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Title of the thesis:
EFFECT OF BLAST LOAD ON BEHAVIOUR OF
REINFORCED CONCRETE STRUCTURE

ABSTRACT
An approximate analysis technique for finding a simplified method
for studying the effect of blast load on a concrete structure using
widely used finite element software (ETABS program) was examined
by making comparison between the result obtained from the
experimental and theoretical model with the result obtained for Etabs.
The behavior of four concrete structure models under the effect of
external blast load was theoretically evaluated taking in to
consideration the changing of height and width of structure which
have the same building volume, front wall area, charge weight and
charge distance .Also the behavior of three concrete structure with
front wall openings were discussed taking on consideration changing
of opening area and location and effect of these changes on

performance of structure.

The results showed that Etabs models provide a conservative
deformation response for concrete framing building system and the
precast concrete wall panels examined in this study. Also the
numerical result of concrete structure models showed that the peak
displacement occurs during or after the negative pressure phase.
Therefore the negative impulse must be included for accurate

prediction of deformation. Neglecting the negative phase provides an



overly conservative estimation of expected deformation. Using (TMS5-
1300) for determining pressure-time blast loading curve for building
have the same Building volume, front area, Charge weight, side wall
length and Charge distance; the following results obtained:(a)
clearing time (t.) is the only parameter changed in value and all other
parameters still constants in determination of pressure-time blast
loading curve for front wall, due to calculation of (t;) depend on the
clearing distance(S) and(R) in which calculation of (S) and (R)
depend on the height and width of front wall.(b)The pressure-time
blast loading curve for side wall and roof floor are the same because
the main item effect on calculation is the length of side wall. In
studying effect of external blast load effect on concrete structure with
front wall openings it is very important to take in consideration the
interference between the external and internal pressure for this is
reasons:(a)The combination between external and internal pressure
loading has a higher effect than each case loaded individual. (b)Peak

displacement occurs during or after the negative pressure phase.

vi



CONTENTS

ACKNOWLEGMENTS ... v
ABSTRACT ... \%
CONTENTS. ... e vii
LIST OF APPENDICES ... Xii
LISTOF FIGURES. ... Xiii
LIST OF TABLES ... XX1
LIST OF SYMBOLS ... XX11

CHAPTER 1: INTRODUCTION

1.1 Background .........ccccoooooiiiiiiiieiiii e e 1
1.2 Purpose of INVeStigation ..........cccccevuvviieeeeeriiiieiiiiieee e e e 4
1.3 Structure of the Thesis .......c.coiiiiiiiii s 5

CHAPTER 2: LITERATURE REVIEW

2.1 Blast-Wave Phenomena.............ccccceiiiiiiiiiniiiiiiiiiieeeiieeeee 6
2.2 Explosive MaterialS..........cc.eevveeeiriiiiiiiie e 9
2.3 Effects of explosive oUtpuL.........cceeeuviiiiieeeeeiicieiiiieeee e, 10
2.4 Classification of Blast Loads on Structures..............ccceeuueee. 10

2.4.1 Classification on the basis of confinement........................ 10

2.4.2 C(Classification on the basis of ratio of the blast

wave duration to time period of the structure.................... 15

2.5 Factors Affecting Blast Loading............ccccceeeveiiiiiiiiiiiineeen, 16
2.6  Effect of Angle of Incidence on Reflected Pressure................ 18
2.7 Pathof Triple Point ..........cccoovviiiiiiiiiiiii e, 20
2.8 Impulse of the blast Wave .........ccccoeveciiiiiieiieiiie e, 21
2.9  Pressure Design Ranges..........ccccoeeeeviiiiieeeienieeeeeciieeee e, 23
2.9.1 High-Pressure Design Range...........ccccceeevveiiviiiieeieeeeeeenns 23
2.9.2 Low-Pressure Design Range ............cccceevviciiiiiiiiieeeeeenn, 25

