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DYNAMIC SIMULATION OF CONCRETE BARRIERS

ADEL BADIEE

CIVIL ENGINEERING

ABSTRACT

The American Association of State Highway and Transportation Officials
(AASHTO) Bridge Specifications proposes “Yield Line Theory Analysis” in order to
determine the structural capacity of concrete barriers based on their static strength.
However, it appears that this method conservatively underestimates the structural
capacity of concrete barriers to endure high vehicle impacts. Typically, this deficiency
has been compensated for artificial reductions in bridge rail design loads used in the
design code. Existing barrier design guidelines - static design methods incorporated into
the AASHTO Bridge Specifications - are based upon National Cooperative Highway

Research Program (NCHRP) Report 350.

The Manual for Assessing Safety Hardware (MASH) guidelines propose higher
impact angles, heavier trucks and higher impact speeds. The impact loads proposed by
MASH appeared to be extremely high and were not approved by AASHTO’s T7
Committee on Guardrails and Bridge Rails. Therefore, it seems appropriate to modify the
applied load to the barrier by using realistic dynamic impact, not only to meet the

AASHTO design requirements but also to achieve a more reliable result.

Barriers are designed to provide the maximum safety on highways, roads, and
bridges. Unsymmetrical New Jersey - type concrete barriers have been designed to (1)

minimize the damage to the vehicle caused by the crash via absorbed energy (2) keep the



vehicle in line and not allow redirection to traffic flow, and (3) in the case of barriers
installed on bridges, to not allow the vehicle to fall off the bridge, which would cause
significant damage to traffic flow beneath. Hence, barriers not only have to be designed
based on their strength capacity, but also need to satisfy all the industry criteria. Current
New Jersey - type concrete barriers have been designed statically, only taking into
consideration their strength capacity. Consequently, there is an opportunity to redesign
this barrier using realistic dynamic simulations and analyses, by modeling the barrier and

deck overhang from test level 1 through 6, in order to satisfy all criteria.

The objective of this research is to perform analyses using the finite element
method based upon the dynamic computer simulation (LS-DYNA) in order to propose
five different types of concrete barriers that are different in thickness and geometry to the
current New Jersey barrier with the aim of developing a more efficient design in terms of
production cost and performance. The FEM simulation models are further verified using
exiting dynamic field tests. This new proposed design will then be compared to the
current New Jersey barrier in the interest of finding the best geometry that can provide
the maximum safety. This comparison will also present both static design (AASHTO
equivalent nominal resistance to transverse load measured at 54.0 kips) and dynamic
design of the barrier (based on NCHRP 350 TL-4: NCAC single unit truck, with a

velocity of 80 km/h and an angle of crash equal to 15 degrees).

Keywords: NCHRP, MASH, AASHTO, Bridge railing, Yield Line Theory,
Report 350, Single Unit Truck, Traffic, Barrier, Deck Overhang, Highway, TL-4,

Dynamic, New Jersey



ACKNOWLEDGEMENTS
| greatly appreciate my advisor, Dr. Nasim Uddin, for his help, patience and
support, and also for trusting me by giving me an opportunity to prove myself and to

develop this project. It has certainly been a rewarding experience.

Moreover, | need to thank Dr. Lee Moradi and Dr. lan Hosch for all of their time
and guidance. | also need to thank Dr. Dean Sicking, Dr. Kevin Schrum, and Ahmed

Hattab for their cooperation, expertise, and time.

Of course, | need to give special thanks to my parents and brothers, who are the

only reason for me being here, and for all of their love and support.

Last but not least, | thank UAB for giving me the opportunity to continue my
education as a Master of Science student, which has allowed me to grow personally and

professionally.

Financial support from USDOT Transportation Centers Program: National Center

for Transportation System Productivity and Management (NCTSPM)



TABLE OF CONTENTS

Page

ABSTRACT ... s st iii
ACKNOWLEDGEMENTS ..ottt %
1 INTRODUCTION ..ttt sttt 1
L1 HISTORY ottt b ettt bt ettt b et b et e 1
1.2 PROBLEM STATEMENT ...eitiitieitesteesteestesieeste e et sbe et sieesbeeste e e sbeennesneesbeeeesnne e 5
L3 OBUIECTIVE ..ttt sttt ettt sttt b ettt sttt b ettt nb et ne e 8

2 LITERATURE REVIEW ......ooiii s 10
2.1 HISTORY OF THE NEW JERSEY BARRIERS ......cccceiiiiiniiiniiiie e 10
2.2 YIELD LINE THEORY ..ottt sttt sttt 11
2.3 BRIDGE RAIL DESIGN PROCEDURE METHODS ......ccviiiieiiiieniie e 15
2.3.1 Work Method (Modified Yield Line Theory)......ccccooevvevveveiecceece e, 16
2.3.2 Energy MEthOd..........ccocouiiiiiice e 20

3 PROPOSED NEW METHOD ......cooiiiiiieieie et 24
3.1 STATIC SIMULATION ...etiiutieititette sttt eiee st stee s e e sbeesseeesieessbeesbe e anneenneeaneesnneanneens 24
3.2 DYNAMIC SIMULATION ....vtitiiantiesiteatee it esteesieeesteessneesseesnseesbeeasseesneeaneessneaneens 28
3.3 GEOMETRIES ...ceuttiiutieitreatee ettt tee sttt et sse et e s e e b e e esn e e sbe e anb e e sbe e e b e e nseeaneesbeeenneens 33
3.3. 1 NEW-JEISEY BaITIEN ....c.veciiieiiii ettt 33
3.3.2 Modified New Jersey Barrier........ccccveiieiieiie e 35
3.3.3 Rectangular - 8 Inch Thickness Barrier ..........cccoovevieivievie e, 36
3.3.4 Rectangular - 6 Inch Thickness Barrier .........cccooviviiiievie e 37

Vi



3.3.5 Modified Single SIOPe BarTier........cccoiiiieiiiie e 38

3.3.6 Inverted Modified Single SIope Barrier...........c.ccooviviieeienenciese e 39

4 FINITE ELEMENT MODEL SPECIFICATIONS ..o 41
.1 ASSUMPTIONS «eetneeeeet et ee et e e ettt e e et et teeeee e teeeestteesestseeeesaseesesnseeeesnseeeennnreeees 41
4.1.1 Deck Overhang DIMENSIONS .........coiiieieiierienieiee st 41
4.1.2 Bridge Pad.......coiiiiiiieieee e 43
4.1.3 Barrier and Deck Overhang Length ... 43
4.1.4 Single Unit Truck SPecifiCationS...........ccocvriiiiininiiieeese e 44
4.1.5 Static Load SPeCITICALIONS..........ccoiiiiieieieiesc e 45
4.1.6 Contact Definition Between the Truck and the Barrier ..........cccoeeeveeeeen... 47
4.1.7 Boundary Condition ASSUMPLIONS........ccueriiriiririirisisieeieie e 48
.08 LOAU CUIVES .. e s nneeeeeesennnnnennnnnnnnns 50
.09 MBS SUZE. et e et ses e ennennnnnennnnnnnnns 52

.2 IMIATERIALS ..t eeeeeee et e e e e e e e e e e e e e e e e e e e et e e e e e e e e eeeee e e e e e e e eeeeeeennnaaeeeeees 53
N 0] (o1 (] (= IR 53
4.2.2 REINTOICEMENT DAT ... et e eeeeeeeeeeeeeeeeneeneeneneeennnnes 58

5 FINITE ELEMENT MODEL VERIFICATION ....cooooeee e, 62
5.1 REAL TEST ASSUMPTIONS ... cee ettt ettt e e e e e e e e e e e e et e e e e e e e e e e e e e e eeenaens 62
5.2 FINITE ELEMENT MODEL ASSUMPTIONS ...ttt eeeteeeeeee e e e e eeeeeeeeaaeeeeeeeeeeenaaaeeees 64
5.2.1 ASSUMPLIONS. ....ceuiiiieiieiete ettt st 64

B 2.2 RESUIES oo 638

6 STATIC LOAD SIMULATION. ..o 77

vii



5.1 IMIAXIMUIM STRESS ...tuieeeeeteeetetaeseeeesteeetaasseeesesees st s seseseseestnnasseeeeeeeessnaaeeeeees 78

6.1.1 NEW-JEIrSEY BAaITIEN .....cviiiiiiiiiiiieii e 78
6.1.1.1 Maximum Stress in the Barrier ... 78
6.1.1.1.1 ComPIreSSiON SIAE .......cceiiiiiieieienie et 78
6.1.1.1.2 TENSION SHAR......eeiiiiiiiiiieeie e 79
6.1.1.2 Maximum Stress in Deck Overhang............ccoovvvieieienciencicceen 80
6.1.1.2.1 COmMPIreSSION SIAR .......oiviiiiiiiiieieieie s 82
6.1.1.2.2 TENSION STAR......eoiiiiiiiiirieeie e 82
6.1.1.3 Maximum Stress in Reinforcement bars..........ccccoovvviiiiinciiinne 83
6.1.1.3.1 TENSION SHAR......eeiiiiieiiieecie e 84
6.1.1.3.2 COmMPIreSSION SIAE .......coviiiirieieiese s 85
6.1.2 Modified NewW Jersey Barrier...... ..o 86
6.1.2.1 Maximum Stress in the Barrier ... 86
6.1.2.1.1 ComPresSiON SIAR .......cceiiiirieieiee e 86
6.1.2.1.2 TENSION STUC ..ot 87
6.1.2.2 Maximum stress in deck overhang: ... 88
6.1.2.2.1 COMPIeSSION SIUC .....oviiiriiiiieiieieieie s 90
6.1.2.2.2 TENSION SIUL ...ttt 90
6.1.2.3 Maximum stress in reinforcement Dars...........ccoccoovveieienencnenennn, 91
6.1.2.3.1 TENSION SHAR......eeiiiiiiiiirierie e 92
6.1.2.3.2 COMPIESSION SIUC .....oviiiiiiiiieiiiieie et 93
6.1.3 Rectangular — 8 inCh Barrier ... 94
6.1.3.1 Maximum stress in the Barrier.........ccocoiiiiiinicieiece 94

viii



6.1.3.1.1 COMPIESSION SIAC ...c.veeueiiiie ettt 94

6.1.3.1.2 TENSION STUC ...ttt 95
6.1.3.2 Maximum stress in deck OVErhang: .......ccccooevverenienieene e 96
6.1.3.2.1 COMPIESSION SIUC .....oviiiiiiiieiieieeeie et 97
6.1.3.2.2 TENSION STUC ...t 98
6.1.3.3 Maximum stress in reinforcement Dars............cococeveienciencnenenen 99
6.1.3.3.1 TENSION SIUC ..ot 99
6.1.3.3.2 COMPIreSSION SIUC .....cveriiiiiiiieieieie e 100
6.1.4 Rectangular — 6 INCh Barrier ... 101
6.1.4.1 Maximum stress in the Barrier..........ccccoviiiinieienesc e 101
6.1.4.1.1 COMPIeSSION SIUC .....ccuiruiriiriieiieieieste st 101
6.1.4.1.2 TENSION STA......eoiiiiiiiiieieeieiee e 101
6.1.4.2 Maximum Stress in Deck Overhang: ...........ccoovovvvienene s 102
6.1.4.2.1 COMPIeSSION SIUC .....ocviiviiiiiieiieieiee ettt 103
6.1.4.2.2 TENSION SIUC ... 104
6.1.4.3 Maximum Stress in Reinforcement bars.........ccccoovvviiiiiiiiinnn, 105
6.1.4.3.1 TEeNSION SHAR......eoiviiiiiiirieieeee e 105
6.1.4.3.2 ComMPression SIAE .......cccooiiiriiieiese e 106
6.1.5 Modified Single-SIope Barrier..........ccoiiiiiiiiiiieeee e 107
6.1.5.1 Maximum Stress in the Barrier ... 107
6.1.5.1.1 ComPression SIAE .........ccoviirieiieieie e 108
6.1.5.1.2 TENSION STAR......eoiiiiiiiiiieseeeee e 109
6.1.5.2 Maximum Stress in Deck Overhang: ...........ccoovvvvvniinene e 110



6.1.5.2.1 COMPIeSSION SHAR .....eovviiiiiieiiieie e s 112

6.1.5.2.2 TENSION SHAR: ... 112
6.1.6 Inverted Modified Single-SIope Barrier ..........c.ccoovvvieieienencneneseens 116
6.1.6.1 Maximum Stress in the Barrier ... 116
6.1.6.1.1 ComPression SIAE .......cccooeiiriiieiieite e 117
6.1.6.1.2 TENSION STAR......eoiiiiiiiiiiieeieiee e 117
6.1.6.2 Maximum Stress in Deck Overhang: ...........ccoovvovieiinencienineen 118
6.1.6.2.1 ComPression SIAE .......cccoveiieiiieieie e 120
6.1.6.2.2 TENSION STAR......coiiiiiiiiirieieee e 120
6.1.6.3 Maximum Stress in Reinforcement bars.........ccccoovvviiiiiiiiinne, 121
6.1.6.3.1 TeNSION SHAR.....c.eoiiiiiiiiieieieee e 122
6.1.6.3.2 ComMPIresSioN SIAE .......cccoviviriiieiierie e 123
6.1.7 Comparison between the Barrier Geometries — Maximum Stress........... 124
6.2 MAXIMUM DEFLECTION .....ciitiiiieitieie sttt 127
6.2.1 NEW JEISEY BaITIEr ......cviiviiiiiiiiieieeeiee e 127
6.2.1.1 Maximum Deflection in Barrier..........ccocooviiiiiinniiienc e 129
6.2.1.2 Maximum Deflection in Deck Overhang.........c.ccooeoviininencnnninne. 129
6.2.2 Modified NeW-Jersey Barrier ... 130
6.2.2.1 Maximum Deflection in Barrier..........ccocooviiiiiiiniiiesc e 131
6.2.2.2 Maximum Deflection in Deck Overhang...........ccocevvvininencnnnnne. 132
6.2.3 Rectangular — 8 inCh Barrier...........ccoovviiiiiiiiiiiecee e 132
6.2.3.1 Maximum Deflection in Barrier.........cccocovviiiiiininieiese e 133
6.2.3.2 Maximum Deflection in Deck Overhang.........c.ccoooevvieniieneneninne. 134



6.2.4 Rectangular — 6 INCh BArTIer ........ccooeiiiiiiiie e 135

6.2.4.1 Maximum Deflection in Barrier..........ccocooviiiiiiicieicnc e 136
6.2.4.2 Maximum Deflection in Deck Overhang..........c.ccoocvvveviieneiinsnennnns 136
6.2.5 Modified Single-SIope Barrier..........cccoviiiiiiiiiiieeec e 137
6.2.5.1 Maximum Deflection in Barrier..........cccooiiiiiiniciiiee e 138
6.2.5.2 Maximum Deflection in Deck Overhang.........c.cccoceveveiiiencnnnnnn. 139
6.2.6 Inverted Modified Single-SIope Barrier ..........c.ccoovvvieiiienencieseseens 140
6.2.6.1 Maximum Deflection in Barrier..........ccocooiiiiiininieienc e 141
6.2.6.2 Maximum Deflection in Deck Overhang...........ccooeveieiiiencinnnnn. 142

6.2.7 Comparison Between the Barrier Geometries — Maximum Deflection... 142

7 DYNAMIC LOAD SIMULATION ...ooiiiie e 144
T L FIRST IMPACT .ttt ettt ettt ettt ettt st e st e e st e e sab e e e sabe e e nnb e e e nnbeeennneeen 147
7.1.1 MAXIMUIM STIESS ..vvevieieenieeiiesieeeesreesieete e steeee e steeeesseesneeseesneesseeneens 147
7.1.1.1 NeW JErsey DArTIEr ......cccooiiiiieieieiesie st 147
7.1.1.1.1 Maximum Stress in the Barrier..........cccccvvveviveveneeneene s 148
7.1.1.1.1.1 Compression SIAe .......cccooeriiinenieieieese e 148

7.1.1.1.1.2 TeNSION SIAC ....oveeeeeie e 149

7.1.1.1.2 Maximum stress in the deck overhang...........ccccoceevveninnnins 149
7.1.1.1.2.1 ComMPIresSioN SIUB .....cc.ocveieriiiirieiieieieie e 149

7.1.1.1.2.2 TENSION SIAE......eeiieieiieiieeie e e 150

7.1.1.1.3 Maximum Stress in Reinforcement bars...........ccccccvevnvnnnnns 151
7.1.1.1.3. 1 TenSION SIAC ....ocvveeeee e 151

7.1.1.1.3.2 COMPIression SIUE ........ccereririnieniieeeie e 152

Xi



7.1.1.2 Modified New-Jersey Barrier .........cccovereiinieenenie e 153

7.1.1.2.1 Maximum Stress in the Barrier..........ccocvvevieeieneenesneseeee 154
7.1.1.2.1.1 Compression SIAE .......cccooeriiinenieieieese e 154
7.1.1.2.2.2 TeNSION SIAR ....ovvevieie e 154

7.1.1.2.2 Maximum stress in the deck overhang..........ccccccooevivennrnnnne. 155
7.1.1.2.2.1 Compression SIAE ........cccoeriiinenieiieieiese e 155
7.1.1.2.2.2 TeNSION SIAE.......coiieiiiieiie e e 156

7.1.1.2.3 Maximum Stress in Reinforcement bars...........cccccoecvevveeenee. 157
7.1.1.2.3.1 TenSioN SIde......cccccveiviieiieie e 157
7.1.1.2.3.2 Compression SIAe ........cccoeviiineninieieese e 158

7.1.1.3 Rectangular — 8 INCh BaITIEr ........ccoiiiiiiiiicieieee e 159

7.1.1.3.1 Maximum Stress in the Barrier..........ccccvvevieeieieenieene s 160
7.1.1.3.1.1 Compression SIAe .......cccooeriienenieieieese e 160
7.1.1.3.1.2 TeNnSION SIAE......ccvveireieiieeie e 160

7.1.1.3.2 Maximum Stress in the Deck Overhang..........ccccoccveninnnins 161
7.1.1.3.2.1 Compression SIAe .........ccoceiiiineninieeese e 161
7.1.1.3.2.2 TeNSION SIAE.......eeieeieeieciieie e 162

7.1.1.3.3 Maximum Stress in Reinforcement bars...........cc.ccoecvevvrenee. 162
7.1.1.3.3.1 TenSioN SIde.......ccccveieiieiieie e 162
7.1.1.3.3.2 Compression SIAe ........cccoceviiineninieieiese e 163

7.1.1.4 Rectangular — 6 inCh Barrier.........ccocooviiniieiiiece e 164

7.1.1.4.1 Maximum Stress in the Barrier..........cccccvvevieeieiieeneesn e 164

7.1.1.4.1.1 Compression SIAe .......cccooeiiiininieieieese e 164

Xii



7.1.1.4.1.2 TenSION SIAC......ooeeeeeeeeeee 165

7.1.1.4.2 Maximum Stress in the Deck Overhang..........cccccocvvnvnnnnns 166
7.1.1.4.2.1 Compression SIAE .......cccooeriiinenieieieese e 166
7.1.1.4.2.2 TeNSION SI......ociiiiiiicieeieeeee e 167

7.1.1.4.3 Maximum Stress in Reinforcement bars...........c.ccocoovnvinns 168
711431 TeNSION SIUR ...ouviiieieieie e 168
7.1.1.4.3.2 Compression SIAE .........ccovriiinenieieieese e 169

7.1.1.5 Modified Single-SIope Barrier..........ccccooivviiiiiieiene e 169

7.1.1.5.1 Maximum Stress in the Barrier.........cccoovovvvivieniiiinnns 170
7.1.1.5.1.1 Compression SIAE .......ccccoeririnenieieieese e 170
7.1.1.5.1.2 TeNSION SIAE......cciiiiiiieiierieeeseee e 171

7.1.1.5.2 Maximum Stress in the Deck Overhang..........cccccocvenvinninne 172
7.1.1.5.2.1 Compression SIAe ........cccoeriiineninieieese e 172
7.1.1.5.2.2 TENSION SIAE......coiiiiiiiiiierie e 172

7.1.1.5.3 Maximum Stress in Reinforcement bars...........ccccccvvvniinnns 173
7.1.1.5.3.1 TeNSION SIAE......cciiiiiiiiiieie e 173
7.1.1.5.3.2 Compression SIAe ........cccoviiiineniniieieese e 174

7.1.1.6 Inverted modified Single-Slope Barrier..........ccccoovveiencnennnnnn 175

7.1.1.6.1 Maximum Stress in the Barrier...........ccovovviiiieiincnes 176
7.1.1.6.1.1 Compression SIAe ........cccoeririreninieieese e 176
7.1.1.6.1.2 TeNSION SIAE......ociiiiiiiii e 176

7.1.1.6.2 Maximum stress in the deck overhang..........cccccoceeiieniinnnns 177
7.1.1.6.2.1 Compression SIAe ........ccooceveiinininiieieese e 177

Xiii



7.1.1.6.2.2 TeNSION SIAC......ccoeeeeeeeeee 178

7.1.1.6.3 Maximum stress in reinforcement bars............ccccoeeienvnnnnns 178
7.1.1.6.3.1 TEeNSION SIAE......ccviieiiiiiieiieeeeee e 178
7.1.1.6.3.2 COmMPIresSioN SIUC ........ccueiueriiiirieiieieieese e 179

7.1.2 Maximum DefleCtion ... 180
7.1.2.1 NEeW JEISEY BarTIr ....cciiiiiieiieiie ettt 181
7.1.2.1.1 Maximum Deflection in Barrier..........ccccoovvvviiiieieieniieneee 181
7.1.2.1.2 Maximum deflection in deck overhang ..........cccccoeiiniiinnnnnnn. 182
7.1.2.2 Modified NeW Jersey Barrier.........ccovveiinineninieeneese e 183
7.1.2.2.1 Maximum Deflection in Barrier..........ccccoovvvviinieieienineneen 183
7.1.2.2.2 Maximum Deflection in Deck Overhang..........ccccoceovenininnnnnne. 184
7.1.2.3 Rectangular — 8 INCh BAITIr ........c.coiiiiiiiiiieieeeee s 185
7.1.2.3.1 Maximum Deflection in Barrier..........ccccooviiinieieieninesee 185
7.1.2.3.2 Maximum deflection in deck overhang .........cccccoeiiiiiiinnnen. 186
7.1.2.4 Rectangular — 6 INCh BAITIET .......cccoiiiiiiiiiiiiceee e 187
7.1.2.4.1 Maximum Deflection in Barrier..........cccooovvieiieieieiencsesee 187
7.1.2.4.2 Maximum deflection in deck overhang .........cccocoeeieniiiinnnnn. 188
7.1.2.5 Modified single-slope Darrier.........ccovveiiiiiiiie e 189
7.1.2.5.1 Maximum deflection in barrier...........ccooviiiiiiiie 189
7.1.2.5.2 Maximum deflection in deck overhang .........cccoceoviiiiiiinnnnn. 190
7.1.2.6 Inverted modified single-slope barrier..........c.ccoovvviiiiiiieicicne, 191
7.1.2.6.1 Maximum deflection in barrier ...........ccooovviiniii i, 191
7.1.2.6.2 Maximum deflection in deck overhang .........cccocoeeiiniiinnnnnnn. 192

Xiv



7.2 SECOND IMPACT ettt ettt e e ettt e e e e e e e et e ee et e e eeeeeeeeessa e seeeeeseeensnnnnns 193

7.2.1 MaXIMUIM SEIESS ..ottt eneas 193
7.2.1.1 NEeW JErSY BarTir ....cccciuiiiiiieiie ettt 193
7.2.1.1.1 Maximum Stress in the Barrier ... 193
7.2.1.1.1.1 ComPression SIAE .......ccveieieierieseseseeee e 193
7.2.1.1.1.2 TeNSION SHAB.......oiviiiiiiiiiieieeee e 194
7.2.1.1.2 Maximum Stress in the Deck Overhang..........cccccoeivnviinnnnnne 194
7.2.1.1.2.1 ComMPIresSioN STAR .......ccvvieiiieriesie e 194
7.2.1.1.2.2 TENSION SIUC ...t 195
7.2.1.1.3 Maximum stress in reinforcement bars...........cccceoevencnenennnn 196
7.2.1.1.3.1 TENSION SIUC ... 196
7.2.1.1.3.2 COMPIESSION SIUC .....oviiiiiiieieieieesie e 196
7.2.1.2 Modified New-Jersey Darrier ... 197
7.2.1.2.1 Maximum stress in the barrier ..o 197
7.2.1.2.1.1 COMPIESSION SIUE .....cviiieeiieiiieieesie s 198
7.2.1.2.1.2 TENSION SIUC ..o 198
7.2.1.2.2 Maximum stress in the deck overhang..........cccoeveieniicinnnnen 198
7.2.1.2.2.1 COMPIeSSION SIUC .....cviiiiiiieiiieiiesie e 198
7.2.1.2.2.2 TENSION STAB.......iiiiiiiiieiieiieiee e 199
7.2.1.2.3 Maximum Stress in Reinforcement bars..........ccccooovveiiiinnnnnnn 200
7.2.1.2.3.1 TENSION SHB......eoiiiiiiiiieiieieiee e 200
7.2.1.2.3.2 COMPIeSSION SIUE .....oviiiieiieiiieiee st 200
7.2.1.3 Rectangular — 8 inCh Darrier..........cocoovviiiiiiiiieeee e 201

XV



7.2.1.3.1 Maximum stress in the Darrier ... 201

7.2.1.3.1.1 COmMPIeSSION SIAC .....ccuviuieiieieieiiesie e 201
7.2.1.3.1.2 TENSION SIUC ... 202
7.2.1.3.2 Maximum stress in the Deck Overhang........c.ccccoccvveiiiiniennee. 203
7.2.1.3.2.1 COMPIeSSION SIAC .....ccuvriieiieieieiiestesie e 203
7.2.1.3.2.2 TENSION SIUC ...t 203
7.2.1.3.3 Maximum stress in reinforcement bars...........ccccceeeieneicnennnn 204
7.2.1.3.3.1 TENSION SHAR.......oieiiiiiiieiieieece e 204
7.2.1.3.3.2 ComMPIression SIAR .......cccvvieiieieriinesiesesie e 205
7.2.1.4 Rectangular — 6 INCh BAITIET .......ccocoviiiiiiiiiiieeeeee e 206
7.2.1.4.1 Maximum stress in the barrier ... 206
7.2.1.4.1.1 COMPIeSSION SIUC .....cviieieiieieieiiesie e 206
7.2.1.4.1.2 TENSION SIUC ...t 207
7.2.1.4.2 Maximum stress in the deck overhang..........cccooceevienicinnnnen 208
7.2.1.4.2.1 COoMPresSioN SIAR .......cceviriiieiesie e 208
7.2.1.4.2.2 TENSION SIUC ..o 208
7.2.1.4.3 Maximum stress in reinforcement bars...........cccoceeeiencienennnn 209
7.2.1.4.3.1 TENSION STAB.......oiiiiiiiiieiiiieie e 209
7.2.1.4.3.2 COMPIeSSION SIUE .....oviiieiiieiiieieesie et 210
7.2.1.5 Modified single-slope Darrier.........ccovveiiiiiiice e 211
7.2.1.5.1 Maximum stress in the barrier ..., 211
7.2.1.5.1.1 ComPression SIAE .......ccvvieirriiiinie e 211
7.2.1.5.1.2 TENSION SIUC ..ot 211

XVi



7.2.1.5.2 Maximum stress in the deck overhang..........cccccooeveninininnnnn. 212

7.2.1.5.2.1 COMPIeSSION SIAC .....cvviiieiieiieieiiesie e 212
7.2.1.5.2.2 TENSION SIUC ...t 213
7.2.1.5.3 Maximum stress in reinforcement bars...........ccccceeeienencnennnn 213
7.2.1.5.3.1 TENSION SIUC ... 213
7.2.1.5.3.2 COMPIESSION SIAC .....cviiiiiiieieieiesiese e 214
7.2.1.6 Inverted modified single-slope barrier..........cccoovveiiicicieiiine 215
7.2.1.6.1 Maximum stress in the barrier ... 215
7.2.1.6.1.1 COMPIeSSION SIUC .....ccuvivieiieiiieieesie e 215
7.2.1.6.1.2 TENSION SIUC ...t 216
7.2.1.6.2 Maximum stress in the deck overhang..........ccccoevviinciinnnnnnn 217
7.2.1.6.2.1 COMPIeSSION SIUC .....ccuvivieiiiiiieieesie e 217
7.2.1.6.2.2 TENSION SIUC ... 217
7.2.1.6.3 Maximum stress in reinforcement bars...........cccoceeevencicncnnnn. 218
7.2.1.6.3.1 TENSION SIUC ... 218
7.2.1.6.3.2 COMPIeSSION SIUE .....cvviiiiiieieieieesie e 219
7.2.2 Maximum DefleCtion ... 220
7.2.2.1 NeW JErsey BarTier.......cccociiiiiiiiieieie s 220
7.2.2.1.1 Maximum deflection in barrier ...........ccccovriiiiiiic i 220
7.2.2.1.2 Maximum deflection in deck overhang .........cccccoeiiniiinnnnnnn. 221
7.2.2.2 Modified NeW-Jersey Barrier .........cccveiiiiiiininieiesese s 222
7.2.2.2.1 Maximum Deflection in Barrier..........ccccoovviiiiinieienineneen 222
7.2.2.2.2 Maximum deflection in deck overhang ..........cccocoeeiiiiiinnnnnnn. 223

Xvii



7.2.2.3 Rectangular — 8 INCh BAITIE .......cccceiiiiiiiiiiceeee e 224

7.2.2.3.1 Maximum deflection in barrier ..., 224
7.2.2.3.2 Maximum deflection in deck overhang .........cccccooeiiniiinnnnnnn 225
7.2.2.4 Rectangular — 6 INCh BArTIEr ......ccceeiiiiiiieie e 226
7.2.2.4.1 Maximum Deflection in Barrier..........ccccoovvvviiiieicieninenee 226
7.2.2.4.2 Maximum Deflection in Deck Overhang..........ccccceveeivnivnennne. 227
7.2.2.5 Modified Single-SIope barrier ... 228
7.1.2.5.1 Maximum deflection in barrier ...........cccvvvviiiiiiiiie 228
7.2.2.5.2 Maximum deflection in deck overhang .........cccoceeeiiniiiinnnnnn. 229
7.2.2.6 Inverted modified single-slope barrier.........cccoovveiiieiiiniicne, 230
7.2.2.6.1 Maximum deflection in barrier ... 230
7.2.2.6.2 Maximum deflection in deck overhang .........ccccceeeiiniiinnnnnnn 231

7.3 INTERNAL ENERGY ABSORPTION ...ccutiiiiiitieiieiresieestissesseesie e sre s sneenens 232
73,1 INEW=JBISBY ...ttt sttt et r e b e 233
T3 L L THUCK ottt bbb 233
7.3 L2 BAITIEE .ottt bbbttt bbb 234
7.3.1.3 DECK OVEINANG ..ot 234
7.3.1.4 ReiNTOrCEMENT DAIS .......oiviiiiiiiiiieieee s 235
7.3.2 MOQITIEd NEW JEISEY ..ottt 236
7.3 2. L THUCK ottt 236
7.3 2.2 BAITIEE ..ottt ettt 236
7.3.2.3 DECK OVEINANG ..ot 237
7.3.2.4 ReINTOrCEMENT DAIS .....cveiviiiiiiieiieieee s 238

XViii



7.3.3 Rectangular —8 inch .........ccccccoevenenne.
7.3.3.LTIUCK ..o
7.3.3.2 BArTier .....cocovieeieeicceee
7.3.3.3 Deck Overhang ........cccccoevvennnnne.
7.3.3.4 Reinforcement bars.............c.c......

7.3.4 Rectangular — 6 inch .........c.ccceevennne.
7.3 4L TIUCK ..o
7.3.4.2 BAITIEr ...ocvviieeeee e
7.3.4.3 Deck Overhang ........c.ccocevvvvennne
7.3.4.4 Reinforcement bars.............cc......

7.3.5 Modified single-slope ............ccocvevnne.
7351 TIUCK ..o
7.3.5.2 BAITier ...cccooviieiieicc e
7.3.5.3 Deck Overhang ........c.ccoovvvvvennnne.
7.3.5.4 Reinforcement bars.............cc......

