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Abstract

In the present day scenario, due to the increase in accidental or intentional detonations, there is a
necessity to build blast and impact-resistant structures. Semi-buried box structures are important
military protective structures of national and strategic importance and must withstand extreme
loading threats from weapon detonations, which is usually in the form of combined blast and
impact (fragment) loading. The stability of these structures is also greatly influenced by the
behavior of soil under blast loading, therefore study of blast-induced ground shocks and its

propagation in the soil media needs a detailed investigation.

Initially, the performance of the vertical shock tube (VST) is evaluated by characterizing the
generated blast waves considering two different diaphragm types; Aluminium and Lexan, and two
driver gases; Nitrogen and Helium. The properties of the blast waves generated in the VST are
greatly influenced by the diaphragm type (material and thickness), and driver gas. The present
VST can simulate blast waves with peak reflected overpressure ranging from, 0.59-2.04 MPa and
0.68-5.60 MPa upon using Nitrogen and Helium as driver gas, respectively. In addition, numerical
simulations are also performed, and results are validated with the experimental results. The VST
is then used to investigate the stress wave attenuation and vibrational characteristics of the four
different sands each with two different relative densities (medium-dense and dense) under air-blast
loading. A stress enhancement of about 1.01 - 2.76 times the peak over-pressure is observed at the
top one-third layer of all the sand specimens. The amplitude of the peak particle acceleration is
also observed to attenuate with the depth of all the sand specimens. In addition, the damages
incurred in reinforced concrete (RC) walls subjected to combined loading of blast and fragment as

a result of cased charge detonation is also studied using the finite element (FE) analysis method.



An increase in fragment penetration (5.4% - 23.1%), perforation, and excessive scabbing is noted
under combined loading of blast and fragment, compared to fragment loading alone, considering
different concrete strengths and thicknesses, which highlighted its severity. Based on the above
study, the response of a semi-buried concrete box structure with a blast door (with and without
protective sand layer) is studied under the two simultaneous cased charge explosions using the FE
analysis software LS DYNA. A comparative study of semi-buried box structure is performed by
varying the blast-scaled distances and point of fragment impact considering three cased explosive

charges of 6, 9, and 12 kg TNT, each with a casing weight of 36 kg.

Keywords: Vertical shock tube, stress wave, peak particle acceleration, combined blast and

fragment loading, semi-buried structure, diaphragm, driver gas, fragment penetration, scabbing.



B3I

JdqH uRexg ¥ oefd® a1 THggex bl § 3fe & &R, fawmle sk gya-ufarieh
Wael & P # sfaged g1 SHd-TB SR WA AP IR IHRS HEd Bl
AU 99 ETADG WIE § 3R I AR fOwiel I st aifeT TRl &1 A
IRAT USdl g, off SMHAR W Wgad fRPic 8k JUE (goen afen & &9 § grar g1 37
WIS Bt RRA sRe ST & ded gl & FagR 4+ Pt ywifdd gt g, sfe
sRe-IRd i & ek ok gl difewr # s9b UOR & ofwmd 31 fawga o @1

MaLIHT gl

URY H FHWERR WAd g (AT & UM BT TP &l RT3 SHBH YHRI
R AR e 309 Re R DI Fafgd T=e G T 5, tgfBifam $iR aead, SR &
s 1, Ao R giferd. deadt & IUd fawple a¥l & 0 SR UHR ( IER
3R HIeTE), 3R e T A H1H! UHIAd B1d 8| IA dieae! Tscre SR gifer &1 SR
T F ¥ U H IWRT $A W HAW 0.59 - 2.04 TAUT 3R 0.68-5.60 THUT Th & WA
WRMafdd ad & I fAWhIe TN BT THI0 TR Iabdl &1 3TF 3], Sds ReeH
W a1 T &, ok oo B TERTers oRumEl & 9 A AT T 719 916 deed

BT ITANT TIR-SARE AT P 8 &l S-SR J0g T (HLH-T9 3R &9) & 91 aR
S-S I B dd a1 & SR Hud faxiwarei & &9 1 & R e m g
Xd & Ift T ot 2 u-fags Rd W Sifirwad gad B IUT 1.01 - 2.76 T B 941G IfG
A TERIT & W T B TR F WY RRR B @0 b1 S off e g <
T B3P SMQET, HY TS [9Whle P IRV fJWpe 3R che Bl Igad AT F
3T gaferd dovle (oA daR # g8 afd @1 o uRkfid d@ (uws) foxemor Ay @

