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ABSTRACT

The current developing advanced civil infrastructure are moving towards lightweight
structures due to their benefits with cost effectiveness, easy to transport, sustainability,
reduced waste, and lesser inertial forces. Lightweight structures can be advantageously
used for emergency shelters, defense facilities, and other structures geographically
located at places that pose complex construction and transportation challenges. These
structures can also be used to build structures that protect army soldiers from harsh
environmental conditions and man-made attacks at the forward posts. Structures at such
posts could be subjected to blast, impact, and extreme weather and pose significant
challenges, especially for structures at high altitude areas. Lightweight rapidly deployable
modular structures that can be assembled from prefabricated lightweight building units
could be suitable structures for the aforementioned applications. Therefore, this study
aims to assess the behavior of different lightweight and high-performance building units
made of fiber-reinforced polymer (FRP), FRP and foam sandwich, ultra-high-
performance concrete (UHPC), natural fiber-reinforced foamed concrete (NFRFC), and
bio-composites under various loadings for modular structures. Compared to other
conventional structural materials, composite materials generally have better physical and
mechanical properties, such as low density, low thermal expansion coefficient, high
specific strength, and high specific stiffness. As a result, composite materials are suitable
for use in civil structures subjected to extreme loading conditions. However, there are
various uncertainties associated with composites, including variability in material
properties and applied loads. Therefore, it is essential to investigate the behavior of

composites considering these uncertainties.

In this study, suitable numerical models are developed for FRP, FRP and foam sandwich,
UHPC, and NFRFC building units subjected to extreme loadings. Moreover, a finite
element model is developed for a full-scale FRP and foam sandwich modular structure
subjected to various blast load scenarios. Different deterministic and probabilistic
numerical investigations are conducted on the building units and structures subjected to
static and blast loads. Furthermore, the effect of different protection coatings, i.e., foamed
concrete and polyurea, on the blast resistance of the building units is studied. The
application of polyurea coating enhances the blast resistance of the structures

significantly. Notably, the behavior of the FRP composites, having various
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configurations, is studied under different blast load scenarios. Here, the failure of the FRP
composites is determined by implementing various failure criteria, namely, the maximum
stress, Tsai-Hill, Hoffman, and Tsai-Wu failure criteria. Moreover, the stochastic
performance assessment of the FRP composite is conducted using Monte Carlo
simulation and generalized polynomial chaos methods in this doctoral research. In
addition to the building units, a selected connection, i.e., anchor channel, is investigated
under static and high-rate loadings. Experimental studies are also conducted to assess the
behavior of FRP and foam sandwich beams, and anchor channels under static loads.
Indentation failure in the FRP facesheet and shear failure in the foam core are obtained as
the most governing failures in the sandwich composite beams. Concrete edge breakout is
obtained as a dominating failure mode for anchor channels under shear load. Furthermore,
the effect of moderate and high loading rates on the anchor channel shows enhancement
in the influence of structural inertia and further increases the localized failure around the

anchor channel.

Climate change has become a worldwide problem, and many conventional construction
materials are contributing to the carbon footprint. Stubble burning also causes a huge
amount of greenhouse gas emissions (GHG) in many countries every year. Therefore, the
environmental impacts of stubble burning in India and alternative bio-composite
production have been compared. Subsequently, the use of natural fibers in civil
engineering structures is studied as an alternative to conventional construction materials.
Finally, an initial production of prototype bio-composite building units is carried out. The
production of the building units is accomplished through a startup initiated as part of this
doctoral study. Thus, this doctoral research contributes to reliable modular structures

made of lightweight and high-performance materials subjected to extreme loadings.
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Edge distance of anchor channel

Compression force

Stiffness matrix of a lamina

polynomial constants for Mooney-Rivlin hyperelastic material model
Carbon dioxide

Coefficient of variation

Displacement vector

Acceleration vector

Load-strain relationship matrix

Mid-plane displacement vector

Deflection capacity of a beam

Deflection of a beam with respect to SLS

Deflection of a beam with respect to ULS

Diameter of natural fiber rope

Displacement vector for a total thn number of nodes

Compressibility constant for Mooney-Rivlin hyperelastic material
model

Displacement with respect to ultimate shear force

Damage index of fiber in compression
Damage index of fiber in tension
Damage index of matrix in compression

Damage index of matrix in tension

Young’s modulus of the material

XXXIX



Mathematical Notations
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G, Fracture energy of concrete
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Mc, B2

gPC
R

MCS
P

P
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Pexp

Mathematical Notations

Moment of inertia of cross-section
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Span length of a beam

