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ABSTRACT

Anti-mine boots protect lower limbs of soldier, paramilitary and demining forces from
accidental detonation of mine. These Anti-Mine Boots, which have blast reflecting and
absorbing layers in the sole and minimize the physical damage to the lower limb. New
design of Anti-Mine Boots involves new materials, in different layering pattern. These
materials need testing in blast field environment as well as FEM simulation environment.
FEM simulations reduced the mine field testing but for this validated material modal and
material properties are required at high strain rate. Ceramic honeycomb structure has
found importance, for its use in AMB for blast pressure attenuation. This thesis contributes
to the development of methodology for finding the material modal and material properties
of brittle ceramic honeycomb at high strain rate with validation check in mine blast
experimental setup, for optimizing Anti-Mine boot design in thoroughly optimized FEM
simulation environment.

Material properties of ceramic honeycomb is obtained through FEM inverse material
mapping of SHPB experimental results. Material was modeled as linear brittle modal with
failure stress and strain. Mine blast experiments were done to test the material alone and
in sandwich structure form in blast environment and measured blast pressure was
compared with FEM simulation result to draw the conclusion regarding ceramic
honeycomb material use in design of AMB. All the parameters affecting output of FEM
simulation were thoroughly investigated for valid simulation environment, with simulation

of published mine blast experiments.

v



AR

Ag Rt Sa et ok siRifRet & fmer oFT @ e v
J B/ G T | AT TR S0 R @t S @1 ey axa e
3T B ARG &y B B IRG ol T AgT YR S T MR &R
T A= IR & SUAT aRd 7 | 31 Al @ favwie 83 &
qIAER &S D QWA Th 5 UH REele™ ardraRe # uieo @l
IMATIGAT Bl TH § TH REaled 3 @F &3 &0 & &7 ax e g
AT 38a fog S d9[@ R A=Y AWl Jrsd iR HIfde oI @t
AW B © RIS gliorg d¥a & Agd el S0 # fawnie
&qrq &io & oy ST # A et 21 98 affdd g IR W Srgoierd
Uh § UF REeled darery § Aige 9fRidl Sd & SSiisT &l srpierd
P & forv A139 fawpre grfiie e & qmue Sid & A1 Sed a1
R R RxfAe sfere & ammll |tea &R wHifas ot & @rem & oy
BRIV & fAbrT & A a1 2l

R Biere & 4Ifde o1 v va @ &) J1He TR & Uh
S 9 9fed IEn AR & 9emq ¥ Ui Ry S © | GrEni @
[Awerdl I1d iR 91 & |1 W IR Alsd & W § JIR {Har T
oT| AT fATPIT TR 7l AT IR Hefdd RN WA BT URIeTo
PR B v fr T I | i araraReT ¥ defdd IRaA1 & w0 # A18H
gieRIel S & fSSge SUAIT & R Ay Hepre & oy t 5 uH
R & Y UG A9 f[RpIe gad @ goir @ s o1 T% 5 A
e & URUm @ 9Ifad 9= drel @l JTuQust @ d' Regere
qIATERY & Ty O ARE & S Bl g oY | FRaH gepierd Ars fawnret ol
3RO Tobart 1T o |




