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ABSTRACT

Multi-Failure Mode Risk Assessment of the Houston/Galveston Bridge
System to Hurricane Threats

by

Candase Dawn Arnold

This research implements the first Houston/Galveston area hurricane risk
assessment of bridges for multiple failure modes: bridge deck uplift and bridge
scour. Due to recent hurricane damage of bridges, emergency managers need to
understand the potential state of the bridge network immediately following a storm
for effective mitigation and post-event planning. To that end, this study builds a new
database of bridge information necessary for vulnerability modeling, adapts current
deterministic models of bridge deck uplift and scour for a probabilistic framework
and expands the scour models to include a qualitative estimate for embankment
scour. The study area bridges are tested under various hurricane scenario events to
reveal the likelihood of damage. Potential applications include retrofit prioritization,
real-time spatial damage modeling and better informed preparation. By
understanding the risk hurricanes pose to the bridge system, emergency officials

can better plan rescue and recovery efforts before a storm impacts the Texas coast.



Acknowledgments

There are many people without whom this thesis would not have reached fruition.
First, I'd like to thank my advisor Dr. Jamie Padgett for all her guidance and help
with my research, my thesis and my career path. Thank you for taking me on as an
undergraduate research assistant all those years ago. Next, I'd like to thank Dr.

Satish Nagarajaiah and Dr. Philip Bedient for agreeing to serve on my committee.

Additionally, my thanks go out to all those who helped me in this research
project: my fellow graduate student, Navid, several contacts at TxDOT who helped
procure inspection files and bridge plans, but especially Michael Carlson and Kenny
Ozuna, all of my collaborators at the SSPEED Center and undergraduate research
assistants, Benjamin Berryhill and Andrew Lo. I would also like to express my
gratitude for all of my fellow graduate students who helped me through my research
and time as a graduate student at Rice, especially: Jay Ghosh, Emily McCarthy, Blaine

Fuselier and Citlali Tapia.

Finally, [ would like to thank my family and my fiancé, Peter, for all of their

support during my time at Rice.



Contents

ACKNOWIEAEMENTS....cccerriiiiiiiiiaieiiiieniirmneeiniirnmseeiiiiisesssisesessssssessansesssessssssssssassessssses iii
CONTENLS ccouiiiiiiieiiiiiiiiittntiiiiierttteeeeiiintttesmssisnsssassssssesssassssssssasssssssssssssssssassasssssassnsssses iv
LISE Of FIGUI@S ..ceireenrniiiiniienennsorecressannnssesenessnsessossssssssnneseranssssosssnssnssssnnssssssssansasssensnnssse vii
[ ] B - 1 =N Xi
List Of EQUAtIONS...cccuuiiiiiiitmiiieciiiennnciiienirennssesssssssssnssecssssssssssssassesessassssscsssasssssssssnnses xiii
2) 470 To [V o1 4o T o ORIt 1

1.1. Motivation and Scope of ReSEArch ........cccccueiiiiiieiieiiiiiiiien e rre e 2

1.2. OVerview Of ThESIS ...cccuiieiiiiiiitiee et e 4
Literature REVIEW....uuuuuuueueiiiiiiiiiiiiiiininiinnenniteeeennnnensessiiiiinensessesssssssssssssssssssssasssssssssnes 6

2.1. Empirical Evidence of Common Failure Modes from Previous Hurricane Events... 6

2.2. Bridge Deck Uplift Failure Mode: Mechanics and Research..........ccccccevveevnnnenennn. 12
2.2.1. Surge and Wave Forces Acting on Bridge Decks ........cccccceeeeircininerneniiniineeennn, 13
2.2.2. Research on Surge and Wave Forces Prior to Hurricane Katrina.................... 14
2.2.3. Research on Surge and Wave Forces since Hurricane Katrina..............o......... 16

2.3. Scour Failure Mode ...t 17
2.3.1. MeChaniCs Of SCOUFN........oviiiiiiiiiieie et nees 17
2.3.2. Current Scour Practices and Hydraulic Engineering Circulation-18 ................ 19
2.3.3. SRICOS/HEC-18 (clay) Method.........ccoeveriiiiinieinrien e etee st eee e saeeeseees 20
2.3.4. Pier SCOUr RESEAICh .......cciviiiiiieiiiiic e 22
2.3.5. Abutment Scour ReSEarch ........cccocvviiiiiiiieiiein e 24
2.3.6. Embankment Scour Research.........cccoevuviiiiireeiniiiiiinncce e 26

2.4. Hurricane Risk Assessment Models for Bridge and Roadway Systems ................. 27

Data Collection and INventory ANalysis .......c.cccccecscesisssirnernesesnssnesssssssessssssssssansesssnssnnes 33

3.1. Importance 0f Data MINING ........ceeiiiiciiiree it ecrrrrre e e s s essebreaee e e s sennraneesssennes 33

3.2. Data Sources Mined for Houston/Galveston Database..........cccoccvveveeeieeninveeeneenn. 35
3.2.1. National Bridge INVeNtOry.....c..cccuieiiiniiiiiiiiieccciictien st 35

3.2.2. Geographical Information Systems Data and Defining the Houston/Galveston
2T A = - U 37



3.2.3. TxDOT Data: Inspection Files and As-BuiltS...........cccccevimmriiiiniennniieiinennninn 41
3.2.4. Soil Type Data: SoilMart Online Database.......cccccivveerrirrriiiiiriiceiierrceeeeeeeeee, 45
3.2.5. Bridge Site VIiSits ...uuveiiieiiirieeiiiiiiiee e nriernte e ecsiitree e e e e e e s sirraese e s s sesasnnnneeesssennne 46
3.2.6. Storm Surge and Wave Scenarios from the UT-Austin ADCIRC Modeling Group
................................................................................................................................... 47
3.3. Building the Houston/Galveston Bay Area Database ..........cccccevevvcvievieeneenineninenne 48
3.3.1. Method for Calculating Parameters in the Houston/Galveston Database ..... 50
3.3.1.1. Determining Brid8e TYPe ...cccvcicriieiiiriiiiieete et rreeree s s nnanee s 50
3.3.1.2. Calculating Height above Water .........cccccvieiiiiiiiniieeiiniren e sreee e 52
3.3.1.3. Calculating Water Depth........ccccviiiiiiininticrceeet e 56
3.3.1.4. Calculating Channel Bottom Elevation.........ccccccoevvviiiiiiieriniivinneeeeenininnne 58
3.3.2. Determining Bridge Subsets for Modeling PUrposes ..........cccccevevveercvvernnennne 58
3.4. Statistical Analysis of Houston/Galveston Bridge Inventory Database ................. 59
Vulnerability Modeling of Bridge Deck Uplift .......ccocirmmiiiccinnnnininnannniccnnnniscerenne 64
4.1. Background on Fragility Modeling and Methodology for Uplift.........cccccccrvvnnnnnn. 65
4.1.1. Demand Modeling in the Bridge Deck Uplift Model .........ccccoeeverreniiiiieeenennns 67
4.1.2. Capacity Modeling in the Bridge Deck Uplift Model ..........cccceeviiieeiininennnnns 71
4.2. Fragility Surfaces for Bridge Deck Uplift Vulnerability........ccccocceiviinieereciiniininnnens 74
Probabilistic Approach to Scour Vulnerability Modeling ......ccccccccecciiierccrnrennnnnnnneceneenes 78
5.1. Overview of the Probabilistic Scour Models ...........ccooviiiiiiiiiiiiees 78
5.2. Probabilistic Pier SCOUr MOdeling ..........eveeiiiiiiieiieriiiirreecee e rerreeren s snnneneseeas 80
5.2.1. Uncertainties in Input Parameters and Bias in the Model ...........cccccevuvrrrnneee. 85
5.2.2. Capacity Limit States for Fragility Analysis ........ccccccvrivcreriniiieeniniiicnieeeenee 89
5.2.3. Fragility Analysis of Piers in the Houston/Galveston Bay Area.......cccccceveeunee. 90
5.3. Probabilistic Abutment Scour Modeling .........coovvieriiiiiiiniiiiieniieree e 96
5.3.1. Uncertainties in the Input Parameters.......cccccveviiiiiniieiiiniieecieceee 102
5.3.2. Capacity Limit States for Abutment Fragility Analysis........ccccccervieniennnennns 103
5.3.3. Fragility Analysis of Abutments in the Houston/Galveston Bay Area............ 104
5.4. Qualitative Approach to Embankment SCOUT ........ccivviciiiiiiiiiieniiniienre e, 107
5.4.1. Qualitative Risk Levels for Embankment Scour Assessment...........c.cccoeueens 108
Case Study of the Houston/Galveston Bay Area Bridge SysteM........c.eveeveeeeeeneeneneeenes 111

6.1. Case Study MethodOlOBY ......coveuiiiiiiiiiiiiiieecre et eee e s 111



vi

6.1.1. Definition of the Houston/Galveston Bay Area.........cccecverveeerreenieeenneesnnees 111
6.1.2. Definitions of Scenario Events.........ccccccevviiiniiiiniiiiiiiiii e 112
6.2. Results of Case Study ANalysis .....c.cccvveeiiiniiiiiininii e 114
6.2.1. Bridge Inundation RESUILS......ccuveeeiiriiiiieeiiiiricee e ieree e 114
6.2.2. Bridge Deck Uplift RESUILS ......vvveiiiiiiiiiiiciireee ettt 117
6.2.3. Comparison of Bridge Deck Uplift and Inundation Results for Structural
1D 0 0T £ SOOI 120
6.2.4. Pier SCOUN RESUILS ..ouvviiiiieeiiiieceiiicn et e 121
6.2.5. Abutment SCOUT RESUILS .......ccueiiiiiiiiiiiiiiiiicii e 123
6.2.6. Local Scour Risk from Pier and Abutment Scour........cccccovvviviiniiniiiiencinne, 125
6.2.7. Embankment SCour RESUILS ........ccvveriiiiiiiiiiiiiiiieetc e 127
6.3. Overall Risk Maps for the Houston/Galveston Case Studies .......cc.cccceeveerveennnen. 128
6.4. Conclusions from the Case Study Results ..........ccooveiiiiiieiiiiiniiiiniee e 131
Applications of the Houston/Galveston Bay Area Risk Assessment .......cccceeeeeenceneneee 132
7.1. Assessment of the Viability of Post-Event Re-Entry Routes ........cccccoeveiniveeennnnes 132
7.2. Predictive/Real-Time RiSK ASSESSMENT .....ccccuvvveiiiiiiiiirireeeeeiiiirereeeeeeesssreeeeeeennns 138
7.3. Retrofit Prioritization and Aids to Mitigation Efforts........cc.cccceevvevvveencieniineennnen, 140
7.4. Application CONCIUSIONS .....cccivviiiiiiriieiieeie e eereeeeeeseens 141
Conclusions and Opportunities for Future Work .......cccccceeeieeeencecnescssssssssssssssssssnsnsens 142
8.1. Summary and CONCIUSIONS ........oovviiiieriiieiiie et e e srne s 142
8.2. Suggestions fOr FULUIE WOKK.........cccceviieiiiiiiieiiiiee et e e eree e senne e eeenees 145
REFEIENCES .ooevuunrnrririsiissnnniniisssnnnniissssnneniesssssnnsssssssssssassssesssssssssnssssssssssssssnsnsssssssssens 147
Appendix A- Definitions of Damage States........cccceeeeeerrierrerennnnsrcrceceessseeasenssssenssseees 152
Appendix B- Assumptions on Missing Data .......cccceceeeeennninrennnnnsesscscscesessessssssssssssssnne 153
Appendix C- Parameters of Fragility Curve Fitting for Pier SCOUr ......c.cceceeeeeeenneeneeccnnn 155
Appendix D- Parameters of Fragility Curve Fitting for Abutment Scour .................... 159

Appendix E- Risk Maps of Houston/Galveston Case Study .......c.cceeeeeeeeerreeeeeeeereenencnes 163



List of Figures

Figure 2.1: Failure Modes Evidenced in Hurricane Katrina (Padgett et al., 2008) (a.)
Bridge Deck Uplift/Unseating; (b.) Impact; (c.) Scour under Approaches; and (d.)

