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Abstract

The interdisciplinary research reported in this thesis can be broadly classified in two domains
of blast resistant design of structures using a) advanced materials, and b) advanced system. The
first domain deals with the application of fiber reinforced concrete (FRC) in civil and defense
structures subjected to blast and shock loading scenario. Initially, a comprehensive
experimental investigation on the shockwave propagation and its attenuation over the
shocktube length has been carried out using Nitrogen and Helium gases with three different
driver section length of the large scale shocktube installed at IIT Delhi. It is established that
the experimental facility can be utilized to simulate both the blast and shock waves with a range
of peak reflected pressure (0.3 — 2.2 MPa), Mach Number (1.38 - 2.23), and positive impulse
(1.8 — 34 kPa-s) with the suitable combination of driver pressure, driver section length and

driver gas.

Thereafter, the dynamic response of concrete slabs with planar dimensions 580 mm x 580 mm
and two thicknesses (30 and 50 mm) under shock load has been analyzed using both strain
gauges and digital image correlation (DIC) with shocktube. Herein, M50 grade of concrete
with two fibers (basalt and steel) have been considered with four combinations namely, plain
cement concrete (PCC), steel FRC, basalt FRC, hybrid FRC (steel and basalt) with total fiber
content 0.5%. Static characterization of all four materials has been done using compressive
strength, split tensile strength, and flexural strength tests at quasi-static loading conditions prior
to dynamic experiments. The improved ductility and toughness of concrete mix due to
inclusion of fibers are observed in both static and dynamic experiments. It is demonstrated that

hybrid FRC outperforms the mono FRC and PCC under blast load conditions.

The second domain of present research deals with the application of inertia based dynamic
vibration absorber (IDVA) in blast resistant sandwich panels. In this context, a prototype of
ball screw inerter has been designed, and an experimental setup of an inerter in series with
spring—dashpot elements has been developed and characterized using a dynamic Universal
Testing Machine (UTM) over a frequency range from 0.5 to 10 Hz. Further, a numerical study
has been carried out which delineates the nonlinear elasto-plastic analysis of two steel plates
sandwiched with mechanical elements (spring-dashpot-inerter) based DVA subjected to a
uniformly distributed blast load on one of its surfaces. This steel plates’ assembly is
transformed into an equivalent multi degree of freedom (MDOF) system using transformation
factors. A detailed parametric study has been carried out for comparative assessment of

performance of different configurations of IDVAs under blast load and a novel configuration

\"



has been proposed which performs best among all the configurations. Further, the
nondimensional parametric and optimization studies of this novel configuration-based
assembly, have been carried out when subjected to a range of blast load in terms of scale
distance. It was concluded that the combined effect of the various components of the
attachment (plate thickness, inertance, stiffness and damping) to the front plate plays the key

role in deciding the performance in terms of back plate deformation and force transmissibility.

Vi
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=9 iR o g Sicl:faw S &) g U 9 U) I AR, 3R &) Sad JoTTe &I
JUINT FRep A3 & fawhie UioRieh f&oe— & <f &= & aifiepd fohan off Il g
Ugdl &3 fawpie SR Xie aifeT uReg & sidifd ArMie iR e Txaqet # BEaR
Taferd dHebie (FRC) & YA ¥ Tafd 8 | URY H, 3113 3115 <1 faeeh #f wifud 9 9um
& UTheyd B! A STT-3MAT SIIAR YoM Ta1g &b 1Y Ao 3R gifery i) &
ST TR Yidhdd B HHANT I 3R Wehegd qaTs b AT 9P &UH R TH AUH
TN S ®t 115 ¢ | 98 T foar a1 § o 39 =i &1 SUaiT Si3aR gad,
SRR YaRM TS 3R SRR T & I9gad TaIoH & Iq1Y SHfddmad IRIafid gad (0.3 -
2.2 MPa), A TWAT (1.38 - 2.23), 3R Y-THAB AT (1.8 - 34 kPa-s) B! THI & 1Y
faepie 3R e AN G BT goid HRA & o fhaT S Tevd g |