Table of Contents

CERTIFICATE ..uucuuiiiiiiinicnisnicssicnnssesssissssssecssissssssessssssssssessssssssssessssssssssssssessassssssssssssssssssess i
ACKNOWLEDGEMENTS ....cutiiiiiiuiinninnisisssnssssssecssicsssssesssssssssssssssssssssssssssssssssssssssasssssses ii
ABSTRACT ..uoeerviinicensinsnissensisssissssssssssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss iv
Table Of CONTENLS ..ccceiueiiiiiiiiiiiiiiiiiiinteiiiticssseecsssnecssseessssnssssesssssesssssessssssessssssssssssssssssssssssssss v
LIST OF FIGURES ....couiitiiiininuinseisessaisssssessanssssssessssssssssssssssssssssssssssssssssssssssssssssssssasssssses xi
LIST OF TABLES ...cuuoiiitinintinnineisecssiesnsssesssissssssscssissssssessssssssssssssessssssssssssssssssssssssasssass XV
NOMENCLATURE .....cuiiuiiiiniinicnisinssicssissesssissssssssssesssisssessessssssssssssssssssssssssssssssssssssssss xvii
INTRODUCTION ..uucouiisuineisrecsnicsnsssessscssssssesssnssssssesssssssssssssssssssssassssssssssssssssssssssssssssssssssssssns 1
CHAPTER 1 uuoeiiiiineinsunsensissensesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssssssss 1
L1 BACKZIOUNG ...ttt ettt ettt saee et e e sbeeesbeensaesnnaens 1
1.2 Organization Of theSIS ......cciiiiiiiiiiiiieiieee ettt eeaeens 2
CHAPTER 2 LITERATURE REVIEW ....uuiiinrinicsaissensessansssssssssssssssssssssssssssasssssssess 5
INEEOAUCTION ...ttt ettt ettt e et e et e et e s e e esaeenbeesseessbeeneees 5

21 5
2.2 EXPIOSIVES c.uutiiiiieiiieiie et eite ettt ettt e ettt e e tteestteesb e e teeenb e e bt e enbeentaeenbeenbeeenbeeseeenseens 6
8 B B 10 1 U 110 ) OO SO SORSTSRRPP 7
2.2.2  Detonation Wave thEOTY.......ccoeiiiiiiiiiieiie ettt ettt siee b e seaeenneens 8
2.2.3  Unconfined and confined EXploSion..........ccccueeiiieiriiieniiieeiieciee e 8
2.2.4  Scaled DIStANCE. .......coiiiiiiiiiiieiieee et 8



2.3 Physics Of EXPlOSION....c.uiiiiiiiiiiiiiiiieie ettt ettt e s enneens 9

2.3.1  Blast Pressure calculations and prediction ...........ccceeecieerieriiienieeciienie e, 14
2.4 BLAST MINE.. .ottt sttt sttt 18
2.4.1  Types of Anti Personal MiNes.........cccceeviieiieiiieiiieiieeie et 19
2,42 SUITOZALE MINES ...eevveeueieeuieeiieeeieeteeseteeteeeeteesteessteenseessseeseesnseesseesssesnsessnsesnseesnns 20
2.4.3  Explosion mechanism Of MINeES .......cccccccveeiiiiiiriiieeiiie et 20
2.5  Wave Propagation through Soil .........ccccceoiiieiiiiiiiicee e 21
2.5.1  S0il- Al INTEITACE ....eeiiiiiiiiieee e 23
2.6 Wave propagation through solid ..........cccccvieiiiiiiiiice e 23
2.7  Blast mine injuries to Lower and upper body........ccccceeeeiieeriiieriiiieiiie e 26
2.7.1  Blast effect 0n IOWET 1€Z: ..cccuviieiiiieeiiiecee e e 27
2.7.2  Blast effect on upper DoAY .....cceecuieeiieiiiiiiieiee e 28
2.7.3  Injury Risk Evaluation (IRE) and injury Crite€rion..........ccecceevueeeieenieeneeenneene. 28
2.8 SUITOZALE L8Z....uiieuiieiiieiiieiiee ettt ettt ettt e et et ee et e eseeenbeenneas 30
2.8.1  MechaniCal Legs: .....ccoiiiiiiiieeiiieiiecie ettt et 30
2.8.2  Fran@ible 18Z.....ccciooiiiiiiiieiieceeeee et 32
2.8.3  HUMAN CAAAVETS ...eouiiiiiiiiiiiieeiteeeeeee ettt st 33
2.9  Personal Protective Equipment (PPE) and Anti-Mine BOOtS ........cccccevirieriiniennnene 33
2.9.1  Combat BOOt (CB) ..cuuiiiiiieeiiieee ettt e e eaae e 33
2.9.2  OVEr DOOt (OB) ettt e e e aae e eaae e 35
2.9.3  SPIAET BOOT.....iiiiiiieeiieeee ettt e e e aaeeees 35
2.94  Anti-mine Boot (AMB) ....oooiiiiiieeeee e 36
2.10 Experimental Testing of Ant-Mine BOOtS ........ccccueieiiiiiriieiciieeiie e 37
2.11 Simulation: Testing of AMB BOOLS .......cceieiiiiiiiiiccieeee et 38