7.3.6 Inverted Modified Single-Slope..........
7.3.6. 1 TrUCK ..ovviiiieeeec e
7.3.6.2 BarTier .....cocovviiiieie e
7.3.6.3 Deck Overhang ........c.ccocevvevennnne

7.3.6.4 Reinforcement bars......................
8 RESULTS AND DISCUSSION............c.......

8.1 STATIC SIMULATION RESULTS COMPARISON

8.1.1 MaxXimum StreSS.....coevvveeeeeeeeeeeeeeeeeennn,

XiX



8.1.1.1 Maximum Stress iN DAITIErS......covv v, 251

8.1.1.1.1 COmMPIeSSION SIUC .....ccueruirieiiieiieieiesie st 251
8.1.1.1.2 TENSION SIUC ....vviuiiiiiisieeieeie e 251
8.1.1.2 Maximum stress in deck OVerhang .........cccoveeeieeneiin e 252
8.1.1.2.1 COmMPIeSSION SIUC .....cueiviiiiiiieiieieiesie st 252
8.1.1.2.2 TENSION SIUL ...t 253
8.1.1.3 Maximum stress in reinforcement Dars..........cc.ccooeveienciencncnnnn. 254
8.1.1.3.1 COmMPIeSSION SIUC .....ccueruiriiriieiieieie et 254
8.1.1.3.2 TENSION SIUL ...ttt 255
8.1.2 Maximum DefleCtion ............ccooviiiiiiiie e 256
8.2 DYNAMIC SIMULATION RESULTS COMPARISON .....ccvvrurinieereareneenieasesinesneennens 258
8.2.1 MaXIMUIM SEFESS .....ueeueeeitiiteste sttt sttt eneas 259
8.2.1.1 Maximum Stress in DAITIEr ........ccocveviiiieiiee e 259
8.2.1.1.1 Compressive Strength.........ccoveeiiiiiieee e 259
8.2.L.L LI FIrSt IMPACE ..c.coviiiitiiiieieeiieie e 259
8.2.1.1.1.2 SeCONd IMPACT.......cciriiriieiieieie e 259
8.2.1.1.2 Tensile Strength ........cccooviiiiiieieee e 260
8.2.1.1.2. 1 FIrSt IMPACE ..c.eovieiiiiiieiieieiee e 260
8.2.1.1.2.2 SeCONd IMPACT.......ociririiiieicie e 261
8.2.1.2 Maximum stress in deck overhang .........c.ccoovvviiniincnc e 262
8.2.1.2.1 Compressive Strength.........cceeeieiiieneeee e 262
8.2.1L.2. 1.1 FIrSt IMPACE ..c.coviiiiisiieiieiieee e 262
8.2.1.2.1.2 SeCONd IMPACT.......cciiiriirieieie e 263

XX



8.2.1.2.2 Tensile Strength .........c.cccoeiiiiiiiiicce e 264

8.2.1.2.2. 1 FIrStIMPACT ..ottt 264
8.2.1.2.2.2 SeCONd IMPACT.......oiiriiriiiieieie e 265

8.2.1.3 Maximum stress at reinforcement bars...........ccoceveiiiiiiiiinn, 266
8.2.1.3.1 Compressive Strength ..o 266
8.2.1.3. 1.1 FIrSt IMPACT ... 266
8.2.1.3.1.2 SeCONd IMPACT.......cciiiriieieieieieesie e 267

8.2.1.3.2 Tensile Strength ..o 268
8.2.1.3. 2.1 FIrSt IMPACT .....oviviiiiiieiieiieee e 268
8.2.1.3.2.2 SeCONd IMPACT.......oiiiiiriieieieie e 269

8.2.2 Maximum deflection ... 270
8.2.2. L FIrSEIMPACE ...t 270
8.2.2.2 SECONA IMPACT.......ciiiiiiiiieeiee s 272
8.2.3 Internal Energy COMPAIISON ........ccveieiiirienieriesiesieeieeeeee e 273
8.2.3.1 Internal energy absorbed by each component.............ccccveniiinnnn. 274
8.2.3.2 Internal energy absorbed by each geometry ..., 277

8.3 BARRIER AND DECK OVERHANG DAMAGE AFTER SECOND IMPACT .......cccivennins 281
8.4 VEHICLE ROLL OVER ..ottt ettt ettt sbe et 288
8.5 COMPARISON BETWEEN GEOMETRIES ....c.tvetiiiriniieitisieesteesieene e sne e sneenens 292
8.5.1 StAtiC RESUILS ..o 292
8.5.2 DYNAMIC RESUIES .....covieiiiiii s 293
8.6 STATIC VERSUS DYNAMIC LOAD COMPARISON......c.ctrviiiieiieienieenieeieninenieenens 296
8.7 DECK OVERHANG DEFLECTION ....vvitiiiiiiteeieeiresiie sttt 298

XXi



8.8 MOST EFFICIENT GEOMETRY ........

9 SUMMARY AND CONCLUSION

xXXii



TABLE OF FIGURES

Page
FIGURE 1: TEST LEVELS CONFIGURE RATIOS. (AFTER AASHTO, A13.7.2-1.) e, 2
FIGURE 2: NEW JERSEY BARRIER — CROSS SECTION ....ceueuiriinieiereniisieiesenesesessesesessseesesesenens 3
FIGURE 3: YIELD LINE BREAKING PATTERN (AFTER HIRSCH, 1978).....ccccoviriiriiiririeicnenen, 4
FIGURE 4: VEHICLE CRASH — TOP VIEW (AFTER HIRSCH, 1978) .......cceoviiririicieiicisieiecn, 5

FIGURE 5: TEST LEVEL 4 — SIGNLE UNIT TRUCK (AFTER SHEIKH NAUMAN M.,
DETERMINATION OF MINIMUM HEIGHT AND LATERAL DESIGN LOAD FOR MASH TEST
LEVEL 4 BRIDGE RAILS, 2011) ..oveiiiiiiiieiiesiesiee et s 6

FIGURE 6: DECK OVERHANG DEFLECTION.....utitiitiatieiieiesiesiestestessessessessesseeseesseseessessessessenns 7

FIGURE 7: CONCRETE BARRIER DAMAGE AFTER IMPACT — FRONT VIEW (AFTER SHEIKH
NAUMAN M., DETERMINATION OF MINIMUM HEIGHT AND LATERAL DESIGN LOAD
FOR MASH TEST LEVEL 4 BRIDGE RAILS, 2011)...ccciiiiiiiiiiesiesieseeeeie e 8

FIGURE 8: YIELD LINE FAILURE PATTERN. (AFTER HIRSH, 1978) ....ccooveveeeiiecece 12

FIGURE 9: EXTERNAL VIRTUAL WORK DONE BY VEHICLE COLLISION. (AFTER CALLOWAY,

L993) oot e ettt s et ettt ettt r s er e 13
FIGURE 10: MOMENT CAPACITY OF THE BARRIER. (AFTER CALLOWAY, 1993)................. 14
FIGURE 11: ToP VIEW PRIOR TO THE IMPACT (AFTER BADIEE, 2014) .....ccecovevvereiecee 17
FIGURE 12: IMPACT MOMENT (AFTER BADIEE, 2014) ....oocoiiiiiicie e 18

FIGURE 13: DEFLECTION OF THE BARRIER AND THE DECK OVERHANG (AFTER BADIEE,

2014) THIRD STEP: .ttt itieitieetee ittt esteestteaste e st e e ste e et e e se e st e e sbeeasbeesseeanbeesteeebaesreeabeeaneas 18
FIGURE 14: MOMENTS BY BARRIER AND DECK OVERHANG .......ccciituiieeiiiiieeeeiiieeeessnsneeeeans 25
FIGURE 15: ENERGY ABSORBED BY THE BARRIER — STATIC LOAD.......cccciuvieeeivireeesiiieeeeenns 27
FIGURE 16: ENERGY ABSORBED BY THE DECK OVERHANG — STATIC LOAD ........cccevvuvireenns 27

XXiii



FIGURE 17: ENERGY ABSORBED BY THE REINFORCEMENT BARS — STATIC LOAD................ 27
FIGURE 18: ENERGY ABSORBED BY THE TRUCK - DYNAMIC IMPACT.......cccoiiiiiiieiieiieeee 29
FIGURE 19: ENERGY ABSORBED BY THE BARRIER - DYNAMIC IMPACT......cccciriiiiieiieeene. 30
FIGURE 20: ENERGY ABSORBED BY THE DECK OVERHANG - DYNAMIC IMPACT ................. 30
FIGURE 21: ENERGY ABSORBED BY THE REINFORCEMENT BARS - DYNAMIC IMPACT.......... 31
FIGURE 22: DYNAMIC LOAD VS. STATIC LOAD - INTERNAL ENERGY ABSORPTION ........... 32
FIGURE 23: VEHICLE LIFTING UP (AFTER MOHAN, MARZOUGUI, & KAN, 2003).............. 34
FIGURE 24: NEW JERSEY BARRIER CROSS-SECTION .....cceiuiiiiiianieeniiiesieesveesieeesessieeseeesenes 35
FIGURE 25: MODIFIED NEW JERSEY BARRIER CROSS SECTION.......cceiiriiieniienieesieesveenenes 36
FIGURE 26: RECTANGULAR — 8 INCH THICK BARRIER........coiiiiiiiiiiie e 37
FIGURE 27: RECTANGULAR — 6 INCH THICK BARRIER........coiiiiiiiiiie e 38
FIGURE 28: MODIFIED SINGLE SLOPE BARRIER .....ccuuiiiiiiiiiiieniee et 39
FIGURE 29: INVERTED MODIFIED SINGLE SLOPE BARRIER ......ccccoiiiiiiiiiieniie e 40
FIGURE 30: BARRIER AND DECK OVERHANG CROSS-SECTION (AFTER BAKER & PUCKETT,
70 ) ST 42
FIGURE 31: DECK OVERHANG LENGTH....ccuiiiiiiiiieiie ettt st 42
FIGURE 32: RIGID PAD DIMENSION .....cctiiititiiieiiiieniee sttt siee sttt stee e sbee st sneesneesnnas 43
FIGURE 33: DECK OVERHANG LENGTH....ccttiiiiiiiieiie ettt 44
FIGURE 34: F800 SINGLE UNIT TRUCK (FINITE ELEMENT MODEL ARCHIVE, 2008) .......... 45
FIGURE 35: DISTRIBUTED STATIC LOAD HEIGHT ..cuviiiiiieiie e 46
FIGURE 36: LENGTH AND HEIGHT OF STATIC LOAD ......ciiiiiiiieiie e 46
FIGURE 37: AUTOMATIC SINGLE SURFACE SPECIFICATIONS (LS-DYNA) ..o 47
FIGURE 38: FIXED SUPPORTS (BOTH ENDS).....cctiitiiiieieie ettt 48

XXiV



FIGURE 39: FIXED SUPPORT (DECK OVERHANG) ...ccuviiuieiieiesieesieeiesneesieeseesseessesssessnessesses 49

FIGURE 40: FIXED SUPPORT (RIGID PAD) ...ccuviiiiiiieniisiiesieesiesieesteeie e sieesee e sneesesneesneeneas 50
FIGURE 41: GRAVITY LOAD CURVE ...cceiieee ettt ettt e e e e e e e e et e e e e e e e e e e aeneees 51
FIGURE 42: STATIC LOAD CURVE .. .oieeeeieee ettt ettt e e e e e e e e et e e e e e e e e e aeeeees 51

FIGURE 43: AVERAGE AND MAXIMUM MESH DIMENSION OF THE NEW JERSEY CONCRETE
BARRIER (FINITE ELEMENT MODEL ARCHIVE, 2008) ......cccceiiiiirieeniesiesieenie e 52

FIGURE 44: AVERAGE AND MAXIMUM MESH DIMENSION OF THE NEW JERSEY CONCRETE

BARRIER WITH DECK OVERHANG. «.ceeeettteeteeeeeeeeeeeeeeeeeeeeeeeeeeasseeeeeeeeennenaaeeeaeeeennnnnns 53
FIGURE 45: CONCRETE MATERIAL 159 FOR BARRIER ... .covteeeteeee ettt 54
FIGURE 46: CONCRETE MATERIAL 159 FOR DECK OVERHANG ......coeviieeeeeeeeeeeeeeeeeiieaaeeee e 54

FIGURE 47: DYNAMIC INCREASE FACTOR DOMAIN FOR VEHICLE IMPACT (AFTER PAJAK,

70 ) (OO 55
FIGURE 48: DYNAMIC INCREASE FACTOR (COMPRESSIVE STRENGTH OF CONCRETE) ....... 56
FIGURE 49: DYNAMIC INCREASE FACTOR (TENSILE STRENGTH OF CONCRETE) .....cccvun... 56
FIGURE 50: SOLID SECTION SPECIFICATIONS ...ceutieutiiieesiieitsieesieesne s sieesne s sneesne s sneenees 57
FIGURE 51: PERFECTLY-PLASTIC STRESS-STRAIN GRAPH ......coiiiiiiiiiieniieresieesie e 58

FIGURE 52: STRESS-STRAIN GRAPH FOR REINFORCEMENT BAR GRADE 60/400 (AFTER

MURRAY & ODEH, EVALUATION OF LS-DYNA CONCRETE MATERIAL MODEL 159,

FIGURE 53: SEMI-PLASTIC STRESS-STRAIN GRAPH (AFTER CALTRANS SEISMIC DESIGN

CRITERIA VERSION 1.7, 2013) ..ciiiiecieie ettt 60
FIGURE 54: KINEMATIC MATERIAL SPECIFICATIONS ....eeeteeeeeeeee e e e e eeeeeeeeeaeeeeeeeeennaeeeeees 60
FIGURE 55: REINFORCEMENT BAR ELEMENT FORMULATIONS . .evvvieeeeeee e eeeeeeeeeeens 61

XXV



FIGURE 56: STATIC LOAD TEST SETUP FOR SAFETY-SHAPED BARRIER (AFTER ABU-ODEH,
BLIGH, & YVONNE, 2007) ....ieiuieiieeiiee ittt ettt sae e e neennne e 63
FIGURE 57: LOAD DISPLACEMENT GRAPH FOR SAFETY-SHAPED BARRIER (AFTER ABU-
ODEH, BLIGH, & YVONNE, 2007) ....eiiiieitie ettt ettt st saae e annes 64
FIGURE 58: CROSS-SECTION OF THE FLORIDA SAFETY-SHAPED BARRIER WITH NEW JERSEY
PROFILE (AFTER ABU-ODEH, BLIGH, & YVONNE, 2007) ......ccoovevieiieeiie e 65
FIGURE 59: CONCRETE MESH AND REINFORCEMENT (AFTER ABU-ODEH, BLIGH, &
YVONNE, 2007) c.eiiuieiiieieeiiesieeie ettt e ste et s esteesee st e beeseesaeesteeneesseesseaneesreenseanee e 66
FIGURE 60: MODEL OF QUASI-STATIC LOAD TEST SETUP (AFTER ABU-ODEH, BLIGH, &
YVONNE, 2007) c.eiiuieiiieieeiie st eie ettt e sttt este e reesbe e st e sseesteastesseeseaneesreenseenee e 67
FIGURE 61: GAP BETWEEN TIMBER WOOD AND BARRIER'S CONCRETE (AFTER ABU-ODEH,
BLIGH, & YVONNE, 2007) ...iiuieiiieiesiesieeiesee e esiesiee e ssessseessesseesseesseaneesseessesneesseensens 69
FIGURE 62: DAMAGE CONCENTRATION WITH THE WOOD TIMBER REALISTICALLY MODELED

AS AN ELASTOPLASTIC DAMAGING MATERIAL (AFTER ABU-ODEH, BLIGH, & YVONNE,

FIGURE 63: REALISTIC DAMAGE AND EROSION PATTERN (ERODE = 1.05) (AFTER ABU-
ODEH, BLIGH, & YVONNE, 2007) ....eiieeiieeiesie e eie e e e sneesne e snessneenseanee e 71
FIGURE 64: PRIMARY DEFLECTION AT 10 MM DEFLECTION (ERODE = 1.0) (AFTER ABU-
ODEH, BLIGH, & YVONNE, 2007) ....eiiieiieeiesiesie e seeseeie et snee e ee s sneesseenee e 72
FIGURE 65: PRIMARY DEFLECTION AT 20 MM DEFLECTION (ERODE = 1.0) (AFTER ABU-
ODEH, BLIGH, & YVONNE, 2007) .....oiieiieeieiieieeiesee e eie e sie e sree e sae s e nse e e 73
FIGURE 66: THE CALCULATED FORCE-DEFLECTION WITH THE MEASURED CURVE FOR THE

FIRST 12 MM OF DEFLECTION (AFTER ABU-ODEH, BLIGH, & YVONNE, 2007)............ 74

XXVi



FIGURE 67: COMPUTED DAMAGE USING DISTRIBUTED LOAD (AFTER ABU-ODEH, BLIGH, &
YVONNE, 2007) ...uiietiiiie ettt sttt e et e et eete e s be e e beesneeabeenaeas 75

FIGURE 68: FORCE-DISPLACEMENT FOR DISTRIBUTED LOAD (ERODE = 1.05) (AFTER ABU-

ODEH, BLIGH, & YVONNE, 2007) ....eiiiieitie ettt ettt st saae e annes 75
FIGURE 69: MAXIMUM STRESS IN FACE OF BARRIER — 3D MODEL ....oevvvvieieeeeeeeeeeeeeen 77
FIGURE 70: MAXIMUM STRESS IN BACK OF BARRIER — 3D MODEL.....ccevvviiieeeeieeeeiieeeeeen 78

FIGURE 71: TIME-STRESS GRAPH OF NEW JERSEY CONCRETE BARRIER ELEMENT IN

COMPRESSION SIDE WITH MAXIMUM STRESS ..., 79

FIGURE 72: TIME-STRESS GRAPH OF NEW JERSEY CONCRETE BARRIER ELEMENT IN TENSION

SIDE WITH MAXIMUM STRESS ..t eeteete e ettt e eeeeee e e teeeeeeeeeeeee e e e seseensserennseerennneerennns 80

FIGURE 73 MAXIMUM STRESS IN THE BACK OF DECK OVERHANG RELATED TO NEW JERSEY

BARRIER = 3D IMODEL ...ceteeeteee ettt e e e e e e e e et et eee e e e e e e e ee e e eeeeeeeeennnns 81

FIGURE 74: MAXIMUM STRESS IN FACE OF DECK OVERHANG RELATED TO NEW JERSEY

BARRIER — 3D MODEL ...eeteeetteee e et e e e e e e e et e e e e e e e e e e e e eeaeeeeeaeeee e e eeeaeeeennnnnns 81

FIGURE 75: TIME-STRESS GRAPH OF NEW JERSEY CONCRETE DECK OVERHANG ELEMENT IN

COMPRESSION SIDE WITH MAXIMUM STRESS ..., 82

FIGURE 76: TIME-STRESS GRAPH OF NEW JERSEY CONCRETE DECK OVERHANG ELEMENT IN

TENSION SIDE WITH MAXIMUM STRESS.......iiiiiiiiiii e 83

FIGURE 77: MAXIMUM STRESS IN TENSION AND COMPRESSION SIDES OF REINFORCEMENT

BARS LOCATED IN NEW JERSEY BARRIER — 3D MODEL ...cevvvvveeeeeeeeeeeeeeeeee e 84

FIGURE 78: TIME-AXIAL FORCE GRAPH OF NEW JERSEY BARRIER HAIRPIN DOWEL

REINFORCEMENT BAR ELEMENT IN TENSION SIDE WITH MAXIMUM STRESS ................. 85

XXVil



FIGURE 79: TIME-AXIAL FORCE GRAPH OF NEW JERSEY BARRIER HAIRPIN DOWEL

REINFORCEMENT BAR ELEMENT IN COMPRESSION SIDE WITH MAXIMUM STRESS......... 86

FIGURE 80: TIME-STRESS GRAPH OF MODIFIED NEW JERSEY CONCRETE BARRIER ELEMENT

IN COMPRESSION SIDE WITH MAXIMUM STRESS ...ttt 87

FIGURE 81: TIME-STRESS GRAPH OF MODIFIED NEW JERSEY CONCRETE BARRIER ELEMENT

IN TENSION SIDE WITH MAXIMUM STRESS ...eevtutiteeteetesneeesesnseesesnsessesnseesssneeessnnes 88

FIGURE 82: MAXIMUM STRESS IN BACK OF DECK OVERHANG RELATED TO MODIFIED NEW

JERSEY BARRIER — 3D IMODEL ...ttt e ettt ettt e e e e e e e e e et aeeeeeeeeeeeeaaneeeeeneeenns 89

FIGURE 83: MAXIMUM STRESS IN FACE OF DECK OVERHANG RELATED TO MODIFIED NEW

JERSEY BARRIER — 3D IMODEL . ... e e ettt e e e e e e e e e e et aeeeeeeeeeeeeeaneeaeeeeeenns 89

FIGURE 84: TIME-STRESS GRAPH OF MODIFIED NEW JERSEY CONCRETE DECK OVERHANG

ELEMENT IN COMPRESSION SIDE WITH MAXIMUM STRESS ......coiiiiiiiiien 90

FIGURE 85: TIME-STRESS GRAPH OF MODIFIED NEW JERSEY CONCRETE DECK OVERHANG

ELEMENT IN TENSION SIDE WITH MAXIMUM STRESS......c.cooiiiiiiiiineeea 91

FIGURE 86: MAXIMUM STRESS IN TENSION AND COMPRESSION SIDES OF REINFORCEMENT

BARS LOCATED IN MODIFIED NEW JERSEY BARRIER — 3D MODEL .......ccccccvveeiieeeiiieenns 92

FIGURE 87: TIME-AXIAL FORCE GRAPH OF MODIFIED NEW JERSEY BARRIER HAIRPIN DOWEL

REINFORCEMENT BAR ELEMENTS IN TENSION SIDE WITH MAXIMUM STRESS ............... 93

FIGURE 88: TIME-AXIAL FORCE GRAPH OF MODIFIED NEW JERSEY BARRIER HAIRPIN DOWEL

REINFORCEMENT BAR ELEMENTS IN COMPRESSION SIDE WITH MAXIMUM STRESS....... 9

FIGURE 89: TIME-STRESS GRAPH OF RECTANGULAR — 8 INCH CONCRETE BARRIER ELEMENT

IN COMPRESSION SIDE WITH MAXIMUM STRESS ... 95

XXVili



FIGURE 90: TIME-STRESS GRAPH OF RECTANGULAR — 8 INCH CONCRETE BARRIER ELEMENT

IN TENSION SIDE WITH MAXIMUM STRESS ......coiiiiiiiiiii e 95

FIGURE 91: MAXIMUM STRESS IN BACK OF DECK OVERHANG RELATED TO RECTANGULAR —

8 INCH CONCRETE BARRIER — 3D MODEL ...ceeevieeeee ettt e e e e 96

FIGURE 92: MAXIMUM STRESS IN FACE OF DECK OVERHANG RELATED TO RECTANGULAR — 8

INCH CONCRETE BARRIER — 3D IMODEL ...ttt et ettt e e e e eeeae e e e e eeeeeseaeeeeeaeneenn 97

FIGURE 93: TIME-STRESS GRAPH OF RECTANGULAR — 8 INCH CONCRETE DECK OVERHANG

ELEMENT IN COMPRESSION SIDE WITH MAXIMUM STRESS ......coviiiiiiiiieen 98

FIGURE 94: TIME-STRESS GRAPH OF RECTANGULAR — 8 INCH CONCRETE DECK OVERHANG

ELEMENT IN TENSION SIDE WITH MAXIMUM STRESS........ccoiiiiiiiieea 98

FIGURE 95: MAXIMUM STRESS IN TENSION AND COMPRESSION SIDES OF REINFORCEMENT

BARS LOCATED IN RECTANGULAR — 8 INCH BARRIER — 3D MODEL ...ccvvvveeeeeeeeeeennn, 99

FIGURE 96: TIME-AXIAL FORCE GRAPH OF RECTANGULAR — 8 INCH BARRIER HAIRPIN

DOWEL REINFORCEMENT BAR ELEMENT IN TENSION SIDE WITH MAXIMUM STRESS... 100

FIGURE 97: TIME-AXIAL FORCE GRAPH OF RECTANGULAR — 8 INCH BARRIER HAIRPIN

DOWEL REINFORCEMENT BAR ELEMENTS IN COMPRESSION SIDE WITH MAXIMUM STRESS

FIGURE 98: TIME-STRESS GRAPH OF RECTANGULAR — 6 INCH CONCRETE BARRIER ELEMENT

IN COMPRESSION SIDE WITH MAXIMUM STRESS ... 101

FIGURE 99: TIME-STRESS GRAPH OF RECTANGULAR — 6 INCH CONCRETE BARRIER ELEMENT

IN TENSION SIDE WITH MAXIMUM STRESS .....oiviiiiiiiiii e 102

FIGURE 100: MAXIMUM STRESS IN BACK OF DECK OVERHANG RELATED TO RECTANGULAR

— B INCH CONCRETE BARRIER — 3D MODEL . .eeveevteee et e et eeee e e e e e e e eeeieeeeaeeeeneeennnnnnas 102

XXiX



FIGURE 101: MAXIMUM STRESS IN FACE OF DECK OVERHANG RELATED TO RECTANGULAR —

6 INCH CONCRETE BARRIER — 3D MODEL ...coeeeeeteee et eee e e e e e e e eeeeen s 103

FIGURE 102: TIME-STRESS GRAPH OF RECTANGULAR — 6 INCH CONCRETE DECK OVERHANG

ELEMENT IN COMPRESSION SIDE WITH MAXIMUM STRESS ......c.ocoviiiiiiiiiinns 104

FIGURE 103: TIME-STRESS GRAPH OF RECTANGULAR — 6 INCH CONCRETE DECK OVERHANG

ELEMENT IN TENSION SIDE WITH MAXIMUM STRESS........ccoiiiiiiniiiiiiii s 104

FIGURE 104: MAXIMUM STRESS IN TENSION AND COMPRESSION SIDES OF REINFORCEMENT

BAR LOCATED IN RECTANGULAR— 6 INCH BARRIER — 3D MODEL .......cccevvvveevireeennen. 105

FIGURE 105: TIME-AXIAL FORCE GRAPH OF RECTANGULAR — 6 INCH BARRIER HAIRPIN

DOWEL REINFORCEMENT BAR ELEMENTS IN TENSION SIDE WITH MAXIMUM STRESS . 106

FIGURE 106: TIME-AXIAL FORCE GRAPH OF RECTANGULAR — 6 INCH BARRIER HAIRPIN

DOWEL REINFORCEMENT BAR ELEMENTS IN COMPRESSION SIDE WITH MAXIMUM STRESS

................................................................................................................................. 108
FIGURE 108: TIME-STRESS GRAPH OF MODIFIED SINGLE-SLOPE CONCRETE BARRIER
ELEMENT IN COMPRESSION SIDE WITH MAXIMUM STRESS .....cccvvvieeiirieeeeiireeeeeenveenns 109
FIGURE 109: TIME-STRESS GRAPH OF MODIFIED SINGLE-SLOPE CONCRETE BARRIER
ELEMENT IN TENSION SIDE WITH MAXIMUM STRESS ......ccvviiieiiirieeeeirreeeeeinveeeesenveens 110
FIGURE 110: MAXIMUM STRESS IN BACK OF DECK OVERHANG RELATED TO MODIFIED
SINGLE-SLOPE CONCRETE BARRIER — 3D MODEL .....ccvvvveiiiiiieeeciieee et 111
FIGURE 111: MAXIMUM STRESS IN FACE OF DECK OVERHANG RELATED TO MODIFIED
SINGLE-SLOPE CONCRETE BARRIER — 3D MODEL .....ccvvvveiiiiiieeeciieee et 111

XXX



FIGURE 112: TIME-STRESS GRAPH OF MODIFIED SINGLE-SLOPE CONCRETE BARRIER DECK

OVERHANG ELEMENT IN COMPRESSION SIDE WITH MAXIMUM STRESS...........ccoiivn. 112

FIGURE 113: TIME-STRESS GRAPH OF MODIFIED SINGLE-SLOPE CONCRETE BARRIER DECK

OVERHANG ELEMENT IN TENSION SIDE WITH MAXIMUM STRESS .......ccooviiiiiiiiiiniin, 113

FIGURE 114: MAXIMUM STRESS IN TENSION AND COMPRESSION SIDES OF REINFORCEMENT

BARS LOCATED IN MODIFIED SINGLE-SLOPE CONCRETE BARRIER — 3D MODEL ......... 114

FIGURE 115: TIME-AXIAL FORCE GRAPH OF MODIFIED SINGLE-SLOPE CONCRETE BARRIER

HAIRPIN DOWEL REINFORCEMENT BAR ELEMENT IN TENSION SIDE WITH MAXIMUM

LS 1557 115

FIGURE 116: TIME-AXIAL FORCE GRAPH OF MODIFIED SINGLE-SLOPE CONCRETE BARRIER

HAIRPIN DOWEL REINFORCEMENT BAR ELEMENT IN COMPRESSION SIDE WITH MAXIMUM

ST RE S S . teet ettt e ettt e et e e et e ettt ee e e eeeeee e —eeeeaeeeeeaeeeeen e reeeeaareeeearaereaaaaaes 116

FIGURE 117: MAXIMUM STRESS IN FACE OF INVERTED MODIFIED SINGLE-SLOPE BARRIER —

K] DY (0] 0] =) IR 116

FIGURE 118: TIME-STRESS GRAPH OF INVERTED MODIFIED SINGLE-SLOPE CONCRETE

BARRIER ELEMENT IN COMPRESSION SIDE WITH MAXIMUM STRESS.........ccocoviiiiiennen, 117

FIGURE 119: TIME-STRESS GRAPH OF INVERTED MODIFIED SINGLE-SLOPE CONCRETE

BARRIER ELEMENT IN TENSION SIDE WITH MAXIMUM STRESS ........cooiiiiiiiiie, 118

FIGURE 120: MAXIMUM STRESS IN BACK OF DECK OVERHANG RELATED TO INVERTED

MODIFIED SINGLE-SLOPE CONCRETE BARRIER — 3D MODEL .......cccveeviieeiieeeiiiee e 119

FIGURE 121: MAXIMUM STRESS IN FACE OF DECK OVERHANG RELATED TO INVERTED

MODIFIED SINGLE-SLOPE CONCRETE BARRIER — 3D MODEL .......ccccveevieeeiiee e 119

XXXi



FIGURE 122: TIME-STRESS GRAPH OF INVERTED MODIFIED SINGLE-SLOPE CONCRETE

BARRIER DECK OVERHANG ELEMENT IN COMPRESSION SIDE WITH MAXIMUM STRESS120

FIGURE 123: TIME-STRESS GRAPH OF INVERTED MODIFIED SINGLE-SLOPE CONCRETE

BARRIER DECK OVERHANG ELEMENT IN TENSION SIDE WITH MAXIMUM STRESS ....... 121

FIGURE 124: MAXIMUM STRESS IN TENSION AND COMPRESSION SIDES OF REINFORCEMENT

BARS LOCATED IN INVERTED MODIFIED SINGLE-SLOPE CONCRETE BARRIER — 3D MODEL

FIGURE 125: TIME-AXIAL FORCE GRAPH OF INVERTED MODIFIED SINGLE-SLOPE CONCRETE

BARRIER HAIRPIN DOWEL REINFORCEMENT BAR ELEMENT IN COMPRESSION SIDE WITH

IMAXIMUM STRESS ... ettt e ettt et ettt e e et e et e et e e e e e e e e e e et e e e eee e e e ee e et e e eeeeneeeeeenaneeernnnens 123

FIGURE 126: TIME-AXIAL FORCE GRAPH OF INVERTED MODIFIED SINGLE-SLOPE CONCRETE

BARRIER HAIRPIN DOWEL REINFORCEMENT BAR ELEMENT IN COMPRESSION SIDE WITH

MAXIMUM STRESS ... uuttttttteeessisiuttteeeteteessssnstsreresseessssnsstsseeeseeesssnnssssnersseesssmnsnsnens 124
FIGURE 127: BARRIER CONCRETE BLOCK ON COMPRESSION SIDE .......ccciiuvieiireerirreeiienenns 124
FIGURE 128: BARRIER CONCRETE BLOCK ON TENSION SIDE ....cccuvveeiiireeiiireesireessireessneneans 125
FIGURE 129: DECK OVERHANG CONCRETE BLOCK IN COMPRESSION SIDE .......cccvveeiuveenne 125
FIGURE 130: DECK OVERHANG CONCRETE BLOCK ON TENSION SIDE........ccccveeivreeiiinenns 126
FIGURE 131: REINFORCEMENT BARS ON COMPRESSION SIDE .......ccciiuieeiieeeiiresiiieesiineans 126
FIGURE 132: REINFORCEMENT BARS ON TENSION SIDE .....ccccuviiiieeeiiiieeiieeecieeesiveesseneans 127

FIGURE 133: MAXIMUM DEFLECTION OF BARRIER AND DECK OVERHANG — NEW JERSEY

FIGURE 134: MAXIMUM DEFLECTION OF BARRIER AND DECK OVERHANG — 3D MODEL —

INEW JERSEY ..ttt et et et ettt e e et e e e e et e e e e e e e e e e e e e eeeaneeeenaeeeeennan 128

XXXii



FIGURE 135: MAXIMUM DEFLECTION OF THE NEW JERSEY BARRIER .....uoviiieeeveeiieeeeenn 129

FIGURE 136: MAXIMUM DEFLECTION OF THE DECK OVERHANG — NEW JERSEY BARRIER

FIGURE 137: MAXIMUM DEFLECTION OF BARRIER AND DECK OVERHANG — MODIFIED NEW-

N3 = TR 130

FIGURE 138: MAXIMUM DEFLECTION OF BARRIER AND DECK OVERHANG —3D MODEL —

FIGURE 146: MAXIMUM DEFLECTION OF BARRIER AND DECK OVERHANG — 3D MODEL —

RECTANGULAR B INCH ..ottt ettt ee e e e e e e e e e e e eeeseeeeaeeeeeneaaseeeeeeeeennnnnnns 135

FIGURE 147: MAXIMUM DEFLECTION OF THE BARRIER — RECTANGULAR 6 INCH............. 136

XXXiii



FIGURE 148: MAXIMUM DEFLECTION OF THE DECK OVERHANG — RECTANGULAR 6 INCH

FIGURE 149: MAXIMUM DEFLECTION OF BARRIER AND DECK OVERHANG — MODIFIED

SINGLE=SLOPE ... oottt ettt e e e e et ettt e et e e e e e et e e eeeeeeeereen e e eeeeereennnnnns 138

FIGURE 150: MAXIMUM DEFLECTION OF BARRIER AND DECK OVERHANG — 3D MODEL —

IMODIFIED SINGLE=SLOPE ...ceevtueee e e e eeee e e e e e et e e e e e e e eeeeee e e e eeeeeseenenaseeaeeeeeenes 138

FIGURE 151: MAXIMUM DEFLECTION OF THE BARRIER — MODIFIED SINGLE-SLOFPE ....... 139

FIGURE 152: MAXIMUM DEFLECTION OF THE DECK OVERHANG — MODIFIED SINGLE-SLOPE

................................................................................................................................. 140
FIGURE 153: MAXIMUM DEFLECTION OF BARRIER AND DECK OVERHANG — INVERTED

MODIFIED SINGLE-SLOPE ......vviiitiieeitieeasieseasteeeastteesteeesseeesseeesnseessnsesessseesssssssssesans 140
FIGURE 154: MAXIMUM DEFLECTION OF BARRIER AND DECK OVERHANG 3D MODEL —

INVERTED MODIFIED SINGLE-SLOPE .....ceieiiieeitiieeitieesiteeesieeesieeesnneeesnneesssseessnseeennns 141
FIGURE 155: MAXIMUM DEFLECTION OF THE BARRIER — INVERTED MODIFIED SINGLE-