Inundation of Electrical/Mechanical EQUIPIMENL........coecrerrensernsrnerssisseneenessssssesssssssssssenss 8
Figure 2.2: Schematic of Scour at Bridges (Briaud, 2006)......ccccounurrerrenerrnensesesnessesessenns 19
Figure 2.3: Fragility Curves for Bridge Damage Conditioned upon Surge Elevation

Based on Empirical Data from Hurricane Katrina (Padgett et al., 2009). ....ccccovvevrreneee 30
Figure 3.1: Map of Houston/Galveston Bay Area with LIDAR Data......cconnvcnirnsinn. 40
Figure 3.2: Example of Inspection File Report for On-System Bridge. .....c.ccccouvnrcrnunnee. 43

Figure 3.3: Example of As-Built Interior Bent Page for Mining Pier Information. ..... 44
Figure 3.4: Example of Calculation of Height above Water from As-Built.........cc.ccu.... 54
Figure 3.5: Example of Height above Water from Channel Profile. ......ccccounienrensunnnce 55

Figure 3.6: Schematic of Height above Water and Water Depth Calculations for Flat

Figure 3.7: Schematice of Height above Water and Water Depth Calculation for
“Changing Elevation” Bridges...... s ssssssssssssssessessssssssssssssesss 57

Figure 3.8: Pie Chart of the Houston/Galveston Bay Area Bridges by Classification
PP s e e s Rt a R 60

Figure 3.9: Pie Chart of the Houston/Galveston Bay Area Bridges by Age......c.ccuuuuu... 61

Figure 3.10: Pie Chart of the Houston/Galveston Bay Area Bridges by Height above

Figure 3.11: Pie Chart of the Houston/Galveston Bay Area Bridge by Soil Type........ 63

Figure 4.1: Schematic of Static Reliability Assessment for Span Unseating. Adapted
from Ataei and Padgett (Z010D). coernernrirnrssesssnssssessssssssssssssssssssssssssesssssssssssssssssssssssasess 66

Figure 4.2: Fragility Surfaces for MSSS Concrete Girder Bridges (a.) without Vertical
Connections; and (b.) with Vertical COnnections........nen. 77



viii

Figure 4.3: Fragility Surface for (a.) MSSS Concrete Box Beam Multiple Bridge
without Vertical Connections; and (b.) MSC Steel Girder Bridge with Vertical

010) 01 o T=T ot u () o - OO PSPPSRSO 77
Figure 5.1: Schematic Overview of the Probabilistic Scour Assessment........ccoeereeenen. 80
Figure 5.2: Schematic of Pier Scour in a Stream (USGS, 2009). ...ccovererrvrrvrerrnererrsersseseenns 81
Figure 5.3: Example Graph of Scour Depth Verses Time from SRICOS Method (Briaud
€L AL, 2004). oot AR RS 84
Figure 5.4: Fragility Curve Fitting for a Bridge Pier in Sandy Soil........cccouuvrneecrerisernnnes 92
Figure 5.5: Fragility Curve Fitting for a Bridge Pier in Clay Soil......ccoovuveenscnneserserinnns 92
Figure 5.6: Tornado Plot of Sources of Uncertainty in Bridge 10.....cccocouuvnrvreresersnernnens 94
Figure 5.7: Tornado Plot of Sources of Uncertainty in Bridge 122. .....cccooevvrenncrnernnens 95
Figure 5.8: Schematic of Abutment Scour Vortexes (Ayres, 2004)......cccuevmmenreersersseesenns 97

Figure 5.9: Examples of Abutment Types (a.) Sloping Spill Through; (b.) Vertical
Wall; (c.) Wing Wall with Angled Wings; and (d.) Wing Wall with Perpendicular

Wings (NIielSOn, 2005). i ssssssssssssssssssssssssssssssssssssssssssssssesass 99
Figure 5.10: Fragility Curve Fitting for a Bridge Abutment in Sandy Soil..........ccocuuu... 105
Figure 5.11: Fragility Curve Fitting for a Bridge Abutment in Clay Soil. ........cccoueuenn. 106

Figure 5.12: Examples of Embankment Scour (a.) and (b.) behind Abutments and
under Approach Spans; and (c.) under Roadways (DesRoches, 2006).......cccccvuuerereenne 108

Figure 6.1: Map of the Houston/Galveston Bay Area with Bridges Characterized by
Height above Water ... esssssssess 112

Figure 6.2: Map of Houston/Galveston Bay Area Denoting Hurricane Scenario
Landing POINES ...t sssss s sssssssssssssssssssssssssssssssssssasess 113

Figure 6.3: Map of Inundated Bridges in the “Super Ike” Scenario.......uniineinnns 117

Figure 6.4: Map of Bridge Deck Uplift Failure Probabilities in the “Super Ike”
1= o - | o o T 119



ix
Figure 6.5: Map Comparing Bridge Deck Uplift Failure Probability and Inundation
for the “Super IKe” SCENATIO. ... ssssesss s sssnss e s sssesssessens 121

Figure 6.6: Map of Pier Scour Failure Probabilities in the “Super Ike” Scenario. ....123

Figure 6.7: Map of Abutment Scour Failure Probabilities in the “Super Ike” Scenario.

....................................................................................................................................................................... 125
Figure 6.8: Map of Embankment Risk Levels for the “Super Ike” Scenario................. 128
Figure 6.9: Map of Risk from Uplift and Local Scour in the Hurricane Ike Scenario.

....................................................................................................................................................................... 129
Figure 6.10: Map of Risk from Uplift and Local Scour in the Ike +30% Scenario.....130

Figure 6.11: Map of Risk from Uplift and Local Scour in the “Super Ike” Scenario..130

Figure 7.1: Map of Overall Failure Probabilities from Hurricane Ike Scenario with
1LY E=10) o S0 10 Le =R O AT7=) o = o R PP 134

Figure 7.2: Map of Overall Failure Probabilities from Ike + 30% Scenario with Major
ROULES OVETIQIA. ..t ssss st ssssss s sssssssssssessssssssssssssssssss 137

Figure 7.3: Map of Overall Failure Probabilities from “Super Ike” Scenario with
Major Routes OVErlaid. ... ssssssmssssssaes 138

Figure E.1: Map of Inundated Bridges in the Hurricane Ike Scenario. ...........ccueene. 163

Figure E.2: Map of Inundated Bridges in the Ike + 30% Scenario. ..........cccccuvevuinne... 164

Figure E.3: Map of Failure Probabilities from Uplift in the Hurricane Ike Scenario.

Figure E.4: Map of Failure Probabilities from Uplift in the Ike +30%
AT 01) T ) (o U 165

Figure E.5: Comparison Map of Uplift and Inundation for Hurricane Ike Scenario.

Figure E.7: Map of Failure Probabilities for Pier Scour in the Hurricane Ike Scenario.
........................................................................................................................................ 166



Figure E.8: Map of Failure Probabilities for Pier Scour in the Ike +30% Scenario.



List of Tables

Table 2.1: Number of Bridges and Costs of Failure Modes in Hurricane Katrina.......... 8
Table 2.2: Severity of Bridge Damage from Failure Modes in Hurricane Katrina......... 9

Table 2.3: Number and Severity of Bridges Damaged from Failure Modes during
HUTTICANE TKE. ..ttt snssissss s ecssssesssssssssssssssssssssssssssssssssssssesssssssssssssasssssssssssnssssessssassanes 12

Table 3.1: Pertinent Data Mined from NBI for Houston/Galveston Database. ............ 37
Table 3.2: GIS Files Obtained and Their Sources for Houston/Galveston Database. 40

Table 3.3: List of Information Mined from Each: NBI Inspection, Scour Inspection

ANA AS-BUIIL FIle. ot seesessss s s ss s es s sen s n s saseaes 42
Table 3.4: Data Obtained from Bridge Site ViSits. ... 47
Table 3.5: Parameters Collected for Houston/Galveston Database..........ccoocncrneereeene. 49
Table 3.6: Material Types and Structure Types of Bridge Decks (NBI, 2010).............. 51

Table 3.7: Basic Classification Guide for Bridges in the Houston/Galveston Bay Area.

Table 4.1: Sources and Distributions of Uncertainty in the Bridge Deck Uplift Model.

Taken from Ataei and Padgett (2010D). .ot ssasssees 74
Table 4.2: Capacity Related Inventory Data for Uplift Fragility Example Bridges. ... 76
Table 5.1: Variables and Distributions with Uncertainties Accounted for in

Probabilistic Pier SCOUTr MOAEL.... e ssesnsssssssssisssssisssssssssssssssssns 86
Table 5.2: Definitions of Soil Types Found in the Houston/Galveston Region............ 88

Table 5.3: Assumptions on Critical Water Velocity Values and Bounds for Initial
Erosion Rate (Briaud et al., 2009). ..o 88

Table 5.4; Variables and Distributions with Uncertainties Accounted for in
Probabilistic Abutment SCOUT MOAEL s sesesssrasseesesesasasaens 103



xii

Table 6.1: Number of Bridge Inundated, Not Inundated and in the Surge Zone for
Each of the Three Scenario Events........ecnnnees ceresser s enen s 116

Table 6.2: Number of Bridges in Each Failure Category for Each Hurricane Scenario
Event from Bridge Deck UDLIft. ... ssessseesssesssssssssssesssssssssssasess 118

Table 6.3: Number of Bridges in Each Failure Probability by Height above Water in
the “SUPET TKE” SCENATIO. cuuierreererriseesesseessessssasss s ssessessssssssssssssessassssssssssssssesssesssssssnes 119

Table 6.4: Number of Bridges in Each Failure Category for Each Hurricane Scenario
EVENL fTOM PIEI SCOUT...urtrreres s ssssns e ssssssssssssssssssssasssssssssssssssssssssens 122

Table 6.5: Number of Bridges in Each Repair Category for Each Hurricane Scenario
EVENE frOM PIEI SCOUT ...t ssessessssssssssssssssssssssssssssesssssessssssssssssessesssssssssessesans 122

Table 6.6: Number of Bridges in Each Failure Category for Each Hurricane Scenario
Event from ADUtment SCOUT. ... 124

Table 6.7: Number of Bridges in Each Repair Category for Each Hurricane Scenario
Event from ADUtMENT SCOUT. ...t ssss s ssssssssssssssas 124

Table 6.8: Number of Bridges in Each Failure Category for Each Hurricane Scenario
Event from LOCAl SCOUT. ... sssess s ssssssssssssssssesssssessssssessssssssssssassssens 126

Table 6.9: Number of Bridges in Each Repair Category for Each Hurricane Scenario
Event from LOCal SCOUT. ..o s ssssssssssssssssssasssssssnesss 126

Table 6.10: Number of Bridges in Each Risk Level for Each Hurricane Scenario Event
from EMDanKMmeENT SCOUT. ....rrneseserseessssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssases 128

Table 7.1: Matrix of Routes Analyzed for Each Hurricane Scenario Event with Likely

AccesSIDIlItY RAtING. .o s ssssssssss 136
Table A.1: Definitions of Damage States, Adapeted from Padgett et al. (2008) ........ 152
Table C.1: Parameters of Fragility Curve Fitting for Pier Scour. .......cccccvviiiiinnnnnnn 155

Table D.1: Parameters of Fragility Curve Fitting for Abutment Scour. ........ccccveeeee. 159



List of Equations

Equation 4.1: Probability of Damage Given Intensity Measures (Ataei and Padgett,

Z0TL0D). eerreesisssssssssssssssesss s assss s RR AR AR R AR AR RS RR et 65
Equation 4.2: Maximum Quasi-Static Vertical Force per Unit Length (AASHTO,

2008)- coerrrettressis iR RR AR AR AR AR AR RR bR 67
Equation 4.3: Variables W' xand y (AASHTO, 2008). ...cccomrrrrrmeersmserssssrressssesssssssassssanes 68
Equation 4.4: Wave Length Calculation (AASHTO, 2008).....ccccceuermeeeremssrenmesseessnsssssssssnens 68
Equation 4.5: Impulse/Slamming Force (AASHTO, 2008)......ccouevmmrrrerrresernmsessenssssssasens 69

Equation 4.6: Maximum Uplift Force with Bias Estimation (Ataei and Padgett,
20T0D). it s AR R R R e en 69

Equation 4.7: Dimensionless Wave Height and Wave Period in the Longuet-Higgins
Joint Probabilisty DiStribUtion. ... sesssssss s sssssssssssssssssssssassans 70

Equation 4.8: Weight per Unit Length of Bridge Span (Ataei and Padgett, 2010b)... 71
Equation 4.9: Vertical Connection Strength (Ataei and Padgett, 2010b)......ccccoecrverrnnc. 72

Equation 4.10: Resistive Force of Dowel Bar Connections (Ataei and Padgett,

770 0 o ) PPN 72
Equation 4.11: Capacity of Bridge Deck (Ataei and Padgett, 2010Db).....ccccceucnrunrrrrsrrnnce 73
Equation 5.1: Maximum Potential Pier Scour from Briaud and Oh (2010)....c.ccccccuuu... 81
Equation 5.2: Effective Pier Width (Briaud and Oh, 2010)......ccccceumrrrenrcrersnensesessersnessesens 82
Equation 5.3: Coefficient K, for Pier Type (Briaud and Oh, 2010)....cccccoevrcmerensrrerscnnnes 82
Equation 5.4: Coefficient K, to Account for Spacing between Piers (Briaud and Oh,

75 0 PP 83
Equation 5.5: Correction Factor for Water Depth, K,,, (Briaud and Oh, 2010). ........... 83

Equation 5.6: Froude Numbers of Pier Given Assumed Velocity, V;, and Critical
Velocity, V. (Briaud and Oh, 2010) ... 83



Xiv
Equation 5.7: Pier Scour, Yy, for a Given Duration Event (Briaud et al., 2004)..... 84

Equation 5.8: Scour Depth Calculation with Bias Removal and Model Error Estimator
(BOIAUC €t Al., 2008)..ccuurerrreeersissssssseesssssssssessssssssssesesssenssseseesesessesessasesssesssessessessseesssssesssesssseans 89

Equation 5.9: Maximum Abutment Scour Equation from Briaud and Oh (2010).....97
Equation 5.10: Correction Factor for Abutment Shape (Briaud and Oh, 2010)........... 98
Equation 5.11: Correction Factor for Abutment Angle, K, (Briaud and Oh, 2010).... 99

Equation 5.12: Correction Factor for Abutment Setback from Water (Briaud and Oh,

207T0). ceeererrrreereese s e R SRR R R R e AR 100
Equation 5.13: Correction Factor for Channel Type (Briaud and Oh, 2010).............. 100
Equation 5.14: Correction Factor for Flow Pressure (Briaud and Oh, 2010)............. 100

Equation 5.15: Reynold’s Number Equation for Channel (Briaud and Oh, 2010)...101

Equation 5.16: Froude Numbers for Assumed Velocity, V;, and Critical Velocity, V.

