffness parameter as a state variable for the first

time. They represented damage in terms of the ratio between the initial tangent stiffness

(calculated using the assumption of anti-symmetric bending) and the reduced secant stiffness

corresponding to the maximum curvature obtained from the moment-curvature relationship.

Later, Kunnath and Jenne [103] and Khashaee [104] attempted some modifications to the

stiffness-based damage index, and Carrillo [105] extended the scope of the stiffness-based

damage index for RC structural walls. Although these indices can incorporate some effect

of cyclic loading in terms of final stiffness and strength degradation, it fails to consider the

impact of the sequence of applied loading and the pinching effect due to high shear stress.

Banon et al. [70] have used stiffness terms related to ultimate and maximum curvatures

to represent flexural damage ratio, a better damage indicator than rotational and curva-

ture ductility. Later, Roufaiel and Meyer [71] proposed a modified flexural damage ratio to

consider the effect of strength degradation (along with stiffness degradation) by removing

stiffness value associated with recoverable curvature from the reduced secant stiffness values

associated with maximum and ultimate curvatures during cyclic loading. The flexural dam-

age ratio and its modified version do not consider the effect of cumulative damage obtained
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by repeated load reversals.

Gupta et al. [102] introduced a capacity-demand type damage index with the help of

displacement response obtained by a modified Clough-Johnston single degree of freedom

(SDOF) type elasto-plastic oscillator. The applicability of the LDI holds good only if a

structure undergoes large plastic deformation in one cycle and negligible plastic deformations

in other cycles during an earthquake. Mergos and Kappos [68] proposed a new capacity-

demand type damage index (in terms of flexural curvature and shear distortion) to compute

the damage due to bending-shear interactions in the inelastic range.

The non-cumulative damage indices are likely to provide an approximate measure of

structural damage sustained during earthquakes by neglecting the effect of temporal features

(e.g., total duration, number of loading cycles) and frequency content (e.g., patterns of occur-

rence of loading cycles) of the ground motions. Therefore, they are usually not implemented

despite being easy to compute.

Cumulative LDI

Cumulative damage indices consider damage as a function of accumulated plastic deforma-

tion and can include the effect of dissipated hysteresis energy during earthquakes. Initially,

researchers extended the scope of the ductility concept to capture the cumulative damage

due to repetitive cyclic loading. Gosain et al. [106] proposed a simple damage index (appli-

cable for pure bending) defined as the sum of the ratio between the displacement during a

particular cycle and the yield displacement for all loading cycles. Banon and Veneziano [107]

introduced normalized cumulative rotation, which is defined as the ratio of the sum of plastic

rotations (i.e., the difference between maximum rotation and yield rotation) during all half

cycles to the yield rotation. They have also proposed a normalized dissipated energy term

as a function of time, and the term is represented by the ratio between the energy dissipated

up to a specific time and the maximum elastically stored energy.

Low-cycle fatigue (refers to the failure of members at deformation levels with significantly

low amplitudes compared to the corresponding ultimate deformation capacity due to unidi-

rectional loading [42]) is considered one of the main reasons for member failures. Therefore,

Stephens and Yao [108] introduced the concept of low-cycle fatigue (usually used to model

damage in metals) in their cumulative plastic deformation damage function in terms of pos-

itive and negative changes in plastic deformations for all loading cycles as demand, and

positive change in plastic deformation in a one-cycle test to collapse conducted at each rela-

tive deformation ratio as capacity. The computation of the fatigue exponent coefficient and

the capacity term used in the damage function is challenging and subjected to large statisti-

cal scatter. Later, Jeong and Iwan [110] proposed another damage index based on low-cycle

fatigue formulation considering the number of cycles to failure at a particular ductility value

obtained from a relationship similar to Coffin-Manson law. Chung et al. [15, 67] also used

a fatigue formulation (considering Miner’s Law) to propose a new combined damage index
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including damage modifiers to reflect the loading history effect. This index considers the

difference in member responses from positive and negative deformation cycles separately.

Chung et al. [137] also used this damage index for setting criteria to check the acceptability

of a design (following the strong-column weak-beam concept) of beam and column members.

The design of individual elements is acceptable only if the corresponding damage index due

to design earthquakes is less than 0.30(±0.03) and 0.01, respectively, for the beam and col-

umn. McCabe and Hall [113], Kunnath et al. [114], Hindi and Sexsmith [115] introduced

other damage indices based on low-cycle fatigue theory.

Wang and Shah [109] proposed a cumulative damage model (as a measure of strength

degradation [28]) assuming that the development of damage is a function of maximum de-

formation occurred in a cycle, and the rate of damage accumulation is proportional to the

sustained damage during the previous loading cycles. Later, Wang and Wang [111] used this

damage model for RC structures with shear walls. This damage model is of limited use due

to the required calibration against observed seismic damages [139].

During the dynamic motion of a structure due to an earthquake, the structure absorbs

some portion of the energy imparted to it by the ground excitations. Some amount of the

absorbed energy is stored (temporarily) in the form of kinetic and strain energy, and the rest is

dissipated by damping and inelastic deformations in various members of the structure [140].

Eventually, all imparted energy is dissipated and results in some damage if the absorbed

energy exceeds the corresponding elastic limit. Therefore, as a first attempt to consider the

absorbed energy, Gosain et al. [106] proposed a damage index represented by the sum of

the ratio of the absorbed energy associated with a particular loading cycle to the energy

absorbed in yielding over those hysteresis loops for which the applied lateral load is more

than equal to 75% of the yield force. A similar damage index was also proposed by Darwin

and Nmai [118, 119] with an additional modification factor for reinforcement arrangement.

Hwang and Scribner [116, 117] proposed a work index (due to its dependency on the product

of force and displacement) based on some modifications to the damage index of Gosain

et al. [106]. The upper limit of this index is not bounded, unlike other damage indices.

Prakash and Belarbi [123] made necessary changes to the work index so that their indices do

not suffer from unbounded upper limit and can quantify damage due to bending-shear and

torsion separately.

Krätzig et al. [120] developed another energy-based damage index based on the definition

of primary and follower half-cycles to distinguish loading history effects. A primary half-cycle

is defined as the first half-cycle of loading at a given amplitude, with subsequent half-cycles

referred to as follower half-cycles unless they exceed the previous maximum amplitude. This

LDI considers the effect of both deformation (through a single high-amplitude cycle) and

fatigue-type damage (through repeated cycles at lower amplitude). Later, Mehanny and

Deierlein [112] developed a new damage index using the same approach (involving primary

and follower half cycles) in terms of cumulative inelastic deformations instead of dissipated
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hysteresis energy.

Colombo and Negro [121] attempted to a uniform definition of damage (i.e., independent

of material properties) based on the ratio between the initial and the reduced capacity to

pave the way for general design and assessment method applicable to any structures. The

damage index, proposed by these authors, considers the maximum attained deformation,

the dissipated hysteresis energy and the loading history and requires several parameters in

terms of ductility and energy dissipation. Rodŕıguez-Gómez and Cakmak [122] proposed a

capacity-demand type damage index for SDOF system represented as the ratio of absorbed

energy and hysteresis energy at collapse.

Combined LDI

The earthquake-induced damage to any structure generally occurs due to combined effects

of maximum deformation, number of load cycles, and absorbed hysteresis energy [70, 107,

121, 122]. Depending on this philosophy, Park and Ang [126] introduced a combined LDI

considering the nonuniform cyclic loading effect at different displacement levels as

LDI2D-PA =
δm
δu

+ βPA

∫ (
δ

δu

)αPA dEh
Ec(δ)

(1.1)

where δm and δu are the maximum absolute displacement due to unidirectional seismic load-

ing and the ultimate displacement under monotonic loading condition, respectively, dEh is

incremental absorbed hysteresis energy, Ec(δ) is the dissipated hysteresis energy per loading

cycle at displacement level δ, αPA and βPA are the non-negative parameters representing the

effect of cyclic loading on structural damage. For simplicity, the authors assumed a uniform

cyclic loading effect at different displacement levels and proposed the best-known and most

widely studied damage index as

LDI2D-PA =
δm
δu

+
βPAEh
Fyδu

(1.2)

where Fy is the yield force under lateral monotonic loading conditions and Eh is the total

amount of absorbed hysteresis energy due to seismic loading (i.e., the sum of the area enclosed

within the hysteresis curve). Park et al. [142] identified two parameters (δu and βPA) of the

above equation as component characteristics and other three parameters (δm, Fy and Eh)

as response parameters. The component characteristics can be computed from empirical

relationships [80, 126], and the response parameters can be obtained from the responses of

nonlinear dynamic analysis.

The calibration of the strength degradation parameter, βPA, was discussed in detail by the

authors in a separate report [143]. A low value of the parameter refers to the seismic damage

governed by the maximum displacement demand (of a properly designed and detailed struc-

ture [144]), whereas a high value refers to the seismic damage due to cumulative inelastic
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displacements (of a poorly designed and detailed structure [144]). Many researchers have

used different values for the parameter, ranging from 0.025 [144] to 0.23 [127] for steel struc-

tures and 0.05 [136] to 0.24 [145] for RC structures. Another group of researchers reported

the parameter value ranging from 0.20 to 0.40 for systems showing substantial strength and

stiffness degradation [28, 101, 108]. Ciampoli et al. [84] used a probabilistic approach assum-

ing random values for the parameter with a mean value of 0.27 and a coefficient of variation

of 0.60. Cosenza et al. [101] reported that the parameter ranges from −0.30 to 1.20, with a

median value of 0.15.

After the introduction of the Park and Ang combined damage index, LDI2D-PA, many re-

searchers provided necessary modifications to improve the applicability of the original model

based on its several limitations. Table 1.1 enlisted the (year-wise) details of those modified

Park and Ang-type 2D local damage models. A practical problem for using LDI2D-PA is to

determine the relationship between δu, local plastic rotations and the damage index. Be-

cause inelastic behaviour is usually confined within plastic zones near the ends of a member.

Therefore, Kunnath et al. [124], and Stone and Taylor [1] replaced the force-displacement

terms (in LDI2D-PA) with moment-rotation and moment-curvature terms, respectively, and

introduced two new damage indices (LDI2D-KRL and LDI2D-ST in Table 1.1) for implement-

ing in IDARC Version 3.0 [124]. The researchers have also removed the yield value from the

maximum and ultimate values in the non-cumulative part to generate non-zero damage only

due to inelastic structural responses. Although the term AM -ϕ in LDI2D-ST represents an

implicit measure of dissipated energy, it correlates well with the original strength degradation

parameter (βPA) when normalized with the term Myϕu. The range of values for the param-

eter βKRL is from 0.0 (for no deterioration) to 0.4 (for severe deterioration), and βKRL = 0.1

is used for nominal deterioration. Later, Ghosh et al. [144] kept the displacement term of

the original Park and Ang damage model to modify it following the framework similar to

LDI2D-KRL or LDI2D-ST. The authors used the modified damage model to explore the con-

cept of implementing an equivalent SDOF system to get a storey or global damage index of

a multiple degree of freedom system.

Theoretically, the value of a local damage model should be equal to 1.0 (indicating a

failure) when ultimate deformation capacity is utilized under monotonic loading conditions.

However, it is not possible to satisfy the criteria for LDI2D-PA (refer to Equation (1.2)).

As a remedy to this limitation, Chai et al. [127] introduced LDI2D-CRB (see Table 1.1) by

removing the dissipated plastic strain energy due to monotonic response from the total dis-

sipated plastic strain energy. Accordingly, the authors also modified the parameter, β2D-PA,

in terms of displacement ductility capacity for an elasto-plastic system to capture the same

effect of strength degradation behaviour as in the case of original Park and Ang damage

model. But this modified model was verified for experimental results of small-scaled notched

steel cantilever beams and cannot be applicable for RC structural members without any

uncertainty. Therefore, Jiang et al. [130] developed another modified Park and Ang-type
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damage model (LDI2D-JFLC in Table 1.1) to counter the non-normalization issue and cal-

ibrated its combination coefficient (βJFLC) with various cyclic experimental results of RC

members. Since the displacement of RC members at first cracking is significantly smaller

than yield displacement (i.e., δc/δy ≈ 0) and plastic strain energy due to monotonic loading,

Ehm = Fy (δu − δy) for an elasto-plastic system, the authors further simplified the damage

model in terms of displacement ductility capacity and maximum displacement ductility de-

mand. Later Huang et al. [131] extended the scope of LDI2D-JFLC for steel RC members

(more ductile material in comparison to common RC members) and replaced the term δc

with δy (refer to LDI2D-HQZ in Table 1.1). Xiao et al. [83] also modified the damage index

LDI2D-JFLC to incorporate the mutual effect of maximum deformation and hysteresis energy

(through continuum mechanics-based damage dissipation potential function [147]) for differ-

ent types of members during different loading stages in the final damage.

Fajfar and Gašperšič [125] has considered LDI2D-PA in terms of moment and rotation,

and used static hysteresis energy (i.e., the dissipated energy in the case of static loading) for

an elasto-plastic M -θ relationship to propose LDI2D-FG (as shown in Table 1.1). Further,

assuming the distribution of dissipated hysteresis energy throughout a structure is similar for

both dynamic and static analyses, the authors have provided another expression for LDI2D-FG

as a function of ductility terms, and a non-dimensional parameter related to equivalent SDOF

system.

Bozorgnia and Bertero [128] provided two new LDIs (LDI2D-BB1 and LDI2D-BB1 in Ta-

ble 1.1) by improvising LDI2D-PA to generate two different damage spectra (defined as a

plot of computed damage index versus structural period, or a plot of required strength or

maximum deformation versus structural period for constant values of damage indices) for

performance-based damage assessment of existing structures and performance-based design

for new structures. The authors have further simplified their LDIs in the case of an elastic-

perfectly-plastic system. Similarly, Ladjinovic and Folic [129] came with a modified Park

and Ang-type damage index (LDI2D-LF in Table 1.1) which can be used in the design of

earthquake resistant structures by keeping a necessary balance between strength capacity,

stiffness and ductility, and the damage level within acceptable prescribed limits. A corrective

coefficient, αLF, is introduced in the cumulative terms of the LDI to eliminate the effect of

hysteresis energy due to monotonically increasing lateral deformation. The authors have also

expressed their LDI in a more convenient form as a function of maximum ductility demand

(δ/δy) during an earthquake, monotonic ductility capacity (δu/δy) and normalized hysteresis

energy (Eh/Fyδy) for directly using in earthquake resistant design of structures.

All modified Park and Ang-type 2D local damage models, till discussed, are developed to

measure structural damages due to flexure-shear and axial loadings and neglect the contri-

bution of torsional response to the damage. So, Prakash and Belarbi [123] investigated the

damages developed in circular RC columns due to combined loadings, i.e., bending, shear,

axial and torsion, and modified the original Park and Ang damage model by replacing force-

13TH-3386_156104037
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displacement terms with torsion-twist relationship (refer to LDI2D-PB in Table 1.1).

Apart from original and modified Park and Ang-type damage indices, other combined

LDIs are also available in the literature. For example, Mizuhata and Nishigaki [132, 133]

introduced a combined LDI assuming the local damage as the linear combination of the

damages due to maximum displacement and the accumulated displacement resulting from

cyclic loading as

LDI2D-MN =
|δm|
δf

+



k∑
i=1

(
ni
Nfi

)0.715

· 0.609 ·
(
1− δi

δf

)
, for 0.078 ⩾

ni
Nfi

≥ 0

k∑
i=1

(
ni
Nfi

)0.910(
1− δi

δf

)
, for 1.0 ⩾

ni
Nfi

> 0.078

(1.3)

where δi is ith specified displacement level, δf is displacement at failure under monotonic

loading, k is the number of different displacement levels, ni is the number of cycles with dis-

placement level δi, and Nfi is the number of cycles to failure with displacement level δi. The

above LDI expression was derived based on low-cycle fatigue tests performed under constant

displacement amplitudes. Bracci et al. [66] represented the damage in terms of irrecoverable

deformations and strength degradation, and accordingly proposed a new combined damage

index as

LDI2D-BRMK = DM +Dϕ −DMDϕ with DM =
SsdEh
Myϕy

, Dϕ =
ϕm − ϕy
ϕu − ϕy

(1.4)

where Ssd is the strength degradation parameter, and its mathematical expression is obtained

(in terms of the axial load, the longitudinal and confinement steel percentages, material

strength) using regression analysis of various test results.

1.2.1.2 Local damage index for 3D RC buildings

The LDI models mentioned in the previous section (refer to Figure 1.1) can accommodate

structural responses (along a particular direction) due to unidirectional loadings only and

cannot be used directly to measure damages that occurred in members of 3D buildings as

the corresponding responses (along two orthogonal horizontal directions) are generated due

to bidirectional ground motions. Therefore, many researchers attempted new combined LDI

models for which the corresponding demand and capacity terms must utilize the structural

responses at the element level (e.g., force, displacement) or the section level (e.g., moment,

rotation or curvature) due to bidirectional lateral loadings. The elementary 3D LDI models

achieve this condition by combining any suitable 2D LDI model (i.e., LDI
(x)
2D and LDI

(y)
2D) for

a member due to individual unidirectional ground motions (i.e., along x- and y-directions)

14TH-3386_156104037



1.2. Literature Reviews

through various functions generally represented as

LDI3D = f
(
LDI

(x)
2D , LDI

(y)
2D , E

(x)
h , E

(y)
h

)
(1.5)

where E
(x)
h and E

(y)
h are the cumulative dissipated hysteresis energies of the member when

subjected to lateral loadings along x- and y-directions, respectively. For example, Qiu et

al. [86] introduced three different 3D LDI models using LDI2D-PA and the corresponding Eh

in terms of force-displacement relationship (refer to Equation (1.2)) as

LDI3D-QLPQ1 = LDI
(x)
2D-PA + LDI

(y)
2D-PA − 0.5min

(
LDI

(x)
2D-PA, LDI

(y)
2D-PA

)
(1.6)

LDI3D-QLPQ2 = max
(
LDI

(x)
2D-PA, LDI

(y)
2D-PA

)
+
E

(x)
h or E

(y)
h

E
(x)
h + E

(y)
h

min
(
LDI

(x)
2D-PA, LDI

(y)
2D-PA

)
(1.7)

LDI3D-QLPQ3 = max
(
LDI

(x)
2D-PA, LDI

(y)
2D-PA

)
+
LDI

(x)
2D-PA or LDI

(y)
2D-PA

LDI
(x)
2D-PA + LDI

(y)
2D-PA

min
(
LDI

(x)
2D-PA, LDI

(y)
2D-PA

)
. (1.8)

Apart from the above damage index models, the authors also proposed another model

assuming the damage is determined by the maximum displacement and accounts for the

coupling effect of the other direction. The 3D LDI is expressed as

LDI3D-QLPQ4 =


δ
(x)
m

δ
(x)
u

+ βPA
E

(x)
h + E

(y)
h

F
(x)
y δ

(x)
u

, when δ
(x)
m ⩾ δ

(y)
m

δ
(y)
m

δ
(y)
u

+ βPA
E

(x)
h + E

(y)
h

F
(y)
y δ

(y)
u

, otherwise

(1.9)

where δ
(x)
m , δ

(x)
u and F

(x)
y are maximum displacement, ultimate displacement and yield force

of a structural member, respectively, when subjected to the corresponding loading along

x-direction only, whereas δ
(y)
m , δ

(y)
u and F

(y)
y denote same displacement and force parameters

due to the loadings along y-direction only. For simplicity, the authors considered the yield

force values as 0.80 times the corresponding ultimate strength, e.g. F
(x)
y = 0.80F

(x)
u . Later,

Rodrigues et al. [87] proposed the following 3D LDI models by directly combining LDI2D-PA

along two orthogonal directions without involving the energy terms as

LDI3D-RAVC1 = LDI
(x)
2D-PA + LDI

(y)
2D-PA (1.10)

LDI3D-RAVC2 =

√(
LDI

(x)
2D-PA

)2
+
(
LDI

(y)
2D-PA

)2
. (1.11)

The 3D LDI models represented by Equations (1.6)-(1.11) suffer from non-normalization

related problem for using LDI2D-PA values within their framework. Therefore, Roy et al. [44]
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utilized one of the modified Park and Ang-type 2D damage model capable of solving the

problem, LDI2D-JFLC, to propose four new 3D LDIs (similar to Equations (1.6)-(1.8) and

(1.11)) as

LDI3D-RBR1 = LDI
(x)
2D-JFLC + LDI

(y)
2D-JFLC − 0.5min

(
LDI

(x)
2D-JFLC, LDI

(y)
2D-JFLC

)
(1.12)

LDI3D-RBR2 = max
(
LDI

(x)
2D-JFLC, LDI

(y)
2D-JFLC

)
+
E

(x)
h or E

(y)
h

E
(x)
h + E

(y)
h

min
(
LDI

(x)
2D-JFLC, LDI

(y)
2D-JFLC

)
(1.13)

LDI3D-RBR3 = max
(
LDI

(x)
2D-JFLC, LDI

(y)
2D-JFLC

)
+
LDI

(x)
2D-JFLC or LDI

(y)
2D-JFLC

LDI
(x)
2D-JFLC + LDI

(y)
2D-JFLC

min
(
LDI

(x)
2D-JFLC, LDI

(y)
2D-JFLC

)
(1.14)

LDI3D-RBR4 =

√(
LDI

(x)
2D-JFLC

)2
+
(
LDI

(y)
2D-JFLC

)2
. (1.15)

Also, the authors modified the expression of LDI3D-QLPQ4 accordingly and introduced another

damage index as

LDI3D-RBR5 =



(1− βJFLC)
δ
(x)
m

δ
(x)
u

+
βJFLC

(
E

(x)
h + E

(y)
h

)
F

(x)
y

(
δ
(x)
u − δ

(x)
y

) , when δ
(x)
m ⩾ δ

(y)
m

(1− βJFLC)
δ
(y)
m

δ
(y)
u

+
βJFLC

(
E

(x)
h + E

(y)
h

)
F

(y)
y

(
δ
(y)
u − δ

(y)
y

) , otherwise .

(1.16)

Instead of combining the responses due to individual unidirectional loadings at element

level (as in the cases of Equations (1.6)-(1.16)), it is better to get more realistic damage

measure by combining the necessary responses at section level due to bidirectional ground

motions. Therefore, Rodrigues et al. [87] introduced a new damage index based on the

resultant maximum displacement (δm,r) and total energy as

LDI3D-RAVC3 =
δm,r
δu,r

+ βPA
E

(x)
h + E

(y)
h

Fy,rδu,r
(1.17)

where δm,r is computed for each loading step, and for this resultant direction, the resultant

ultimate displacement (δu,r) and the resultant yield force (Fy,r) are also estimated based on

an assumed parabolic resultant surface. Equation (1.17) considered only partial combination

of the sectional responses due to bidirectional motions for computing the damage. Because

the dissipated hysteresis energies due to individual unidirectional motions are used in the cu-

mulative term to get the desired combined effect. Also, the estimation of resultant maximum

displacement assumes that the maximum displacements along two orthogonal directions will
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occur together, which is not practical. Therefore, as an improvement to this model, Roy et

al. [44] considered complete combination of the sectional responses and maximum resultant

displacement, δr,m, instead of δm,r to introduce another 3D LDI as

LDI3D-RBR6 = (1− βJFLC)
δr,m
δr,u

+
βJFLC (Eh1 + Eh2)

Fr,y (δr,u − δr,y)
(1.18)

with δr,m = max

[√
δ21(t) + δ22(t)

]
∀ t (1.19)

where δ1(t), Eh1 and δ2(t), Eh2 are the displacement time-histories and total dissipated

hysteresis energy along two principal axes, respectively, of a member section subjected to

bidirectional ground motions. δr,y, δr,u and Fr,y are the yield displacement, the ultimate

displacement, and the yield strength values, respectively, computed along the direction of

δr,m. The 3D LDIs represented by Equations (1.6)-(1.18) require displacement values from

inelastic behaviour within plastic zones, which is a drawback for these models like their 2D

counterparts [124]. So, Guo et al. [2] extended the concept of M -θ based modified Park and

Ang-type damage model for 3D members and proposed the most comprehensive 3D LDI as

LDI3D-GWLZD = (1− βGWLZD) µ̄θ,m + βGWLZD

∫
αGWLZD,m

dEp
Ehm(t)

(1.20)

where µ̄θ,m is the maximum normalized rotation ductility factor, dEp is the incremental dis-

sipated plastic energy, Ehm(t) is dissipated plastic strain energy under monotonic loading at

failure, αGWLZD,m and βGWLZD are the correction term and the combination factor, respec-

tively, associated with energy dissipation. Further, µ̄θ,m is defined as

µ̄θ,m = max

[
θr(t)− θr,y(t)

θr,u(t)− θr,y(t)

]
︸ ︷︷ ︸

normalized rotation
ductility, µ̄θ(θr(t))

∀ t (1.21)

with θr(t) =
√
θ21(t) + θ22(t) (1.22)

where θ1(t) and θ2(t) are the rotation time-histories along two principle axes of a member

section, θr,y(t) and θr,u(t) are the yield and ultimate rotation, respectively, at a particular

loading step estimated along the direction of the corresponding resultant rotation, θr(t), for

the section. The authors considered only the plastic energy dissipation increment in the cu-

mulative term assuming that the (reversible) elastic portion of the energy dissipation would

cause negligible damage. This assures zero value for the damage index in the case of elastic

responses only. dEp can be estimated by removing incremental elastic energy dissipation

from the incremental total dissipated hysteresis energy. For three-dimensional deformation,

incremental elastic energy dissipation is the sum of the recoverable area under M -θ relation-

ships along two sectional principal axes, and the areas are calculated assuming unloading
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stiffness is same as the linear loading stiffness. On the other hand, the incremental total

dissipated hysteresis energy can be computed from the inner product of M -θ relationships

along two sectional principal axes due to biaxial bending. The value of Ehm(t) for a partic-

ular loading step can be computed assuming ideal elasto-plastic M -θ relationship as

Ehm(t) =Mr,y(t) [θr,u(t)− θr,y(t)] (1.23)

where Mr,y(t) is the yield moment of the section computed along the direction of θr(t). The

correction term of the damage model is expressed as

αGWLZD,m = max [α(θr(t))] ∀ t (1.24)

with α(θr(t)) =

β2 [µ̄θ (θr(t))]
β1 , when θr(t) ⩾ θr,y(t)

0, otherwise
. (1.25)

The authors prescribed the values of the parameters βGWLZD, β1 and β2 as 0.1, 1.5 and 2.5,

respectively, based on available experimental data.

1.2.1.3 Global damage index

The global damage index is used to compute the damage sustained in subassemblage of

members or substructures, a storey of a building or a whole structure. Although the damage

index used for subassemblage of members or a storey is sometimes referred to as intermediate

damage index [29], this dissertation work uses the term global damage index for such dam-

ages in consistency with most of the available literature. The available GDIs are computed

using either global responses and overall structural parameters (e.g., displacement, stiffness

properties and modal parameters) or combining local damage indices across a structure with

the help of any suitable weighing function (e.g., dissipated hysteresis energy or gravity load

demand) as shown in Figure 1.1.

The earliest global damage index was introduced as a function of maximum interstory

drift or maximum roof displacement. For example, Sozen [148] presented maximum rela-

tive displacement between two storeys normalized with storey height as the global damage

parameter of a structure. In contrast, Meyer et al. [134] considered maximum roof displace-

ment and total building height. Later, Roufaiel and Meyer [71] introduced a global damage

parameter using the roof displacement at which the first member in the frame reaches its

yield capacity other than maximum roof displacement and total frame height. Ghobarah

et al. [16] proposed a static pushover analysis-based method to compute the expected dam-

age to structure in terms of stiffness degradation due to various earthquakes. Recently Hait

et al. [149] proposed various empirical global damage models in terms of different global en-

gineering demand parameters (e.g., maximum interstory drift ratio, peak roof displacement,

stiffness, ductility).
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The stiffness degradation during earthquakes results in an increment of the natural pe-

riod, and therefore, many researchers used the variation of the fundamental period or the

first few natural periods of a structure and proposed various softening indices. For exam-

ple, DiPasquale et al. [76–78, 135] proposed final softening index (as a measure of average

reduction in structural stiffness), plastic softening index (as a measure of plastic deforma-

tion incorporating soil-structure interaction) and maximum softening index (as a measure of

combined effect of stiffness degradation and plastic deformation). Although the maximum

softening index is the best indicator (among all softening indices) of global damage [28] and

correlates well with a weighted average of other combined LDI models [141], the final soft-

ening index has an advantage (over maximum softening index) of being computed directly

from the recorded structural responses during earthquakes. However, no softening index can

provide information about the distribution of the damage within the structure. So, Mørk [79]

introduced two new damage parameters considering the first two modes of vibration. Later,

Nielsen et al. [85] used these two damage parameters to get the maximum softening index.

Pandey et al. [150], Ko et al. [73] and Wang et al. [74], among many other researchers, ex-

plored modal frequency and mode shapes as a measure of global damage, whereas researchers

like Massumi and Moshtagh [75] proposed GDI models based on variations of nonlinear fun-

damental period.

Another way to get the GDI of a structure is by using any suitable weighing functions and

computing the weighted average of all LDIs across the structure. The selection of the weighing

function is usually based on a subjective assessment of the impact of heavily localized damage

on the overall serviceability of structures [28]. Most of the researchers such as Park et al. [80,

136], Chung et al. [137], Kunnath et al. [124, 138], Fajfar and Gašperšič [125], Skjærbæk et

al. [72], Tabeshpour et al. [81] used dissipated hysteresis energy at each plausible plastic hinge

location as the weighing function to put higher weights on the heavily damaged members.