S 10 S 141
FIGURE 156: MAXIMUM DEFLECTION OF THE DECK OVERHANG — INVERTED MODIFIED

SN LTI Y = SRR 142
FIGURE 157: MAXIMUM DEFLECTIONS IN BARRIERS .....ocviiiiiiiieeiiiiieeesniieeeesnieneeessnneeens 143
FIGURE 158: MAXIMUM DEFLECTIONS IN DECK OVERHANGS ......ccciivvieiiieeiveeesiieessineeans 143
FIGURE 159: TRUCK’S LOCATION — TOP VIEW .....uiieiiieeiieeesieeesieeesiieeesee e sneeessnnnesnnnaeans 145
FIGURE 160: FIRST IMPACT — FRONT OF THE TRUCK .....ecitiieiiiieiieeeitieeesneeesnneessnneessnneeans 146
FIGURE 161: SECOND IMPACT — BACK OF THE TRUCK ....cuvvieiiiieiieeeitieeesiteeesneessnveessnnee s 146
FIGURE 162: NEW JERSEY GEOMETRY MODEL WITH NCAC SINGLE UNIT TRUCK ........... 147

XXXIV



FIGURE 163: FIRST IMPACT COMPRESSION EFFECTS ON NEW JERSERY BARRIER — 3D MODEL

10\ I =7 X! ISR 148

FIGURE 164: FIRST IMPACT TENSION EFFECT ON NEW JERSEY BARRIER — 3D MODEL — BACK

FIGURE 165: NEW JERSEY BARRIER FIRST IMPACT IN COMPRESSION SIDE OF THE DECK

OVERHANG — TOP FACE ..ttt ettt e e ee st e e e e et et e e e eeteeeeeesteseeeestteeeestseseesnseeeennnreeees 150

FIGURE 166: NEW JERSEY BARRIER FIRST IMPACT IN TENSION SIDE OF THE DECK OVERHANG

=10 1 B0, N =7 =TT 151

FIGURE 167: AXIAL FORCE OF THE REINFORCEMENT BAR IN TENSION SIDE AT THE MOMENT

OF FIRST IMPACT — NEW JERSEY BARRIER — FRONT FACE ... ieeeeiteeeee e eeeiaeeaees 152

FIGURE 168: AXIAL FORCE OF THE REINFORCEMENT BAR IN COMPRESSION SIDE AT THE

MOMENT OF FIRST IMPACT — NEW JERSEY BARRIER — FRONT FACE ...ccvunveeeiiieeeeeennnn. 153

FIGURE 169: MoDIFIED NEW JERSEY GEOMETRY MODEL WITH NCAC SINGLE UNIT TRUCK

FIGURE 170: FIRST IMPACT COMPRESSION EFFECTS ON MODIFIED NEW JERSEY BARRIER —

3D MODEL — FRONT FACE ..o ett ettt e e ettt e e e e e e e e e e e ee e e e e e e e ee e e e aeeeeeeeeennaaaeeees 154

FIGURE 171: FIRST IMPACT TENSION EFFECT ON MODIFIED NEW JERSEY BARRIER — 3D

IMODEL — BACK FACE ... tttutttetteeaeeeet s et e s et et et seease st s etenase s reetareesnsesanreeenareennseerrees 155

FIGURE 172: MODIFIED NEW JERSEY BARRIER FIRST IMPACT IN COMPRESSION SIDE OF THE

DECK OVERHANG — TOP FACE . .. ctuuttttuieteteeteteeetesetasessnsesesasessasestsessnseesnsessnsressnresrnrees 156

FIGURE 173: MODIFIED NEW JERSEY BARRIER - FIRST IMPACT IN TENSION SIDE OF THE

DECK OVERHANG — TOP FACE . .. ceunttttutetee et ettt e et ee et seteaeesasestaseeseeeanserenaeernnseernrees 157

XXXV



FIGURE 174: AXIAL FORCE OF THE REINFORCEMENT BAR IN TENSION SIDE AT THE MOMENT

OF FIRST IMPACT — MODIFIED NEW JERSEY BARRIER — FRONT FACE .....ccevvieeeiiiieeees 158

FIGURE 175: AXIAL FORCE OF THE REINFORCEMENT BAR IN COMPRESSION SIDE AT THE

MOMENT OF FIRST IMPACT — MODIFIED NEW JERSEY BARRIER — FRONT FACE........... 159

FIGURE 176: RECTANGULAR — 8 INCH GEOMETRY MODEL WITH NCAC SINGLE UNIT TRUCK

FIGURE 177: FIRST IMPACT COMPRESSION EFFECTS ON RECTANGULAR — 8 INCH BARRIER —

3D MODEL — FRONT FACE ... ettt eeeee et e et e e e e e e e e e e e ee e e e e e e ee e e eeeaeeeeeeeeennnaaaeeees 160

FIGURE 178: FIRST IMPACT TENSION EFFECT ON RECTANGULAR — 8 INCH BARRIER — 3D

IMODEL — BACK FACE ... ttttttttteeteeetteteasssessssettesansessasetessessse st reesnseesnretetsressnsesrnrees 161

FIGURE 179: RECTANGULAR — 8 INCH BARRIER FIRST IMPACT IN COMPRESSION SIDE OF THE

DECK OVERHANG —TOP AND BACK FACE ..., 161

FIGURE 180: RECTANGULAR — 8 INCH BARRIER FIRST IMPACT IN TENSION SIDE OF THE DECK

OVERHANG — TOP AND BACK FACE ..ttt ettt e e e eee e e e eeeeaaees 162

FIGURE 181: AXIAL FORCE OF THE REINFORCEMENT BAR IN TENSION SIDE AT THE MOMENT

OF FIRST IMPACT: RECTANGULAR — 8 INCH — FRONT FACE .. .coeveeeieee e 163

FIGURE 182: AXIAL FORCE OF THE REINFORCEMENT BAR IN COMPRESSION SIDE AT THE

MOMENT OF FIRST IMPACT. RECTANGULAR — 8 INCH — FRONT FACE.......c..ccccvveennen. 164

FIGURE 183: RECTANGULAR — 6 INCH GEOMETRY MODEL WITH NCAC SINGLE UNIT TRUCK

FIGURE 184: FIRST IMPACT COMPRESSION EFFECTS ON RECTANGULAR — 6 INCH BARRIER —

3D MODEL — FRONT FACE ..t eett et ee e e e e et eeeeee e e e e e e e eeeeeeaseseeereeeent e aseeeereeesnnaaneeeees 165

XXXVi



FIGURE 185: FIRST IMPACT TENSION EFFECT ON RECTANGULAR — 6 INCH BARRIER — 3D

IMODEL — BACK FACE ..ttt e teeee ettt e ettt ee e e e e e e e e eaa e e et e e e e et e e ee s et e eeeetneeeeetneeerenaes 166

FIGURE 186: RECTANGULAR — 6 INCH BARRIER FIRST IMPACT IN COMPRESSION SIDE OF THE

DECK OVERHANG — TOP AND BACK FACE ..vuiiietiieitiettieteiesesssssiasessnsessnssssnnsessnssssnnees 167

FIGURE 187: RECTANGULAR — 6 INCH BARRIER FIRST IMPACT IN TENSION SIDE OF THE DECK

OVERHANG — BACK AND BOTTOM FACE ..cvvniiieietieeeeee e eeeeeeeeeetaeeeeestaseseesnnsessesnnseeees 168

FIGURE 188: AXIAL FORCE OF THE REINFORCEMENT BAR IN TENSION SIDE AT THE MOMENT

OF FIRST IMPACT: RECTANGULAR —6 INCH — FRONT FACE .. coeveeeteeeeeeeeeeeeeeeaae s 168

FIGURE 189: AXIAL FORCE OF THE REINFORCEMENT BAR IN COMPRESSION SIDE AT THE

MOMENT OF FIRST IMPACT. RECTANGULAR — 6 INCH — FRONT FACE..........ccccvveennnen. 169

FIGURE 190: MODIFIED SINGLE-SLOPE GEOMETRY MODEL WITH NCAC SINGLE UNIT TRUCK

FIGURE 191: FIRST IMPACT COMPRESSION EFFECTS ON MODIFIED SINGLE-SLOPE BARRIER —

3D MODEL — FRONT FACE ..ottt eeee e et e et e e e e e e e e e e e ee e e e e e e e ee e eeaeeeeeeeeennnaaaeeeees 171

FIGURE 192: FIRST IMPACT TENSION EFFECT ON MODIFIED SINGLE-SLOPE BARRIER — 3D

IMODEL — BACK FACE ... tttutttetteeaeeeet s et e s et et et seease st s etenase s reetareesnsesanreeenareennseerrees 171

FIGURE 193: MODIFIED SINGLE-SLOPE BARRIER FIRST IMPACT IN COMPRESSION SIDE OF THE

DECK OVERHANG — TOP AND BACK FACE ... 172

FIGURE 194: MODIFIED SINGLE-SLOPE BARRIER FIRST IMPACT IN TENSION SIDE OF THE

DECK OVERHANG — TOP AND BACK FACE ... 173

FIGURE 195: AXIAL FORCE OF THE REINFORCEMENT BAR IN TENSION SIDE AT THE MOMENT

OF FIRST IMPACT: MODIFIED SINGLE-SLOPE — FRONT FACE ..cevvvnteeeeeeeeeeeeeeeeeeaeeaees 174

XXXVii



FIGURE 196: AXIAL FORCE OF THE REINFORCEMENT BAR IN COMPRESSION SIDE AT THE

MOMENT OF FIRST IMPACT — MODIFIED SINGLE-SLOPE — FRONT FACE ....ccvvvueeeeeennn.. 175

FIGURE 197: INVERTED MODIFIED SINGLE-SLOPE GEOMETRY MODEL WITH NCAC SINGLE

N 1= T 175

FIGURE 198: FIRST IMPACT COMPRESSION EFFECTS ON INVERTED MODIFIED SINGLE-SLOPE

BARRIER — 3D MODEL — FRONT FACE ...ttt et ettt e e e e e e e eeeeeeeeeaeeeeeneeeeaaaeeeeeeesennnnnnns 176

FIGURE 199: FIRST IMPACT TENSION EFFECT ON INVERTED MODIFIED SINGLE-SLOPE

BARRIER — 3D MODEL — BACK FACE ...vtu et e ettt e e teee e e e e e e eeneneeeaeeeeenenenn s 177

FIGURE 200: INVERTED MODIFIED SINGLE-SLOPE BARRIER FIRST IMPACT IN COMPRESSION

SIDE OF THE DECK OVERHANG — TOP AND BACK FACE ... tetniiitieetieereeessessnsesnnseennns 177

FIGURE 201: INVERTED MODIFIED SINGLE-SLOPE BARRIER FIRST IMPACT IN TENSION SIDE OF

THE DECK OVERHANG — TOP AND BACK FACE ... 178

FIGURE 202: AXIAL FORCE OF THE REINFORCEMENT BAR IN TENSION SIDE AT THE MOMENT

OF FIRST IMPACT: INVERTED MODIFIED SINGLE-SLOPE — FRONT FACE .......ccvvvveennee. 179

FIGURE 203: AXIAL FORCE OF THE REINFORCEMENT BAR IN COMPRESSION SIDE AT THE

MOMENT OF FIRST IMPACT. INVERTED MODIFIED SINGLE-SLOPE — FRONT FACE...... 180

FIGURE 204: MAXIMUM DEFLECTION OF BARRIER AND DECK OVERHANG — NEW JERSEY 181

FIGURE 205: MAXIMUM DEFLECTION OF THE BARRIER AT FIRST IMPACT — NEW JERSEY

(€] =0 Vi1 = 1 =3 2SRRI 182

FIGURE 206: MAXIMUM DEFLECTION OF THE DECK OVERHANG AT FIRST IMPACT — NEW-

JERSEY GEOMETRY ..ueteeeteteeeeee e e e eee e e et e e e e et e e e e e te e e e e e e e e e e eeeenaeeerenneeerennaneeeennns 182

FIGURE 207: MAXIMUM DEFLECTION OF BARRIER AND DECK OVERHANG — MODIFIED NEW

JE R S EY ettt et e e e et eeee e eeetee—eeee e reee———ere————ra————————— 183

XXXViil



FIGURE 208: MAXIMUM DEFLECTION OF THE BARRIER AT FIRST IMPACT — MODIFIED NEW

JERSEY GEOMETRY ..utitettuieeteeteteeeeeeeeeee s seseesaseseesasesee s teseasasetesnnseressnnresennnneerennns 184

FIGURE 209: MAXIMUM DEFLECTION OF THE DECK OVERHANG AT FIRST IMPACT —

MODIFIED NEW JERSEY GEOMETRY ..evtuuttteettteteeteeetesnassesesaasssesnnssssesnnseesssnssesenanes 184

FIGURE 210: MAXIMUM DEFLECTION OF BARRIER AND DECK OVERHANG: RECTANGULAR —

FIGURE 211: MAXIMUM DEFLECTION OF THE BARRIER AT FIRST IMPACT: RECTANGULAR —

B INCH GEOMETRY ...eeteeeeetee e e e e e et e ee e e e e e et e e e e e e e eeeeeee e e e s e e seeeeereen e eeeeeeeeennnnnnnns 186

FIGURE 212: MAXIMUM DEFLECTION OF THE DECK OVERHANG AT FIRST IMPACT:

RECTANGULAR = 8 INCH GEOMETRY evteuieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeentanaaseeeeeesennnnns 186

FIGURE 213: MAXIMUM DEFLECTION OF BARRIER AND DECK OVERHANG: RECTANGULAR —

FIGURE 214: MAXIMUM DEFLECTION OF THE BARRIER AT FIRST IMPACT: RECTANGULAR —

B INCH GEOMETRY ... eeteeeeet e e e e e e e e e eeeeeeeeeeeee e e e e e e seeeeee e e et aeeeeeeereennnaaeseeeeeeeennnnnnnns 188

FIGURE 215: MAXIMUM DEFLECTION OF THE DECK OVERHANG AT FIRST IMPACT:

RECTANGULAR — 6 INCH GEOMETRY vttt ee et e ettt e ee e e e et ee e teeeeeeeeeneeeenanaaeseeeeesennnnnnns 188

FIGURE 216: MAXIMUM DEFLECTION OF BARRIER AND DECK OVERHANG: MODIFIED

SIN G LE~SLOPE ... ettt e et et e e e oo e e et e e e et e e e e e e e e e e e e e eere e era—aaae 189

FIGURE 217: MAXIMUM DEFLECTION OF THE BARRIER AT FIRST IMPACT: MODIFIED

SINGLE-SLOPE GEOMETRY ..uteteet et ettt e eeeeee e e e e e e e e et e e e e e e e e e e e e e e e e e e e eeeeenneeeeenaeeaees 189

FIGURE 218: MAXIMUM DEFLECTION OF THE DECK OVERHANG AT FIRST IMPACT: MODIFIED

SINGLE-SLOPE GEOMETRY ..utettetute ettt eee et ee e e e e e e e e e e eeeeet e eeeeen e seeeennaeeeeenareeeennaeaeees 190

XXXiX



FIGURE 219: MAXIMUM DEFLECTION OF BARRIER AND DECK OVERHANG: INVERTED

MODIFIED SINGLE=SLOPE ... itttuttttuteetuetessessstetsessneessnsetsssessseettessreesrersnreenreenree 191

FIGURE 220: MAXIMUM DEFLECTION OF THE BARRIER AT FIRST IMPACT: INVERTED

MODIFIED SINGLE-SLOPE GEOMETRY evvuuttteetutetestteesesnassssesnnsssesnssssesnnseessrnseesennes 192

FIGURE 221: MAXIMUM DEFLECTION OF THE DECK OVERHANG AT FIRST IMPACT:

INVERTED MODIFIED SINGLE-SLOPE GEOMETRY ..vvviiiiiiiiesiisiiieessinnnesssssnnesesssnnnsssnns 192

FIGURE 222: SECOND IMPACT COMPRESSION EFFECTS ON NEW JERSEY BARRIER: 3D

IMODEL — FRONT FACE ..ttt ettt e et e e e e e e et e e e e e e e e e e e e e e e e e e e e e eeeerenneas 193

FIGURE 223: SECOND IMPACT TENSION EFFECT ON NEW JERSEY BARRIER: 3D MODEL —

BACK FACE ...ttt ettt ettt ettt ettt et ettt et e et e et e et e et e e e et e e e e e e er e ara 194

FIGURE 224: NEW-JERSEY BARRIER SECOND IMPACT IN COMPRESSION SIDE OF THE DECK

OVERHANG:.  TOP FACE .. ittuutietiiettteettetseseesstetsesas s st esetsesasaetreeanreetnressnresnnseennss 195

FIGURE 225: NEW-JERSEY BARRIER SECOND IMPACT IN TENSION SIDE OF THE DECK

OVERHANG: BOTTOM AND BACK FACE ... teuttettetteeetseteasessssenasesssesssessnsesnneeenns 195

FIGURE 226: AXIAL FORCE OF THE REINFORCEMENT BAR IN TENSION SIDE AT THE MOMENT

OF SECOND IMPACT: NEW-JERSEY BARRIER — FRONT FACE ..cevvniieeeieeeeeeeee e 196

FIGURE 227: AXIAL FORCE OF THE REINFORCEMENT BAR IN COMPRESSION SIDE AT THE

MOMENT OF SECOND IMPACT: NEW JERSEY — FRONT FACE......cccuuiieeeeeeeeeeeeeeeaeennns 197

FIGURE 228: SECOND IMPACT COMPRESSION AND TENSION EFFECTS ON MODIFIED NEW-

JERSEY BARRIER: 3D MODEL — FRONT FACE .. .ctteeeutteee e e e eeeeeeteaeeeeeeeeeeeeeaseeeeeeseenns 198

FIGURE 229: MODIFIED NEW JERSEY BARRIER SECOND IMPACT IN COMPRESSION SIDE OF

THE DECK OVERHANG:  TOP FACE ... u ettt et eeeee e e eee e e e e eee e e e eeeeeeeeeeeeeeenaneeeennns 199

xI



FIGURE 230: MODIFIED NEW-JERSEY BARRIER SECOND IMPACT IN TENSION SIDE OF THE

DECK OVERHANG: BOTTOM FACE ..ievtuiiiiieee ettt eteee e et e ee e e s etna e e s et e eesetneearenneas 199

FIGURE 231: AXIAL FORCE OF THE REINFORCEMENT BAR IN TENSION SIDE AT THE MOMENT

OF SECOND IMPACT: MODIFIED NEW JERSEY BARRIER — FRONT FACE ......oeevvvvnnnees 200

FIGURE 232: AXIAL FORCE OF THE REINFORCEMENT BAR IN COMPRESSION SIDE AT THE

MOMENT OF SECOND IMPACT: MODIFIED NEW JERSEY BARRIER — FRONT FACE ..... 201

FIGURE 233: SECOND IMPACT COMPRESSION EFFECTS ON RECTANGULAR — 8 INCH BARRIER:

3D MODEL — FRONT FACE .. eetteeee e ettt e e e e e e e e e e e eee e e e e e e ee e e e e aeeeeeeeeennnaaeeeees 202

FIGURE 234: SECOND IMPACT TENSION EFFECT ON RECTANGULAR — 8 INCH BARRIER: 3D

IMODEL — BACK FACE ...ttt teeee ettt e et e et et e et e e e e e e e e e e e e e e e e e e e e e e e eernnneas 203

FIGURE 235: RECTANGULAR — 8 INCH BARRIER SECOND IMPACT IN COMPRESSION SIDE OF

THE DECK OVERHANG: TOP AND BACK FACE ... cieeeee oot e e e ee e e eeennns 203

FIGURE 236: RECTANGULAR — 8 INCH BARRIER SECOND IMPACT IN TENSION SIDE OF THE

DECK OVERHANG: TOP AND BACK FACE.......ciiiiiiiiiiii e 204

FIGURE 237: AXIAL FORCE OF THE REINFORCEMENT BAR IN TENSION SIDE AT THE MOMENT

OF SECOND IMPACT: RECTANGULAR —8 INCH — FRONT FACE ..cvttee et eeeeeeeeieeeaeeeeens 205

FIGURE 238: AXIAL FORCE OF THE REINFORCEMENT BAR IN COMPRESSION SIDE AT THE

MOMENT OF SECOND IMPACT: RECTANGULAR — 8 INCH — FRONT FACE .....ccvvvvevnnnn. 206

FIGURE 239: SECOND IMPACT COMPRESSION EFFECTS ON RECTANGULAR — 6 INCH

BARRIER: 3D MODEL — FRONT FACE ..tteettueee e e e eeeeeeeeeeeeeeeeeeeeeeaeseeeeeseeeennanseseessennns 207

FIGURE 240: SECOND IMPACT TENSION EFFECT ON RECTANGULAR 6 INCH BARRIER: 3D

IMODEL — BACK FACE ..t ettt ettt et e e e e et e e e et e e e e e e e e e e e e e e e e eeeae e e eerannens 207

xli



FIGURE 241: RECTANGULAR — 6 INCH BARRIER SECOND IMPACT IN COMPRESSION SIDE OF

THE DECK OVERHANG: TOP AND BACK FACE ... cceetttieteteeeeeeieieeeeieeeseeeseesennneesennns 208

FIGURE 242: RECTANGULAR — 6 INCH BARRIER SECOND IMPACT IN TENSION SIDE OF THE

DECK OVERHANG: BACK FACE ...ceuuiittetet ettt e e eeeee e et eeaseese e eesesasees et seeeetneeerenneas 209

FIGURE 243: AXIAL FORCE OF THE REINFORCEMENT BAR IN TENSION SIDE AT THE MOMENT

OF SECOND IMPACT: RECTANGULAR — 6 INCH — FRONT FACE ..eevvvveieeeeeeeeeeeeeaeeeeens 210

FIGURE 244: AXIAL FORCE OF THE REINFORCEMENT BAR IN COMPRESSION SIDE AT THE

MOMENT OF SECOND IMPACT: RECTANGULAR — 6 INCH — FRONT FACE ........cccceuue.. 211

FIGURE 245: SECOND IMPACT COMPRESSION EFFECTS ON MODIFIED SINGLE-SLOPE BARRIER:

3D MODEL — FRONT FACE ... e ettt et e ettt e e e e e e e e e e e eee e e e e e e eee e eaeeeeeeeeennnaaneeeees 211

FIGURE 246: SECOND IMPACT TENSION EFFECT ON MODIFIED SINGLE-SLOPE BARRIER: 3D

IMODEL — BACK FACE ..ttt ettt ettt e e e et e et et e e e e e e e e e e e e e e e e e ee e e e eeranneas 212

FIGURE 247: MODIFIED SINGLE-SLOPE BARRIER SECOND IMPACT IN COMPRESSION SIDE OF

THE DECK OVERHANG:. TOP AND BACK FACE......coiiiiiiiiiiiii e 212

FIGURE 248: MODIFIED SINGLE-SLOPE BARRIER SECOND IMPACT IN TENSION SIDE OF THE

DECK OVERHANG:. BOTTOM AND BACK FACE .....ociiiiiiiiiiiic e 213

FIGURE 249: AXIAL FORCE OF THE REINFORCEMENT BAR IN TENSION SIDE AT THE MOMENT

OF SECOND IMPACT: MODIFIED SINGLE-SLOPE — FRONT FACE......ccccoivveeeiiiieeesnnnnns 214

FIGURE 250: AXIAL FORCE OF THE REINFORCEMENT BAR IN COMPRESSION SIDE AT THE

MOMENT OF SECOND IMPACT. MODIFIED SINGLE-SLOPE — FRONT FACE..........c.ce.... 215

FIGURE 251: SECOND IMPACT COMPRESSION EFFECTS ON INVERTED MODIFIED SINGLE-

SLOPE BARRIER: 3D MODEL — FRONT FACE ...ttt eeeeeeetieeeeeeeeeeeeeteeaseeeeeeesesnnnanseeeees 216

xlii



FIGURE 252: SECOND IMPACT TENSION EFFECT ON INVERTED MODIFIED SINGLE-SLOPE

BARRIER: 3D MODEL — BACK FACE ...ttt ittt e ettt e e e e e e eeeeeteee e e e e e e reeeeaieeaeeeeeeeeennnnnnns 216

FIGURE 253: INVERTED MODIFIED SINGLE-SLOPE BARRIER SECOND IMPACT IN COMPRESSION

SIDE OF THE DECK OVERHANG:. TOP AND BACK FACE ....cocciiiiiiiiiiiii, 217

FIGURE 254: INVERTED MODIFIED SINGLE-SLOPE BARRIER SECOND IMPACT IN TENSION SIDE

OF THE DECK OVERHANG: TOP AND BACK FACE ...ccvtuiiitieteieeeeie e e eeeeeiieeeeeennneeaees 218

FIGURE 255: AXIAL FORCE OF THE REINFORCEMENT BAR IN TENSION SIDE AT THE MOMENT

OF SECOND IMPACT: INVERTED MODIFIED SINGLE-SLOPE — FRONT FACE ................ 219

FIGURE 256: AXIAL FORCE OF THE REINFORCEMENT BAR IN COMPRESSION SIDE AT THE

MOMENT OF SECOND IMPACT: INVERTED MODIFIED SINGLE-SLOPE — FRONT FACE . 220

FIGURE 257: MAXIMUM DEFLECTION OF BARRIER AND DECK OVERHANG — NEW JERSEY 220

FIGURE 258: MAXIMUM DEFLECTION OF THE BARRIER AT SECOND IMPACT — NEW JERSEY

(€] =10 Y] = 1 =3 2SRRI 221

FIGURE 259: MAXIMUM DEFLECTION OF THE DECK OVERHANG AT SECOND IMPACT — NEW

JERSEY GEOMETRY .. eeeeete e et e e et e et e e e e ettt e e e et e e e et e e e e e e e e e e e e e eeneeeeeenneeeeennns 221

FIGURE 260: MAXIMUM DEFLECTION OF BARRIER AND DECK OVERHANG — MODIFIED NEW

JE R S EY et ettt e e eeee e eee e eeee— e ——ara———————— 222

FIGURE 261: MAXIMUM DEFLECTION OF THE BARRIER AT SECOND IMPACT — MODIFIED NEW

JERSEY GEOMETRY ..eeteeete e ettt e et e e e e et e e e et e e e e e e e e e e e e e e e e e ee e e e eeenaeeeeennns 223

FIGURE 262: MAXIMUM DEFLECTION OF THE DECK OVERHANG AT SECOND IMPACT —

MODIFIED NEW JERSEY GEOMETRY ..eetuteteeeeeeeeeeeeeeeeeeeeeeeeeeeeeneaeeeeeaeeeeeneneeerannens 223

FIGURE 263: MAXIMUM DEFLECTION OF BARRIER AND DECK OVERHANG — RECTANGULAR —

xliii



FIGURE 264: MAXIMUM DEFLECTION OF THE BARRIER AT SECOND IMPACT: RECTANGULAR

— B INCH GEOMETRY ..t ettteeeteee e e e e et e e et e e et et e eeeeeeeeeeee e e eeeeeereeeseneeaeeeeeeeennnnnnns 224

FIGURE 265: MAXIMUM DEFLECTION OF THE DECK OVERHANG AT SECOND IMPACT:

RECTANGULAR — 8 INCH GEOMETRY ..ttt eeeeeeeeeee e e e e e e e eeeeeeeeeaeeeeereseeneaasseeeeesennnnnnns 225

FIGURE 266: MAXIMUM DEFLECTION OF BARRIER AND DECK OVERHANG: RECTANGULAR —

FIGURE 267: MAXIMUM DEFLECTION OF THE BARRIER AT SECOND IMPACT: RECTANGULAR

— B INCH GEOMETRY ..t ettteeet e e e e e et ettt e e e e e e e e e e e e e eeeeeeee e e e eseeeeeeeennaesaeeeerennnnnnnnns 226

FIGURE 268: MAXIMUM DEFLECTION OF THE DECK OVERHANG AT SECOND IMPACT:

RECTANGULAR — 6 INCH GEOMETRY ..ttt teeeeeeeeeeeeeee e e e e eee e eeaeeseeeeeeeensnaasseeeeesennnnnnns 227

FIGURE 269: MAXIMUM DEFLECTION OF BARRIER AND DECK OVERHANG: MODIFIED

SINGLE=SLOPE ...t eeeet e e ettt e et e e e et e e et e e e e e e et e e e e ee e e e e e ee e e e eeeen e reaee i raareaaaaae 228

FIGURE 270: MAXIMUM DEFLECTION OF THE BARRIER AT SECOND IMPACT — MODIFIED

SINGLE-SLOPE GEOMETRY ... eteet e ettt eeeeee e e e e et e e et e e e e e e e e e e e e e e e e e e e eeeeenneeeeenaeeaees 229

FIGURE 271: MAXIMUM DEFLECTION OF THE DECK OVERHANG AT SECOND IMPACT:

MODIFIED SINGLE-SLOPE GEOMETRY ...eertueteeeaeeeeeee e e e e e eeeeeeeeeeeeaneeseeaaeeeenaneeeennns 229

FIGURE 272: MAXIMUM DEFLECTION OF BARRIER AND DECK OVERHANG: INVERTED

MODIFIED SINGLE=SLOPE .. ettt ettt et ettt e et e e e et et e e e e e e e e e e e e e e e e e e e e e e ernnnens 230

FIGURE 273: MAXIMUM DEFLECTION OF THE BARRIER AT SECOND IMPACT: INVERTED

MODIFIED SINGLE-SLOPE GEOMETRY ...cviiiiiiiiiiiii e 231

FIGURE 274: MAXIMUM DEFLECTION OF THE DECK OVERHANG AT SECOND IMPACT —

INVERTED MODIFIED SINGLE-SLOPE GEOMETRY ...etiiiiiiiieeiitiieeeesinnneeeessnsnneesssnnneeans 231

FIGURE 275: INTERNAL ENERGY OF THE TRUCK — NEW JERSEY GEOMETRY ...oevvvvvveeeeennns 234

xliv



FIGURE 276: INTERNAL ENERGY OF THE BARRIER — NEW JERSEY GEOMETRY ...cevvvvunnnnnen. 234

FIGURE 277: INTERNAL ENERGY OF THE DECK OVERHANG — NEW JERSEY GEOMETRY .... 235

FIGURE 278: INTERNAL ENERGY OF THE REINFORCEMENT BARS — NEW JERSEY GEOMETRY

FIGURE 279: INTERNAL ENERGY OF THE TRUCK — MODIFIED NEW JERSEY GEOMETRY .... 236

FIGURE 280: INTERNAL ENERGY OF THE BARRIER — MODIFIED NEW JERSEY GEOMETRY . 237

FIGURE 281: INTERNAL ENERGY OF THE DECK OVERHANG — MODIFIED NEW JERSEY

(€] (0] Vi1 = 1 =3 2SRRI 237

FIGURE 282: INTERNAL ENERGY OF THE REINFORCEMENT BARS — MODIFIED NEW JERSEY

GEOMETRY ettt ettt ettt e e e et e e et e e e et e e e e e e eee e e et eee e e et eeeeen e eeeen e eeeeenaeeerenaaaaees 238

FIGURE 283: INTERNAL ENERGY OF THE TRUCK — RECTANGULAR 8 INCH GEOMETRY .... 239

FIGURE 284: INTERNAL ENERGY OF THE BARRIER —RECTANGULAR — 8 INCH GEOMETRY . 239

FIGURE 285: INTERNAL ENERGY OF THE DECK OVERHANG — RECTANGULAR — 8 INCH

(€] =0 Vi1 = 1 =3 2SRRI 240

FIGURE 286: INTERNAL ENERGY OF THE REINFORCEMENT BARS — RECTANGULAR — 8 INCH

(€] =0 Vi1 = 1 =3 2SRRI 241

FIGURE 287: INTERNAL ENERGY OF THE TRUCK — RECTANGULAR — 6 INCH GEOMETRY .. 242

FIGURE 288: INTERNAL ENERGY OF THE BARRIER — RECTANGULAR — 6 INCH GEOMETRY 242

FIGURE 289: INTERNAL ENERGY OF THE DECK OVERHANG — RECTANGULAR — 6 INCH

(€] =0 Vi1 = 1 =3 2SRRI 243

FIGURE 290: INTERNAL ENERGY OF THE REINFORCEMENT BARS — RECTANGULAR — 6 INCH

CEOMETRY ettt e ettt et et e e e e e e et e e e et e e e e eeeeea e eee e e e eeeeen e eeeeentareeeennreeennaaaaees 243

FIGURE 291: INTERNAL ENERGY OF THE TRUCK — MODIFIED SINGLE-SLOPE........cvvveenn... 244

xlv



FIGURE 292:

FIGURE 293:

FIGURE 294:

FIGURE 295:

FIGURE 296:

FIGURE 297:

FIGURE 298:

SINGLE-SLOPE

FIGURE 299:

Ficure 300:

FiGUre 301:

FIGURE 302:

FIGURE 303:

FIGURE 304:

FIGURE 305:

FIGURE 306:

FIGURE 307:

FIGURE 308:

FIGURE 309:

FIGURE 310:

FIGURE 311:

INTERNAL ENERGY OF THE BARRIER — MODIFIED SINGLE-SLOPE...................