(Briaud and Oh, 2010). et sensessessssssessn s sssssssssssssssassssssssssssssssssssssssnes 101
Equation 5.17: Embankment Scour RisK LeVels.......cormmeencsessnesesscseesseseeaes 109
Equation 6.1: Upper Bound Series Estimation of Local Scour Risk. ....cc.couunerirncirnnens 125

Equation C.1: Forms of the Pier and Abutment Fragility Curves........cn 155



Chapter 1

Introduction

In coastal regions, hurricanes can inflict substantial damage to structures,
infrastructure and communities, with significant direct and indirect consequences.
Among the affected infrastructure, hurricanes greatly impact coastal transportation
systems by destroying bridges and sections of roadway, and hindering rescue and
recovery efforts after the event. To that end, this research focuses on determining
the risk that hurricanes pose to the Houston/Galveston bay area transportation
infrastructure by conducting a thorough inventory analysis to support vulnerability
modeling, developing or adapting new models of bridge reliability and applying
them to a regional suite of bridges for various scenario hurricane events. These
models of bridge reliability are the first probabilistic models of their type to be
adapted for use across large geographical regions, such as the Houston/Galveston
bay area. The risk assessment framework proposed considers multiple failure

modes of the bridges in the chosen area; namely, bridge deck uplift, the movement



of the bridge deck from its supports, and scour, the erosion of soil beneath roadways
and bridge supports, in order to give a more complete idea of the state of the bridge

and roadway network after a hurricane.

1.1. Motivation and Scope of Research

Understanding the vulnerability of bridge and roadway infrastructure to hurricane
events is critical to support pre-event planning for risk mitigation, as well as post-
event action. During this post-event activity phase, the transportation infrastructure
system is essential as a means to transport emergency care and relief equipment
into coastal communities, such as Galveston Island and Bolivar Peninsula, access
victims and critical facilities, and eventually support long term recovery and
rebuilding. Thus, the roadway system must be resilient enough to withstand the
hurricane event or officials must know about potential issues in the infrastructure
system and be able to plan accordingly. Furthermore, heightened understanding of
the risk of damage can enable effective targeting of resources, such as retrofit or

upgrade, in advance of an event to mitigate adverse consequences.

Hurricane Katrina, in 2005, revealed that the coastal bridge and roadway
network is vulnerable to hurricane induced surge and wave forces, as 45 bridges
failed during the event, several of which required extensive repair or rebuilding
(DesRoches, 2006). This sparked recent research into the causes of bridge failures
during hurricanes and how the bridge deck interacts with the surge and wave

produced by the storm. The current research in bridge performance during



hurricanes has been instrumental in determining the forces that a single bridge will
face during a hurricane event, but, with few exceptions, these studies do not address
any failure modes of the bridge other than deck movement nor do they present a
framework to evaluate the risk of damage across a large region (like that affected by
Hurricane Ike). Reconnaissance teams sent in after Hurricane Katrina found that
while many of the bridges in Katrina failed due to bridge deck movement or
electrical failures in movable bridges, a significant percentage of bridges also failed

due to abutment scour and approach span undermining (DesRoches, 2006).

In order to help facilitate risk mitigation and planning efforts, quantification
of the risk of damage to bridge and roadway infrastructure is needed across a
regional area. These risks may be associated with unseating of bridge decks, scour of
bridges, undermining of soils supporting the roadways, and even debris. This thesis
provides a framework for probabilistic assessment of bridge and approach
roadways for multiple failure modes viable for risk assessment across a regional
portfolio of bridge and roadway infrastructure susceptible to coastal storms.
Integral to this framework, this study conducts a rigorous review of bridge details to
characterize the inventory in the Houston/Galveston area, and provides an
archetype database of bridge information necessary for vulnerability modeling of
any regional portfolio. A recently proposed probabilistic approach for assessment of
bridge deck unseating is adapted for application to the case study region, while a
new approach for fragility assessment of scour potential is proposed that integrates
a probabilistic framework with current deterministic methodologies to account for

uncertainty in the soil parameters, hydraulic parameters, and bridge geometry.
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Additionally, the inherent bias from the original models is removed in order to
accurately assess the risk that the hurricane forces pose to the bridge network while
accounting for model error. Finally, in recognition of the role that roadway and
bridge approach damage play in posing a risk to post-event performance of the

transportation network, qualitative estimates of embankment scour are provided.

The proposed multi-failure mode framework for bridge deck uplift and scour
vulnerability is then applied to a regional assessment of the Houston/Galveston bay
area for several scenario hurricane events, examining the spatial distribution of
damage, accessibility of post-event re-entry routes, and critical facility access in the
Galveston, Bolivar and Clear Lake regions. The risk assessment framework
developed in this study is formulated as a database driven model with algorithms
that can be utilized for any region. Although three case study scenarios are
examined in this thesis, the Houston/Galveston bay area inventory analysis and
fragility models derived can be readily incorporated with advanced hurricane
modeling software for emergency officials to have a more holistic view of the
hurricane and its effects on the transportation infrastructure applied to future

probabilistic or deterministic storms.

1.2. Overview of Thesis

This thesis is broken up into eight chapters. Chapter 2 reviews reconnaissance
reports from Hurricanes Katrina and Ike, as well as the current literature on

estimation of storm surge and wave forces, scour depth at bridge piers and



abutments and the current risk assessment models used in hurricane emergency
planning. Chapter 3 conducts an in-depth inventory analysis for bridge
infrastructure in the Houston/Galveston bay area including all of the sources of data
used in the models. Chapter 4 describes the bridge deck uplift fragility approach
that is used in this study and how it is adapted for use on the regional level. Chapter
5 details the framework proposed for probabilistic analysis of scour, and examines
the scour analysis approach for piers, abutment and embankments as well as the
sources of uncertainty in these models. Chapter 6 presents the results of applying
the bridge deck and scour fragility models in a risk assessment of the
Houston/Galveston bay area for three scenario hurricane events, and evaluates the
state of transportation infrastructure for hindcast and hypothetical storms. Chapter
7 delves into the practical applications of this research, especially in emergency
planning and analysis of post-event entry routes onto Galveston Island among other
areas and applications. Finally, chapter 8 summarizes the conclusions of this study

and lists future opportunities for research and application.



Chapter 2

Literature Review

2.1. Empirical Evidence of Common Failure Modes from

Previous Hurricane Events

Many hurricanes in the past several decades have caused damage to the bridge
infrastructure systems, such as Hurricane Camille in 1969, Hurricane Ivan in 2004
(Douglass et al., 2004), the Songda Typhoon in 2004 and Hurricane Irene in
2011(AP, 2011), just to name a few. However, two hurricanes in particular,
Hurricane Katrina and Hurricane lke, have focused national and local attention,
respectively, on understanding and improving bridge and roadway performance

during coastal storm events.

Hurricane Katrina made landfall on August 29, 2005 on the southern coast of
Louisiana with winds over 140 MPH and surge that reached up to 35 feet

(DesRoches, 2006). Hurricane Katrina is the most expensive tropical cyclone on



record in the US (not adjusted for inflation) (Blake et al., 2011). While the flooding
of New Orleans and loss of life that accompanied the failure of the levee system
protecting the city of New Orleans has received the most national attention, also
important was the performance of the bridge and roadway networks during

Hurricane Katrina and the damages evident (DesRoches, 2006).

During Hurricane Katrina, 45 bridges were damaged, including one bridge
that was under construction at the time. Of these bridges, most were movable spans
that had their electrical and mechanical equipment submerged with storm surge,
but these bridges accounted for a small portion of the emergency repair costs and,
indeed, were seen to have slight damage. Table 2.1 shows the causes of damage and
emergency rebuilding costs associated with bridges during Katrina with some
bridges having multiple failure modes (DesRoches, 2006, Padgett et al., 2008). When
bridges had multiple failure modes the cost of emergency repairs was assigned to
both causes’ costs; therefore, the table below cannot be taken as total cost of the
hurricane but rather as relative costs of different failure modes. Figure 2.1 below
show the various failure modes seen in Hurricane Katrina. Also, Table 2.2 shows the
number of bridges at each level of severity of damage for each cause; see Appendix

A for definitions of damage states.









super-structure and lack of horizontal resistance such as shear keys (Padgett et al.,
2009, DesRoches, 2006, Okeil and Cai, 2008, Robertson et al., 2007). The second
costliest mode of failure, scour, was not examined in too much detail after Hurricane
Katrina, but it is an important failure mode of the bridges since excessive scour at

the bridge or roadway can cause a disconnect in the transportation network.

Additionally, while not tabulated here, the cause of almost all the roadway
damage seen in Hurricane Katrina was due to soil undermining of the roadways
which led to the collapse of roadway sections and debris accumulated on roadways
(DesRoches, 2006). The erosion of soil beneath roadways is closely related to
embankment scour that occurs at bridges and will be looked at in more detail in the
scour Section 5.4 of this thesis. Debris removal from roadways is a key component
of post-event recovery, as debris hinders rescue efforts to enter communities;
however, debris modeling is outside of the scope of this thesis and can be explored
in future work. Hence, while the greatest cost of rebuilding the transportation
system after Hurricane Katrina was associated with bridges, the damage done to the
roadways was also extensive and caused disruption to recovery efforts (DesRoches,
2006). Even though Hurricane Katrina prompted the most research into
understanding the forces that hurricanes exert on bridge structures, it was during
Hurricane Ike that the direct risks to the Houston/Galveston area transportation

system were realized.

Hurricane Ike landed on shores of the Texas coastline on September 13, 2008

as a strong Category 2 storm with wind speeds of 110 MPH and surge levels
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reaching 20 feet (Stearns and Padgett, 2011, FEMA, 2008). While hitting Galveston
and Houston hard, leaving millions flooded and without power, Hurricane Ike did
the most damage to the Bolivar Peninsula where almost every house was leveled by
the surge and wave forces (FEMA, 2008). Although at a different scale than
Hurricane Katrina before it, Hurricane lke impacted the transportation
infrastructure in the Houston/Galveston bay area (Stearns and Padgett, 2011). In
total, 53 bridges were damaged during Hurricane Ike, mostly small, local, timber
structures but also three larger concrete and steel bridges (Stearns and Padgett,
2011). Although a direct comparison to the damages seen in Hurricane Katrina is
not warranted because the bridges documented in Katrina were all large state-
owned bridge structures compared to mostly locally or privately owned timber
structures, it is still important and valuable to observe the failure modes of the
bridges in Hurricane lke since this research project focuses on the most likely risks

to the major transportation routes in the Houston/Galveston bay area.

During Hurricane lke, almost all the bridges that failed did so due to deck
unseating or scour related problems, with very few bridges failing due to impact or
submergence of electrical equipment. Table 2.3 shows the distribution of damaged
bridges along with the causes for damage (Stearns and Padgett, 2011). The highest
number of bridges failed due to deck unseating and also caused the most extreme
damage, as was also seen in Hurricane Katrina. However, scour was more
thoroughly evidenced and was a close second in the number of bridges damaged
although the level of damage was less. Through these two hurricanes, and Hurricane

Ike in particular, it is seen that bridge deck unseating and scour related damages are
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forces that storm surge and waves exert on the decks of these coastal bridges since
the models of forces used for offshore platforms were inadequate to fully
understand the interaction of the waves with the bridge decks (Douglass et al.,, 2006,
Aguiiiiga et al., 2008, Cuomo et al., 2009, Chen et al., 2009, Marin and Sheppard,
2009, Bradner et al,, 2011). Following these and other experiments, the combined
forces of storm surge and waves acting on a bridge deck have been characterized
into four distinct components: drag, inertia, buoyancy and slamming forces, with all

the forces except buoyancy acting in both the horizontal and vertical directions.