2.11.1 Mine-Blast Simulation ENvIrONmMeEnNt .........cooooviiiiiiiiiiiiiiiiieiiieeeeeeeeeeeeeaene 40

2,12 EqUation O SEALES ...cc.eeiiieiieiiieiieeie ettt ettt ettt sttt e bt e et e e aeeenbeeneeas 41
20201 AT ettt ettt eh et et h e bt et h et et b ents 41
2,122 EXPLOSIVES: teoueiieiiieiiieiie ettt ettt ettt ettt ettt e et e e e sbeesnbeenbeeesbeenseeenbeenneeenns 41
20123 SOLLiiiiieee e ettt 41
B B 11 ) 1« F RSP SPSRR 43

2.13 Blast attenuation Methods ..........cooiiiiiiiiiiiii e 45

2.14 High Strain Rate EXperiments:........cccceeviieeiiieeiiieeiieeciee ettt 46
2.14.1 Split Hopkinson Pressure Bar Test:.......ccccccveeviiiiieiiiieiiieeieeeiee e 47
2.14.2 Flyer Plate Impact and Inverse Flyer Impact tests ........ccccceeveiieeiieeeiieeninneens 50

2,15 SUMMIATY : cetiiiiiiiiiee ettt ettt ettt e e ettt e e e etbeeeeesatteeeeaansseaesessseeseassaeesesnssaeessnssseeesnnes 52

CHAPTER 3 RESEARCH PROBLEM, OBJECTIVES AND METHODOLOGY......... 53

3.1 INEEOAUCTION Lttt b e sttt e et e e ate e bt e et e eneeas 53

3.2 Research Problem.........cooiiiiiiiiiii s 53

3.3 ODJECTIVES c.utieiieeiieeiie ettt ettt ettt et e ettt et e st e et e e esbeenseeeabeesseeenseeseeenseeneeenseeneas 53

3.4 MeEthOOIOZY .. .oiiiieiiieiieeee ettt ettt ettt e et e b enneas 54

3.1 SUITIMATY .oeeiiiiiieiiiee et ettt e ettt e st e e et e e sabeeesabee e st eeesbeesnsseesnseeenanes 56

CHAPTER 4 BLAST ENVIRONMENT SIMULATION AND BLAST PRESSURE
SENSITIVITY aueeerierruinnnnnsnnnsnnssannssnessnssssssssssssssssanssssssssssssssssassssssssssssssssssssssssssssssssssssssssases 57

%7 T 915 (0 Yo 11115 (o) s AUUUUUUUUUUUU OO 57

4.2 Validation of simulation environment: soil buried explosive experiment and

STIMTULATIONIS - ettt ettt e et e e e e e e e e e e e e e e e e ee e e e e e e e eeeeaae e aaaaeeeeaeneaanaaas 57
4.2.1 Deviations in SImulation €NVIFONIMENT: ....uunneeeeeeeeeeeeee e e e eeeeeeeeeeeeeeeeeeeenas 62
4.3  Validation of simulation environment: air blast and plate deflection ...................... 63