INTERNAL ENERGY OF THE DECK OVERHANG — MODIFIED SINGLE-SLOFPE .... 245

INTERNAL ENERGY OF THE REINFORCEMENT BARS — MODIFIED SINGLE-SLOPE

INTERNAL ENERGY OF THE TRUCK — INVERTED MODIFIED SINGLE-SLOPE .... 247

INTERNAL ENERGY OF THE BARRIER — INVERTED MODIFIED SINGLE-SLOPE . 247

INTERNAL ENERGY OF THE DECK OVERHANG — INVERTED MODIFIED SINGLE-

..................................................................................................................... 248
INTERNAL ENERGY OF THE REINFORCEMENT BARS — INVERTED MODIFIED
........................................................................................................... 249
MAXIMUM STRESS IN COMPRESSION SIDE OF BARRIERS......ccccvveeeiiivieeeennee 251
MAXIMUM STRESS IN TENSION SIDE OF BARRIERS ......cccivveeeiiiieeeeenreeeee e 252
MAXIMUM STRESS IN COMPRESSION SIDE OF DECK OVERHANG. ................... 253
MAXIMUM STRESS IN TENSION SIDE OF BARRIERS ......ccccvvieeieeeeiiiiiinieeeeeenns 254
MAXIMUM STRESS FOR REINFORCEMENT BARS IN COMPRESSION ................ 255
MAXIMUM STRESS FOR REINFORCEMENT BARS IN TENSION .........ccccvveeeennee. 256
MAXIMUM DEFLECTION AT BARRIERS ......cccctiiiiieeeeesieitirneeeeeee e e s ssnrrnneeeeeens 257
MAXIMUM DEFLECTION IN DECK OVERHANG .....ccccoiviiiiiiiieeeeeeeeesiirnreeeeeens 257
MAXIMUM COMPRESSIVE STRENGTH IN BARRIERS — FIRST IMPACT ............. 259
MAXIMUM COMPRESSIVE STRENGTH IN BARRIERS — SECOND IMPACT ......... 260
MAXIMUM TENSILE STRENGTH IN BARRIERS — FIRST IMPACT ...ccccevvvieeennnee. 261
MAXIMUM TENSILE STRENGTH IN BARRIERS — SECOND IMPACT ........c.c.uu.... 262

MAXIMUM COMPRESSIVE STRENGTH IN DECK OVERHANG — FIRST IMPACT . 263

xlvi



FIGURE 312:

MAXIMUM COMPRESSIVE STRENGTH IN DECK OVERHANG — SECOND IMPACT

................................................................................................................................. 264
FIGURE 313: MAXIMUM TENSILE STRENGTH IN DECK OVERHANG — FIRST IMPACT .......... 265
FIGURE 314: MAXIMUM TENSILE STRENGTH IN DECK OVERHANG — SECOND IMPACT ...... 266
FIGURE 315: MAXIMUM COMPRESSIVE STRENGTH OF REINFORCEMENT BARS — FIRST

1= o ST 267
FIGURE 316: MAXIMUM COMPRESSIVE STRENGTH OF REINFORCEMENT BARS — SECOND

1= o PP 268
FIGURE 317: MAXIMUM TENSILE STRENGTH IN REINFORCEMENT BARS — FIRST IMPACT .. 269
FIGURE 318: MAXIMUM TENSILE STRENGTH OF REINFORCEMENT BARS — SECOND IMPACT

................................................................................................................................. 270
FIGURE 319: MAXIMUM DEFLECTION AT BARRIERS — FIRST IMPACT ....covvvvieeeiiivieeeeevnenenn 271
FIGURE 320: MAXIMUM DEFLECTION IN DECK OVERHANG — FIRST IMPACT ....ccceeeevnnnee.. 271
FIGURE 321: MAXIMUM DEFLECTION AT BARRIERS — SECOND IMPACT ......cceevvuvieeeeennnnenn. 272
FIGURE 322: MAXIMUM DEFLECTION AT DECK OVERHANG — SECOND IMPACT................. 273
FIGURE 323: INTERNAL ENERGY ABSORBED BY VEHICLE AT ALL GEOMETRIES................. 274
FIGURE 324: INTERNAL ENERGY ABSORBED BY BARRIER AT ALL GEOMETRIES................ 275
FIGURE 325: INTERNAL ENERGY ABSORBED BY DECK OVERHANG AT ALL GEOMETRIES .. 275
FIGURE 326: INTERNAL ENERGY ABSORBED BY REINFORCEMENT BARS AT ALL GEOMETRIES

................................................................................................................................. 276
FIGURE 327: INTERNAL ENERGY ABSORBED VIA NEW JERSEY GEOMETRY BY EACH

COMPONENTS . ttttteteteeeeeieitttrreeeeeeesssaiabrberereeesssasbbbaseeeeeessssassbaraesseeesssasarbbeseeesesssnins 277

xlvii



FIGURE 328: INTERNAL ENERGY ABSORBED VIA MODIFIED NEW JERSEY GEOMETRY BY

EACH COMPONENTS «. ettt ettt teeeeeeseseeseseeessseeseeaseesesassete s sesesnseeeesnseeretnneeerennness 278

FIGURE 329: INTERNAL ENERGY ABSORBED VIA MODIFIED RECTANGULAR — 8 INCH

GEOMETRY BY EACH COMPONENTS ... ttttttteeeestteesestseesestseesessnsessessaseesessnseesesnreeees 278

FIGURE 330: INTERNAL ENERGY ABSORBED VIA RECTANGULAR — 6 INCH GEOMETRY BY

EACH COMPONENTS .« ettt ettett s e eeeeeeseeeeseetessaeesessssesesassete s sesenaseeeennseeeetneeerennness 279

FIGURE 331: INTERNAL ENERGY ABSORBED VIA MODIFIED SINGLE-SLOPE GEOMETRY BY

EACH COMPONENTS ettt ettt et et e ettt e et e e e e e e et e e e e e e e e e e e e e een e e eeeeteeeeeenneeerennens 279

FIGURE 332: INTERNAL ENERGY ABSORBED VIA INVERTED MODIFIED SINGLE-SLOPE

GEOMETRY BY EACH COMPONENTS ... etteetteeeeee e e e eeeeeeeeeeeeeeeeeaeeeeeetaseeeennaseeeenaeeeees 280

FIGURE 333: NEW JERSEY GEOMETRY DAMAGE AFTER SECOND IMPACT — FRONT AND BACK

FIGURE 334: MODIFIED NEW JERSEY GEOMETRY DAMAGE AFTER SECOND IMPACT — FRONT

AND BACK FACE ...ttt ettt ettt e e ettt e e e e e e e e e e e e e e e e e e e e e e enaneeeennns 283

FIGURE 335: RECTANGULAR — 8 INCH GEOMETRY DAMAGE AFTER SECOND IMPACT — FRONT

AND BACK FACE ..ottt ettt e ettt e e e et e e e e e e e e e e e e e e e e e e enaeeeeennns 284

FIGURE 336: RECTANGULAR — 6 INCH GEOMETRY DAMAGE AFTER SECOND IMPACT — FRONT

AND BACK FACE ...t eeeeee ettt e et e e e e et e e e e e e e e e e e e e e e e e e enneeeennns 285

FIGURE 337: MODIFIED SINGLE-SLOPE GEOMETRY DAMAGE AFTER SECOND IMPACT — FRONT

AND BACK FACE ...t e ettt e ettt e et et et e e e e e e eaee e e e e e e e e enaeeeeennns 286

FIGURE 338: INVERTED MODIFIED SINGLE-SLOPE GEOMETRY DAMAGE AFTER SECOND

IMPACT — FRONT AND BACK FACE ...ttt et e e e e et e e e e eee e e e eeeeeeeeaneenennas 287

FIGURE 339: 3D MODEL — FIRST IMPACT «. ettt e eeteeeeesseeeeeeeeetaaaseseeeseesnenansessessesennaasseeees 288

xlviii



FIGURE 340: 3D MODEL — SECOND IMPACT ... eitteeetttetseeeeeeeeeietaaaseseesseessssansesssssesssnnnsseeees 289

FIGURE 341: 3D MODEL — SECOND IMPACT + 0.28 SEC ...cceeeeieeeee et 290
FIGURE 342: 3D MODEL — SECOND IMPACT + 0.815 SEC .coeveiieeee e 291
FIGURE 343: OVERVIEW COMPARISON ....ueeeieteeeieee e e e eeeeeeeeeeseeeeeeeeeaaaseeeeeseeennnaaseeeees 296

xlix



1 INTRODUCTION
1.1 History
Traffic barriers are designed to meet four specific criteria (1) minimize the damage
to the vehicle by absorbing the impact energy, (2) prevent the vehicle from being
redirected back into traffic, and (3) prevent the vehicle from rolling over the barrier, (4)

to separate traffic lanes.

Additionally, barriers are designed to prevent vehicle collision with vital structural
components. For example, when a vehicle impacts a bridge column directly, the direct
impact force could cause irreparable damage to the entire bridge structure and not just the
column itself. To this point, it is very important that barriers are designed in a way that
would not allow the vehicle to penetrate and directly impact the structure’s surface.
Hence, the AASHTO requires designers to design barriers based on six different test
levels that are divided according to various specification categories, including vehicle
weight, geometry, velocity, and impact angle [A13.7.3.1]. The figure below, reproduced
from the 2012 Edition of the AASHTO Manual, explains in detail the six different test

levels.



Vehicle Small Pickup  Single Unit Van Type Tractor-Tanker
Characteristics Automobiles Truck Truck Tractor-Trailer Trailer
W (Kips) 155 18 45 180 500 80.0 0.0
B (ft) 55 55 6.5 7.5 8.0 8.0 8.0

G (in) 22 22 27 49 64 73 81
Crash Angle 8  20° 20° 25° 15° 15° 15° 15°
Test Level Test Speeds (mph)

TL-1 30 30 30 N/A N/A N/A N/A
TL-2 45 45 45 N/A N/A N/A N/A
TL-3 60 60 60 N/A N/A N/A N/A
TL-4 60 60 60 50 N/A N/A N/A
TL-5 60 60 60 N/A N/A 50 N/A
TL-6 60 60 60 N/A N/A N/A 50

Figure 1: Test Levels Configure ratios. (After AASHTO, A13.7.2-1.)

Here, the symbol “s” is the vehicle weight, B and G are the vehicle’s center of
gravity measured from the front edge of the vehicle, and 0 is the crash angle. As shown in
the above-mentioned table, increasing the number of each test level increases the vehicle
weight and geometry as well. Each test level has been defined for a specific purpose. For
instance, Test Level 4 is used by designers to design barriers for high-speed highways,
freeways, expressways, and interstate highways with a mixture of trucks and heavy

vehicles [A13.7.2].

Various types of barriers have been designed and developed, each with a different

mission and purpose. Concrete barriers are designed for heavy-duty tasks such as fully



absorbing the energy caused by the impact. On the other hand, steel guardrails are
designed for light duty tasks. Hence, it is highly recommended to use concrete barriers
instead of steel guardrails on bridges with high traffic flow. The New Jersey concrete
barrier is one of the most common concrete barriers utilized today on bridge structures on
highways with high traffic flow. The key objective of this particular concrete barrier is to
redirect and keep the vehicle in line so that the vehicle will not be able to redirect the
traffic flow or cross the barrier. Therefore, not only does the barrier have to absorb the
impact energy during vehicle collision; it also must redirect the vehicle in a controlled
manner, and for the above-mentioned purposes, it should satisfy both geometry and

strength design.

One of the most recognized types of the barriers is the New Jersey barrier. It has
been designed to tolerate AASHTO Test Level 4 design criteria. Figure 2, as seen below,

represents the dimensions of the New Jersey barrier

8 i
6.00 in

Figure 2: New Jersey barrier — cross section



The strength design of the New Jersey barriers is determined by "Yield Line
Theory" (Barker & Puckett, J., 2013). It has been assumed that concrete barriers will
break based on certain patterns. The break lines are known as the “Yield Line Failure

Pattern”.

L

c

t

L
9

p——

Figure 3: Yield line breaking pattern (After Hirsch, 1978)

In the Figure shown above, L:, is the equivalent of the damage length caused by
the vehicle collision, and F: is the force caused by vehicle collision. In this method,
instead of using the exact dynamic load impact caused by the vehicle collision, Hirsch

considered Fr as a static load equal to the dynamic load impact.



Figure 4: Vehicle crash — top view (After Hirsch, 1978)

1.2 Problem Statement

The yield line method calculates force £t by considering the external virtual work
done by the applied load equal to the internal virtual work done by the resisting moments
along the yield lines. The calculated force should be either equal or greater than the real
impact force (Hirsch, 1978). Since the yield line theory is determining the strength
capacity of the concrete barriers based on a static load design, said theory will not
consider the barrier geometry. This method will only require the designers to design the
predefined geometry in highways but with different usability. In this case, the vehicle
lifting caused by the New Jersey barrier taper and consequent rolling over of the vehicle,
has not been considered. Besides, based on a crash test done by Texas A&M University,
College Station, for the single unit truck (TL-4) (Sheikh Nauman M., Determination of
Minimum Height and Lateral Design Load for Mash Test Level 4 Bridge Rails, 2011),

the vehicle rolling over the barrier after impact is obvious.



Figure 5: Test Level 4 — Signle Unit Truck (After Sheikh Nauman M., Determination of
Minimum Height and Lateral Design Load for Mash Test Level 4 Bridge Rails, 2011)

Additionally, for barriers located on bridge deck overhangs, this method does not

consider the energy that is absorbed by the deflection of the deck overhang.



Figure 6: Deck Overhang Deflection

Contrary to popular belief, a thicker concrete block does not necessarily produce a
better result in terms of vehicle impact, when compared to a thinner one. All concrete
barriers are designed to be able to maximize the energy absorption caused by vehicle

impact.

In 2011, Texas Transportation Institute performed a crash test (TL-4) using a
MASH single unit truck hitting the single slope concrete barrier as presented in the below

figure. (Sheikh, Bligh, & Menges, 2011)



Figure 7: Concrete Barrier Damage after impact — front view (After Sheikh Nauman M.,
Determination of Minimum Height and Lateral Design Load for Mash Test Level 4
Bridge Rails, 2011)

In the above-mentioned Figure, it is apparent that the barrier did not crack or fail
due to vehicle collision and a significant amount of the energy was absorbed by the truck

during impact.

1.3 Objective
The objective of this research is to first determine the individual contribution and
energy absorption of each component of the New Jersey barrier when located on the
bridge deck overhang. After gaining an understanding of each component, by using LS-
DYNA finite element software, the research will propose five different types of concrete
barriers that vary in terms of thickness and taper slope.

8



The second objective of this research is to compare all of these newly proposed
barrier designs in terms of their overall energy absorption efficiency, and as well, to
compare each component to a static load that represents NCAC Single Unit Truck TL-4
utilizing the historical Hirsch theory as a comparison. (AASHTO LRFD bridge design

specifications, 2012)

The third objective of this research is to run a simulation to compare the same six
barriers according to the energy absorbed by each portion, via LS-DYNA simulation, and
using NCAC Single Unit Truck (TL-4) to determine the barrier that absorbs the
maximum energy caused by the impact, and as well, the geometry that creates the
maximum safety in case of incidental impact. Additionally, this research will compare the
safety criteria of each geometry in terms of the propensity for the vehicle to lift up and

roll over upon impact, and the damage imposed to each barrier and deck overhang.

While there might be various ways to solve vehicle rolling after impact, such as
using taller concrete barriers, or by using steel rails on top of the barriers, the objective of
this thesis is to propose use of the 34 inch tall concrete barrier without steel rail

installation, thus lowering costs while still maintaining safety standards.



2 LITERATURE REVIEW
In order to provide maximum safety in guardrails, barriers need to be designed
based on both strength capacity and geometry. Both of these criteria should be able to
provide maximum safety in case of vehicle impact. As mentioned previously, the main
purpose of the barrier is to maximize the energy absorption caused by impact based on its
strength capacity, while keeping the vehicle in line with the barrier while not letting it

redirect to the traffic lane or rolling over.

This chapter presents the history behind the current New Jersey barriers and
describes the two current theories for designing concrete barriers located on deck
overhangs. By illustrating the problems inherent in these two theories, this research will

introduce a new method which is more efficient and economical.

2.1 History of the New Jersey Barriers

The New Jersey barrier is the tapered concrete barrier that is used in many
highways medians and sides. Although it is not exactly clear when and where were the
concrete median barriers used for the first time, there is evidence that they were used in
the 1940s on US-99 in California (NCHRP Synthesis 244, 1997). The first generation of
concrete barriers was developed to (1) minimize the number of out-of-control vehicles
penetrating the barrier, and (2) to avoid the maintenance costs for the barriers located on
high-accident highways with narrow medians (NCHRP Synthesis 244, 1997). These

concerns are as valid today as they were 50 years ago.

The first time a concrete barrier was used was in New Jersey in 1955. The height

of this barrier was only 18 inches and it was similar to a low vertical wall with a curb on

10



each side. After a while, several problems were observed, causing the design to change
which increased the height to 24 inches. Again on 1959, the height increased to 32 inches
and it became the standard New Jersey barrier that is vastly used nowadays. The basic
geometry of the New Jersey barrier can be described as one side going upward 2 inches
from pavement, then the next 10 inches raises at a 55 degrees angle with respect to the
horizontal line, and the remaining has an angle of 84 degrees with respect to the

horizontal line (Kozel, 2004).

New Jersey developed such barrier after observing its performance on accidents.
The geometry of the barrier was refined as accident data was analyzed. The state did not
perform any crash-testing to develop the barrier. Both New Jersey and California
continued experimenting in the early 1960s. Subsequently, the state of California
installed 132 miles in 1972 and 680 miles in 1988. Today, the New Jersey barrier is

accepted and used by almost every state. (Kozel, 2004)

2.2 Yield Line Theory
One of the most common theories to design the concrete barriers that are used
nowadays is called “Yield Line Theory”. This theory was introduced by Hirsh in 1978
and then developed for New Jersey barriers by Calloway in 1993 and in 2013 by Barker

and Puckett.

In 1978, T. J. Hirsch published “Analytical Evaluation of Texas Bridge Rails to
Contain Buses and Trucks”. By analyzing the lateral load capacity of the barriers with

uniform thickness, he calculated the strength of the barrier. Further, he calculated the

11



strength capacity of the guardrail to lateral load, based on the formation of yield line
analysis and limit states. Yield line theory assumes a failure pattern of the barrier caused
by the vehicle impact (F;), over the length of a distributed impact force (L;). Based on
this pattern, the external work done by the vehicle should be equal or less than the
internal virtual work done by the resisting moment of the barrier along the yield line

(Hirsh, 1978).

Figure 8 represented the yield line pattern based on Hirsh theory.

s |

Figure 8: Yield Line Failure Pattern. (After Hirsh, 1978)

In 1993, Benita R Calloway published “Yield Line Analysis of an AASHTO New
Jersey Concrete Parapet Wall”. In this article, she presented the equation for external
virtual work done by an applied load by considering collision force , deformation of the
barrier in a horizontal direction (9), critical length of the barrier (L.), and the length of

the distributed collision force (L;).
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Figure 9: External Virtual Work Done by Vehicle Collision. (After Calloway, 1993)

Calloway states that the hatched area of the above mentioned figure represents the

integral of total horizontal deformation.

Hence, the total internal work done by the barrier is equal to the summation of all
rotations and moments caused by the barrier displacement. Since it has been assumed that
the barrier acts as a rigid wall, all the rotations accrue in yield line paths. By considering

this assumption, the rotation of the top part of the barrier can be expressed as,

O=tan O = i—a (5-1)

c

By dividing the barrier into two segments - the top beam with uniform wall

underneath - the top beam developed plastic moment of M,,.

In this case, the horizontal and vertical reinforcement of the barrier develops
moment resistance in both the vertical (M,,) and horizontal (M.) directions of the
moments respectively. These two moment capacities (M, ), develop inclined moment

capacity along the yield line.
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Figure 10: Moment Capacity of the Barrier. (After Calloway, 1993)

Hence, the resistance of the barrier is achieved by adding the virtual work done by

moments.

In order to minimize the calculated vehicle impact, the yield line equation should
be written based on vehicle impact force and differentiated by respecting the critical
length. By setting these results to zero, the critical length of the barrier is achievable. In
addition, the vehicle impact force is achievable by substituting the critical length in the
yield line equation. The value of the vehicle impact force obtained is indicated as

nominal railing resistance of the barrier to transverse loads) (R,,) (Calloway, 1993).

In 2013, Barker and Puckett published “Design of Highway Bridges”. They
compared both Hirsh and Calloway’s theories in terms of critical length and nominal
railing resistance to transverse loads, in order to obtain barrier moment capacities. They

recommended using Hirsh’s equation with the average value for both vertical and
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horizontal moment capacities. By using the average value in Hirsh’s equation, Calloway
determined that the calculated nominal railing resistance to transverse load is 4% less

than the actual, which can imply over-designing.

Although the vyield line theory is accepted today and used by a variety of
structural engineers in order to design concrete barriers, it might have some problems that

are listed below:

This is an old method, proposed almost 40 years ago, and still in use and

accepted within the industry.

e In case of barriers located on the deck overhang, this theory did not consider
the energy absorbed by deflection of the deck overhang

e The nature of the vehicle impact load is a dynamic load. This method designs
the barriers based on a static load with a constant size over time

e Basing barrier construction on a static load, this theory did not consider
vehicle roll over and redirection into the traffic lane. For instance, there might
be a barrier designed based on this method which is able to resist vehicle
impact, but not necessarily safe enough to meet all the criteria of a safe barrier.

e Since the theory is based on static load, it may be over-designed. Therefore,

it may be possible to use less concrete in barrier by reducing its thickness.

2.3 Bridge Rail Design Procedure Methods
In 2014, Badiee published “Bridge Rail Design Procedure.” By considering the

deflection of the deck overhang, this article proposed two different methods for
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redesigning the concrete barriers located on deck overhangs: (1) the Work Method, which
considered the work done by the deck overhang, and (2) the Energy Method, which

considered the energy absorbed by the deck overhang.

2.3.1 Work Method (Modified Yield Line Theory)
This method basically modified the “Yield Line Theory” method by adding the
work done by the deck overhang, to this equation which is the base equation for the yield

line method:

w=w yield (5-2)

in which:
W = external virtual work done by the applied loads

Wyield = internal virtual work done by the resisting moments along the yield

lines

By adding the new term which (work done by the deck overhang, Wyield), the

modified yield line method will be:

W-W; =W (5-3)

yield

Upon calculation, this value was subtracted from the external virtual work done

by the applied loads, to obtain the new strength capacity for the barrier (Badiee, 2014).
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Following is a brief summary of said method:

First Step: Calculate the Combined Mass Velocity of the vehicle and the barrier

which is calculated as:

V= myvy sin ® (5_4)
mj My
A m.,
F &

Y

Figure 11: Top View Prior to the Impact (After Badiee, 2014)

Second Step: By having combined velocity, it is possible to obtain Transverse

Impact Force (F,):

ms,v, +thdt:m2V
= F _ m1m2V1 sin®
J Fede = Fe At B U At(mg+m,)
Vo = 0

(5-5)
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Figure 12: Impact Moment (After Badiee, 2014)

Third Step: By having the moment of inertia of the barrier and deck overhang,
and based on the super position method, it is possible to calculate total deflection of the

barrier and the deck overhang.

02
_ _Fa? | (Hiy) Rl
A=+ 8y = 2 (5-6)
F e J.— //> —
Jx ,r"r S
H f e
/’ //12 | ~ / /
| [ I | | / r/
==

= [—} T/
= —_— — .
= t = + o Il \?/
— -H_\\/ /
1

Figure 13: Deflection of the Barrier and the Deck Overhang (After Badiee, 2014) Third
Step:

Fourth Step: Calculating the work done by the deflection of the barrier and the

deck overhang in the elastic region:
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F¢3H3 (H+§)2Ft3l

1
Wy =F, (Area) = E FZ A= 5L, =

(5-7)

Fifth Step: As mentioned in “Design of Highway Bridges”, based on Yield Line

Method, the work done by the barrier (W, 4), and the work done by the external virtual

load (W) were:

8Mp8 . 8MyS . McLcS

Wyiewa = .-t . T TH (5-8)
W =w,(area)=F; LAC (Lc — % (5-9)
In which area is:

B+ XL =8 (Lo~ (5-10)
Hence, the modified yield line theory would be equal to:

W - Wy - Wyielqg = 0 (5-11)
Hence, the new Transverse Impact (F,) will be equal to:

F, = — 2(MCLc;+(8LftIE/1£:)+8HMb) (5-12)

Sixth Step: To calculate the critical length of the barrier ( L. ) that minimized the

(Fy), and the new transverse impact force needed to differentiate based on the critical

length:

dFy 2McL2 + 16 HMyy, + 16 H My, 4LMe 0 (5-13)
dLc H (Lg - Lc)2 H(L-L,)
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where the critical length is equal to:

I LtMC+\/MC(MCL%+8HMW+8HMb)
L.. =
cl

M

Lc:MaX {Lclf LCZ} = Lcl (5'14)

L LtMC—\/MC(MCL%+8HMW+8HMb)
L., =
c2 M

Seventh Step: Make sure that the calculated transverse impact is less than nominal

railing resistance to transverse load (R,,):

Ry > F, (TL) (5-15)

2.3.2 Energy Method
Based on this method, all energy absorbed by the (1) deflection of the barrier in
elastic and plastic region, (2) deflection of the deck overhang in the elastic region, and (3)

vehicle deformation, should be less than the Impact Severity energy:

IS = Impact Severity = moving vehicle energy prior to the impact perpendicular to

the barrier.

A; = strain energy absorbed by the barrier in elastic region
A, = strain energy absorbed by the barrier in the plastic region.

A5 = energy absorption by the vehicle due to its deformation.
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A, = strain energy absorbed by deck overhang in elastic region.

Based on Test Level 4 criteria, impact severity energy for Test Level 4 can be

calculated as:

_ wyV? sin6?

IS = EVehicle bf. impact ~ 28c

(5-17)

Which is equal to:
IS =100689.4 ft-Ibf

At the moment of impact, the velocity of the barrier and the vehicle is the same
and by considering the barrier length equal to vehicle length (27.6 ft), this velocity is

equal to:

mq v, sin@
V=17 — g 68 mph = 12.73 ft/sec (5-18)

mjp+mp
In which M; and M, are the mass of the vehicle and barrier respectively.

The next step was to calculate the strain energy of the barrier in elastic and plastic
region and the strain energy absorbed by the vehicle (which was considered as 56% of

vehicle initial kinetic energy).

o Strain energy absorbed by the barrier in elastic region:

A, = "2 = 22237 9 fi-Ibf (5-19)
2

&c

Or 22% of perpendicular vector of impact energy (IS = 100689.4 ft-Ibf)
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o Strain energy absorbed by the barrier (If Section Reach PLASTIC
Region):

8MpS | 8MwS | McLcS _
° AZ:Wyieldline: L:) * Lc HT = 456 Tt-lbf (-

20)
In which & is the maximum horizontal displacement of the barrier

o Strain energy absorbed by the vehicle

V2
A3-2 = Eyehicle AFTER impact™ Wzl—: 45296.09 ft-Ibf (5-21)

&c

Hence, the strain energy absorbed by the deck overhang in elastic region was:
A, =1S— (A +A3) =33142.86 ft-Ibf (5-22)
which was 32% of the total impact energy

Although the modified yield line theory and the new energy method allowed for
significant progress being made in the designing of the barriers located on deck

overhangs, it also had some problems listed below:

e All assumptions of work method are based on Yield Line Theory, which is an
old method.

e The nature of the vehicle impact load is a dynamic load. The work method
designs the barriers based on a static load which has a constant size over time.

e Since both methods are based on static load and mathematical formulas, they

did not consider vehicle roll-over and redirection to the traffic lane.
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e Using the Energy Method, the mass of the barrier calculated was based on the
length of the truck. This assumption seems inaccurate.
e Since the Work Method proposed was based on a static load, it did not

consider the work done by the deformation of the vehicle.

Although Yield Line Theory is the preferred method by designers in different states,
and even though Modified Yield Line Theory made significant progress by considering
work done by the deck overhang, the proposed approach in this research aims to address
the drawbacks and shortcomings of the aforementioned theories by providing a better and

more reliable method that considers all aspects of the vehicle impact such as:

e Barrier and deck overhang damage due to vehicle sliding
e Amount of energy that will absorb by truck’s deformation

e Safety criteria such as vehicle lift up and vehicle roll over

The next chapter will discussed the new method that is being proposed.
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3 PROPOSED NEW METHOD

Reviewing previous design methodologies for constructing barriers located on
deck overhangs has aided this research in proposing a new method, using the LS-DYNA
simulation in order to obtain a more efficient result which is not only closer to reality but
also considers all aspects of impact design. To clarify that both of the said methods might
be inaccurate, this research ran both static simulation and dynamic simulation to compare
them with the previous methods. By having the static load results, it is possible to study
the energy absorption of each component in the system and compare it with the dynamic
simulation results. This comparison can provide a better understanding about the role of

the vehicle in the system which was neglected by the previous design methodologies.

Moreover, this research proposes five different geometries in order to:

e Produce a more economical barrier by reducing the amount of material used
while still maintaining the capacity to resist the impact force
e Reduce the risk of vehicle lift up and roll over that is observed in the current

New Jersey barriers

3.1 Static Simulation
This section ran the static simulation with all assumptions mentioned in Chapter

3, in order to compare it with the previous methods.
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It is obvious that when a 54 kips load is imposed upon a barrier, the system is
going to have two different moments applied to the barrier and the deck overhang. Figure

14 represents these two moments.

Figure 14: Moments by barrier and deck overhang

The top arrow represents the moment imposed upon the barrier and the bottom

arrow represents the moment imposed upon the deck overhang. These moments cause the
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tension and compression on the front and back face of the barrier. On the other hand,
some of the energy caused by the 54 kips force was tolerated by the deflection of the
deck overhang. The moment imposed upon this portion caused the top and bottom of the

deck overhang to respond to tension and compression respectively.

Based on all of the said assumptions in Chapter 3, the energy absorbed by each

portion was:

Absorbed energy by the barrier = 2.08e5 n-mm = 45.62% of total energy
Absorbed energy by the deck overhang = 2.00e5 n-mm = 43.87% of total energy

Absorbed energy by the reinforcement bars = 4.79e4 n-mm = 10.51% of total

energy
Total energy = 4.559e5 n-mm

Figure 15 to Figure 17 showed the energy absorbed by each portion.
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Figure 15: Energy absorbed by the barrier — Static load
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Figure 16: Energy absorbed by the deck overhang — Static load
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Figure 17: Energy absorbed by the reinforcement bars — Static load

As it has been calculated, if one considers half of the reinforcement bars energy
absorbed by the reinforcement bars in the deck overhang, all the deck overhang has the
energy absorption of close to 50% of the total energy. Compared to the Yield Line

Method, this amount of energy was totally neglected, and Yield Line Method considered
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all of the energy absorbed by the barrier, which is not realistic. Hence, there might be a

chance to design a thinner barrier.

On the other hand, although the energy method mentioned before considered the
energy absorbed by the deck overhang, it was based on Yield Line Method, which
calculated the total energy absorbed by the deck overhang as 32% of the total energy.
However, it was something closer to 50% of the total energy. This difference might be
(1) caused by the length of the deck overhang and the barrier used to calculate their mass,

which was based on the length of the vehicle and (2) neglecting vehicle sliding.

Hence, this simulation shows that both of the aforementioned methods have their

problems and numerical differences in assumptions and results.

3.2 Dynamic Simulation

As mentioned before, since the static load simulation is not realistic and simply
based on an assumption aimed at simplifying Test Level 4, the new method is needed to
include and develop dynamic load, which is more realistic and makes the model reliable
for future applications and research. Hence, for this research, Ford Single Unit Truck
from NCAC finite element models was considered (Finite Element Model Archive,
2008). By calculating the internal energy absorbed by all portions after the second impact
of the truck, it is possible to compare whether the assumptions in the previous methods

are correct.
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Based on the results that this research obtained from the finite element model, the

energies absorbed by each portion after second impact (at 0.62 seconds) are:
Absorbed energy by the truck = 1.36e8 n-mm = 11.90% of total energy
Absorbed energy by the barrier = 2.58e8 n-mm = 22.57% of total energy
Absorbed energy by the deck Overhang=5.99e8 n-mm = 52.41% of total energy

Absorbed energy by the reinforcement bars = 1.50e8 n-mm = 13.12% of total

energy

Total energy = 1.14e9 n-mm

Figure 18 to Figure 21 showed the energy absorbed by each portion.
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Figure 18: Energy absorbed by the truck - Dynamic Impact
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Figure 19: Energy absorbed by the barrier - Dynamic Impact
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Figure 20: Energy absorbed by the deck overhang - Dynamic Impact
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Figure 21: Energy absorbed by the reinforcement bars - Dynamic Impact

First and foremost, the energy quantity absorbed by dynamic impact is higher
than the energy absorbed in static load. The total energy absorbed based on static load is
almost 4% of the total energy absorbed in dynamic load, because in dynamic simulation a
vehicle is moving with certain kinetic energy to the barrier, while in static load, only a
transformed static load is applied to the barrier. The barrier in dynamic impact had

damage to some of its elements because it absorbed a lot of energy

Moreover, the energy absorption’s percentage for all portions in dynamic
simulation match closely with the static load, the only difference being the absence of a

vehicle in static load. The vehicle’s energy absorption’s percentage added to the barrier.

Figure 22 showed the percentage of energy absorbed by each portion, in static

and dynamic load.
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Static Load Energy Absorption Dynamic Load Energy Absorption

Figure 22: Dynamic Load vs. Static Load - Internal Energy Absorption

With the use of dynamic impact simulation, we can surmise that more than 50%
percent of the vehicle impact is absorbed by the deck overhang, a factor completely
neglected in Yield Line Method. Although the Energy Method considered the deflection
of the deck overhang, it was still a static assumption and therefore, not reliable. In
addition, the energy absorbed by the Energy Method - calculated at 32% - is less than
52% of the energy calculated using dynamic impact simulation. As mentioned earlier,
this difference might be based on the length of the barrier — also considered as length of
the truck - and consequently, might not be realistic. There is a vehicle in the dynamic

model simulation, which is totally neglected by the said two methods,

This truck can absorb almost 12% of the energy caused by its deformation.
Moreover, the said two methods designed the barrier based on certain criteria and
calculations. The safety of the road parallel to the barrier and underneath traffic layers are

completely neglected. In the previous three chapters, the research showed that vehicle
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roll-over is a major concern and there may be better geometries in order to avoid this

occurrence.