2.2.1. Surge and Wave Forces Acting on Bridge Decks

Drag forces occur as a result of the flow velocity around the bridge deck and are
related to the area of the bridge deck in contact with fluid flow based on angle and
direction. The inertial forces experienced by the bridge deck are “proportional to
the time rate of change of linear momentum of the water mass impacting the
structure” (Marin and Sheppard, 2009). This is generally the mass of the water
displaced by the structure along with what is referred to as the added mass: a
portion of the water surrounding the bridge deck that changes with time to reflect
the dynamic interaction of the fluid with the bridge deck. As noted in most physics
based models, and by Marin and Sheppard (2009), the inertial force on a fully
submerged structure is usually constant, but for partially submerged structures, this
force varies in time as both the mass of the water displaced and the added mass
changes. The force acting on the structure that is the easiest to calculate and

understand is the buoyancy force: the weight of the water displaced by the bridge
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deck acting in the vertical direction. The drag, inertial and buoyancy forces are
called quasi-static forces because they have frequencies that are on the same order
as that of the waves. The last component of force acting on the structures is the
slamming force which is primarily due to trapped air between the wave and the
bottom of the bridge deck. The combination of the vertical forces reducing the
effective weight of a given bridge deck and the horizontal forces pushing the deck
off its supports can often lead to the displacement or removal of many simply
supported bridge spans as seen extensively during Hurricane Katrina (Okeil and Cai,

2008, DesRoches, 2006).
2.2.2. Research on Surge and Wave Forces Prior to Hurricane Katrina

As mentioned earlier, before 2005, most scholarly interest in wave forces was
related to the fields of protecting offshore structures and jetties from hurricane
forces (Sarpkaya and Isaacson, 1981, Kaplan et al., 1995, Bea et al., 1999, French,
1979). For these offshore platforms, horizontal forces were the most important,
especially slamming forces as these can move equipment and destroy the platform
decks. Vertical wave forces, however, were considered to be of less importance
because most platforms decks have grated floors that reduce the vertical loads on
the structure to values on par with the horizontal loads and because, for the most
part, horizontal platforms are well anchored to their substructures (Bea et al,,
1999). The results of the work on offshore platforms include many varying

methodologies for calculating forces on horizontal platforms based on empirical
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data and physics based models, but they are not immediately applicable to the case

of coastal bridges.

Even though research on offshore platforms constituted most of the work
done on wave force prior to 2005, wave forces on docks and bridge-like structures
were being investigated as early as 1963 when El Ghamry (1963) modeled the effect
of wave forces on docks, and found that the uplift forces generated by waves on
docks were very sensitive to wave height and wave length (El Ghamry, 1963).
Additionally, Denson conducted small-scale laboratory tests on bridge decks in both
1978 and 1980, the first research to directly look at bridge decks (Denson, 1978,
Denson, 1980). While his work found some interesting conclusions that would be
repeated after Hurricane Katrina (i.e. that wave moments caused most of the
damage from Hurricane Camille and that anchorage could have prevented said
damage), there are limitations of his work, including the fact that the results from
the wave basin tests of his two experiments varied greatly. While this early work on
both offshore platforms and, to a limited extent, bridge decks is valuable to an
analysis of the demand caused by wave forces, many of the methodologies
developed cannot be directly applied to coastal bridge decks because of limited
experimental testing in the case of the few projects utilizing bridge deck geometry
and because of differences in geometry and coastal bathymetry in the case of work

on offshore platforms.
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2.2.3. Research on Surge and Wave Forces since Hurricane Katrina

With Hurricane Katrina in 2005, the subject of wave force research was focused on
bridge structures due to multitude of bridges damaged during the storm. In addition
to reconnaissance to understand why the bridges failed (DesRoches, 2006),
Hurricane Katrina also prompted researchers to investigate and review existing
work done on wave forces, which was completed by groups at the University of
South Alabama (Douglass et al, 2006) and at Texas A&M University Kingsville
(Aguifiiga et al.,, 2008). These reports called for more experimental testing of bridge
decks, both small and large-scale, as well as experimental tests that varied wave
periods, wave length and wave height (Douglass et al., 2006, Aguifiiga et al., 2008).
Since then, research has been conducted to quantify the wave forces on large-scale
bridge structures, using a 1:5 scale through Bradner’s work (Bradner et al., 2011),
as well as 1:10 scale experiments to understand the slamming force of trapped air
under bridge superstructures (Cuomo et al, 2009). Additionally Marin and
Sheppard adapted Kaplan’s physics-based method for offshore structures to analyze
bridge deck geometries (Marin and Sheppard, 2009). As a result of these endeavors
to better characterize wave loads on bridge decks, the American Association of State
Highway and Transportation Officials (AASHTO) developed the first specifications
for design of bridges subjected to coastal storms in 2008 (AASHTO, 2008). The
AASHTO specifications give guidance to designers by consolidating the wave force
research into a methodology to calculate the maximum vertical and horizontal
forces exerted by a given wave or storm surge, based primarily on the work of Marin

and Sheppard (2009). The work presented in the AASHTO specifications is the basis
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of the bridge deck uplift model presented in this thesis and will be explored in

greater depth later.

2.3. Scour Failure Mode

As seen in both Hurricanes Katrina and Ike, scour is consistently the second most
frequent and costliest failure mode and thus the mechanics of it must be understood

in order to assess the risk scour poses to the bridge and roadway network.
2.3.1. Mechanics of Scour

Scour is the erosion of soil from under or around bridge supports, mainly piers,
abutments or embankments. Hurricanes notwithstanding, scour is a critical issue in
the US and accounts for more general bridge failures than any other cause (Briaud,
2006). In hurricane events, however, scour can have highly detrimental effects on
the bridge and roadway system, mainly through embankment scour where the soil
directly behind the abutment can erode causing the approach spans or roadway to

collapse.

To understand bridge scour, an understanding of the mechanics of soil
erosion must first be obtained. When water starts to flow over and around soil
particles, three things happen: 1.) at the interface between water and soil particles,
shear and drag forces develop, 2.) because of the flow of water around the soil
particle, the normal force exerted on the soil particle decreases, and 3.) both the

normal and shear stresses at the boundaries fluctuate with time (Briaud and Oh,



2010). With these three conditions occurring, the shear forces can overcome the
forces holding the soil particles together and erosion can occur. Hence, there is a
threshold force that must be exceeded (usually given as a specific water velocity,
used in this study, or shear stress) in order for erosion to initiate. With an
understanding of how scour is initiated, bridge scour in a more general sense can be
discussed. Bridge scour is usually broken up into general scour, contraction scour
and local scour. General scour can occur with or without the presence of a bridge
and is erosion along the waterbed. One example of this occurs when improvements
to a channel cause increased water velocity and thus erosion of the soil on the
bottom and banks of the channel. Contraction scour occurs when a channel or
waterway is constricted by embankments from a bridge causing water velocity to
increase and erosion to occur (Briaud and Oh, 2010). This thesis is not concerned
with these types of scour as they occur over the life-cycle of the bridge or even
without a bridge, so the presence of a hurricane does little to increase the
probability of these scour types. The last scour type, local scour, includes the three
types of erosion studied in this project: pier, abutment and embankment scour.
Local scour is defined as erosion around a localized point, such as the bridge pier or
abutment and is caused by the increased turbulence of the water around the
impeding objects. Additionally, embankment scour occurs when the soil sloping
from the body of water to the abutment or underneath approach spans erodes.
Below is a simple schematic that shows general, contraction and local scour in

relation to a bridge structure.
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Also, the method presented in HEC-18 is based on tests done in sand-flumes and
thus will be highly conservative for bridges whose piers are located in cohesive soils
which are known to have a much slower erosion rate (Briaud et al., 2001b). Finally,
while still widely used as a scour depth indicator, the original HEC-18 method,
called HEC-18 (sand), does not include any time-dependency or allow for a
hydrograph of the channel at a given bridge to be used as an input; instead an
average water velocity is chosen as representative for the life of the bridge and the
maximum scour depth that the pier could ever experience is calculated. For the
purposes of this study, scour depth has to be estimated from a short-term, high
velocity event to verify if hurricanes can significantly affect the scour depth at
bridge piers or abutments, leading to repair or failure. This requires a slightly
different approach, which is laid out in Briaud et al. (2004), called the SRICOS
method or HEC- 18 (clay), as it is now incorporated as one of the options presented

in HEC-18.

2.3.3. SRICOS/HEC-18 (clay) Method

The SRICOS method was developed to better understand the scour at bridges with
cohesive soil types; thereby addressing a missing element in the previous HEC-18
(sand) method which was based solely on sand flume tests. This method used flume
tests of bridges in silts and clays, the soil types considered cohesive. Silts and clays
are defined as those soil samples that have more than 50% of a soil sample pass
through a 0.075 mm sieve, with silts ranging from 0.075 mm to 0.002 mm and clays

being less than 0.002 mm in size (Briaud et al., 2004). These two soil types were
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chosen because they are known to erode much more slowly than sands and thus,
while a bridge located in sand may reach maximum scour depth with just one flood
event, a bridge in a cohesive soil could never reach its potential maximum scour
depth estimated by the HEC-18 (sand) method (Briaud et al,, 2004). However, with
the new HEC-18 (clay) method, in order to properly estimate the scour depth, the
erosion rate of the soil must first be determined so as to calculate how quickly a
bridge will approach its maximum scour depth over time. This was accomplished
through the creation of the Erosion Function Apparatus (EFA), which is a
mechanical apparatus that pushes a given soil sample through a Shelby tube (like a
push-up ice cream pop) into flowing water and measures how long it takes for 1 mm
of the soil to erode. This test is done with varying water velocities until a full range
of erosion rates (in mm/hr) can be determined for a range of water velocity (Briaud
et al.,, 2001b). This EFA output and the maximum scour depth are the basic inputs to

the SRICOS method.

SRICOS assumes that the time dependent scour depth at the bridge is
hyperbolic, based on the initial scour rate (determined from the EFA graph of
erosion rate vs. water velocity or shear stress) and the maximum scour depth. Based
on the initial erosion rate of the soil in question, the scour depth would increase
hyperbolically over time until the maximum scour depth is reached. The SRICOS
method, because of its ability to determine the time-dependent scour depth at a
bridge site, is used as the basis of the probabilistic pier and abutment scour models
presented in Chapter 5. However, specific literature about each of the scour types is

presented below.



22

2.3.4. Pier Scour Research

Pier scour, which is the most common in non-flood events and is the best
understood of the scour phenomena, occurs when flowing water erodes the soil
around a pier causing a hole to form around the pier which exposes the pile,
elongates the effective length of the pier and reduces the capacity of the pier to
resist lateral forces (Chiew, 2008). There are a plethora of equations, outside of the
two methods presented above, to determine the scour depth at piers, but many of
these equations are used for design purposes to estimate the maximum scour depth
a pier would experience rather than the scour depth due to a certain event or during
a certain duration. The equations also, in many cases, include a factor of safety
which is desirable for design but which hampers estimations of potential scour
depth for existing bridges (Johnson, 1995). For example, the most commonly used
scour equation at piers, HEC-18 (sand), was originally created for bridges in the

design phase and contains a built in safety factor.

The SRICOS method discussed above has already been simplified by in the
work of Briaud et al. (2010) and Govindasamy et al. (2008) to be applied with
limited data source, and allows, with some caveats, for the initial erosion rate of the
soil to be estimated based upon soil type, eliminating the need for site specific soil
samples (Govindasamy et al, 2008). Additionally, Bolduc et al. (2008) took the
SRICOS method and, using Bayesian models, developed a logistic, probabilistic
model that accounted for the bias in the original equation (Bolduc et al., 2008). Such

bias removal and error estimation are key for application of the predictive



23

equations in reliability assessment. However, even with the improvements of Briaud
etal. (2010), Govindasamy et al. (2008) and Bolduc et al. (2008), the SRICOS method
has not been applied to a large suite of bridges in a probabilistic way as to ascertain

the likelihood of meeting or exceeding a particular scour depth.

In addition to various models that calculate scour for a given bridge site,
there are also many models that give a relative scour ranking based on items in the
National Bridge Inventory (NBI) database (Morris and Pagan-Ortiz, 1997, Harrison
and Morris, 1991, Stein et al, 1999). These models usually indicate scour
vulnerability in bridges based on rankings of the condition of bridge super and
substructure, channel adequacy, cost of rebuilding, and average daily traffic. While
these simplified models include the costs of each bridge when ranking scour
vulnerability and can easily be applied to a regional set of bridges, they only rank
risk based on biannual reports made to the Nation Bridge Inventory and take into
account normal water flows around the bridges, not the increased velocity of
hurricane storm surge. Also, these models are intended to be used as an indicator of
a bridge’s lifetime susceptibility to scour, not the susceptibility to a specific event.
Thus, while a valuable tool to determine scour critical bridges, they do not
accurately embody the risk that hurricane storm surge poses in causing additional
scour at bridge piers and are used in this study for identification purposes only (i.e.
identifying which bridges are scour critical before a hurricane event and if increased
water levels and velocities cause additional scour at these bridges as opposed to

those bridges with generally low scour vulnerability).