vii



4.4 Blast pressure SENSIEIVILY ....cccuierieriieeriienieeriieneeeieesieeeteesteeeteesieeenseesseesnseesseesnseenseas 65

4.4.1 Convergence analysiS-element SI1Z€ .........ccceevcueeeiierieeniienieeiieie et 65
4.4.2  Detonation point effect on peak pPressure .........cccecveveevieeiienieeniienie e 68
4.43  Depth of Burial effect on peak pressure..........cccccoecevevienieeiienieeniienieeieeee 69
4.44  Obstruction effect on reflected OVEIrpreSSUre .........cceeveevieeciienieeniieieeieeeene 69
4.4.5 Obstruction material effect on reflected overpressure.........ccoeeveeeveeecveerennens 72
4.4.6  Effect of boundary conditions of obstruction on peak pressure........................ 74
4.5 SUIMIMIATY ..tteieeiiiiieeeeiiieeeeettteeeeettteeeesateeeeesttaeeeessteeeeaanseeeesaassseeseassseeessnnsseeessnssseeennnns 75

CHAPTER 5 STATIC COMPRESSION AND DYNAMIC SHPB TESTING OF

CERAMIC HONEYCOMB .....ucuiiiininsnicsnnsncssissesssesssssssssssssssssssssessssssssssssssssssssssssssssssssesns 77
5.1 INEFOAUCIION ..ttt ettt st e st et e st e e bt e eateeeeas 77
5.2 Material DESCIIPLION ....cevuiieiiieeeiieeciieecteeeeteeete et e e e eeesteeesbeeesabeeessaeeensaeesnseeeennes 77
5.3 COMPIESSION TESL..ccuiiiiiiriieeiieeieeiee ettt ettt et e et e e steesbeesbeessbeeseeensaenseesnseenseas 81

5.3.1  Sample Preparation .........ccoceecieeiienieeiieenie ettt sttt eeas 81
5.3.2  SaAMPIE TSN .eeiiieiieiieeiieciie ettt ettt ettt et essbeessaesnbeenaeeseseenseas 81
5.3.3  Result and diSCUSSION....c..ceuiiieriiiiirierieeiert ettt 81
5.3.4  Material ProPerty ....cccvecuiieiiiiiiecieeieeieee ettt sttt e 84
5.3.5 Ceramic honeycomb PrOPEIties........ccecierieriiieriieeiieiieeieeiieeieesieesereeaeeeseenenes 85
54.1  Sample Preparation: .......ccoceerieeiienieeiieeriie et esite e eseeeteeseeesaeessaesbeesaeeseseenseas 86
542 SaAMPIE TSN ..ueiiiiiiiiiieeeiie ettt e et e e e et e e saaeeeaseeennaeeennes 87
543 SHPB TESUIL...coouiiiieiieee e st 89
5.4.4 Material PTrOPEILY c.ocveieeiieiciie ettt ettt et e enee e s 92
5.5 FEM Inverse material Mapping .......cccceccveeiiieeiiieeiieeeiieesieeeeieeesreeeseveeesneesseeesnnns 92
5.5.1  Simulation Environment: ..........cccoooiiiiiiiiiiiiiiiee e 93

viii



5.5.2  Initial material property and SHPB simulation.............cccoeceveiiniiicienieeneenen. 94

5.5.3 FEM Inverse material mapping: Elastic region .........ccccceeeeevciienieecieeniieeieennen. 97
5.54  FEM Inverse material mapping: Plastic region.........cccecvevieeiiieniieenieenieeieenen. 99
5.6  Equivalent material property of ceramic honeycomb ...........ccccoeviieviieniniiiennnnne 100

5.6.1  Ceramic honeycomb properties at higher strain rate( 10° order) (SHPB Test)
........................................................................................................................... 100

5.7 SUIMIMATY ...tiiiiiieiiiee ettt ettt et e et e ettt e s et e e s bt ee sttt e sabeeesabeeessseesnsseessseesnnseessneanns 101

CHAPTER 6 MINE BLAST EXPERIMENT WITH CERAMIC HONEY COMB AND

ITS SIMULATION .cuuuiiviiniisnicsensecssncsasssecssecsssssnssssssssssesssssssssssssssssssssssssssssssssssssssssssassssssss 102
6.1 INETOAUCTION ..ottt ettt et st e st 102
6.2 EXPErimental SETUP ......ceevieiiiieiiieieerieeeie ettt ettt te ettt et e bt eebeeteesaeeeee e 102