3.3 Geometries
This research seeks to analyze and determine an appropriate redesign with the best
geometry of the concrete barrier located in the bridge deck overhang. In order to reach
this goal, an ideal geometry should be able to (1) minimize vehicle damage and keep the
vehicle in line with the guardrail by not letting it roll over the barrier or falling off the
bridge or redirected to the traffic lane, (2) maximize the energy absorption caused by the
vehicle collision by barrier breakage while still being able to provide maximum safety,

and (3) not to let the bridge experience any damage caused by deck overhang deflection.

All of the aforementioned tasks need a lot of experiment and simulation. This
research provided five different geometries (with the exception of the New-Jersey type
concrete barrier located on deck overhang), and by comparing all of these geometries - in
terms of energy absorption by each portion, deflection, and deformation - it is possible to
decide which geometry is best for future research. All of the proposed barriers have the
same amount of reinforcement bar equal to New Jersey type concrete barriers. The height

considered for all geometries as 34 inches like the current New Jersey geometry.

3.3.1 New-Jersey Barrier
New Jersey barrier is the most widely utilized barrier today, especially on high
traffic highways. They are most often used to separate traffic lanes and/or at the sides of

highways to keep vehicles in line with traffic lanes in case of incidental impact. Based on
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this research, the problem with this barrier is that (1) the internal energy that will be
absorbed by this geometry is not efficient, (2) based on “Determination of Minimum
Height and Lateral Design Load for MASH Test Level 4 Bridge Rails” (after Sheikh,
Nauman M, 2011), the slope on the bottom segment of the barrier will cause the single
unit truck to lift up and roll over the barrier. The New Jersey barrier cross-section is

referenced in Figure 23

Figure 23: Vehicle Lifting Up (After Mohan, Marzougui, & Kan, 2003)
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Figure 24: New Jersey Barrier Cross-Section

3.3.2 Modified New Jersey Barrier

This geometry is being presented to study the behavior change of the barrier by
modifying its taper slope and thickness. Modifying thickness helps the barrier to break
during impact and absorb more energy which results in less damage to the vehicle.
Moreover, increasing taper slope helps the vehicle to lift up less which results in less
rolling over and redirecting of the vehicle into the traffic lane. In addition, less concrete is
needed to pour this barrier geometry. Figure 25 depicts the cross section of the modified
New Jersey barrier.
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Figure 25: Modified New Jersey Barrier Cross Section

3.3.3 Rectangular - 8 Inch Thickness Barrier
Although this example causes more damage to the truck, the purpose of presenting
this geometry is to eliminate the slope of the two segments in New Jersey barriers, in

order to minimize vehicle rolling over and redirection into the traffic lane.
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Figure 26: Rectangular — 8 inch Thick Barrier

3.3.4 Rectangular - 6 Inch Thickness Barrier
This barrier is similar to the aforementioned rectangular — 8 inch barrier, but by
reducing the thickness by 2 inches, it would use less concrete and be more economical to

produce.
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Figure 27: Rectangular — 6 inch Thick Barrier

3.3.5 Modified Single Slope Barrier
Single slope barriers are typically used in the middle of intersections for separating
highway traffic flow. Their dimensions are often a thickness of 8 inches at the top and 24
inches at the bottom with an overall height of 42 inches. This research presents a
modified single-slope barrier that is asymmetric and located on the bridge deck overhang.

It has a thickness of 4 inches at the top and 10 inches at the bottom, and is 34 inches tall.
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The purpose of presenting this geometry is to have a uniform slope in order to avoid a
vehicle lifting up and rolling over, while still using the same height as New Jersey barrier

to reduce the pouring costs for concrete.

4||

Figure 28: Modified Single Slope Barrier

3.3.6 Inverted Modified Single Slope Barrier
The functionality of this barrier type is the same as for rectangular barriers, but
since it has different thicknesses along its height, in case of higher impacts to the bottom

portion of the barrier, it performs more efficiently, while still at a height of 34 inches.
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Figure 29: Inverted Modified Single Slope Barrier
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4  FINITE ELEMENT MODEL SPECIFICATIONS
The research simulated the New Jersey barrier in depth using LS-DYNA, in an
effort to determine which core components of the barrier could be improved. According
to these findings, this research proposed the said five geometries. This chapter describes
in detail all the assumptions and selections that were considered in order to generate and

run the simulation.

4.1 Assumptions
4.1.1 Deck Overhang Dimensions
Concrete barriers are located between bridge traffic lanes to separate them, and on
bridge sides in order to prevent vehicles falling off the bridge. Concrete barriers on
bridge sides are located on deck overhangs that are 9 inches thick and 39 inches in length

from the middle of the bridge girder or column (Barker & Puckett, J., 2013).
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Figure 30: Barrier and deck overhang cross-section (After Baker & Puckett, 2013)

This research considered the length of deck overhangs to be 39 inches.

Figure 31: Deck Overhang Length
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4.1.2 Bridge Pad
To simplify the finite element model, this research used a rigid body pad that

represents the bridge surface. Figure 32 shows the dimensions of this pad.

Figure 32: Rigid Pad Dimension

4.1.3 Barrier and Deck Overhang Length
In 2008, the National Crash Analysis Center (NCAC) of George Washington
University, under a contract with the FHWA and NHTSA of the US DOT, developed a
TL-4 model using Ford Single Unit Truck for the LS-DYNA simulations. This finite
element model used a barrier length of 120 feet. This research used the same length for

the simulation (Finite Element Model Archive, 2008).
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Figure 33: Deck Overhang Length

4.1.4 Single Unit Truck Specifications

Based on AASHTO, Test Level four means that a single unit truck hits the
guardrail at 50 mph (80 kmph), and at an angle of 15 degrees. In 1993 The National
Cooperative Highway Research Program (NCHRP) published a report - “Recommended
Procedures for the Safety Performance Evaluation of Highway Features” - that indicated
that the weight for the single unit truck in Test Level 4 should be considered as 8000 kg
(Ross, Sicking, Zimmer, & Michie, 1993). As mentioned in Chapter 3.2.3, NCAC made
the Ford truck based on NCHRP report 350 that has 35,353 elements. This research used
an F800 truck in order to simulate the behavior with different proposed barriers. The

distance between barrier and truck for all barriers was considered to be 3 feet.
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Figure 34: F800 Single Unit Truck (Finite Element Model Archive, 2008)

4.1.5 Static Load Specifications
AASHTO requires the designers to design the barriers for high-speed highways,
freeways, expressways, and interstate highways with a traffic mixture of trucks and heavy
vehicles based on Test Level 4. Based on the impact simulation, the height of the
distributed load should be 13 inches and starts from the top of the barrier. The equivalent
static load that represents Test Level 4 is a distributed 54 kips load with the length of 3.5

feet (Barker & Puckett, J., 2013).
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Figure 35: Distributed Static Load Height

Figure 36: Length and Height of Static Load
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4.1.6 Contact Definition Between the Truck and the Barrier
Bala and Dale published “General Guidelines for Crash Analysis in LS-DYNA”
that indicates that the best contact to simulate crash analysis in LS-DYNA is “Automatic
Single Surface”. It further mentioned that for contact surfaces with sharp corners, SOFT
should be equal to 2 (Bala & Day). Figure 37 shows the specifications of this contact

between the truck and the barrier.
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Figure 37: Automatic Single Surface specifications (LS-DYNA)

3.2.7 Hourglass Effect

The Hourglass Effect is a spurious deformation in finite element meshes without
absorbing or releasing any energy. Normally, hourglass effects in crash analysis should

be less than 10% of the total energy (Bala & Day). In LS-DYNA, there is a card that can
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control hourglass effects. This research utilized the hourglass card that defined the single

unit truck model for NCAC.

4.1.7 Boundary Condition Assumptions

This research considered both ends of the barrier and deck overhang as fixed

supports.

Figure 38: Fixed Supports (Both ends)

This research additionally considered the deck overhang as a cantilever; hence, the

side of the deck overhang located on the column is considered as fixed support.
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Figure 39: Fixed Support (deck overhang)

In dynamic simulation, the rigid pad under the vehicle is also considered as fixed

support.
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Figure 40: Fixed Support (Rigid pad)

4.1.8 Load Curves
In LS-DYNA, for each static load, the user must define a load curve. In this
research for the dynamic simulation, one load curve is defined as representing gravity.
For the static simulation, two load curve are defined. The first load curve represents

gravity and the second one represents the 54 Kkips static load.
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Figure 41: Gravity Load Curve
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Figure 42: Static Load Curve

The research considered the termination time for static load equal to 2 seconds.

o1




4.1.9 Mesh Size
To simulate the New Jersey concrete barrier, the National Crash Analysis Center
(NCAC) used a mesh size with the average dimension of 3.2 inches and a maximum

dimension of 3.78 inches.

Figure 43: Average and Maximum Mesh Dimension of the New Jersey Concrete Barrier
(Finite Element Model Archive, 2008)

To be on the safe side, this research considered the average mesh dimension for all
proposed concrete barriers at 2.0 inches, and with a maximum mesh dimension of 2.44

inches.
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2.0"

Figure 44: Average and Maximum mesh dimension of the New Jersey concrete barrier
with deck overhang.

4.2 Materials

4.2.1 Concrete
In 2007 Murray, Abu-Odeh, and Bligh published “Evaluation of LS-DYNA
Concrete Material Model 159”. Their research simulated different concrete structures
such as concrete beam, Texas T4 bridge rail, and safety-shaped barrier. Since their
research paper tested these concrete structures in reality and got an acceptable result, this
research paper used Murray et al.’s assumption for concrete properties to simulate the
proposed concrete barriers and deck overhang. Figure 45 and Figure 46 show the

properties for concrete material 159 in LS-DYNA.
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Figure 45: Concrete Material 159 for Barrier
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Figure 46: Concrete Material 159 for deck overhang

ACI 318-11 provided a formula to calculate normal weight concrete module of

rupture. This formula is: f, = 7.5,/ f'. in which both f’. and f, are based on psi. Hence,

module of rupture for the concrete:
e Used in barrier: : 7.5v4415 (psi) or 498.34 (psi) = 3.44 Mpa

e Used in deck overhang: 7.5v5152 (psi) or 538.33 (psi) = 3.71 Mpa
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In 2011 Pajak published “the Influence of the Strain Rate on the Strength of
Concrete Taking Into Account the Experimental Techniques”. He mentioned that In order
to reflect the dynamic loading in the analysis for concrete, modulus of elasticity and
compressive strength of the concrete must be multiplied by the DIF factor (PAJAK,
2011). As a result, based on the below mentioned figure, Dynamic Increase Factor (DIF)
for the impact is between 1.2 — 1.05. To be conservative, for comparison between the
geometries in tension and compression, DIF considered as 1.05. Hence, for the dynamic

comparison, new f’. and f, would be:

* New f', =1.05x 30.44 MPa =31.96 MPa  Barrier

* New f'. =1.05x 35.52 MPa =37.30 MPa  Deck Overhang

* New f, =1.05 x 3.44 MPa = 3.61 MPa Barrier
* New f,, =1.05x 3.71 MPa = 3.90 MPa Deck Overhang
Blasts

Earthquake and induced shocks

Quasi- Vehicle Plane Hard impacts

Greep static Impact Crash (missiles, rock falls)

10° 10 107 10 10° 10¢ 10° 102 10" 10° 10' 10? 103 1(')"S .
EE—— train rate

[1/s]

Figure 47: Dynamic Increase Factor Domain for Vehicle Impact (After Pajak, 2011)
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Elements erode when damage exceeds 99% and the maximum principal strain
exceeds ERODE-1.0 (LS-DYNA Keyword User's Manual, 2007). The recommendation
is to specify erosion from 5% to 10% of the maximum principal strain (Abu-Odeh, Bligh,
& Yvonne, 2007).

Therefore, this research considered ERODE for concrete material that is equal to
5%. Based on the “General Guidelines for Crash Analysis in LS-DYNA”, solid section
considered for concrete with a element formulation of 1 that is suitable for crash

simulations (Bala & Day).

Keyword Input Form =
NewlD [ RefBy ][ Add |[ Accept |[ Delete | Defauit |[ Done | s
. _ 2000012
] Use *Parameter (Subsys: 1 njellconc2.k) [ Setting | | 2000012
*SECTION_SOLID_(TITLE) (15 2000040
D D) 2000041
2000065
AL “ | 2000088
solid 2000089
2000094
1 secp ELFORM AET —| | 2000103
2000104

1 - v
1 o 2000144
Repeated Data by Button and List 2000145
2000153
Data Pt.

(e R S e e T s

ELFORM:=Element formulation options:

EQU: 1 point corotational for *MAT_MODIFIED_HONEYCOME,

EQ.-2: fully integrated S/R solid intended for elements with poor aspect ratio, accurate formulation.

EQ.-1: fully integrated S/R solid intended for elements with poor aspect ratio, efficient formulation.

EQ.L: constant stress solid element (default),

EQ.2: fully integrated S/R solid, -

Figure 50: Solid Section Specifications
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4.2 .2 Reinforcement bar

AASHTO considers reinforcement bar as a perfectly-plastic material.

0] Stress - Strain

fy= 420 Mpa

8y= 0.0021

Figure 51: Perfectly-Plastic Stress-Strain Graph

Represented here is the real behavior of reinforcement bar grade 60 ksi/400 Mpa.
As is shown in the graph below, yield stress for this type of reinforcement bar is close to

75 ksi. Alternatively, ultimate stress is close to 113 Ksi.
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Figure 52: Stress-Strain Graph for reinforcement bar grade 60/400 (After Murray &
Odeh, Evaluation of LS-DYNA concrete material model 159, 2007)

As depicted in the Figure above, in reality, the reinforcement bar grade 60 can
tolerate up to 15 ksi a higher yield than originally considered in AASHTO. This
comparison shows AASHTO is conservative on this subject. This research considered
yield stress of the reinforcement bar as 60 ksi, but instead of using the perfectly plastic
graph to represent the reinforcement bar, it used the semi-plastic graph in LS-DYNA.
This assumption is somewhat conservative when designing reinforced concrete, but not

as conservative as AASHTO’s assumption.
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Figure 53: Semi-Plastic Stress-Strain Graph (After Caltrans Seismic Design Criteria
Version 1.7, 2013)

In order to define reinforcement bar in LS-DYNA, the research uses plastic

kinematic material.
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Figure 54: Kinematic Material Specifications
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In the above-mentioned Figure, RO refers to “Mass Density”, E is “Young

Modulus”, PR refers to “Poisson’s Ratio”, ETAN is the stress-strain tangent.

As the LS-DYNA manual explained, element formulation Number 3 considers the

member as a truss. This means the element will not be able to tolerate moment forces.

Since the amount of moment force reinforcement bar can handle is small, this research

neglected that and considered reinforcement bar as a truss member.
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Figure 55: Reinforcement bar Element Formulations
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5 FINITE ELEMENT MODEL VERIFICATION
Before running a finite element model or any simulation, research needs to be
certain that the model, with all assumptions, is acceptable enough to give the best results
that is closest to reality. Hence, this chapter reviews Chapter 9 of “Evaluation of LS-

DYNA Concrete Material 159 to make sure that all assumptions are correct and reliable.

In May 2009, Texas A&M University, with Texas Transportation Institute’s
cooperation, performed a test in reality by imposing a static load of 156 kN (35.1 kips) on
a Florida safety-shape barrier with a New Jersey profile. The load capacity calculated for
this geometry using “Yield Line Analysis” method was 185 KN (41.6 kips). As
mentioned in this paper, the apparent difference between these two numbers was due to
the distance of last stirrup from the end of the parapet, which was considered as 50.8mm
(2 inches) in calculation, but in reality, was 125 mm (6 inches). Since this model was
fairly close to finite element models on this research, the author found it the best

candidate to verify research’s assumptions.

5.1 Real Test Assumptions
As showed in the figure, the load was applied by using a hydraulic cylinder with
an inline load cell. This hydraulic cylinder was attach to a fabricated steel frame that was
bolted to the concrete deck. At the parapet side, a wide flange steel, stiffened with welded
gussets, was clamped to the face of the parapet in order to distribute the applied load over
a distance of 1219 mm (4 ft). Since the parapet had taper on the cylinder side, a tapered

wood block was installed between the parapet and the wide flange steel. This system was
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located at the top edge of the parapet, and the hydraulic cylinder applied the load to the

middle of the steel beam. Displacement of the parapet was measured using a string pot.

Figure 56: Static Load Test Setup for Safety-Shaped Barrier (After Abu-Odeh, Bligh, &
Yvonne, 2007)

Figure 57 represented the Force-Displacement diagram measured by string pot.
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Figure 57: Load Displacement Graph for Safety-Shaped Barrier (After Abu-Odeh, Bligh,
& Yvonne, 2007)

5.2 Finite Element Model Assumptions
5.2.1 Assumptions
A modeling approach similar to that used for the Texas T4 bridge rail was
followed for the New Jersey safety-shape rail system. In accordance with this research’s
assumptions, the concrete barrier and bridge deck were modeled using solid elements. All
reinforcement bar inside the barrier and bridge deck were considered as beam elements.
Element formulation type 1 or Hughes-Liu were used for all steel reinforcements.
Element formulation type 1 or under integrated type were used for all concrete materials.
The steel reinforcement was buried into the surrounding concrete using the

*CONSTRAINED_LAGRANGE_IN_SOLID feature card in LS-DYNA.

64



Figure 58 shows the cross section area of the barrier located on deck overhang.
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Figure 58: Cross-section of the Florida safety-shaped barrier with New Jersey profile
(After Abu-Odeh, Bligh, & Yvonne, 2007)

To model the impactor, a simple surrogate impactor was defined to model the
hydraulic impactor. The duration of the simulation was 0.15 sec, which is a fraction of

the actual test.
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Figure 59 represents the cross-section of the concrete and reinforcement bars

located in the barrier and deck overhang.
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a. Concrete mesh. b, Reinforcement

Figure 59: Concrete Mesh and Reinforcement (After Abu-Odeh, Bligh, & Yvonne, 2007)
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Impactor )—’

Figure 60: Model of quasi-static load test setup (After Abu-Odeh, Bligh, & Yvonne,
2007)

All calculation was performed with erosion occurred at 99% and maximum
principal strain of 5% (ERODE = 1.05). A joint exists between the barrier and deck
overhang is much weaker than the one in solid concrete. Hence, this joint interface was
adjusted from *CONTACT_TIED_NODES_TO_SURFACE to

*CONTACT_NODES_TO_SURFACE, to allow separation in tension.

The timber is modeled as elastic, using material model 1 with a modulus of 247

MPa (35,824 Ibf/inch2).
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Rate effect was turned off in the concrete model. Turning off this option allowed
quasi-static simulations to run at a higher rate than the quasi-static test. As the research

mentioned, turning off this option is typical and necessary.

The applied displacement increased from 0 to 38.1 mm (0 to 1.5 inches) over 150

msec.

5.2.2 Results

Damage fringed at about 70 msec with the displacement of 16 mm (0.63 inches).
Three regions of high damage were noted. First, barrier damage initiated from the front at
mid-level to the back at deck-level. As well, a large inclined shear crack extended from
mid-level upward to the top of the barrier. Finally, concentrated damage also occurred,
where the bottom edge of the timber contacted the barrier. Close examination of the
computed results indicated that the timber does not maintain continuous contact with the
barrier. This fact caused the stress concentration in the concrete at the bottom point of the

timber.
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Figure 61: Gap between timber wood and barrier's concrete (After Abu-Odeh, Bligh, &
Yvonne, 2007)

Since this concentration is not realistic, and the developer thought that contact
was uniform over the timber’s surface, a second test was performed in which the timber
was modeled as a plastic, deformable and damageable material using wood material 143.
Figure 62 exhibited damage fringes at 16.5 mm (0.65 inches) and 38.1 mm (1.5 inches)
of lateral deflection. Switching the timber model from elastic to elastoplastic caused the
stress to spread along the timber instead of concentrated at the bottom of the timber. The
peak force attained in the calculation is 282 kN (63.4 kips), which is 81% more than the

realistic load measured during the test.
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a. 16.5 mm. b. 381 mm.

Figure 62: Damage concentration with the wood timber realistically modeled as an
elastoplastic damaging material (After Abu-Odeh, Bligh, & Yvonne, 2007)

Since the number obtained for stress was 81% more than the realistic test, another
two tests were performed in order to retain contact between the spreader beam and
parapet, and to reduce the computed peak force. Hence, a single rigid element, that
represented the hydraulic ram, was added to the model. A contact surface of
*CONTACT_NODES_TO_SURFACE was defined for the model in order to separate the
ram  element from the spreader beam elements in order to allow for separation without

penetration.
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a. With mesh. b, Without mesh at 20 mm deflection.

Figure 63: Realistic damage and erosion pattern (ERODE = 1.05) (After Abu-Odeh,
Bligh, & Yvonne, 2007)

The peak force attained in this calculation was 185 kN (41.6 kips) at 31 mm (1.2

inches) deflection, which was still 17% higher than the realistic force.

Figure 64 and Figure 65 represented the damage fringes at 10 and 20 mm

respectively, by considering ERODE equal to 1.0.
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Figure 64: Primary deflection at 10 mm deflection (ERODE = 1.0) (After Abu-Odeh,
Bligh, & Yvonne, 2007)
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Figure 65: Primary deflection at 20 mm deflection (ERODE = 1.0) (After Abu-Odeh,
Bligh, & Yvonne, 2007)

The peak force was measured at approximately 10 mm of deflection. The final
measurement before loss of strength was approximately 20 mm of deflection. With this
assumption, the damage and erosion pattern is more similar to reality. The peak force
attained in this calculation was 181 kN (40.1 Kkips) at 31 mm (1.2 inches). This number is
within 16% of the measured value. Figure 66 shows the calculated force-deflection graph

for this assumption.
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Figure 66: The calculated force-deflection with the measured curve for the first 12 mm of
deflection (After Abu-Odeh, Bligh, & Yvonne, 2007)

The peak force continues to increase after 12 mm, and with more ductile behavior

than what was measured.

For the last simulation, instead of using the timber wood and hydraulic element,
the developer directly applied a 156 kN (35.1 kips) distributed load over a 40 msec
period. The load remained at 35.1 kips until 50 msec was reached. Then, the timber, steel
and hydraulic ram were completely removed from the finite element model. Two
simulations were conducted with different erosion values. Figure 67 represents the
computed damage using a distributed load. As shown in the figure, the damage is similar

to the model which had the timber remaining in contact with parapet.
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ERODE=1.05 ERODE=1.0

Figure 67: Computed damage using distributed load (After Abu-Odeh, Bligh, & Yvonne,
2007)

Figure 68 represents the computed force-displacement unloads when distributed

load are applied.
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Figure 68: Force-displacement for distributed load (ERODE = 1.05) (After Abu-Odeh,
Bligh, & Yvonne, 2007)
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Barrier deflection of between 11 mm (0.43 inches) and 12 mm (0.5 inches) was
calculated at the center of the loading region when the applied load was 156 kN (35.1
kips). This result is in agreement with the measured displacement resulting from the
“real” test, but once the applied load began to drop upon reaching 50 msec, the barrier

displacement began to decrease, which is not realistic.

All in all, since AASHTO required the designers to use a 3.5 ft distributed load in
order to design the barrier, based on Test Level 4, this research assumed the 54 kips load
as a distributed load imposed upon the barrier. As stated in this chapter, each assumption
had its own pros and cons. Since this chapter showed that considering a distributed load
can give us reliable results similar to reality, this research, therefore, utilized 54 kips of
static load - representing Test Level 4 - as a distributed load imposed upon the barrier. On
the other hand, this chapter also showed that barrier models simulated in LS-DYNA have
almost the same results in terms of cracking and the maximum force imposed upon them.
Hence, by considering these assumptions, the results obtained from static load testing can

be considered reliable, and acceptable, allowing for a small degree of tolerance.
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6 STATIC LOAD SIMULATION

This chapter compares all of the proposed barrier geometries by simulating them in
LS-DYNA using a static load value that represents Test Level 4. As mentioned before,
this load is a 54 kip distributed load, 13 inches in height and 3.5 ft. in width. The result of
this study shows deflection of the barrier and deck overhang, maximum stress in the
concrete block, and internal energy absorbed by the barrier, deck overhang and
reinforcement bars.

As has been shown in Figure 69 and Figure 70, maximum  stress and deflection,
as reflected by compression and tension measurements, was in the middle of the barrier
because the static load was located exactly in the middle. Since the entire barrier
absorbed the same force in the same location, this assumption was correct for all other
presented barriers. Hence, to measure the maximum displacement and stress of the barrier

and deck overhang, the middle of the geometry was considered.

Figure 69: Maximum Stress in Face of Barrier — 3D model
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Figure 70: Maximum stress in back of Barrier — 3D model

6.1 Maximum Stress
6.1.1 New-Jersey Barrier
6.1.1.1 Maximum Stress in the Barrier
6.1.1.1.1 Compression Side
Figure 71 depicts the printed stress graph for the middle top element of the barrier
on its compression side, the element with maximum compressive stress. As shown in the

graph, the maximum stress in the barrier is 5.21 Mpa.
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Figure 71: Time-stress graph of New Jersey concrete barrier element in compression side
with maximum stress

6.1.1.1.2 Tension Side

Figure 72 shows the printed stress graph for the middle top element of the barrier
in tension side. That is the element with maximum tensile stress. Typically, maximum
tensile stress of the concrete is equal to 10% of its maximum compressive stress. As

indicated in the graph, the maximum tensile stress of the concrete in the barrier is 2.42

Mpa.
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Figure 72: Time-stress graph of New Jersey concrete barrier element in tension side with
maximum stress

6.1.1.2 Maximum Stress in Deck Overhang

As shown in Figure 73 and Figure 74, maximum stress in the compression and
tension side was in the middle of the deck overhang because the static load is located
exactly in the middle of the barrier. As explained in Chapter 2, the concrete used for deck

overhang has the compressive strength of 35.52 Mpa.
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Figure 73 Maximum Stress in the back of deck overhang related to New Jersey barrier -
3D model

Figure 74: Maximum stress in face of deck overhang related to New Jersey barrier — 3D
model
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6.1.1.2.1 Compression Side
Figure 75 shows the printed stress graph for the middle top element of the deck
overhang in compression side. That is the element with maximum compressive stress. As

shown in the graph, the maximum stress in the barrier is 4.02 Mpa.
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Figure 75: Time-stress graph of New Jersey concrete deck overhang element in
compression side with maximum stress

6.1.1.2.2 Tension Side
As seen in Figure 76 the maximum stress imposed to the deck overhang in tension

side was 1.15 Mpa.
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Figure 76: Time-stress graph of New Jersey concrete deck overhang element in tension
side with maximum stress

6.1.1.3 Maximum Stress in Reinforcement bars

As seen in Figure 30, all longitudinal reinforcement bars are #3 vertical
reinforcement bars, and hairpin dowels are #4. Figure 77 represents the location of
maximum stress in reinforcement bar. As mentioned before, since the static load is
located in the middle of the barrier, the maximum tension and compressive stress

appeared in the middle hairpin dowels, at the face and back of the barrier.
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Figure 77: Maximum stress in tension and compression sides of reinforcement bars
located in New Jersey barrier — 3D model

6.1.1.3.1 Tension Side

The maximum axial force in tension side for hairpin dowels is 4.29e4 N. By
dividing the cross-section area to this value, the maximum stress in tension side after 1
sec was:

4.29e4 N /129 mm”2 = 332.56 MPa = 48.23 ksi
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Figure 78: Time-Axial Force Graph of New Jersey barrier hairpin dowel reinforcement
bar element in tension side with maximum stress

6.1.1.3.2 Compression Side

The maximum stress of the hairpin dowel reinforcement bar in compression side
was 3.08e4 N. Hence, the maximum stress in compression side for the reinforcement bar
after 1 sec was:

3.08e4 N /129 mm~2 = 238.7 MPa = 34.62 ksi
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Figure 79: Time-Axial Force Graph of New Jersey barrier hairpin dowel reinforcement
bar element in compression side with maximum stress

6.1.2 Modified New Jersey Barrier
6.1.2.1 Maximum Stress in the Barrier
6.1.2.1.1 Compression Side
Figure 80 shows the printed stress graph for the middle top element of the barrier
in compression side, the element with maximum compressive stress. As is shown on the
graph, the maximum stress in the barrier is 9.59 Mpa, far less than the compressive

strength of the barrier concrete, assessed at 30.44 Mpa.

86



o -LS-DYNA keyword deck by LS-PrePost

Element no.

A 174961

SRS Title Scale Attr Filter Print Save Load Oper Hide [ Close | Quit

Figure 80: Time-stress graph of modified New Jersey concrete barrier element in
compression side with maximum stress

6.1.2.1.2 Tension side
Figure 81 shows the printed stress graph for the middle top element of the barrier
in tension side, the element with maximum tensile stress. As is indicated on the graph, the

maximum tensile stress of the concrete in the barrier is 2.37 Mpa.
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Figure 81: Time-stress graph of modified New Jersey concrete barrier element in tension
side with maximum stress

6.1.2.2 Maximum stress in deck overhang:

As has been shown in Figure 82 and Figure 83, maximum stress in the compression
and tension sides was in the middle of the deck overhang because the static load is
located exactly in the middle of the barrier. As explained in Chapter 2, the concrete used

for the deck overhang has a compressive strength of 35.52 Mpa.
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Figure 82: Maximum stress in back of deck overhang related to modified New Jersey
barrier — 3D model

Figure 83: Maximum stress in face of deck overhang related to modified New Jersey
barrier — 3D model
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6.1.2.2.1 Compression side

Figure 84 shows the printed stress graph for the middle top element of the deck
overhang in compression side, the element with maximum compressive stress. As has

been shown on the graph, the maximum stress in the barrier is 6.07 Mpa.
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Figure 84: Time-stress graph of modified New Jersey concrete deck overhang element in
compression side with maximum stress

6.1.2.2.2 Tension side

As seen in Figure 85 the maximum stress imposed to the deck overhang in tension

side was 2.11 Mpa.
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Figure 85: Time-stress graph of modified New Jersey concrete deck overhang element in
tension side with maximum stress

6.1.2.3 Maximum stress in reinforcement bars

As mentioned before, the modified New Jersey barrier used the same amount and
number of reinforcement bar in its cross-section, #4 hairpin dowel and stirrups, and #3
longitudinal reinforcement bars. Since we have the static load in the middle of the barrier,

the maximum tension and compressive stress appears in the middle hairpin dowels, at the

face and back of the barrier.
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Figure 86: Maximum stress in tension and compression sides of reinforcement bars
located in modified New Jersey barrier — 3D model

6.1.2.3.1 Tension Side

The maximum axial force in tension side for hairpin dowels is 5.36e4 N. By
dividing the cross-section area to this number, the maximum stress in tension side after 1
sec was:

5.36e4 N / 129 mm”2 = 415.50 MPa = 60.26 ksi
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Figure 87: Time-axial force graph of modified New Jersey barrier hairpin dowel
reinforcement bar elements in tension side with maximum stress

6.1.2.3.2 Compression side

The maximum stress of the hairpin dowel reinforcement bar in compression side
was 2.65e4 N. Hence, the maximum stress in compression side for the reinforcement bar
after 1 sec was:

2.65e4 N /129 mm~2 = 205.43 MPa = 29.80 ksi
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Figure 88: Time-axial force graph of modified New Jersey barrier hairpin dowel
reinforcement bar elements in compression side with maximum stress

6.1.3 Rectangular — 8 inch Barrier
6.1.3.1 Maximum stress in the Barrier
6.1.3.1.1 Compression side
Figure 89 shows the printed stress graph for the middle top element of the barrier
in compression side, the element with maximum compressive stress. As shown in the

graph, the maximum stress in the barrier is 7.62 Mpa.
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Figure 89: Time-stress graph of rectangular — 8 inch concrete barrier element in
compression side with maximum stress

6.1.3.1.2 Tension side

Figure 90 shows the printed stress graph for the middle top element of the barrier
in tension side, the element with maximum tensile stress. As indicated in the graph, the

maximum tensile stress of the concrete in the barrier is 2.45 Mpa.
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Figure 90: Time-stress graph of rectangular — 8 inch concrete barrier element in tension
side with maximum stress
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6.1.3.2 Maximum stress in deck overhang:

As it had been shown in Figure 91 and Figure 92, maximum stress in the
compression and tension sides was in the middle of the deck overhang because the static
load is located exactly in the middle of the Barrier. As explained in Chapter 2, the

concrete used for the deck overhang has the compressive strength of 35.52 Mpa.

Y

Figure 91: Maximum Stress in back of deck overhang related to rectangular — 8 inch
concrete barrier — 3D model
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Figure 92: Maximum stress in face of deck overhang related to rectangular — 8 inch
concrete barrier — 3D model

6.1.3.2.1 Compression side
Figure 93 shows the printed stress graph for the middle top element of the deck
overhang in compression side, the element with maximum compressive stress. As shown

on the graph, the maximum stress in the barrier is 4.45 Mpa.
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Figure 93: Time-Stress Graph of Rectangular — 8 inch concrete deck overhang element in
compression side with maximum stress

6.1.3.2.2 Tension side
As seen in Figure 94 the maximum stress imposed to the deck overhang in tension

side was 1.22 Mpa.
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Figure 94: Time-stress graph of rectangular — 8 inch concrete deck overhang element in
tension side with maximum stress
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6.1.3.3 Maximum stress in reinforcement bars

As mentioned before, the rectangular — 8 inch concrete barrier used the same
amount and number of reinforcement bar in its cross section, #4 hairpin dowel and
stirrups, and #3 longitudinal reinforcement bars. Since we have the static load in the
middle of the barrier, the maximum tension and compressive stress appeared in the

middle hairpin dowels, at face and back of the barrier.