Based on the same concept, Bracci et al. [66] and Skjærbæk et al. [72] used the computed

LDI values as the weighing function to find the GDI value. Bracci et al. [66] also proposed

the gravity load demand of each member as the weighing function because the damaged

columns of lower storeys have a higher chance of causing complete structural collapse than

the damaged columns of upper storeys. The same weighing function was adopted by Jeong

and Elnashai [82] to propose a new GDI formula for 3D irregular buildings based on the

planar decomposition of the structure. The proposed GDI can capture the effect of torsion

due to bidirectional ground motions on irregular structures. Xiao et al. [83] have used the

mass distribution over the tributary area for each column as the weighing function to provide

separate weights to the damaged columns based on their position in the plan (i.e., corner

columns, side columns and middle columns).
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1.2.2 Seismic damage states for RC structures

The seismic damage state (or condition) of a structure is used to evaluate its post-earthquake

status and help to decide the future use of the structure based on its existing condition. There

are many definitions of damage states available in the literature. Any damage state must

consider detailed or brief damage descriptions (preferably along with a failure mechanism)

to make its users understand the post-earthquake situations of a structure. Hill and Ros-

setto [151, 152] provided a detailed review of the acceptability of available damage states in

terms of estimating seismic loss. Now, the ability to predict structural damage is not the

only criterion of a practical SDI model unless it also reflects the corresponding damage state

or performance level [114]. Therefore, the correlations between the damage indices and the

damage in actual buildings must be established through predefined damage states or design

performance levels. To achieve this, the damage states are categorized with limiting values of

SDI models, which are usually estimated from experimental results, observational studies or

both. One group of researchers [87, 123, 130, 136, 153] related their damage indices with the

material damage process, whereas others [2, 66, 80, 83, 131] used post-earthquake restoration-

based information to define limits of their damage indices. Typical details for two types of

damage states (i.e., based on material damage process and post-earthquake restoration in-

formation) are provided in Table 1.2. Although the first type of damage states have better

physical meaning, the second type of damage states are more useful for performance-based

seismic design through their direct interpretations in performance evaluation and financial

loss assessment [2]. Further, Kunnath et al. [114] provided a correlation between visually

observed damage (during monotonic and cyclic tests conducted by the authors) with some

damage limit states (as shown in Table 1.3) to make post-earthquake structural reconnais-

sance more convenient.

Table 1.2: Details of two different types of damage states

Based on material damage process Based on post-earthquake restoration

Damage state Description Damage state Description

No/slight damage Localized minor cracking No damage Localized minor cracking

Minor damage Light cracking throughout Repairable
Extensive spalling but
inherent stiffness remains

Moderate damage
Severe cracking,

localized spalling
Irreparable

Still standing but failure
imminentSevere damage Crushing of concrete

Collapse
Total or partial building
collapse

Collapse
Total or partial building
collapse

Table 1.4 enlisted the ranges of various SDI models associated with some predetermined

damage states reported by several researchers. Several researchers [80, 136, 153] provided

different ranges of limiting values for LDI2D-PA (refer to Equation (1.2)) associated with

different damage states. Bracci et al. [66] introduced limiting values for LDI2D-BRMK (refer
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Table 1.3: Correlation of damage limit states with visual observations [114]

Sl. Damage
Description Visual observation

No. state

1 None
No visible damage, either cosmetic
or structural

No visible cracks

2 Insignificant
Damage requires cosmetic repair,
but no structural repair

Hair-line cracks, minor spalling, no
exposed reinforcement

3 Moderate

Repairable structural damage -
existing elements can be repaired
without substantial demolition/
replacement

Excessive spalling, exposed
reinforcement, no buckling of
longitudinal bars, no necking of
spirals

4 Heavy
Extensive damage - repair of
elements is not feasible or requires
major demolition/replacement

Buckling/fracture of longitudinal
bars, necking/rupture of spirals

to Equation (1.4)) based on test results on columns, model-scale of three- and six-storey

frames. Stone and Taylor [1] provided limiting values for LDI2D-ST (and LDI2D-KRL as

shown in Table 1.1) based on 82 tests conducted on circular bridge columns. Similarly,

Jiang et al. [130], Huang et al. [131] and Xiao et al. [83] proposed limiting values for other

modified Park and Ang-type 2D LDI models, LDI2D-JFLC and LDI2D-HQZ (refer to Table 1.1),

respectively, for both material damage and post-earthquake restoration-based damage states,

whereas Guo et al. [2] provided limiting values for one of the modified Park and Ang-type

3D LDI model, LDI2D-GWLZD (refer to Equation (1.20)). On the other hand, Prakash and

Belarbi [123] given different limiting values for flexural-shear-based and torsion-based damage

indices separately.

1.2.3 Sensors for Measuring Structural Responses

At present time, many new buildings [20, 154, 155] are equipped with sensors at some pre-

decided locations from the beginning of their service life, and many existing buildings [156–

159] with critical conditions and/or national importance are also getting instrumented. It

will help structural engineers to reconnaissance the global damage state and further decide

the need for repairing/strengthening the structure immediately after the event [160–162].

Accelerometers are easily implementable and widely used as sensors in strong motion in-

strumentation programs [163]. Traditional electronic accelerometers can measure three-way

acceleration (with limited resolution capacity) of a structure at the cost of a substantial

amount of energy [164]. So, such accelerometers were replaced by wireless electrical ac-

celerometers [165] to record the data remotely and economically compared to other sensors.

But, the recorded data obtained from this type of sensor is subjected to electromagnetic

interference. To tackle this problem, fiber Bragg grating-based optical accelerometers [166,

167] can be used to record the data by measuring changes in light refractivity. These sen-

sors are comparatively fragile and must be handled with proper care during their installa-

21TH-3386_156104037



1. Introduction and State-of-Art

Table 1.4: Limiting values for different SDI models and different predetermined damage
states

Sl.
Authors

Range of various SDI models for different predetermined
No. states of damages or performance levels

1 Park et al. [80]
Repairable Irreparable Collapse
[0.0, 0.40) [0.40, 1.0) ⩾ 1.0

2 Park et al. [136]
No damage

Minor
damage

Moderate
damage

Severe
damage

Collapse

[0.0, 0.10) [0.10, 0.25) [0.25, 0.40) [0.40, 1.0) ⩾ 1.0

3 Bracci et al. [66]
Serviceable Repairable Irreparable Collapse
[0.0, 0.33) [0.33, 0.66) [0.66, 1.0) ⩾ 1.0

4 Ang et al. [153]
No damage

Minor
damage

Moderate
damage

Severe
damage

Collapse

[0.0, 0.10) [0.10, 0.25) [0.25, 0.40) [0.40, 0.80) ⩾ 0.80

5
Stone and Taylor
[1]

No damage Repairable Irreparable Collapse
[0.0, 0.11) [0.11, 0.40) [0.40, 0.77) ⩾ 0.77

6(a)
Prakash and
Belarbi [123]

Flexural-shear damage index

No damage
Minor

damage
Moderate
damage

Severe
damage

Collapse

[0.0, 0.10) [0.10, 0.20) [0.20, 0.40) [0.40, 0.90) ⩾ 0.90

6(b)
Prakash and
Belarbi [123]

Torsional damage index

No damage
Minor

damage
Moderate
damage

Severe
damage

Collapse

[0.0, 0.05) [0.05, 0.10) [0.10, 0.40) [0.40, 0.80) ⩾ 0.80

7 Jiang et al. [130]
Nominal
cracking

Yielding
Ultimate
strength

Ultimate limit state

[0.0, 0.05) [0.05, 0.15) [0.15, 0.45) [0.45, 1.0)

8
Huang et al.
[131]

Basic
operation

Repairable Avoiding collapse Collapse

[0.0, 0.03) [0.03, 0.40) [0.40, 1.0) ⩾ 1.0

9 Guo et al. [2]
No damage

Can be
retrofitted

Should be replaced Collapse

[0.0, 0.08) [0.08, 0.30) [0.30, 0.68) [0.68, 1.0)

10 Xiao et al. [83]
Without
damage

Minor
damage

Repairable Irreparable
Nearly

collapsed
[0.0, 0.15) [0.15, 0.30) [0.30, 0.60) [0.60, 0.80) ⩾ 0.8

tions. Kavitha et al. [168] designed a capacitive-based (micro-electro-mechanical system or

MEMS) accelerometer for earthquake-related applications with good sensitivity and noise

performance. Another type of accelerometer, based on global positioning system [169] and

precise point positioning technique [170], with a high-frequency sampling rate, is also used for

monitoring responses due to seismic loading. The limitation of these sensors is comparatively

high cost and high energy consumption for collecting a bulk number of observations [171].

Apart from accelerometers, researchers have also developed vision-based methods with

the help of advanced high-resolution digital cameras to measure relative displacements [172–

174] or absolute displacements [175] of different points in a structure. Hutchinson and
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Kuester [176] developed an active illumination system to measure global structural displace-

ments (e.g., interstory drift, story level velocities) during any seismic activity. Matsuya

and co-workers [177, 178] developed an LED array-based lateral displacement sensor and an

optic-based relative displacement sensor to monitor both static and dynamic responses of

a building by measuring its relative story displacement in real-time. There are also some

laser sensor-based methods for direct measurements of relative displacements [179, 180] and

interstory drifts [181, 182] of a building. For further study, some detailed discussions about

the use of different types of sensors for monitoring structural responses can be found in the

literature [183–188].

1.2.4 Experiments on Cantilever Column

Different capacity parameters, such as lateral strength and lateral displacement capacity,

are essential for performance-based seismic design of new civil structures and performance

assessment of existing civil structures. Capacity estimation of the structures is also required

to evaluate the structural damage, variation of global hysteretic behaviour, stiffness and

strength degradation of columns, and energy dissipation due to seismic ground motions.

Therefore, studying the effect of unidirectional and bidirectional lateral forces on the ulti-

mate strength, ultimate displacement, and cyclic behaviour of RC structural members under

the action of the constant or varying axial load has become a very familiar research topic

that has attracted the attention of many researchers in the last few decades [86, 189–200].

A detailed review of such experiments can be found in literature [27, 201, 202]. Generally,

most experimental studies use cantilever column specimens to study the behaviour of double

curvature specimens (whose damage is dominated by flexural loading) with rigid zones on

top and bottom representing a typical building column. An estimate of the number of ex-

periments carried out on RC structural members subjected to unidirectional or bidirectional

lateral load with constant or varying axial load obtained from Rodrigues et al. [202] and

recently published works is provided in Table 1.5. One of the primary objectives of these

experiments is to develop numerical models, including material properties, for representative

column specimens. Further, it is essential to capture the behaviour beyond yielding, which

enters the large deformation regime for capacity estimation. CEB report [27] provided a

detailed report on such validation of different types of modelling.

Table 1.5: Numbers of different types of experiments on RC structural members

Nature of axial load
Types of lateral loading

Total
Unidirectional load Bidirectional load

Constant axial load 381(79.0%) 58(12.1%) 439(91.1%)

Varying axial load 26(5.4%) 17(3.5%) 43(8.9%)

Total 407(84.4%) 75(15.6%) 482(100.0%)
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1.3 Need of the Study

The most common classification of the available seismic damage indices is the local and global

damage indices based on whether it quantifies the damage at a structure’s local or global level,

respectively. Among the different types of LDIs (non-cumulative, cumulative and combined),

the combined ones are the most comprehensive as they can capture the effects of both

maximum and cyclic accumulative deformations on the structural damage for any seismic

activity. The computation of the GDI using such LDIs involves using the weighted average

method through any suitable weighing function (refer to Figure 1.1). Generally, the demand

parameters used for computing combined LDIs (and GDIs) are required at the section level

(e.g., sectional stress and strain resultants, dissipated hysteresis energy) through complex

and time-consuming nonlinear time-history analysis. Therefore, the available combined SDI

models cannot use only global responses instead of sectional ones for their applications.

Although a few existing GDIs (e.g., final softening index) can be determined using in-situ

vibration records, such modal parameter-based damage indices can provide reasonable global

damage estimates only when the damage is quite severe and distributed evenly throughout

a structure [28]. Apart from that, engineered supervision and judgement are required every

time to produce an equivalent linear system matching the nonlinear dynamic response of

the structure due to an earthquake for applying the GDIs based on modal parameters. On

the other hand, the modal parameters are mainly used for detecting damage in a structure

rather than quantifying it by a single value [74]. Nowadays, various types of sensors are

available to record the global dynamic responses for structures with satisfactory accuracy

and precision during an earthquake. Relying on such state-of-the-art structural response

measuring sensors, it is imperative to utilize the recorded data to compute a combined GDI

for any instrumented structure and bypass the requirement of numerically obtained sectional

responses through nonlinear dynamic analysis. Also, for the new GDI evaluation method to

be widely applicable, it should predict the damage state for a structure obtained from any

suitable combined damage index model. However, no such GDI evaluation methodology is

available in the literature to date.

For the computation of structural damage at the local or global level, the required in-

puts are either generated through experimental observations directly (for minimal cases) or

obtained through responses of representative finite element model, which must be calibrated

with some experimental results. Although the damage calculated from the experimental

observations represents the most realistic condition for a structure, the demanding practical

arrangements are not always possible, mainly due to financial constraints. Therefore, the

nonlinear dynamic responses of finite element models are preferred for computing damages in

almost every situation. In this case, the acceptability of the calculated damage index relies

on the authenticity of the experimental results with which the corresponding finite element

model is calibrated.
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The overall lateral behaviour of a building is governed by the combined action of lat-

eral load-deformation behaviours of individual columns, which is generally obtained through

experiments on a particular axially-loaded (with constant or varying load values) cantilever

column of half the length of the corresponding actual one based on a symmetric double-

curvature deformation profile. For most of the available experimental arrangements (as

shown in Chapter 2) used for such axially-loaded cantilever columns subjected to unidirec-

tional or bidirectional horizontal loading(s), the true cantilever behaviour is altered due to

the undesirable orientations of the actuators (especially under large deformation), and the

fixing arrangements between the actuator heads and the free end of the column during the

experiment. Many researchers [86, 194, 203] have identified these problems, which must be

taken into account, possibly through some kinematic corrections [204]. It should be noted

that for most test setups on cantilever columns, it is impossible to carry out some kine-

matic correction in an isolated manner because the possible geometric configurations are not

unique for a given pair of actuator displacements. Therefore, a constitutive model of column

specimens is mandatory to satisfy the desired uniqueness in the solution. Hence, applying

a mechanics-oriented approach involving equilibrium, deformation compatibility, and consti-

tutive laws (elasto-plastic) is obligatory to get the actual configuration and the acting forces,

including their directions, from actuator readings. This way, the obtained rectified curves

for cantilever columns should be used to calibrate the material properties associated with a

representative finite element model. Finally, the finite element models for different structures

using such calibrated material properties must be utilized to find SDI values.

1.4 Objectives and Scope of the Present Work

Based on the discussion in the previous section, the primary objectives of this dissertation

work are to address the necessity of rectifying experimental data obtained for axially loaded

cantilever columns due to quasi-static [201] (or pseudo-static) monotonic and cyclic loadings

and development of novel combined GDI evaluation method for RC buildings equipped with

global response recording sensors. The point-wise objectives and scope of this thesis are

provided below.

➊ A novel mechanics-based formulation is proposed here to get the true lateral load-

deformation behaviour for cantilever columns due to constant axial load and unidi-

rectional lateral load by identifying the effects of fixity and interactions between the

actuators and the specimen.

➋ Overestimations of lateral displacement capacity, dissipated hysteresis energy, and un-

derestimation of lateral strength for cantilever columns are observed if the experimental

data are not rectified, thus, emphasizing the importance of the proposed rectification

formulation, especially in the case of realistic structural damage characterization. Also,
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the proposed formulation can directly find the yield parameters for a column from the

rectified data by tracing the emergence of its inelastic displacement.

➌ A novel method for predicting combined GDI for instrumented RC buildings using

the recorded floor-displacement data during seismic activities along with some readily

obtainable structural capacity terms is attempted in the present research work. The

main advantage of using the novel method is its independency on the dynamic responses

usually obtained from complex and time-consuming nonlinear time-history analysis of

RC buildings.

➍ For 2D RC frames, two different combined 2D GDI formulae using the novel method

are introduced to predict the GDI obtained from dissipated hysteresis energy-based

weighted average of LDI2D-ST (refer to Table 1.1) values computed at all plausible

plastic hinge locations. The difference in those formulae is the type of required capacity

terms, i.e., displacement ductility or curvature ductility of columns.

➎ The scope of the novel damage evaluation method is also extended for 3D RC build-

ings by introducing another two combined 3D GDI formulae, which can accommo-

date the effect of structural responses considering biaxial bending and axial load due

to bidirectional ground motions. These two 3D GDI formulae can predict the GDI

computed through the biaxial dissipated hysteresis energy-based weighted average of

LDI3D-GWLZD (refer to Equation (1.20)) values.

➏ The explicit expressions for the global damage coefficients (GDCs), available in the

new GDI formulae, are provided in terms of structural properties (e.g., fundamental

period, total building height, total bay widths along orthogonal directions, number of

floors and bays) and the local type (i.e., hard soil, medium stiff soil or soft soil) for

wider applicability of the GDI formulae.

➐ The performances of the new formulae to predict the global damage states based on

post-disaster restoration of a building (i.e., no damage, repairable, irreparable and

collapse) from the estimated GDI values are also cross-checked and found satisfactory.

1.5 Organization of the Thesis

The main contributions of the present dissertation work are towards the development of

a novel mechanics-based formulation to get the true load-deformation behaviour of can-

tilever columns from experimental data and a novel combined global damage index evalua-

tion method utilizing recorded floor-displacement responses for instrumented RC buildings.

The road map of this thesis following the current first chapter, which outlines the motivation

for this study through a supporting literature review, is given below.

26TH-3386_156104037
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☞ A novel mechanics-based formulation to rectify the experimental results for axially

loaded cantilever column due to unidirectional lateral loading and generate the true

load-deformation behaviour of the column is discussed in Chapter 2. The new formula-

tion is applicable in those cases when making some special arrangements to accurately

record the column movement and actuator rotations during the tests is not possible.

☞ A novel combined GDI evaluation method utilizing the recorded floor-displacement

data is introduced in Chapter 3. Two GDI formulae based on the new method for 2D

RC frames along with explicit expressions for the global damage coefficients are also

proposed in this chapter. The performance of the new GDI formulae for predicting

well-known global damage states are also verified in the chapter.

☞ Further, the scope of the novel combined GDI evaluation method is extended for 3D

RC buildings by introducing two new 3D GDI formulae and explicit expressions for

the corresponding global damage coefficients in Chapter 4. The performance of the 3D

GDI formulae to predict the global damage states are verified in this chapter.

☞ Finally, the salient contributions of this research work are concluded and the discussion

on the plausible development of the present work are provided in Chapter 5.
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2. Rectification of Experimental Data for Cantilever

Columns
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2.1 Introduction

In this chapter, a mechanics-based formulation for refining experimental data is attempted to

reveal the true cantilever behaviours of an axially loaded column specimen due to unidirec-

tional lateral loading, and further, the onset of yielding and the yield strength are identified

for the specimen. Different quasi-static monotonic and cyclic experimental results are con-

sidered for full-scale cantilever column specimens. Finally, the implications of extracting true
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cantilever behaviour vis-à-vis the material model for the analytical prediction of experimen-

tal results are also investigated.

2.2 Details of Experiments

The experiments on axially loaded cantilever column specimens used for demonstrating the

proposed methodology were carried out in a separate research work by Yadav [199]. Some

essential information about the experiments is presented in this section.

2.2.1 Experimental Arrangement

Experimental results of different nonlinear monotonic and quassi-static cyclic tests on four

full-scale cantilever columns subjected to a unidirectional lateral load and along with different

levels of compressive axial load (as shown in Figure 2.1a) are used here. The lateral force

has been simulated by a displacement controlled MTS actuator of 250 kN capacity, whereas

the axial force has been simulated by another force controlled MTS actuator of 1000 kN

capacity. The bottom beam, with the moment carrying capacity around four times of that

of the column, is provided to achieve the fixed support condition for the cantilever column.

Moreover, the bottom beam has been rigidly clamped with the strong floor with additional

supports not to allow any degree of freedom (DOF) at the column base. The top end of

the column is allowed to move only along the direction of the horizontal actuator and any

accidental out-of-plane movement has been prevented by using a roller support mechanism

during the cyclic experiments. A rigid prefabricated connection has been provided between

the vertical actuator and the top surface of the column in order to facilitate the fixing

arrangement of the two actuator heads with the column specimen. Figures 2.1c and 2.1d

respectively show the schematic diagram of an undeformed and a deformed column specimen.

It should be noted that the system has total four hinges (at B, C, D and E) and, therefore,

it will behave as a mechanism in absence of the stiffness provided by the column. So the

system can have infinite plausible configurations for a single pair of displacement readings of

both actuators when the column stiffness is treated as unknown.

2.2.2 Details of Specimens

The geometry and reinforcement details of a typical cantilever specimen are shown in Fig-

ure 2.1b. Four tests were carried out in different combinations of loading type and compres-

sive axial stress level (refer to Table 2.1). The yield stress, ultimate stress, and elongation of

the main longitudinal bar of the column (12 mm diameter) were found to be 535 MPa, 656

MPa and 20.33%, respectively.
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Figure 2.1: (a) Typical experimental arrangement [199], (b) reinforcement detailing of a
specimen [199], (c) schematic diagram of an undeformed specimen, (d) schematic diagram
of a deformed specimen
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Table 2.1: Details of different experiments

Sl. Loading fc fck N ρa = ρd =
No. Nomenclature type (MPa) (MPa) (kN) N/(fcAc) N/(fckAc)

1 M1 Monotonic 32 25 100 0.05 0.064
2 M2 Monotonic 24 20 300 0.20 0.24
3 C1 Cyclic 32 25 100 0.05 0.064
4 C2 Cyclic 32 25 200 0.10 0.128

Source: data from Yadav [199]

Note: fc, fck = actual and characteristic (design) compressive strength of concrete cube, respectively; N = axial

compressive load; ρa, ρd = actual and design axial stress ratio, respectively; Ac: area of column cross-section.

2.3 Novel Mechanics-based Formulation for Rectifica-

tion

2.3.1 Philosophy

At the beginning of the experiment, both horizontal and vertical actuators remained along

the horizontal and vertical directions, respectively (refer to Figure 2.1c). After some amount

of lateral displacement of the column tip, both actuators did not maintain their respective

initial directions (as shown in Figure 2.1d) and both of them individually contributed to the

horizontal and vertical forces acting on the column. Providing some special arrangement in

order to record the column tip movement and actuator rotations during experiments is not

possible in many studies, like the present case, due to laboratory constraints and high cost.

Therefore, the direction of the applied forces are not known during the analysis and hence

directly the lateral displacement and base-shear cannot be extracted. So, the current study is

applicable and very important in those cases where such a special arrangement has not been

made during the experiment. The inclined positions of the actuators result in eccentric forces

with respect to the column tip and therefore an extra moment develops. This extra moment

that contributes to an additional deformation of the column tip must be removed to obtain

the horizontal displacement of the column tip under the ideal cantilever action subjected to

lateral and axial loads only. But the exact force and deformation components are functions

of the unknown tip rotation of the column, which cannot be determined directly from the

force and displacement readings of actuators. Involving the lengths of actuators (i.e., the

initial length plus the displacement reading), an implicit relation between the column tip

rotation, θ, and the lateral displacement, ∆, of the column tip can be found by considering

the displacement compatibility conditions. However, there are infinite such compatible pairs

of θ and ∆ given any lengths of actuators and hence, the true (and unique) solution is

the one that incorporates the correct resistance offered by the column specimen against the

deformation. Since the configuration depends on the loading directions of actuators and

vice-versa, an iterative technique is must, which is described succinctly in Figure 2.2.
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Figure 2.2: Basic iterative framework to find force and deformation components

The constitutive model essentially depends on the proportion of elastic and plastic be-

haviours of the specimen (which is unknown a priori), and it is quantified by a parameter, r.

The parameter r is defined as the ratio between the elastic lateral and total lateral displace-

ments. Hence, the proposed iteration procedure is nested; the inner level (i.e., Layer 1) is

to achieve the solution (i.e. the unique configuration) from an assumed r at the outer level

(i.e., Layer 2). The convergence for r is achieved when the inferred value of r from Layer 1,

based on the elastic and plastic theories of bending, matches that of the assumed one (in

Layer 2) within a specified tolerance. Thus, the rectification procedure involves a detailed

mechanics-based approach, which is presented in the following sections.
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2.3.2 Geometric Configuration and Deformation Compatibility

Locus of the cantilever column tip follows a curvilinear path in the case of monotonic or

cyclic experiments with a large amount of displacements as shown in Figure 2.3. Here, the

total tip rotation, θ and the total lateral displacement, ∆ of the column comprises elastic

and plastic portions, i.e.,

θ = θe + θp (2.1)

∆ = ∆e +∆p . (2.2)

The column tip (originally at A) would go to the location A′
p after the plastic rotation by

an amount θp about the assumed lumped plastic hinge (O′) at the mid-height of the plastic

hinge length [205]. Therefore, the length of the column, participated in the elasto-plastic

deformation is taken as

Lo = Lc − 0.5Lp (2.3)

where Lc is the length of the column, and Lp is the plastic hinge length (in m), which can

be expressed as [205]

Lp = 0.08zc + 0.022dbfy . (2.4)

Here zc (in m) is the distance from the critical section to the point of contraflexure, db (in

m) is the maximum diameter of the longitudinal reinforcement and fy (in MPa) is the yield

strength of the steel. Since Equation (2.4) is only empirical by nature, z is assumed to be Lc

in the present study for simplicity. Within elastic deformation range as well, it is assumed

that the portion of the column from the base to the point O′ will remain rigid so that the

same formulation can work for both elastic and plastic deformations. This is not a major

limitation as the elastic rotation and deformation at O′ is negligible. Now, the column tip

at A′
p, in general, further rotates elastically by an amount θe and takes the final location at

A′
e+p. The column tip lowers by an amount ∆Lc during the total deformation, which can be

expressed as

∆Lc = Lo(1− cos θp) + ∆e tan θp . (2.5)

Figure 2.4a shows the geometric configuration of deformed column along with the hor-

izontal actuator only. The force components (FH and FV ) and moment (MF ) produced at

the deformed column tip, A′
e+p due to the inclined horizontal actuator are expressed as

FH = F cosα (2.6)

FV = F sinα (2.7)

MF = F (h2 + 0.5b) sin (θ + α) (2.8)
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Figure 2.3: Schematic diagram for locus of cantilever column tip

where F is the horizontal actuator’s force reading (i.e., the force exerted by the horizontal

actuator during experiments). h2 is the length of the horizontal actuator head, b is the width

of the cantilever column stub and α is the inclination angle of the horizontal actuator with

horizontal axis (refer to Figures 2.1c and 2.1d). Further, ∆ and α, can be expressed from

Figures 2.1c, 2.1d and 2.4a as

∆ = δh cosα− Lh (1− cosα)− (h2 + 0.5b) (1− cos θ) (2.9)

∴ α = cos−1 {a1 + a2(1− cos θ)} (2.10)

with a1 =
Lh +∆

Lh + δh
and a2 =

h2 + 0.5b

Lh + δh
(2.11)

where Lh and δh are the initial length and the incremental displacement reading of horizontal

actuator, respectively, a1 and a2 (and other similar terms with different subscripts to be used

in the mechanics-based formulation) are geometric parameters with different values at each

incremental load-step during experiment. From Triangles C′GI and C′A′
e+pJ (Figure 2.4a)

one obtains

C′G = (h2 + 0.5b)− Lo(1− cos θp) + ∆e tan θp
sin θ

. (2.12)

Now α and θ can be expressed using the triangles C′GI and C′EI as

α = sin−1 {a2 sin θ − a3(1− cos θp)− a4 tan θp} (2.13)

with a3 =
Lo

Lh + δh
and a4 =

∆e

Lh + δh
. (2.14)
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2.3. Mechanics-based Formulation

By eliminating the parameter α from Equations (2.10) and (2.13), the following relation

between θ and ∆ can be obtained as

(a21 + 2a1a2 + 2a22 − 1) + a24 tan
2 θp + a23(1− cos θp)

2 − 2a2a3 sin θ(1− cos θp)

+2a3a4 tan θp(1− cos θp)− 2a2a4 sin θ tan θp − 2a2(a1 + a2) cos θ = 0 . (2.15)

Equation (2.15) serves as the deformation compatibility condition for the column specimens

for small and large levels of deformations.
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Figure 2.4: Force and moment components due to inclined positions of different actuators
[refer Figure 2.1d]: (a) horizontal actuator, and (b) vertical actuator

Figure 2.4b shows the geometric configuration of the deformed column along with the

vertical actuator only. The force components (PH and PV ) and moment (MP ) produced at

A′
e+p due to the inclined vertical actuator are expressed as

PH = P sinφ (2.16)

PV = P cosφ (2.17)

MP = P (h1 + hv) sin(θ + φ) (2.18)

where P is the vertical actuator’s force reading (i.e., the force exerted by the vertical actuator

during experiments). h1 is the length of the vertical actuator head, hv is the distance between

the column tip and the bottom of the vertical actuator, and φ is the inclination angle of the
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vertical actuator with vertical axis (refer to Figures 2.1c and 2.1d). The relation between φ

and θ can be expressed using the triangles DB′L and A′
e+pB

′K from Figure 2.4b as

φ = sin−1

{
∆+ (h1 + hv) sin θ

Lv + δv

}
(2.19)

where Lv and δv are the initial length and the incremental displacement reading of vertical

actuator, respectively. In the present study the experimentally obtained total length of the

vertical actuator, (Lv + δv), is not used directly in Equation (2.19) not only because δv is

not available for all the cases but also because the predicted (Lv + δv) can form a basis for

verification of the proposed methodology when (Lv + δv) is available from the experimental

data. The total length of the vertical actuator is predicted as

Lv + δv =
√
x2B′ + (yB′ − yD)2 (2.20)

with xB′ = ∆e + Lo sin θp + (h1 + hv) sin θ (2.21)

yB′ = −{Lc −∆Lc + (h1 + hv) cos θ} (2.22)

yD = −(Lc + h1 + hv + Lv) (2.23)

where (xB′ , yB′) and (0, yD) are the coordinates of the points B′ and D, respectively (refer

to Figure 2.4b).