0.2.1  Sample Preparation: ........cocierierieeiiienieeiee ettt ettt eb et e 104
6.2.2  Experimental T€SUIt.........cccieiiiiiiiiiiiiiie e e 104
6.2.3  Simulation environment of experimental SEtup .........ccceeeeveeeriieieieeeiieeeien, 105
6.3  Experimental and simulation reSUltS ..........cceeeiiiieiiieeiiiecie e 110
6.4  Critical analysis of experimental reSults: ..........ccceereiiieiiieeiieeeie e 110
6.1.1  Ceramic Sample experimental result: FEM analysis..........c.cccecveeeviieeiiiennnens 110
6.1.2  Sandwich sample experimental result: FEM Analysis .........cccccceeveiieeiieencnnen. 111
6.1.3  Other Reason of variations with experimental result...............ccceeevveiriiirennnnn. 111
0.5 SUIMMATY .oiiiiiiiiee ettt e et e e et eee e ettt e e e esataeeeesabeeeeeasseeesennseeeeeassnseeesanes 112

CHAPTER 7 CONCLUSIONS AND PERSPECTIVES.........ccivvnninrunsensnnssessessansaesas 113
7.1 INEEOAUCTION Lottt ettt ettt sttt et e e bt e sate e b e eaee 113
7.2 SUIMMATY .eiieiiiiieee ettt e ettt e e st e e e et teesesatteeeesansaeeeesnsseessassseeessnnsseaessnssseeesanes 113
7.3 CONCIUSIONS ..ttt sttt ettt ettt et et sbe et et e saeenees 115



7.4  Limitations and fUtUIe SCOPE ....eiviiiriieriiieiieeieeie ettt ettt eae e

REFERENCES

ANNEXURE ....

Material Name:

LT e e e e et —————aae e e e et —————————aaaaanas



LIST OF FIGURES

Figure 2.1: Pressure-time history of an air blast in free air of modified air-Friedlander equation 11

Figure 2.2: Blast wave propagation-Decreasing amplitude over distance (Karlos & Solomos,

Figure 2.3: Incident, reflected and dynamic pressure time histories (Karlos & Solomos, 2013).. 13

Figure 2.4: Blast Parameters of positive phase of shock wave of TNT charges from free-air burst

(Karlos & SOIomoOs, 2013) ...ccuiiiiiieieiie ettt e ettt eat e e e ae e e eaaeeeetseeeaaeeeeaaeeenreeeeans 15
Figure 2.5: Blast parameters of positive phase of shock hemispherical wave of TNT charges from
the surface bursts (Karlos & Solomos, 2013) ......ccuiiiiiiieiiiieieeceeee e s 16
Figure 2.6: Comparison of peak incident overpressure prediction in free-air bursts (Karlos &
S0I0MOS, 2013) ...ttt e e et e e et e e b e e e taa e e abeeeaaeeetaeeearees 17
Figure 2.7: Anti-Personnel Mine (Blast) component (Wikipedia) ..........ccceevieeeriieeiniieniieeeniens 21
Figure 2.8 In soil effects of detonation of Soil buried explosives (Braid & Bergeron, 2001) ..... 22
Figure 2.9: Material pre-requisite for formation of shock wave: pressure-volume relationship
under high pressure (NATO, 2004) ......oooieiiieieeieeie ettt ettt eesteessaeebeesaaeenseessnesnseens 25
Figure 2.10: Pressure-Volume (Hugoniot) curve and Rayleigh line (NATO, 2004)..................... 25
Figure 2.11: The Nether land Mechanical Leg (NATO, 2004) ......cccveevireeeiiieeiiieeiee e 31
Figure 2.12: DRDC Mechanical leg (NATO, 2004)........ccoueiieeiienieeiieiie et ens 31
Figure 2.13: Frangible Surrogate Leg- Bone Structure (Left) and casted Product (right) (NATO,
02 PRSP 32
Figure 2.14: Mk III Combat boot of Canadian Army (Bergeron et al., 2006)............c.ccecveeennennn. 34
Figure 2.15: Wellco Over boot (Bergeron et al., 2000) ..........ccevieriiiiieniieiienieeieeeie e 34
Figure 2.16: Wellco spider boot (Bergeron, D. et al., 2000) .........ccceevieriieiieniiiiiiecieeieeeeeeiene 35
Figure 2.17: Anti Mine Boot (Avantek.in) .........ccccuvieiiiiieiiieeie et 36
Figure 2.18: Indian AMB (A) with ceramic inserts (Zee, 2017) and Wellco AMB metallic
insert (Bergeron et al., 2000) .........c.cooiiiiiiiiiiiieieeie ettt et snaesnaeens 37
Figure 2.19: Graphical representation of Anti-Mine Boot testing 1ig ........ccceevevverrieneenieneeneene. 38
Figure 2.20: Simulation of APM (Cronin, 2003)........cceeiiiieriiieeriieeeieeerieeeseieeseeeeveeesveeeevee e 39