Even though pier scour has received the most research attention, in
Hurricanes Katrina and Ike it was not seen as a large failure mode of the bridges and
there is evidence that the surge during a hurricane does not increase scour depth at
piers enough to cause major issues in most cases (Froehlich and Fisher, 2000). In
fact, it was discovered that while the hurricanes bring in high water velocity to the
piers, the short duration of the storm actually causes scour from hurricanes to play
less of a role in pier scour than normal tidal flows do (Froehlich and Fisher, 2000).
Thus, while pier scour will be estimated in this study, it will likely only play a role in
the failure of those bridges which are already known to be scour critical and
discovering a method to measure scour at abutments and embankments is of

primary importance.

2.3.5. Abutment Scour Research

Abutment scour is much more complex than pier scour and less research has been
conducted on how to measure scour at abutments. There are theories that abutment
scour can be estimated in a similar manner to pier scour with slightly different
assumptions (Melville, 1997), but there are also theories that postulate that no
comparison can be drawn between pier and abutment scour because of the eddies
that can form due to abutment type and shape since the water cannot flow freely
around the abutment as it can around piers (Chiew, 2008). With that in mind, it is
difficult to find an accepted method or equation for determining abutment scour at a
bridge with very precise data much less a simplified method for determining the

scour vulnerability of bridges across a region. Most studies of abutment scour have
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been limited to computer simulations or very controlled laboratory experiments for
a small subset of abutment types (Oh et al, 2009). Nonetheless, abutment scour
seems to be more prevalent than pier scour during hurricane events since it
undermines the soil at the toe of the abutment and can cause more immediate

damage to the bridge structure.

One method for determining abutment scour was put forth by Froehlich
(1989) and is based on a multiple linear regression analysis that was run on
laboratory measurements of abutment scour for two conditions at the bridge site:
live-bed and clear water. Live-bed scour occurs when the scour hole at the abutment
is replenished by material roughly the same size as the supporting soil. Clear water
scour occurs when the material that is carried by the flow is much smaller than the
soil that initially supported the abutment (Froehlich, 1989). Froehlich (1989)
developed an equation for each type of scour at the abutment based on the shape of
the abutment, inclination angle, flow around the abutment, area of the abutment,
and the particle diameters of the soil. These equations require many parameters to
be known about the soil and the properties of the bridge abutment, but it is possible
to create a probabilistic form of these equations that utilizes the uncertainties in the
parameters to estimate the scour at each bridge. Another method stems from the
SRICOS method and is applied to abutments through additional input information to
account for abutment type, shape and setback from the water’s edge and increased
complexities in the core equations to include the eddy effects around the abutments
(Briaud and Oh, 2010). Despite the increased complexities from the pier scour

equations, the SRICOS method for abutment scour is generally less conservative (i.e.
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does not have a built in factor of safety) than other predictive models (Oh et al.,
2009), and is adopted in this study to be consistent across both pier and abutment

scour.
2.3.6. Embankment Scour Research

Finally, embankment scour encompasses both the soil erosion of the embankments
leading up to the bridge abutment and the undermining of soil beneath the
approach spans to the bridge. By far, this was the moét severe of the forms of scour
evidenced in Hurricane Katrina (DesRoches, 2006), and to a lesser extent in
Hurricane Ike. One possible reason for this could be that the soil beneath the
approach spans does not often experience water flowing perpendicular to the
roadway on a regular basis unlike the soil at the piers and abutments (because most
flow generated from rainfall will be overland flow that will run in the direction of
the roadway towards the stream/river in most cases, whereas piers and abutments
experience perpendicular water flow regularly due to the flow of the stream/river)
and thus has greater potential for the storm surge velocity to be able to move the
soil particles. Another reason could be that, especially in older bridges, there is a
higher likelihood that a bridge pier or abutment could have already experienced
water velocities equal or greater than that of the storm surge and thus have already
reached its maximum scour depth, resulting in little or no additional scour (Briaud
et al,, 2001a). Regardless of the reason why embankment scour is usually the most
severe in hurricane events, this undermining of soil at the approach spans can cause

the roadway that the soil is supporting to collapse, and the bridge to be impassable
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(DesRoches, 2006). Currently there are no widely accepted models to predict
embankment scour at bridges that can be applied on a regional scale for hurricane
storm surge. There are some studies on embankment erosion of levies during
hurricanes, but they are not applicable to small scale bridge embankments
(Powledge et al., 1989a, Powledge et al., 1989b). Therefore, part of the research for
this study will be to adapt the current knowledge from SRICOS and erosion rates of
soils to develop a qualitative approach to embankment scour that defines risk levels

for the bridges in the study area.

2.4. Hurricane Risk Assessment Models for Bridge and Roadway

Systems

Understanding the forces that act on the bridge under wave action or estimation of
scour given surge and fluid flow is only the first step to understanding how coastal
storms affect the road and bridge transportation systems. The next step is being
able to quantify the likelihood of damage to all the bridges in a region. This is done
through a vulnerability/risk assessment. Because predicting the performance of
bridges under hurricane loading has a significant amount of inherent uncertainty,
the vulnerability of said bridges is best defined in probabilistic terms. In fact, the
very concept of risk, which refers to the potential for damages or losses that can be
associated with an event, implicitly requires the identification of the hazard
potential as well integration of the hazard potential with the probability of damage

and/or the effects of the damage (Ellingwood and Wen, 2005). Alternatively, studies



based on scenario events can be applied to gain a better understanding of the
consequences and failure potential under the case study storms. Nationwide risk
assessment packages, such as HAZUS-MH offered by FEMA (Basoz and Mander,
1999), address multiple hazards; however, these packages do not currently contain
appropriate input models to assess risks to bridge and transportation infrastructure

posed by hurricanes.

While much work has been done to understand the risk to bridges in other
natural hazards, like earthquakes, through the application of empirical or analytical
fragility curves in a risk assessment (Basoz and Kiremidjian, 1999, Alipour et al.,
2010, Yang et al,, 2009, Kang et al,, 2008, Kiremidjian et al., 2007, Lee et al., 2011,
Rokneddin et al., 2011, Zhou et al., 2010), very little work has been conducted to
quantify the risk that hurricanes pose to the coastal infrastructure systems. Until
recently, the traditional “risk assessment” methods for a coastal region given a
storm surge were based on inundation maps of some sort (CCSP, 2008). Sometimes
the inundation would be based both on storm surge simulations and the elevation of
the bridge, but most of the time inundation maps only included surge information
and any bridge in the surge zone was considered at risk, without any quantification
of the susceptibility to damage or consequences of the event other than
documenting the surge height. The few studies that have examined risk to
transportation systems from hurricanes have usually been limited to analysis
empirical evidence (Padgett et al., 2009, Douglass et al., 2004); however, Chen et al.

(2007) presented a methodology for emergency risk management that focuses on
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understanding the vulnerability of roadways to hurricane storm surge and wave

forces (Chen et al., 2007).

Following Hurricane Katrina a few empirical fragility curves were derived
based on the damage to the Louisiana bridge system, the first of their kind; however,
these fragility curves were not differentiated by bridge type or design details,
instead giving a probability of damage state exceedance for a given surge height
generic to bridges typical to the region (Padgett and Arnold, 2009, Padgett et al.,
2009). Figure 2.3 provides an example of the empirical fragility curves calculated
based on statistical analysis of the observed damages and hindcast surge elevations
from Hurricane Katrina (Padgett et al., 2009). Given the limitation of statistically
significant data for differing bridge types, damage levels and design details,
analytical and simulation based fragility analysis of bridges under hurricane loading
has been prompted. Specifically, Ataei and Padgett (2011) proposed a method for
bridge deck unseating fragility analysis, which is adopted in this study. Further
details on this method are summarized in Chapter 4 of this thesis; however this
method and other analytical fragility analysis of coastal bridges under hurricane
threats cannot be conducted without a comprehensive database of coastal bridge
information. Therefore, a major portion of this research is to build a database for the
Houston/Galveston area that facilitates the development of bridge specific analytical
fragility curves for bridge deck uplift. Such fragilities can be integrated with
probabilistic hazard estimates or scenario hurricane events, marking a significant
advance over existing risk assessment models for coastal bridge and transportation

infrastructure limited to presence in an inundation zone.
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be a subordinate mode of failure to abutment or embankment scour (Froehlich and
Fisher, 2000). There is a need to understand the risk that hurricanes pose to
undermining the soil around bridges and under roadways to be able to have a
clearer picture of risk to the transportation network; which is met by developing
probabilistic models of pier and abutment scour and determining risk levels for
embankment scour based on soil type and water velocity. There have been a few
studies in creating probabilistic forms of existing scour methods (Johnson and Dock,
1998, Bolduc et al., 2008); however, these methods have been limited to pier scour
and are not entirely applicable to a regional suite of bridges because the
uncertainties assumed in Johnson and Dock (1998) are specific to Bonner Bridge in

North Carolina.

While significant research has been conducted on understanding the forces
at an individual bridge for uplift or scour, there is a current need for emergency
officials and decision makers to have a regional assessment of the risk that
hurricanes pose to the overall inventory of bridges in a transportation system. This
research project addresses this pressing need by applying probabilistic methods to
account for uncertainty in the estimation of both uplift and scour to a new regional
database of information in order to obtain risk maps for scenario hurricane events
in the Houston/Galveston area. Many risk assessments of transportation systems
(other than inundation maps) have focused primarily on evacuation from hurricane
prone regions (Duefias-Osorio et al.,, 2010); however, the risk assessment presented
in this study focuses on the state of the bridge network immediately following a

hurricane event, allowing for better informed decision making about post-event
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recovery efforts and facilitating the prioritization of bridges for retrofit or
rebuilding. This type of risk assessment, while routinely conducted for other

hazards (Rokneddin et al., 2011), has not been applied to hurricane prone regions.



Chapter 3

Data Collection and Inventory Analysis

3.1. Importance of Data Mining

One of the most crucial aspects of conducting a regional risk assessment is collecting
all the necessary data to support analysis of the various types of vulnerability.
Although historically, regional risk assessment of other types of hazards have
conducted general fragility analyses of bridge classes, and then assigned each bridge
in a region a class fragility (Basoz and Kiremidjian, 1999, Nielson, 2005, Choi et al.,
2004), this study attempts to enable a more refined, bridge specific fragility
assessment. The structural reliability models under surge/wave as well as the scour
estimates require detailed information about a given bridge not easily inferred by
generic bridge classes defined by material and construction type. Therefore this
study aims to characterize the important data to support regional risk assessment of

bridge infrastructure in coastal regions. Collecting this data is easy enough for a
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single bridge or even a small sub-set of bridges, but when applied to an entire
region, such as the Houston/Galveston bay area, the matter of data collection
becomes of upmost importance. Thus, much time and consideration is given to
mining the pertinent data from many data sources as well as to performing site
visits to bridges where data was unavailable or inadequate. This endeavor to
develop a database structure for vulnerability assessment is intended to serve as a
model for other coastal regions, and identify viable data sources to support such

efforts.

The current bridge deck modeling, scour depth prediction and soil erosion
calculations are all extremely data intensive. Even with a simplified analysis, data
and data collection are vital to an accurate risk assessment since the reliability of
the model rests on the amount of uncertainty inherent in the input data. Many
sources of information already exist in the form of the National Bridge Inventory
(NBI) database and the Texas Department of Transportation (TxDOT) records;
however, detailed information is also required for girder type and area, vertical
reinforcement and soil type. Additionally, given the size and extent of the region in
question, site visits to all 155 bridges would be unfeasible, thus a major portion of
this research was to locate and piece together a comprehensive database of
information that would include structural information as well as soil details and
general characteristics for all the water-crossing bridges in the Houston/Galveston
area. Collecting all of this information required compiling the NBI data for the state
of Texas, spending months in the Houston branch TxDOT office gathering bridge

inspection files and as-built files for every bridge available, finding a reliable source



that would give soil type near each bridge in the area, and conducting a few
specified bridge site visits when all other data sources were exhausted. This section
will go into detail describing all the sources of data in the new Houston/Galveston
database (which is available upon request), what assumptions were made with each

and how these sources led to the final database.