2.3.3 Constitutive Laws and Equilibrium Equations

It can be seen from Figure 2.3 that a corotational formulation is adopted to inherently

account for the P-∆ effect due to the plastic deformation where the local axis is aligned

along the plastically deformed chord. To address the possible P-∆ effect for the additional

elastic deformation (with the plastically deformed chord as reference) the geometric stiffness

matrix (Kg) is added to the basic elastic stiffness matrix (Ke) of the column. Hence, the

elastic force-deformation relationship at the column tip is expressed as{
H cos θp + V sin θp

M

}
= (Ke +Kg)

{
∆′
e (= ∆e/ cos θp)

θe

}
(2.24)

with Ke =
EcIe
L3
c

[
12 −6Lc

−6Lc 4L2
c

]
(2.25)

Kg = − V cos θp −H sin θp
Lc

[
6/5 −Lc/10

−Lc/10 2L2
c/15

]
(2.26)
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2.3. Mechanics-based Formulation

H = PH + FH (2.27)

V = PV − FV (2.28)

M =MP +MF (2.29)

where H, V and M are the net horizontal force, net vertical force and net moment acting at

column tip, respectively, Ec is the elastic modulus of concrete, and Ie is the effective moment

of inertia for the column specimen. By denoting (Ke + Kg) by K the tip deformation

quantities are obtained from Equation (2.24) as{
∆e/ cos θp

θe

}
= K−1

{
H cos θp + V sin θp

M

}
. (2.30)

So, the elastic tip lateral displacement, ∆e, and elastic tip rotation, θe, can be obtained as

∆e = {K22(H cos θp + V sin θp)−K12M} cos θp/ det (K) (2.31)

θe = {−K21(H cos θp + V sin θp) +K11M} / det (K) (2.32)

where Kij is the element of K corresponding to ith row and jth column, and det (•) denotes
the determinant of a matrix. Here, the expression for Ie (as in Equation (2.25)) is obtained

as [206, 207]

Ie =

(
Mcr

MO′

)3

It +

{
1−

(
Mcr

MO′

)3
}
Icr ≤ It (2.33)

with Mcr = fcrIt/yt (2.34)

whereMcr is the cracked moment capacity of a column section, fcr is the modulus of rupture

computed as 0.7
√
fc [208], yt is the distance between the centroidal axis of the transformed

section and the extreme tension fiber of the column cross-section, and MO′ is the moment

acting at the lumped plastic hinge location of the column which can be expressed (from

Figure 2.3) as

MO′ = H(Lo cos θp −∆e tan θp) + V∆+M . (2.35)

In the case of cyclic loading the effective moment of inertia is considered separately for posi-

tive and negative bending moments. The moment inertia values for cracked and transformed

cantilever column section (i.e., Icr and It, respectively) are determined by using the well-

established theory of reinforced concrete [209] and Icr is found to be around 0.25It.

Now, the elastic portions of θ and ∆ can be related as θe = c∆e/Lc, where,

c =
{−K21(H cos θp + V sin θp) +K11M}Lc
{K22(H cos θp + V sin θp)−K12M} cos θp

. (2.36)
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Since the elastic portion of the displacement is not known from the experimental data, a

parameter r, defined as the ratio between ∆e and ∆, is assumed. Therefore, ∆e can be

written (using Equation (2.9)) as

∆e = r∆ = r {δh cosα− Lh(1− cosα)− (h2 + 0.5b)(1− cos θ)} (2.37)

∴ cosα = a5θe + a6 + a2(1− cos θ) (2.38)

with a5 =
Lc

cr(Lh + δh)
and a6 =

Lh
Lh + δh

. (2.39)

Similarly, ∆p, θp and θ can be expressed as

∆p = (1− r)∆ =
(1− r)θeLc

cr
(2.40)

θp = sin−1

(
∆p

Lo

)
= sin−1(a7θe) (2.41)

θ = θe + sin−1(a7θe) (2.42)

with a7 =
(1− r)Lc
crLo

. (2.43)

By eliminating the parameter α from Equations (2.13) and (2.38), θe can be solved from the

following equation.

2a22b4 + a23b
2
2 + a24b

2
3 + a25θ

2
e + a26 − 2a2a3b1b2 + 2a3a4b2b3

− 2a2a4b1b3 + 2a5a6θe + 2a2b4(a5θe + a6)− 1 = 0 (2.44)

with b1 = sin
{
θe + sin−1(a7θe)

}
(2.45)

b2 = 1− cos
{
sin−1(a7θe)

}
(2.46)

b3 = tan
{
sin−1(a7θe)

}
(2.47)

b4 = 1− cos
{
θe + sin−1(a7θe)

}
. (2.48)

Here, b1, b2, b3 and b4 are trigonometric parameters with different values at each incremental

load-step during experiment.

It should be mentioned that Equation (2.44) combines both constitutive laws and equi-

librium conditions for any given r and the true solution will be achieved when the choice of

r satisfies the deformation compatibility in Equation (2.15) as well. Further, for all practical

purpose the usefulness of r comes after the first time it departs from unity during which the

sections are already cracked. So, by ∆e we assume it is the recoverable displacement (while

unloading) with the elastic stiffness corresponding to Icr, which accounts for all forces acting

on the member and ∆p is essentially the residual displacement.
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2.3.4 Iterative Solution Scheme

The Newton-Raphson method is used to solve θe from Equation (2.44) in the present study.

Here, the parameters a5 and a7 are functions of c and r. At the starting of the experiment,

the column tip has not been subjected to any extra moments due to zero eccentricity of the

forces applied by the actuators. Also, the plastic deformation does not occur at that time.

Therefore, the initial value of c is obtained from Equation (2.36) by considering θp = 0,

M = 0, Ie = It and V = P , as

c0 =
6EcIt − PL2

c/10

4EcIt − 2PL2
c/15

(2.49)

which is always close to 1.5. On the other hand the initial value of r, denoted by r0, is

considered as 1.0.

For any given loading step, Equation (2.44) is used to find the value of θe (at the begin-

ning of layer 2 of Figure 2.2) by obeying the constitutive laws and equilibrium conditions.

Then the parameters θp and θ are computed using Equations (2.41) and (2.42), respectively.

Equation (2.15) is used to solve the parameters iteratively (in Layer 1 of Figure 2.2) satisfying

the compatibility condition. The use of constitutive laws, equilibrium and compatibility con-

ditions leads to a unique solution of tip rotation for a particular value of assumed r. Now the

value of r is computed from the converged values of the parameters using Equations (2.10),

(2.19), (2.31) and (2.37), and checked with the assumed one. The nested iteration continues

until the assumed r at the beginning of Layer 2 becomes the same as r obtained at the end

of Layer 1. The nested iteration process is repeated for every loading step. The converged

values of the parameters in the ith loading step are considered as the trial values for the

(i+1)th step for effective convergence. The complete flowchart for the proposed mechanics-

based formulation is shown in Figure 2.5.

There are a few special cases for which θe (or θ) cannot be solved directly from Equa-

tion (2.44). Such cases are described in what follows along with the solution strategy on a

case-by-case basis.

(a) The non-dimensional parameter c cannot be solved when K22(H cos θp + V sin θp) =

K12M according to Equation (2.36). The following equations are to be used along with

Equation (2.10) to determine the column tip rotation iteratively:

∆e = {K22(H cos θp + V sin θp)−K12M} cos θp/ det(K) = 0 ; r = 0 (2.50)

θe = {−K21(H cos θp + V sin θp) +K11M} / det(K) =M/K22 (2.51)

∆ = ∆p = (Lh + δh) cosα− Lh − (h2 + 0.5b) {1− cos(θe + θp)} (2.52)

θp = sin−1

[
(Lh + δh) cosα− Lh − (h2 + 0.5b) {1− cos(θe + θp)}

Lo

]
. (2.53)
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(−K21νi/K22 +K11Mi)Lc
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ci
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=
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Figure 2.5: Detailed flowchart to find the rectified force and deformation components (refer
to Section 2.3)

(b) The non-dimensional parameter r cannot be solved from Equation (2.37) for ∆ = 0.

The following equations are to be used along with Equations (2.31) and (2.32) to

determine the column tip iteratively:

α = cos−1[a6 + a2 {1− cos(θe + θp)}] ; ∆p = −∆e ; θp = sin−1

(
∆p

Lo

)
. (2.54)
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2.3.5 Displacement Rectification for Extra Tip Moment

The eccentricities of the forces applied by both actuators during an experiment produce an

extra moment at the column tip. The displacement resulting from this extra moment (∆′)

must be removed to obtain the rectified lateral displacement (∆r) due to the horizontal force

component only. Therefore, ∆r can be expressed as

∆r = ∆−∆′ cos θp (2.55)

∆′ = −K12M/ det (K) . (2.56)

2.3.6 Validation of the Proposed Formulation

As mentioned in the previous section, the predicted instantaneous length of the vertical

actuator can be used for the purpose of validation in case the actual length is available from

the experimental data. For the cyclic tests C1 and C2 the actuator readings are available

and hence the total lengths are known at any instant. It should be mentioned here that the

overall configuration is dependent on the instantaneous total length of the vertical actuator

and not on its incremental reading, so the total lengths are compared. The predicted values

from Equation (2.20) are compared with the measured ones over time and the maximum

error is found to be less than 0.27% for both the cases. However, this is only an indirect

validation because with the same total length of vertical actuator it is possible to have a

quite different geometric configuration (from the actual one) in case the constitutive model

for the column is grossly simplistic.

To this end an attempt is made to directly validate the proposed method on the basis

of observations of various deformation quantities. It is true that ordinary images of the

specimens usually do not reveal such deformation quantities unless they are large enough

to make them approximately measurable. Since the specimen for test M1 has undergone

maximum deformation, the values of various deformation quantities from the image (refer

to Figure 2.6) at large deformations are obtained, and these values are compared with the

predicted ones using the proposed methodology at that time instant. The values of the

angles of vertical and horizontal actuators with respect to their original positions (φ and

α, respectively), column tip rotation (θ) and horizontal tip displacement (∆) are tabulated

in Table 2.2. In addition to the deformation quantities the base shear and base moment

are computed from the actuator force readings and their observed directions by satisfying

equilibrium (i.e., the base moment inherently includes the column tip moment, M , and

the moment due to the P-∆ effect). The base shear and base moment computed from the

proposed methodology are obtained and also compared with the experimentally obtained

ones in Table 2.2. It is clear that the predicted values are reasonably acceptable, which

suggests that the various idealizations made in formulating the mechanics-based model are

practically valid.
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Figure 2.6: Different angles and lateral displacement from test setup for experiment M1

Table 2.2: Comparison of various deformation and force quantities obtained from the exper-
iment and the proposed method in the case of experiment M1

∆ Base shear Base moment
Source φ α θ (mm) (kN) (kNm)

Experiment M1 5.36◦ 2.09◦ 5.11◦ 141.30 18.98 56.25
Proposed method 4.97◦ 1.66◦ 6.45◦ 140.44 18.31 55.30

2.4 Results and Discussions

Other than the validation of the proposed algorithm, there are some subtle issues with two

physically meaningful parameters, c and r. Their variation patterns with loading steps

provide additional insights to the methodology and are hence discussed next.

2.4.1 Variation of the Parameter c

The parameter c represents the linear relation between the elastic tip rotation (θe) and the

elastic portion of the actual lateral displacement (∆e). For monotonic experiments, c will

increase monotonically (from around 1.5) and the rate of that change increases in the presence

of higher axial load at the column tip (refer to Figure 2.7) as the magnitude of the acting

moment at the column tip will be higher in this case. The sudden increase in the value of c

in the case of monotonic experiment M1 is due to a sudden drop in the lateral force capacity

of the system (refer to Figure 2.8a).

On the other hand, for cyclic experiments, c maintains a value of around 1.5 owing to

small lateral drift except at certain instants, as shown in Figure 2.9. At around any such

instant, the elastic lateral displacements due to the tip moment and due to the net lateral
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Figure 2.8: Experimental and rectified pushover curves for monotonic experiments: (a) M1,
(b) M2

force become very close and opposite to each other, which generates sudden changes in the

value of c, as per Equation (2.31).

2.4.2 Variation of the Parameter r

The parameter r is defined as the ratio between ∆e and ∆. Therefore, r = 1.0 at the start of

the experiment and gradually decreases for monotonic experiments, as shown in Figure 2.7.

For cyclic experiments without any axial force, the value of r should vary for each cycle, as

shown in Figure 2.10a, for the following reasons.

� When the direction of the force applied by the horizontal actuator is changed from

positive to negative (i.e., Points 2 and 3 in Figure 2.10a), both ∆e and r tend to zero and

∆ is equal to the plastic displacement ∆p. Also, the sign of ∆e will change from positive
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(b) C2

to negative between these two points. Therefore, theoretically, r2 → +ϵ, r3 → −ϵ,
where ϵ→ 0.

� Similarly, when the direction of the lateral force is changed from negative to positive

(i.e., Points 7 and 8 in Figure 2.10a), the sign of ∆e will also change from negative

to positive between these two points, and the sign of ∆ will be negative in this case.

Hence, r7 → +ϵ, r8 → −ϵ.

� On the other hand, when the direction of the displacement of the horizontal actuator

changes from positive to negative (i.e., Points 4 and 5 in Figure 2.10a), the value of

the parameter r will become very large. Also, ∆ will change its sign from positive

to negative and ∆e will have a negative sign between these two points. Therefore,

r4 ≪ −1, r5 ≫ +1.

� Similarly, when the direction of the displacement of the horizontal actuator changes

from negative to positive (i.e., Points 9 and 10 in Figure 2.10a), ∆ will change its sign

from negative to positive, while ∆e will have positive sign between these two points.

Therefore, r9 ≪ −1, r10 ≫ +1.

� Points 6 and 11 in the figure represent points where r is equal to unity, i.e., where the

total and recoverable lateral displacements are the same.

When some vertical load is present, H = 0 will not exactly correspond to ∆e = 0, hence

r = 0 cases will not lie exactly on the ∆-axis.

Two different cycles (first cycle and an intermediate cycle) for two different cyclic ex-

periments C1 and C2 were considered for comparison with the theoretical values described

earlier and are shown in Figures 2.10b and 2.10c. The value of r changes satisfactorily for

all the various conditions. Also, the variation of the parameter r with respect to the cy-

cles of the cyclic tests will show a sudden change between Points 4 and 5, and 9 and 10
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(of Figure 2.10a), as shown in Figure 2.9, owing to a change in the direction of the lateral

displacement. Since the sudden jump in the value of c takes place around r = 0 (near the

∆-axis), the sudden change in c is always followed by a sudden jump in r (near the H-axis),

as shown in Figure 2.9.

2.4.3 Displacement Contribution from Extra Tip Moment

Table 2.3 shows the contribution of the displacement produced by the extra tip moment

to ∆e for different tests. The contributions are shown separately when H and ∆r attain

their respective maximum values. For monotonic tests, the contribution from the extra tip

moment becomes significant during the post-yield behaviour of the cantilever column for high

axial load. For cyclic tests, ∆e reduces with the number of cycles because of cyclic strength
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degradation. But the part of the elastic displacement produced by the tip moment does not

reduce much because majority of the moment comes from the eccentricity of the axial load.

Therefore, the contribution from the tip moment increases with number of cycles, especially

in presence of high axial load.

Table 2.3: Contribution of displacement produced by the extra tip moment, ∆′, to ∆e

Test Cycle at maximum H at maximum ∆r

case stage ∆e (mm) ∆′ (mm) ∆′/∆e (%) ∆e (mm) ∆′ (mm) ∆′/∆e (%)
M1 - 19.18 1.56 8.13 17.63 6.16 34.94
M2 - 18.89 1.69 8.95 14.70 5.51 37.48
C1 First 16.77 1.49 8.88 15.90 1.64 10.31

Middle 13.24 1.50 11.33 13.24 1.50 11.33
Last 12.77 1.47 11.51 12.65 1.48 11.70

C2 First 18.28 2.98 16.30 16.98 3.18 18.73
Middle 13.10 2.93 22.37 13.07 2.98 22.80
Last 7.75 2.75 35.48 7.35 2.77 37.69

2.4.4 Rectified Pushover Curves for Monotonic Experiments

Figure 2.8 shows the experimental and rectified pushover curves for the monotonic tests.

The experimental lateral force-displacement curves correspond to F -δh curves, whereas the

rectified ones correspond to H-∆r. It is found that the lateral strength of the system is

underestimated where experimental data are used directly. Furthermore, δh has a positive

contribution of displacement produced by the additional tip moment whose effect is removed

from ∆r. Hence, the displacement capacity of the system is overestimated if rectification is

not performed. It was found that the amount of the underestimation of the lateral strength

and the overestimation of the displacement capacity increase with increases in the axial stress

ratio, as shown in Table 2.4.

Table 2.4: Comparison of lateral strengths and displacement capacities obtained from experi-

mental curves and rectified curves for different experiments

Quantity for comparison Experiment case
M1 M2 C1 C2

Fmax (kN) 37.9 31.5 35.9,−34.0 35.8,−35.4
Hmax (kN) 39.6 35.2 37.5,−35.5 39.3,−38.5
Percentage change in strength 4.5 11.7 4.5, 4.4 9.8, 8.8
δmax (mm) 144.8 58.3 29.8,−30.4 30.1,−30.1
∆rmax (mm) 134.3 52.0 28.0,−29.6 27.0,−27.8
Percentage change in displacement −7.3 −10.8 −6.0, −2.6 −10.3, −7.6

2.4.5 Rectified Pushover Curves for Cyclic Experiments

Figure 2.11 shows the experimental and rectified cyclic pushover curves for the tests. In this

case underestimation of lateral strength and overestimation of maximum lateral displace-

ment have also been observed, especially in the presence of a high axial stress ratio (refer to
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Table 2.4). The experimental curves also overestimate the amount of cumulative energy dis-

sipated during the cyclic tests. It was found that the experimental curve produced around an

8% higher value of dissipated energy when the system is subjected to a 0.10 axial stress ratio.

This discrepancy is expected to increase further with larger displacement cycles. Therefore,

the use of the proposed formulation on experimental data is necessary to calibrate numerical

models associated with RC frames or buildings and get realistic damage quantification of the

structures from their nonlinear dynamic responses by using correct values of capacity terms

(e.g., yield displacement, yield strength, ultimate displacement) and dissipated hysteresis

energy.
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Figure 2.11: Experimental and rectified cyclic pushover curves for cyclic experiments: (a) C1,

(b) C2

2.5 Practical Applications

2.5.1 Calibration of Analytical Models and Their Comparison

Two different analytical models were developed in the present research work using the

OpenSees framework [210, 211]. The general details required to develop the analytical mod-

els are given in Table 2.5. The calibration of analytical model 1 was done with F -δh curves

for different tests, whereas analytical model 2 was calibrated with H-∆r developed in the

present study. Figures 2.12 and 2.13 show a comparison of the analytical models with the

experimental results and the rectified results, respectively. The material properties used for

the analytical models are compared with the actual ones obtained directly or indirectly [212–

214], as shown in Table 2.6. In addition, the Giuffré-Menegotto-Pinto model [215, 216] in

Steel02 with the parameters R0 = 11.5, cR1 = 0.125, and cR2 = 0.15 for analytical model 1

and R0 = 20.0, cR1 = 0.925, and cR2 = 0.15 for analytical model 2 are used to capture the

cyclic strength degradation of the system. It is found that some directly obtained material

properties (which are more reliable than indirectly obtained material properties) of steel and
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concrete (fy, fu, fc) must be reduced for calibrating analytical model 1 with the experimen-

tal results, especially in the specimens with higher axial loads. On the other hand, for the

present cases the rectified curves can be predicted through analytical model 2 with good ac-

curacy using those actual material properties of concrete and steel. However, other indirectly

obtained material properties may still need to be changed due to the inherent uncertainty in

material models and other modeling issues. It should be mentioned that for either analytical

model the axial load is kept constant and is equal to the axial load at the instant of the

maximum lateral force in the corresponding experimental curve (F -δh or H-∆r).

Table 2.5: Details of analytical models for cantilever columns developed in OpenSees frame-

work [210]

Object type Object specific input
Material model for steel Steel02 [217] (uniaxialMaterial)
Material model for unconfined cover concrete Concrete07 [218] (uniaxialMaterial)
Material model for confined core concrete Concrete07 [218] (uniaxialMaterial)
SectionForceDeformation object type Fiber [219, 220]
Geometric-transformation type Corotational [221]
Element object type beamWithHinges [222]
Number of element 1
Number of sections per element 6

Table 2.6: Comparison of material properties used for calibrating analytical model 1 and ana-

lytical model 2 with the actual properties obtained directly or indirectly

Material Actual value Analytical model 1 Analytical model 2

properties M1 M2 C1 C2 M1 M2 C1 C2 M1 M2 C1 C2

Steel:

fy(MPa)a 535 535 535 535 505 400 465 450 535 535 535 535

fu(MPa)a 641 641 641 641 600 480 558 540 641 641 641 641

Es(10
3 MPa)a 216 216 216 216 216 200 216 216 216 216 216 216

Esh(10
3 MPa)a 2.14 2.14 2.14 2.14 2.14 2.14 2.14 2.14 2.14 2.14 2.14 2.14

ϵsh(10
−3)a 5.23 5.23 5.23 5.23 5.23 5.23 5.23 5.23 5.23 5.23 5.23 5.23

ϵu(10
−2)a 11.6 11.6 11.6 11.6 11.6 11.6 11.6 11.6 11.6 11.6 11.6 11.6

Concrete:

fc(MPa)a 32 24 32 32 32 20 32 25 32 24 32 32

Ec(10
3 MPa)b 27.7 24.6 27.7 27.7 27.7 21.6 27.7 25.0 27.7 24.6 27.7 27.7

fcu(MPa)b 25.7 18.7 25.7 25.7 25.7 13.8 25.7 18.0 25.7 18.7 25.7 25.7

fcc(MPa)b 35.6 28.1 35.6 35.6 35.6 24.4 35.6 27.0 35.6 28.1 35.6 35.6

ϵcu(10
−3)b 1.9 1.8 1.9 1.8 1.9 1.6 2.0 2.0 1.9 1.8 1.9 1.9

ϵcc(10
−3)b 5.5 6.2 5.5 5.5 5.5 6.5 4.6 4.6 5.5 6.2 4.6 4.6

Note: Numbers in bold font represent the directly (or experimentally) obtained values of material properties that

remain unchanged in the case of analytical model 2. fu = ultimate strength of steel; Es = initial elastic modulus of

steel; Esh = initial strain hardening modulus of steel; ϵsh = strain corresponding to initial strain hardening; ϵu =

strain corresponding to ultimate stress; fcu = unconfined concrete compressive strength; fcc = confined concrete

compressive strength; ϵcu = unconfined concrete strain at fcu; ϵcc = confined concrete strain at fcc.

a Directly obtained material properties, b Indirectly obtained material properties.
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2.6. Conclusions

2.5.2 Yield Parameters from Rectified Monotonic Pushover Curves

On the basis of the rectified pushover curve, the yield displacement and the yield strength can

be estimated from r when it first reduces from unity, as shown in Figure 2.14. The elastic

and plastic portions of ∆r are also shown with respect to the duration of the experiment

along with the rectified lateral force, H. The yield parameters are comparable with those

obtained from a widely accepted empirical method [223], where the yield forces and yield

displacements for M1 and M2 are determined to be 33.20, 30.93 kN and 15.03, 17.28 mm,

respectively. The estimated values from the proposed method also show the expected trend

of increasing yield strength (when normalized by fc) with increasing axial load ratio [224].

The proposed estimate is free of any empirical/heuristic approach usually employed in finding

the yield parameters of RC members.
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Figure 2.14: Estimation of yield parameters for different monotonic experiments from rectified

pushover curves: (a) M1, (b) M2

2.6 Conclusions

Monotonic and cyclic tests on RC cantilever columns are usually carried out under unidirec-

tional lateral loading and axial loading with different axial stress ratios. In most experimental

setup the true cantilever behaviour is altered due to the fixing arrangement of the actuator

heads with the specimen. Moreover, some interaction between the servo-controlled actuators

through the specimen results in incorrect interpretation of lateral load behaviour of columns

under combined axial and unidirectional lateral loading leading to further inaccuracies in

capacity estimation. In the present study, a new mechanics-based approach is introduced

to rectify the recorded behaviour of axially loaded RC columns subjected to unidirectional

lateral loading by reckoning the effects of fixity and interactions between inclined horizontal

and vertical actuators. Validation of the proposed methodology using a past experimental

study [199] indicates that the rectified experimental recordings represent the true cantilever
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2. Rectification of Experimental Data

nature of the tested column specimens. Following major conclusions can be drawn from the

study.

� Using the proposed methodology it is possible to find out the elastic and plastic de-

formation separately at the member level from the experimental data. So, the yield

displacement and yield strength can be estimated from the onset of plastic deformation.

Thus, the proposed method can address the difficulties to find the location of the yield

point and the yield strength due to the inherent nonlinearity of the RC section.

� An overall underestimation of the lateral strength, overestimation of the lateral dis-

placement capacity, and overestimation of dissipated hysteresis energy of cantilever

columns during various monotonic and cyclic tests are observed if the experimental

data are not rectified. Further, the discrepancy of the lateral strength, displacement

capacity and dissipated energy increases rapidly with higher axial stress ratio. This

affects the nonlinear plastic behaviour (and the seismic damage estimation) of any col-

umn, designed using ductility-based design methods.

� The proposed method is independent of the incremental displacement readings of the

vertical actuator that works on the force-based mechanism. The proposed method

requires only the force readings of the vertical actuator and both displacement and force

readings of the horizontal actuator to work, without compromising any computational

effort.

� It is observed that the analytical models used for predicting the lateral load behaviour

of cantilever columns can be calibrated with the rectified experimental data without

changing the experimentally obtained strength related material properties. However,

because of uncertainties in various material and element models some others indirect

(derived) material properties have needed to be changed for the purpose of calibration.

In the current study several simplifications are made in the constitutive model in order to

find various closed form relationships among unknown variables. A more accurate mechanics-

based model (e.g., by considering bond-slip and distributed plasticity) can lead to more

refined estimate for the true cantilever behaviour. The results of the present study may

prove to be very useful in predicting the true response of RC columns in those cases when

it is not possible to make some special arrangements to accurately measure the column tip

movement and actuator rotations throughout the experiments.
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3. Combined GDI formulae using recorded

floor-displacement data for 2D RC frames
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3.4.3 Correlation between Proposed 2D GDIs and Damage Conditions . . . . . 74
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3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

3.1 Introduction

In this chapter, a novel methodology has been proposed to predict the dissipated hysteresis

energy-based weighted average [80] of modified Park and Ang-type 2D local damage model,

LDI2D-ST (refer to Table 1.1), at global level (denoted by GDI2D-ST hereafter) using the

floor-displacement measurements of an instrumented building (during an earthquake) as

demand parameters instead of using the responses at section levels of the building obtained

by nonlinear time-history analysis. A Park and Ang-type damage model, as mentioned, is

chosen here because it is widely used for damage computation of RC structures [17, 25].

In this way, the complex and computationally demanding nonlinear time-history analysis of

a building can be completely avoided in the estimation of GDI2D-ST values. The capacity

parameters for a structure or its members can be obtained using either a representative finite

element model or the corresponding section properties, depending on the capacity parameter.
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3. Combined GDIs for 2D Frames

A finite element model is mandatory for estimating the global response-related capacity terms

of a frame (e.g., ultimate displacement, displacement ductility) with the help of nonlinear

static analysis or pushover analysis, whereas section properties (such as section dimensions,

reinforcement arrangement, material properties) are sufficient to get the sectional response-

related capacity terms for individual members (e.g., ultimate curvature, curvature ductility).

The proposed method can be used to predict GDI2D-ST values for the buildings equipped

with acceleration measuring sensors after transforming the recorded responses into displace-

ment values following the double integration approach in time domain [225] or frequency

domain [226], whereas for the buildings equipped with displacement sensors the recorded

responses can be used directly. Two different combined GDI formulae using the new method-

ology are proposed here for estimation of GDI2D-ST of 2D RC building frames. The difference

in those formulae is the type of capacity parameters required in the evaluation of GDIs, i.e.,

global displacement ductility or curvature ductility of columns. Multilinear regression analy-

ses and standard statistical tests are carried out to find explicit expressions (considering the

variability of frames and ground motions) for the regression coefficients or the GDCs avail-

able in the GDI formulae and check the legitimacy of the physics-based non-cumulative and

cumulative terms used in the formulae. Therefore, the GDIs estimated using the formulae

map, through their regressed coefficients, the GDI2D-ST values. Although the application

of the proposed method does not require nonlinear time-history analysis, the output of the

latter is used in the present study for computation of GDI2D-ST [80] through the LDIs [1]

at different plastic hinge locations. Nonlinear time-history analysis is also used to synthe-

size the floor-displacement responses because it is not possible to have a set of recorded

floor-displacement data for systematically varying ground motion intensities for any given

structure [227], which is very much necessary for training and validation purposes for any

proposed regression model. For the practical usefulness of the proposed method in the field

of structural engineering, the performances (in terms of accuracy, precision and recall mea-

sures) of the 2D GDI formulae to predict the post-disaster restoration-based global damage

condition (i.e., no damage, repairable, irreparable and collapse) of a building from the es-

timated GDI values are compared with the damage conditions obtained using the limiting

values [1] of modified Park and Ang damage model.

3.2 Details of Two-dimensional Reinforced Concrete

Frames and Unidirectional Ground Motions

The nonlinear dynamic response obtained using various combinations of different types of

2D RC building frames and different spectrum-compatible unidirectional ground motions

(DSCUGMs) are used in the present study for the training and validation purposes of the

GDI evaluation method. The following sections briefly discuss the necessary details of the
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3.2. Frames and unidirectional ground motions

considered 2D frames and the unidirectional ground motions.

3.2.1 Details of 2D RC Frames

Ten different 2D RC frames with two or five numbers of storeys are considered in this

study. Those frames will be referred as sample frames in this thesis. Schematic details

of a representative 2D frame with Ns number of storeys and Nb number of bays are shown

in Figure 3.1. So, the frame has total (Ns + 1) number of floors and the nth floor is termed

as Floor n, e.g., the ground floor (GF) and the roof are termed as Floor 0 and Floor Ns,

respectively. Similarly, the bays of the frame are represented by Bay m with m ranging from

1 to Nb as shown in the figure. Height of each story and length of each bay are denoted by h

and l, respectively. The displacement DOF associated with the nth floor (n ⩾ 1) is denoted

by un(t). Table 3.1 shows the geometrical details of the ten sample frames considered for

the present study. The provisions of IS 456: 2000 [208] and IS 13920: 2016 [228] are used to

design the beams and the columns of the frames with external loading as per IS 875 (Part

1 and 2): 2008 [229, 230] and IS 1893 (Part 1): 2016 [3]. M25 grade concrete (with fck as

25 MPa and Ec as 25000 MPa) and Fe500 grade steel (with fy as 500 MPa and Es as 200 GPa)

are used as material properties. The nomenclatures representing different sections of beams

and columns (floor-wise) for all sample frames and the corresponding cross-sectional details

are given in Table 3.1 and Figure 3.2, respectively.

Table 3.1: Details of different sample frames used for training or validation purpose

S
l.
N
o.