Length of e element

Length of fiber

Length of anchor

Length of the structure

Inertia matrix

Moment capacity of a beam

Moment capacity of beam B1

Moment capacity of beam B2

Mass matrix of primary structure/superstructure
Moment of a beam with respect to SLS
Moment of a beam with respect to ULS
Shape function vector

Number of simulations
Number of failure using gPC

Number of failure using MCS

Characteristic normal resistance of anchor in concrete failure
Characteristic normal resistance of anchor in concrete blow-out failure
Characteristic normal resistance of anchor in pull-out failure

Characteristic normal resistance of anchor in steel failure

Characteristic normal resistance of anchor in concrete splitting failure

Null matrix

Ambient pressure in MPa

Applied load on a beam

Probability of failure

Probability of failure using gPC
Probability of failure using MCS
Limiting probability of failure

External pressure
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Mathematical Notations

Pgrip
Pi
Pm
Ppos
Pp
Ps
Pw

Scho
Se
S

Pressure applied on the grip of the laminate
Load required to cause indentation failure in the facesheet
Load required to cause microbuckling

Positive peak pressure of shock wave

Positive peak pressure due to explosion
Load required to cause shear failure in the core
Load required to cause wrinkling

Pressure of shock wave at time t

Magnitude of static pressure
Peak magnitude of dynamic pressure

Total fuel consumption per ton of load

Transformed reduced stiffness matrix for the k™ lamina
Radial distance from the explosive charge center
Reuter matrix

Reliability of FRP laminate

Reliability of FRP laminate using gPC

Reliability of FRP laminate using MCS

Radius of the structure

Spacing between anchors

Spacing between channel bolts

Stresses in concrete

Stress in natural fiber rope reinforcement

Total elapsed time since the beginning of the excitation
Tension force

Avrrival time of shock wave in ms
Thickness of core in a sandwich panel
Thickness of facesheet in a sandwich panel
Duration of positive pressure in shock wave
Transformation matrix

Maximum load capacity of anchorage

Input vector
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uO
Uinner
Uouter
Up
Us

At

Mathematical Notations

Mid-plane translational displacements along X axis

Inner perimeter of FRP sample
Outer perimeter of FRP sample
Perimeter of FRP sample

Linear deviatoric strain energy

Mid-plane translational displacements along Y axis
Mid-plane translational displacements along Z axis
Lobbato points

First order derivative of w with respectto X axis
First order derivative of w with respectto Y axis

Shear force

Characteristic shear resistance of anchor in concrete edge failure
Characteristic shear resistance of anchor in concrete pry-out failure
Characteristic shear resistance of anchor in steel failure

Characteristic resistance of anchor in concrete splitting failure

Ultimate shear force

Weight of explosive charge in kg

Limiting explosive weight

Column vector of floor displacements in the X direction

Column vector of floor velocities in the X direction

Column vector of floor accelerations in the X direction

Scaled distance of explosion

Limiting scaled distance of explosion

A vector of the unknown coefficients for a specific point at which
response shall be obtained

Reliability index

Random variable

Slip between reinforcement and concrete
Small time interval

Error
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Mathematical Notations

Strain vector for a lamina

Mid-plane strain vector

Components of macroscopic strain tensor

Complex Gaussian random number with zero mean
Strain at microplane

Shear strain components at microplane
Normal strain at microplane
Strain in concrete

Strain in reinforcement

Angle of fibers in the k™ lamina with respect to the major principal

axis (i.e., X -axis) of the laminate coordinate system

Rotations about X axis
Rotations about Y axis

Shear correction factor

Poisson’s ratio of FRP laminate for load applied in the 1 direction and

strain in the 2 direction

Poisson’s ratio of FRP laminate for load applied in the 2 direction and

strain in the 1 direction

Air density
Stress vector for a lamina

Normal stress in direction 1 in local coordinate system
Normal stress in direction 2 in local coordinate system
Deviatoric stress

Components of macroscopic stress tensor

Shear stresses at microplane

Normal stress at microplane

Volumetric stress

Shear stress in 12 plane in local coordinate system

Shear rotation in X —Z plane
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Wh,sp

Mathematical Notations

Shear rotations in Y —Z plane

Factor for the effect of the corner on the characteristic resistance

Factor for the effect of edge distance on the characteristic resistance
Factor for the effect of thickness of concrete member on the
characteristic resistance

Factor for the effect of influence of neighboring anchors on the
characteristic resistance

Factor for the effect of thickness of concrete member on the
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Angular frequency of wind
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