vil



2.10 Structural Response against Blast ............ccccoeviiiiiiieeninnnnnnn. 26

2.11 Expected overpressure on a structure for a particular

explosive weight and stand-off distance..............ccccvveeeeeennnnee. 28
2.12 Approximations OF Damage Level........ccccccccevvviiiiiineninnnnnnn. 30
2.13 Effects of blast 10ading ............ccoovvieiiiiiieeieniieeeiieee e, 31
2.13.1 Extent of damage during explosion.............ccccceeeeunnnene. 31
2.13.2 Floor Failure.........ccooouiiiiniiiiiiiiececceeeee 32
2.13.3 Glass Breakage..........cccoeevvvviiieeeeeeieeeeeiiiieee e 32
2.14 Blast-Resistant Design Manuals............ccccceeeveiiiiiiiieiiiieeeenn, 33
2.15 Computer Programs for Blast and Shock Effects.................... 35
2.16 Scope and Review of Computer Programs ..............cccceeeennnes 36
2.17 Review of Previous Research Works regarding effects
of Impulsive Loading on Concrete Structures ............cceee....... 45
2.18 Salient Findings of Previous Researchers..............ccccceeennnnnee. 66

CHAPTER 3: Evaluation of simplified method for blast load
presentation using finite element program

3.1 INtrOdUCHION ....eeiiiiiii i 69

3.2  ETABS Review (ETABS 9.7.0) .cccuveeiiiieiieeeieeeee e 69

3.2.1 General StePS ...cuvvvieieeieiiiiiiiee e e 69

3.2.2 Overview of Frame Element............cccocceeiiiiinninnnnnen. 69

3.2.3 Overview of Shell Element.............cccooiiiiiiniiiiiieinnneen. 74

3.2.4 Time History AnalysiS.......cccovvviereeeiiiiiiiiieeiiieee e e 82

3.2.5 Modal ANnalysis .......cceeeeeeviiiiiiieeeeeeee e 86

3.2.5.1 Eigenvector ANalysiS.......cccceeeeveevviieeeeeesiieeeninnns 86

3.2.5.2 Ritz-Vector Analysis ......cccceeeeevvvviieeeeeeiiieeenenns 87

33 Cases Of StUAICS .....eeevuiiiiiiiiiieeeiee e 90
3.4 Case no.1 (L. E. Garcia & M. A. Sozen analytical

MOdel, 2002)....uviiiiiiiieiiiiiie e e 90

3.4.1 Description of ETABS MEDOLING ..........ccccceeeeuvnnnen. 93

3.4.1.1 Material properties of Concrete............cceeeeennens 93

3.4.1.2 Section Properties ........ccuvvvereeeeerecrrrereerreeeeeeannnns 93

3.4.1.3 Inputting building details and dimension............ 95

viil



3.4.1.4 Blast load transfer wall properties...................... 96

3.4.1.5 Floors label..........ccccooiiiiiiniiiiiiiiiee e 96
3.4.1.6 Assigning floors diaphragms .............cccceeeeennnes 96
3.4.1.7 Time History ANalysiS.......ccccceeeeuvvireeeeeesscinnnnns 96
3.4.1.8 Setting type of analysiS........ccceevvvvvvireeeenrccinnnns 98
3.4.1.9 Numerical Results ...........cccooiiiiniiiiniinins 98
3.4.2 COMPATISON ...uveviviiieeeeeeiiiiieeeeeeeeeeeeeeiaireeeeeeeeennesnreeeeeaes 98
3.5 Cases no.2 (PCI Daniel P. Jenny Fellowship and
Lehigh University).....ooocuviieereeeiiiiiiiiiee e e 99
3.5.1 Experimental Validation for Control Panel. .................. 100
3.5.2 Description of ETABS Modeling..........ccccccevveeevennnnnen. 101
3.5.2.1 Material properties of Concrete................c....... 101
3.5.2.2 Section Properties ........ccuvveeeeeerreevrrreeeerreeeeeannns 101
3.5.2.3 Inputting building details and dimension.......... 102
3.5.2.4 Time History AnalysiS.......ccccceceevverriveeeeeeennennn. 102
3.5.3 COMPATISON ....vveiiiiiiieeeeeeeiiiiieeeeeteeeeeeeeirrreeeeeeeseeeenneees 106
3.6 N 0001100721 oy A 107