3.2. Data Sources Mined for Houston/Galveston Database

3.2.1. National Bridge Inventory

The National Bridge Inventory is a national database of bridges on public roads,
including interstates, US highways, state and county roads that resulted from the
enactment of the National Bridge Inspection Program to support safety inspection
and evaluation of highway bridges (NBI, 2010). The database includes the bi-annual
inspection data listed by state, and although it was not intended to support hazard
risk assessment studies, it can provide a valuable starting point for any regional
data collection. NBI is publicly accessible (NBI, 2010); however, some fields, such as
the bridge identification number, are stripped to help ensure some safety and
security of the data. There are over 100 items listed in the NBI data for each bridge,
as described in the NBI Coding Guide (FHWA, 1995), although not every item is
populated for each bridge. However, for the purposes of this study, only specific
items were necessary (see Table 3.1). A complete description of all the items in the
NBI database can be found in its coding guide online (FHWA, 1995), but a few

distinctions must be made about the specific data pulled for this study (NBI, 2010).
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(Table 3.2), including datasets on all the roadways, counties, inlets and bays of south
Texas, as well as advanced LiDAR (Light Detection and Ranging) data for elevations
of the entire region. After putting together a map of the Houston/Galveston bay area
using the GIS files listed below, the research study area was defined as the entire
Island of Galveston, Bolivar Peninsula and everything within a one mile radius of the
edge of the Houston Ship Channel, Trinity Bay, East Bay and West Bay. This ensured
that all the bridges that could potentially experience significant surge or wave

heights were included without excessive data collection outside the surge zone.

With the bay area now defined, the database of all Texas bridges was refined
using a buffer tool in ArcMap so that only the bridges in the bay area were included.
Furthermore, the key information obtained from GIS was the ground elevation at
each bridge and the soil type at each location; the source of the soil type data will be
discussed in Section 3.2.4 below. For the elevation, LiDAR elevation maps with a
horizontal precision of +/- 10 ft were used, obtained from the United States
Geological Survey (USGS) online seamless server (USGS, 2011). The information
from USGS is contained in small parcels, so several areas of LiDAR data were
overlapped to eventually arrive at a map of the complete bay area region (see Figure
3.1 below of LiDAR data). The USGS obtains these LiDAR elevations by sending
pulses of a laser from LiDAR instruments fitted to various aircraft and measuring
the time it takes to detect the returning light beam. When the LiDAR maps are made,
they have all the buildings and landmarks on them; however, the data is post-
processed to remove structures and foliage to create a bare earth map. However, a

significant drawback to the LiDAR elevation is that the laser beams to not reflect
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completely off of water and thus do not give accurate elevations of either the water
or the channel bottom. Because of this and the fact that the bridge locations from
NBI are generally located at the center of the bridge (and thus, over water), the
LiDAR elevation pulled directly from the given location would describe neither the
water level elevation, nor the channel elevation. Thus, it was necessary to manually
find the elevation (or create a new file of bridge locations using the first approach
span) for each bridge at the first approach of the bridge. Also, taking the elevation at
the beginning of the bridge assured that the elevation would be of the roadway level
and not the ground beneath the bridge (as the bridge would be stripped out to give
the bare earth map). This is an important distinction since items pulled from NBI
and TxDOT files give the height from the bridge to the ground or water level and it is

important to be consistent in the methodology for gathering the elevation data.
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3.2.3. TxDOT Data: Inspection Files and As-Builts

The most important data source for regional database construction is the
information from the local Department of Transportation (DOT) on bridges that it
inspects and maintains. For this study, detailed inspection reports and bridge plans
were obtained from TxDOT, primarily from the Houston District and Beaumont
District offices. Inspection files were procured for all the water crossing bridges in
the Houston/Galveston bay area. Beyond inspection files, bridge plans as actually
constructed, called as-builts, were obtained for on-system bridges from TxDOT’s in-
house database, TxDocs Online. These two data sources provide almost all of the
necessary data for the bridge deck uplift vulnerability model, and it is from these
sources that the most data is mined. The inspection files contain the bi-annual
inspection form used to populate the NBI database, but usually go further in
describing the type of bridge deck, the span lengths, and in most cases include a
channel profile, which is highly useful in determining the distance between the
water surface and the bridge deck as well as the channel elevations. Additionally,
many of the bridges have been inspected for possible scour issues and this
inspection is also included in the file, yielding valuable information such as pier
type, abutment type and soil type. What cannot be mined from the inspection files in
terms of structural attributes can usually be found in the as-built. For this study, the
pages of most interest were the bridge overview pages along with the pages on
bents and abutments where details such as the vertical reinforcement between
bridge deck and substructure, girder type and size, pile size and length and pier type

and size can be obtained. Table 3.3 below details which parameters can be found in
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3.2.4. Soil Type Data: SoilMart Online Database

To conduct the scour analysis, at the minimum the general soil type for every bridge
in the database must be obtained. Ideally, soil samples would be collected and tested
for each site to characterize the erosion rate. However, to practically support a
regional assessment with over 150 bridges in the Houston/Galveston bay area, soil
erosion rates will be inferred based on soil type and past testing of similar classes of
soil. The estimated initial erosion rates based on soil type are adopted from the
simplified analysis of Briaud et al. (2009) and discussed further in Chapter 5 of this
thesis. For many bridges, the soil type is contained in the TxDOT scour inspection
file, but not for every bridge in the bay area region; thus, there is a need for a
reliable and consistent source documenting soil type throughout the Houston
region. This source of soil type information was found in SoilMart (NCRS, 2011), an
online database with basic soil types for large areas of land. There are some
limitations to the SoilMart database; the soil type obtained from a representative
sample is generalized across wide swaths of land (up to several hundred acres) and
so site specific variation in soil type verses the representative sample can exist.
Additionally, the representative samples are only obtained for the first five feet of
depth, so it does not give an accurate view of the soil stratification. However, for the
purposes of this study, general soil types from the SoilMart database are adopted so
as to assign an erosion rate for the scour susceptibility analysis. It is acknowledged
that future studies could conduct more refined site specific geotechnical
investigation. From the online database, soil types were downloaded for the

Galveston, Harris, Chambers and Liberty counties.



3.2.5. Bridge Site Visits

Even with the many sources of data that were mined for bridge geometry, channel
properties and soil type, not every parameter could be determined for each bridge.
Where the data mining process did not yield enough information for the regional
risk assessment, bridge site visits were conducted. For this study, seventeen bridges
were visited to determine soil type (if the SoilMart database and the scour
inspection did not agree), pier geometry and type, and most importantly, abutment
geometry, type and setback from the water. Information on the abutments of the
bridges is the most difficult to locate in the traditional sources listed above, and thus
limited abutment data was the primary driving force for conducting bridge site
visits, although, once there, other parameters were also collected for verification
purposes. Because lack of abutment data was the deciding factor on bridge site
visits, the bridges were chosen based on their anticipated susceptibility to abutment
scour. Bridges included in these site visits had to have previous scour damage, be
located in highly erodible soil, such as sand, and not be inundated based on the
surge levels from a hindcast Hurricane Ike scenario event. This last proviso was
added because when the bridge deck is inundated, embankment scour or soil
erosion of the approach spans is a far more likely and dangerous risk than abutment
scour (Briaud, 2011). Where there were bridges not included in the site visits that
were still missing key information, the missing data was inferred based on the
parameters from similar bridges in the area. Specifics on assumptions of missing

data can be found in Appendix B. Table 3.4 below lists the information that was
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at the original landing location; and a worst case scenario event called “Super Ike,”
which included 30% stronger wind speeds than Ike and a more southern landing
position so as to impact Houston and Galveston more directly. For each of these
scenarios, the output from the ADCIRC and SWAN modeling was post-processed and
the following data was obtained for each bridge: peak surge elevation and wave
height, wave period and water velocity at each time step in the simulation. The
mesh developed by the UT-Austin Computational Hydraulic Group is the most
precise mesh to be made for the Texas coast, with the grid for near-shore
measurements about 50m by 50m. Additionally, the model and mesh for the Texas
coat was validated on storms Alicia (1972), Brett (1999), Allen (1980), Carla (1961),
Rita (2005) and Ike (2008), even modeling the “fore-runner effect” seen in
Hurricane lke (Dawson, 2010). However, despite the increased accuracy of this
ADCIRC model for the Texas coast, given the larger mesh size, there is uncertainty in
the surge elevation and wave heights at the bridge site that must be accounted for in

the predictive structural and scour models when looking at scenario events.

3.3. Building the Houston/Galveston Bay Area Database

With the various data sources identified, the database for the bridges of interest
must be populated. From the NBI database and the defined area of the
Houston/Galveston bay area, 155 bridges were identified as water-crossing (by NBI
data) in the bay area, not including culverts and tunnels. Using the sources above
and the data collected from them, the parameters given in Table 3.5 were collected

or calculated for each bridge span of each bridge in the area. For those parameters
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3.3.1. Method for Calculating Parameters in the Houston/Galveston

Database

3.3.1.1. Determining Bridge Type

Many of the parameters listed above are easily found in the available data sources;
however, some parameters are calculated based on available data, such as bridge
type, height above water, water depth and channel elevation. Determining bridge
type is one of the more important facets of categorizing bridges in a regional area to
ensure that the distribution of construction types is representative of other coastal
regions, and to draw inferences based on observational data from past storms. For
example, Hurricane Katrina revealed the vulnerability of low elevation multi-span
simply supported bridges (Padgett et al., 2009). The first divide in bridge type is
number of spans, easily determined from NBI. The second categorizing factor is the
bridge material: concrete, steel or timber; and the last factor is the girder or deck
type. The simplest categories for bridge type are as follows and can be determined
by the number of spans and material alone: Single Span (SS), Multi-Span Simply
Supported (MSSS) Concrete/Steel, and Multi-Span  Continuous (MSC)
Concrete/Steel. A more detailed analysis of bridge types is usually desired and thus,
from the structure type in NBI, more specific categories of bridge type can be
defined as follows: SS Concrete Box Multiple, SS Concrete Girder, SS Concrete Slab,
MSSS Concrete Box Multiple, MSSS Concrete/Steel Girder, MSSS Concrete Slab, and
MSC Concrete/Steel Girder. Unless listed as continuous in the material type, i.e.

concrete continuous or steel continuous, each bridge is assumed to be simply
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For this study, the height above water was usually determined in one of two ways,
either from the channel profile or from the bridge profile in the as-built. The channel
profile lists various points along the bridge length, usually every span, and a
measured distance to the channel bottom, along with an average of the distance to
the water level. Height above water for most spans is simply the measured distance
to the water level; however, the height to the ground below the bridge span was
substituted for height above water for spans with no water beneath them. For those
bridges where a channel profile was not available, an estimate of height above water
was taken from the bridge overview pages in the as-built. Using Adobe PDF and its
measurement tools, the relative distance between the bridge deck and the water
level could be ascertained from the as-built and the actual distance then calculated
by using the scale provided on the bridge plans. In the example of the as-built below
(Figure 3.4), note the red arrows which measure the distance from deck to water on
the plan. Additionally, in Figure 3.5 of the channel profile, the key aspects are

blocked in red for an example span.
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3.3.1.3. Calculating Water Depth

Similar to height above water seen in the figures above, water depth was calculated
primarily from the channel profile. For most bridges calculating the water depth is
straightforward. If the bridge is flat, or does not change elevation over its length, the
water depth for each span is found by subtracting the height above water from the
given distance between the bridge deck and the channel bottom (see Figure 3.6).
Most bridges fall into this category, and any bridge with less than 8 spans was
assumed relatively flat. However, calculating the water depth becomes more
complicated when elevation change in the bridge is taken into account and some
assumptions must be made. First, for most of the longer bridges with elevation
change, the height above water for each span was calculated from the as-built (see
Figure 3.4 above) rather than from the channel profile to account for the changing
bridge elevation. From there the distance to the channel bottom of each span was
still obtained from the channel profile, and the water depth could be calculated by
subtracting the height above water (see Figure 3.7). The biggest assumption made
here is that the height above water does not change significantly over time, since the
as-built is from the date of construction, unlike the channel profile measurements

which are completed on a bi-annual basis.
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3.3.1.4. Calculating Channel Bottom Elevation

After the height above water and the water depth was obtained for each bridge
span, the channel elevation was determined by taking the elevation of the bridge
deck for flat bridges and subtracting both the height above water and the water
depth. For bridges whose elevation changes, the elevation from LiDAR was taken
beneath the bridge at the channel level so as to assume a constant water level, and
the channel elevation was found by subtracting the water depth, and the bridge

elevation by adding the height above water, as illustrated in the figure above.