Figure 95: Maximum stress in tension and compression sides of reinforcement bars
located in rectangular — 8 inch Barrier — 3D model

6.1.3.3.1 Tension side

The maximum axial force in tension side for hairpin dowels is 4.00e4 N. By
dividing the cross-section area into this number, the maximum stress in tension side after
1 sec was:

4.00e4 N /129 mm”2 = 310.08 MPa = 44.97 ksi
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Figure 96: Time-axial force graph of rectangular — 8 inch barrier hairpin dowel
reinforcement bar element in tension side with maximum stress

6.1.3.3.2 Compression side

The maximum stress of the hairpin dowel reinforcement bar in compression side
was 2.12e4 N. Hence, the maximum stress in compression side for the reinforcement bar
after 1 sec was:

2.12e4 N /129 mm~2 = 164.3a MPa = 23.84 ksi
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Figure 97: Time-axial force graph of rectangular — 8 inch barrier hairpin dowel
reinforcement bar elements in compression side with maximum stress
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6.1.4 Rectangular — 6 inch Barrier
6.1.4.1 Maximum stress in the Barrier

6.1.4.1.1 Compression side

Figure 98 shows the printed stress graph for the middle top element of the barrier
in compression side, the element with maximum compressive stress. As shown in the

graph, the maximum stress in the barrier is 15.2 Mpa.
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Figure 98: Time-stress graph of rectangular — 6 inch concrete barrier element in
compression side with maximum stress

6.1.4.1.2 Tension Side

Figure 99 shows the printed stress graph for the middle top element of the barrier
in tension side, the element with maximum tensile stress. As indicated on the graph, the

maximum tensile stress of the concrete in the barrier is 2.45 Mpa.
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Figure 99: Time-stress graph of rectangular — 6 inch concrete barrier element in tension
side with maximum stress

6.1.4.2 Maximum Stress in Deck Overhang:

As previously shown in Figure 100 and Figure 101, the maximum stress in
compression and tension side was in the middle of the deck overhang because the static
load is located exactly in the middle of the barrier. As explained in Chapter 2, the

concrete used for deck overhang has the compressive strength of 35.52 Mpa.

Figure 100: Maximum Stress in back of deck overhang related to rectangular — 6 inch
concrete barrier — 3D model
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Figure 101: Maximum stress in face of deck overhang related to rectangular — 6 inch
concrete barrier — 3D model

6.1.4.2.1 Compression side
Figure 102 shows the printed stress graph for the middle top element of the deck
overhang in compression side, the element with maximum compressive stress. As shown

in the graph, the maximum stress in the barrier is 4.76 Mpa.
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Figure 102: Time-stress graph of rectangular — 6 inch concrete deck overhang element in
compression side with maximum stress

6.1.4.2.2 Tension side

As seen in Figure 103 the maximum stress imposed to the deck overhang in

tension side was 1.88 Mpa.
=N

& PlotWindow-1

Element no.

A 267708

»
]
o
-

i1
?

>

SRS Title ’ Scale ‘ Attr ’ Filter ‘ Print | Save ‘ Load | Oper ‘ Hide Close ’ Quit

Figure 103: Time-stress graph of rectangular — 6 inch concrete deck overhang element in
tension side with maximum stress
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6.1.4.3 Maximum Stress in Reinforcement bars

As mentioned before, the rectangular — 6 inch concrete barrier used the same
amount and number of reinforcement bar in its cross section, #4 hairpin dowel and
stirrups, and #3 longitudinal reinforcement bars. Since we have the static load in the
middle of the barrier, the maximum tension and compressive stress appeared in the

middle hairpin dowels, at face and back of the barrier.

Figure 104: Maximum stress in tension and compression sides of reinforcement bar
located in rectangular— 6 inch barrier — 3D model

6.1.4.3.1 Tension Side
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The maximum axial force in tension side for hairpin dowels is 5.34e4 N. By

dividing cross-section area into this number, the maximum stress in tension side after 1

Sec was:

5.34e4 N/ 129 mm”2 = 413.95 MPa = 60.04 ksi
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Figure 105: time-axial force graph of rectangular — 6 inch barrier hairpin dowel
reinforcement bar elements in tension side with maximum stress

6.1.4.3.2 Compression Side

The maximum stress of the hairpin dowel reinforcement bar in compression side

was 3.40e4 N. Hence, the maximum stress in compression side for the reinforcement bar

after 1 sec was:

3.40e4 N /129 mm”"2 = 263.57 MPa = 38.23 ksi
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Figure 106: time-axial force graph of rectangular — 6 inch barrier hairpin dowel
reinforcement bar elements in compression side with maximum stress

6.1.5 Modified Single-Slope Barrier

6.1.5.1 Maximum Stress in the Barrier
As seen in Figure 107, the maximum stress in compression side of the barrier

moved down in location coming almost to the center of the barrier.
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Figure 107: Maximum stress in face of modified single-slope barrier — 3D model

6.1.5.1.1 Compression Side
Figure 108 shows the printed stress graph for the middle top element of the barrier
in compression side, the element with maximum compressive stress. As shown on the

graph, the maximum stress in the barrier is 6.74 Mpa.
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Figure 108: Time-stress graph of modified single-slope concrete barrier element in
compression side with maximum stress

Compared with New Jersey barrier, the compressive stress in this geometry
increased, because a thinner concrete layer was used with linear gradient thickness

among the height causing extra stress in compression side of the barrier.

6.1.5.1.2 Tension Side

Figure 109 shows the printed stress graph for the middle top element of the barrier
in tension side, the element with maximum tensile stress. As indicated on the graph, the

maximum tensile stress of the concrete in the barrier is 2.36 Mpa.
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Figure 109: Time-stress graph of modified single-slope concrete barrier element in
tension side with maximum stress

6.1.5.2 Maximum Stress in Deck Overhang:

As shown in Figure 110 and Figure 111, maximum stress in the compression and
tension sides was in the middle of the deck overhang because the static load is located
exactly in the middle of the barrier. As explained in Chapter 2, the concrete used for the

deck overhang has the compressive strength of 35.52 Mpa.
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Figure 110: Maximum stress in back of deck overhang related to modified single-slope
concrete barrier — 3D model

Figure 111: Maximum stress in face of deck overhang related to modified single-slope
concrete barrier — 3D model
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6.1.5.2.1 Compression Side

Figure 112 shows the printed stress graph for the middle top element of the deck

overhang in compression side, the element with maximum compressive stress. As shown

on the graph, the maximum stress in the barrier is 4.39 Mpa.
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Figure 112: Time-stress graph of modified single-slope concrete barrier deck overhang
element in compression side with maximum stress

6.1.5.2.2 Tension Side:

As seen in Figure 113 the maximum stress imposed to the deck overhang in

tension side was 1.71 Mpa.
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Figure 113: Time-stress graph of modified single-slope concrete barrier deck overhang
element in tension side with maximum stress

6.1.5.3 Maximum stress in reinforcement bars

As previously mentioned, the rectangular — 6 inch concrete barrier used the same
amount and number of reinforcement bar in its cross section, #4 hairpin dowel and
stirrups, and #3 longitudinal reinforcement bars. Since the static load is located in the
middle of the barrier, the maximum tension and compressive stress appeared in the

middle hairpin dowels, at face and back of the barrier.
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Figure 114: Maximum stress in tension and compression sides of reinforcement bars
located in modified single-slope concrete barrier — 3D model

6.1.5.3.1 Tension side

The maximum axial force in tension side for hairpin dowels is 4.63e4 N. By
dividing cross-section area into this number, the maximum stress in tension side after 1
sec was:

4.63e4 N /129 mm”2 = 358.91 MPa = 52.06 ksi
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Figure 115: Time-axial force graph of modified single-slope concrete barrier hairpin
dowel reinforcement bar element in tension side with maximum stress

6.1.5.3.2 Compression side

The maximum stress of the hairpin dowel reinforcement bar in compression side

was 1.98e4 N. Hence, the maximum stress in compression side for the reinforcement bar

after 1 sec was:

1.98e4 N /129 mm”2 = 153.49 MPa = 22.26 ksi
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Figure 116: Time-axial force graph of modified single-slope concrete barrier hairpin
dowel reinforcement bar element in compression side with maximum stress

6.1.6 Inverted Modified Single-Slope Barrier
6.1.6.1 Maximum Stress in the Barrier
As seen in Figure 117, the location for the maximum stress in compression side of
the barrier lowered, relocating almost to the center of the barrier. The elements in

compression side in this barrier had less stress than all other barriers.

Figure 117: Maximum stress in face of inverted modified single-slope barrier — 3D
model
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6.1.6.1.1 Compression Side
Figure 118, shows the printed stress graph for the middle top element of the barrier
in compression side, the element with maximum compressive stress. As shown on the

graph, the maximum stress in the barrier is 6.51 Mpa.
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Figure 118: Time-stress graph of inverted modified single-slope concrete barrier element
in compression side with maximum stress

Compared to New Jersey barrier, the compressive strength of this geometry
increased because thinner concrete layers were used with linear gradient thickness among

the height causing extra stress in compression side of the barrier.

6.1.6.1.2 Tension Side
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Figure 119 shows the printed stress graph for the middle top element of the barrier
in tension side, the element with maximum tensile stress. As indicated on the graph, the
maximum tensile stress of the concrete in the barrier is 2.30 Mpa,
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Figure 119: Time-stress graph of inverted modified single-slope concrete barrier element
in tension side with maximum stress

6.1.6.2 Maximum Stress in Deck Overhang:

As shown in Figure 120 and Figure 121, maximum stress in the compression and
tension sides was in the middle of the deck overhang because the static load is located
exactly in the middle of the barrier. As explained in Chapter 2, the concrete used for the

deck overhang has the compressive strength of 35.52 Mpa.
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Figure 120: Maximum stress in back of deck overhang related to inverted modified
single-slope concrete barrier — 3D model

Figure 121: Maximum stress in face of deck overhang related to inverted modified
single-slope concrete barrier — 3D model
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6.1.6.2.1 Compression Side

Figure 122 shows the printed stress graph for the middle top element of the deck

overhang in compression side, the element with maximum compressive stress. As shown

on the graph, the maximum stress in the barrier is 4.25 Mpa.
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Figure 122: Time-stress graph of inverted modified single-slope concrete barrier deck
overhang element in compression side with maximum stress

6.1.6.2.2 Tension Side

As seen in Figure 123, the maximum stress imposed to the deck overhang in

tension side was 1.55 Mpa.
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Figure 123: Time-stress graph of inverted modified single-slope concrete barrier deck
overhang element in tension side with maximum stress

6.1.6.3 Maximum Stress in Reinforcement bars

As mentioned before, the inverted modified single-slope concrete barrier used the
same amount and number of reinforcement bar in its cross section, #4 hairpin dowel and
stirrups, and #3 longitudinal reinforcement bars. Since the static load is located in the
middle of the barrier, the maximum tension and compressive stress appeared in the

middle hairpin dowels, at face and back of the barrier.

121



Figure 124: Maximum stress in tension and compression sides of reinforcement bars
located in inverted modified single-slope concrete barrier — 3D model

6.1.6.3.1 Tension Side

The maximum axial force in tension side for hairpin dowels was 4.61e4 N. By
dividing cross-section area into this number, the maximum stress in tension side after 1
sec was:

4.61e4 N/ 129 mm”2 = 357.36 MPa =51.83 ksi
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Figure 125: Time-axial force graph of inverted modified single-slope concrete barrier
hairpin dowel reinforcement bar element in compression side with maximum stress

6.1.6.3.2 Compression Side

The maximum stress of the hairpin dowel reinforcement bar in compression side

was 1.95e4 N. Hence, the maximum stress in compression side for the reinforcement bar

after 1 sec was:

1.95e4 N /129 mm”2 = 151.16 MPa = 21.92 ksi
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Figure 126: Time-Axial Force Graph of inverted modified single-slope concrete Barrier
hairpin dowel reinforcement bar element in compression side with maximum stress

6.1.7 Comparison between the Barrier Geometries — Maximum Stress

Graph 127 to 132 compared the maximum stress in compression and tension side

of the concrete, and reinforcement bars in all of the above mentioned barriers.
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Figure 127: Barrier concrete Block on compression side
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Barrier tension side
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Figure 128: Barrier Concrete Block on tension side
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Figure 129: Deck Overhang Concrete Block in compression side
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Deck overhang tension side
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Figure 130: Deck Overhang Concrete Block on Tension Side
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Figure 131: Reinforcement bars On Compression Side
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Figure 132: Reinforcement bars on Tension Side

As seen on the previous graphs, based on TL-4 static load, all barriers stayed on
the safe side without any cracks appearing. Only in modified New Jersey and
rectangular— 6 inch geometries, the reinforcement bars reached yield point but did not
reach the plasticity limit. This comparison shows that there might be a chance to reduce
barrier thickness in order to optimize the geometry with less pour costs; however, it

cannot acknowledge the safety of the proposed barriers.

6.2 Maximum Deflection
As mentioned before, maximum stress and maximum deflection of the barriers and
deck overhangs were in the middle of the length of the barrier. This was due to the

applied load, representing TL-4, being located in the middle of the barrier.

6.2.1 New Jersey Barrier
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3.99 mm

Displacement Scale Factor: 100

Figure 133: Maximum Deflection of Barrier and Deck Overhang — New Jersey

Displacement Scale Factor: 100
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Figure 134: Maximum Deflection of Barrier and Deck Overhang — 3D model — New
Jersey
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6.2.1.1 Maximum Deflection in Barrier

As seen in Figure 135, the maximum deflection in the Barrier was 3.99 mm or 0.16

inches.
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Figure 135: Maximum Deflection of the New Jersey Barrier

6.2.1.2 Maximum Deflection in Deck Overhang

As seen in Figure 136, the maximum deflection in the deck overhang was 0.74 mm

or 0.03 inches.
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Figure 136: Maximum Deflection of the Deck Overhang — New Jersey Barrier

6.2.2 Modified New-Jersey Barrier

12.7 mm

Displacement Scale Factor: 30

Figure 137: Maximum deflection of Barrier and deck overhang — Modified New-Jersey
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Displacement Scale Factor: 30
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Figure 138: Maximum deflection of Barrier and deck overhang —3D model — modified
New-Jersey

6.2.2.1 Maximum Deflection in Barrier

As seen in Figure 139, the maximum deflection in the barrier was 12.7 mm or 0.5
inches.

# PlotWindow-1

[E=8 B )

Element no.

A 132300

Y-displacement

SRS Title Scale Attr Filter Print Save Load

Oper Hide I Close Quit

Figure 139: Maximum deflection of the Barrier — Modified New-Jersey
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6.2.2.2 Maximum Deflection in Deck Overhang

As seen in Figure 140 maximum deflection in the deck overhang was 0.81 mm or

0.03 inches.
=N E=m <)
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Figure 140: Maximum deflection of the deck overhang — Modified New Jersey

6.2.3 Rectangular — 8 inch Barrier

132



4.82 mm
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Figure 141: Maximum Deflection of Barrier and Deck Overhang — Rectangular 8 inch

Displacement Scale Factor: 100
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Figure 142: Maximum Deflection of Barrier and Deck overhang 3D model - Rectangular
8 inch

6.2.3.1 Maximum Deflection in Barrier
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As seen in Figure 143 maximum deflection in the Barrier was 4.82 mm or inches.
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Figure 143: Maximum Deflection of the Barrier — Rectangular 8 inch

6.2.3.2 Maximum Deflection in Deck Overhang

As seen below in Figure, the maximum deflection in the deck overhang was 0.71

mm or 0.03 inches.
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Figure 144: Maximum Deflection of the Deck Overhang — Rectangular 8 inch
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6.2.4 Rectangular — 6 inch Barrier

15.9 mm

Displacement Scale Factor: 30

Figure 145: Maximum Deflection of Barrier and Deck Overhang — Rectangular 6 inch

Displacement Scale Factor: 30
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Figure 146: Maximum Deflection of Barrier and Deck Overhang — 3D model —
Rectangular 6 inch
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6.2.4.1 Maximum Deflection in Barrier

As seen in Figure 147 maximum deflection in the barrier was 15.9 mm or 0.63

inches.
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Figure 147: Maximum Deflection of the Barrier — Rectangular 6 inch

6.2.4.2 Maximum Deflection in Deck Overhang

As seen in Figure 148, maximum deflection in the deck overhang was 0.66 mm or

0.03 inches.
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Figure 148: Maximum Deflection of the Deck Overhang — Rectangular 6 inch

6.2.5 Modified Single-Slope Barrier
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As shown in Figure 151, the maximum deflection in the barrier was 6.08 mm or

0.24 inches
o la=-

# PlotWindow-1

LS-PrePost
Element no.

A 174771

-
=
)
£
o
o
o
a
»
i
>

SRS | Title | Scale | Attr | Filter | Print | Save ’ Load | Oper | Hide | Close ’ Quit |

Figure 151: Maximum Deflection of the Barrier — Modified Single-Slope

6.2.5.2 Maximum Deflection in Deck Overhang

As shown in Figure 152, the maximum deflection in the deck overhang was 0.88

mm or 0.03 inches.
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Figure 152: Maximum Deflection of the Deck Overhang — Modified Single-Slope

6.2.6 Inverted Modified Single-Slope Barrier

5.90 mm

Displacement Scale Factor: 50

Figure 153: Maximum Deflection of Barrier and Deck Overhang — Inverted Modified
Single-Slope
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6.2.6.2 Maximum Deflection in Deck Overhang
As displayed in Figure 156, the maximum deflection of the deck overhang was
0.84 mm or 0.03 inches.
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Figure 156: Maximum Deflection of the Deck Overhang — Inverted Modified Single-
Slope

6.2.7 Comparison Between the Barrier Geometries — Maximum Deflection

Figures 157 and 158 display a graphical representation of the maximum deflection

between the barriers and deck overhang in all six proposed geometries.
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Figure 157: Maximum Deflections in Barriers
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Figure 158: Maximum Deflections in Deck Overhangs

As displayed above, the maximum deflection appeared in the rectangular — 6 inch
geometry due to the shape’s minimum thickness when compared with all other
geometries. While the minimum deflection happened in the New Jersey geometry, that

does appear as a logical test result as it has the maximum thickness among all other
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7 DYNAMIC LOAD SIMULATION
This chapter compares all of the proposed barrier geometries by simulating them in
LS-DYNA using single unit truck that represents Test Level 4. As mentioned earlier, the
truck was a Ford provided by “National Crash Analysis Center (NCAC)” in 2008. Based
on AASHTO?’s test level specifications, the angle impact between the barrier and the side
of the truck is 15 degrees, and the truck moves at a speed of 50 mph (80 kmph). This
comparison not only shows the maximum deflection and stress in the barrier and deck

overhang, but also the deformation of the truck and the roll-over after impact.

This chapter also compared the internal energy absorbed by each portion and
compared them with each other. As mentioned in Chapter 1, the results of this
comparison are fairly close to the reality test. Hence, it is possible to determine the best

candidate from this comparison.

To obtain useful and usable results from all simulations, the truck’s exact location
had to be consistent for all simulations before barrier impact. Figure 159 represented the

exact location of the truck before impacting the barriers.

144



Figure 159: Truck’s location — Top View

The research measured the maximum amount of stress, deflection, and energy
absorption in the concrete block resulting from the first and second impact of the crash.
Figure 160 and 161 indicated the point of first impact and second impact clearly. The
moment of impact for different geometries might be different. This can happen because
the geometry of the barrier varies in thickness which may cause the truck to impact at

different times.
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Figure 160: First impact — front of the truck

Figure 161: Second impact — back of the truck
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7.1 First impact
7.1.1 Maximum Stress
Maximum stress in dynamic simulation is different compared with static
simulation. Since the truck has some sharp edges, by impacting the barrier it might
penetrate the concrete causing damage to the barrier. In addition, the nature of dynamic
load is different than static load. Hence, this research does not look for the stress in all
single concrete elements that might be damaged by the truck’s sharp edges. This research
is seeking the point of maximum stress where maximum deflection occurred. The
maximum deflection happened at the first and second impact of the truck as has been

shown previously.

7.1.1.1 New Jersey barrier

Figure 162 represents the truck before it starts to hit the barrier.

Figure 162: New Jersey Geometry Model with NCAC single unit truck
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7.1.1.1.1 Maximum Stress in the Barrier
7.1.1.1.1.1 Compression Side

Maximum stress in compression side of the barrier, caused by front bumper of the
truck, has been shown in the Figure 163, Maximum compression at first impact of the

barrier was 20.72 Mpa.
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Figure 163: First impact compression effects on New Jersery barrier — 3d model — front
face
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7.1.1.1.1.2 Tension side
The maximum stress in tension side of the barrier is illustrated in Figure 164, the

maximum tensile stress at the moment of first impact was 2.8 Mpa.

Fringe Levels

R T 2 ;
Back face T eSS YT [ ] R
e =

= e

“louTeart S,
-3.158e+00
-B.1359+00:I
9.113e+00 |
-1.2092+01 |
1.507e+01 |
1.804e+01 ]
2.102e+01 |
2.400e+01 _
2.698etlly

Figure 164: First impact tension effect on New Jersey barrier — 3d model — back face

7.1.1.1.2 Maximum stress in the deck overhang
7.1.1.1.2.1 Compression side

Maximum stress in compression side of the deck overhang is shown in Figure 165,

Maximum compression at first impact at the barrier was 9.31 Mpa.
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Figure 165: New Jersey barrier first impact in compression side of the deck overhang —
top face

7.1.1.1.2.2 Tension Side
The maximum stress in tension side of the deck overhang is illustrated in Figure

166. The maximum tensile stress at the moment of first impact was 2.63 Mpa.
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Figure 166: New Jersey barrier first impact in tension side of the deck overhang — bottom
face

7.1.1.1.3 Maximum Stress in Reinforcement bars
7.1.1.1.3.1 Tension side

As seen in Figure 167, maximum tensile reinforcement bars are #4 vertical
reinforcement bars. Reinforcement bars are front hairpin dowels that connect the barrier

to the deck overhang. Hence, the tensile stress is:

4.93e4 N /129 mm”2 = 382.17 MPa = 55.43ksi
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Figure 167: Axial force of the reinforcement bar in tension side at the moment of first
impact — New Jersey barrier — front face

7.1.1.1.3.2 Compression side

As seen in Figure 168, maximum compression reinforcement bars are #3
horizontal reinforcement bars at the bottom face of the barrier. Hence, the compressive

stress is:

3.67e3 N /71 mm~2 = 51.69 MPa = 7.50ksi
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Figure 168: Axial force of the reinforcement bar in compression side at the moment of
first impact — New Jersey barrier — front face

7.1.1.2 Modified New-Jersey Barrier

Figure 169 represents the truck before it starts to hit the barrier.

Figure 169: Modified New Jersey geometry model with NCAC single unit truck
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7.1.1.2.1 Maximum Stress in the Barrier
7.1.1.2.1.1 Compression Side

Figure 170 shows the maximum stress in compression side of the barrier caused by
front bumper of the truck. Maximum compression at first impact at the barrier was 20.22

Mpa.
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Figure 170: First impact compression effects on modified New Jersey barrier — 3d model
— front face

7.1.1.2.1.2 Tension side
The maximum stress in tension side of the barrier is illustrated in Figure 171. The

maximum tensile stress at the moment of first impact was 2.67Mpa.
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Figure 171: First impact tension effect on modified New Jersey barrier — 3d model — back
face

7.1.1.2.2 Maximum stress in the deck overhang
7.1.1.2.2.1 Compression Side
Maximum stress in compression side of the deck overhang is illustrated in Figure

172 Maximum compression at first impact at the barrier was 5.30 Mpa.

155



T
TS

e weanwErl e
e S S ST T SR AN O N
S e T T "ﬁ%—i‘g&‘!ﬂﬂ‘téﬂa-
SRR e B ERTT ww G
SNESRET Y GRS R S
R o R A G,
—ue T N

Figure 172: Modified New Jersey barrier first impact in compression side of the deck
overhang — top face

7.1.1.2.2.2 Tension Side

The maximum stress in tension side of the deck overhang is illustrated in Figure

173. The maximum tensile stress at the moment of first impact was 2.12 Mpa.

156



4
i
%

( »‘
W

Y
Y ﬂw WA -‘..11 .‘.1 i -
%Wi H ‘ H ‘—m,m: .m
iy m
AR
OO AR
AT

/
/

A

A
Wy
ALY

Figure 173: Modified New Jersey barrier - first impact in tension side of the deck

overhang — top face

7.1.1.2.3 Maximum Stress in Reinforcement bars

7.1.1.2.3.1 Tension Side

the maximum tensile stress on reinforcement bars are on the

As seen in Figure 174

#4 vertical reinforcement bars, located in the middle of the barrier and at the front face.

Hence, the tensile stress is:

= 336.43 MPa = 48.80ksi

4.34e4 N /129 mm”"2
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Figure 174: Axial force of the reinforcement bar in tension side at the moment of first
impact — Modified New Jersey barrier — front face

7.1.1.2.3.2 Compression Side

As seen in Figure 175, maximum compression on reinforcement bars is on the #3
horizontal reinforcement bars at the bottom and top face of the barrier. Hence, the

compressive stress is:

2.52e3 N /71 mm”2 = 35.49 MPa = 5.15 ksi
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Figure 175: Axial force of the reinforcement bar in compression side at the moment of
first impact — Modified New Jersey barrier — front face

7.1.1.3 Rectangular — 8 Inch Barrier

Figure 176 represents the truck before it starts to hit the barrier.

Figure 176: Rectangular — 8 inch geometry model with NCAC single unit truck
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7.1.1.3.1 Maximum Stress in the Barrier
7.1.1.3.1.1 Compression Side

Maximum stress in compression side of the barrier, caused by front bumper of the
truck, is shown in Figure 177, maximum compression at first impact at the barrier was

31.05 Mpa.
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Figure 177: First impact compression effects on Rectangular — 8 inch Barrier — 3d model
— front face

7.1.1.3.1.2 Tension Side

The maximum stress in tension side of the barrier is shown in the Figure 178. The

maximum tensile stress at the moment of first impact was 2.62 Mpa.
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Figure 178: First impact tension effect on Rectangular — 8 inch barrier — 3d model — back
face

7.1.1.3.2 Maximum Stress in the Deck Overhang
7.1.1.3.2.1 Compression Side

Maximum stress in compression side of the deck overhang is shown in Figure ....

Maximum compression at first impact at the barrier was 9.31 Mpa.
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Figure 179: Rectangular — 8 inch barrier first impact in compression side of the deck

overhang — top and back face
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7.1.1.3.2.2 Tension Side
The maximum stress in tension side of the deck overhang is shown in Figure 180.

The maximum tensile stress at the moment of first impact was 1.89 Mpa.
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Figure 180: Rectangular — 8 inch barrier first impact in tension side of the deck overhang
— top and back face

7.1.1.3.3 Maximum Stress in Reinforcement bars

7.1.1.3.3.1 Tension Side
Reinforcement bars are front hairpin dowels that connect barrier to deck overhang.

As seen in Figure 181, maximum tensile reinforcement bars are #4 vertical reinforcement

bars. Hence, the tensile stress is:

3.64e4 N /129 mm~2 = 282.17 MPa = 40.93 ksi
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Figure 181: Axial force of the reinforcement bar in tension side at the moment of first
impact: Rectangular — 8 inch — front face

7.1.1.3.3.2 Compression Side
As seen in Figure 182, maximum compression reinforcement bars are #3

horizontal reinforcement bars located at the middle and top face of the barrier. Hence, the

compressive stress is:

3.79e3 N/ 71 mm”2 =53.38 MPa = 7.74ksi
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Figure 182: Axial force of the reinforcement bar in compression side at the moment of
first impact: Rectangular — 8 inch — front face

7.1.1.4 Rectangular — 6 inch Barrier

Figure 183 represents the truck before it starts to hit the barrier.

Figure 183: Rectangular — 6 inch geometry model with NCAC single unit truck

7.1.1.4.1 Maximum Stress in the Barrier
7.1.1.4.1.1 Compression Side

The maximum stress in compression side of the barrier is caused by the front
bumper of the truck as shown in Figure 184, maximum compression at first impact on the

barrier was 27.84 Mpa.
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Figure 184: First impact compression effects on Rectangular — 6 inch barrier — 3d model
— front face

7.1.1.4.1.2 Tension Side
The maximum stress in the tension side of the barrier is shown in the Figure 185.

The maximum tensile stress at the moment of first impact was 2.8 Mpa.
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Figure 185: First impact tension effect on Rectangular — 6 inch barrier — 3d model — back
face

7.1.1.4.2 Maximum Stress in the Deck Overhang

7.1.1.4.2.1 Compression Side
The maximum stress in compression side of the deck overhang is shown in Figure

186. Maximum compression at first impact on the barrier was 7.18 Mpa.
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Figure 186: Rectangular — 6 inch Barrier first impact in compression side of the deck
overhang — top and back face

7.1.1.4.2.2 Tension Side
The maximum stress on tension side of the deck overhang is shown in Figure 187.

The maximum tensile stress at the moment of first impact was 2.62 Mpa.
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Figure 187: Rectangular — 6 inch barrier first impact in tension side of the deck overhang
— back and bottom face

7.1.1.4.3 Maximum Stress in Reinforcement bars
7.1.1.4.3.1 Tension side

Reinforcement bars are front hairpin dowels that connect barriers to deck
overhangs. As seen in Figure 188, the maximum tensile reinforcement bars are the #4

vertical reinforcement bars. Hence, the tensile stress is:

4.95e4 N / 129 mm”2 = 383.72 MPa = 55.65 ksi

1.9350+03
33490403

Figure 188: Axial force of the reinforcement bar in tension side at the moment of first
impact: Rectangular — 6 inch — front face
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7.1.1.4.3.2 Compression Side

As seen in Figure 189, the maximum compression reinforcement bars are
horizontal #3 reinforcement bar and are located at the bottom, middle and top face of the

barrier. Hence, the compressive stress is:

3.67e3 N /71 mm~2 = 40.56 MPa = 5.88ksi

14e+03 _

88036502
2875e+03

Figure 189: Axial force of the reinforcement bar in compression side at the moment of
first impact: Rectangular — 6 inch — front face

7.1.1.5 Modified Single-Slope Barrier

Figure 190 represents the truck before it starts to hit the barrier.
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Figure 190: Modified single-slope geometry model with NCAC single unit truck

7.1.1.5.1 Maximum Stress in the Barrier
7.1.1.5.1.1 Compression Side
Figure 191 illustrates the maximum stress in compression side of the barrier

caused by the front bumper of the truck. Maximum compression at first impact on the

barrier was 25.26 Mpa.
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Figure 191: First impact compression effects on modified single-slope barrier — 3d model
— front face

7.1.1.5.1.2 Tension Side

Figure 192 shows the maximum stress in tension side of the barrier. The maximum

tensile stress at the moment of first impact was 1.87 Mpa.

as1es 0]
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Figure 192: First impact tension effect on modified single-slope barrier — 3d model —
back face
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7.1.1.5.2 Maximum Stress in the Deck Overhang
7.1.1.5.2.1 Compression Side

Figure 193 shows the maximum stress in compression side of the deck. Maximum

compression at first impact on the barrier was 9.31 Mpa.

66400
2:9836+00~
3:88 Dere00=
4.797e+00
5 Chde8

Figure 193: Modified single-slope barrier first impact in compression side of the deck
overhang — top and back face

7.1.1.5.2.2 Tension Side

Figure 194 shows the maximum stress in tension side of the deck overhang The

maximum tensile stress at the moment of first impact was 2.92 Mpa.
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Figure 194: Modified single-slope barrier first impact in tension side of the deck
overhang — top and back face

7.1.1.5.3 Maximum Stress in Reinforcement bars

7.1.1.5.3.1 Tension Side
Reinforcement bars are front hairpin dowels that connect barrier to deck overhang.

As seen in Figure 195, the maximum tensile reinforcement bars are the #4 vertical

reinforcement bars. Hence, the tensile stress is:

4.10e4 N/ 129 mm”2 = 317.83 MPa = 40.10 ksi
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Figure 195: Axial force of the reinforcement bar in tension side at the moment of first
impact: Modified single-slope — front face

7.1.1.5.3.2 Compression Side

As seen in Figure 196, the maximum compression reinforcement bars are the
horizontal #3 reinforcement bars and are located at the bottom, middle and top face of the

barrier. Hence, the compressive stress is:

2.08e3 N /71 mm”2 = 29.30 MPa = 4.25ksi
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Figure 196: Axial force of the reinforcement bar in compression side at the moment of
first impact — Modified single-slope — front face

7.1.1.6 Inverted modified Single-Slope Barrier

Figure 197 represents the truck before it starts to hit the barrier.

Figure 197: Inverted modified single-slope geometry model with NCAC single unit truck
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7.1.1.6.1 Maximum Stress in the Barrier
7.1.1.6.1.1 Compression Side

Figure 198 shows the maximum stress in compression side of the barrier caused
by front bumper of the truck. Maximum compression at first impact on the barrier was

16.69 Mpa.
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Figure 198: First impact compression effects on inverted modified single-slope barrier —
3d model — front face

7.1.1.6.1.2 Tension Side
Figure 199 shows the maximum stress in the tension side of the barrier. The

maximum tensile stress at the moment of first impact was 2.09 Mpa.
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Figure 199: First impact tension effect on inverted modified single-slope barrier — 3d
model — back face

7.1.1.6.2 Maximum stress in the deck overhang
7.1.1.6.2.1 Compression Side
Figure 200 shows the maximum stress in the compression side of the deck

overhang.. Maximum compression at first impact on the barrier was 8.94 Mpa.
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Figure 200: Inverted modified single-slope barrier first impact in compression side of the
deck overhang — top and back face
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7.1.1.6.2.2 Tension Side

Figure 201 shows the maximum stress in the tension side of the deck overhang.