Vi



SN IREG HHTA fHa1 T g1 3hd ghe DI Ale A B ol d fRpie iR gos
¥ Ugad AT & ded SAT-3HTT Hepic DI dibd R Alels W IR #Rd g, ThHs &
AR B & (5.4% - 23.1%), Y, 3R IS Wi &I e fvar mar g, , o saat mikan
®! IR fHa1 T SWIGd T & AMYR R, WRE SR & 9 (-9 g Hole drad
WA (REYTES YT W & WY 3R oA T ufdfebar &1 @ Ty & SR i @
fowpiel & dgd Ths fawWUl Of0cddR TAUH SMEAT (LS DYNA) &1 SUIRT Rdb 3Hegg
far Srar gl srd-g9 U i WA B OIS HEHdT [AWbic-Wha $ gY SR ghe
& YUE & fdg B S-S e fhar T g, R 6,9 9R 12 frarnm A & 9=
TR arel faeples st &, O H § Ud® &1 TR0 aoiF 36 fhaum gl

Dae: FHAR Wd og¥, TE a3, IWH HU @10, Wad [awpic 3R gdHal e, sief-

G TR, SATHM, IIA® 119, Hl HasT, IWBfaT|

vii



Table of Contents

Certificate

Acknowledgements

Abstract

Table of contents

List of figures

List of tables

Chapter 1  Introduction

1.1 Background

1.2 Blast environments

1.3 Blast wave characteristics

1.4 Laboratory scale blast and shock wave simulator

1.5 Cased explosive charge

1.6 Blast and impact protective construction

1.7 Objectives

1.8 Thesis organization

Chapter 2  Literature review

2.1 Shock tube facility

2.1.1 Shock tube theory

2.1.1.1 Blast wave and shock wave

2.1.2 Performance of shock tube

2.14 Present vertical shock tube facility

2.14.1 The IITD RI Park ST test facility

2.2 Dynamic behavior of soil

2.3 Combined blast and fragment loading

2.3.1 Basic characteristics of cased explosives

2.3.2 Damage caused by cased explosive charges

2.4 Behavior of semi-buried box structure under cased loading

Chapter 3  Experimental and numerical investigation of vertical shock
tube performance

3.1 Part 1: Experimental investigation

3.1.1 Experimental setup and program

3.1.2 Results and discussion

3.1.2.1 Output pressure loading

3.1.2.2 Blast properties

3.1.23 Friedlander wave fit

viii

il
111
v

viil
Xii
XX

—
—_— O O 0 N BN = =

—

13

13
15
17
20
21
21
26
28
31
35
36

38

38
38
42
43
46
50



3.1.24
3.1.25
3.2
3.2.1
3.2.2
3.23
324
3.25

Chapter 4

4.1
4.1.1
4.1.2
4.1.2.1
4122
4123
4.12.4
4.2

4.3
4.3.1
43.1.1
43.1.2
43.13
4.3.2
4.3.2.1
4322
43.23
433
4.3.3.1
4332
4333
4.3.4
434.1
4342
4343
4.4
44.1
442
4421
4422
4.5

Comparison with idealized shock wave theory
TNT equivalence

Part 2: Numerical simulation of VST

Model description

Solution scheme

Details of FE model approach

Material model

Results and discussions

Experimental and numerical study of dynamic behavior of
sand under air-blast loading using shock tube

Materials and Methods
Sample collection and specimen properties
Experimental setup

Shock tube

Soil test tank

Sand specimen
Instrumentation
Experimental program
Experimental results
Badarpur sand

Stress wave

Stress wave propagation
Blast wave-induced vibration
Ganga sand

Stress wave

Stress wave propagation
Blast wave-induced vibration
Sindh sand

Stress wave

Stress wave propagation
Blast wave-induced vibration
Yamuna sand

Stress wave

Stress wave propagation
Blast wave-induced vibration
Numerical modeling of air blast loading of sand
Finite element model
Material Model

Air and Nitrogen

Sand

Numerical results

52
53
56
56
57
57
59
60

65

65
65
68
68
72
73
76
78
81
83
&3
86
88
91
91
94
95
98
98
102
103
106
106
109
110
113
114
116
116
117
119



Chapter 5

5.1

5.1.1
5.1.2
5.2

5.2.1
53

5.3.1
532
5.33
534
535
54

54.1
542
5.5

5.5.1
552
553
554
5.55

Chapter 6

6.1
6.2
6.3
6.4
6.4.1
6.4.2
6.4.3
6.4.4
6.4.5
6.5
6.5.1
6.5.2
6.5.3
6.6
6.6.1
6.6.2