3.3.2. Determining Bridge Subsets for Modeling Purposes

Once all the data had been collected for each bridge in the bay area, subsets of the
database must be created for each of the four vulnerability models based on the data
available. For instance, the bridge deck uplift model is not suited for running timber
structures or skewed structures at this time. Thus, the uplift data set of bridges
contains 136 bridges for which there is sufficient data and model applicability.
However, the subset for bridge deck uplift could be expanded in the future if models
appropriate for timber and skewed bridges are created. Likewise, pier scour
analysis is only relevant for those bridges with more than one span, as single span
bridges generally have no piers in the water; thus, the data set for pier scour is 123
bridges. The abutment scour model is only valid for bridges whose abutments are
not already protected by scour countermeasures like riprap. Hence the subset for
abutment scour is 109 bridges. Finally, embankment scour analysis is conducted for

the complete 155 bridge database.
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3.4. Statistical Analysis of Houston/Galveston Bridge Inventory

Database

After gathering all the pertinent data, a basic statistical analysis was conducted to
better characterize and understand the bridges in the area and to draw some initial
insights on the susceptibility of the Houston/Galveston bay area to hurricane
threats. Some statistics were calculated using the entire database of 155 bridges
(those pertinent to scour and general vulnerability, such as age of structure) while
other statistics such as bridge superstructure classification were calculated using
the database of 136 bridges that were included in the bridge deck uplift. First, the
bridges were classified following the detailed classification scheme described above.
Figure 3.8 shows the distribution of bridges by detailed classification type. As has
been demonstrated in both Hurricane Katrina and Hurricane Ike, Multi-Span Simply
Supported Bridges (MSSS) are typically the most vulnerable to bridge deck uplift
due to the lack of continuity between spans and the limited vertical resistance
connecting each span to the substructure (Padgett et al., 2009, Stearns and Padgett,
2011). When looking at the Houston/Galveston bay area, it is seen that 68% of the
bridges in the area are MSSS classified, and may be of critical importance when
evaluating the risk to uplift. Upon a closer look closer at the detailed classifications,
it can be seen that over half of the MSSS bridges are Concrete Girder type, but the
other half consist of Concrete Box Beam and Concrete Slab. Because of this, the
bridge deck uplift model incorporates all of these superstructure types in order to

fully characterize the risk to the bridges in this area.
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Chapter 4

Vulnerability Modeling of Bridge Deck
Uplift

With the database of the Houston/Galveston bay area completed, fragility models
for the two failure modes are needed in order to assess the vulnerability of the
bridges in the database. As seen in empirical evidence from past hurricanes, bridge
span displacement or removal is the leading cause of complete bridge failure during
coastal storm events, both in cost and frequency. As such, fragility models from
bridge deck uplift are required to determine the failure probability for each bridge.
However, while the new AASHTO specifications gives guidance to determining the
wave and surge loads on new design, previously there have been no probabilistic
models to determine the risk to existing bridges accounting for the uncertainty in
both the bridge capacity and the hurricane demand. Ataei and Padgett (2010b)
recently proposed a first methodology to develop fragility surfaces for the span

shifting and unseating failure mode of coastal bridges. Their model will be used in
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the regional assessment conducted herein to evaluate the performance of bridges
during hurricanes. Although further details on the probabilistic model can be found
in Ataei and Padgett (2010b), an overview of the methodology is provided below

along with details of how it is applied to the Houston/Galveston bay area.

4.1. Background on Fragility Modeling and Methodology for

Uplift

Fragility modeling aims to determine the conditional probability of failure for a
structure given a level of hazard intensity measure (IM). Fragility curves or surfaces
are obtained by comparing the capacity (C) of a structure to the demands (D)
experienced across a range of IMs, thereby determining a failure probability of the
structure at each IM value. Ataei and Padgett (2010b) showed that the unseating
fragility of coastal bridges is best depicted by a fragility surface with a vector of

intensity measures (Ataei and Padgett, 2010a).
P[Damage| Zc,Hwax| =P[D > C| Zc= sy, Huax = s3] ,

Equation 4.1: Probability of Damage Given Intensity Measures (Ataei and Padgett,
2010Db).

where Z. is the relative surge elevation, H,,,is the maximum wave height, and s, s,
are the values at which the failure probability is being computed. To evaluate this
conditional probability statement, Ataei and Padgett (2010b) found that an
assessment of static vertical uplift demands relative to probabilistic capacity

models, instead of a full dynamic analysis for each bridge, was sufficient to assess
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unseating fragility of typical low capacity connection bridges as found in the
Houston/Galveston bay area bridge inventory. This approach thus reduces the
computations needed to conduct a regional risk assessment, enabling bridge specific
fragility assessment and making the model more efficient for quickly determining

which bridges are in the most danger of failure.

The methodology adopted compares the vertical capacity of each bridge span
to the vertical uplift force caused by storm surge and waves, and failure is defined as
the force exceeding the capacity. Figure 4.1 below shows the methodology
schematically and more details on the approach to evaluate both demand, capacity

and associated uncertainties are discussed in the following subsections (Ataei and

Padgett, 2010b).
Static Reliability
Assessment for Span
- Unseating
Probabilistic Demand

A Probabilistic Capacity
Estimate

Estimate
Uncertainties - Waveand Surge Deck and Connection Parameters
Parameters and Bridge Deck Geometry from TXDOT
from Table 4.1 .
' - Uncertainties in Deck Dimensions and

Model Error anii Bias Removal Material Strength from Table 4.1

Maximum Demand : v —
Probability Density Capamjty Probat?lllty

Function Density Function

P{Demand > Capacity | Hazard Intensity] =

Probability of Failure (P;)

Figure 4.1: Schematic of Static Reliability Assessment for Span Unseating. Adapted
from Ataei and Padgett (2010b).
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4.1.1. Demand Modeling in the Bridge Deck Uplift Model

Ataei and Padgett (2010b) provide a detailed discussion of the approach for
probabilistic analysis of the demand generated by hurricane induced surge and
wave as adopted in this study. Their model builds heavily upon the new AASHTO
(2008) guide specifications for bridges vulnerable to coastal storms in which
estimates of the peak forces on bridge decks are presented based on extensive
studies by Marin and Sheppard (2009). These models were tested with field data of
the [-10 Escambia Bay Bridge and a physics- based model to show accuracy in
theory and practice. A review of the AASHTO wave force estimates is provided

forthwith.

As mentioned earlier, the vertical force on a bridge is composed of four parts,
an impact force due to trapped air between the water and the bridge deck, as well as
the quasi-static forces of drag, inertia and buoyancy. The maximum quasi-static

vertical force per unit length is estimated as:

Fyp = waI_/,B(— 1.3 EEM& +1 .8}[1 35+0.35tanh(1.2T, —8.5)]
b2 2
by +bx+—=+byx
y
b, bx

+—4+ 2= 4 b’
Yy Yy

(TAF)

Equation 4.2: Maximum Quasi-Static Vertical Force per Unit Length (AASHTO,
2008).

where yw is the unit weight of water, Huax is the wave height, ds is the total water

depth during the storm surge, and T, is the wave period. B is a coefficient that takes



into account the position of wave crest with respect to the bridge deck. Coefficients

bo to bs are defined by the geometric properties of the deck, and TAF is a factor to

adjust the vertical quasi static force for the effects of entrapped air. Additionally, 7,

x and y are given below:

{2

If%i«o.ls, then W =0.15W

and y=%

Equation 4.3: Variables W xand y (AASHTO, 2008).

where Z. is the relative surge elevation, positive if the storm water level is below the
bottom of the cross section, W is the bridge width and A is the wave length. Wave
length is usually difficult to determine when predicting or hindcasting hurricanes,
however a relationship between wave period and wave length has often been
suggested in past research. For example, AASHTO suggests the following equation to

relate wave length and period:

T? 2
/1=g” tanh| 4”2ds
2 T g

Equation 4.4: Wave Length Calculation (AASHTO, 2008).

where gis the gravitational constant, and ds and T, are defined as before. The

impulse like force, also known as the slamming force, is also defined by AASHTO per

unit length by:
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Equation 4.5: Impulse/Slamming Force (AASHTO, 2008).

where A and B account for the position of both the surge and wave crest with
respect to the bridge deck. For a full account of the peak wave force equations, along

with equations for the many coefficients, see AASHTO (2008).

With these models, the maximum uplift force, Fy cah be calculated by
summing the slamming force with the quasi-static force and removing the bias in
the estimation of these forces along with accounting for the error inherent in the
model itself. Equation 4.6 shows this below where Ab used to account for the bias in
the determination of the wave forces and ¢ is a random variable with lognormal

distribution used here to capture the model error.

F,

vt

=(FV-MAX + F, +Ab)51

Equation 4.6: Maximum Uplift Force with Bias Estimation (Ataei and Padgett,
2010b).

The bias function and model error are adopted directly from Ataei and
Padgett (2010a), who conducted a statistical analysis of experimental data relative
to AASHTO predictive equations. These analyses enable an application of the
predictive equations for peak demands on bridge deck in the probabilistic analysis,

and remove conservatism traditionally inherent to code based equations.
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Based on the findings of Ataei and Padgett (2010a), two parameters are
considered as the intensity measures that the demand and subsequent fragility

surfaces are conditioned upon- relative surge height, Z. and wave height, H,.«-

Most hindcast models of storms provide information on wave height as the
significant wave height instead of maximum wave height called for in the model. Thus,
the maximum wave height, H,, .4, is determined to equal to1.8 H; (AASHTO 2008). The

wave period is then correlated to the maximum wave height by the Longuet-Higgins

2
(1983) joint probability distribution: f(&,77) = L(£/7)* exp {-—%[1 +(1 ~l)2 Lz]} where
nov
¢ and 7 are dimensionless wave height and wave period respectively, and are given by the

equations below:

E=H/\m, ; m, :(HS/4)2;
n=T/T

Equation 4.7: Dimensionless Wave Height and Wave Period in the Longuet-Higgins
Joint Probabilisty Distribution.

2
. v 1 . . = .
where L is a constant, defined as (1+—)———; my is the first spectral moment, 7T is
4° \2rnv

the mean wave period, and v is the bandwidth of the wave spectral density. In
addition to accounting for this uncertainty in wave period for a given wave height,
other random variables are also considered in the fragility analysis, shown in Table
4.1. To remain consistent across both demand and capacity modeling, the deck
thickness is taken as a uniform distribution where the thickness can vary from 95%

to 105% of the value in the database. All other structural parameters are taken as
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deterministic in the demand modeling. The next section describes the capacity

analysis procedure adopted and associated random variables.

4.1.2. Capacity Modeling in the Bridge Deck Uplift Model

The capacity model presented in Ataei and Padgett (2010b) calculates the capacity of a
bridge deck to resist vertical forces and consists of the weight of the deck and vertical
connections between the deck and the substructure of the bridge. The weight per unit
length of each span can be calculated using Equation 4.8 below.

W, = (de+Ag xng)y

Equation 4.8: Weight per Unit Length of Bridge Span (Ataei and Padgett, 2010b)

where W; is the span weight per unit length, dj is the deck thickness, W is the deck
width, 4y is the cross section area of the girders, ng is the number of girders and y is
the unit weight of the material. Uncertainties in the density of materials and in the
thickness of the bridge deck are considered following the distributions given in
Table 4.1. The girder type, height and number of girders given by TxDOT are taken
as deterministic parameters because the most common girder types are pre-cast

and made off-site.

Vertical connection between substructure and superstructure is usually
manifested through anchor bolts or dowels bars in bridges in the coastal region. The
contribution of this vertical connection, if it exists, can be determined by the pullout
or yield strength of the bars. For anchor bolts, the equations are taken from ACI 318-

Appendix D and given in Equation 4.9 below with uncertainty taken into account:



Steel strength, N, = A, f,,

. . A
Connectionstrength, F, = n, x min{ Concrete breakout strength, N, = —*y,y»,N, x ¢,
No

Pulloutstrength, N, =y, N, x &,

Equation 4.9: Vertical Connection Strength (Ataei and Padgett, 2010b).

where n; is the total number of bolts per span, 4, is the area of the bolt, ;s is the ultimate
strength of the steel, Ay is the projected area of the failure surface for the anchor, Ay, is
the projected area of the failure surface of a single anchor remote from edges, N, is the
pullout strength in tension of a single bolt, y, to y, are modification factors. For more
information, see explanations of the above equations in ACI 318 (ACI, 2005). Steel
strength is based on mechanics of materials and thus no model error is associated with it.
&2 and &3 are the model error terms as presented by Eligehausen et al. (2006) for concrete
breakout and pullout strength respectively (Eligehausen et al., 2006). If the substructure
and superstructure are connected via dowel bars the resistive force can be estimated by:

Fc :nb xmjselemb¢b Snb xAxefy;

/4.

%=

Equation 4.10: Resistive Force of Dowel Bar Connections (Ataei and Padgett,

2010b).

where ¢p is the bond strength, ds. is the reinforcement diameter, lm» is the
embedment length of the dowel, f, is the reinforcement yield strength, I is the
development length estimated based on (12 - 1) in ACI 318 (ACI, 2005). The dowel

bars are assumed to reach yielding if the embedment length is longer than the
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7 Logarithmic standard deviation.
¥ (JCSS, 2001)
°(Ellingwood and Hwang, 1985)

Table 4.1: Sources and Distributions of Uncertainty in the Bridge Deck Uplift Model-
Ataei and Padgett (2010b).