Frame Ns Nb Floor

Nomenclature of

Used forh l sections

(m) (m) Beam Column

1 2F2B 2 2 3.0 4.0 1, 2 B1 C1 Training

2 2F3B 2 3 3.5 5.0 1, 2 B2 C2 Training

3 2F4B 2 4 3.0 4.0 1, 2 B1 C1 Training

4 2F5B 2 5 3.2 4.5 1, 2 B2 C3 Validation

5 2F6B 2 6 3.0 4.0 1, 2 B1 C1 Training

6 5F1B 5 1 3.0 4.0 1, 2 B3 C4 Training

3, 4 B3 C5

5 B3 C6

7 5F2B 5 2 3.2 5.0 1, 2, 3 B4 C7 Validation

4, 5 B4 C8

8 5F3B 5 3 3.0 4.0 1, 2 B3 C4 Training

3, 4 B3 C5

5 B3 C6

9 5F4B 5 4 3.5 4.5 1, 2, 3 B5 C9 Training

4, 5 B5 C10

10 5F5B 5 5 3.0 4.0 1, 2 B3 C4 Training

3, 4 B3 C5

5 B3 C6
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Figure 3.1: The schematic details of a generic 2D frame considered in the study

In this study, total ten numbers of finite element models corresponding to the sample

frames are developed, among which the responses of eight finite element models are arbitrarily

selected for the training purposes of the new method for GDI evaluation, and response of the

other two finite element models are selected for the validation purpose (refer to Table 3.1).

Further, the sample frames used for training and validation purposes will be termed training

frames and validation frames, respectively, in the present study. The finite element models

are developed using OpenSees framework [210] with the help of general details as shown in

Table 3.2. The Giuffré-Menegotto-Pinto model [215, 216] in Steel02 [217] with the values of

fy as 500MPa, Es as 200GPa and the strain hardening ratio as 0.05 is used to develop the finite

element models. The values for the parameters controlling the stress-strain transition during

elastic to plastic behaviour (i.e., R0, cR1 and cR2) associated with the analytical model 2

(calibrated with rectified experimental data as discussed in Subsection 2.5.1) are used in the

finite element models. This will facilitate realistic damage characterization of the numerical
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3. Combined GDIs for 2D Frames

models. The Chang-Mander stress-strain relationship [213, 214] in Concrete07 [218] with

fc = 25 MPa is used to reproduce the behaviour of unconfined (cover) concrete and confined

(core) concrete for the finite element models. The beamWithHinges [222] is used to model

each beam and column to capture the material nonlinearity where the flexural plastic hinges

will numerically form at a distance of one-half of the plastic hinge length (computed using

Equation (2.4)) from either end of a flexural member.

Table 3.2: Details of finite element models for 2D RC frames developed in OpenSees frame-

work [210]

Sl. No. Object type Object-specific input

1 Material model for reinforcement Steel02 [217]

2 Material model for unconfined cover concrete Concrete07 [218]

3 Material model for confined core concrete Concrete07 [218]

4 Geometric-transformation type for columns PDelta [231]

5 Geometric-transformation type for beams Linear [232]

6 SectionForceDeformation object type Fiber [219, 220]

7 Element object type beamWithHinges [222]

3.2.2 Details of Unidirectional Ground Motions

12 different unidirectional ground motions with different values of their strong motion du-

ration as per Trifunac and Brady [233] are considered in the present study. The ground

motions are taken from the PEER database [234], and some of their basic details are given

in Table 3.3. Further, these motions are made compatible with design spectra [235] specified

in IS 1893 (Part 1): 2016 [3] for three different types of soil conditions (hard soil, medium

stiff soil and soft soil) to get structural responses from nonlinear time-history analysis due to

design unidirectional ground motions. Hence, a total of 36 DSCUGMs are produced from 12

original ground motions. The comparisons of the design spectra [3] with the pseudo spectral

accelerations or PSAs (for 5% damping) of the DSCUGMs for different types of soil condi-

tions are shown in Figure 3.3. There are many ground motion selection methods available in

literature based on scenario-specific information (e.g., earthquake magnitude, source-to-site

distance, soil profile) or process-specific information (e.g., spectral properties or intensity

measures of GM) to obtain DSCUGMs [236]. Those methods are mainly used for the pur-

pose of designing structures by finding the mean (or the median or the maximum) response

of a structure for a set of DSCUGMs selected such that the discrepancies in the nonlin-

ear dynamic responses due to the DSCUGMs are reasonably low. However, such methods

are not implemented here to select the considered ground motions (as shown in Table 3.3)

before making them response spectra-compatible. This way, the performance of the new

method for the evaluation of GDI can be examined due to the variability in the nonlinear

dynamic responses of the sample frames due to arbitrarily selected ground motions. Among
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3. Combined GDIs for 2D Frames

all DSCUGMs, 30 DSCUGMs are selected randomly for the training purpose of the GDI

evaluation method, and the remaining six DSCUGMs are selected for the validation purpose

as shown in Table 3.3. Further, the DSCUGMs used for training and validation purposes will

be called training DSCUGMs and validation DSCUGMs, respectively, in the present work.

3.3 New Method for Evaluation of 2D GDI

A new methodology utilizing the measured floor-displacement response of an instrumented

building during any seismic activity as demand parameters is proposed in the present study

to estimate the GDI2D-ST values. The main advancement in the new methodology is the

use of floor-displacement measurements directly instead of conventionally used numerically

computed section-level responses (e.g., sectional stress and strain resultants) due to seismic

loading, which requires nonlinear time-history analyses of finite element models. Based

on the new methodology, two different non-decreasing and non-dimensional combined GDI

formulae are attempted in the following subsections. Among the two GDI formulae, one uses

displacement ductility (global-level information) of an RC frame, whereas the other one uses

curvature ductility (section-level information) of all columns present in the frame as capacity

parameters. Also, according to the standard seismic design methodology, a structure is

designed in such a manner that its ductility capacity is more than the ductility demand

corresponding to a DSCUGM. Consequently, the structural deformability can be assumed

to be strongly correlated with the product of ductility capacity and spectral displacement

associated with the fundamental period of the structure.

3.3.1 2D GDI based on Displacement Ductility of Columns

A finite element model for a 2D RC frame is required to get the capacity terms used in the

displacement ductility-based combined global damage index (GDI2D-1) for the frame. The

formula to find GDI2D-1 value from the global responses of the frame has been introduced as

GDI2D-1 = λ2D-1
⟨max |uNs(t)| − uy⟩

uu − uy
+ ψ2D-1

Ns∑
n=1



Td/∆t∑
s=1

{(un(s∆t)− un−1(s∆t))−

(un((s− 1)∆t)− un−1((s− 1)∆t))}2

(µ̄dn · Sd)2


(3.1)

with ⟨max|uNs(t)| − uy⟩ =

max|uNs(t)| − uy, if max|uNs(t)| > uy

0, otherwise
(3.2)
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3.3. New Method for Evaluation of 2D GDI

µ̄dn =

Cframe∑
d=1

(
F

(d)
n · µ(d)dn

)
Cframe∑
d=1

(
F

(d)
n

) (3.3)

where λ2D-1 and ψ2D-1 are the GDCs for GDI2D-1, uNs(t) is the measured roof displacement

time-history of a frame, uu is the ultimate displacement value of the frame, uy is the yield

displacement value of the frame, Td is the total duration of displacement time-history record,

∆t is the small-time interval for the recorded response, s is the index to represent incremental

time-steps, un(s∆t) is the displacement value for Floor n of the frame (refer to Figure 3.1)

measured at time s∆t, µ̄dn is the weighted average (based on the axial load demand of columns

due to gravity loads) of displacement ductility values for all columns situated between Floor

n and Floor (n − 1), F (d)
n and µ

(d)
dn

are the axial load demand due to gravity loads and the

displacement ductility value, respectively, for the dth column between Floor n and Floor

(n − 1), Cframe(= Nb + 1) is the total number of columns present at each floor of the frame,

and Sd is the spectral displacement value (obtained using the design response spectrum [3])

corresponding to the fundamental period (Tp) of the frame.

The first term of Equation (3.1) accounts for the consumption of structural deformability,

whereas the second term accounts for the consumption of energy dissipation capacity. The

non-cumulative part of GDI2D-1 (or Equation (3.1)) is chosen to produce non-zero damage

only when the building response exceeds its elastic range, similar to the modified Park and

Ang damage index [1]. The global force-displacement relationships (or pushover curves)

obtained from the nonlinear static analyses of the finite element models due to the static

lateral load profile, as recommended in IS 1893 (Part 1): 2016 [3], are used to find uu and

uy values (as shown in Table 3.4) here. The pushover curves (with the lateral displacement

normalized by total height) for the considered sample frames are shown in Figure 3.4. The

yield displacement of the equivalent and global elasto-plastic system with reduced stiffness

corresponding to 75% of the ultimate lateral strength of the building [223], and the ultimate

displacement corresponding to the 30% strength reduction after the occurrence of the ulti-

mate lateral strength [237] are considered as uy and uu, respectively. The value of µ(d)dn is

obtained from the force-displacement relationship for the corresponding column under the

action of F (d)
n . For this purpose, nonlinear static analysis of a 2D line element with three

DOFs (i.e., axial, transverse and rotational) at two end nodes and nonlinear material prop-

erties is sufficient to get the required response of a column. The yield displacement value for

a column is obtained when either the strain of the longitudinal reinforcement (at the section

near the plastic hinge location) reaches its yield limit or the confined concrete strain (at the

extreme compression fiber of the section near the plastic hinge location) reaches its elastic

strain limit [238]. Similarly, the ultimate displacement value is obtained when either the

longitudinal reinforcement strain or the confined concrete strain reaches the corresponding

ultimate limit first [238]. For column sections with multiple reinforcement layers at a face, the
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3. Combined GDIs for 2D Frames

strain at the center of gravity of the reinforcement layers will be considered for determining

the corresponding displacement capacity parameters. Also, the rectified force-displacement

responses (after removing the effects due to experimental arrangements as discussed in Sec-

tion 2.3) obtained from a monotonic pushover test of a cantilever column of half the length

of the actual one to match a symmetric double-curvature deformation profile with correct

axial load and unidirectional lateral load can be used to determine the displacement capacity

parameters. For estimating floor-wise displacement ductility (µ̄dn), the axial load demand

of each column due to gravity loads is chosen as the weighing function to provide greater

importance to the damage of a member, which will affect the global structural failure most.

Tp values for the sample frames are calculated using eigenvalue analyses of the corresponding

finite element models developed in the present study and provided (along with other neces-

sary parameters for estimating GDI2D-1) in Table 3.4.

Table 3.4: Different global and sectional parameter values of sample frames required for GDI2D-1

Sl.
Frame

µ̄dn Tp uy uu
No. n = 1 n = 2 n = 3 n = 4 n = 5 (s) (mm) (mm)

1 2F2B 6.076 6.981 × × × 0.655 86.31 700

2 2F3B 5.381 6.432 × × × 0.778 116.38 560

3 2F4B 5.841 6.699 × × × 0.667 88.38 480

4 2F5B 5.378 6.450 × × × 0.643 93.22 410

5 2F6B 5.838 6.711 × × × 0.672 82.35 290

6 5F1B 4.500 4.583 4.750 5.364 5.818 1.252 210.17 915

7 5F2B 4.075 4.149 4.393 5.054 5.378 1.400 234.57 1530

8 5F3B 4.195 4.274 4.648 4.987 5.762 1.230 197.83 975

9 5F4B 3.924 4.013 4.328 4.721 5.253 1.414 240.84 1340

10 5F5B 4.121 4.199 4.623 4.897 5.748 1.226 194.40 950

2F2B
2F3B
2F4B
2F5B
2F6B

5F1B
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Figure 3.4: Pushover curves for different example 2D RC frames
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3.3. New Method for Evaluation of 2D GDI

3.3.2 2D GDI based on Curvature Ductility of Columns

The estimation of the curvature ductility-based combined global damage index (GDI2D-2)

value for a 2D building frame does not require any finite element model. The formula to get

GDI2D-2 value from the global responses of a frame has been introduced as

GDI2D-2 = λ2D-2
max|uNs(t)|
µ̄ϕ · S′

d

+ ψ2D-2

Ns∑
n=1



Td/∆t∑
s=1

{(un(s∆t)− un−1(s∆t))−

(un((s− 1)∆t)− un−1((s− 1)∆t))}2(
µ̄ϕn · S′

d

)2

+ γ2D-2

(3.4)

with µ̄ϕn =

Cframe∑
d=1

(
F

(d)
n · µ(d)ϕn

)
Cframe∑
d=1

F
(d)
n

and µ̄ϕ =

Ns∑
n=1

[(
Cframe∑
d=1

F
(d)
n

)
· µ̄ϕn

]
Ns∑
n=1

(
Cframe∑
d=1

F
(d)
n

) (3.5)

where λ2D-2, ψ2D-2 and γ2D-2 are the GDCs for GDI2D-2, µ̄ϕ is the weighted average of

curvature ductility values for all columns of a frame, S′
d is the spectral displacement value [3]

corresponding to the fundamental period (T ′
p) of the frame, µ̄ϕn and µ

(d)
ϕn

are the weighted

average of the curvature ductility values for all columns and the curvature ductility value for

the dth column, respectively, between Floor n and Floor (n−1). Here, the axial load demand

of each column due to gravity is used as the weighing function to estimate the values of µ̄ϕ

and µ̄ϕn similarly as in the case of µ̄dn .

The first part of Equation (3.4) will produce some damage to the building while the floor-

displacement responses are within the elastic range as the recoverable displacement portion

is not removed from both the denominator and the numerator of that part. Therefore,

another coefficient γ2D-2 is included in GDI2D-2 to make it consistent with the modified

Park and Ang damage index [1]. For computing µ
(d)
ϕn

value of each column section from

their moment-curvature relationship, the yield and the ultimate curvatures are obtained

following the same material strain-based rules [238] (as described in Subsection 3.3.1) used

to get similar displacement capacity parameters for individual column members. Moment-

curvature relationship for a column section (with the corresponding axial load demand due

to gravity loads) can be generated using the section geometry and the nonlinear material

properties [238]. Unlike the displacement ductility-based 2D GDI, T ′
p values are estimated

from the eigen analysis of the sample frames, assuming them as shear buildings with masses

lumped at each floor [239] for GDI2D-2 (refer to Appendix A). The values of µ̄ϕ, µ̄ϕn and T ′
p

for the sample frames are given in Table 3.5.
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3. Combined GDIs for 2D Frames

Table 3.5: Different global and sectional parameter values of sample frames required for GDI2D-2

Sl.
Frame

µ̄ϕn µ̄ϕ T ′
p (s)No. n = 1 n = 2 n = 3 n = 4 n = 5

1 2F2B 10.364 14.422 × × × 11.539 0.432

2 2F3B 10.422 14.344 × × × 11.561 0.472

3 2F4B 9.314 13.368 × × × 10.497 0.462

4 2F5B 10.873 14.710 × × × 11.993 0.403

5 2F6B 9.046 13.216 × × × 10.266 0.474

6 5F1B 6.147 6.708 9.000 10.310 12.611 7.716 0.522

7 5F2B 5.315 5.982 6.853 9.592 11.463 6.661 0.629

8 5F3B 5.463 6.060 7.889 9.505 12.196 6.968 0.593

9 5F4B 5.292 5.930 6.803 9.493 11.238 6.601 0.657

10 5F5B 5.298 5.904 7.622 9.313 12.100 6.788 0.614

3.3.3 Estimation of Required Global Damage Coefficients

The structural responses of the eight finite element models (developed for training frames

as per Table 3.1) due to 30 training DSCUGMs (refer to Table 3.3) are obtained by carry-

ing out nonlinear time-history analyses using OpenSees [210]. The section-level responses

of those models are then used to calculate the LDI value for each plastic hinge according

to the modified Park and Ang 2D damage index formula, LDI2D-ST [1, 124], as shown in

Table 1.1. The value for the parameter βKRL (representing the energy-based strength degra-

dation of the material in the case of cyclic loading) is taken as 0.15 in the present study

for structural members designed against seismic loading and accordingly provided with re-

inforcements for achieving ductile behaviour (refer to the discussions about βPA and βKRL

in Subsection 1.2.1.1). The global damage index (GDI2D-ST) value for a frame is calculated

from the computed LDI values for all plastic hinges present in the frame using the dissipated

hysteresis energy as the weighing factor [80] as.

GDI2D-ST =

Ph∑
p=1

(
LDI2D-STp · E2D-hp

)
Ph∑
p=1

(
E2D-hp

) (3.6)

where Ph is the total number of plastic hinges present in the frame, LDI2D-STp is the LDI

value for the pth plastic hinge and E2D-hp is its total dissipated hysteresis energy due to

uniaxial bending.

In the present study, each finite element model is analysed at least 20 times for a particular

DSCUGM with different scale factors so that the GDI2D-ST values for the frame due to the

factored DSCUGMs are distributed between 0 (i.e., no damage) and 1 (i.e., damage signifying

collapse [124]) at intervals of around 0.05. In this way, the complete range of the GDI2D-ST

values (to represent the light damage, the moderate damage, the strong damage and the
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collapse state) for a frame due to a particular DSCUGM can be encapsulated. Therefore,

each frame is analysed at least 200 times (for 10 training DSCUGMs per soil type) in the

case of a particular soil type. The responses from those nonlinear time-history analyses are

used to obtain the GDCs or regression coefficients (refer to Equations (3.1) and (3.4)) in the

univariate multiple linear regression method (by minimizing the corresponding least squares

function) individually for each pair of a frame and a soil type. For the regression analyses,

the GDI2D-ST values are considered as the dependent (or response) variable, whereas the

displacement-based (non-cumulative) part and the equivalent energy-based (cumulative) part

present in the GDI formulae (i.e., GDI2D-1 and GDI2D-2) are considered as the independent

(or predictor) variables.

The regressed GDCs apply to the individual pairs of training frame and soil type only,

and hence, for wider applicability, there is a requirement to come up with more explicit

expressions for the GDCs for any combination of a 2D frame and a soil type. To achieve

this target, another set of regression analyses have been performed on the values of GDCs

(obtained from 24 individual regression analyses for all combinations of eight training frames

and three different soil types) with global properties of a frame, e.g., fundamental periods,

total height, the ratio of the number of bays to that of floors, and the soil types as the

independent variables.

3.4 Results and Discussions

3.4.1 Statistical Analyses for 2D GDIs

Results of the regression analyses for evaluating the GDCs, along with some other supporting

results, are discussed here. For this purpose, three different indices, namely i, j and k, are

used here for efficient representation of various results in the cases of GDI formulae and

different combinations of training frame and soil type. The index i takes values equal to 1 and

2, and is used to represent the two GDI formulae (i.e., GDI2D-1 and GDI2D-2), respectively.

The index j ranges from 1 to 3, and represents the hard soil, the medium stiff soil and the soft

soil, respectively. The index k ranges from 1 to 8, and represents different training frames

as shown in Tables 3.6 and 3.7. The values of the GDCs, λ(j,k)2D-i and ψ
(j,k)
2D-i, associated with

the ith 2D GDI formula and corresponding to the combination of the jth soil type and the

kth frame are estimated for the complete ranges of i, j and k using regression analyses (as

discussed in Section 3.3), whereas γ(j,k)2D-i values are estimated for i = 2 (i.e., for GDI2D-2)

and complete ranges of j and k. The estimated values of those coefficients are provided in

Tables 3.6 and 3.7. The values of the coefficients γ(j,k)2D-2 are found negative for all training

cases as they offset the non-zero damage caused by the peak elastic response of any frame.

Since the proposed combined GDI evaluation method is the first of its kind, carrying out

some statistical tests of hypotheses about the regression model parameters are obligatory for
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3. Combined GDIs for 2D Frames

checking the existence of a linear relationship between the selected dependent variable (i.e.,

GDI2D-ST) and the considered independent variables (i.e., non-cumulative and cumulative

terms in GDI2D-1 and GDI2D-2) in the present study. Therefore, the F -test for significance

of regression is used to examine the importance of the independent variables considered for

the ith 2D GDI formula in the case of the jth soil type and the kth frame by assuming

suitable null hypotheses (H0) and alternative hypotheses (Ha) for ANOVA test as

H
(i,j,k)
0,2D : λ

(j,k)
2D-i = ψ

(j,k)
2D-i = 0 ∀ i, j and k (3.7)

H
(i,j,k)
a,2D : at least one between λ

(j,k)
2D-i and ψ

(j,k)
2D-i ̸= 0 ∀ i, j and k . (3.8)

Now, H(i,j,k)
0,2D can be rejected if the value of the F -test statistic, f (i,j,k)0,2D , is found to be greater

than the value of the percentage point of the F distribution at the αs level of significance,

f
αs,w,q

(j,k)
2D −vi

[240]. Here, w is the number of independent variables for the GDI formulae (i.e.,

w = 2), q(j,k)2D is the total number of data points in the regression dataset in the case of jth

soil type and kth frame (refer to Tables 3.6 and 3.7), vi is the number of GDCs for the ith

2D GDI formula (i.e., vi = 2 for i = 1 and vi = 3 for i = 2). f (i,j,k)0,2D is computed as

f
(i,j,k)
0,2D =

(
q
(j,k)
2D − vi

) q(j,k)2D∑
g=1

(
GDI

(j,k,g)
2D-i −GDI

(j,k)
2D-ST

)2
w
q
(j,k)
2D∑
g=1

(
GDI

(j,k,g)
2D-ST −GDI

(j,k,g)
2D-i

)2 (3.9)

where GDI(j,k,g)2D-i is the gth estimated value for the ith GDI formula, GDI(j,k,g)2D-ST is the gth

GDI2D-ST value used in the regression analysis, and GDI
(j,k)
2D-ST is the mean of all GDI2D-ST

values in the case of the jth soil type and the kth frame. The GDI(j,k,g)2D-i value is estimated

using the corresponding independent variables and the GDCs for the ith GDI. The values

of the F -test statistic of Equation (3.9) for complete ranges of i, j and k are calculated

as shown in Tables 3.6 and 3.7. On the other hand, considering 5% level of significance

(i.e., αs = 0.05), the maximum value of the parameter f
αs,w,q

(j,k)
2D −vi

is equal to 3.04 for all

training cases. Therefore, the null hypotheses of Equation (3.7) can be rejected, and it

can be concluded that the dependent variable has a linear relationship with either or both

of the considered independent variables in the cases of the GDI formulae and all possible

combinations of the soil types and the training frames.

Student’s t-test is carried out to examine the hypotheses on the individual independent

variables and the partial contribution of an independent variable given the other independent

variable is present in a GDI formula for all possible combinations of soil types and training

frames. In this case, the suitable null and alternative hypotheses for the ANOVA test are
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3.4. Results and Discussions

assumed as

H
(j,k)
0,λ2D-i

: λ
(j,k)
2D-i = 0 ∀ i, j and k (3.10)

H
(j,k)
a,λ2D-i

: λ
(j,k)
2D-i ̸= 0 ∀ i, j and k (3.11)

H
(j,k)
0,ψ2D-i

: ψ
(j,k)
2D-i = 0 ∀ i, j and k (3.12)

H
(j,k)
a,ψ2D-i

: ψ
(j,k)
2D-i ̸= 0 ∀ i, j and k . (3.13)

Here, H(j,k)
0,λ2D-i

can be rejected if the absolute value of t-test statistic,
∣∣∣t(j,k)0,λ2D-i

∣∣∣, is greater

than the value of the percentage point of the Student’s t distribution at the αs/2 level of

significance, t
αs/2,q

(j,k)
2D −vi

[240]. Same conclusion can be achieved for the hypothesis H(j,k)
0,ψ2D-i

satisfying similar condition, i.e.,
∣∣∣t(j,k)0,ψ2D-i

∣∣∣ > t
αs/2,q

(j,k)
2D −vi

. The non-rejection of any null hy-

pothesis of Equations (3.10) and (3.12) indicates confiscation of the associated independent

variable from the corresponding GDI formula. The t-test statistics can be computed as

t
(j,k)
0,λ2D-i

= λ
(j,k)
2D-i

/
SE
(
λ
(j,k)
2D-i

)
(3.14)

t
(j,k)
0,ψ2D-i

= ψ
(j,k)
2D-i

/
SE
(
ψ
(j,k)
2D-i

)
(3.15)

with

SE
(
λ
(j,k)
2D-i

)
=

√√√√√√

∑q

(j,k)
2D
g=1

(
GDI

(j,k,g)
2D-ST −GDI

(j,k,g)
2D-i

)2(
q
(j,k)
2D − vi

)
 ·


q
(j,k)
2D∑
g=1

(
x̃
(j,k,g)
2D-i

)2
−1

(3.16)

SE
(
ψ
(j,k)
2D-i

)
=

√√√√√√

∑q

(j,k)
2D
g=1

(
GDI

(j,k,g)
2D-ST −GDI

(j,k,g)
2D-i

)2(
q
(j,k)
2D − vi

)
 ·


q
(j,k)
2D∑
g=1

(
ỹ
(j,k,g)
2D-i

)2
−1

(3.17)

where x̃(j,k,g)2D-i and ỹ(j,k,g)2D-i are the gth value of the first and second independent variable in the

case of the jth soil type and the kth frame, respectively, present in the expression of GDI2D-i.

For example, the expression of x̃2D-i and ỹ2D-i for GDI2D-2 are

x̃2D-2 =
max|uNs(t)|
µ̄ϕ · S′

d

and ỹ2D-2 =

Ns∑
n=1



Td/∆t∑
s=1

{(un(s∆t)− un−1(s∆t))−

(un((s− 1)∆t)− un−1((s− 1)∆t))}2(
µ̄ϕn · S′

d

)2


.

(3.18)

The estimated absolute values of the t-test statistics of Equations (3.14) and (3.15) are shown
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in Tables 3.6 and 3.7, and the maximum value of the parameter t
αs/2,q

(j,k)
2D −vi

is equal to 1.97

for all training cases. So, the null hypotheses of Equations (3.10) and (3.12) can be rejected,

and it can be concluded that both independent variables contribute significantly to the

corresponding GDI formula.

In multilinear regression analyses, the adjusted R2 or R2
adj. is a better representation

of the proportion of the variance in the dependent variable that can be predicted from

the independent variables in comparison to the coefficient of determination, R2. The main

advantage of using R2
adj. over R

2 is that the former dictates the proportion of variation

explained by only the independent variables that actually affect the dependent variable [240].

The adjusted R2 value corresponding to the ith GDI in the case of the jth soil type and kth

frame can be computed using the expression as

R2
adj.

∣∣(j,k)
2D-i

= 1−

(
q
(j,k)
2D − 1

) q(j,k)2D∑
g=1

(
GDI

(j,k,g)
2D-ST −GDI

(j,k,g)
2D-i

)2
(
q
(j,k)
2D − vi

) q(j,k)2D∑
g=1

(
GDI

(j,k,g)
2D-ST −GDI

(j,k)
2D-ST

)2 ∀ i, j and k . (3.19)

The estimated R2
adj. values (ranging from 0.946 to 0.984 as shown in Tables 3.6 and 3.7) for

each GDI formula for different combinations of the soil types and the sample frames indicate

a strong linear relationship between the independent and the dependent variables.

Another statistical term, predictive R2 or R2
pred. is used to determine the capability of a

regression model to make predictions for new observations [241]. R2
pred. can be obtained by

systematically removing each observation from the existing data set, estimating the regres-

sion equation, and determining how well the model can predict the removed observation.

Numerically, the parameter R2
pred. for the ith GDI in the case of the jth soil type and kth

frame is computed as

R2
pred.

∣∣(j,k)
2D-i

= 1−

q
(j,k)
2D∑
g=1

(
GDI

(j,k,g)
2D-ST −GDI

(j,k,g)
2D-i

)2
q
(j,k)
2D∑
g=1

(
GDI

(j,k,g)
2D-ST −GDI

(j,k)
2D-ST

)2 ∀ i, j and k . (3.20)

The estimated R2
pred. values (ranging from 0.945 to 0.983 as shown in Tables 3.6 and 3.7)

for the GDI formulae for different cases indicate that the models have strong capability to

predict a new observation.

Finally, the Spearman’s rank-order correlation coefficients (ρSM) between the GDI2D-ST

and the GDI formulae are estimated to measure the strength and the direction of the mono-

tonic relationship between them beside concentrating on quantifying the proportion of vari-

ance presented in the GDI formulae that can be predicted from the independent variables.

Here, the Spearman’s rank-order correlation coefficient values between the ith 2D GDI for-

70TH-3386_156104037



3.4. Results and Discussions

mula and GDI2D-ST for different combinations of the soil types and the training frames are

computed separately as

ρSM|(j,k)2D-i = 1−
6
q
(j,k)
2D∑
g=1

(
D

(j,k,g)
i

)2
q
(j,k)
2D

{(
q
(j,k)
2D

)2
− 1

} ∀ i, j and k (3.21)

where D
(j,k,g)
i is the difference between the ranks of the values associated with the pair

GDI
(j,k,g)
2D-i and GDI

(j,k,g)
2D-ST. Tables 3.6 and 3.7 show that the estimated values of ρSM|(j,k)2D-i for

all i, j and k values are ranging from 0.982 to 0.993, and thus, indicate a strong monotonically

increasing relationship between the GDI formulae and the well-established modified Park and

Ang damage index.