Combined blast and fragment loading of RC wall and its
mitigation using composite sections

Model description

RC wall panel

Composite wall panels

Details of FE model approach
Solution scheme

Material models

Concrete

Steel plate

Reinforcing steel bars

Sand

Fragment

Model validation and verification
Fragment impact

Blast load

Results and discussions
Penetration and perforation
Spalling and scabbing

Fragment residual velocity
Damage classification
Mitigation using composite wall panels

Response of semi-buried box structure under cased loading

Cased charge loading of semi-buried structure
Model description

Details of finite element modeling

Material models

Concrete

Reinforcing bar

Soil

Fragment

Blast door

Model validation and verification

Blast and fragment load on concrete and blast door
Blast load on soil

Blast and fragment load on steel

Results and discussion

Incident and reflected waves

Response of SBBS and SBBS-PS under cased loading

123

123
123
125
127
130
130
130
131
132
132
133
133
134
135
136
137
142
146
148
150

156

156
159
161
164
164
165
166
167
167
167
167
169
171
173
173
177



6.6.3 Response of SBBS-PS under cased loading with different fragment
impact points

Chapter 7  Results and conclusions

7.1 Summary

7.2 Conclusions

7.3 Future scope of work
References

Appendix A Mesh sensitivity and convergence study

Appendix B Kingery and Bulmash (1984) charts for spherical and
hemispherical TNT explosions.

Appendix C  Polynomial coefficients for calculating TNT equivalent

Author’s publications

Curriculum Vitae

Xi

182

187

187
189
194

197
215

219

221

223
225



List of figures

Figure

Fig.

Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1.1

1.2

1.3

1.4

1.5

1.6

2.1

2.2

23

24

2.5

Fig 2.6

Fig.

2.7

Description

Shock wave formation during an explosion. photo credits: DRDC
(Defence Research and Development Canada).

[lustrations of (a) air blast; (b) surface blast; and (c¢) buried blast.
Representative blast wave profile in a free field explosion.
The pressure-time profile: (a) blast wave; and (b) shock wave.

Combined blast and fragment loading on detonating a vehicle-borne
improvised explosive device (VBIED). (photo credits: Norwegian
Defence Estate Agency (Forsvarsbygg).

Various blast scenarios concerning above ground and below ground
structures.

(a) Vertical shock tube test facility at IIT Delhi, RI Park; and (b)
schematic representation of vertical shock tube.

Schematic demonstration of the events inside a ST: (a) pressure at
initial configuration; (b) pressure distribution immediately upon
diaphragm burst; (c) catching up of reflected rarefaction waves with
contact surface; (d) catching up of reflected rarefaction waves with
shock wave; and (e) shock wave reflection.

Shock wave approach of ST operation. (a) an illustration showing
different wave fronts in the x-t space of the ST, (b) representative shock
wave profile at location 1, and (b) representative shock wave profile at
location 2.

Blast wave approach of ST operation. (a) an illustration showing
different wave fronts in the x-t space of the ST, (b) representative blast
wave profile at location 1, and (c¢) representative blast wave profile at
location 2.

(a) IITD RI park VST test facility; (b) position of pressure transducers
Siand Sa.

Diaphragm flange section without and with cutter.

Diaphragms: (a) Lexan diaphragm; and (b) Aluminium diaphragm with
grooves.

Xii

Page No.

10

14

16

18

19

22

23

23



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

2.8

2.9

2.10

2.11

3.1

32

33

34

3.5

3.6

3.7

3.8

3.9

3.10

End flange plate showing the position of pressure transducer Ss.

(a) Pressure gauge; (b) pressure transducer; (c) triaxial accelerometer;
(d) signal conditioner; and (e) NI chassis.

Schematic representation of the combined blast and fragment loading
of structure.

Fragment shapes considered in the present study: (a) cylindrical (h=2r);
(b) cylinder with spherical end (h=r); and (c) cylinder with ellipsoid
end (h=2r). Note: value of ‘r’ is different for each fragment shape.

(a) VST test facility, (b) Lexan diaphragm, (c) Aluminium diaphragm,
(d) flange section without cutter; and (e) flange section with cutter.

End flange plate is equipped with a sensor port assembly along with
pressure transducer.

Diaphragms after burst: (a) Complete opening of Lexan diaphragm; (b)
petal formation in Aluminium diaphragm; and (b) Aluminium
diaphragm failed to open.

Peak-reflected overpressure of selected experiments from pressure
transducer Ss.

