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ABSTRACT

Multiple hazards, such as, earthquakes, strong winds, blasts, and fire outbreaks have caused
extensive global devastations to civil structures since centuries in terms of physical and
socio-economic losses. The rapid growth of infrastructure advancements in the last few
decades has significantly increased the vulnerability of the structural systems under these
multiple hazards. The increased vulnerability due to the multi-hazard (MH) scenario has
been causing a major setback for the scientifically prospering society, thereby resulting in
significant hindrance to the socio-economic developments. Although, scientific expertise
has been developed to safeguard the existing and new constructed structures against a
particular hazard, the new MH engineering is in evolving phase with limited knowledge in
protection of structures against the MH scenario. A fundamental difference between the
existing design approach and the new MH design approach is that the existing design
guidelines, standards, and codes do not incorporate the integrated approach for all the
exposed hazards, wherein the current design practice considers the hazards completely
independent. In such scenario, the design is being governed by the controlling demand from
the exposed hazards, which duly ignores the additional risk arising due to the other hazards.
In this regard, the primary objective of the newly emerging MH engineering should
consider addressing the effects of all hazard existent in the design life of structures. Hence,
the increased risks under the exposed MH scenarios should be addressed categorically,
which calls for devising some efficient frameworks that incorporates the effects of the

hazards for achieving a safe and hazard-resilient built environment.

In order to develop efficient and fundamental approaches, it is imperative to recognize the
distinguished features of the hazards occurring in a lifetime of a structure. Extreme natural
hazards, such as, earthquake and strong winds, are mutually exclusive and collectively
exhaustive events, as the probability of simultaneous occurrence for the hazards is zero.
Hence, structures exposed to MH scenario of earthquakes and strong winds, experience no
more than a particular hazard at one time. Existing approaches are unspoken of the standard
risks of exceedance for identified limit states in regions where only earthquakes or winds
occur. Moreover, the occurrence of fire outbreaks after an explosion by blast or an
earthquake induce significant complexities in the system, as assessment strategies for such
cascading scenarios is extremely limited. Post-blast fire (PBF) is a cause-and-effect

phenomenon of such explosion scenarios that results in catastrophic failure of structures
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through intricate cascading effects. In this regard, probabilistic methods have the potential
to integrate the complexities in the system in order to quantify the vulnerability induced in
the structure for obtaining reliable set of design values under MH scenario. Thus, the MH
assessment strategy, therefore, will outstretch the prevailing methodology to ensure

adequate safety and serviceability for structural resistance against such extreme forces.

In this thesis, the need and relevance of MH analysis and design of structures are elaborated,
and existing MH assessment strategies are discussed with clear focus on the differences
between the traditional and MH design approach. Three distinct MH frameworks are
developed and employed to different structural systems under each proposed framework,
which includes scenarios such as, earthquake and wind, and blast and fire. To achieve these
objectives, probabilistic approaches are employed to develop the frameworks, which are
further utilized to investigate the performance of structures for obtaining the additional
risks induced the system due to the MH scenarios. The probabilistic approaches adopted
for developing the MH frameworks show that the prescriptive guidelines utilizing the
deterministic approach are relatively lesser rational and may overestimate the design
values, which may not essentially evaluate the structural response accurately. Further, it is
observed that there exists a range of frequencies, which govern the design of structures
under earthquake and wind excitations, and typically, such assessment is governed by MH
scenario. More importantly, the traditional design guideline that allows utilizing either of
the maximum of earthquake or wind load may seriously underestimate the distress level
likely to occur in passive control devices, thus questioning the global safety of the structure.
Dealing with the cascading PBF scenario indicates that the fire resistance decreases by
~11 % to ~23 % for structural members. Hence, the relative decrease in time should be kept
in mind by rescue teams for having adequate time to control the fire and safely evacuate
the inhabitants from the PBF damaged structure. Finally, guidelines and recommendations
for design of structure and infrastructure systems under the MH scenarios of natural and
accidental/ manmade hazards, specifically in Indian context are presented. Key design
strategies during design (service) life for normal civil engineering structures as well as
critical infrastructures and facilities are recommended for major regions of India
experiencing multiple hazards. Eventually, the proposed MH analysis and design
framework tools can be used in other regions also, in order to have risk consistent approach

for safety of structures under the extreme MH scenario.
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Dilation angle defining amount of plastic volumetric strain induced
in plastic shear