3.4.2 Explicit Expressions for Estimating GDCs of 2D GDI for-

mulae

An attempt has been made here to find explicit expressions for estimating the GDCs, appli-

cable to any combination of building frame and soil type, as outlined in Subsection 3.3.3. For

this purpose, j and k indices are no longer relevant, and only the i index (for representing the

GDI formulae) will be retained. The relations of some global parameters of a frame, such as

the fundamental periods (Tp and T ′
p), the total height (htotal = Nsh as shown in Figure 3.1)

and the frame ratio (Fr = Nb/Ns), along with the soil type (S) with the GDCs individually or

for any possible linear combination of them are studied and used to produce the best-fitted

explicit expression for each GDC separately. Also, the values for the parameter S are taken

as 1, 2 and 3 for the hard soil, the medium stiff soil and the soft soil, respectively. Since

the terms associated with the GDCs, λ2D-1 and ψ2D-1, use response due to a DSCUGM and

structural properties (see Equations (3.1) and (3.4)), the explicit expressions for the coeffi-

cients, using soil type (which controls a design spectrum) and global parameters of a frame

as independent variables, are considered in the present study as

λ2D-i = g
(c1)
λ2D

(
κ
(i)
1 , κ

(i)
2 , κ

(i)
3 , κ

(i)
4 , Tp, htotal, Fr, S

)
∀ c1 = 1, 2, · · · , 24 − 1 and i = 1 (3.22)

ψ2D-i = g
(c1)
ψ2D

(
κ
(i)
5 , κ

(i)
6 , κ

(i)
7 , κ

(i)
8 , Tp, htotal, Fr, S

)
∀ c1 = 1, 2, · · · , 24 − 1 and i = 1 (3.23)

where κ(1)1 , κ
(1)
2 , · · · , κ(1)8 are the regression coefficients such that κ(1)1 to κ(1)4 are attached with

Tp, htotal, Fr and S, respectively, for the coefficient λ2D-1, and κ
(1)
5 to κ(1)8 are attached with

the independent variables in the same order for ψ2D-1. The index c1 refers to all possible

regression models considering the linear combinations of 4 numbers of independent variables

available in Equations (3.22) and (3.23). Similarly, the explicit expressions for the GDCs,
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λ2D-2 and ψ2D-2, are considered as

λ2D-i = g
(c1)
λ2D

(
κ
(i)
1 , κ

(i)
2 , κ

(i)
3 , κ

(i)
4 , T

′
p, htotal, Fr, S

)
∀ c1 = 1, 2, · · · , 24 − 1 and i = 2 (3.24)

ψ2D-i = g
(c1)
ψ2D

(
κ
(i)
5 , κ

(i)
6 , κ

(i)
7 , κ

(i)
8 , T

′
p, htotal, Fr, S

)
∀ c1 = 1, 2, · · · , 24 − 1 and i = 2 (3.25)

where the regression coefficients, κ(2)1 to κ(2)4 are attached with T ′
p, htotal, Fr and S, respec-

tively, for the coefficient λ2D-2, and κ
(2)
5 to κ(2)8 are attached with the independent variables

in the same order for ψ2D-2. Here, c1 is also used in Equations (3.24) and (3.25), because the

number of independent variables considered in these equations is same as Equations (3.22)

and (3.23). Now, the other GDC, γ2D-2, is related only to the structural properties of a frame

(see Equation (3.4)). Therefore, the explicit expression for γ2D-2 using only global parameters

of a frame as independent variables are considered as

γ2D-i = g(c2)γ2D

(
κ
(i)
9 , κ

(i)
10 , κ

(i)
11 , T

′
p, htotal, Fr

)
∀ c2 = 1, 2, · · · , 23 − 1 and i = 2 (3.26)

where κ
(2)
9 , κ

(2)
10 and κ

(2)
11 are the regression coefficients associated with T ′

p, htotal, and Fr,

respectively, for the coefficient γ2D-2. The index c2 refers to all possible linear regression

models considering 3 numbers of independent variables. The units for Tp and T ′
P are taken

as second, whereas the unit for htotal as meter in Equations (3.22)-(3.26). The statistics of

the considered models are studied thoroughly for all GDCs, and the values of the regression

coefficients (κ
(i)
1 to κ

(i)
11 ) corresponding to the best-fitted models (obtained using the step-

wise backward elimination of the independent variables [242]) among them are furnished in

Table 3.8. For example, using the estimated regression coefficients (from Table 3.8) corre-

sponding to GDI2D-1, the expressions for the GDCs can be written as

λ2D-1 = 3.247Tp − 0.201htotal and ψ2D-1 = −85.981Tp + 7.545htotal + 16.441S .

Table 3.8: Regression coefficients for the explicit expressions of the GDCs of 2D GDI formulae

Sl. No. i GDC Values of regression coefficients in Equations (3.22)-(3.26)

1 1 λ2D-1 κ
(1)
1 = 3.247 κ

(1)
2 = −0.201 × ×

2 1 ψ2D-1 κ
(1)
5 = −85.981 κ

(1)
6 = 7.545 × κ

(1)
8 = 16.441

3 2 λ2D-2 κ
(2)
1 = 6.889 κ

(2)
2 = −0.239 κ

(2)
3 = 0.438 κ

(2)
4 = 0.389

4 2 ψ2D-2 κ
(2)
5 = 21.270 κ

(2)
6 = −0.445 × κ

(2)
8 = 4.926

5 2 γ2D-2 κ
(2)
9 = −0.616 κ

(2)
10 = 0.017 × ×

The importance of the corresponding independent variables for each GDC is checked with
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the help of F -tests for significance of regression by assuming the following null and alternative

hypotheses as

H0,λ2D-i
: κ

(i)
ξ = 0 with ξ = 1, 2 for i = 1 and ξ = 1, 2, 3, 4 for i = 2 (3.27)

Ha,λ2D-i
: at least one among κ

(i)
ξ ̸= 0 with ξ = 1, 2 for i = 1 and

ξ = 1, 2, 3, 4 for i = 2 (3.28)

H0,ψ2D-i
: κ(i)η = 0 with η = 5, 6, 8 ∀ i (3.29)

Ha,ψ2D-i
: at least one among κ(i)η ̸= 0 with η = 5, 6, 8 ∀ i (3.30)

H0,γ2D-i
: κ

(i)
ζ = 0 with ζ = 9, 10 for i = 2 (3.31)

Ha,γ2D-i
: at least one among κ

(i)
ζ ̸= 0 with ζ = 9, 10 for i = 2 . (3.32)

The F -test statistics, f0,λ2D-i
, f0,ψ2D-i

and f0,γ2D-i
, corresponding to the above null hypotheses

tests are estimated (as shown in Table 3.9) following the similar method described in Sub-

section 3.4.1. Now, considering αs = 0.05, the maximum value of the percentage point of

the F distribution are found to be 3.44 for all GDCs. Hence, the null hypotheses of Equa-

tions (3.27), (3.29) and (3.31) can be rejected, and it can be asserted that the dependent

variable has a linear relationship with either or all of the considered independent variables.

Table 3.9: Different statistical results for the GDCs of 2D GDI formulae

Sl.
i GDC

F -test Student’s t-test statistic
R2

adj.No. statistic (absolute value)

1 1 λ2D-1 f0,λ2D-1
= 176.1 t0,λ2D-1,κ1 = 7.29, t0,λ2D-1,κ2 = 5.23 0.936

2 1 ψ2D-1 f0,ψ2D-1
= 146.2 t0,ψ2D-1,κ5 = 4.47, t0,ψ2D-1,κ6 = 5.16, 0.948

t0,ψ2D-1,κ8 = 8.15

3 2 λ2D-2 f0,λ2D-2
= 755.0 t0,λ2D-2,κ1 = 7.45, t0,λ2D-2,κ2 = 7.91, 0.992

t0,λ2D-2,κ3 = 4.16, t0,λ2D-2,κ4 = 6.87

4 2 ψ2D-2 f0,ψ2D-2
= 385.9 t0,ψ2D-2,κ5 = 4.67, t0,ψ2D-2,κ6 = 2.88, 0.980

t0,ψ2D-2,κ8 = 8.34

5 2 γ2D-2 f0,γ2D-2
= 304.4 t0,γ2D-2,κ9 = 15.72, t0,γ2D-2,κ10 = 9.82 0.962

For carrying out the Student’s t-test, the null and alternative hypotheses can be assumed

as

H0,λ2D-i,κξ : κ
(i)
ξ = 0 with ξ = 1, 2 for i = 1 and ξ = 1, 2, 3, 4 for i = 2 (3.33)

Ha,λ2D-i,κξ : κ
(i)
ξ ̸= 0 with ξ = 1, 2 for i = 1 and ξ = 1, 2, 3, 4 for i = 2 (3.34)

H0,ψ2D-i,κη : κ(i)η = 0 with η = 5, 6, 8 ∀ i (3.35)
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Ha,ψ2D-i,κη : κ(i)η ̸= 0 with η = 5, 6, 8 ∀ i (3.36)

H0,γ2D-i,κζ : κ
(i)
ζ = 0 with ζ = 9, 10 for i = 2 (3.37)

Ha,γ2D-i,κζ : κ
(i)
ζ ̸= 0 with ζ = 9, 10 for i = 2 . (3.38)

The absolute values of the t-test statistics, t0,λ2D-i,κξ , t0,ψ2D-i,κη and t0,γ2D-i,κζ , corresponding

to the above null hypotheses tests are estimated following the similar method described in

Subsection 3.4.1 and provided in Table 3.9. The maximum value of the percentage point

of the Student’s t distribution corresponding to αs = 0.05 is found to be 2.09 for all GDCs.

Hence, the null hypotheses of Equations (3.33), (3.35) and (3.37) can be rejected, and the

considered independent variables contribute significantly to the expressions of the GDCs.

Finally, the adjusted R2 values for the regression models of the GDCs are estimated using

the method described in Subsection 3.4.1 and provided in Table 3.9. The estimated adjusted

R2 values establish strong linear relationships between the GDCs and the corresponding

independent variables.

3.4.3 Correlation between Proposed 2D GDIs and Damage Con-

ditions

The damage condition of a structure is used to evaluate its post-earthquake status and

help to decide the future use of the structure based on its existing state. One way to

identify the damage condition of a structure is to categorize the damage conditions with some

limiting values of a damage index model capable of representing local or global damage of the

structure. The limiting values for a damage index model can be estimated from experimental

data, observational studies or both as discussed in Subsection 1.2.2. Due to the unavailability

of such experimental data or observations in the present study, the limiting values of the

proposed 2D GDI formulae related to different damage conditions may be considered similar

to the recommendations offered by Stone and Taylor [1] as shown in Table 1.4.

Now, it is necessary to check the accuracies of the GDI formulae (i.e., GDI2D-1 and

GDI2D-2) for identifying the damage conditions according to Table 1.4. For this purpose,

the responses of the training frames due to the training DSCUGMs (with different scale

factors) are utilized to find the values of GDI2D-ST and the GDI values using the GDI

formulae, followed by assigning the corresponding damage conditions based on the computed

global damage values. The GDCs obtained from the explicit expressions (refer to Table 3.8)

for different training frames and different soil types are used to calculate the values using

GDI formulae. Finally, the comparisons of the damage conditions predicted by the GDI

formulae and the actual damage conditions obtained by GDI2D-ST values are shown in terms

of confusion matrices in Figure 3.5. Here, each entry associated with the first 4 rows and

the first 4 columns of the matrices is in the percentage of the total observations. The first 4

entries of the 5th row of the matrices are the precision measure representing the percentage of
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correct predicted damage conditions for the GDI formulae, whereas the first 4 entries of the

5th column are the recall measure representing the percentage of actual damage conditions

predicted by the GDI formulae. Finally, the last entry of the 5th row (or column) is the

accuracy measure (i.e., the sum of the first four diagonal entries) representing the percentage

of correct predicted damage conditions to the total observations. Higher values of precision,

recall and accuracy measures demonstrate the better performance of a GDI formula.

ND R Ir C Recall ND R Ir C Recall

ND 9.92 0.74 0.00 0.00 93.06 ND 9.92 0.74 0.00 0.00 93.06

R 2.39 23.42 3.39 0.00 80.21 R 0.47 24.22 4.52 0.00 82.92

Ir 0.00 3.68 25.93 6.72 71.37 Ir 0.00 2.13 29.92 4.27 82.38

C 0.00 0.00 4.46 19.35 81.27 C 0.00 0.00 4.77 19.04 79.97

80.58 84.12 76.76 74.22 78.62 95.48 89.41 76.31 81.68 83.10

A
ct

ua
l c

on
di

ti
on

s

A
ct

ua
l c

on
di

ti
on

s

PrecisionPrecision Accuracy Accuracy
(a) (b)

Damage conditions: ND - No damage, R - Repairable, Ir - Irreparable, C - Collapsed

Predicted conditions Predicted conditions

Figure 3.5: Confusion matrices (with values in percentage) of the actual and the predicted damage

conditions for the training frames due to the training DSCUGMs in the case of (a) GDI2D-1 and

(b) GDI2D-2

According to Figure 3.5, both GDI formulae have high accuracies (around 80%) in iden-

tifying the damage conditions for the training frames due to scaled training DSCUGMs.

Also, the average values of the recall and the precision measures for all damage conditions

are around 80% for GDI2D-1 and around 85% for GDI2D-2. Therefore, the limiting values of

damage indices for different damage conditions, as provided in Table 1.4, can be used for the

GDI formulae.

3.4.4 Validation of the Proposed Methodology

The GDI formulae, the explicit expressions for predicting the GDCs (refer to Table 3.8), and

the applicability of the selected limiting damage index values for different damage conditions

(refer to Table 1.4) will be validated in this section. For this purpose, the nonlinear dynamic

responses of the validation frames (refer to Table 3.1) due to the training DSCUGMs (refer to

Table 3.3) with different scale factors are used in multilinear regression analyses to compute

the corresponding GDCs following the methodology described in Subsection 3.3.3. Those

computed values of the coefficients for different validation frames and soil types are shown

in Table 3.10 (e.g., λ2D-2 = 2.74, ψ2D-2 = 13.45 and γ2D-2 = −0.16 for frame 2F5B and

hard soil). Also, the values of the GDCs for the frames are estimated using the explicit

expressions as shown in Table 3.10 (e.g., λ2D-2 = 2.73, ψ2D-2 = 10.65 and γ2D-2 = −0.14 for
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frame 2F5B and hard soil). Now, the nonlinear dynamic responses of the frames due to the

validation DSCUGMs (refer to Table 3.3) with different scale factors are utilized to estimate

global damage values (according to GDI2D-1 and GDI2D-2) separately using the corresponding

GDCs obtained from explicit expressions and regression analyses. The responses of the frames

are also used to obtain the corresponding GDI2D-ST values. Figures 3.6 and 3.7 show the

comparisons of the monotonically non-decreasing evolution of the computed values using

the GDI formulae and GDI2D-ST for frames 2F5B and 5F2B, respectively, due to different

validation DSCUGMs and different soil conditions. The GDI values estimated using the

coefficients obtained from regression analyses are represented as GDI2D-reg, and the values

estimated using the coefficients predicted by the explicit expressions as GDI2D-pred in those

figures.

Table 3.10: Values of the GDCs for different 2D GDI formulae obtained from explicit expressions

(refer to Table 3.8) and regression analyses for the validation frames and different soil types

S
l.
N
o.

F
ra
m
e

2D GDI

formula
i

S
oi
l
ty
p
e Values of GDCs

From regression Using explicit

analyses expressions

λ2D-i ψ2D-i γ2D-i λ2D-i ψ2D-i γ2D-i

1 2F5B GDI2D-1 1 Hard 1.02 8.08 × 0.80 9.46 ×
2 2F5B GDI2D-1 1 Med. 1.13 15.14 × 0.80 25.90 ×
3 2F5B GDI2D-1 1 Soft 1.05 25.77 × 0.80 42.34 ×
4 2F5B GDI2D-2 2 Hard 2.74 13.45 −0.16 2.73 10.65 −0.14

5 2F5B GDI2D-2 2 Med. 2.82 14.81 −0.16 3.12 15.58 −0.14

6 2F5B GDI2D-2 2 Soft 3.03 15.60 −0.18 3.51 20.50 −0.14

7 5F2B GDI2D-1 1 Hard 2.52 8.15 × 1.32 16.80 ×
8 5F2B GDI2D-1 1 Med. 2.56 19.88 × 1.32 33.24 ×
9 5F2B GDI2D-1 1 Soft 2.51 33.76 × 1.32 49.68 ×
10 5F2B GDI2D-2 2 Hard 1.22 6.46 −0.11 1.08 11.19 −0.11

11 5F2B GDI2D-2 2 Med. 1.65 12.97 −0.10 1.47 16.12 −0.11

12 5F2B GDI2D-2 2 Soft 1.98 18.09 −0.11 1.86 21.04 −0.11

The variability of the GDI2D-reg values from the GDI2D-ST values may be attributed to

the inherent (or system) uncertainties present in the GDI formulae due to the approxima-

tions considered to get numerical values for global damage. Further, the variability of the

GDI2D-pred values from the GDI2D-ST values increase as the explicit expressions for predicting

the GDCs are associated with additional uncertainties. Although the quantification of global

damage of a 2D frame using the proposed GDI formulae is influenced by these uncertainties,

the estimated global damage indices predict the GDI2D-ST with acceptable accuracy from

the floor-level observations.

Finally, the damage conditions (as per Table 1.4) for the validation frames due to the

validation DSCUGMs are evaluated based on the corresponding GDI2D-pred and GDI2D-ST

values. Figure 3.8 shows the comparison of the predicted (i.e., linked with GDI2D-pred values)
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and actual (i.e., linked with GDI2D-ST values) damage conditions in terms of confusion ma-

trices. The accuracy measure for the GDI formulae is around 75%. In contrast, the average

values of the other two measures (precision and recall) for all damage conditions are around

72% for GDI2D-1 and 78% for GDI2D-2. The obtained values of the performance parameters

for the new GDI formulae can be considered satisfactory in the case of validation frames and

validation DSCUGMs [227, 243]. Here, any suitable probabilistic approach can be used to

further improve the assessment of damage conditions by the GDI formulae. The capacity

terms used in GDI2D-1 depend on global parameters of a frame (i.e., uu, uy and µ̄dn as shown

in Equation (3.1)), whereas the capacity terms used in GDI2D-2 depend on sectional param-

eters (i.e., µ̄ϕ and µ̄ϕn as shown in Equation (3.4)) of all columns of a frame. Usually, the

estimated sectional parameters are more meticulous than the estimated global parameters,

as the global responses of a frame (or an individual member) are obtained by applying the

integration method over the corresponding sectional responses. Therefore, GDI2D-2 performs

better than GDI2D-1 as shown in Figure 3.8 (and Figure 3.5). However, GDI2D-2 can be used

only when the considered frame behaves as a shear building as it incorporates the fundamen-

tal period of the corresponding shear building (refer to Equation (3.4)). On the other hand,

GDI2D-1 can be used even if the considered frame does not behave as a shear building.

ND R Ir C Recall ND R Ir C Recall

ND 9.09 2.67 0.00 0.00 77.30 ND 9.10 2.67 0.00 0.00 77.32

R 6.95 29.41 3.21 0.00 74.32 R 0.53 31.55 7.49 0.00 79.73

Ir 0.00 7.49 22.46 1.07 72.40 Ir 0.00 2.67 24.60 3.74 79.33

C 0.00 0.00 6.42 11.23 63.63 C 0.00 0.00 5.88 11.77 66.69

56.67 74.32 69.99 91.30 72.19 94.50 85.52 64.79 75.89 77.02

AccuracyAccuracy

Predicted conditions
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ct
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Precision Precision
(a) (b)

Damage conditions: ND - No damage, R - Repairable, Ir - Irreparable, C - Collapsed
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Figure 3.8: Confusion matrices (with values in percentage) of the actual and the predicted

damage conditions for the validation frames due to the validation DSCUGMs in the case of (a)

GDI2D-1 and (b) GDI2D-2

3.5 Conclusion

A novel method is introduced, for the first time, to evaluate a combined GDI in the case

of instrumented 2D RC frame utilizing floor-displacement measurements due to any seismic

activity and some readily obtainable structural properties. Using the new methodology, two

different combined GDI formulae are attempted for the prediction of dissipated hysteresis
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energy-based weighted average of modified Park and Ang LDIs at global level (GDI2D-ST) in

the present study. The main advantage of the GDI formulae is that they do not need any

complex and time-consuming nonlinear time-history analysis to get the section-level demand

terms, unlike the existing combined global damage indices. Although, for the displacement

ductility-based GDI formula nonlinear static analysis is required to get the yield and the

ultimate displacement values. Among the two GDI formulae, the curvature ductility-based

formula performs better in predicting the global damage state of a shear building-type frame

based on limiting values of GDI2D-ST. However, the displacement ductility-based formula

can also be used for the frames that do not behave as a shear building. The displacement

ductility-based GDI formula is suitable for any 2D RC frame and can be used with the help

of a representative finite element model for the considered frame. The curvature ductility-

based GDI formula is suitable for shear building-type frames and can be used without any

finite element models. The GDCs of the formulae depend on the fundamental period, the

geometry of the frame and the local soil type.

The adequacy of the GDI formulae and the corresponding coefficients are found to qualify

standard statistical tests. The estimated values via the GDI formulae also enjoy a strong

monotonically non-decreasing relationship with the corresponding GDI2D-ST values. There-

fore, the chosen non-cumulative and cumulative terms for the GDI formulae may relate to

the global damage state very well. The limiting values for the GDI formulae associated with

different damage conditions are given to enhance their applicability in various engineering

scenarios, e.g. post-earthquake assessments of instrumented buildings.

The current work on various GDI formulae proposed is carried out within a deterministic

framework, where the statistical characterization of the residues in the prediction equa-

tions is not considered. However, a probabilistic approach incorporating such uncertainties

(originating from residues) would lead to a more comprehensive characterization of damage

prediction.
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4.1 Introduction

Structural Damages computed using 2D SDI models cannot capture the true extent of the

seismic damage in actual 3D RC buildings due to biaxial bending about both of its principal

axes resulting from the application of bidirectional ground motions [86, 244, 245]. Because the

seismic resistance along a particular direction is usually reduced by the damage caused in the

other direction and vice-versa, due to this coupling effect of both directions, the structural

seismic resistance is reduced considerably [86]. Therefore, it is essential to consider the

impact of biaxial bending and axial loading on the global damage of an RC building which

cannot be apprehended by the new 2D GDI formulae introduced in the previous chapter.

So, two different types of 3D GDI formulae are proposed in this chapter using the novel

GDI evaluation methodology. The difference between the two 3D GDI formulae is the type

of capacity parameters (i.e., displacement ductility and curvature ductility of columns, as
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in the case of 2D GDI formulae) incorporated. The non-cumulative and cumulative terms

of the 3D GDI formulae are considered (after modifying the corresponding terms available

in the new 2D GDI formulae) to accommodate the recorded floor-displacement data along

two orthogonal horizontal directions of an instrumented 3D RC building during any seismic

activity.

The proposed 3D GDI formulae are trained via regression analysis to predict 3D GDI

based on weighted average of the most comprehensive modified Park and Ang-type 3D local

damage index model, LDI3D-GWLZD (refer to Equations (1.20)-(1.24)), computed at each

possible plastic hinge locations of the building. The sum of the dissipated hysteresis energies

along the two principal axes of a structural member due to bidirectional ground motions is

used as the weighing function to get the GDI values in the present study. Similar to the 2D

GDI formulae, univariate multilinear regression analyses and standard statistical tests are

carried out to find the explicit expressions (considering the variability of buildings and ground

motions) for the regression coefficients or the GDCs available in the 3D GDI formulae and

check the legitimacy of the selected physics-based non-cumulative and cumulative terms used

in the formulae. Further, for the practical usefulness of the new GDI evaluation methodology,

the 3D GDI values obtained hereby are linked with overall damage conditions of the structural

members in order to predict the post-earthquake restoration-based damage states of RC

buildings.

4.2 Details of Three-dimensional Reinforced Concrete

Buildings and Bidirectional Ground Motions

Nonlinear dynamic responses obtained using various combinations of different types of 3D RC

buildings and different design spectra-compatible bidirectional ground motions (DSCBGMs)

are used in this chapter for the training and validation purposes of the new 3D GDI evaluation

method. The following sections briefly discuss the necessary details of the considered 3D

buildings and the bidirectional ground motions.

4.2.1 Details of 3D RC Buildings

Nine different 3D RC buildings with varying numbers of storeys, bays along two orthogonal

directions in horizontal plane (as shown in Table 4.1) are considered in the present study,

and will be referred as sample buildings in the present study. Schematic details of one of

the sample buildings, 4F4Bx3By, with Ns(= 4) number of storeys, Nbx(= 4) number of bays

along x-direction, and Nby(= 3) number of bays along y-direction are shown in Figure 4.1.

The building has total Ns + 1(= 5) number of floors and the nth floor is denoted by Floor n

with n = 0, 1, · · · , Ns. For example, the GF and the roof of building are denoted by Floor 0

and Floor Ns, respectively, as shown in Figure 4.1 (similar to 2D RC frames as discussed in
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4.2. Buildings and bidirectional ground motions

Subsection 3.2.1). The height of each storey is denoted by h, whereas the lengths of each bay

along two orthogonal directions are denoted by lx and ly. Table 4.1 shows the geometrical

details of the nine sample buildings considered for the present study. Two translational

DOFs along x- and y-axis, and one in-plane rotational DOF attached at the center of mass

of nth floor (n ≥ 1) are denoted by un(t), vn(t) and ωn(t), respectively, as shown in Figure 4.1.

The provisions of Indian loading standards [3, 229, 230] and design standards [208, 228] are

used for designing the beams and the columns of the sample buildings. For this purpose,

same material properties as in the case of 2D frames (i.e., M25 grade concrete and Fe500

grade steel) are considered. The nomenclatures representing different sections of beams and

columns (floor-wise) for all sample buildings and the corresponding cross-sectional details

are provided in Table 4.1 and Figure 4.2, respectively.

Table 4.1: Details of different sample buildings used for training or validation purpose

S
l.

N
o.

Building Ns Nbx Nby h lx ly
F

lo
or

Nomenclature of

Used forsections

(m) (m) (m)
Beam along

Columnx-axis y-axis
1 2F2Bx5By 2 2 5 3.0 4.0 4.5 1, 2 B1 B1 C1 Training
2 2F3Bx4By 2 3 4 3.2 4.5 5.0 1, 2 B2 B2 C2 Training
3 3F2Bx4By 3 2 4 3.2 5.0 4.5 1, 2 B3 B2 C9 Training

3 B3 B2 C10
4 3F4Bx3By 3 4 3 3.4 5.0 5.5 1, 2 B3 B4 C3 Validation

3 B3 B4 C4
5 3F5Bx2By 3 5 2 3.6 5.5 4.0 1, 2 B4 B2 C5 Training

3 B4 B2 C4
6 4F3Bx5By 4 3 5 3.0 5.0 4.0 1, 2 B6 B5 C6 Training

3, 4 B6 B5 C7
7 4F4Bx3By 4 4 3 3.6 4.5 5.0 1, 2 B5 B6 C8 Training

3, 4 B5 B6 C8
8 5F2Bx5By 5 2 5 3.2 5.5 4.0 1, 2 B8 B9 C11 Training

3, 4 B8 B9 C12
5 B8 B9 C13

9 5F3Bx4By 5 3 4 3.0 5.0 5.5 1, 2 B7 B8 C11 Training
3, 4 B7 B8 C12
5 B7 B8 C13

In this dissertation work, total nine numbers of 3D finite element models correspond-

ing to the sample buildings are developed, among which the responses of eight models

are arbitrarily selected for the training purpose of the new GDI evaluation method, and

the responses of the other model are used for the validation purpose (refer to Table 4.1).

Further, the sample buildings used for training and validation purposes will be termed

as training buildings and validation building, respectively, in the present work. The fi-

nite element models are developed using OpenSees framework [210, 211] with the nec-

essary details provided in Table 4.2. The Giuffré-Menegotto-Pinto model [215, 216] in

ReinforcingSteel [246] is used to represent the cyclic strength degradation of the models,

with fy = 500 MPa, fu = 600 MPa, Es = 200 GPa, Esh = 10 GPa, ϵsh = 0.005 and ϵu = 0.12, and

the three parameters controlling stress-strain transition during elastic to plastic behaviour,

i.e., R1, R2 and R3 as 0.15, 20.0 and 0.925, respectively. The behaviour of unconfined and

confined concrete for the models is replicated by the Chang-Mander stress-strain relation-
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4. Combined GDIs for 3D Buildings

ships [213, 214] in Concrete07 with fc = 25 MPa. The material properties associated with

the analytical model 2 of Chapter 2 are also used to model 3D RC buildings for the same

reason as in the case of 2D RC frames. The behaviour of the slabs (with very high in-plane

stiffness) subjected to lateral loads is achieved by using rigidDiaphragm [247] command in

OpenSees. Here, deformations along the two translational DOFs and one in-plane rotational

DOF are allowed at the center of mass for each floor as shown in Figure 4.1(b)-(c). The

confined concrete portion for a column section is modeled with multiple subdivisions per-

pendicular to both its axes to capture the effect of the bidirectional bending along with the

axial load on the materials. On the other hand, for a beam section, the confined area is mod-

elled with multiple subdivisions perpendicular to its strong axis only to capture the effect of

flexural loads on the materials. This simplification for the beam sections will reduce the over-

all computation cost, and also produce accurate section-level responses due to bidirectional

lateral loads especially when the slab behaviour is modelled with rigidDiaphragm option.

The displacement-based nonlinear beam-column element incorporating distributed plasticity

with linear curvature distribution, i.e., dispBeamColumn [248] is used to model the behaviour

of all beams and columns. Five numbers of integration points is used for the elements in the

present work, as the post-peak softening of element-level force-displacement curves does not

occur considering higher numbers of integration points for the structural members. Also,

five numbers of dispBeamColumn element are used to achieve convergence of local responses

(i.e., curvature) within some predefined tolerances for each column members.

Table 4.2: Details of finite element models for 3D RC buildings developed in OpenSees frame-

work [210]

Sl. No. Object type Object-specific input

1 Material model for reinforcement ReinforcingSteel [246]

2 Material model for unconfined cover concrete Concrete07 [218]

3 Material model for confined core concrete Concrete07 [218]

4 Geometric-transformation type for columns Corotational [221]

5 Geometric-transformation type for beams Linear [232]

6 SectionForceDeformation object type Fiber [219, 220]

7 Element object type dispBeamColumn [248]

4.2.2 Details of Bidirectional Ground Motions

14 different pairs of bidirectional ground motions from PEER database [234] are considered

in the present study. Some of their basic details are given in Table 4.3. These bidirec-

tional ground motions are required to be made compatible with a design spectrum to get

realistic structural nonlinear dynamic responses (as in the case for the study of 2D frames

in Subsection 3.2.2) due to design ground motions. But the available design spectra offer

compatibility of unidirectional ground motions only. To make use of available design spectra,

86TH-3386_156104037



4.2. Buildings and bidirectional ground motions

a one-dimensional measure for a pair of ground motions along two orthogonal directions in

horizontal plane is obligatory. The response spectrum RotDnn [249] is one such measure

which is independent of the in-situ orientations of the recording sensors. The letter ‘D’ in

RotDnn stands for period-dependent rotation angle (or orientation) associated with the re-

sultant motion of the recorded bidirectional ground motions. Therefore, the RotDnn value

for individual period of a single DOF oscillator is selected for the orientation of the resultant

motion for which the response parameter (e.g., PSA, spectral acceleration or spectral dis-

placement) value is maximum or any other predefined percentile value of the set. The ‘nn’

in RotDnn is the percentile value of the response parameter corresponding to the resultant

motion for all plausible rotation angles ranging from 0◦ to 180◦ at a suitable interval. For

example, RotD100, RotD50 and RotD00 represent the maximum, the median and the mini-

mum values of a response parameter over all rotation angles, respectively. If üg(t) and v̈g(t)

are the time-histories of bidirectional ground motion recorded along two orthogonal horizon-

tal directions, ϑ(∈ [0, 180)) is the angle oriented from üg(t) to the corresponding resultant

motion r̈g(t, ϑ) in the counterclockwise sense, the time-history of r̈g(t, ϑ) can be obtained as

r̈g(t, ϑ) = üg(t) cosϑ+ v̈g(t) sinϑ ∀ ϑ ∈ [0, 180) . (4.1)

In this dissertation work, maximum PSA (with 5% damping) observed in any direction

of horizontal ground shaking or PSARotD100 for each bidirectional ground motion is matched

with the target design spectra [3] for three different types of soil conditions (i.e., hard soil,

medium stiff soil and soft soil). Hence, a total of 42 DSCBGMs are prepared from 14 recorded

bidirectional ground motions (i.e., BGM01 to BGM14 in Table 4.3). The algorithm proposed

by Montejo [250] is followed here to produce the DSCBGMs by considering the incremental

interval of ϑ as 1◦. This algorithm is capable of generating spectrally matched records with

most of the characteristics (e.g., the period-dependent major axis orientations) of the original

records preserved. The variations of the PSARotD100 for all DSCBGMs along with their mean

values with respect to the target design spectra for different types of soils are found satis-

factory as shown in Figure 4.3. The bidirectional ground motions are not selected using any

ground motion selection method (based on scenario-specific or process-specific information)

before making them design spectra-compatible for the same reason as in the case of se-

lected unidirectional ground motions (refer to Subsection 3.2.2). Among all the DSCBGMs,

36 DSCBGMs are arbitrarily selected for the training purpose of the 3D GDI evaluation

method, whereas the remaining six DSCBGMs are selected for the validation purpose as

shown in Table 4.3. Further, the DSCBGMs used for training and validation purposes will

be called training DSCBGMs and validation DSCBGMs, respectively, in the present study.