The maximum tensile stress at the moment of first impact was 1.82 Mpa.

ringe Levels
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Figure 201: Inverted modified single-slope barrier first impact in tension side of the deck
overhang — top and back face

7.1.1.6.3 Maximum stress in reinforcement bars
7.1.1.6.3.1 Tension Side

As seen in Figure ... maximum tensile reinforcement bars are #4 hairpin dowels

that connect the barrier to the deck overhang. Hence, the tensile stress is:

5.78e4 N / 129 mm”2 = 448.06 MPa = 64.99 ksi
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Figure 202: Axial force of the reinforcement bar in tension side at the moment of first
impact: Inverted modified single-slope — front face

7.1.1.6.3.2 Compression side

As seen in Figure 203, maximum compression reinforcement bars are horizontal

and #3 and located at the top of the deck overhang. Hence, the compressive stress is:

1.01e4 N /71 mm”2 = 142.25 MPa = 20.63ksi
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Figure 203: Axial force of the reinforcement bar in compression side at the moment of
first impact:  Inverted modified single-slope — front face

7.1.2 Maximum Deflection
This sub-chapter showed the maximum deflection of the barrier and deck

overhang based on single unit truck’s first impact.
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7.1.2.1 New Jersey Barrier

5.95 mm

Figure 204: Maximum deflection of barrier and deck overhang — New Jersey

7.1.2.1.1 Maximum Deflection in Barrier
As seen in Figure 205, the maximum deflection in the barrier at moment .205 sec

was 5.95 mm or 0.23 inches.
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Figure 205: Maximum deflection of the barrier at first impact — New Jersey geometry

7.1.2.1.2 Maximum deflection in deck overhang

As seen in Figure 206, the maximum deflection in the deck overhang at moment
0.21 sec was 1.18 mm or 0.05 inches.
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Figure 206: Maximum deflection of the deck overhang at first impact — New-Jersey
geometry
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This sub-chapter showed the maximum deflection of the barrier and deck

overhang based on single unit truck’s first impact.

7.1.2.2 Modified New Jersey Barrier

5.93 mm

Figure 207: Maximum deflection of barrier and deck overhang — modified New Jersey

7.1.2.2.1 Maximum Deflection in Barrier
As seen in Figure 208, maximum deflection in the barrier at moment 0.23 sec was

5.93 mm or 0.23 inches.
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Figure 208: Maximum deflection of the barrier at first impact — modified New Jersey
geometry

7.1.2.2.2 Maximum Deflection in Deck Overhang
As seen in Figure 209, maximum deflection in the deck overhang at moment

0.225 sec was 0.74 mm or 0.03 inches.
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Figure 209: Maximum deflection of the deck overhang at first impact — modified New
Jersey geometry
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7.1.2.3 Rectangular — 8 Inch Barrier

3.48 mm

Figure 210: Maximum deflection of barrier and deck overhang: Rectangular — 8 inch

7.1.2.3.1 Maximum Deflection in Barrier
As seen in Figure 211, maximum deflection in the barrier at moment 0.17 sec was

3.48 mm or 0.14 inches.
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Figure 211: Maximum deflection of the barrier at first impact: Rectangular — 8 inch
geometry

7.1.2.3.2 Maximum deflection in deck overhang
As seen in Figure 212, the maximum deflection in the deck overhang at moment

0.17 sec was 0.65 mm or 0.03 inches.
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Figure 212: Maximum deflection of the deck overhang at first impact: Rectangular - 8
inch geometry

186



7.1.2.4 Rectangular — 6 Inch Barrier

7.29 mm

Figure 213: Maximum deflection of barrier and deck overhang: Rectangular — 6 inch

7.1.2.4.1 Maximum Deflection in Barrier
As seen in Figure 214, the maximum deflection in the barrier at moment 0.18 sec

was 7.29 mm or 0.29 inches.
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Figure 214: Maximum deflection of the barrier at first impact:

geometry

7.1.2.4.2 Maximum deflection in deck overhang
As seen in Figure 215, the maximum deflection

0.19 sec was 0.68 mm or 0.03 inches.
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Figure 215: Maximum deflection of the deck overhang at first impact: Rectangular — 6

inch geometry

188



7.1.2.5 Modified single-slope barrier

5.25 mm

Figure 216: Maximum deflection of barrier and deck overhang: Modified single-slope

7.1.2.5.1 Maximum deflection in barrier
As shown in Figure 217, maximum deflection in the barrier at moment 0.195 sec

was 5.25 mm or 0.21 inches.
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Figure 217: Maximum deflection of the barrier at first impact: Modified single-slope
geometry
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7.1.2.5.2 Maximum deflection in deck overhang
As seen in Figure 218, the maximum deflection in the deck overhang at moment

0.20 sec was 1 mm or 0.04 inches.
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Figure 218: Maximum deflection of the deck overhang at first impact: Modified single-
slope geometry
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7.1.2.6 Inverted modified single-slope barrier

7.42 mm

Figure 219: Maximum deflection of barrier and deck overhang: Inverted modified
single-slope

7.1.2.6.1 Maximum deflection in barrier

As seen in Figure 218, the maximum deflection in the barrier at moment 0.235 sec

was 7.42 mm or 0.29 inches.
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Figure 220: Maximum deflection of the barrier at first impact: Inverted modified single-

slope geometry

7.1.2.6.2 Maximum deflection in deck overhang

As seen in Figure 221, the maximum deflection in the deck overhang at moment

0.24 sec was 1.11 mm or 0.04 inches.
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Figure 221: Maximum deflection of the deck overhang at first impact:
single-slope geometry
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7.2 Second Impact
7.2.1 Maximum Stress
As mentioned before in Sub-Chapter 7.1.1, this section will seek to determine the
maximum stress in barriers with different geometries at the moment of second impact.
Although the vehicle engine is located in front of the truck, since the back of the truck
has sharp edges at the bumper, it is very important to study the barrier and deck overhang

behavior after second impact.

7.2.1.1 New Jersey Barrier
7.2.1.1.1 Maximum Stress in the Barrier

7.2.1.1.1.1 Compression Side
Figure 222 shows the maximum stress in the compression side of the barrier

caused by the rear bumper of the truck. Maximum compression at second impact on the

barrier was 22.78Mpa.
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Figure 222: Second impact compression effects on New Jersey barrier: 3d model — front
face
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7.2.1.1.1.2 Tension Side
Figure 223 shows the maximum stress in the tension side of the barrier. The

maximum tensile stress at the moment of second impact was 2.16 Mpa.
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Figure 223: Second impact tension effect on New Jersey barrier: 3d model — back face

7.2.1.1.2 Maximum Stress in the Deck Overhang

7.2.1.1.2.1 Compression Side
Figure 224, shows the maximum stress in compression side of the deck overhang.

Maximum compression at the second impact on the barrier was 12.97 Mpa.
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Figure 224: New-Jersey barrier second impact in compression side of the deck overhang:
top face

7.2.1.1.2.2 Tension side

Figure 225 shows the maximum stress in the tension side of the deck overhang.

The maximum tensile stress in the moment of second impact was 2.35Mpa.
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Figure 225: New-Jersey barrier second impact in tension side of the deck overhang:
bottom and back face
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7.2.1.1.3 Maximum stress in reinforcement bars

7.2.1.1.3.1 Tension side

Reinforcement bars are located in the top and front side of the barrier As seen in
Figure 226, the maximum tensile reinforcement bars are the #4 vertical reinforcement

bars.. Hence, the tensile stress is:

5.23e4 N /129 mm”2 = 405.43 MPa = 58.80ksi

©3601e+03 |

1.808e+03 _

Figure 226: Axial force of the reinforcement bar in tension side at the moment of second
impact: New-Jersey barrier — front face

7.2.1.1.3.2 Compression side

As seen in Figure 227, the maximum compression to the reinforcement bars is at
the #3 horizontal reinforcement bar at the bottom face of the barrier. Hence, the

compressive stress is:
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3.67e3 N /71 mm”2 = 90.42 MPa = 13.11ksi
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Figure 227: Axial force of the reinforcement bar in compression side at the moment of
second impact: New Jersey — front face

7.2.1.2 Modified New-Jersey barrier
7.2.1.2.1 Maximum stress in the barrier

As seen in Figure 228, at the moment of second impact, all elements turn into red.
Although determining the exact location of elements in compression and tension is not

possible, all elements fell within the range of 26.57 MPa and 2.39 Mpa.
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Figure 228: Second impact compression and tension effects on modified New-Jersey
barrier:  3d model — front face

7.2.1.2.1.1 Compression side
Maximum compressive stress at the barrier was 26.57 Mpa

7.2.1.2.1.2 Tension side
Maximum tensile stress at the barrier was 2.39 Mpa

7.2.1.2.2 Maximum stress in the deck overhang

7.2.1.2.2.1 Compression side
Figure 229 shows the maximum stress in compression side of the deck overhang.

Maximum compression at second impact on the barrier was 31.11Mpa.
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Figure 229: Modified New Jersey barrier second impact in compression side of the deck
overhang: top face

7.2.1.2.2.2 Tension Side
Figure 230 shows the maximum stress in tension side of the deck overhang. The

maximum tensile stress at the moment of second impact was 2.38 Mpa.
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Figure 230: Modified New-Jersey barrier second impact in tension side of the deck
overhang: bottom face
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7.2.1.2.3 Maximum Stress in Reinforcement bars

7.2.1.2.3.1 Tension Side

As seen in Figure 231, the maximum tension for reinforcement bars is with the
#4 vertical reinforcement bars located at the middle of the barrier and front face,

respectively. Consequently, the tensile stress is:

6.17e4 N / 129 mm”2 = 478.29MPa = 69.37ksi

2.667e+03 _
3.896e+03 _

Figure 231: Axial force of the reinforcement bar in tension side at the moment of second
impact: Modified New Jersey barrier — front face

7.2.1.2.3.2 Compression side

As seen in Figure 232, the maximum compression reinforcement bars are the #3
horizontal reinforcement bars at the top face of the barrier. Hence, the compressive stress

is:

1.01e4 N/ 71 mm”2 = 142.25 MPa = 20.63ksi
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Figure 232: Axial force of the reinforcement bar in compression side at the moment of
second impact: Modified New Jersey barrier — front face

7.2.1.3 Rectangular — 8 inch barrier
7.2.1.3.1 Maximum stress in the barrier

7.2.1.3.1.1 Compression side

Figure 233 shows the maximum stress in compression side of the barrier caused
by the rear bumper of the truck. Maximum compression at second impact at the barrier

was 30.96Mpa.
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Figure 233: Second impact compression effects on Rectangular — 8 inch barrier: 3d
model — front face

7.2.1.3.1.2 Tension side
Figure 234 shows the maximum stress in tension side of the barrier has been

shown in the Figure ... The maximum tensile stress at the moment of second impact was

2.95 Mpa.
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Figure 234: Second impact tension effect on Rectangular — 8 inch barrier: 3d model —
back face

7.2.1.3.2 Maximum stress in the Deck Overhang

7.2.1.3.2.1 Compression side

Figure 235 shows the maximum stress in compression side of the deck overhang..

Maximum compression at second impact on the barrier was 12.15Mpa.
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Figure 235: Rectangular — 8 inch barrier second impact in compression side of the deck
overhang: top and back face

7.2.1.3.2.2 Tension side

Figure 236 shows the maximum stress in tension side of the deck overhang. The

maximum tensile stress at the moment of second impact was 2.97 Mpa.
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Figure 236: Rectangular — 8 inch barrier second impact in tension side of the deck
overhang: top and back face

7.2.1.3.3 Maximum stress in reinforcement bars

7.2.1.3.3.1 Tension Side

Reinforcement bars are front hairpin dowels that connect barriers to deck
overhangs. As seen in Figure 237, the maximum tensile reinforcement bars are #4

vertical reinforcement bars. Consequently, the tensile stress is:

5.38e4 N /129 mm”2 = 417.05 MPa = 60.49ksi
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Figure 237: Axial force of the reinforcement bar in tension side at the moment of second
impact: Rectangular — 8 inch — front face

7.2.1.3.3.2 Compression Side
As seen in Figure 238, the maximum compression reinforcement bars are the #3

horizontal reinforcement bars located at the middle and top face of the barrier. Thus, the

compressive stress is:

3.60e3 N /71 mm”2 = 50.70 MPa = 7.35ksi
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Figure 238: Axial force of the reinforcement bar in compression side at the moment of
second impact: Rectangular — 8 inch — front face

7.2.1.4 Rectangular — 6 Inch Barrier
7.2.1.4.1 Maximum stress in the barrier

7.2.1.4.1.1 Compression side

Figure 239 shows the maximum stress in compression side of the barrier caused
by the rear bumper of the truck. The maximum compression at second impact on the

barrier was 42.89 Mpa.
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Figure 239: Second impact compression effects on Rectangular — 6 inch Barrier: 3d
model — front face

7.2.1.4.1.2 Tension side
Figure 240 shows the maximum stress in tension side of the barrier. The

maximum tensile stress at the moment of second impact was 2.76Mpa.
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Figure 240: Second impact tension effect on Rectangular 6 inch barrier: 3d model —
back face
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7.2.1.4.2 Maximum stress in the deck overhang

7.2.1.4.2.1 Compression Side

Figure 241 shows the maximum stress in compression side of the deck overhang .

The maximum compression at second impact on the barrier was 21.14Mpa.
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Figure 241: Rectangular — 6 inch barrier second impact in compression side of the deck
overhang: top and back face

7.2.1.4.2.2 Tension side
Figure 242 shows the maximum stress in tension side of the deck overhang. The

maximum tensile stress at the moment of second impact was 2.90 Mpa.
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Figure 242: Rectangular — 6 inch barrier second impact in tension side of the deck
overhang: back face

7.2.1.4.3 Maximum stress in reinforcement bars

7.2.1.4.3.1 Tension Side
As seen in Figure 243, the maximum tensile reinforcement bars are the #4 vertical

reinforcement bars. Reinforcement bars are front hairpin dowels that connect barrier to

deck overhang. Therefore, the tensile stress is:

5.47e4 N/ 129 mm”2 = 424.03 MPa = 61.50ksi
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Figure 243: Axial force of the reinforcement bar in tension side at the moment of second
impact: Rectangular — 6 inch — front face

7.2.1.4.3.2 Compression side
As seen in Figure 244, the maximum compression reinforcement bars are the #3

horizontal reinforcement bars located at the bottom face of the barrier. Thus, the

compressive stress is:

1.60e4 N /71 mm”"2 = 225.35 MPa = 32.68ksi
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Figure 244: Axial force of the reinforcement bar in compression side at the moment of
second impact: Rectangular — 6 inch — front face

7.2.1.5 Modified single-slope barrier
7.2.1.5.1 Maximum stress in the barrier

7.2.1.5.1.1 Compression Side

Figure 245 shows the maximum stress in compression side of the barrier caused
by the rear bumper of the truck. Maximum compression at second impact at the barrier

was 22.65Mpa.

Figure 245: Second impact compression effects on modified single-slope barrier: 3d
model — front face

7.2.1.5.1.2 Tension side

Figure 246 shows the maximum stress in tension side of the barrier. The

maximum tensile stress in the moment of second impact was 2.30Mpa.
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Figure 246: Second impact tension effect on modified single-slope barrier: 3d model —
back face

7.2.1.5.2 Maximum stress in the deck overhang

7.2.1.5.2.1 Compression side

Figure 247 shows the maximum stress in compression side of the deck overhang.

Maximum compression at second impact on the barrier was 14.30Mpa.
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Figure 247: Modified single-slope barrier second impact in compression side of the deck
overhang: top and back face
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7.2.1.5.2.2 Tension side
Figure 248 shows the maximum stress in tension side of the deck overhang. The

maximum tensile stress at the moment of second impact was 2.32Mpa.
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Figure 248: Modified single-slope barrier second impact in tension side of the deck
overhang:  bottom and back face

7.2.1.5.3 Maximum stress in reinforcement bars

7.2.1.5.3.1 Tension side
As seen in Figure 249, the maximum tensile reinforcement bars are the #4

vertical reinforcement bars. Reinforcement bars are front hairpin dowels that connect

barrier to deck overhang. Hence, the tensile stress is:

4.58e4 N / 129 mm”"2 = 355.04 MPa = 51.49ksi
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Figure 249: Axial force of the reinforcement bar in tension side at the moment of second
impact: Modified single-slope — front face

7.2.1.5.3.2 Compression side

As seen in Figure 250, the maximum compression reinforcement bars are the
horizontal #3 reinforcement bars located at the bottom, middle and top face of the

barrier. Hence, the compressive stress is:

4.48e3 N /71 mm”2 =63.10 MPa = 9.15ksi

214



Figure 250: Axial force of the reinforcement bar in compression side at the moment of
second impact: Modified single-slope — front face

7.2.1.6 Inverted modified single-slope barrier
7.2.1.6.1 Maximum stress in the barrier

7.2.1.6.1.1 Compression side

Figure 251 shows the maximum stress in compression side of the barrier caused
by the impact of the rear bumper of the truck. The maximum compression at the second

impact at the barrier was 24.27Mpa.
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Figure 251: Second impact compression effects on inverted modified single-slope barrier:
3d model — front face

7.2.1.6.1.2 Tension side
Figure 252 shows the maximum stress in tension side of the barrier. The

maximum tensile stress at the moment of second impact was 2.41Mpa.
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Figure 252: Second impact tension effect on inverted modified single-slope barrier: 3d
model — back face
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7.2.1.6.2 Maximum stress in the deck overhang
7.2.1.6.2.1 Compression side
Figure 253 shows the maximum stress in compression side of the deck overhang.

Maximum compression at second impact on the barrier was 21.37 Mpa.
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Figure 253: Inverted modified single-slope barrier second impact in compression side of
the deck overhang: top and back face

7.2.1.6.2.2 Tension side
Figure 254 shows the maximum stress in tension side of the deck overhang. The

maximum tensile stress at the moment of second impact was 2.37 Mpa.
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Figure 254: Inverted modified single-slope barrier second impact in tension side of the
deck overhang: top and back face

7.2.1.6.3 Maximum stress in reinforcement bars

7.2.1.6.3.1 Tension side

As seen in Figure 255, the maximum tensile reinforcement bars are the #4 hairpin
dowels that connect the barrier to the deck overhang and the topside reinforcement bars

located in the deck overhang. Hence, the tensile stress is:

6.00e4 N / 129 mm”2 = 465.12 MPa = 67.46ksi
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Figure 255: Axial force of the reinforcement bar in tension side at the moment of second
impact: Inverted modified single-slope — front face

7.2.1.6.3.2 Compression side
As seen in Figure 256, the maximum compression reinforcement bars are #3

horizontal and located at the top of the deck overhang. Consequently, the compressive

stress is:

1.19e4 N /71 mm”2 = 167.61 MPa = 24.31ksi
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Figure 256: Axial force of the reinforcement bar in compression side at the moment of
second impact: Inverted modified single-slope — front face

7.2.2 Maximum Deflection
This Sub-Chapter shows the maximum deflection of the barrier and deck

overhang based on single unit truck second impact.

7.2.2.1 New Jersey Barrier

7.20 mm

Figure 257: Maximum deflection of barrier and deck overhang — New Jersey

7.2.2.1.1 Maximum deflection in barrier
As seen in Figure 258, maximum deflection in the barrier in moment .44 sec was

7.20 mm or 0.28 inches.
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Figure 258: Maximum deflection of the barrier at second impact — New Jersey geometry

7.2.2.1.2 Maximum deflection in deck overhang

As seen in Figure 259, maximum deflection in the deck overhang at moment 0.44

sec was 1.03 mm or 0.04 inches.
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Figure 259: Maximum deflection of the deck overhang at second impact — New Jersey
geometry
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This Sub-Chapter shows the maximum deflection of the barrier and deck

overhang based on single unit truck second impact.

7.2.2.2 Modified New-Jersey Barrier

21.30 mm

Figure 260: Maximum deflection of barrier and deck overhang — modified New Jersey

7.2.2.2.1 Maximum Deflection in Barrier
As seen in Figure 261, maximum deflection in the barrier in moment 0.455 sec

was 21.30 mm or 0.84 inches.
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Figure 261: Maximum deflection of the barrier at second impact — modified New Jersey
geometry

7.2.2.2.2 Maximum deflection in deck overhang
As seen in Figure 262, maximum deflection in the deck overhang at moment 0.46

sec was 2.10 mm or 0.08 inches.
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Figure 262: Maximum deflection of the deck overhang at second impact — modified New
Jersey geometry
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7.2.2.3 Rectangular — 8 inch Barrier

20.1 mm

Figure 263: Maximum deflection of barrier and deck overhang — Rectangular — 8 inch

7.2.2.3.1 Maximum deflection in barrier
As seen in Figure 264, maximum deflection in the barrier at moment 0.415 sec

was 20.1 mm or 0.79 inches.
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Figure 264: Maximum deflection of the barrier at second impact: Rectangular — 8 inch
geometry
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7.2.2.3.2 Maximum deflection in deck overhang
As seen in Figure 265, maximum deflection in the deck overhang at moment

0.415 sec was 2.9 mm or 0.11 inches.
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Figure 265: Maximum deflection of the deck overhang at second impact: Rectangular —
8 inch geometry
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7.2.2.4 Rectangular — 6 inch Barrier

39.1 mm

Figure 266: Maximum deflection of barrier and deck overhang: Rectangular — 6 inch

7.2.2.4.1 Maximum Deflection in Barrier

As seen in Figure 267, maximum deflection in the barrier at moment 0.435 sec

was 39.1 mm or 1.54 inches.
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Figure 267: Maximum deflection of the barrier at second impact:
geometry
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7.2.2.4.2 Maximum Deflection in Deck Overhang

As seen in Figure 268, maximum deflection in the deck overhang at moment 0.435

sec was 3.10 mm or 0.12 inches.
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Figure 268: Maximum deflection of the deck overhang at second impact: Rectangular —
6 inch geometry
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7.2.2.5 Modified Single-Slope barrier

8.37 mm

Figure 269: Maximum deflection of barrier and deck overhang: Modified single-slope

7.1.2.5.1 Maximum deflection in barrier
As seen in Figure 270, maximum deflection in the barrier at moment 0.45 sec was

8.37 mm or 0.33 inches.
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Figure 270: Maximum deflection of the barrier at second impact — Modified single-slope

7.2.2.5.2 Maximum deflection in

geometry

deck overhang

As seen in Figure 271, maximum deflection in the deck overhang at moment 0.45

sec was 2.59 mm or 0.10 inches.
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Figure 271: Maximum deflection of the deck overhang at second impact:

Modified
single-slope geometry

229



7.2.2.6 Inverted modified single-slope barrier

25 mm

Figure 272: Maximum deflection of barrier and deck overhang: Inverted modified
single-slope

7.2.2.6.1 Maximum deflection in barrier
As seen in Figure 273, maximum deflection in the barrier at moment 0.425 sec

was 25 mm or to 0.98 inches.
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Figure 273: Maximum deflection of the barrier at second impact:

single-slope geometry

7.2.2.6.2 Maximum deflection in deck overhang

Inverted modified

As seen in Figure 274, maximum deflection in the deck overhang at moment

0.425 sec was 3 mm or 0.12 inches.
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Figure 274: Maximum deflection of the deck overhang at second impact — Inverted

modified single-slope geometry
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7.3 Internal Energy Absorption

This sub-chapter determined the contribution of energy absorption by each
portion in the system. By considering a certain amount of time, after first and second
impact, for each geometry, it is possible to determine the percentage of internal energy
absorbed by the vehicle, the barrier, the deck overhang, and the reinforcement bars. As
previously mentioned, first impact for different geometries occurred within a 0.065-
second tolerance. This variation is based on different geometries having different
thicknesses so as to slightly alter the moment of impact by the truck. As well, the
maximum time between the second and first impact - 0.255 seconds - occurred in
“Modified Single Slope” and “Rectangular — 6 inch” geometries. Therefore, the research
will consider the internal energy at “the moment of second impact (+ 0.18 second)”. The
purpose for adding this 0.18-second is to insure that the energy of the second impact is
fully absorbed by all components and all reinforcement bars have less than 6% strain.

Based on this assumption, the moment of measuring energy for geometries would be:

New-Jersey geometry: 0.62 sec

Modified New-Jersey geometry: 0.635 sec

Rectangular — 8 inch geometry: 0.595 sec

Rectangular — 6 inch geometry: 0.615 sec

Modified single-slope: 0.63 sec

Inverted modified single-slope: 0.605 sec
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This research tried to determine the internal energy absorbed by each component
at the same time within different barriers, but the barrier geometries are different.
Consequently, the vehicle's "first impact”, "second impact"”, and "sliding between first
and second impact" are different in nature for these geometries. For instance, by
comparing the first impact in "New Jersey barrier" with "rectangular - 8 inch barrier,” it
is obvious that at the first impact with "New-Jersey barrier”, both tire and front bumper
impact the barrier at the same time, but in “rectangular - 8 inch barrier”, only the front
bumper impacts the barrier at the moment of first impact. Hence, calculating the absolute
time of the first and second impact is not possible, but with an acceptable tolerance, it is
possible to determine them and calculate the internal energy absorbed by each

component.

7.3.1 New-Jersey
7.3.1.1 Truck
Figure 275 represents the internal energy graph of the truck for New Jersey

geometry.
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Figure 275: Internal energy of the truck — New Jersey geometry
As seen above, the internal energy of the truck at 0.62 sec is 1.73e8 n-mm.

7.3.1.2 Barrier

Figure 276 represents the internal energy graph of the barrier for New Jersey

geometry.
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Figure 276: Internal energy of the barrier — New Jersey geometry

As seen above, the internal energy of the barrier at 0.62 sec is 4.22e8 n-mm.

7.3.1.3 Deck Overhang

Figure 277 represents the internal energy graph of the deck overhang for New

Jersey geometry.
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Figure 277: Internal energy of the deck overhang — New Jersey geometry
As seen above, the internal energy of the barrier at 0.62 sec is 1.24€9 n-mm.

7.3.1.4 Reinforcement bars

Figure 278 represents the internal energy graph of the reinforcement bars for New

Jersey geometry.
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Figure 278: Internal energy of the reinforcement bars — New Jersey geometry
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As seen above, the internal energy of the reinforcement bars at 0.62 sec is 2.18e8

n-mm.

7.3.2 Modified New Jersey

7.3.2.1 Truck
Figure 279 represents the internal energy graph of the truck for modified New

Jersey geometry.
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Figure 279: Internal energy of the truck — modified New Jersey geometry
As seen above, the internal energy of the truck at 0.635 sec is 1.68e8 n-mm.

7.3.2.2 Barrier
Figure 280 represents the internal energy graph of the barrier for modified New

Jersey geometry.
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Figure 280: Internal energy of the barrier — modified New Jersey geometry
As seen above, the internal energy of the barrier at 0.635 sec is 6.70e8 n-mm.

7.3.2.3 Deck Overhang

Figure 281 represents the internal energy graph of the deck overhang for modified

New Jersey geometry.
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Figure 281: Internal energy of the deck overhang — modified New Jersey geometry

As seen above, the internal energy of the barrier at 0.635 sec is 6.3e8 n-mm.
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7.3.2.4 Reinforcement bars

Figure 282 represents the internal energy graph of the reinforcement bars for

modified New Jersey geometry.
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Figure 282: Internal energy of the reinforcement bars — modified New Jersey geometry

As seen in above, the internal energy of the reinforcement bars at 0.635 sec is

2.39e8 n-mm.

7.3.3 Rectangular — 8 inch
7.3.3.1 Truck

Figure 283 represents the internal energy graph of the truck for rectangular — 8

inch geometry.
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Figure 283: Internal Energy of the Truck — Rectangular 8 inch geometry
As seen above, the internal energy of the truck at 0.595 sec is 1.86e8 n-mm.

7.3.3.2 Barrier
Figure 284, represents the internal energy graph of the barrier for rectangular — 8

inch geometry.
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Figure 284: Internal energy of the barrier —rectangular — 8 inch geometry
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As seen above, the internal energy of the barrier at 0.595 sec is 3.40e8 n-mm.

7.3.3.3 Deck Overhang

Figure 285 represents the internal energy graph of the deck overhang for

rectangular — 8 inch geometry.
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Figure 285: Internal energy of the deck overhang — rectangular — 8 inch geometry
As seen above, the internal energy of the barrier at 0.595 sec is 6.50e8 n-mm.

7.3.3.4 Reinforcement bars

Figure 286 represents the internal energy graph of the reinforcement bars for

rectangular — 8 inch geometry.
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Figure 286: Internal energy of the reinforcement bars — rectangular — 8 inch geometry

As seen above, the internal energy of the reinforcement bars at 0.595 sec is 2.40e8

n-mm.

7.3.4 Rectangular — 6 inch

7.3.4.1 Truck

Figure 287 represents the internal energy graph of the truck for rectangular — 6

inch geometry.
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Figure 287: Internal energy of the Truck — Rectangular — 6 inch geometry
As seen above, the internal energy of the truck at 0.615 sec is 2.79e8 n-mm.

7.3.4.2 Barrier

Figure 288 represents the internal energy graph of the barrier for rectangular — 6

inch geometry.
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Figure 288: Internal energy of the Barrier — Rectangular — 6 inch geometry
As seen above, the internal energy of the barrier at 0.615 sec is 6.21e8 n-mm.

7.3.4.3 Deck Overhang

Figure 289 represents the internal energy graph of the deck overhang for

rectangular — 6 inch geometry.
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Figure 289: Internal energy of the deck overhang — rectangular — 6 inch geometry
As seen above, the internal energy of the barrier at 0.615 sec is 1.06e9 n-mm.

7.3.4.4 Reinforcement bars

Figure 290 represents the internal energy graph of the reinforcement bars for

rectangular — 6 inch geometry.
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Figure 290: Internal energy of the reinforcement bars — rectangular — 6 inch geometry
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As seen above, the internal energy of the reinforcement bars at 0.615 sec is 2.92e8

n-mm.

7.3.5 Modified single-slope

7.3.5.1 Truck

Figure 291 represents the internal energy graph of the truck for modified single-

slope geometry.
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Figure 291: Internal energy of the truck — modified single-slope
As seen above, the internal energy of the truck at 0.63 sec is 1.85e8 n-mm.

7.3.5.2 Barrier

Figure 292 represents the internal energy graph of the barrier for modified single-

slope geometry.
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Figure 292: Internal energy of the barrier — modified single-slope
As seen above, the internal energy of the barrier at 0.63 sec is 3.08e8 n-mm.

7.3.5.3 Deck Overhang
Figure 293 represents the internal energy graph of the deck overhang for modified

single-slope.
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Figure 293: Internal energy of the deck overhang — modified single-slope
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As seen above, the internal energy of the barrier at 0.63 sec is 1.09¢9 n-mm.

7.3.5.4 Reinforcement bars

Figure 294 represents the internal energy graph of the reinforcement bars for

modified single-slope.
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Figure 294: Internal energy of the reinforcement bars — modified single-slope

As seen above, the internal energy of the reinforcement bars at 0.63 sec is 1.44e8

7.3.6 Inverted Modified Single-Slope
7.3.6.1 Truck

Figure 295 represents the internal energy graph of the truck for inverted modified

single-slope geometry.

246



#8 PlotWindow-1

- e

Mat Id

A sum-2000001
2000001,2000002,2000003
2000004,2000005,2000006
2000007,2000008,2000009
2000010,2000011,2000012
2000015,2000016,2000018

gy (E+9)

2000019,2000020,2000021
2000022,2000023,2000024
2000025,2000026,2000027
2000028,2000029,2000030
2000031,2000032,2000033
2000034,2000035,2000036
2000037,2000038,2000039
2000040,2000041,2000042
2000043,2000044,2000045
2000046,2000047,2000048

internal_ener

SRS ‘ Title Scale Attr I Filter I Print ’ Save Load Oper Hide Close Quit ’ W

Figure 295: Internal energy of the truck — inverted modified single-slope
As seen above, the internal energy of the truck at 0.605 sec is 2.15e8 n-mm.

7.3.6.2 Barrier
Figure 296 represents the internal energy graph of the barrier for inverted

modified single-slope geometry.
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Figure 296: Internal energy of the barrier — inverted modified single-slope
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As seen above, the internal energy of the barrier at 0.605 sec is 9.08e8 n-mm.

7.3.6.3 Deck Overhang
Figure 297 represents the internal energy graph of the deck overhang for inverted

modified single-slope.
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Figure 297: Internal energy of the deck overhang — inverted modified single-slope
As seen above, the internal energy of the barrier at 0.605 sec is 2.10e9 n-mm.

7.3.6.4 Reinforcement bars

Figure 298 represents the internal energy graph of the reinforcement bars for

inverted modified single-slope
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Figure 298: Internal energy of the reinforcement bars — inverted modified single-slope

As seen above, the internal energy of the reinforcement bars at 0.605 sec is 3.95e8

n-mm.
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8 RESULTS AND DISCUSSION

The purpose of this chapter is to (1) compare all barriers in static simulation in
order to perform the best geometry which does not only provide enough safety, but also
proves to be more economical than New Jersey barrier; (2) compare all barriers in
dynamic simulation in order to find the most efficient geometry in terms of production
cost and safety; (3) compare static simulation with dynamic simulation for all geometries;
(4) demonstrate the damage to the barriers and deck overhangs caused by dynamic
impact, and (5) demonstrate the vehicle rolling over on all barriers to determine the most

efficient geometry with maximum safety.

Due to the compatibility of barrier and truck interaction, a fine mesh detailed

finite element analysis model was developed.

In order to demonstrate the accuracy of the aforementioned FE model, several
tests were conducted in “Evaluation of LS-DYNA Concrete Material 159” report. Since
the results matched closely with the FE results, by considering the same materials and

definitions, it is possible to obtain reliable results with an acceptable amount of tolerance.

It is important to mention that there is no specific guidelines to design barriers
based on dynamic impact that considers all criteria such as vehicle deformation, stress
distribution, and the behavior of the vehicle after impact. Hence, a factual way to observe

and calculate all of the above is to simulate and run finite element analysis models.

In order to propose the best geometry by considering all safety criteria, five

different geometries were considered.
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8.1 Static simulation results comparison
8.1.1 Maximum stress
8.1.1.1 Maximum stress in barriers
8.1.1.1.1 Compression side
Figure 299 represents the maximum stress on barriers in compression side, or

front face of the barrier.

Barrier compression side

16 15.20 Mpa
14
12
2 9.59 Mpa
, 762 M
: a
g P 6.74 Mpa 6.51 Mpa
g 921 Mpa
a
2
New-jersey Modified Rectangular-Rectangular- Modified Inverted
New-jersey 8" 6" Single-sope  Modified

Singie-slope

Figure 299: Maximum stress in compression side of barriers

As seen in Figure 299 the maximum stress is exhibited by the rectangular — 6 inch
geometry, and is equal to 15.20 Mpa. Since this number is less than 30.44 Mpa, none of

the barriers reached or exceeded yield compression of the concrete.