Damped angular frequency

Natural angular frequency

Probability for occurrence of » number of earthquake or wind
events during ¢ period

Mean wind speed at 10 m from the ground level

Cohesion used in CDP model

Probability density functions of responses under the earthquake
occurrences

Probability density functions of responses under the wind
occurrences

Hydrostatic pressure stress

Generalized force vector of the n-th degree of freedom

von Mises equivalent stress

Generalized displacement coordinates of the n-th degree of
freedom

Median value of the demand

Generalized stiffness matrix of the n-th degree of freedom

Mass matrices obtained after static condensation

Damping matrix of M-DOF model

Damping matrix of nonlinear fluid viscous damper

Equivalent structural damping obtained from viscoelastic damper
Total stiffness imparted by the columns and the steel braces
Total stiffness imparted by the columns and the viscoelastic damper
Stiffness matrix of M-DOF model

Stiffness imparted by the steel brace

Mass matrix of M-DOF model lumped at joint nodes

Internal force vector obtained from stresses generated in elements;
{P} is the external force vector

Influence coefficient vector

Modal matrix

Ductility ratio of the structural member

Exposed area due to wind

Gutenberg-Richter coefficients

Amplitude of the wind speed gust

Random amplitude of the base accelerations

Thermal inertia of concrete

Damping of S-DOF system

Specific heat capacity of concrete

Dilatational wave speed

Drag coefficient

Equivalent damping of friction damper

Coefficients governing co-coherence exponential decay

Constant depending on the type of material

Coefficient of reflection of blast overpressure

Demand in the structure due to any event

xli
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E3

Ebe
Ecl

E ci
Ecid
E ciT
Eq
East

Eme
Eq
A
A0
foo
feo
fem
ﬁms
fctmd
ﬁ:trns
far
Je(E =eL)
Fi

Fr

fu
Sw(W=wLr)
N

g

h

h[(#-1),0(%)]

H
he
ht

Io
il
J

Initial or elastic stiffness tensor

Compression damage variable

Euclidian distance or distance between two nodes of reference
Tension damage variable

Random variables associated with the failure response under the
independent earthquake event

Initial elastic modulus

Coefficient of energy content calculated for the base and mass
excitation forces

Energy coefficient used to denote the cases dominated by base
excitation

Energy coefficient used to denote the cases dominated by mass
excitation

Total energy content obtained under base excitation

Secant modulus at maximum dynamic compressive stress of
concrete

Tangent modulus of concrete in MPa

Modulus of elasticity of concrete at high strain-rate

Elastic modulus at elevated temperature, T

Structural damping

Limiting value of absolute difference of the energies (tolerance
limit)

Total energy content obtained under mass excitation

Input energy for base and mass excitations

Frequency spectrum of the wind load

Time-varying forcing function

Biaxial compressive yield strength

Uniaxial compressive yield strength

Maximum dynamic compressive stress of concrete

Characteristic strength of concrete

Dynamic tensile strength of reinforcing steel at given strain-rate
Tensile strength of concrete under quasi-static condition

Output viscous damping force for nonlinear fluid viscous damper
Marginal mass functions of the event, £

Sampling intensity

Fragility expressed in terms of MH demands

Ultimate stress of steel

Marginal mass functions of the event, W

Yield stress of steel

Acceleration due to gravity

Height of compressive in-plane loaded member
Pseudo-acceleration response of an S-DOF linear oscillator under
a unit impulse

Convective heat transfer coefficient

Cracks re-closing after tension-compression reversal

Recovery of concrete in crushing after compression-tension
reversal

Minimum intensity level considered for earthquake or wind

1*" invariant of stress tensor

Material Jacobian
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J
J3

ki
k>
K.
ke
Kq
Le

L,
N(I)
No
Nt

0
P(E)

P(F|S? = s°, S*' = 5P

P(S?)