Although the orthogonal components of DSCBGMs are applied along the structural principal

axes for nonlinear time-history analysis, the random incidence angle of bidirectional ground

motion is maintained in the present study because of the random orientations of the princi-
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4.3. New Method for Evaluation of 3D GDI

pal directions (both frequency-dependent and frequency-independent) of all selected ground

motions with respect to the structural axes [251]. Further, using RotD100 for design spec-

trum compatibility assures the regularization of the direction-independent maximum linear

response due to any bidirectional ground motions with a random incidence angle.

4.3 New Method for Evaluation of 3D GDI

The scope of the new methodology introduced in Section 3.3 (applicable for 2D RC frames) is

extended for more generic 3D RC buildings in this section. Therefore, the new methodology

can utilize the recorded floor-displacement responses along two orthogonal horizontal direc-

tions of an instrumented building during any earthquake for estimating the corresponding

GDI value. However, necessary modifications to the cumulative and non-cumulative terms

of the 3D GDI formulae based on the new methodology are introduced so that the formulae

can accommodate structural responses considering biaxial bending and axial load developed

due to bidirectional ground motions. Based on the new methodology, two different non-

decreasing and non-dimensional GDI formulae depending on the type of capacity parameters

(i.e., displacement ductility of building and columns, or curvature ductility of columns) are

introduced here. Similar to the 2D GDI formulae, the structural deformability of a building

is assumed to be strongly correlated with the product of ductility capacity and spectral dis-

placement associated with the corresponding fundamental period of the building. However,

the combination of those products along two orthogonal horizontal directions are used for

the 3D GDI formulae to capture realistic capacity of buildings against bidirectional ground

motions.

4.3.1 3D GDI based on Displacement Ductility of Columns

A finite element model for a 3D building is necessary to get the capacity terms used in the

displacement ductility-based combined GDI (GDI3D-1) for the building. The formula to find

GDI3D-1 value from the global responses of the building has been introduced as

GDI3D-1 = λ3D-1µ̄d,m + ψ3D-1

Ns∑
n=1

Td/∆t∑
s=1

(
D2
dn
(s∆t)

C2
dn
(s∆t)

) (4.2)

where λ3D-1 and ψ3D-1 are the GDCs, µ̄d,m is the maximum normalized global displacement

ductility factor, D2
dn
(s∆t) is the displacement-based demand for Floor n at time s∆t, and

Cdn(s∆t) is the corresponding displacement ductility-based capacity for Floor n. The first

term of Equation 4.2 accounts for the consumption of structural deformability, whereas the

second term accounts for the consumption of energy dissipation capacity, similarly as in the

cases of the new 2D GDI formulae (refer to Equations 3.1 and 3.4). The non-cumulative part
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4. Combined GDIs for 3D Buildings

of GDI3D-1 is chosen to produce a non-zero damage only when the building response exceeds

its elastic range similar to the modified Park and Ang damage index [2]. The details about

different parameters used in Equation 4.2 are discussed below.

1. Maximum normalized global displacement ductility factor (µ̄d,m): the deformation term

of the non-cumulative part of GDI3D-1 should anticipate the effect of bidirectional

deformation. Therefore, the concept of displacement ductility due to unidirectional

deformation is extended for the bidirectional deformation to compute µ̄d,m as

µ̄d,m = max |µ̄d(s∆t)| ∀ s = 1, 2, · · · , Td/∆t (4.3)

with µ̄d(s∆t) =
⟨rNs(s∆t)− rNs,y(s∆t)⟩
rNs,u(s∆t)− rNs,y(s∆t)

(4.4)

⟨rNs(s∆t)− rNs,y(s∆t)⟩ =

rNs(s∆t)− rNs,y(s∆t), if rNs(s∆t) > rNs,y(s∆t)

0, otherwise
(4.5)

rNs(s∆t) =
√
u2Ns

(s∆t) + v2Ns
(s∆t) (4.6)

where µ̄d(s∆t) is the normalized global displacement ductility factor at time s∆t,

rNs(s∆t) is the resultant displacement value for Floor Ns (or roof), uNs(s∆t) and

vNs(s∆t) are the displacement values recorded at roof along x- and y-directions of

the building (refer to Figure 4.1(b)), respectively. rNs,y(s∆t) and rNs,u(s∆t) are the

corresponding resultant global yield displacement and resultant global ultimate dis-

placement of the building, respectively, estimated along the direction of rNs(s∆t), and

can be expressed as

rNs,y(s∆t) = [uy · |uNs(s∆t)|+ vy · |vNs(s∆t)|] /rNs(s∆t) (4.7)

rNs,u(s∆t) = [uu · |uNs(s∆t)|+ vu · |vNs(s∆t)|] /rNs(s∆t) (4.8)

where uy and vy are the global yield displacements for the building along x- and y-

directions, respectively. Similarly, uu and vu are the global ultimate displacements for

the building along its respective directions.

The global force-displacement relationships obtained from nonlinear static analysis

of the finite element models due to the static lateral load profile, as recommended

in IS 1893 (Part 1): 2016 [3], along the x-direction are used to find uy and uu in

the present study and their values are enlisted in Table 4.4. The yield displacement

of the equivalent elasto-plastic system with reduced stiffness corresponding to 75%

of the ultimate lateral strength of the building [223], and the ultimate displacement

corresponding to 30% strength reduction after the occurrence of the ultimate lateral

strength [237] are considered as uy and uu, respectively. vy and vu values (as shown in

Table 4.5) for the finite element models are computed following the same methodology
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4.3. New Method for Evaluation of 3D GDI

(as their counterparts along x-direction) but for the corresponding static lateral load

profile along y-direction only. The comparison of the pushover curves for different

example RC buildings (refer to Table 4.1) along two orthogonal directions in horizontal

plane (i.e., x- and y-directions) are shown in Figure 4.4.

Table 4.4: Different global and sectional parameter values associated with x-direction of the

example RC buildings required for GDI3D-1

Sl.
Building

µ̄
(x)
dn

T
(x)
p uy uu

No. n = 1 n = 2 n = 3 n = 4 n = 5 (s) (mm) (mm)

1 2F2Bx5By 6.829 9.463 × × × 0.49 110.29 915.0

2 2F3Bx4By 5.871 7.306 × × × 0.57 117.32 660.0

3 3F2Bx4By 4.841 5.220 7.159 × × 0.81 198.89 1630.0

4 3F4Bx3By 6.081 6.819 10.076 × × 0.92 218.40 1725.0

5 3F5Bx2By 6.188 6.791 10.558 × × 0.91 260.48 2155.0

6 4F3Bx5By 5.731 6.111 8.316 11.514 × 0.88 232.67 1600.0

7 4F4Bx3By 5.432 5.787 7.681 10.993 × 1.14 259.98 1610.0

8 5F2Bx5By 4.923 5.139 6.102 7.134 14.041 1.12 319.21 2395.0

9 5F3Bx4By 4.779 5.011 5.801 6.741 13.365 1.06 268.77 1965.0

Table 4.5: Different global and sectional parameter values associated with y-direction of the

example RC buildings required for GDI3D-1

Sl.
Building

µ̄
(y)
dn

T
(x)
p vy vu

No. n = 1 n = 2 n = 3 n = 4 n = 5 (s) (mm) (mm)

1 2F2Bx5By 6.829 9.463 × × × 0.47 113.12 660.4

2 2F3Bx4By 6.116 8.124 × × × 0.57 124.40 706.0

3 3F2Bx4By 4.841 5.220 7.159 × × 0.76 178.80 1535.0

4 3F4Bx3By 6.081 6.819 10.076 × × 0.95 236.84 1780.0

5 3F5Bx2By 6.188 6.791 10.558 × × 0.93 205.71 1495.0

6 4F3Bx5By 5.731 6.111 8.316 11.514 × 0.81 194.92 1425.0

7 4F4Bx3By 5.432 5.787 7.681 10.993 × 1.18 285.23 1667.5

8 5F2Bx5By 4.923 5.139 6.102 7.134 14.041 0.97 245.79 1885.0

9 5F3Bx4By 4.779 5.011 5.801 6.741 13.365 1.05 286.75 2065.0

2. Displacement-based demand for each floor (D2
dn
(s∆t)): incorporating the translational

responses of a building floor along two orthogonal directions in a horizontal plane due

to bidirectional ground motions, the displacement-based demand for floor n can be

expressed as

D2
dn(s∆t) = {∆un(s∆t)}2 + {∆vn(s∆t)}2 (4.9)

with

∆un(s∆t) = [un(s∆t)− un−1(s∆t)]− [un{(s− 1)∆t} − un−1{(s− 1)∆t}] (4.10)

∆vn(s∆t) = [vn(s∆t)− vn−1(s∆t)]− [vn{(s− 1)∆t} − vn−1{(s− 1)∆t}] (4.11)
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4.3. New Method for Evaluation of 3D GDI

where ∆un(s∆t) (and ∆vn(s∆t)) is the difference between the absolute interstory drifts

of Floor n and Floor (n − 1) at time s∆t and (s − 1)∆t along x- (and y-) direction

of the building. un(s∆t) and vn(s∆t) are the displacement values recorded at Floor n

along x- and y-directions, respectively, of the building. The square power in D2
dn
(s∆t)

is used to make the term equivalent with dissipated energy present as demand in the

cumulative term of the modified Park and Ang 3D damage index [2].

3. Displacement ductility-based capacity for each floor (Cdn(s∆t)): the displacement-based

capacity for Floor n at time s∆t along the direction of resultant displacement of the

floor (i.e., rn(s∆t)) can be computed as

Cdn(s∆t) =

[
µ̄
(x)
dn
Sd(x) · |un(s∆t)|+ µ̄

(y)
dn
Sd(y) · |vn(s∆t)|

]
rn(s∆t)

(4.12)

where µ̄(x)dn
and µ̄(y)dn are the weighted average (based on the axial load demand of columns

due to gravity loads) of displacement ductility values along x- and y-directions of a

building, respectively, for all columns situated between Floor n and Floor (n − 1).

Their mathematical expressions can be represented as

µ̄
(x)
dn

=

Cbuilding∑
d=1

(
F

(d)
n · µ(d,x)dn

)
Cbuilding∑
d=1

F
(d)
n

and µ̄
(y)
dn

=

Cbuilding∑
d=1

(
F

(d)
n · µ(d,y)dn

)
Cbuilding∑
d=1

F
(d)
n

(4.13)

where Cbuilding = (Nbx + 1)(Nby + 1) is the total number of columns present in a floor

of a building. F (d)
n is the axial load demand due to gravity loads on the dth column

situated between Floor n and Floor (n− 1), whereas µ(d,x)dn
and µ(d,y)dn

are the displace-

ment ductility values along x- and y-directions, respectively, for the corresponding dth

column. rn(s∆t) can be computed by replacing the index Ns with n in Equation 4.6,

i.e.,

rn(s∆t) =
√
u2n(s∆t) + v2n(s∆t) . (4.14)

S
(x)
d and S(y)

d are the spectral displacement values [3] corresponding to the fundamen-

tal periods along x and y-directions
(
i.e., T

(x)
p and T

(y)
p

)
, respectively, of the build-

ing. The capacity term, Cdn(s∆t), is squared before using in Equation 4.2 to make it

dimensionally-compatible with the corresponding demand term, D2
dn
(s∆t).

The value of µ(d,x)dn

(
and subsequently µ̄

(x)
dn

)
is derived from the force-displacement re-

lationship for the corresponding column subjected to F (d)
n . For this purpose, nonlinear

static analysis of a 2D line element with three DOFs (i.e., axial, translational along

global x-direction and rotational) at two end nodes and nonlinear material proper-

ties are sufficient to get the required response of a column. The yield displacement
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4. Combined GDIs for 3D Buildings

and the ultimate displacement values for a column are obtained following the material

strain-based rules as described in Subsection 3.3.1. Similarly, µ(d,y)dn
and µ̄(y)dn values can

be derived by replacing the translational DOF along global x-direction with global y-

direction. For estimating floor-wise displacement ductility values
(
µ̄
(x)
dn

and µ̄
(y)
dn

)
, the

axial load demand of each column due to gravity loads is chosen as the weighing func-

tion to provide greater importance to the damage of a member which will affect the

global structural failure most. The computed values of µ̄(x)dn
and µ̄

(y)
dn

for the sample

buildings are enlisted in Tables 4.4 and 4.5, respectively. The fundamental periods,

T
(x)
p and T

(y)
p , for the sample buildings are obtained using eigenvalue analysis of the

corresponding 3D finite element models and their values are shown in Tables 4.4 and

4.5.

4.3.2 3D GDI based on curvature Ductility of Columns

The estimation of the curvature-based combined GDI (GDI3D-2) value for a 3D RC building

does not require any finite element model. The formula to get GDI3D-2 value from the global

responses of a building has been introduced as

GDI3D-2 = λ3D-2µ̄ϕ,m + ψ3D-2

Ns∑
n=1

Td/∆t∑
s=1

(
D2
dn
(s∆t)

C2
ϕn
(s∆t)

)+ γ3D-2 (4.15)

where λ3D-2, ψ3D-2 and γ3D-2 are the GDCs, µ̄ϕ,m is the maximum overall curvature ductility

factor, and Cϕn(s∆t) is the corresponding resultant curvature ductility-based capacity for

Floor n at time s∆t. It is obvious that some damage to the building will occur according

to the first part of Equation (4.15) even if the floor-displacement responses are within the

elastic range because the recoverable displacement portion is not removed from both the

denominator and the numerator of that part, similarly as in the case of Equation (3.4).

Therefore, another global damage coefficient γ3D-2 is included in GDI3D-2 (similar to GDI2D−2

in Subsection 3.3.2) to make it consistent with the modified Park and Ang-type 3D damage

index [2]. The details about the different parameters used in Equation 4.15 are discussed

below.

1. Maximum overall curvature ductility factor (µ̄ϕ,m): following the similar concept for

finding µ̄d,m, the parameter µ̄ϕ,m can be computed as

µ̄ϕ,m = max |µ̄ϕ(s∆t)| ∀ s = 1, 2, · · · , Td/∆t (4.16)

with µ̄ϕ(s∆t) =
rNs(s∆t)

Cϕ(s∆t)
(4.17)

where µ̄ϕ(s∆t) is the overall curvature ductility factor at time s∆t, Cϕ(s∆t) is the

overall curvature ductility-based capacity estimated along the direction of rNs(s∆t),
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and can be expressed as

Cϕ(s∆t) =

[
µ̄
(x)
ϕ S

′(x)
d · |uNs(s∆t)|+ µ̄

(y)
ϕ S

′(y)
d · |vNs(s∆t)|

]
rNs(s∆t)

(4.18)

with

µ̄
(x)
ϕ =

Ns∑
n=1

[(
Cbuilding∑
d=1

F
(d)
n

)
· µ̄(x)ϕn

]
Ns∑
n=1

(
Cbuilding∑
d=1

F
(d)
n

) and µ̄
(x)
ϕn

=

Cbuilding∑
d=1

(
F

(d)
n · µ(d,x)ϕn

)
Cbuilding∑
d=1

(
F

(d)
n

) (4.19)

µ̄
(y)
ϕ =

Ns∑
n=1

[(
Cbuilding∑
d=1

F
(d)
n

)
· µ̄(y)ϕn

]
Ns∑
n=1

(
Cbuilding∑
d=1

F
(d)
n

) and µ̄
(y)
ϕn

=

Cbuilding∑
d=1

(
F

(d)
n · µ(d,y)ϕn

)
Cbuilding∑
d=1

(
F

(d)
n

) (4.20)

where µ̄(x)ϕ is the weighted average of curvature ductility values for all columns of a

building, S′(x)
d is the spectral displacement value [3] corresponding to the fundamental

period, T ′(x)
p , of the building, µ̄(x)ϕn

and µ
(d,x)
ϕn

are the weighted average of curvature

ductility values for all columns and the curvature ductility value for the dth column,

respectively, situated between Floor n and Floor (n− 1). Here, the axial load demand

of each column due to gravity is used as the weighing function to estimate the values

of µ̄(x)ϕ , µ̄
(y)
ϕ , µ̄

(x)
ϕn

and µ̄(y)ϕn
, similarly as in the case of µ̄(x)dn

and µ̄(y)dn . The terms x and y in

the superscripts of various parameters in Equations (4.18)-(4.20) represent the global

direction of a building (refer to Figure 4.1) with which the parameters are associated.

For computing µ
(d,x)
ϕn

or µ(d,y)ϕn
value of a column section from its moment-curvature

relationship, the yield and the ultimate curvatures are obtained following the material

strain-based rules (as described in Subsection 3.3.1) used to get similar displacement

capacity parameters for column members. Moment-curvature relationships about x-

and y-axes for a column section (with the corresponding axial load due to gravity loads)

can be generated using the section geometry and the nonlinear material properties [238].

Unlike the displacement ductility-based GDI3D-1, T
′(x)
p and T

′(y)
p values are estimated

from the eigenvalue analysis of the sample buildings (refer to Appendix A), assuming

two translational and one in-plane rotational DOFs are attached at the center of mass

for each floor (as shown in Figure 4.1(b) and (c)) for GDI3D-2. The values of different

floor-wise and building-wise curvature ductility values, and fundamental periods along

two orthogonal horizontal directions for the sample buildings are provided in Table 4.6.

Here, the estimated values for T ′(x)
p and T ′(y)

p are found to be equal as expected in the

case of all torsionally uncoupled sample buildings. So, these fundamental period-related
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terms will be referred as T ′
p onwards for the considered sample buildings.

Table 4.6: Different global and sectional parameter values associated with both orthogonal hor-

izontal directions of the example RC buildings required for GDI3D-2

Sl.
Building

µ̄
(x)
ϕn

= µ̄
(y)
ϕn µ̄

(x)
ϕ = µ̄

(y)
ϕ T

′(x)
p = T

′(y)
p (s)No. n = 1 n = 2 n = 3 n = 4 n = 5

1 2F2Bx5By 9.576 11.060 × × × 9.990 0.293
2 2F3Bx4By 9.930 11.059 × × × 10.247 0.363
3 3F2Bx4By 9.205 10.213 12.053 × × 9.909 0.389
4 3F4Bx3By 14.674 15.543 16.060 × × 15.144 0.483
5 3F5Bx2By 15.611 15.653 16.380 × × 15.723 0.489
6 4F3Bx5By 15.162 16.326 15.310 16.771 × 15.670 0.423
7 4F4Bx3By 14.225 15.853 15.171 16.631 × 15.087 0.603
8 5F2Bx5By 13.790 15.530 16.270 15.943 17.556 15.215 0.453
9 5F3Bx4By 12.037 14.068 15.709 16.130 17.633 14.118 0.445

2. Curvature ductility-based capacity for each floor (C2
ϕn
(s∆t)): the expression for com-

puting floor-wise curvature ductility-based capacity at time s∆t along the direction of

rn(s∆t) is represented as

Cϕn(s∆t) =

[
µ̄
(x)
ϕn
S
′(x)
d · |un(s∆t)|+ µ̄

(y)
ϕn
S
′(y)
d · |vn(s∆t)|

]
rn(s∆t)

. (4.21)

4.3.3 Estimation of Required Global Damage Coefficients

The structural responses of the eight training RC buildings (refer to Table 4.1) are ob-

tained from nonlinear time-history analyses of the corresponding finite element models due

to 36 training DSCBGMs (refer to Table 4.3) using OpenSees framework [210]. The LDI

values for each plastic hinge are computed using the section-level responses of those finite

element models according to the modified Park and Ang-type 3D damage index formula,

LDI3D-GWLZD [2], represented by Equations (1.20)-(1.24). Further, total dissipated hysteresis

energy, E3D-hp (sum of the dissipated hysteresis energies associated with two principal axes

for a member section), at pth plastic hinge location is used in the present study as weighing

function over computed LDI values at all plausible plastic hinge locations to get the corre-

sponding 3D global damage index value as

GDI3D-GWLZD =

Ph∑
p=1

(
LDI3D-GWLZDp · E3D-hp

)
Ph∑
p=1

(
E3D-hp

) . (4.22)

Each finite element model, developed in the present study for various training buildings

(refer to Table 4.1), is analysed several times, and each time both horizontal ground mo-

tions of a DSCBGM are multiplied with a particular scale factor. In this way, the structural
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behaviour of each training building with different global damage states (i.e., no damage, re-

pairable, irreparable and collapse) can be obtained thoroughly due to a particular DSCBGM.

This procedure is repeated for all training DSCBGMs (refer to Table 4.3), and the set of cor-

responding nonlinear structural responses are used further to obtain the GDCs or (regression

coefficients as shown in Equations (4.2) and (4.15)) through the univariate multiple linear

regression analysis (by minimizing the corresponding least squares function) individually for

each pair of a building and a soil type. The GDI3D-GWLZD values are utilized as the dependent

variable, whereas the non-cumulative and the cumulative parts available in the new 3D GDI

formulae (GDI3D-1 and GDI3D-2) are utilized as the independent variables for the multilinear

regression analysis.

In the literature, no citation exists for estimating the global damage index value for

a 3D RC building from the local damage indices of all plastic hinge locations using any

suitable weighing function to date. Accordingly, limiting values for any 3D global damage

index associated with different global damage states are also not available. Therefore, the

correlation between GDI3D-GWLZD and the global collapse state is first established in the

current study. The global collapse of a building usually occurs when no overall strength

is reserved in the building to resist any seismic event. Numerically this condition can be

identified for a particular building by applying factored bidirectional ground motions until a

sharp change is observed in computed GDI3D-GWLZD values for a slight change in the scale

factor. Figure 4.5 shows such evolution of computed GDI3D-GWLZD values for two training

buildings, 5F2Bx5By and 5F3Bx4By, due to factored DSCBGMs associated with arbitrarily

selected three training bidirectional ground motions, i.e., BGM05, BGM09 and BGM11. For

all considered training buildings and training DSCBGMs, it has been found that the global

collapses (as demarcated in Figure 4.5 for 5F2Bx5By and 5F3Bx4By only) occur when 50% of

GF columns or 10% of GF columns along with 50% of beams at any floor are collapsed. Here,

the local damage states of individual members (columns and beams) can be determined using

the limiting range for LDI3D-GWLZD values proposed by Guo et al. [2] (refer to Table 1.4).

The responses from the nonlinear time-history analysis in the case of a particular pair of a

training building and a training DSCBGM with different scale factors until the corresponding

global collapse occurs are considered further for the linear regression study.

The average of the computed GDI3D-GWLZD values associated with the global collapse con-

dition due to training DSCBGMs for different local soil types and different training buildings

are shown in Table 4.7. Unlike 2D frames, the computed GDI values for globally collapsed

3D buildings are not equal to 1.0. Also, the GDI values vary within a large range (from 0.302

to 0.624) for different training buildings as shown in Table 4.7. This is because the number

of members (mainly beams on any floor and columns on upper floors) with no damage to

moderate damage in a 3D building is quite large (in comparison with its 2D representation

as a frame) when other members (especially columns in the GF) are severely damaged or

on the verge of collapse. So, such low-damaged members constitute a large portion of the
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Figure 4.5: Evolution of computed GDI3D-GWLZD values with scale factors of DSCBGMs in the

case of (a) 5F2Bx5By and BGM05, (b) 5F2Bx5By and BGM09, (c) 5F2Bx5By and BGM11, (d)

5F3Bx4By and BGM05, (e) 5F3Bx4By and BGM09, and (f) 5F3Bx4By and BGM11

total dissipated hysteresis energy and reduce the GDI value of a building significantly even

though the overall strength of the building is nearly exhausted. Since the disparity in the

number of low-damaged members increases with the number of storeys in a building, smaller

GDI3D-GWLZD values are observed for the training buildings with 4 to 5 storeys than that of

the buildings with 2 to 3 storeys in the present study as reported in Table 4.7.

Table 4.7: Average of GDI3D-GWLZD values for globally collapsed training buildings due to train-

ing DSCBGMs for different local soil types

S
l.
N
o.

Building

Average GDI3D-GWLZD values associated with global collapse

state due to training DSCBGMs for different soil conditions

Hard soil Medium stiff soil Soft soil

1 2F2Bx5By 0.584 0.588 0.624

2 2F3Bx4By 0.566 0.582 0.594

3 3F2Bx4By 0.428 0.458 0.476

4 3F5Bx2By 0.434 0.475 0.501

5 4F3Bx5By 0.302 0.344 0.358

6 4F4Bx3By 0.331 0.341 0.355

7 5F2Bx5By 0.304 0.344 0.354

8 5F3Bx4By 0.361 0.408 0.405

For most of the available SDI models, the collapse of a member (or a whole structure) is

usually apprehended when the value of the corresponding damage index becomes 1.0. There-

fore, the normalization factors for each training building and each soil type (considering all

associated training DSCBGMs) are obtained to match the average GDI3D-GWLZD values with
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1.0 when global collapse occurs for a building in the case of different soil types. Basically,

the normalization factor for a particular building and a soil type is the inverse of the corre-

sponding average GDI3D-GWLZD value enlisted in Table 4.7. These normalization factors are

further multiplied with all computed GDI3D-GWLZD values for the corresponding buildings

and the factored DSCBGMs (responsible for less damage than global collapse) before us-

ing the GDI values directly as the dependent variable in the multilinear regression analysis.

Such normalization will not only scale the estimated GDI3D-GWLZD value for a building to

1.0 to represent the global collapse but also pave the way for a uniform limiting range of

the 3D GDI values for other global damage states applicable to all 3D RC buildings. Here-

after, the GDI3D-GWLZD values multiplied with the normalization factors will be referred as

the normalized GDI3D-GWLZD or G̃DI3D-GWLZD values for better clarity in this thesis. On

the other hand, the normalization factors are not applied to the independent variables (i.e.,

non-cumulative and cumulative terms of the 3D GDI formulae, GDI3D-1 and GDI3D-2) in

the regression analysis, because the regression coefficients (or the GDCs) can inherently take

care of the effect of the normalization factors in the predicted GDI3D-GWLZD values.

Similar to the GDCs (i.e., λ2D-1, λ2D-2, ψ2D-1, ψ2D-2 and γ2D-2) available in the new 2D GDI

formulae, the GDCs (i.e., λ3D-1, λ3D-2, ψ3D-1, ψ3D-2 and γ3D-2) of GDI3D-1 and GDI3D-2 are also

needed to be expressed explicitly for any combination of a 3D RC building and a soil type for

wider applicability. Therefore, another set of regression analyses is performed on the values of

GDCs (obtained from 24 individual regression analyses regarding all combinations of eight

training buildings and three different types of soil) with some global building parameters

(e.g., fundamental periods, numbers of bays and floors, total height, total bay widths along

orthogonal directions) and the soil type as the independent variables.

4.4 Results and Discussions

4.4.1 Statistical Analyses for 3D GDIs

Results of the regression analyses for evaluating the GDCs and some other supporting results

are discussed and represented efficiently in this section with the help of the same indices (i.e.,

i, j and k) used in the cases of GDI2D-1 and GDI2D-2 (refer to Subsection 3.4.1). However,

the indices i and k represent different GDI formulae and different training buildings in this

chapter. For example, the index i with the values equal to 1 and 2 is used to represent the

formulae GDI3D-1 and GDI3D-2, respectively, and the index k with the values equal 1 to 8 is

used to represent different training buildings as shown in Tables 4.8 and 4.9. On the other

hand, the index j takes the same values (as considered in Subsection 3.4.1) ranging from 1 to

3 for representing the different soil types. Therefore, the values of the GDCs, λ(j,k)3D-i and ψ
(j,k)
3D-i,

associated with the ith 3D GDI formula and corresponding to the combination of the jth

soil type and the kth building are estimated for the complete ranges of i, j and k using the

99TH-3386_156104037



4. Combined GDIs for 3D Buildings

regression analyses, whereas γ(j,k)3D-i values are estimated for i = 2 (i.e., for GDI3D-2 formula)

and the complete ranges of j and k. Their estimated values are provided in Tables 4.8 and

4.9. As expected, the values of the coefficients γ(j,k)3D-2 are found negative for all training cases

as they offset the non-zero damage resulting from the peak elastic response of any building.