8.1.1.1.2 Tension side
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Figure 300 represents the maximum stress on barriers in tension side, or back

face, of the barrier.

Barrier tension side

245 Mpa 2.45 Mpa

245 242 Mpa
24 2.37 Mpa 2.36 Mpa
2.35
N 2.3 Mpa
2.25 l
22

New-jersey Meodified Rectangular Rectangular Meodified Inverted
New-jersey -8" -6" Sngie-slope Modified
Sngie-slope

Figure 300: Maximum stress in tension side of barriers

As seen above, the maximum stress is exhibited by the rectangular — 6 and 8 inch
geometries, and is equal to 2.45 Mpa. Chapter 3 of this research mentioned that module
of rupture for barrier concrete based on ACI 318-14 is equal to 3.44 MPa (498.34 psi).
Since this number is less than 3.44 Mpa, none of the barriers reached or exceeded module

of rupture.

8.1.1.2 Maximum stress in deck overhang
8.1.1.2.1 Compression side
Figure 301 represents the maximum stress on deck overhang in compression side,

or bottom face, of deck overhang.
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Deck overhang compression side
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Figure 301: Maximum stress in compression side of deck overhang

As seen above, the maximum stress belongs to modified New Jersey geometry,
and is equal to 6.07 Mpa. Since this number is less than 35.52 Mpa, none of the barriers

reached or exceeded yield compression of the concrete.

8.1.1.2.2 Tension side
Figure 302 represents the maximum stress on deck overhang in tension side, or

top face of deck overhang.
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Figure 302: Maximum stress in tension side of barriers

As seen above, the maximum stress belongs to modified New Jersey geometry,

and is equal to 2.11 Mpa. Chapter 3 of this research mentioned that module of rupture for

barrier concrete based on ACI 318-14 is equal to 3.71 MPa (538.33 psi). Since this

number is less than 3.44 Mpa, none of the barriers reached or exceeded module of

rupture.

8.1.1.3 Maximum stress in reinforcement bars

8.1.1.3.1 Compression side

Figure 303 represents the maximum stress on reinforcement bars in compression,

or back face, of barrier.
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Rebars compression side
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Figure 303: Maximum stress for reinforcement bars in compression

As seen above, the maximum stress belongs to rectangular — 6 inch geometry, and
is equal to 263.57 Mpa. Since the yield point for steel in compression and tension side
considered as 413.69 Mpa, none of the reinforcement bars reached or exceeded the yield

point of the steel.

8.1.1.3.2 Tension side

Figure 304 represents the maximum stress on reinforcement bars in tension side,

or front face of barrier.
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Figure 304: Maximum stress for reinforcement bars in tension

As seen above, the maximum stress belongs to modified New Jersey and
rectangular — 6 inch geometries, and is equal to 415.50 and 413.95 MPa respectively.
Since the yield point for steel in compression and tension side is considered as 413.69

Mpa, the said reinforcement bars passed the yield point and entered into plasticity mode.

8.1.2 Maximum Deflection
Figure 305 and 306 show the maximum deflection in barrier and deck overhang

respectively, based on a 54 kip distributed load that represents Test Level 4.
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Barrier deflection
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Figure 305: Maximum deflection at barriers
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Figure 306: Maximum deflection in deck overhang

The maximum deflection for the barriers was exhibited in modified New Jersey

and rectangular — 6 inch barrier and was equal to 12.7 mm and 15.9 mm respectively. In
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the deck overhang, almost all geometries had a similar range of between 0.66 and 0.88

mm.

8.2 Dynamic simulation results comparison
Compared to static simulations, in dynamic simulations, maximum tensile and
compressive stress in concrete blocks are not necessarily located at the point of first or
second impact. As has been discussed and shown in Chapter 5, maximum compressive

and tensile stresses are located at different points in different geometries.

The optimized barrier that this research is looking for should:

Be able to resist the impact force caused by the vehicle while it is safe and

economical to manufacture.

e Keep the deflection in the barrier and deck overhang to a minimum.

o Not redirect the vehicle to the traffic lane.

e Not cause the vehicle to roll over the barrier which may cause serious damage
to the traffic layers underneath.

e Minimize damage to all portions and minimize the total energy produced by

the impact.
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8.2.1 Maximum stress
8.2.1.1 Maximum stress in barrier
8.2.1.1.1 Compressive strength

8.2.1.1.1.1 First impact

Figure 307 represents the maximum compressive strength in barriers at moment

of first impact.

Barrier compression side - Firstimpact

v

3 31.05 Mpa Maximum Strength
30 27.84 Mpa 31.96 Mpa
25 25.26 Mpa
z 20.72 Mpa 9q 22 Mpa
20 16.69 Mpa
15
10
5
0
New-jersey Modified Rectangular -Rectangular - Modified Inverted
New-jersey 8" 6" Single-siope Modified
Single-slope

Figure 307: Maximum compressive strength in barriers — First impact

As seen above, the maximum stress belongs to rectangular — 8 inch geometry, and
is equal to 31.05 Mpa. Although this value is less than 31.96 Mpa, but the barrier will

almost get close to the concrete compressive strength.

8.2.1.1.1.2 Second impact

Figure 308 represents the maximum compressive strength on barriers at moment

of second impact.
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Figure 308: Maximum compressive strength in barriers — Second impact

As seen above, the maximum stress belongs to rectangular — 8 and 6 inch
geometries, and are equal to 30.96 MPa and 42.89 MPa respectively. Since these values
are more or close to 31.96 Mpa, these barriers will reach the concrete compressive
strength at second impact and they cannot meet the first criteria for a barrier that this

research is looking for, because after this number, barriers will lose serviceability.

8.2.1.1.2 Tensile strength

8.2.1.1.2.1 First impact
Figure 309 represents the maximum tensile strength of barriers at moment of first

impact.
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Figure 309: Maximum tensile strength in barriers — First impact

As seen above, all of the barriers have a tensile strength range of between 1.87
MPa and 2.8 MPa at the moment of first impact. Since all values are below 3.61 Mpa,

none of the barriers would reach tensile strength limits or crack.

8.2.1.1.2.2 Second impact
Figure 310 represents the maximum tensile strength of barriers at the moment of

second impact.
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Figure 310: Maximum tensile strength in barriers — Second impact

As seen above, at the moment of second impact, all of the barriers have a tensile
strength range of between 2.16 MPa and 2.95 Mpa. Since all values are less than 3.61

Mpa, none of the barriers would reach tensile strength limits or crack.

8.2.1.2 Maximum stress in deck overhang
8.2.1.2.1 Compressive strength

8.2.1.2.1.1 First impact

Figure 311 represents the maximum compressive strength of deck overhang at the

moment of first impact.
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Figure 311: Maximum compressive strength in deck overhang — First impact

As seen above, the maximum stress belongs to New Jersey, rectangular — 8 inch,
and modified single-slope geometries, and is equal to 9.31 Mpa. Since this value is less
than 37.30 Mpa, these barriers will not reach the concrete compressive strength limit at

first impact.

8.2.1.2.1.2 Second impact
Figure 312 represents the maximum compressive strength in deck overhang at the

moment of second impact.
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Figure 312: Maximum compressive strength in deck overhang — Second impact

As seen above, the maximum stress belongs to modified New Jersey geometry,
and is equal to 31.11 Mpa. Although this value is fairly close to but less than 37.30 MPa -
the compressive strength of the concrete in deck overhang - this geometry might lose its

serviceability after the second impact.

8.2.1.2.2 Tensile strength

8.2.1.2.2.1 First impact

Figure 313 represented the maximum tensile strength in deck overhang at the

moment of first impact.
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Figure 313: Maximum tensile strength in deck overhang — First impact

As depicted above, at the moment of first impact, all of the deck overhangs have a
tensile strength range of between 1.82 MPa and 2.92 Mpa. Since all values are less than

3.90 Mpa, none of the deck overhangs would not reach tensile strength limits or crack.

8.2.1.2.2.2 Second impact
Figure 314 represented the maximum tensile strength in deck overhang at the

moment of second impact.
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Figure 314: Maximum tensile strength in deck overhang — Second impact

As seen above, at the moment of second impact, all of the barriers have a tensile
strength range of between 2.32 MPa and 2.97 Mpa. Since all values are less than 3.90

Mpa, none of the barriers would reach tensile strength limits or crack.

8.2.1.3 Maximum stress at reinforcement bars
8.2.1.3.1 Compressive strength

8.2.1.3.1.1 First impact

Figure 315 represents the maximum compressive strength of the reinforcement

bars at the moment of first impact.
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Figure 315: Maximum compressive strength of reinforcement bars — First impact

As seen above, the maximum capacity for stress belongs to inverted modified
single-slope geometry, and is equal to 142.25 Mpa. Since this value is less than 413.69
MPa (60 ksi), reinforcement bars will not reach the concrete compressive strength at first

impact.

8.2.1.3.1.2 Second impact

Figure 316 represents the maximum compressive strength of reinforcement bars at

the moment of second impact.
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Figure 316: Maximum compressive strength of reinforcement bars — Second impact

As seen above, the maximum capacity for stress belongs to modified New Jersey,
rectangular — 6 inch, and inverted modified single-slope geometries, and are equal to
142.25, 225.35, 167.61 MPa respectively. All of these values are less than 413.69 MPa
(60 ksi), and consequently, none of the reinforcement bars would reach compressive

strength limits.

8.2.1.3.2 Tensile strength

8.2.1.3.2.1 First impact

Figure 317 represents the maximum tensile strength of reinforcement bars at the

moment of first impact.
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Figure 317: Maximum tensile strength in reinforcement bars — First impact

As seen in above, only the Inverted Modified Single-Slope geometry reached and
exceeded the yield point. Therefore, the Inverted Modified Single-Slope might not be

serviceable after the first impact and cannot meet the first criteria of this research.

8.2.1.3.2.2 Second impact

Figure 318 represents the maximum tensile strength of reinforcement bars at the

moment of second impact.
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Rebars tension side - Second impact
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Figure 318: Maximum tensile strength of reinforcement bars — Second impact

As realized above, with the exception of the New Jersey and modified single-
slope geometries, all other barriers and reinforcement bars reach and exceed the yield

stress point.

8.2.2 Maximum deflection
8.2.2.1 First impact
Figure 319 and 320 exhibited the maximum deflection in barrier and deck
overhang respectively, based on Test Level 4 single unit truck at the moment of first

impact.
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Figure 319: Maximum deflection at barriers — first impact
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Figure 320: Maximum deflection in deck overhang — first impact
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The maximum deflection of the barriers at moment of first impact was in the
rectangular — 6 inch barrier and inverted modified single-slope geometries. Deflection
was measured at 7.29 mm and 7.42 mm respectively. In the deck overhang, almost all

geometries had a consistent range of between 0.65 mm and 1.18 mm.

8.2.2.2 Second Impact
Figure 231 and 322 showed the maximum deflection in barrier and deck overhang

respectively, based on Test Level 4 single unit truck at the moment of second impact.

Barrier deflection - Second impact

39.1 mm

25 mm

21.3mm 201 mm
20
15
1 ]

New-jersey Modfied Rectangular Rectangular Mod#ied Inverted
new-jersey -8inch -6inch single-slope modified
sngie-siope

Figure 321: Maximum deflection at barriers — second impact
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Deck overhang deflection - Second impact
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Figure 322: Maximum deflection at deck overhang — second impact

Except for the New Jersey and modified single-slope geometries, all other barriers
had deflection of more than 20 mm. The maximum deflection was for the rectangular — 6

inch and equal to 39.1 mm.

As for the deck overhang, the greater part of the geometries had the same range:
between 1.03 mm and 3.1 mm. Although the deflection at the deck overhang, for all
geometries, are almost acceptable, since the deflection at the barrier in all geometries —
with the exception of the New Jersey and the modified single-slope - is too high, they

will not meet the second criteria of this research, namely, to keep the deflection minimal.

8.2.3 Internal Energy Comparison
Internal energy absorption is explained in previous chapters. In order to find the
most efficient and economical geometry, this chapter compared all internal energy
absorption by classifying them into two different categories. The first category compared

internal energy between different geometries but the same component, and the second
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category compared internal energy absorbed by each geometry via all components. All

internal energies were extracted from LS-DYNA graphs at the moment of “second impact

+0.18 second”

8.2.3.1 Internal energy absorbed by each component

Figure 323 to 326 represented the internal energy absorbed by each component in

all geometries.
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Figure 323: Internal energy absorbed by vehicle at all geometries
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Figure 324: Internal energy absorbed by barrier at all geometries

2. 50E+09

2. D0E+09

1 50E+09

1.00E+09

5.00E+08

0.00E+D0

Deck overhang

1.98e9
n-mim
6.03ed
£.9%8 550e8 n-mm
N-mim N-rm
I 32866 1.47e8
n-mim
I n-mim
[ |
Mew-jersey  ModFied ModiFied Irnverted

new-jersey Rectangular Rectangular single-slope modified
-8 inch - & inch sngle-slope

Figure 325: Internal energy absorbed by deck overhang at all geometries
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Figure 326: Internal energy absorbed by reinforcement bars at all geometries

The internal energy absorbed by the vehicle in all geometries does not vary
greatly; however, the maximum energy absorbed by the vehicle was during its impact

with the modified New Jersey barrier

The maximum energy absorbed by the barrier was almost the same using
modified New Jersey, rectangular — 6 inch, and inverted modified single slope

geometries.

The maximum energy absorbed by deck overhang was accomplished with
inverted modified New Jersey geometry, but with a significant difference than other
barriers. This comparison shows that this barrier is not thick nor efficient enough, which

causes the deck overhang to experience a lot of damage

The maximum energy absorbed by reinforcement bars was with inverted modified
New Jersey geometry but again, with significant differences from other barriers again.
Research shows that this barrier is not efficient enough, which causes the reinforcement
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bars to experience a lot of damage. Rectangular — 6 inch, and modified New Jersey

experienced the maximum energy absorption at the reinforcement bars as well.

The evidence from this research concludes that modified New Jersey, rectangular
— 6 inch geometry, and inverted modified geometry allowed for too much energy at the
barrier and at the reinforcement bars. In addition, inverted modified New Jersey geometry
absorbed too much energy at the deck overhang portion which might cause serious
damage to this portion. These geometries cannot meet the fifth criteria that the research is
looking for, namely, the goal of minimizing the energy caused by the impact, and the

damage to different portions.

8.2.3.2 Internal energy absorbed by each geometry
Figure 237 to 332 represented the internal energy absorbed by each geometry in

all components.
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Figure 327: Internal energy absorbed via New Jersey geometry by each components
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Figure 328: Internal energy absorbed via modified New Jersey geometry by each
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Figure 329: Internal energy absorbed via modified rectangular — 8 inch geometry by each

components
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Figure 330: Internal energy absorbed via rectangular — 6 inch geometry by each
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Figure 331: Internal energy absorbed via modified single-slope geometry by each

components
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Inverted modified single-slope geometry
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Figure 332: Internal energy absorbed via inverted modified single-slope geometry by
each components

With different geometries total energy absorption by all components may vary.
This is because, in some geometries, some of the impact energy is lost because of vehicle
roll- over off the barrier or “taking off” from the concrete deck overhang surface. As
determined by this study, the New Jersey barrier had the maximum energy absorption at
the deck overhang, which constitutes almost half of the impact energy. Modified New
Jersey had the maximum energy absorption at barrier and deck overhang - almost 74% of

the total impact energy.

With Rectangular — 8 inch geometry, almost 60% of the energy is absorbed by the

truck, with the remaining energy absorbed by the barrier.

Alternatively, in Rectangular — 6 inch geometry, although the thickness of the

barrier is enough to resist the impact, it cannot absorb a lot of energy. Most of the impact
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energy is absorbed by the deck overhang which might cause serious damage to this

component.

The modified single-slope geometry had the most optimized energy absorption of
all components. Most of the energy was absorbed by the barrier. The deck overhang and
vehicle had almost the same amount of energy absorption, with the reinforcement bars

having the minimum energy absorption.

The inverted modified single-slope version acted almost like the rectangular — 6
inch barrier. Since this geometry is not thick enough, a significant amount of the impact
energy was absorbed by the deck overhang, which may cause significant damage to that

portion.

8.3 Barrier and deck overhang damage after second impact
Figure 333 to 338, using dynamic load simulation, showed the damage imposed to

all geometries after second impact.
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Figure 333: New Jersey geometry damage after second impact — front and back face

As seen above, after second impact, News Jersey geometry experienced minor

damage to the barrier, but the deck overhang did not have any serious damage.
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Figure 334: Modified New Jersey geometry damage after second impact — front and back
face

As seen above, after second impact, the modified New Jersey geometry
experienced major damages at the barrier, but the deck overhang did not have any serious
damage. All elements located between top and bottom segments either destroyed or

experienced major damage.
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Figure 335: Rectangular — 8 inch geometry damage after second impact — front and back
face

As seen above, after second impact, rectangular — 8 inch geometry experienced
minor damage at the top of the barrier. In addition, the deck overhang at both top and
bottom face, experienced some major damages. One could deduce that this geometry
acted as “a stiff material” and could not absorb enough energy to avoid serious damages

to the deck overhang.
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Figure 336: Rectangular — 6 inch geometry damage after second impact — front and back
face

As seen above, compared with rectangular — 8 inch, this barrier not only had some
major damage to the deck overhang, but also the barrier as a whole had more injury.
Although the injury imposed to the barrier might be within acceptable limits; stiill, this

research is looking for a geometry that allows minimum damage to deck overhang.
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Figure 337: Modified single-slope geometry damage after second impact — front and back
face

As seen above, this geometry had its maximum energy absorption within the

barrier, and accordingly, the deck overhang did not have any minor or major damages.
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Figure 338: Inverted modified single-slope geometry damage after second impact — front
and back face

As seen above, upon impact, this geometry not only produced the maximum

damage to the barrier but also to the deck overhang.

Except for the New Jersey and modified single-slope geometries, all other

geometries had major damage either at the barrier or the deck overhang.
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8.4 Vehicle roll over
As mentioned before, vehicle roll-over is a major concern amongst barriers
designers. They responded by designing taller barriers such as “Tall New-Jersey Barrier”
to avoid this problem. However, this barrier production demanded additional cost to pour
the concrete. This research tried to circumvent this problem by using 34 inch tall barriers,

the same height as the New Jersey barrier.

Figure 339 to 342 showed the vehicle rolling over at “first impact”, “second

impact”, “second impact + 0.28 second”, and “second impact + 0.815 second”.

wlill

New-Jersey Modified New-Jersey Rectangular - 8 inch

Rectangular - 6 inch Modifid Single-Slope Inverted Modified Single-Slope

Figure 339: 3d model — first impact

As seen in the above figure, after the first impact, using dynamic load simulation
vehicle front tires impacting New Jersey and modified New Jersey geometries rolled on
the taper slope, which caused the front of the vehicle to lift from the bridge surface and

caused an additional rolling over after second impact. Since New Jersey barrier has
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lighter taper slopes, this phenomenon occurred more often with New Jersey barrier.

Vehicles on all other barriers did not lift at the moment of first impact.

New-Jersey Modified New-Jersey Rectangular - 8 inch

Rectangular - 6 inch Modified Single-Slope Inverted Modified Single-Slope

Figure 340: 3d model — second impact

As seen in the above figure, after the second impact, vehicles on the New Jersey
geometry simulation completely lifted off the bridge. This observation proves that this

geometry produces the highest frequency of vehicle rolling over.
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New-Jersey Modified New-jersey Rectangular - 8 inch

Rectangular - 6 inch Modified Single-Slope Inverted Modified Single-Slope

Figure 341: 3d model — second impact + 0.28 sec

As seen with the above figure, after “second impact + 0.28 second”, a vehicle on
rectangular — 6 inch geometry simulation experienced some deformation at its right front

head light.
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New-Jersey Modified New-Jersey Rectangular - 8 inch

Rectangular - 6 inch Modified Single-Slope Inverted Modified Single-Slope

Figure 342: 3d model — second impact + 0.815 sec

As seen from the above figure, after second impact + 0.815 second, all the
vehicle’s tires on New Jersey barrier geometry lifted off the ground and this geometry
had the maximum amount of rolling over. Modified New Jersey geometry had almost the
same results but less rolling over than the New Jersey geometry. The rear of the vehicle
at “rectangular — 8 inch”, “rectangular — 6 inch”, and “inverted modified single-slope”
was redirected to the traffic lane again. Though unlikely, there may be some slight

damage to the traffic lane.

The only geometry that did not produce a great deal of roll over and remained in

line with the barrier was the Modified Single-Slope barrier.
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8.5 Comparison between Geometries
8.5.1 Static Results
The Rectangular — 6 inch geometry barrier has the thinnest section and therefore it
is expected to experience the maximum compressive stress of 15.20 MPa. Reinforcement
bars on Modified New Jersey and Rectangular — 6 inch barriers, reached their yield point.
Since these results are based on static load, it is expected for these geometries to
experience the maximum tensile stress due to having less thickness in comparison to
other geometries. Consequently, the compression block of the concrete is smaller and
most of the load is carried by the tension block which contains the hairpin dowels that

connect the barrier to deck overhang, located at the front face of the barrier.

Moreover, the Rectangular — 6 inch geometry also experienced the maximum
deflection at the barrier, a total deflection of 15.9 mm. Similarly, Modified New Jersey
barrier had the second greatest deflection since its thickness is less than most of the

proposed geometries with the exception of the Rectangular — 6 inch barrier.

On the other hand, the old New Jersey barrier had the minimum stress at the
compression side of the barrier due to static load because it has the thickest geometry (6
in at top and 15 inches at bottom), and more concrete was poured to build this barrier
compared to the other geometries. Also, the minimum deflection occurred on the
Rectangular — 8 inch geometry. This observation is interesting because less concrete was
poured for this geometry compared to the New Jersey geometry, but since it had a
uniform thickness from top to bottom, it seems reasonable to have minimum deflection in
this geometry. Typical New Jersey geometry has a thickness of 6 inches at the top, 8
inches at the middle, and 15 inches at the bottom. Since the load applied is at the top of
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the geometry, which varies from 6 to 8 inches for the New Jersey geometry, greater

deflection was observed compared to the Rectangular — 8 inch geometry.

8.5.2 Dynamic Results

As the results show, the second impact applied a greater force to the barrier and
deck overhang than the first impact. By comparing the geometries in the compression
block of the barrier, the maximum stress was experienced by the Rectangular 6 and 8
inches geometries. The author believes that these results can demonstrate the fact of how
“the energy absorption results of the truck show that the minimum energy absorbed by a
barrier was that of those with the rectangular 6 and 8 inch geometries”. It is important to
note that, lack of taper in these two geometries caused the vehicle to stay in contact with
the bridge deck surface in contrast to other geometries. This fact causes the vehicle to
apply a greater force to the barrier compared to the other geometries, which results in
greater stress in the compression block of the concrete. Although the truck’s response in
these geometries acted better in terms of lifting up and rolling over, the damage to deck
overhang when having geometries with flat surface at the front side was relatively high in
comparison to other geometries. It is therefore more reasonable to install these barriers at
structures that do not possess a deck overhang and simulate them in a finite element
analysis model to make sure that the thickness is enough and they are able to provide

maximum safety.

In addition, reinforcement bars in the tension side of all geometries reached their

yield point with the exceptions of the New Jersey and Modified Single Slope barriers. It
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IS reasonable to say that these geometries had the minimum amount of damage and they

are more efficient and optimized compared to other geometries.

Maximum deflection was observed at the Rectangular — 6 inch geometry and it
was 39.1 mm (1.54 in). This number is relatively high compared to the other geometries.
The author believes that this result is related to the uniform thickness and flat surface of
the geometry. The uniform 6 inches thickness is relatively less than all other geometries,
and the flat surface of the geometry caused the vehicle to apply more force to the barrier,

which translates into more displacement.

On the other hand, the four remaining geometries had almost the same stress at

the compression side in the range of 22 to 26 MPa.

Although the New Jersey barrier had a thickness of 15 inches at the bottom, the
minimum deflection was observed at the Rectangular — 8 inch geometry. The author
believes that this is due to the uniform thickness of this geometry which is 8 inches from
top to bottom in contrast to the varying thickness of the New Jersey barrier which

displays 6 inches at the top.

By observing the damage to each geometry after the second impact, it is obvious
that on the New Jersey geometry, the deck overhang experienced the least damage. This
is reasonable since it is assumed that this barrier is overdesigned and therefore able to
fare well in high-loading scenarios. The Modified Single Slope geometry showed a
higher damage in the deck overhang compared to the New Jersey barrier. This damage
was between the top and bottom segment of the barrier in between the two tapered slopes.
From this result, the author concludes that the Modified New Jersey barrier does not
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display the appropriate geometry to safely withstand the loading scenario. This
conclusion is derived from the assumption that if the vehicle speed increases, there might
be significant chance that the impact would break the top segment of this geometry and
the vehicle would fall off the bridge. Similarly, significant damage was observed in the
geometries with flat surface such as Rectangular 6 and 8 inches, and the Inverted
Modified Single Slope. The author believes that the reason for this significant damage is
due to the flat surface geometry which causes concentrated stress to the deck overhang
causing significant damage to it. Therefore, the author concludes that flat surface

geometries are not appropriate to be located on deck overhangs.

New Jersey and Modified Single Slope geometry were the only barriers that did

not have significant damage to the barrier or the deck overhang.

Observations on vehicle roll over after second impact for all geometries showed
that the New Jersey barrier displayed the worst geometry in terms of vehicle safety.
Figure 342 shows that the only geometry that caused all the vehicle tires to be lifted up is
the New Jersey geometry. For all other geometries, at least one tire remains in contact

with the bridge deck after second impact.

Although the Modified New Jersey geometry has a sharper taper at the bottom
than the New Jersey barrier, the front tire does not get lifted up as much after the first

impact as it does by the New Jersey geometry.

All variables into account, the author concludes that with the exception of the

New Jersey geometry, the only geometry that could resist the impact loads and was able
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to satisfy all safety criteria, was the Modified Single Slope geometry. Figure 343 is an

overview comparison between all geometries.

Modified New Rectangular— Rectangular— | Modified Single Inverted
Jersey 8” 6" Slope Modified Single
Slope

Cross Section Area 307 (in?) 204.60 (in?) 272 (in?) 204 (in?) 238 (in?) 238 (in?)
Barrier Reached Max
Compressive Strength X x ‘/ / x x
Barrier Reached Max
Tensile Strength x x x x x x
Deck Overhang
Reached Max X X X X X X
Compressive Strength
Deck Overhang
Reached Max Tensile X X X X X X
Strength
Rebar exceeded yield
—— X v v v x v
Minimum Internal
Energy Absorbed by All
Components (3) (4) (1) (5) (2) (6)
(Increasing Order)
Significant Damage to
the Barrier X \/ x / x ‘/
Significant Damage to
the Deck Overhang x x ‘/ / x ‘/
Remarkable Vehicle ‘/ \/ ‘/ ‘/ ‘/

Roll-Over / Redirection

Figure 343: Overview Comparison

8.6 Static versus Dynamic Load Comparison
All geometries could resist without any serious damage as seen in Chapter 6, at
the 54 Kip static load simulation. That load represents Test Level 4 and is used nowadays
in order to design barriers located for highway traffic. On the other hand, dynamic

simulation had different results. All the barriers had some minor and major damage. At
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three of the geometries, some damage was imposed to the deck overhang, and
reinforcement bars within all barriers tolerated more stress compare to static load
measurements, and deflection was different than for static simulation. Since in static
simulation, certain amounts of load are imposed to the barrier within a certain time, all
tension blocks, compression blocks, reinforcement bars in tension, and reinforcement
bars in compression for the simulation were the same in all geometries, while in dynamic
simulation, based on the geometry of the barrier, all of the said criteria were different and

unique for each geometry.

It might be possible to design a barrier based on static load and it might be safe in
terms of resistance, but since there is no vehicle in this assumption, it cannot provide
results for situations such as vehicle roll-over, or vehicle redirection to the traffic lane, or

account for the exact damage amounts that are imposed to the vehicle after impact.

Moreover, barriers are designing based on static load assumption, a methodology
which is almost forty years old. Research might unearth new calculations and

assumptions applicable to barrier design.

Last but not least, although static load might be efficient in order to design
structures with dead or live load, this research proved that static load is not suitable for

designing the components subjected to impact or explosion.
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8.7 Deck Overhang Deflection
As mentioned in Chapter 7, with New Jersey geometry, the deck absorbed almost
50% of the impact energy after second impact of the vehicle. This research proved that
although the nature and purpose of deck overhang is not to absorb vehicle impact energy,
it is located on a critical spot on bridges, and so there is a significant chance for this
component to absorb some of the impact energy. Hence, there might be a significant
chance to revise and redesign the barriers located on bridge deck overhangs by

considering its energy absorption.

8.8 Most Efficient Geometry
This research tried to cover all of the possible highway barrier surfaces that a

vehicle can impact.

As a review, barriers located on highways have three major tasks, (1) to minimize
the damage imposed to the vehicle caused by the crash via absorbed energy (2) to keep
the vehicle in line and not to redirect it into the traffic flow, and (3) by applying

appropriate geometry, to avoid vehicle roll-over.

After considering all of these criteria, “The Modified Single-Slope Geometry”
was the only barrier that all components absorbed an acceptable amount of energy caused
by vehicle impact, without imposing any serious damage to deck overhang and/or
vehicle. Although the barrier itself had some damages after impact, the research was
looking for a geometry that could maximize the energy absorption by breaking while still

maintaining the barrier’s serviceability. In addition to this geometry providing all of these
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safety criteria, it had, as well, a cross-sectional area measured at 77.5% of the New Jersey
geometry. This means that 22.5% less concrete was poured, as compared to the New

Jersey, while still providing more safety features than the New Jersey barrier.

299



9 SUMMARY AND CONCLUSION
The research first explained the history of the New Jersey barrier and two
different methods to design it. One method did not consider the deflection of the deck
overhang (Yield Line Analysis), while the other method modified the Yield Line
Equation and added the contribution of the deck overhang deflection to the system

(Barrier Rail Design Procedure).

After the shortcomings of the aforementioned methods were analyzed, a finite
element model simulation was proposed in order to replicate the behavior of the barrier

and deck overhang after static or dynamic load.

Consequently, after the finite element model provided an accurate representation
of the New Jersey barrier, problems with its geometry and strength parameters were
considered. This research proposed five different barrier shapes varying in thickness and

geometry.

In order to prove this method can be acceptable and accurate, the results of a real
test were compared with a finite element simulation, and the results of the real study

(barrier has the same material properties as in this research) were fairly close to reality.

In order to understand the physics of the problem and to demonstrate the
improvement over static analysis, LS-DYNA static simulation was performed first. All
geometries were compared based on static load using Test Level 4. After the static load
simulation, dynamic impact simulation was performed. The research used a Ford F800
(Single Unit Truck), which represents Test Level 4 based on AASHTO manual. By

comparing all of the proposed geometries with the New Jersey geometry, in terms of
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stress, deflection, deformation, energy absorption, damage to each component, and all
safety criteria, this research proposed the Modified Single Slope geometry as the best

geometry.

Recommendations for Future Studies:

After this study, the research suggests to perform a real test on Modified Single
Slope geometry under Test Level 4 criteria, and compare the results with the proposed
method to make sure that the realistic results can match with the results extracted from

FE model.

Additionally, the research suggests to increase the length of the barrier and deck
overhang from 120 feet to 240 feet in the finite element model, in order to observe the

exact behavior of the vehicle roll over and lift up.

Moreover, the next step for this research is to reduce the reinforcement in the
aforementioned geometry and observe its behavior to make the geometry more

economical.

301



LIST OF REFERENCES

ACI 318-11. (2011). American Concrete Institute.

Albin, R. (2011). M.A.S.H.: The New Safety Hardware Crash Testing Criteria. Annual.
Federal Highway Administration.

Badiee, E. (2014). Bridge Rail Design Procedure.

Bala, S., & Day, J. (n.d.). General Guidelines for Crash Analysis in LS-DYNA. Livermore
Software Technology.

Barker, R. M., & Puckett, J. A. (2013). Design of Highway Bridges. JohnWiley & Sons,
Inc.

Calloway, B. R. (1993). Yield Line Analysis of an AASHTO New-Jersey Concrete
Parapet Wall.

Caltrans Seismic Design Criteria Version 1.7. (2013).

Finite Element Model Archive. (2008). Retrieved from National Crash Analysis Center:
http://www.ncac.gwu.edu/vml/models.html

Hirsh, T. J. (1978). Analytical Evaluation of Texas Bridge Rails to Contain Buses and
Trucks. Texas: Texas Transportation Institute.

Kozel, S. M. (2004). New Jersey Median Barrier History. Retrieved from Roads to the
Future: http://www.roadstothefuture.com/Jersey_Barrier.html

LRFD Bridge Design Specifications. (2012). AASHTO .

LS-DYNA Keyword User's Manual. (2007). Livermore Software Technology
Corporation.

Mohan, P., Marzougui, D., & Kan, C.-D. (. (2003). Validation of a Single Unit Truck
Model for Roadside Hardware Impacts.

Murray, Y. D. (2007). Users Manual for LS-DYNA Concrete Material Model 159.

Murray, Y. D., Abu-Odeh, A., & Bligh, R. (2007). Evaluation of LS-DYNA Concrete
Material Model 159.

(1997). NCHRP Synthesis 244.

PAJAK, M. (2011). the Influence of the Strain Rate on the Strength of Concrete Taking
Into Account the Experimental Techniques.

RoadSafe. (2012). Roadside Safety Analysis. Journal of Transportation.
Ross, H. E., Sicking, D. L., Zimmer, R. A., & Michie, J. D. (1993). NCHRP Report 350.

302



Sheikh, N. M., Bligh, R. P., & Menges, W. L. (2011). Determination of Minimum Height
and Lateral Design Load for Mash Test Level 4 Bridge Rails. College Station:
Texas Transportation Institute Proving Ground, The Texas A&M University
System.

303



	Dynamic Simulation of Concrete Barriers
	Recommended Citation

	Dynamic Simulation of Concrete Barriers