9% §1C, 580 fHHY x 580 folt 3R &1 AeTs (30 3MR 50 i) & FHIS AT a1t Hepie
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BIRER T 0.5% g1 IH TR Hepic ImEl o1 Wide Ao, nfaha uai @ uga
Qe afen fRufaal & gdis wifdq, faua a= wfad iR d=iiel wfed wdieron &1 3ugim
PP BT T B | BISER P JHIAY & HRUI Heble YU BT Sgar Tar 3R Ho Rl
Wt SR Tfasiia a1 Tl & it 1% & | 98 UeRid fasar T & fos sane ofts Rufa
F 3idTd BTRfTS THIRE, A THIRE! 3R Uit ¥ 98k Uee= Hrdr gl

AU MY P IR &7 fapie uferieh dsfoa tAat & STea snuia wfasfia du=
3{ARITED (IDVA) B IR e 3 | 59 TaH &, a7 W 37 &1 Ue Uie ey fSuga
farmar g, ik fBRT-SxUTe awl & ATy el & T 39X H1 U YT Jeary fawmiad
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Figure 7.1

Figure 7.2
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Representation of continuum structure as a lumped mass model,
(a): a fully clamped square steel plate subjected to blast load, with
planar dimensions of 3 mx3 m, and thickness 0.02 m and 0.05 m,
(b): equivalent SDOF system of the steel plate, (c): fully clamped
steel plates’ assembly subjected to blast load with spring—dashpot
attachment at nine distinct locations as highlighted in red-colored
bars, (d): equivalent 2DOF system of steel plates’ assembly
Configurations of isolation systems considered in the present
study, (a): configuration—1, spring—dashpot attached between the
two plates, (b): configuration-2, spring—dashpot—inerter attached
in parallel between the two plates, (c): configuration—3, inerter in
series with dashpot element between the two plates

Blast load profile generated due to the explosion of 500 kg TNT
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Schematic representation of RIKS method (arc-length) iterations.
u: normalized deformation, A: load proportionality factor
Resistance curve of steel plate obtained from RIKS analysis, (a):
for 0.05 m thick steel plate with an enlarged view of the initial part
of the curve, (b): for 0.02 m thick steel plate with an enlarged view
of the initial part of the curve

Uniform distributed load application on 0.02 m thick plate while
deforming during RIKS analysis. (a) Start of region (1), (b) Yield
deformation of the plate (ye), end of region (1), (c) Deformation
(ym) corresponding to maximum resistance Rm, end of region (I11),
(d ) Maximum deformation, end of region (IV)
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Comparison of the displacement time history of the central node
of the plate obtained from (a): FE simulation and (b): equivalent
SDOF system approach for 0.05 m thick plate
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of the plate obtained from (a): FE simulation and (b): equivalent
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Comparison of the displacement time history of the central node
of the front plate and back plate obtained from FE simulation and
equivalent 2DOF system approach considering linear elastic
analysis for Kiso = 10 kN/m and Ciso = 10 kNs/m for 0.05 m thick
plates’ assembly. (a): Front plate, FE simulation; (b): Front plate,
equivalent 2DOF system, (c): Back plate, FE simulation; (d) Back
plate, equivalent 2DOF system.
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Figure 7.18
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Magnitude spectrum. Effect of variation of (a): inertance ratio (m)
with Kiso = 1 kKN/m and Ciso = 1 kNs/m, and (b): damping
coefficient (Ciso) with m = 0.1 and Kiso = 1 KN/m, on the frequency
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Effect of variation of (a): inertance ratio (m), (b): damping
coefficient (Ciso); (c): stiffness (Kiso) on the peak value of
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attached with different configurations for 0.05 m thick plates’
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Effect of variation of inertance ratio (m) on displacement time
histories of the front plate and back plate attached with
configuration-2 for Kiso = 1 KN/m and Ciso = 1 kNs/m for 0.02 m
thick plates’ assembly; (a), (¢): while modeling back plate with
linear elastic stiffness Kuz; (b), (d): while modeling back plate with
nonlinear stiffness components Ky, and Kaz».