Since the scope of the new GDI evaluation methodology (introduced in Chapter 3) is

extended for 3D RC buildings with some necessary modifications to the non-cumulative and

the cumulative terms of the GDI formulae in the current chapter, some statistical tests of

hypotheses about the regression model parameters are also required to be carried out for

examining the existence of a linear relationship between the selected dependent variable

(i.e., G̃DI3D-GWLZD) and the corresponding independent variables (i.e., non-cumulative and

cumulative terms of GDI3D-1 and GDI3D-2). Therefore, the F -test and Student’s t-test for

significance of regression are performed to examine various suitable null and alternative

hypotheses associated with the ith 3D GDI formula in the case of the jth soil type and

the kth building. The null hypotheses and the alternative hypotheses corresponding to the

F -test are considered as

H
(i,j,k)
0,3D : λ

(j,k)
3D-i = ψ

(j,k)
3D-i = 0 ∀ i, j and k (4.23)

H
(i,j,k)
a,3D : at least one between λ

(j,k)
3D-i and ψ

(j,k)
3D-i ̸= 0 ∀ i, j and k . (4.24)

The corresponding F -test statistic, f (i,j,k)
0,3D , can be estimated from Equation 3.9 by replacing

the values of different parameters associated with ith 2D GDI formula (i.e., q(j,k)2D , GDI(j,k,g)2D-i ,

GDI
(j,k,g)
2D-ST and GDI

(j,k)

2D-ST) with their counterparts for the ith 3D GDI formula (i.e., q(j,k)3D ,

GDI
(j,k,g)
3D-i , G̃DI

(j,k,g)

3D-GWLZD and the mean of all G̃DI
(j,k,g)

3D-GWLZD values). The values of vi and w

for GDI3D-i are same as for GDI2D-i, and the values for the parameter q(j,k)3D are provided in

Table 4.8 (or Table 4.9). The estimated values of f (i,j,k)
0,3D for all combinations of two new 3D

GDI formulae, three different types of soil and the considered training buildings are shown in

Tables 4.8 and 4.9. On the other hand, the maximum value of the corresponding percentage

point of the F -distribution at the 5% level of significance is equal to 3.16 for all training

cases. So, the null hypotheses of Equation (4.23) can be rejected which signifies the fact that

the dependent variable has a linear relationship with either or both of independent variables

considered in the cases of the two 3D GDI formulae and all possible combinations of the soil

types and the training frames [240].

Now, for carrying out Student’s t-test the following null and alternative hypotheses are

considered as

H
(j,k)
0,λ3D-i

: λ
(j,k)
3D-i = 0 ∀ i, j and k (4.25)

H
(j,k)
a,λ3D-i

: λ
(j,k)
3D-i ̸= 0 ∀ i, j and k (4.26)

H
(j,k)
0,ψ3D-i

: ψ
(j,k)
3D-i = 0 ∀ i, j and k (4.27)

H
(j,k)
a,ψ3D-i

: ψ
(j,k)
3D-i ̸= 0 ∀ i, j and k . (4.28)
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4.4. Results and Discussions

The corresponding t-test statistics for 3D GDI formulae, t(j,k)0,λ3D-i
and t(j,k)0,ψ3D-i

, can be obtained

from Equations (3.14) to (3.17) by replacing the values of different parameters associated

with ith 2D GDI formula with their counterparts for the ith 3D GDI formula. In this case,

the values of x̃2D-i and ỹ2D-i for GDI3D-1 and GDI3D-2, respectively, can be obtained using

the following expressions

x̃3D-1 = µ̄d,m and ỹ3D-1 =

Ns∑
n=1

[
Td/∆t∑
s=1

(
D2
dn
(s∆t)

C2
dn
(s∆t)

)]
(4.29)

x̃3D-2 = µ̄ϕ,m and ỹ3D-2 =

Ns∑
n=1

[
Td/∆t∑
s=1

(
D2
dn
(s∆t)

C2
ϕn
(s∆t)

)]
. (4.30)

The estimated absolute values of t0,λ2D-i
and t0,ψ2D-i

are provided in Tables 4.8 and 4.9. The

maximum value of the corresponding percentage point of the Student’s t-distribution at the

αs/2 level of significance is found to be 2.0 for all training cases. So, the null hypotheses

of Equations (4.25) and (4.27) can be rejected emphasizing the fact that both independent

variables contribute significantly to the corresponding GDI formula [240].

Further, for the 3D GDI formulae and the complete ranges of the indices j and k, the val-

ues of the adjusted R2
(
i.e., R2

adj.

∣∣(j,k)
3D-i

)
and the predicted R2

(
i.e., R2

pred.

∣∣(j,k)
3D-i

)
are computed

(following the framework of Equations 3.19 and 3.20, respectively) and enlisted in Tables 4.8

and 4.9. The values of R2
adj.

∣∣(j,k)
3D-i

are ranging from 0.826 to 0.984 for GDI3D-1, and from 0.863

to 0.978 for GDI3D-2, whereas the values of R2
pred.

∣∣(j,k)
3D-i

are ranging from 0.822 to 0.984, and

from 0.858 to 0.976 for GDI3D-1 and GDI3D-2, respectively. Although the adjusted and pre-

dicted R2 values for 3D GDI formulae are less than that for 2D GDI formulae, the obtained

R2
adj.

∣∣(j,k)
3D-i

and R2
pred.

∣∣(j,k)
3D-i

values can be considered satisfactory especially taking into account

the higher amount of uncertainties involved in replicating the structural response of 3D RC

building due to bidirectional ground motions through nonlinear time-history analysis of a

representative finite element model. Hence, the independent non-cumulative and cumulative

terms of the 3D GDI formulae enjoy strong linear relationships with G̃DI3D-GWLZD [240], and

the GDI formulae have strong capability to predict a new observation [241]. Finally, the

Spearman’s rank-order correlation coefficient, ρSM|(j,k)3D-i, are estimated (similarly as ρSM|(j,k)2D-i

following the framework of Equation (3.21)) to measure the strength and the direction of the

monotonic relationship between G̃DI3D-GWLZD and the GDI formulae, GDI3D-1 and GDI3D-2.

The ranges of the ρSM|(j,k)3D-i parameter for all j and k values are from 0.914 to 0.990 for GDI3D-1,

and from 0.938 to 0.988 for GDI3D-2 as shown in Tables 4.8 and 4.9. Hence, there is a strong

monotonically increasing relationship between the 3D GDI formulae and the modified Park

and Ang 3D damage model.
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4.4.2 Explicit Expressions for Estimating GDCs of 3D GDI for-

mulae

This section explores various functions to find most suitable explicit expressions for esti-

mating the GDCs of 3D GDI formulae, as discussed in Subsection 4.3.3. For this purpose,

the relations of some global parameters of a 3D building, such as its fundamental periods

(T (x)
p , T

(y)
p , and T ′

p), floor and bays numbers (Nbx, Nby and Ns), the total dimensions (i.e., htotal,

total width along x-direction, lx,total = Nbxlx, and total width along y-direction, ly,total = Nbyly,

as shown in Figure 4.1), various building shape ratios (Rs1 = Nbx/Ns, Rs2 = Nby/Ns and

Rs3 = NbxNby/N
2
s ) and building dimensional ratios (Rd1 = lx,total/htotal, Rd2 = ly,total/htotal and

Rd3 = lx,totally,total/h
2
total), along with the soil type (S) with the GDCs individually or for any

linear combination of them are studied. These relations are used through stepwise backward

elimination of the independent variables [242] to produce the best-fitted explicit expression

for each GDCs separately. Also, only the index i will be used hereafter, similarly as in the

cases of the explicit expression for the GDCs associated with 2D GDI formulae.

The non-cumulative and cumulative terms (of GDI3D-1 in Equation (4.2)), associated with

λ3D-1 and ψ3D-1, use responses due to DSCBGMs and structural properties. So, the explicit

expressions for the coefficients are considered as

λ3D-i = g
(c3)
λ3D

(
κ
(i)
12 , κ

(i)
13 , κ

(i)
14 , κ

(i)
15 , κ

(i)
16 , κ

(i)
17 , κ

(i)
18 , κ

(i)
19 , κ

(i)
20 , κ

(i)
21 , κ

(i)
22 , κ

(i)
23 , κ

(i)
24 , κ

(i)
25 , κ

(i)
26 ,

T (x)
p , T (y)

p , Nbx, Nby, Ns, htotal, lx,total, ly,total, Rs1, Rs2, Rs3, Rd1, Rd2, Rd3, S
)

∀ c3 = 1, 2, · · · , 215 − 1 and i = 1 (4.31)

ψ3D-i = g
(c3)
ψ3D

(
κ
(i)
27 , κ

(i)
28 , κ

(i)
29 , κ

(i)
30 , κ

(i)
31 , κ

(i)
32 , κ

(i)
33 , κ

(i)
34 , κ

(i)
35 , κ

(i)
36 , κ

(i)
37 , κ

(i)
38 , κ

(i)
39 , κ

(i)
40 , κ

(i)
41 ,

T (x)
p , T (y)

p , Nbx, Nby, Ns, htotal, lx,total, ly,total, Rs1, Rs2, Rs3, Rd1, Rd2, Rd3, S
)

∀ c3 = 1, 2, · · · , 215 − 1 and i = 1 (4.32)

where the regression coefficients, κ(i)12 to κ(i)26 are attached with T (x)
p , T (y)

p , Nbx, Nby, Ns, htotal,

lx,total, ly,total, Rs1, Rs2, Rs3, Rd1, Rd2, Rd3 and S, respectively, for the coefficient λ3D-1, and

κ
(i)
27 to κ

(i)
41 are attached with the independent variables in the same order for ψ3D-1. The

index c3 refers to all possible regression models considering the linear combinations of the

corresponding independent variables available in Equations (4.31) and (4.32). Similarly, the

explicit expressions for the GDCs associated with the non-cumulative and the cumulative

terms of GDI3D-2, λ3D-2 and ψ3D-2, are considered as

λ3D-i = g
(c4)
λ3D

(
κ
(i)
12 , κ

(i)
14 , κ

(i)
15 , κ

(i)
16 , κ

(i)
17 , κ

(i)
18 , κ

(i)
19 , κ

(i)
20 , κ

(i)
21 , κ

(i)
22 , κ

(i)
23 , κ

(i)
24 , κ

(i)
25 , κ

(i)
26 ,

T ′
p, Nbx, Nby, Ns, htotal, lx,total, ly,total, Rs1, Rs2, Rs3, Rd1, Rd2, Rd3, S

)
∀ c4 = 1, 2, · · · , 214 − 1 and i = 2 (4.33)
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ψ3D-i = g
(c4)
ψ3D

(
κ
(i)
27 , κ

(i)
29 , κ

(i)
30 , κ

(i)
31 , κ

(i)
32 , κ

(i)
33 , κ

(i)
34 , κ

(i)
35 , κ

(i)
36 , κ

(i)
37 , κ

(i)
38 , κ

(i)
39 , κ

(i)
40 , κ

(i)
41 ,

T ′
p, Nbx, Nby, Ns, htotal, lx,total, ly,total, Rs1, Rs2, Rs3, Rd1, Rd2, Rd3, S

)
∀ c4 = 1, 2, · · · , 214 − 1 and i = 2 (4.34)

where the regression coefficients, κ(i)12 and κ(i)14 to κ(i)26 are attached with T ′
p, Nbx, Nby, Ns, htotal,

lx,total, ly,total, Rs1, Rs2, Rs3, Rd1, Rd2, Rd3 and S, respectively, for the coefficient λ3D-2, whereas

the regression coefficients, κ(i)27 and κ(i)29 to κ(i)41 are attached with the independent variables in

the same order for ψ3D-2. The index c4 refers to all possible regression models considering the

linear combinations of the corresponding independent variables available in Equations (4.33)

and (4.34). Now, the other GDC of GDI3D-2, γ3D-2, is related only to the structural properties

of a building (refer to Equation (4.15)). Therefore, the explicit expression for γ3D-2 using only

global parameters of a building (same as γ2D-2) as independent variables are considered as

γ3D-i = g(c5)γ3D

(
κ
(i)
42 , κ

(i)
43 , κ

(i)
44 , κ

(i)
45 , κ

(i)
46 , κ

(i)
47 , κ

(i)
48 , κ

(i)
49 , κ

(i)
50 , κ

(i)
51 , κ

(i)
52 , κ

(i)
53 , κ

(i)
54 ,

T ′
p, Nbx, Nby, Ns, htotal, lx,total, ly,total, Rs1, Rs2, Rs3, Rd1, Rd2, Rd3

)
∀ c5 = 1, 2, · · · , 213 − 1 and i = 2 (4.35)

where the regression coefficients, κ(i)42 to κ(i)54 are attached with T ′
p, Nbx, Nby, Ns, htotal, lx,total,

ly,total, Rs1, Rs2, Rs3, Rd1, Rd2, and Rd3, respectively, for the coefficient γ3D-2. The index

c5 refers to all possible regression models considering the linear combinations of the corre-

sponding independent variables available in Equation (4.35). The units for the fundamental

periods are taken as second, and the units for the total widths of a building along two or-

thogonal horizontal directions are taken as meter in Equations (4.31)-(4.35). The statistics

of the considered models are studied for all GDCs, and the corresponding best-fitted model

can be expressed as

λ3D-1 = 8.5611T (x)
p − 3.8124T

(y)
P − 0.3327htotal − 2.3685Rs1 − 1.1010Rs2

+ 1.3120Rd1 + 0.9270Rd2 + 0.0323S
(
with R2

adj. = 0.993
)

(4.36)

ψ3D-1 = −0.0223htotal + 0.1697Rd3 + 0.1285S
(
with R2

adj. = 0.933
)

(4.37)

λ3D-2 = 2.4914T ′
p − 0.1795Ns − 1.1485Rs3 + 0.5727Rd3

+ 0.0627S
(
with R2

adj. = 0.951
)

(4.38)

ψ3D-2 = 0.6478T ′
p − 0.0103lx,total − 0.0084ly,total + 0.0682Rd3

+ 0.5991× 10−3S
(
with R2

adj. = 0.898
)

(4.39)

γ3D-2 = −1.1504T ′
p + 0.2444Nbx + 0.0589Nby + 0.0231htotal − 0.0344lx,total

− 0.0127ly,total − 0.0619Rs3

(
with R2

adj. = 0.925
)

. (4.40)

The importance of the corresponding independent variables for each 3D GDC (similar to
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4. Combined GDIs for 3D Buildings

their 2D counterparts in Subsection 3.4.2) is checked through the F -tests for significance of

regression by assuming the following suitable null and alternative hypotheses as

H0,λ3D-i
: κ

(i)
ξ = 0 with ξ = 12, 13, 17, 20, 21, 23, 24, 26 for i = 1,

and ξ = 12, 16, 22, 25, 26 for i = 2 (4.41)

Ha,λ3D-i
: at least one among κ

(i)
ξ ̸= 0 with ξ = 12, 13, 17, 20, 21, 23, 24, 26

for i = 1, and ξ = 12, 16, 22, 25, 26 for i = 2 (4.42)

H0,ψ3D-i
: κ(i)η = 0 with η = 32, 40, 41 for i = 1, and η = 27, 33, 34, 40, 41 for i = 2 (4.43)

Ha,ψ3D-i
: at least one among κ(i)η ̸= 0 with η = 32, 40, 41 for i = 1,

and η = 27, 33, 34, 40, 41 for i = 2 (4.44)

H0,γ3D-i
: κ

(i)
ζ = 0 with ζ = 42, 43, 44, 46, 47, 48, 51 for i = 2 (4.45)

Ha,γ3D-i
: at least one among κ

(i)
ζ ̸= 0 with ζ = 42, 43, 44, 46, 47, 48, 51 for i = 2 . (4.46)

The corresponding F -test statistics, f0,λ3D-i
, f0,ψ3D-i

and f0,γ3D-i
, are estimated following the

similar method described in Subsection 3.4.1 and provided in Table 4.10. Since the corre-

sponding maximum value of the percentage point of the F -distribution is 3.072 (considering

αs = 0.05) for all GDCs, the null hypotheses of Equations (4.41), (4.43) and (4.45) can be

rejected.

Table 4.10: Different statistical results for the GDCs of 3D GDI formulae

Sl.
i GDC

F -test Student’s t-test statistic
No. statistic (absolute value)

1 1 λ3D-1 f0,λ3D-1
= 445.2 t0,λ3D-1,κ12 = 9.87, t0,λ3D-1,κ13 = 5.67, t0,λ3D-1,κ17 = 13.92,

t0,λ3D-1,κ20 = 14.23, t0,λ3D-1,κ21 = 5.14, t0,λ3D-1,κ23 = 12.56,
t0,λ3D-1,κ24 = 6.82, t0,λ3D-1,κ26 = 2.68

2 1 ψ3D-1 f0,ψ3D-1
= 112.9 t0,ψ3D-1,κ32 = 3.69, t0,ψ3D-1,κ40 = 10.87, t0,ψ3D-1,κ41 = 3.27

3 2 λ3D-2 f0,λ3D-2
= 93.12 t0,λ3D-2,κ12 = 5.05, t0,λ3D-2,κ16 = 3.38, t0,λ3D-2,κ22 = 3.48,

t0,λ3D-2,κ25 = 3.87, t0,λ3D-2,κ26 = 1.68

4 2 ψ3D-2 f0,ψ3D-2
= 43.23 t0,ψ3D-2,κ27 = 2.94, t0,ψ3D-2,κ33 = 2.53, t0,ψ3D-2,κ34 = 2.49

t0,ψ3D-2,κ40 = 7.77, t0,ψ3D-2,κ41 = 0.04

5 2 γ3D-2 f0,γ3D-2
= 43.46 t0,γ3D-2,κ42 = 5.10, t0,γ3D-2,κ43 = 4.71, t0,γ3D-2,κ44 = 3.56,

t0,γ3D-2,κ46 = 3.02, t0,γ3D-2,κ47 = 4.27, t0,γ3D-2,κ48 = 2.86,
t0,γ3D-2,κ51 = 2.93

For carrying out the Student’s t-test, the following null and alternative hypotheses can

be assumed as

H0,λ3D-i,κξ : κ
(i)
ξ = 0 with ξ = 12, 13, 17, 20, 21, 23, 24, 26 for i = 1,
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and ξ = 12, 16, 22, 25, 26 for i = 2 (4.47)

Ha,λ3D-i,κξ : κ
(i)
ξ ̸= 0 with ξ = 12, 13, 17, 20, 21, 23, 24, 26

for i = 1, and ξ = 12, 16, 22, 25, 26 for i = 2 (4.48)

H0,ψ3D-i,κη : κ(i)η = 0 with η = 32, 40, 41 for i = 1, and η = 27, 33, 34, 40, 41 for i = 2 (4.49)

Ha,ψ3D-i,κη : κ(i)η ̸= 0 with η = 32, 40, 41 for i = 1, and η = 27, 33, 34, 40, 41 for i = 2 (4.50)

H0,γ3D-i,κζ : κ
(i)
ζ = 0 with ζ = 42, 43, 44, 46, 47, 48, 51 for i = 2 (4.51)

Ha,γ3D-i,κζ : κ
(i)
ζ ̸= 0 with ζ = 42, 43, 44, 46, 47, 48, 51 for i = 2 . (4.52)

Table 4.10 shows the estimated values of the corresponding absolute t-test statistics, t0,λ3D-i,κξ ,

t0,ψ3D-i,κη and t0,γ3D-i,κζ . The maximum value of the percentage point of the Student’s t-

distribution with αs = 0.05 is found to be 2.07 for all GDCs. Hence, the null hypotheses of

Equations (4.47), (4.49) and (4.51) for various independent variables can be rejected except

S (representing soil type) in the selected regression models for λ3D-2 (of Equation (4.38))

and ψ3D-2 (of Equation (4.39)), as the absolute values of the t-test statistics, t0,λ3D-2,κ26 and

t0,ψ3D-2,κ41 , are less than 2.07. However, the parameter is kept in the explicit expressions of

λ3D-2 and ψ3D-2 here to include the physical effect of local soil type on the damages occurred to

buildings due to bidirectional ground motions. This will make the expressions of those GDCs

more realistic. Also, the importance of the parameter when used with other independent

variables is established through the F -test of the corresponding regression models (refer to

Equations (4.41) and (4.43) for i = 2) as shown in Table 4.10. Finally, the R2
adj. values for

the best-fitted regression models of the GDCs are estimated (as shown in Equations (4.36)-

(4.40)) which refers to strong linear relationships between the GDCs and the corresponding

independent variables.

4.4.3 Correlation between Proposed 3D GDIs and Damage Con-

ditions

In the present research works, the collapse of a 3D building is defined (to represent no reserved

strength) in terms of physical damage conditions of its members (i.e., when at least 50% of

GF columns or 10% of GF columns along with 50% of beams on any floor are collapsed)

as discussed in Subsection 4.3.3. Similarly, other necessary intermediate and lowest (post-

earthquake restoration-based) global damage states are also defined in terms of members-

damage conditions as shown in Table 4.11. The local damage state of the members is decided

from the corresponding LDI3D-GWLZD values [2] (refer to Table 1.4). The limiting values for

normalized GDI3D-GWLZD are obtained for different global damage states considering the

nonlinear dynamic responses of all training buildings due to all training DSCBGMs with

varying scale factors and shown in Table 4.11.

Since the limiting ranges for a 3D GDI model are proposed for the first time in this study,
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Table 4.11: Limiting values for the 3D GDI formulae (G̃DI3D-GWLZD, GDI3D-1 and GDI3D-2)

associated with different post-earthquake restoration-based global damage conditions

Sl. Global damage
Physical damage state of members

Limiting values

No. state of 3D GDIs

1 Collapse

At least 50% of GF columns or 10% of GF

columns along with 50% of beams on any

floor are collapsed

0.95 ≤ GDI3D

2 Irreparable

At least 50% of GF columns or 10% of GF

columns along with 50% of beams on any

floor are irreparable

0.45 ≤ GDI3D < 0.95

3 Repairable

At least 50% of GF columns or 10% of GF

columns along with 50% of beams on any

floor are repairable

0.14 ≤ GDI3D < 0.45

4 No damage Otherwise GDI3D < 0.14

the performance of the G̃DI3D-GWLZD values is needed to be checked at first for identifying

the damage conditions (according to Table 4.11) from its computed values using confusion

matrix as shown in Figure 4.6. Here, the predicted damage condition of a building is obtained

by G̃DI3D-GWLZD value, whereas the actual damage condition is obtained using the physical

damage states of the GF columns and beams of all floors of the building. The accuracy of

G̃DI3D-GWLZD is more than 80% for all training buildings, and the average values of recall

and precision measures are around 75%. Therefore, the limiting values of 3D damage indices

for different damage conditions can be used for the G̃DI3D-GWLZD values.

The same limiting ranges as in Table 4.11 can also be used for the new GDI formulae as

they are tuned (through regression analysis) to match the corresponding G̃DI3D-GWLZD value.

Finally, the performances of GDI3D-1 and GDI3D-2 formulae, similarly as G̃DI3D-GWLZD, are

checked using confusion matrices as shown in Figure 4.6. For this purpose, the GDCs ob-

tained from Equations (4.36)-(4.40) for different training buildings and different soil types

are used to estimate the values of GDI3D-1 and GDI3D-2 from the corresponding nonlinear

dynamic responses, followed by assigning the corresponding global damage conditions (i.e.,

the predicted conditions) based on the estimated values. The accuracies obtained by the GDI

formulae are around 80% in the cases of all training buildings and all training DSCBGMs.

Although the confusion matrices of Figure 4.6 represent the overall performances of the GDI

models for all training buildings and training DSCBGMs, the performances of the models in

the case of individual training buildings and all training DSCBGMs are also found satisfac-

tory. It reflects the importance of using the G̃DI3D-GWLZD values in multilinear regression

analysis to get a uniform range of 3D GDI values (linked with different global damage states)

applicable for any RC building (similar to the considered sample buildings) as discussed in

Subsection 4.3.3.
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ND R Ir C Recall ND R Ir C Recall ND R Ir C Recall

ND 2.18 0.00 0.00 0.00 100.0 ND 0.89 1.29 0.00 0.00 40.82 ND 1.25 0.93 0.00 0.00 57.34

R 4.13 31.87 2.27 0.00 83.28 R 1.87 33.78 2.62 0.00 88.27 R 2.22 33.17 2.88 0.00 86.67

Ir 0.00 5.87 43.02 2.44 83.81 Ir 0.00 8.39 40.27 2.67 78.45 Ir 0.00 11.20 37.91 2.22 73.85

C 0.00 0.00 2.62 5.60 68.11 C 0.00 0.00 1.91 6.31 76.76 C 0.00 0.00 3.38 4.84 58.88

34.51 84.45 89.96 68.85 82.67 32.26 77.73 89.88 70.30 81.24 36.02 73.22 85.83 68.56 77.16
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Figure 4.6: Confusion matrices (with values in percentage) of the actual and the predicted

damage conditions for the training buildings due to the training DSCBGMs in the case of (a)

G̃DI3D-GWLZD, (b) GDI3D-1 and (c) GDI3D-2

4.4.4 Validation of the Proposed Methodology

In this section, the new 3D GDI formulae (Equations (4.2) and (4.15)), the explicit expressions

(Equations (4.36)-(4.40)) for predicting the corresponding GDCs, and the applicability of the

selected limiting damaging index values for different damage states (refer to Table 4.11) will

be validated. For this purpose, the values of 3D GDCs for the validation building (i.e.,

3F4Bx3By as shown in Table 4.1) are estimated as γ3D-2 = −0.1435, and

λ3D-1 = 0.7063, ψ3D-1 = 0.4393, λ3D-2 = 1.0128, ψ3D-2 = 0.1852 for S = 1 ,

λ3D-1 = 0.7386, ψ3D-1 = 0.5678, λ3D-2 = 1.0755, ψ3D-2 = 0.1858 for S = 2 ,

λ3D-1 = 0.7709, ψ3D-1 = 0.6963, λ3D-2 = 1.1382, ψ3D-2 = 0.1864 for S = 3 .

The nonlinear dynamic responses of the building due to the validation DSCBGMs (refer to

Table 4.3) with different scale factors are used to compute normalized GDI3D-GWLZD values

and to estimate global damage values using the new GDI formulae. It should be mentioned

that the validation building is first analysed due to the training DSCBGMs for different

local soil types to get the normalization factors linked with the global collapse state for the

building (similarly for the training buildings as discussed in Subsection 4.3.3). These normal-

ization factors are applied to the computed GDI3D-GWLZD values (as per Equation (4.22)) for

all validation DSCBGMs (with different scale factors) to yield the G̃DI3D-GWLZD values for

comparing them with the corresponding computed GDI3D-1 and GDI3D-2 values. However,

the normalization factors are not applied to the computed GDI3D-1 and GDI3D-2 values for

the same reason as in the case of training buildings and training DSCBGMs, i.e., the GDCs

available in the new GDI formulae will deal with the effect of the normalization. The com-

parisons of the monotonically non-decreasing evolution of those estimated GDI values for

different local soil types are shown in Figure 4.7. It can be seen in the Figure that the global
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damage values estimated by GDI3D-1 and GDI3D-2 formulae can predict the corresponding

normalized GDI3D-GWLZD values with satisfactory accuracy despite some inherent uncertain-

ties resulting from the approximations considered to get the global damage values and the

proposed explicit expressions of the GDCs.

The global damage conditions (as per Table 4.11) for the validation building due to the

validation DSCBGMs are evaluated from the corresponding GDI3D-1, GDI3D-2 and normal-

ized GDI3D-GWLZD values. The comparison of the predicted and actual damage conditions for

different GDI models in terms of confusion matrices are shown in Figure 4.8. The accuracy

measures for normalized GDI3D-GWLZD values and the new GDI formulae are found to be

more than 75%. Hence, the obtained values of the performance parameters for GDI3D-1 and

GDI3D-2 can be considered satisfactory (like their 2D counterparts) in the case of validation

buildings and validation DSCBGMs [227, 243]. Any suitable probabilistic approach can also

be used to improve further the damage assessment of 3D buildings by the GDI formulae. Al-

though GDI3D-1 and GDI3D-2 formulae perform similarly for damage assessment of a building,

GDI3D-2 applies to the building behaving as a linear shear building model (attached with

two translational and one rotational DOFs at each storey), whereas GDI3D-1 applies to more

general type of buildings.

4.5 Conclusion

The scope of the novel GDI evaluation method (introduced in the previous chapter) has

been extended for instrumented 3D RC building to get combined GDI values during an

earthquake from recorded floor-displacement data and some readily obtainable structural

properties. Using the methodology, two different combined GDI formulae have been proposed

to predict the G̃DI3D-GWLZD value. The values obtained from new formulae are tuned with the

G̃DI3D-GWLZD to achieve the GDI value equal to 1.0 for a building with globally collapsed

condition. The non-cumulative and cumulative terms of the new 3D GDI formulae are

modified (concerning their 2D counterparts) accordingly to accommodate the combined effect

of biaxial bending and axial loading, usually generated due to bidirectional ground motions

on the damage of structural members. The 3D GDI formulae also enjoy similar advantage as

the 2D GDI formulae, i.e., the independence from any computationally intensive and time-

consuming nonlinear time-history analysis for their application.

Among the new GDI formulae, the displacement ductility-based GDI formula is applicable

for any 3D RC buildings and can be used with the help of a corresponding representative

finite element model. On the other hand, the curvature ductility-based GDI formula applies

to those buildings whose behaviour can be idealized as a shear building model attached

with three DOFs (two translational and one rotational) for each story. Also, the curvature

ductility-based GDI model does not need any representative finite element model to compute

GDI values. The explicit expressions for the global damage coefficients of the new 3D GDI
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ND R Ir C Recall ND R Ir C Recall ND R Ir C Recall

ND 6.00 0.00 0.00 0.00 100.0 ND 6.00 0.00 0.00 0.00 100.0 ND 6.00 0.00 0.00 0.00 100.0

R 6.00 24.00 0.00 0.00 80.00 R 12.00 18.00 0.00 0.00 60.00 R 10.00 20.00 0.00 0.00 66.67

Ir 0.00 10.00 44.00 2.00 78.57 Ir 0.00 6.00 50.00 0.00 89.29 Ir 0.00 10.00 46.00 0.00 82.14

C 0.00 0.00 4.00 4.00 50.00 C 0.00 0.00 6.00 2.00 25.00 C 0.00 0.00 4.00 4.00 50.00

50.00 70.59 91.67 66.67 78.00 33.33 75.00 89.29 100.0 76.00 37.50 66.67 92.00 100.0 76.00

Damage conditions: ND - No damage, R - Repairable, Ir - Irreparable, C - Collapsed

Predicted conditions Predicted conditions Predicted conditions
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Figure 4.8: Confusion matrices (with values in percentage) of the actual and the predicted

damage conditions for the validation building due to the validation DSCBGMs in the case of (a)

G̃DI3D-GWLZD, (b) GDI3D-1 and (c) GDI3D-2

formulae are provided as a function of some readily obtainable global parameters of the

buildings (e.g., fundamental periods, building shape ratio, building dimensional ratio etc.)

and the local soil type.

The adequacy of the 3D GDI formulae, along with the associated global damage coeffi-

cients, are found satisfactory through some standard statistical tests, and the damage values

estimated using the GDI formulae enjoy a strong monotonically non-decreasing relationship

with the corresponding values of G̃DI3D-GWLZD. So, the selected non-cumulative and cumu-

lative terms for the new GDI formulae may relate to the global damage state obtained from

G̃DI3D-GWLZD values very well. For wider applicability of the GDI formulae, their limiting

values representing appropriate global damage conditions are also proposed in this study.