CHAPTER 4: STUDY EFFECT OF EXTERNAL BLAST
LOADS ON A CONCRETE STRUCTURE

4.1 INtrodUCtION ....cvviiiiee e 108
4.2 External Blast Loads on Structures............cccoeeevvvveeeeeennnnnn. 108
4.2.1 General.......cccoeeiiiiiiieeeeeecee e e 108
4.2.2 Forces Acting ON StrUCLUIES.......ceveeeeeereevrirereeeeareeeeneenns 109
4.2.3 Above-Ground Rectangular Structure without
OPENINGS ..cceeiiiiiiieeeeeeeiiieee e e e e e e e e e e e e e e 112
4.2.3.1 General........ccccuvviiiieeeiiiiiieeee e 112
4.2.3.2 Front Wall Loads.........ccccovvvvireeeeniiiiiiiieenn. 113
4.2.3.3 Roofand Side Walls............ccceeevviriiiieeennnnnnn. 120
4.2.3.4 Rear Wall ......cccvviviiiiiiiiiiieee e 126
4.3 Study effect of external blast load on four concrete
DUILAING ©oeeiiieeee e 127
4.3.1 Scope of WOrK.......cuvviiiiiiiiiiieee e, 127



4.3.2 Description of buildings ..........cccceeeveeeiiiiiiiiiiiiiiieeeees 128

4.3.3 Determination of pressure-time blast loading
curves for the front wall, roof, rear half of the

side walls and rear wall ..........c.ccoeiiiiiini, 132

4.4  Etabs Modeling.........cccoovviiieieeeiiiiiiieee e 154
4.4.1 Material PrOperti€s .........cceeeveuvrvieeeeeeeieieeeciiieeeeeeeeeeens 154
4.4.2 Model DeSCription........cceeeeeeeuriereeeeeeeeeeeeeciiiieeeeeeeeenens 154
4.4.3 Time history analysiS..........ccccevvieireeeericiiiiieeeee e 159

4.5 Numerical Results..........ccceiiiiiiiiiiiiiiieeeee, 162
4.6 N 0001100721 oy A 181

CHAPTER 5: STUDY EFFECT OF EXTERNAL BLAST
LOADS ON CONCRETE STRUCTURE WITH

FRONT WALL OPENINGS

5.1 Scope Of WOrK ... 183

5.2 Overview of Blast Loads on Structure with Front
Wall OPeNningS .....cceeeeeeeiriiiiieeeeeeiiirieee e e e eesrreee e e e e e 183
52,1 General......eeeiiiiiiiiiiiiieeeee e 183
5.2.2 Exterior Front Wall Loads..........ccccvveveeeenniiiiiiiniennn. 187
5.2.3 Interior Front Wall Loads..........ccccvvvereieenncciiiiinieenn. 189
5.2.4 Interior Side Wall and Roof Loads ..........c.ccccuvvvvreeennn. 198
5.2.5 Interior Back Wall........ccccccoiiiiiiiiiie e, 210

5.3 Study effect of external blast load on three concrete
building with front wall openings............cccccceeeevenvveernnnnn. 215
53,1 General.......eeeiieiiiiiiiiiiee e 215
5.3.2 Description of buildings ...........cccceuvvieeeeeenicciiiriennnnn. 215

5.3.3 Determination of pressure-time blast loading
curves for the front wall, roof, rear half of the

side walls and rear wall ...........cccooooiiiiiiin, 218

5.4  Etabs MOdeling .......cccvvviiieiiiiiiiiiiee e 268
5.4.1 Material properti€s .......cuvvveeeeeeeriivirieeeeeeeeeeeeecivreeeeenns 268
5.4.2 Model DesCription ...........ceeeeeeeicuiiiieeeeeieeeeeseiiireeeeennn 268
5.4.3 Time history analysis ........ccccceeeveiiiieeeeeeiieeeeeciireeeeenn 270



5.5 Numerical ReSUILS......ueeeeeeee e, 272
5.6 N 0001100721 oy 338

CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCIUSIONS et e e e e 340
6.2 RecoOmMmENdations. .. ....ueeeeeeeee e 343
REFERENCES

X1



LIST OF APPENDICES
APPENDIX A : Steps of modeling the structure: Case no.1 (Luis E.
Garcia & Mete A. Sozen. analytical model)
APPENDIX B : Steps of modeling the structure: Case no.2 (Tyndall

Air Force Base test. (PCI Daniel P. Jenny Fellowship and Lehigh
University, April 2007))

Xil



LIST OF FIGURES

Figure 1.1 A blast wave striking a rectangular object...............

Figure 2.1 free-field pressure-time variation.............ccccuveeennnn.

Figure 2.2 peak incident pressure versus peak dynamic
pressure, density of air behind the shock front,

and particle veloCity ........cccceeveviiiiiiieieeee e,
Figure 2.3 Unconfined Explosion Categories............cccvvveeee.....