Blast properties of the positive-phase duration of the measured pressure
profiles in VST.

Regression analysis (a) Relationship between Lexan diaphragm
thickness and driver pressure; and (b) relationship between driver
pressure and peak-reflected overpressure.

Representative pressure-time waveforms of selected experiments
(driver gas — Helium) from pressure transducer S; with corresponding

Friedlander curve fitting.

Finite element model of VST in LS DYNA.

Finite element simulation of shock wave propagation inside VST. (a)
initial condition prior to diaphragm rupture; (b) and (c) wave

propagation upon diaphragm rupture; and (d) reflected pressure.

Pressure-time profiles of selected experiments from pressure
transducer Sz with corresponding numerical simulations in LS DYNA.

xiii

24

25

31

34

39

40

42

44

48

49

51

58

60

61



Fig.

Fig.

Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

3.11

3.12

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

Pressure-time profiles of selected experiments using Helium as driver
gas from pressure transducer S3 with corresponding numerical
simulations in LS DYNA.

Pressure-time profiles of selected experiments using Nitrogen as driver
gas from pressure transducer S3 with corresponding numerical
simulations in LS DYNA.

Sand samples with sample locations marked on map of India.
Sieve analysis of sand.
Grain size distribution of sands.

Experimental setup: (a) VST test facility; and (b) schematic
representation of VST test setup for testing sand.

Lexan diaphragm; and (b) diaphragm cutter.
Experimentally obtained pressure loading from VST.
Photograph of the soil test tank used in the present study.

Pluviation device; (a) and (b) pluviation device with sieve; (c)
pluviation device with conical-cylindrical sand-dispersion solid.

Badarpur fine sand; (b) Badarpur coarse sand; (c) Ganga sand; (d)
Sindh sand; (¢) Yamuna sand; and (f) pluviation of sand.

Placement details of pressure transducers (PT) and triaxial
accelerometers (TA) inside the sand specimen (a) side view (b) top
view; (c) sensor placement in sand specimen.

(a) Pressure transducer (PT); and triaxial accelerometer (TA).

Repeatability study of the pressure-time waveforms recorded in
different sand specimens with respective pressure loading.

Pressure-time waveforms in Badarpur sand specimens with respective
pressure loading: (a) dense fine Badarpur sand, (b) medium-dense fine
Badarpur sand; and (c) dense coarse Badarpur sand.

Arrival time of stress wave along the Badarpur sand specimen depth:
(a) dense fine Badarpur sand, (b) medium-dense fine Badarpur sand;
and (c) dense coarse Badarpur sand.

Xiv

62

63

66

67

67

69

70

71

72

74

75

77

78

82

&3

87



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.15

4.16

4.17

4.18

4.19

4.20

4.21

4.22

4.23

4.24

4.25

4.26

4.27

4.28

4.29

4.30

Peak pressure distribution in Badarpur sand specimen with depth: (a)
dense fine Badarpur sand, (b) medium-dense fine Badarpur sand; and
(c) dense coarse Badarpur sand.

Acceleration-time history recorded along longitudinal and lateral
directions in Badarpur sand.

Velocity-time history in Badarpur sand specimens.

Relationship between PPV and scaled distance (Z) in Badarpur sand
specimens.

Pressure-time waveforms observed in Ganga sand specimens with
respective pressure loading: (a) medium-dense Ganga sand; and (b)
dense Ganga sand.

Arrival time of stress wave along the Ganga sand specimen depth: (a)
medium-dense Ganga sand; and (b) dense Ganga sand.

Peak pressure distribution in Ganga sand specimen with depth: (a)
medium-dense Ganga sand; and (b) dense Ganga sand.

Acceleration-time history recorded along longitudinal and lateral
directions in Ganga sand.

Velocity-time history in Ganga sand specimen.

Relationship between PPV and scaled distance (Z) in Ganga sand
specimens.

Pressure-time waveforms in Sindh sand specimens with respective
pressure loading: (a) medium-dense Sindh sand; and (b) dense Sindh
sand.

Arrival time of stress wave along the Sindh sand specimen depth: (a)
medium-dense Sindh sand; and (b) dense Sindh sand.

Peak pressure distribution in Ganga sand specimen with depth: (a)
medium-dense Sindh sand; and (b) dense Sindh sand.

Acceleration-time history recorded along longitudinal and lateral
directions in Sindh sand.

Velocity-time history in Sindh sand specimen.

Relationship between PPV and scaled distance (Z) in Sindh sand
specimens.