P(SI|SP = 5P

P(S")

P(W)
Po

Pp(wk)
PE = P(E)

PE
pPf
Ppos
P:

pw=P(W)

*

2" invariant of deviatoric stress tensors

3" jnvariant of deviatoric stress tensors

Stiffness of S-DOF system

Correction factor for coarse aggregates used in concrete
Correction factor for mineral admixtures used in concrete

Ratio of second deviatoric stress invariant on tensile to that of the
compressive meridians

Thermal conductivity of reinforcing steel

Equivalent stiffness of friction damper

Characteristic length of the smallest element in the domain

Sum of all Lagrange multiplier forces associated with DOF, N
Turbulence length

Mass of S-DOF system

Average annual occurrence rate of earthquake or wind with
intensity more than /

Average annual occurrence rate of earthquake or wind for
minimum intensity /o

Number of cycles until failure

Opening factor due to openings in a structure

Probability of failure under the earthquake event

Probability of failure F due to S°f conditional on S°

Probability of occurrence of blast in terms of the reflected
overpressures

Conditional probability of occurrence of fire after occurrence of
blast with characteristics, S°

Probability of occurrence of fire in terms of time-temperature
curves

Probability of failure under the wind event

Atmospheric pressure

Power spectral density function of wind turbulence

Probability mass functions associated with the responses under the
earthquake

Probability that the limit state (LS) is reached at assumed load ey,
Probability of failure for any structural system

Incident pressure of blat wave

Reflected peak pressure pf blast wave from ground

Probability mass functions associated with the responses under the
wind

Probability that the limit state (LS) is reached at assumed load wy,
Fire load density

Heat transferred from outside

Limiting criteria for the total energy that describe the condition to
be dominant under base excitation

Deterministic and non-negative modulating function

Limiting criteria for the total energy that describe the condition to
be dominant under mass excitation

Radial distance from the point of consideration to the source of
detonation

Residual error

Stress state parameter
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Sbf

Sc

si(f)

St

Su

()

Th

T

ta

Tc
Teg
Ter
Tt
tpos
ng
Tse
Uss-10
g

Ui
V'(2)
Vi, V")
Va

Vo

Vg

Vr

i
Vw,top

Va.i()

X()
x(?)
(1)

Ec
&t

Car

Deviatoric stress tensor

standoff distance from the point of consideration to the source of
detonation

Reflected overpressures characterized by charge weight or standoff
distance

Fire hazard characterized by fire load density, g

Dimensionless coefficient considering stress state and stiffness
recovery effects under uniaxial compression, ¢

Thermal load characterized by fire load density or duration

Filter function used to simulate non-stationary earthquake
Dimensionless coefficient considering stress state and stiffness
recovery effects under uniaxial tension, ¢

Single point power spectral density of the von Karman spectrum
for the turbulence in x-direction

Average return period of earthquake or wind with intensity more
than /

Start time of strong-motion phase

End time of strong-motion phase

Arrival time of blast load

Temperature at reference surface

End time of the wind gust speed

End time of the wind ramp speed

Ambient temperature

Positive phase duration of blat wave

Starting time of the wind gust speed

Starting time of the wind ramp speed

3-second gust speed at 10 m height from the ground

Base acceleration/ Earthquake ground motion acceleration
Standard normal random variable