Figure 2.4 blast loading categories..........cccuvvvveeeeeerccinnieiinieenn.

Figure 2.5 Reflected pressure coefficient vs. angle of

INCIAENCE ....eeeeeiiiiie e
Figure 2.6 shock wave reflection phenomena...................c.......
Figure 2.7 Typical Impulse Wave form............ccccceeverrrinnnnen.
Figure 2.8 Variation of Structural Response and Blast Loads

Figure 2.9 Parameters Defining Pressure Design Ranges .........

Figure 2.10 Incident over pressure measured in pounds per
square inch, as a function of stand-off distance

and net explosive weight (pounds-TNT)...............
Figure 2.11 Blast pressure effect on a structure........................
Figure 2.12 Test StrUCtUIE.....cuvvvviieeeeeeeciiiieeee e
Figure 2.13 Panel details..........cccovvveeeeeniiiiiiiie e
Figure 2.14 Displacement versus time response.......................
Figure 2.15 Post-test crack patterns ...........cccceeeeeeeeeeenvvennnnnnnn.
Figure 2.16 Material models..........ccccceeveiviiiieeieniieeiieeen
Figure 2.17 Estimated reSponse ..........coeeecvvveeeeeeeescceeeinieeeennn.
Figure 2.18 Rebound stiffness clarification..............ccccvvveeennnn.

Figure 3.1 Frame element internal forces and moments ...........

Figure 3.2 Area Element Joint Connectivity and Face

Definitions .......oocveeeiiiiiiiiiiiiee e
Figure 3.3 Four Story Concrete Building Configuration...........
Figure 3.4 Air pressure wave caused by the explosion.............
Figure 3.5 Model details and dimension ...........cc.ccceeeuvvvveeennn..

Figure 3.6 Analytical model validation............ccccceeeivvvinnneen.

Xiii



Figure 3.7 Model details and dimension ...........c.ccceeevvvvvieeeeeneennnn. 103
Figure 3.8(a) The reflected pressure versus time for test (T1) ....... 104
Figure 3.8(b) The reflected pressure versus time for test (T2)....... 104
Figure 3.8(c) The reflected pressure versus time for test (T3) ....... 105
Figure 3.8(d) The reflected pressure versus time for test (T4)....... 105

Figure 4.1 Peak Incident Pressure versus Peak Dynamic
Pressure, Density of Air Behind the Shock Front,

and Particle VeloCity .......ccccvveeeeeiiiiiiiiiiee e 111
Figure 4.2 Idealized Pressure-Time Variation. ...........ccccceeeeeennnnns 112
Figure 4.3 Front Wall Loading. ...........ccceeovvviiieeeeniiiiiiiiieeee e 115

Figure 4.4 Positive Phase Shock Wave Parameters for a
Hemispherical TNT Explosion on the Surface at
Sea Level. ... 116

Figure 4.5 Velocity of Sound in Reflected Overpressure
Region versus Peak Incident Overpressure. ............... 117

Figure 4.6 Reflected Pressure Coefficient versus Angle of
INCIdence. .......coovuiiiiiiiiiiii e 118

Figure 4.7(a) Reflected Scaled Impulse versus Angle of
INCIdence. .......coovuiiiiiiiiiii e 118

Figure 4.7(b) Reflected Scaled Impulse versus Angle of
INCIAENCE ... 119

Figure 4.8 Negative Phase Shock Wave Parameters for a
Hemispherical TNT Explosion on the Surface

at Sea Level ..o 119
Figure 4.9 Roofand Side Wall Loading...........ccccceevvvviiveeeeennnnnn. 122
Figure 4.10 Peak Equivalent Uniform Roof Pressures................... 123

Figure 4.11 Scaled Rise Time of Equivalent Uniform
Positive Roof Pressures. .........oceevveciiieeeeeeeeee e, 124

Figure 4.12 Scaled Duration of Equivalent Uniform Roof

Pressures ..... ... 125
Figure 4.13 Rear Wall Loading............cccccvviiieeeeeniiiiiiiiieeee e 127
Figure 4.14 Details and Dimension of Building no.1..................... 128
Figure 4.15 Details and Dimension of Building no.2..................... 129
Figure 4.16 Details and Dimension of Building no.3..................... 130
Figure 4.17 Details and Dimension of Building no.4..................... 131

X1v