Effect of variation of inertance ratio (m) and damping coefficient (Ciso)
on the frequency response of the back plate of 2DOF system attached
with configuration—2 for 0.02 m thick plates’ assembly; (a), (e): while
considering back plate’s stiffness as linear elastic stiffness; (c), (f): while
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Effect of variation of (a), (b): inertance ratio (m), (c): stiffness (Kis), and
(d): damping coefficient (Ciso) on the peak value of displacement of the
front and back plates attached with different configurations for 0.02 m
thick plates’ assembly

Effect of variation of (a), (b): inertance ratio (m), and (c), (d): damping
coefficient (Ciso) on the settling time of the front plate and back plate
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Effect of variation of (a): inertance ratio (m), and (b): damping
coefficient (Ciso) on force transmissibility of the system attached with
different configurations of isolation system for 0.02 thick plates’
assembly

Proposed inerter based assembly (a) 3D schematic of the
assembly, (b) Unit component of the novel assembly, (c)
Mathematical model

Effect of variation of (a) inertance ratio (m), with enlarged view in
(b), (c): stiffness (Kiso), and (d): damping coefficient (Ciso) on the
peak value of displacement of the front and back plates attached
with different configurations for 0.02 m thick plates’ assembly
Flowchart for optimizing the design parameters of a novel IDVA
based steel plates’ assembly

Blast load profile using modified Friedlander’s equation.

(a) Resistance deformation (R-D) curve of steel plates, (b) enraged
view of initial part (region I and I1) of resistance curves

XiX

130

133

134

137

141

143

144

148

148

150
151
153



Figure 8.6
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(@) Representation of deflection regions (I-1V) in the resistance
deformation curve of 0.035m thick plate, and (b) enlarged view of
region I and Il

Variation of stiffness components of R-D curve with thickness of
the plate

Deformation contours on the front and back plates at different time
steps obtained from FE simulations

Conceptualization of nonlinear force analogy method
Deformation time histories of front and back plates for (a), (b) Z =
0.7 kg/m*3, and (c), (d) Z = 1.0 kg/m*

Parametric analysis of the parameters of the assembly for ¢ =
4.741; variation of peak deformation of back plate (x;,,, ) in (a) p-

h2 plane, (b) Ciso — B plane, (c) Kiso — o plane; variation of force
transmissibility (FT) in (d) p-h2 plane, (e) Ciso — B plane, (f) Kiso —
a plane

Parametric analysis for the assembly with ¢ = 6.017; mapping of
(@) X3, in p-hz plane, (b) FT in p-hz plane, (¢) x;,,, in Kiso — o
plane; (d) FT in Kiso — a plane

Parametric analysis for the assembly with ¢ = 6.017; mapping of
Xame 101 P — Ciso plane for (a) p= 0.1, (b) p = 0.5; mapping of FT
in f — Ciso plane for (¢) u=0.1, (d) u=10.5

Variation of peak deformation of back plate (Xamax) in p - Ciso
plane, for (a) Kiso = 1x10* N/m, (b) Kiso = 1x10* N/m, (c) Kiso =
1x10° N/m

Variation of force transmissibility (FT) in p - Ciso plane, for (a)
Kiso = 1x10* N/m, (b) Kiso = 1x10% N/m, (¢) Kiso = 1x10° N/m
Pareto front for objective f; and f for front plate thickness hy =
0.03mandZ=1.4,1.2, 1.0 kg/m*® for §=0.5,0.7,0.9

Pareto front for objective f; and f> for front plate thickness hy =
0.04mand Z=0.9, 0.8, 0.7 kg/m*® for §=0.5, 0.7, 0.9
Free-field Pressure-Time variation

Regular Oblique reflection of a plane shock from a rigid wall
(Kennedy 1946)

Mach Reflections from a rigid wall (Kennedy 1946)

Finite Element Mesh for initial study, (a) FE mesh of assembly
(b): FE Mesh of Box-Type Structure.