Figure 2.21: Lagrangian, Eulerian and ALE meshes and material movement (Cheng et al., 2013)

X1



Figure 2.22: Soil Pressure and density Relation (Laine & Larsen, 2012) ......cc.ccccevvvevveneniennenee. 42
Figure 2.23: Schematic of compressive SHPB experiment............cccccveeviieeciieiiieeeniee e 47

Figure 2.24: (a) Plate Impact test experimental setup (b) VISAR measurement (Rosenberg et al.,

L0 ) ettt bt et sh ettt h e bt e at e sht e sttt e bt e bt eatesbeenae et 51
Figure 3.1: Block diagram of proposed research methodology..........cccceeevvieiiiiiiiiniiniiiinieein, 56
Figure 4.1: DRES, Canada mine blast experimental setup with transducers positions................. 59
Figure 4.2: Simulation environment of DRES C4 blast eXperiments...........ccceeevveeecveeeieeesnneenns 60

Figure 4.4: Schematic of experimental setup, showing (a) cross section view of explosive
configuration, and (b) 3-D view of the clamped v- plate test (Yuen et al., 2012)........cccuvveeenenns 64

Figure 4.5: 2-D axis symmetric AUTODYN simulation environment for circular flat plate under

AT DIAST ...ttt et sttt et b et sa ettt ae e beenees 65
Figure 4.6: Near field burst and simulation output with varying mesh element size (0.3 mm to

0.03 mm) (Cheng €t al., 2013) ..eiiiiiieeiieeiee ettt e et e e eesta e e e sraeeeaaeeenaeesssneesnsaeenns 66
Figure 4.7: Explosive-air interaction Simulation for convergence analysis.........ccccoceevueruennenne. 67
Figure 4.8: Explosive-sand-air interaction Simulation for convergence analysis ...........ccccceuee.e. 68
Figure 4.9: AUTODYN-Surface air blast simulations for detonation point effect........................ 68
Figure 4.10: Simulation: Peak pressure results with varying location of detonation point........... 69

Figure 4.11: Influence of angle of incidence on reflected overpressure coefficient (Karlos &

SOI0MOS, 2013) ...ttt et et e e et e e e et e e e e ba e e tr e e e abeeeeabeeetreeeareeas 70
Figure 4.12: Air Blast Pressure- Mine blast 40 gm C4 (Depth of burial 20 mm) ..............cc......... 71
Figure 4.13: Reflected Air Blast Pressure: Mine blast 40 gm C4 (Depth of burial 20 mmc) 20 mm
thick steel at 250 mm (B.C.: side fIXed) ....c.eeoiiiiiiiiiieieeceee e 72
Figure 4.14: Sand buried mine blast simulation (2D) with obstruction.............cccccceevviriieniennn. 73
Figure 4.15: Simulation environment for B.C. and weight effect on transmitted pressure............ 75
Figure 5.1: Ceramic Honeycomb sample (Sourced from: ARCI Hyderabad)............c.ccccuveeenneennne 79