Mean wind speed

Random mean wind speed of the mass-excited force

Average wind speed with statistical parameters

Base shear of the M-DOF system

Wind gust

Wind ramp speed

Wind turbulence

Reference wind speed at height, /ref

Wind speed at height #i

Charge weight of blast load in terms of the mass of equivalent
trinitrotoluene (TNT)

Random variables associated with the failure response under the
independent wind event

Acceleration response for S-DOF or M-DOF system
Displacement response for S-DOF or M-DOF system

Velocity response for S-DOF or M-DOF system

Scaled distance

Variability associated with the demand

Strains for given o

Strains for given Gt

Damping ratio for the fluid viscous damper

xliv



Damping ratio for the viscoelastic damper

Fraction of critical damping for i-th mode

Mean of any component

Standard deviation of any component

Normal cumulative distribution function

Random loading frequency for both the base and mass excitations
A constant (=2m)

Probability of failure, F' conditional on the intensity of blast or fire
loadings characterized by reflected overpressures or time-
temperature relation

Equivalent Mises stress with respect to the backstress @
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3-D
Al
ASCE
BIS
CB
CDE
CDF
CDP
CFFT
CFRP
CLB
CoV
CP
DIF
DL
DM
DOF
DV
EC
EDP
ELM
ESWL
FD
FDM
FE
FEM
FFE
FFT
FOS
FSR
FVD
FVD
GEV
Gl

IH

IL

M

10
IRF
IS
ISA
IMA
JSSI
LGPC
LL
LPHC
LRB
LS

ABBREVIATIONS

Three-Dimensional

Architectural Institute of Japan
American Society of Civil Engineers
Bureau of Indian Standards
Concentric Brace

Collateral Damage Estimation
Cumulative Distribution Function
Concrete Damaged Plasticity
Concrete-Filled Fiber Tube
Carbon Fiber-Reinforced Polymer
Cross Linear Bearing

Coefficient of Variation

Collapse Prevention

Dynamic Increase Factor

Dead Load

Damage Measure

Degree of Freedom

Decision Variable

Eurocode

Engineering Demand Parameter
Equivalent Linearized Method
Equivalent Static Wind Load
Friction Damper

Finite Difference Method

Finite Element

Finite Element Method

Fire Following Earthquake

Fast Fourier Transform

Factor of Safety

Fourier Spectral Ratio

Fluid Viscous Damper

Fluid Viscous Damper
Generalized Extreme Value
Galvanized Iron

Individual Hazard

Isolation Level

Intensity Measure

Immediate Occupancy

Impulse Response Function
Indian Standard

Indian Standard Angle

Japanese Meteorological Agency
Japan Society of Seismic Isolation
Los Gatos Presentation Center
Live Load

Low Probability-High Consequence
Lead Rubber Bearing

Limit State

xlvii



MCS Monte Carlo Simulation

M-DOF Multi-Degree of Freedom

MH Multi-Hazard

MRF Moment Resisting Frame

MS Multi Spring

MSS Multi-Shear Spring

NBC National Building Code

NF Normal Fire

NOWS NatHaz Online Wind Simulator

NRB Natural Rubber Bearing

OD Oil Damper

PB Performance-Based

PBF Post-Blast Fire

PDF Probability Density Function

PEER Pacific Earthquake Engineering Research
PEF Post-Earthquake Fire

PGA Peak Ground Acceleration

PSD Power Spectral Density

PSHA Probabilistic Seismic Hazard Analysis
Q-Q Quantile-Quantile

RC Reinforced Concrete

RMS Root Mean Square

RP Return Period

SB Steel Bracing

SBF Steel Braced Frame

S-DOF Single-Degree of Freedom

SFPE Society of Fire Protection Engineers
STERA 3D STructural Earthquake Response Analysis 3D
THA Time History Analysis

TNT Trinitrotoluene

UFC Unified Facilities Criteria

UT Union Territory

VBIED Vehicle-Borne Improvised Explosive Device
VED Viscoelastic Damper

VEDF Viscoelastic Damped Frame
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