Finite Element Mesh for the second study. (a): FE mesh of the
geometry under consideration for the panel subjected to blast
loading. (b): FE mesh of spherical explosive.

Validation of present CEL simulation with Du & Li
(2009) for displacement time history of the central node of the slab
under blast loading
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Figure A1.7

Figure A1.8

Figure A1.9

Figure A1.10

Figure Al.11

Mesh Convergence study. (a): For initial study of RC Box Type
structure. (b): For second study of panels.

Time histories of parameters. (a) horizontal displacement of the
centre of facing wall, (b) minimum principal stress at the centre of
facing wall.

Variation of reflected pressue ratio with angle of incidence for
34.48 MPa overpressure. (a): for 300 mm thick panel (b): for 100
mm thick panel (c): for 50 mm thick panel (d): for steel panel (e):
for aluminium panel (f): for SFRC panel (g): for RC panel.
Variation of reflected pressue ratio with angle of incidence for
2.06 MPa overpressure. (a): for 300 mm thick panel. (b): for 100
mm thick panel. (c). for 50 mm thick panel. (d): for steel panel.
(e): for aluminium panel. (f): for SFRC panel. (g): for RC panel.
Blast wave propagation and its interaction with the vertical panel.
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Nomenclature

b Inertance

C Damping coefficient of the plate per unit area
Ce Equivalent damping coefficient of the plate per unit area
Ciso Damping coefficient of connecting dashpot element
Dstif Equivalent dynamic stiffness

K Stiffness of the plate per unit area

Ke Equivalent stiffness of the plate per unit area
Kiso Stiffness of connecting spring element

Kc Load factor

Kwm Mass factor

KLm Load mass factor

Kr Resistance factor

m Inertance ratio

mi Mass per unit length

M Total mass of the plate per unit area

M1 Total mass of the front plate per unit area

M2 Total mass of the back plate per unit area

Me Equivalent mass of the plate per unit area

Mie Equivalent mass of the front plate per unit area
Mze Equivalent mass of the back plate per unit area
P Total force acting on the structure

Pe Equivalent force acting on the structure

p(X) Distributed load

R Resistance of the structure

Re Equivalent resistance of the structure

Rel Resistance of the structure at yield deformation
Ts1 Settling time of front plate

Ts2 Settling time of back plate

Y 1max Peak deformation of front plate
Y 3max Peak deformation of back plate

Yel Yield deformation of the plate

Yel.eq Equivalent yield deformation of the plate with bilinear modeling
Y1 First natural frequency of 2DOF system

Y2 Second natural frequency of 2DOF system

A1 Permanent deformation of the front plate

Az Permanent deformation of the back plate

c Stress
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®2n
WA

wB

&1, &
a1
a2

P1
P2
P4
Ps
Pi

Po
PT

L1
Ls
MS
T1
T2

p1
P2
AP/AX

Equivalent plastic strain

Dimensionless plastic strain rate
Characteristic shape

Natural frequency of the plate

Natural frequency of the front plate
Natural frequency of the back plate
Average frequency

Beat frequency

Damping ratio

Effective damping ratios

Velocity of sound ahead of shock wave
Velocity of sound behind shock wave
Positive impulse of reflected shock wave
Negative impulse of reflected shock wave
Initial pressure in driven section

Incident pressure behind the shock front
Initial pressure in driver section

Reflected pressure at driven section end
Maximum incident overpressure measured at pressure transducer PT1
Maximum reflected overpressure measured at pressure transducer PTo
Pressure transducer

Total length of shock tube

Length of driven section

Length of driver section

Mach number

Temperature of gas ahead of shock wave
Temperature of gas behind shock wave
Specific heat ratio

Density of gas ahead of shock wave
Density of gas behind shock wave
Attenuation of peak incident pressure with distance

XXiii