Xv

87

88

89

91

92

94

95

96

97

98

99

102

103

104

105

106



Fig.

Fig.

431

4.32

Fig.4.33

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.34

4.35

4.36

4.37

4.38

4.39

4.40

5.1

5.2

53

5.4

5.5

Pressure-time waveforms in Yamuna sand specimens with respective
pressure loading: (a) medium-dense Yamuna sand; and (b) dense
Yamuna sand.

Arrival time of stress wave along the Yamuna sand specimen depth: (a)
medium-dense Yamuna sand; and (b) dense Yamuna sand.

Peak pressure distribution in Yamuna sand specimen with depth: (a)
medium-dense Yamuna sand; and (b) dense Yamuna sand.

Acceleration-time history recorded along longitudinal and lateral
directions in Yamuna sand.

Velocity-time history in Yamuna sand specimen.

Relationship between PPV and scaled distance (Z) in Yamuna sand
specimens.

Finite element model of VST and sand specimen.

Pressure-time profiles of the selected experiment from PT> with
corresponding numerical simulation in LS DYNA.

Pressure-time waveforms of the selected experiment from PT3, PT4 and
PTs in B-FS-RD80 and B-FS-RD54 with corresponding numerical
simulation in LS DYNA.

PPA of the selected experiment from PT3, PT4 and PTs in B-FS-RD80
and B-FS-RD54 with corresponding numerical simulation in LS
DYNA.

Reinforced concrete wall: (a) concrete wall; and (b) steel
reinforcement.

Composite sections: (a) RC wall panel with steel plate (CSt); and (b)
RC wall panel with sand layer and steel plate (CSaSt).

Finite element model of RC wall.

Comparison of displacement time history at the center of the slab under
1 kg TNT blast load.

Comparative assessment of penetration of spherical end fragment into
RC wall under fragment loading and combined blast and fragment
loading: (a) 30 MPa concrete compressive strength; (b) 40 MPa
concrete compressive strength; and (¢) 50 MPa concrete compressive
strength.

XVi

107

109

110

111

112

113

115

119

120

121

124

126

127

136

137



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5.6

5.7

5.8

59

5.10

5.11

5.12

5.13

5.14

5.15

5.16

6.1

6.2

6.3

Scabbing at rear face of 300 mm RC wall of 30 MPa concrete
compressive strength upon fragment penetration under first cased
loading.

Rear face crater formed in RC wall of different thicknesses of 30 MPa
concrete compressive strength under first cased loading.

Rear face crater formed in 200 mm thick RC wall of different concrete
compressive strength under second cased loading.

Residual velocities of fragments: (a) first cased loading; (b) second
cased loading; and (c) third cased loading.

Damage levels in RC wall: (a) Complete damage; (b) severe damage;
(c) moderately severe damage; and (d) moderate damage.

Occurrence of scabbing in CSt sections: (a) rear face scabbing in
composite section CStio; (b) no scabbing in composite section CStzo.

Displacement contours in steel plates of composite sections; (a) CStio;
(b) CSt20; and (c) central node displacement time history of steel plate
in CSti0 and CSto.

Residual velocity of the fragment in composite sections; CSa100St and
CSazo0St.

Rear face scabbing in RC wall of composite sections; CSai00St and
CSazo0St.

Displacement contours in steel plates of composite sections; (a)
CSai00St; (b) CSaz200St; and (c¢) central node displacement time history
of steel plate in CSai00St and CSazo0St.

Damage in composite sections; CSaiooSt and CSaz00St (wireframe
element mode, LS DYNA).

Schematic representation of cased charge loading of box-structure.

Fragment shape considered in the present study; cylinder with
hemispherical end.

Pictorial depiction of loading of semi-buried box structure: (a) semi-
buried box structure without and with sand layer under cased loading:
and (b) semi-buried box structure with sand layer under cased charge
detonation, with different fragment impact points.

XVii

143

144

145

147

149

151

152

153

154

154

155

157

157

158



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

6.12

6.13

6.14

6.15

6.16

6.17

Semi-buried box structure: (a) RC box structure with blast door; and
(b) steel reinforcement.

Semi-buried box structure with blast door considered in present study.

Comparison of results of the displacement time history at the center of
the slab under different TNT blast load from the present study and Tai
etal. (2011).

Comparison of results of the deflection at the center of the slab under
blast loading from the present study and Wang et al. (2012).

Crater formation in the soil subjected to 6 kg TNT surface blast load
from the present model.