Figure 5.2: Effect of orientation and rubber encapsulation on compression behavior of ceramic

Xil



honeycomb (A) and on critical stress of ceramic honeycomb and foam (B) (Jain et al., 2003).... 80
Figure 5.3: Compression test (A) Ceramic Honeycomb block, (B) Cylindrical samples, (C)
Circular Composite strips, (D) Composite-ceramic-composite sandwiched samples, (E) Ceramic
sample on UTM before failure and (F) after failure ...........cccceeeovieeiiieicieeeee e 83
Figure 5.4: Stress-strain response at varying compression rate (0.3mm/ minute to 300 mm/
TTUTIUEC ) .ot ettt e ettt e et e e e et eeeteeeeaaeeeetaeeeeaseeeetseeasseeessseeassseeensseeassseeseseeesssaeensseeensesenssesenseessreaans 84

Figure 5.5: Ceramic honeycomb samples of different diameters and composite ceramic sandwich

T 11010 (<SSR 85
Figure 5.6: Poisson’s ratio vs engineering strain curve for aluminum foam (Nasser et al., 2007) 86
Figure 5.7: Schematic of compressive SHPB experiment.............cccoccveeiieniieniieenieniieiieeieeiene 88
Figure 5.8: SHPB sample and SHPB set up fOr test.......ccccvviiiiieiiiieeieeeeeeee e 88

Figure 5.9: SHPB experimental result of incident (Blue) and transmitted (Pink) pulse at
oscilloscope and monitor (sample L: 10 mm, D: 5 mm, maraging steel bars) ............ccccceecveenennne 90
Figure 5.10: SHPB strain rate (A) and stress-strain (B) results (sample L: 10 mm, D: 5 mm,
MAra@iNg StEEL DATS) ..eecviiiiiiieiiii et et e et e et e e et e e s e e saae e e eareeeenbeeenaeeeaaeeen 90

Figure 5.11: SHPB (steel bar) experimental response (A) and corresponding stress-strain

prediction with copper pulse SNAPET .......cceeeiiiiiiiiiiieii e 91
Figure 5.12: Stress- strain response of ceramic from SHPB test (L/D = 0.5)....c..cccceevenieneenennen. 91
Figure 5.13: Schematic of compressive SHPB simulation ............cccoeevveeviiieiiieiniiieciieeciee e, 94
Figure 5.14: Trial input material properties of sample in simulations (linear elastic)................... 95
Figure 5.15: Effect of sample material’s Young’s modulus on output bar response..................... 96
Figure 5.16: Effect of material’s failure strain on output bar reSponse ..........ccceeveeeeveereeeeneeennen. 96
Figure 5.17: Simulation Input bar response (incident and reflected pulse) .........ccceeeevveeviieennnennnns 98

Figure 5.18: Simulation output bar response (Transmitted pulse) with varying material model .. 98
Figure 5.19: Simulation Input bar response (incident and reflected pulse) ........c.ccecevverieviennenne. 99
Figure 5.20: Simulation output bar response (Transmitted Pulse: axial micro deformation vs

100 | EYeTele) 4 16 B 510 <) PSSR 100

Figure 5.21: Dynamic and quassi-static stress-strain curve of Indiana limestone (Chen & Song,



Figure 6.1: Mine blast experimental SEtUP........c.cocuieriieiiieriieiiecieeeeee et 104

Figure 6.2: Ceramic samples for mine blast eXperiment ...........cccecervvereenieriienieneniienieneene 105
Figure 6.3: 1 mm thick glass- epoxy composite use in mine blast experiment ...............c........... 105
Figure 6.4: simulation environment representing experimental setup of Figure 6.1 ................... 107