The global damage state of a building is linked with the physical damage states of structural

members (i.e., columns and beams) in different storeys of the building.

The statistical characterization of the residues in the predicting equations is not consid-

ered in this study through the deterministic framework for the 3D GDI formulae like their 2D

counterparts. So, a probabilistic approach utilizing such uncertainties due to residues would

lead to a more comprehensive characterization of damage prediction for 3D RC buildings.
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5.1 Overview

Any seismic damage index model can be used to compute earthquake-induced structural

damage of a building. Most researchers prefer combined damage index models due to their

ability to consider the effect of both maximum and cyclic deformations on structural damage.

All such combined damage models require section-level responses (e.g., sectional stress and

strain resultants, dissipated hysteresis energy) through nonlinear time-history analysis, and

cannot compute global damage index using global-level responses (e.g., lateral floor-response)

alone. Utilizing the structural dynamic responses recorded by modern sensors, there is a

scope for developing a new combined GDI evaluation method which uses such recorded data

and avoids the requirement of numerically obtained sectional responses. On the other hand,

the acceptability of the computed damage of a building using any damage index model

through the output of a representative finite element model depends on the authenticity of

the experimental data with which the finite element model is calibrated. The lateral output

of any finite element model is usually calibrated with experimental results of axially-loaded

cantilever columns subjected to unidirectional horizontal quasi-static loading. For most of the

experimental setups (especially the economic ones), the true lateral behaviour of a cantilever

column is altered because of the undesirable orientations of the actuators and the fixing

arrangements between the actuator heads and the column tip. Therefore, the results obtained

from such experiments must be rectified to generate true lateral load-deformation behaviour

before using them directly for calibration of any finite element model. Many previous research

works also emphasized the need to rectify such experimental data [86, 194, 203]. Therefore,
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a novel mechanics-based formulation to reproduce the true lateral load-deformation curve of

cantilever columns from experimental data and a novel combined GDI evaluation method

incorporating recorded floor-displacement responses for instrumented buildings during any

seismic event are developed in the present study. This chapter presents a summary of the

completed research work, followed by significant contributions and limitations associated

with the study. Finally, different branches of possible future works based on the current

topic are suggested.

5.2 Summary of the Research

The experimental results of four cantilever column specimens subjected to constant axial

loading along with unidirectional horizontal quasi-static monotonic and cyclic loadings (car-

ried out in a separate research work [199]) are used to study the effect of real-time inclination

of the actuators and fixing arrangements on the lateral behaviour of the specimens. During

the experiments, inclined positions of both horizontal and vertical actuators are responsible

for altercations in the actual lateral and vertical forces acting on a specimen from the corre-

sponding actuator readings. Also, the eccentric force (concerning the column tip) developed

from the inclined actuator results in an extra moment and, subsequently, an additional col-

umn tip deformation. The effect of these anomalies should be removed (especially in the

case of large displacement or high axial load) from the test result to get exact force and de-

formation components. However, their values depend on the unknown column tip rotation,

which cannot be determined directly from the actuator readings. Geometric configurations of

the actuators and column specimen, displacement compatibility, equilibrium equations and

constitutive relationships (including geometric stiffness) are used to find implicit expressions

for column tip rotation in terms of lateral displacement. Now, the configurations depend on

the loading directions of actuators and vice-versa, and the constitutive relationship primarily

depends on the initially unknown proportion of elastic and plastic deformation. Therefore,

a nested iteration procedure based on a detailed mechanics-oriented approach is used to get

the exact solution for the tip rotation. The proposed formulation applies to get the true

lateral load-displacement relationship of RC columns when some special arrangements are

not available for procuring accurate measurements of the column tip movement and actuator

rotations during the experiments. It can also find the yield parameters from the monotonic

test results by tracking the onset of plastic deformation.

The values of various parameters (e.g., column tip rotation and displacement, inclinations

of actuators with their initial positions, stress-resultants at base) predicted by the proposed

mechanics-based formulation are validated satisfactorily with experimentally obtained obser-

vations and results in the case of monotonic test with the largest column deformation. Fur-

ther, the evolution of plastic behaviour of the column specimens obtained from the proposed

formulation is found as expected theoretically during the monotonic and cyclic experiments.
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The application of the formulation shows that the original experimental results underesti-

mate the lateral strength and overestimate the lateral displacement capacity of a cantilever

column, especially with a high axial stress ratio. For cyclic experiments, an overestimation

of dissipated hysteresis energy is also observed when the experimental result is not rectified

using the proposed formulation. Such incorrect estimation of capacity parameters and en-

ergy dissipation for a column will not result in its realistic damage estimation due to seismic

loading.

Further, the importance of rectification via the mechanics-based formulation is criti-

cally reviewed by studying analytical model 1 and analytical model 2 (developed using the

OpenSees framework [210, 211]) calibrated with the original experimental data and the rec-

tified data, respectively. It has been found that some directly obtained material properties

(through material tests) of concrete (i.e., compressive cube strength) and reinforcing steel

(i.e., yield and ultimate strength) can be used directly in the analytical model 2 to predict

the rectified curves with good accuracy. On the contrary, those material properties are re-

duced for calibrating the analytical model with the original experimental results to match the

corresponding underestimated lateral strength. However, a few necessary indirectly obtained

properties of concrete (e.g., elastic modulus, unconfined and confined concrete properties)

are changed for both analytical models because of the inherent uncertainty in the material

models and other modelling issues. Now, finite element models for various 2D RC frames

and 3D RC buildings are developed (in the OpenSees framework) using the material prop-

erties calibrated with the rectified experimental lateral load-deformation curve to capture

the realistic sectional and global structural responses. The nonlinear dynamic responses of

those finite element models due to different design spectrum-compatible unidirectional and

bidirectional ground motions are studied thoroughly to introduce a novel combined GDI

evaluation method for instrumented buildings utilizing the floor-displacement data recorded

during any seismic loading along with some easily obtainable structural properties and local

soil type (i.e., hard soil, medium stiff soil or soft soil).

The new GDI evaluation method can predict the dissipated hysteresis energy-based

weighted average of suitable modified Park and Ang-type combined local damage index mod-

els [1, 2] for 2D RC frames and 3D RC buildings. The main advantage of the new method

(unlike the existing damage index models) is its independence on the demand parameters in

terms of the section-level responses (i.e., stress and strain resultants, dissipated hysteresis

energy) of a structure usually generated by the complex and computationally demanding

nonlinear time-history analysis. Because it replaces those section-level demand terms for a

building with the recorded displacement values at each storey of the building to consider the

effect of both maximum and cyclic structural responses on the global damage. The capacity

parameters for a structure or its members to be used in the new GDI evaluation method can

be procured using either a representative finite element model or the corresponding section

properties. A finite element model is necessary to estimate the global response-based capacity
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terms of a frame/building (e.g., ultimate displacement, yield displacement or displacement

ductility) through nonlinear static analysis. On the contrary, the sectional response-based

capacity terms (e.g., ultimate curvature, curvature ductility) can be estimated from section

properties such as section dimensions, reinforcement arrangement, and material properties.

Two combined GDI formulae based on different types of capacity parameters (i.e., global

displacement ductility or curvature ductility of columns) are introduced for 2D RC frames

using the new methodology in this thesis. Now, to get a better idea of the damages that oc-

curred in a building, one should consider the combined (sectional or global) responses along

two orthogonal horizontal directions of the complete 3D building due to bidirectional ground

motions instead of selecting a corner or internal 2D frame (as a representation of the com-

plete building) subjected to the resultant unidirectional motion. Because the latter study

regarding 2D frames cannot utilize the effect of biaxial bending and axial loading, usually

developed due to bidirectional ground motions, on the sustained damage. Therefore, another

two combined GDI formulae are also proposed in the case of 3D RC buildings by suitably

modifying the non-cumulative and cumulative terms of their 2D counterparts to account for

the responses due to biaxial bending and axial loading.

Univariate multilinear regression analyses and some standard statistical tests are per-

formed to find the explicit expressions (considering the variability of 2D frames, 3D buildings

and ground motions) for the regression coefficients or the global damage coefficients available

in the new GDI formulae and examine the legitimacy of the physics-based non-cumulative

and cumulative terms considered in the formulae. As a result, the estimated damage index

values using the new GDI formulae (both for 2D frames and 3D buildings) represent, through

their regressed coefficients, the corresponding GDI values obtained from dissipated hystere-

sis energy-based weighted average of modified Park and Ang-type combined local damage

models [1, 2]. In the case of the modified Park and Ang-type 3D GDI model, the sum of the

dissipated hysteresis energy along two principal axes of each structural member is used as

the weighing function followed by normalization of the GDI values in such a way that the

value associated with the global collapse condition for a 3D building becomes 1.0. Although

the application of the proposed GDI formulae does not need nonlinear time-history analysis,

the latter’s output is used in this research work to compute the GDI values through the

corresponding LDIs at different plastic hinge locations. The nonlinear time-history analy-

sis is also performed to generate the floor-displacement response because it is impossible to

procure a set of recorded floor-displacement data for systematically varying ground motion

intensities for any given frame or building [227], which is very much necessary for training

and validation purposes for any proposed regression model.

A new (global or local) damage index model would be impractical if its user cannot un-

derstand the post-seismic damage state or performance level of a building or its member

from the computed damage index. Therefore, the correlation between the proposed GDI for-

mulae and the post-earthquake restoration-based damage states (i.e., no damage, repairable,
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irreparable and collapse) is also carried out in the present research work. For 2D GDI formu-

lae, the available limiting ranges (proposed by Stone and Taylor [1]) of the weighted average

of modified Park and Ang-type 2D local damage index model (considered in the present

study) to represent different global damage states are found satisfactory. No such limiting

ranges for normalized values of modified Park and Ang-type 3D global damage model (with

which the proposed 3D GDI formulae are tuned) are currently available. Therefore, new

limiting ranges for the GDI values linked with different global damage states for 3D build-

ings are introduced in the present research work. Finally, the performance of the new GDI

formulae, explicit expressions for the GDCs and limiting ranges for different global damage

states are examined for various validation frames or buildings due to different validation

design spectrum-compatible unidirectional or bidirectional round motions.

5.3 Contributions of the Research

The focus of the current research primarily revolves around the major advancements in the

investigation of capturing the true lateral behaviour of columns through quasi-static experi-

ments and conducting a comprehensive global damage characterization for instrumented RC

structures due to seismic loading. These advancements have been elaborated upon in-depth

in the preceding chapters. The outlines of the key contributions associated with each of these

advancements are provided below.

5.3.1 Mechanics-based formulation to rectify experimental data

✍ A mechanics-based formulation has been proposed to rectify the experimentally ob-

tained load-deformation curve for the cantilever column subjected to unidirectional

lateral load and constant axial load by reckoning the effects of fixity and interactions

between the actuators and the specimen and generate the curve representing true can-

tilever behaviour.

✍ The proposed formulation is applicable in the cases where it is not possible to make

some special arrangements to accurately measure the column tip movement and actu-

ator rotations during experiments.

✍ An overall underestimation and overestimation of lateral strength and lateral displace-

ment capacity for cantilever columns, respectively, are observed when the experimen-

tal data are not rectified. The amount of deviation in the true behaviour from the

experimentally-obtained one increases with axial stress and lateral displacement of a

column specimen.

✍ The analytical models for predicting the lateral load-deformation behaviour of can-

tilever columns can be calibrated using the rectified data without changing the experi-
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mentally obtained material properties (e.g., compressive strength of concrete, yield and

ultimate strengths of steel).

✍ The proposed formulation can directly identify the yield displacement and the yield

strength for a cantilever column from the rectified data by identifying the emergence

of its plastic displacement.

5.3.2 Combined GDIs for 2D RC frames

✍ A novel combined GDI evaluation method has been proposed to predict GDI values

obtained as the weighted average of modified Park and Ang-type local damage model

for 2D RC frames. The dissipated hysteresis energies at each plastic hinge location are

used as a weighing function to get the GDI values from the LDI values computed using

the modified Park and Ang-type 2D damage model.

✍ The new GDI evaluation method utilizes the recorded floor-displacement data for a

2D frame due to seismic loading as the demand parameters, and therefore, negates

the requirement of complex and computationally demanding nonlinear time-history

analysis to generate the demand terms used in conventional damage models.

✍ Two combined GDI formulae applicable to 2D RC frames have been introduced using

the new methodology in the present study. The difference in those formulae is the type

of capacity terms used in the 2D GDI formulae, i.e., displacement ductility of frames

and columns or curvature ductility of columns.

✍ The displacement ductility-based 2D GDI formula is suitable for any 2D RC frame.

The corresponding capacity parameters can be computed from a representative finite

element model for the considered frame.

✍ The curvature ductility-based 2D GDI formula is suitable for those frames whose be-

haviour can be idealized as a shear building model. Sectional information, material

properties and eigenvalue analysis of the idealized shear building model can be used to

get the corresponding capacity parameters.

✍ Use of the selected physics-based non-cumulative and cumulative terms in the new

combined 2D GDI formulae have been found satisfactory through various standard

statistical tests and statistical parameters.

✍ For wider applicability of the 2D GDI formulae, general expressions of the GDCs used

in the 2D GDI formulae have been proposed to make the formulae applicable for other

frames similar to the ones considered in the present study. The GDCs are expressed in

terms of the fundamental period, the total height, the frame ratio for a frame and the

local soil type.
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✍ The available limiting ranges for modified Park and Ang-type damage index model have

been used for verifying the performance of the new 2D GDI formulae to identify the

post-earthquake restoration-based global damage states, i.e., no damage, repairable,

irreparable and collapse, for a frame as the new formulae are tuned with the same

damage values.

5.3.3 Combined GDIs for 3D RC buildings

✍ The scope of the new GDI evaluation methodology has been extended for 3D RC

buildings by introducing another two combined GDI formulae, which can consider the

effect of biaxial bending and axial load developed due to bidirectional ground motions

on the global damage through the recorded dynamic responses along two orthogonal

horizontal directions.

✍ The new combined 3D GDI formulae can predict the normalized GDI values for 3D RC

buildings, where the GDI values obtained as the weighted average of modified Park and

Ang-type 3D local damage model. The sum of dissipated hysteresis energies associated

with two principal axes for a member section at each plastic hinge location are used as

a weighing function to get the GDI values from the corresponding LDIs.

✍ The normalization of the GDI values is implemented to get the GDI value equal to

1.0 for a building in the case of globally collapsed condition. It has also helped to

develop uniform limiting ranges for new 3D GDI formulae to represent different post-

earthquake restoration-based global damage states for RC buildings.

✍ The new 3D GDI formulae utilizes different type of capacity terms (similar to their

2D counterparts), i.e., displacement ductility of building and columns or curvature

ductility of columns, for their applications.

✍ The displacement ductility-based 3D GDI formula is suitable for any 3D RC building

with the help of a representative finite element model to find the required capacity

parameters.

✍ The curvature ductility-based 3D GDI formula is applicable to those buildings whose

behaviour can be idealized as a shear building model. The required capacity parameters

can be computed from the material properties, sectional information and eigenvalue

analysis of the idealized shear building model.

✍ Similar to 2D GDI formulae, the non-cumulative and cumulative terms of the 3D GDI

formulae are found satisfactory. Also, general expressions of the corresponding GDCs

for the 3D GDI formulae have been developed in terms of the fundamental period, total
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height, total widths along orthogonal horizontal directions, different shape ratios and

dimensional ratios for a building and the local soil type.

✍ The correlation between the damage values estimated using new 3D GDI formulae

and the global damage states are established in this study through the overall damage

conditions of the structural members (i.e., columns and beams). Accordingly, suitable

limiting ranges associated with those damage states for the new 3D GDI formulae have

been introduced.

5.4 Limitations of the Study

The presented results as outcomes of the current research works are subjected to following

limitations, though the conclusions extracted from those results remain unaffected.

� The proposed mechanics-based formulation does not consider the effect of bond-slip

and distributed plasticity in the constitutive model to rectify cantilever-test data when

the actuators do not keep their initial orientation during an experiment.

� The columns of the considered 2D RC frames and 3D RC buildings are assumed to

be fixed at their base (or ground floor level) without accounting for soil-structure

interaction.

� Low-rise to mid-rise buildings (with maximum five storeys and six bays) are considered

for the study about the novel GDI evaluation method in this thesis.

� Combined effect of shear-flexure and torsion on the damage of RC members is not

considered, and thus the new GDI formulae are applicable to the buildings which

damaged mainly due to flexure or shear-flexure interaction.

� The effect of geometric irregularities in vertical or horizontal or both planes of a building

is not accounted for in the proposed GDI formulae.

5.5 Branch of Future Research

The current study introduces a promising mechanics-based formulation to get true cantilever

behaviour from test data and a novel GDI evaluation method for RC frames and buildings

from their recorded floor responses during any seismic event. Although the necessary val-

idations for the present research works and some allied practical engineering applications

are demonstrated in this thesis satisfactorily, there are some scopes for further improvement

apart from eliminating the limitations mentioned in the preceding section. With this in view,

the following branches are identified for further research.
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➤ For studying the behaviour of columns in 3D buildings due to seismic loading, many

quasi-static (monotonic and cyclic) experiments on axially-loaded cantilever columns

under the action of bidirectional lateral loadings have been carried out in recent times.

Therefore, the scope of the proposed mechanics-based rectification formulation can be

extended for columns attached with two horizontal actuators and one vertical actuator

during such experiments to get the true cantilever behaviour from the test results.

➤ The current research works on the proposed GDI formulae for 2D RC frames and 3D

RC buildings are carried out within a deterministic framework, where the statistical

characterization of the residues in the prediction equations is not considered. Therefore,

a probabilistic approach incorporating such uncertainties could be used to get more

comprehensive characterization of damage prediction.

➤ The study about the proposed GDI evaluation method (from establishing the selected

non-cumulative and cumulative terms to formulate suitable expressions for the global

damage coefficients through statistical tests and numerical validation) for RC buildings

can be applied as a proof-of-concept to propose other global damage indices applicable

to the structures with other materials. For this purpose, GDI values computed us-

ing other appropriate damage models (e.g., low cycle fatigue-based damage model for

metals), in lieu of modified Park and Ang-type combined damage models used in the

present study, can be utilized as dependent variable in the proposed GDI evaluation

methodology to come up with new combined GDI formulae.
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Definition A.1 If T is a linear transformation from a vector space V over a field F into

itself and −→v is a nonzero vector in V, then −→v is an eigenvector of T if T−→v is a scalar

multiplier of −→v , i.e.,
T−→v = Λ−→v

where Λ (a scalar in F) is known as the eigenvalue or characteristic value associated with

the eigenvector −→v . If V is finite-dimensional, the above expression is equivalent to

A−→u = Λ−→u

where A is the matrix representation of T and −→u is the coordinate vector of −→v .

A.1 Eigen Analysis for structures

In structural engineering, eigen analysis of structures are used for various engineering appli-

cations such as free vibration of structures, buckling analysis, analysis of heat conduction.

However, the application of eigen analysis in studying the undamped free vibration of RC

structures will be discussed briefly in this section. The free vibration of a linear multi degree

of freedom system or MDOF system with N degrees of freedom and no damping can be

represented by the following set of coupled ordinary differential equations as

Mü(t) +Ku(t) = 0 (A.1)

where MN×N and KN×N are the mass matrix and the stiffness matrix, respectively, for the

system, üN×1(t) and uN×1(t) are the acceleration and displacement vectors, respectively, at

time t associated with the respective DOFs of the system, and 0N×1 is the null vector repre-

senting zero external force. To uncouple the above set of equations, the physical coordinates

u(t) can be expressed in terms of generalized coordinates ηN×1(t) and time-independent

modal matrix ΦN×N as

u(t) = Φη(t) =
N∑
n=1

ϕnηn(t) (A.2)

where ϕn is the nth mode shape and ηn(t) is the generalized coordinate associated with

the nth degree of freedom. Assuming ηn(t) = An sinωn(t) + Bn cosωn(t), similar to the free
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vibration response of an SDOF system, Equation (A.1) can be expressed as

[
−ω2

nMϕn +Kϕn

]
ηn(t) = 0 . (A.3)

Here, ωn is the natural frequency for nth mode, and An and Bn are constants associated with

the nth mode depending on the initial condition(s) of the MDOF system. Equation (A.3) can

be satisfied if either ηn(t) = 0 (which is a trivial solution implying u(t) = 0 or no motion),

or ωn and ϕn must satisfy the following equation

[
K− ω2

nM
]
ϕn = 0 (A.4)

⇒
[
D−1 − ω2

nI
]
ϕn = 0 or

[
D− γ2nI

]
ϕn = 0 with D = K−1M, γn = 1/ωn (A.5)

⇒D−1ϕn = ω2
nϕn or Dϕn = γ2nϕn (A.6)

where DN×N is known as the dynamical matrix and IN×N is the identity matrix. Equa-

tion (A.4) is known as the generalized eigenvalue problem, whereas Equation (A.5) or (A.6) is

known as the standard eigenvalue problem. The set of N homogeneous algebraic equations of

Equation (A.4) always has the trivial solution ϕn = 0 (implying no motion), and nontrivial

solution if

det
[
K− ω2

nM
]
= 0 . (A.7)

Equation (A.7) yields a polynomial of order N in ω2
n, and it is known as the characteristic

equation or the frequency equation. For shear building (or any other passive system without

any rigid body movement), K and M are symmetric1 and positive definite2 matrices. There-

fore, Equation (A.7) has N real3 and positive roots for ω2
n in the case of a shear building.

These N roots of the characteristic equation are known as eigenvalues or characteristic values

or normal values. The square root of the eigenvalues are the N natural frequencies of the

MDOF system, which can be further used to find the fundamental periods as Tn = 2π/ωn.

After knowing a natural frequency, the corresponding eigenvector or natural mode shape of

vibration in terms of the relative values of the N displacements ϕjn (∀j = 1, 2, · · · , N) can

be obtained from Equation (A.4). There are different types of numerical method [252, 253]

available for solving eigen value problems such as vector iterative methods (e.g., the for-

ward iteration and inverse iteration methods), transformation methods (e.g., general Jacobi

method and Lanczos method), Sturm sequence method, factorization method (e.g., QR fac-

torization). The expressions of M and K matrices for 2D RC frames and 3D RC buildings

(as considered in Chapters 3 and 4) are provided in the following sections to get Tn values

through eigen analysis as discussed here.

1Matrix AN×N is symmetric if Aij = Aji ∀ i, j = 1, 2, · · · , N .
2Matrix A is positive definite if all of its sub matrices and the matrix itself have nonzero determinant,

i.e., vTAv > 0 ∀ v.
3The roots of eigen analysis are either real valued or they occur in complex-conjugate pairs for damped

system.
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A.1.1 Mass and stiffness matrices for 2D RC frames

Figure A.1 shows the schematic details of a 2D RC frame with Ns number of storeys and Nb

number of bays. The frame is assumed to behave as a shear building for which the masses are

concentrated at floors only with high in-plane rigidity, and they are supported by massless

inextensible columns. Therefore, the frame has Ns DOFs (i.e., u1(t), u2(t), · · · , uNs(t)) along

the lateral direction as shown in the figure. The mass acting at ith floor (∀ i = 1, 2, · · · , Ns)

of the frame is denoted by mi which is lumped at the corresponding DOF, ui(t). Since all

columns situated between Floor i and Floor (i − 1) of the shear building have equal lateral

displacement, the combined elastic stiffness of the columns (against flexural loading) can be

expressed as

ki =

Nb+1∑
c=1

(
12EcIc
h3i

)
(A.8)

where Ec and Ic as the modulus of elasticity and the area moment of inertia, respectively, for

the cth column situated in the corresponding storey, and hi is the distance between Floor i

and Floor (i− 1) for the frame.

//

m1

m2

mNs−1

mNs

k1

k2

kNs

=⇒

u1(t)

u2(t)

uNs−1(t)

uNs(t)

/
/

// // // //

//

//

//

//

h
1

h
2

h
N

s

Floor 0 (GF)

Floor 1

Floor 2

Floor (Ns − 1)

Floor Ns (Roof)

Bay 1 Bay 2 Bay Nb

Figure A.1: The schematic details of a 2D RC frame along with the corresponding lumped-mass

system

The elements of the lumped mass matrix MNs×Ns for the 2D frame can be expressed as

Mij =

mi, if i = j

0, otherwise
(A.9)
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where the lumped mass coefficient Mij represents the contribution of mass along DOF i

when unit deformation is applied at DOF j. The index i (and j) ranges from 1 to Ns, and

represents the DOFs in the order of u1(t), u2(t), · · · , uNs(t). The elements of the stiffness

matrix KNs×Ns for the frame can be expressed as

Kij =



ki + ki+1, if i = j and i < Ns

ki, if i = j = Ns

−kmax(i,j), if i = j ± 1

0, otherwise

(A.10)

where the stiffness coefficient Kij represents the contribution of stiffness along DOF i when

unit deformation is applied at DOF j.

A.1.2 Mass and stiffness matrices for 3D RC buildings

Consider a 3D RC building with Ns number of storeys, and Nbx and Nby numbers of bays

along x- and y-directions, respectively. The height of all floors from their respective previous

floors are {h1, h2, · · · , hNs}, whereas the widths of each bay along two orthogonal directions

are {lx1, lx2, · · · , lxNbx
} and

{
ly1, ly2, · · · , lyNby

}
. Figure A.2 shows the details of a 3D building,

similar to the one of Figure 4.1, but with different dimensions in all directions. Three degrees

of freedom (two translational and one rotational) are attached at the center of mass for each

floor as shown in Figure A.2. Therefore, total degrees of freedom for the building are equal

to 3Ns. The mass of each floor is considered as {m1,m2, · · · ,mNs} for the building. Now,

for better representation of column stiffnesses, three indices, q, r and s, are introduced. q

(ranging from 1 to Nbx + 1) represents the location of a column in the direction of x-axis, r

(ranging from 1 to Nby + 1) represents the location of the column in the direction of y-axis,

and s (ranging from 1 to Ns) represents its location in the direction of z-axis. Therefore,

stiffness of individual column along two orthogonal directions are represented by k
(x)
sqr and

k
(y)
sqr, respectively. Numerically their values can be obtained as

k(x)sqr =
12EsqrI

(x)
sqr

h3s
and k(y)sqr =

12EsqrI
(y)
sqr

h3s
(A.11)

where Esqr is the modulus of elasticity of the corresponding column, and I(x)sqr and I
(x)
sqr are the

area moment of inertia of the column about x- and y-axis respectively. Further, the distance

of any column (in plan) from the center of mass along x-axis (∆xq) and y-axis (∆yr) can be

represented as

∆xq = CMx −
q∑
i=1

lxi and ∆yr = CMy −
r∑
i=1

lyi (A.12)

where (CMx, CMy) is the coordinate of the center of mass as shown in Figure A.2.
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u1(t)

v1(t)

Center of Mass (CM x, CM y)
h 4

h 3
h 2
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l y1

l y2

l y3

Details of the example building:

N s = 4, Nbx = 4, Nby = 3
Total number of DOFs = 12

Lengths of bays along

x-direction =  lx1 , lx2 , lx3 , lx4

Lengths of bays along

y-direction =  ly1 , ly2 , ly3

x
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z

Floor 1

Floor 2

Floor 3

Floor 4
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ω1(t)

u3(t)

u4(t)

v2(t)

v3(t)

v4(t)

ω2(t)

ω3(t)

ω4(t)

Figure A.2: Various details of an example 3D RC building

The elements of the mass matrix M3Ns×3Ns for the 3D building can be expressed as

Mij =


ms, if i = j and (j mod 3) ̸= 0
ms

12

(
l2x,total + l2y,total

)
, if i = j and (j mod 3) = 0

0, otherwise

(A.13)

with s = ⌈j/3⌉ (A.14)

where the index i (and j) ranges from 1 to 3Ns, and represents the DOFs in the order of

u1(t), v1(t), ω1(t), · · · , uNs(t), vNs(t), ωNs(t). ⌈•⌉ represents the ceiling function (which returns

the smallest integer greater than or equal to a given real number), (f mod g) is the remainder

of the Euclidean division of f by g provided both f and g are positive numbers. lx,total and

ly,total are the total width of bays along x- and y-directions, respectively, for the building, and

can be expressed as

lx,total =

Nbx∑
i=1

lxi and ly,total =

Nby∑
i=1

lyi . (A.15)

The elements of stiffness matrix K3Ns×3Ns associated with the translational degrees of

freedom along x-direction (i.e., u1(t), u2(t), u3(t) and u4(t) for the example building as shown
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in Figure A.2) for 3D building can be expressed as

Kij =



Nbx+1∑
q=1

Nby+1∑
r=1

[
k
(x)
sqr + k

(x)
(s+1)qr

]
, if i = j, (j mod 3) = 1 and s < Ns

Nbx+1∑
q=1

Nby+1∑
r=1

[
k
(x)
sqr

]
, if i = j, (j mod 3) = 1 and s = Ns

Nbx+1∑
q=1

Nby+1∑
r=1

[
k
(x)
sqr + k

(x)
(s+1)qr

]
(∆yr) , if i = j + 2, (j mod 3) = 1 and s < Ns

Nbx+1∑
q=1

Nby+1∑
r=1

[
k
(x)
sqr

]
(∆yr) , if i = j + 2, (j mod 3) = 1 and s = Ns

Nbx+1∑
q=1

Nby+1∑
r=1

[
−k(x)(s+1)qr

]
, if i = j + 3, (j mod 3) = 1 and s < Ns

Nbx+1∑
q=1

Nby+1∑
r=1

[
k
(x)
(s+1)qr

]
(−∆yr) , if i = j + 5, (j mod 3) = 1 and s < Ns

Nbx+1∑
q=1

Nby+1∑
r=1

[
−k(x)sqr

]
, if i = j − 3, (j mod 3) = 1 and s > 1

Nbx+1∑
q=1

Nby+1∑
r=1

[
k
(x)
sqr

]
(−∆yr) , if i = j − 1, (j mod 3) = 1 and s > 1

0, for all other values of i when (j mod 3) = 1 .

(A.16)

Similarly, the elements of stiffness matrix K associated with the translational degrees of freedom

along y-direction (i.e., v1(t), v2(t), v3(t) and v4(t) for the example building of Figure A.2) can be

expressed as

Kij =
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]
, if i = j, (j mod 3) = 2 and s = Ns
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]
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k
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]
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]
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[
k
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sqr

]
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0, for all other values of i when (j mod 3) = 2 .

(A.17)

Finally, the elements of stiffness matrix K associated with the rotational degrees of freedom (i.e.,

ω1(t), ω2(t), ω3(t) and ω4(t) for the example building of Figure A.2) can be expressed as
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