Comparison of displacement time history at the center of the steel plate
subjected to 1 kg TNT blast load from present study and Neuberger et
al. (2009).

Comparison of displacement time history at the center of the steel plate
1 kg TNT blast load: (a) present model; and (b) Roy et al. (2016).

Pressure contours on the front face of the blast door at different
duration under first cased loading.

Incident and reflected pressure on the front face of the blast door: (a)
first cased loading; (b) second cased loading; and (c) third cased
loading.

Incident and reflected pressure on the front face of the blast door: (a)
first cased loading; (b) second cased loading; and (c) third cased
loading.

Kinetic energy time histories of SBBS and SBBS-PS under cased
loading.

Damage modes of top slab of SBBS: (a) first cased loading; (b) second
cased loading; and (c) third cased loading.

Damage modes of semi-buried box structure with and without sand
layer: (a) first cased loading; (b) second cased loading; and (c) third
cased loading.

Displacement time-history plots for front steel plate of the blast door
of SBBS-PS: (a) fragment impact on concrete; and (b) fragment impact
on front steel plate of blast door.

XViii

159

162

168

169

170

171

172

174

175

176

178

180

181

182



Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

6.18

6.19

6.20

Al

A2

A3

A4

B.1

B.2

Deformation observed in front steel plate of blast door of SBBS-PS
under first cased loading at different time durations.

Displacement contours in the front steel plate of the blast door of SBPS:
(a) first cased loading; (b) second cased loading; and (c) third cased
loading.

Fragment penetration in RC wall of SBPS: (a) first cased loading; (b)
second cased loading; and (c) third cased loading.

Reflected pressure-time profiles for different mesh sizes.

Different mesh configurations considered for sand specimen.

Mesh convergence study of sand specimen under blast loading using
shock tube.

Mesh convergence study of RC slab under blast loading.

Positive phase shock wave parameters for a spherical TNT explosion
in free air at sea level (chart taken from UFC-3-340-02 (2008))

Positive phase shock wave parameters for a hemispherical TNT

explosion on the surface at sea level (chart taken from UFC-3-340-02
(2008))

Xix

183

184

185

215

216

217

218

219

220



List of tables

Table
Table 3.1

Table 3.2

Table 3.3

Table 3.4
Table 4.1
Table 4.2
Table 4.3
Table 4.4
Table 4.5
Table 4.6
Table 4.7

Table 5.1

Table 5.2

Table 5.3

Table 5.4

Table 5.5

Description
Experimental program for diaphragm testing.

Experimental blast parameters at pressure transducers S, §, and §,.

Comparison between measured blast parameters with ST theory
results.

Equivalent TNT spherical charge parameters.

Properties of sands.

Details of sand specimens used in the present study.

Shock tube blast parameters for Badarpur sand.
Experimental results for air blast loading of Badarpur sand.
Experimental results for air blast loading of Ganga sand.
Experimental results for air blast loading of Sindh sand.
Experimental results for air blast loading of Yamuna sand.

Details of the cased explosive charges used in the present model for
numerical simulation.

Comparative assessment of the residual velocities of the fragment from
present model with regards to the results reported by Bryntse (1997)
and Lin and Cui (2020).

Spherical end fragment penetration into the RC wall under fragment
loading with regards to present study and equations conforming to
UFC-3-340-02(2008) and Lin and Cui (2020).

Comparative assessment of spherical end fragment penetration into the
RC wall under fragment loading as per (UFC-3340-02 2008) and under
combined blast and fragment loading.

Comparative assessment of minimum wall thicknesses to prevent
spherical end fragment perforation as per (UFC-3340-02 2008) and
wall thicknesses showing perforation under combined blast and
fragment loading.

XX

Page No.
40

47

54

56
68
76
79
85
93
100
108

125

135

135

138

139



Table 5.6

Table 5.7

Table 5.8

Table 5.9

Table 6.1
Table A.1
Table A.2

Table C.1

Penetration and perforation details of RC wall under combined blast
and fragment loading.

Comparative assessment of minimum wall thickness to prevent
scabbing under spherical end fragment loading as per (UFC-3340-02
2008) and wall thickness showing scabbing under cased loading.

Details of average front and rear face crater under different cased
loadings and fragment shapes.

Damage classification of RC wall under combined blast and fragment
loading.

Details of the cased explosive charges used in the present study.
Details of mesh analysis results.
Details of mesh analysis results of sand specimen.

Polynomial coefficients for reflected peak over-pressure, reflected
impulse and positive phase duration.

XXi

140

143

146

150

160

216

217

222