Figure 6.5: (B) represents testing environment of ceramic honeycomb sample and (B1) represents

simulation environment for testing environment of B............ccccoviiiiiiiiiiiiiiniiee e 108

Figure 6.6: Graphical (C) representation for composite-ceramic-composite sandwich testing and

simulation environment (C1) for the SAME ..........ccceoiiiiiiiicciiece e 109

X1V



LIST OF TABLES

Table 2.1: TNT equivalent for Different explosives (Energy based) (Larcher, 2018) .................... 7
Table 2.2: TNT equivalent of some explosives based on Peak pressure and impulse methods...... 7
Table 2.3: JWL Parameters for TNT (Larcher, 2018) ......ccccoeciiieiiiieiieeeiee e 10
Table 2.4: Kingery and Bulmash general polynomial form (UNODA, 2016) ........cccceeeeuvreennnnne 14
Table 2.5: 12 Most affected Nations: Estimated Number of Land Mines (United States

Department of State, 1998 (Braid & Bergeron, 2001)........ccccveeviiiriiiiiieniieieeieeieeee e 18
Table 2.6: Abbreviated Injury Score (AIS) (NATO, 2004).......cooiiieeiieeeiieeeiee e 29
Table 2.7: Mine Trauma Score for the Lower Extremity (NATO, 2004).......c.cccevvveevviercieeeennens 29
Table 4.1: DRES experimental and Simulation result: Air TOA and peak pressure..................... 61
Table 4.2 : DRES Experimental and simulation result: In-soil TOA and peak pressure............... 62
Table 4.3: Experimental and simulation result of plate deflection (Yuen et al., 2012)................. 64
Table 4.4: Element size effect on peak pressure in air-explosive environment................cceeevveenn. 66
Table 4.5: Element size effect on peak pressure in explosive-sand-air environment.................... 67
Table 4.6: Pressure amplification by steel at different standoff distance from soil....................... 72
Table 4.7 : Peak Pressure: Interacting Material Effect in sand buried mine blast......................... 74
Table 5.1: Properties of Ceramic honeycomb and foam (Jain et al., 2003).........cccceevvveerieennnenns 78

Table 5.2: Description of honeycomb and foam samples for mechanical property (Jain et al.,

Table 5.3: Failure stress of bare ceramic honeycomb ceramic with channel orientation and

composite sandwich ceramic honeyCoOmMD...........cccuiieiiiiiiiiiicie e 84
Table 5.4: SHPB Sample geometrical DesSCription..........cccueervieriieniieiiieeniieeie e sie e eseeeeiaens 87
Table 5.5: SHPB experiments: stress and strain reSUlt ..........cccoevieiiiieniiiieenie e 92
Table 5.6: SHPB _Simulation Component desSCription ..........cc.eeeeuveeeiueeeriiieeriiieenieeenieeeeveeseneeens 93
Table 6.1: Mine blast experimental and simulation result............ccceevviieriiieeniiieiiiieeiee e 110

Table 6.2: Obstruction material effect on Reflected overpressure at standoff distance of 250 mm

XV



SYBMOLS

PSO

ta

to"

to

P;

Po

ep

ép

ABBREVIATIONS

PPE

APM

SSL

NOMENCLATURE

Peak overpressure

Time of arrival

Positive phase duration

Negative phase duration

Reflected overpressure

Ambient pressure

Effective plastic strain

Effective plastic strain rate

Personal Protective Equipment

Anti-Personal Mine

Simplified Lower Leg

XVii



CLL

FSL

FE

FEM

DOB

TSS

AIS

MTS

MES

Complex Lower Leg

Frangible Lower Leg

Finite Element

Finite Element Method

Depth of Burial

Trauma Scoring System

Abbreviated Injury Scale

Mine Trauma Score

Mangled Extremity Score

XViil



	Thesis of Kanhaiya lal Mishra.pdf