4.2. Fragility Surfaces for Bridge Deck Uplift Vulnerability

As described in (Ataei and Padgett, 2010b), the fragility surfaces for each bridge
span are evaluated across the range of combinations of surge elevations and wave
heights. To propagate uncertainties in the random variables affecting capacity and
demand, Monte Carlo sampling is conducted to obtain the distribution of the limit
state function for each span, and then the distribution is integrated to estimate the

probability of failure.

The failure probability of each span in a bridge identified, the failure
probability of the entire bridge is merely the combination of the effect of each span,
where the bridge is modeled as a series system and if one span fails, the entire
system fails. The spans in this case are considered to be independent, with

continuous spans considered to be a single span where they are continuous.

Ataei and Padgett (2010b) also looked at a fully dependent scenario for
individual bridge spans and found that most of the bridges have narrow upper
(independent) and lower (fully dependent) bounds with variations of less than 10%

in the failure probabilities.

In theory, the probabilistic approach described above can be applied directly

to a given set of input storm data to evaluate the failure probability of a bridge. In
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this study, the fragility surfaces are instead derived for each bridge in the
Houston/Galveston bridge inventory database. This approach has the advantage of
decoupling the hazard assessment from the vulnerability modeling to enable any
number of future hurricane scenarios to be evaluated for the region. The fragility
surfaces of each bridge along with the relative surge height and wave height from
scenario hurricane modeling procured from the Computational Hydraulics Group at
UT-Austin are used to obtain the probability of failure for scenario regional risk

assessment.

Four bridges from the Houston/Galveston bay area bridge inventory were
chosen that demonstrate the differences in the fragility surfaces (Figures 4.2 and
4.3) based on bridge deck type and connectivity. Some selected database

information for each of the three bridges is given in Table 4.2 below.

The differences in the fragility surfaces arise primarily out of differences in
the capacity of the bridge to withstand the vertical uplift force. Therefore, the fields
in Table 4.2 relate to the capacity parameters of weight and connectivity. Figures 4.2
(a.) and (b.) show two MSSS Concrete Girder type bridges: one with connectivity
between the deck and the substructure of the bridge and one with no connectivity. It
is clear from a comparison of the two figures that the connectivity decreases the
vulnerability of the bridge from vertical uplift due to the increased capacity of the
bridge. Figure 4.3 (a.) gives the fragility surface of an MSSS Concrete Box Beam
Multiple bridge. Note that the fragility surface for the MSSS Concrete Box Beam

bridge with no vertical connections is similar to the MSSS Concrete Girder bridge
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Chapter 5

Probabilistic Approach to Scour
Vuinerability Modeling

5.1. Overview of the Probabilistic Scour Models

The last aspect of the risk assessment for this region is scour vulnerability modeling.
This chapter goes into detail about the specific scour model used, drawing from the
SRICOS method originally presented by Briaud et al. (2004) and accounting for the
uncertainties in the input parameters and the inherent bias in the original model to
obtain a probabilistic estimate of scour depth. The scour analysis builds upon work
by Briaud and Oh (2010), with the initial erosion rate estimates for each soil type
stemming from the simplified SRICOS method for TxDOT, presented in Briaud et al.
(2009). All input parameters come from the bridge and soil database developed for
the Houston/Galveston bay area, described in Chapter 3. Previous methodologies

are deterministic in nature and/or yield only the maximum scour depth a bridge
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could possibly experience, often with emphasis on lifetime exposure rather than
extreme event situations. The approach herein (illustrated in Figure 5.1) evaluates
the probabilistic model of scour for a set of relevant hurricane hazard parameters.
Scour fragility estimates are then derived for prescriptive limit states, which state
the probability of meeting or exceeding a prescribed scour level given the water

velocity from the hurricane.

First, the probabilistic pier and abutment models are discussed along with
their associated input sources, uncertainties and limit states. Then, in both the pier
and abutment model, fragility curves are presented to encompass a range of water
velocities a bridge might experience during a hurricane event. Finally, a qualitative
measure of embankment scour is described as a first pass at understanding the road

and bridge systems susceptibility to embankment scour.
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Probabilistic Scour

Assessment

Identify uncertainties in the input parameters and model
(Tables 5.1 and 5.4) for the scour assessment

A 4

Derive probabilistic estimates of
scour depth (yg) for a given
velocity using SRICOS

Apply prescriptive limit states (L.S.) from
Sections 5.2.2 and 5.2.2, identifying limits
when repair or interventions are needed

Evaluate the fragility for each bridge
Pr=P[y,>L.S. | water velocity]

Figure 5.1: Schematic Overview of the Probabilistic Scour Assessment.

5.2. Probabilistic Pier Scour Modeling

The first application of the simplified SRICOS method is in determining the probable
pier scour depth after a hurricane event. Pier scour is a form of local scour that
occurs when water displaces soil particles around a bridge pier or pile, causing a
hole to form (see Figure 5.2 for an example). This type of scour is dangerous in that

the scour hole lengthens the pier which causes the both the pier and the pile






where a’ is the effective pier width based on the angle of attack of the water, K; is
the correction factor to account for pier type, K, is correction factor for the spacing
of the piers, K; is the correction factor that accounts for the aspect ratio of
rectangular piers, K, is the correction factor for the water depth effect, Frpier is the
Froude number based on the velocity of the water approaching the pier, FTe(pier) is

the Froude number based on the critical water velocity and y; is the maximum scour

depth for given pier parameters. The effective pier width, a’is defined as:
L.
a' = a=*[cos(@) + asm(e)]

Equation 5.2: Effective Pier Width (Briaud and Oh, 2010).

where a is the pier width, 6 is the attack angle the water makes with the pier, and L
is the length of the pier (not the height of the pier). For most piles, which are square
or cylindrical, the effective width is the same as the pier width. To determine the
correction factor, K, the differing pier types must be defined. In this study, there are
three main piers types; round-nose, cylindrical and square-nose. Cylindrical is
simply the piers that are cylinders, whereas square-nose accounts for all square and
rectangular piers and round-nose includes all oval piers. With that in mind, the
K, factor is given by:
1.0 ,for 68 > 30°

K, =1{1.0 ,for roundnose and cylinder
1.1, for rectangular

Equation 5.3: Coefficient K, for Pier Type (Briaud and Oh, 2010).
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The spacing correction factor is usually 1.0 but for bridges where the piles or

piers are close together the coefficient is given as:

2.9 S\ S
Ksp= . *('C?) ,fOT‘C?<3.2
1.0, otherwise

Equation 5.4: Coefficient K, to Account for Spacing between Piers (Briaud and Oh,
2010).

In Equation 5.4 above, S is the spacing between piers. K, in this study is 1.0
for all ranges of L/a from the work of Briaud and Oh (2010). The water depth

correction factor is defined as:

y1y3° Y1
K, = 089 * (E_) for = <143

1.0, otherwise

Equation 5.5: Correction Factor for Water Depth, K,, (Briaud and Oh, 2010).

where y, is the water depth at the pier during the conditions examined (i.e. normal
water depth for regular flow, storm water depth when looking at a specific storm

event). The Froude numbers for the pier are given by Equation 5.6 below:

2
Moier = v
A
Frepiery = T

Equation 5.6: Froude Numbers of Pier Given Assumed Velocity, V,, and Critical
Velocity, V. (Briaud and Oh, 2010)



where V,is the given or assumed water velocity during the storm event, V, is the
critical water velocity at which scour begins, given by the assumptions in Section
5.2.1 below, and g is the gravitational constant (9.81 m/s). The maximum scour
depth, y,, can thus be obtained from Equations 5.1-5.6 above and then used in the
SRICOS hyperbolic function (an example of which is given in Figure 5.3 below) to
determine the scour depth of a pier given a storm of a specific duration and an initial

erosion rate of the soil. This is shown in Equation 5.7 below:

Yfinal = 1 t

Equation 5.7: Pier Scour, Ysinq, for a Given Duration Event (Briaud et al.,, 2004)

A
e Z rax = 3626 MM s
3000 |
() 2000

1000

0
0 500 1000 1500 2000
t (hrs)

Figure 5.3: Example Graph of Scour Depth Verses Time from SRICOS Method (Briaud
etal,, 2004).

where t is time in hours, Z; is the initial erosion rate, y;is the maximum possible
scour depth calculated using the above equations and yy;,,; is the anticipated scour

depth after time, t. The time for the storm is obtained from the ADCIRC data from
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the Computational Hydraulics Group at UT-Austin, as is the water velocity, and the

initial erosion rate is determined based on soil type as given in Section 5.2.1 below.

5.2.1. Uncertainties in Input Parameters and Bias in the Model

With the base equations of the deterministic method presented, one unique
component of this study is to account for the uncertainties in the input data, along
with bias and model error, thereby yielding a probabilistic scour depth instead of a
deterministic output. The uncertainties in the input data are given in Table 5.1
below. Most of the structural parameters are taken as deterministic because piers
and piles are often pre-cast and made off-site, allowing for greater certainty in the
values of the pier width and length. Additionally, as soil type and pier type are
discrete parameters, they are also adopted as deterministic values. It is
acknowledged that assignment error is feasible, but not accounted for in this study.
The attack angle of the water to the pier is taken to have a uniform distribution with
+/- 5 degrees variation based on engineering judgment and review of plans relative
to field studies. It is noted that the ultimate fragility curves are not conditioned upon
storm duration or water depth, since preliminary sensitivity studies found the
models to be relatively insensitive to these parameters. Given the significance of
water velocity in affecting the scour depth, the fragility models developed in Section
5.2.3 of this chapter are conditioned upon water velocity. However, in the case study
hurricane scenario events presented in Chapter 6, a uniform distribution of +/- 5-
10% is adopted for water velocity, water depth and storm duration to account for

potential model error associated with the hurricane simulations. An alternative
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mean and COV of critical water velocity introduces additional uncertainty to the

analysis.

The hand-sketched bounds for initial erosion rate presented in the
erodability charts by Briaud et al. (2009) are estimated as power laws (linear in the
log-log space) herein, and the equations for the upper and lower bounds are shown
in Table 5.3 below. The one exception of the form of the bound is the lower bound of
soil type SP (see Table 5.2 below for definition) which fit a quadratic equation
better. Therefore, the initial erosion rate used in this study is taken as a random
value from a uniform distribution between the upper and lower bound, where the
bound is a function of the water velocity, V;. The critical water velocity, V., is
represented by a normal distribution with mean and COV listed in Table 5.3 for each
soil type (Briaud et al.,, 2009). It is noted that some assumptions are made when
mapping from the erodability charts and critical water velocity estimates presented
by Briaud et al. (2009) to the soil types in the case study region. For example, there
are seven different soil types listed in the Houston/Galveston bridge database
(given in Table 5.2 below); however, the erodibility charts only consider soil types
CH, CL, SC and SP. Thus, the parameter estimates are extrapolated to other soil types
in the region based on figures presented in Govindasamy et al. (2008) which plots
EFA results for all soil types but does not include the hand-drawn initial erosion rate
estimates. Based on a review of the few soil samples of CL-ML given in Govindasamy
et al. (2008), CL-ML is assumed to have the same properties of CL for both V, and z;.
CH-CL, as a combination of fat and lean clays, is assumed to have a COV of V, of 0.51,

the mean of V. equal to the average of the CH and CL means, an upper bound of z;






compared the maximum scour depth obtained by the SRICOS method with the
actual maximum scour depth observed at bridges in the field within three databases.
Based on those databases, Bolduc et al. (2008) found that for bridges built in
cohesive soils, the bias was roughly 0.955 with an error estimator that has a
lognormal distribution. For bridges built in sand, the bias was 0.447 with the same
error estimator. The following equations present the bias removal and introduction
of error estimate for the scour prediction equations of clay and sand sites

respectively:

Ysm(clay) = 0.955 * y, * ¢

Ysm(sand) = 0.447 * y, x €

Equation 5.8: Scour Depth Calculation with Bias Removal and Model Error Estimator
(Bolduc et al., 2008).

where y, is the maximum scour depth calculated by SRICOS, and ¢ is the error

estimator with parameters given in Table 5.1.

5.2.2. Capacity Limit States for Fragility Analysis

With the methodology presented above, the probabilistic scour depth at a pier can
be established given a scenario event or conditioned upon a hazard parameter such
as water velocity. However, to support decision making, these probabilistic
estimates of scour depth are compared to capacity limits at which TxDOT would
usually repair or rebuild a bridge for pier scour. For this analysis, based on guidance

from the geotechnical division of TxDOT (Delphia, 2011), the limit state for repair is

89



taken as 1/8 of the embedded pile depth as given by TxDOT inspection files and as-
builts, or 2.75 ft if no pile depth is available. These numbers are based on the
maximum allowable scour for a pile being half of the embedment depth (total pile
length minus height from ground to bridge), and that TxDOT districts usually install
countermeasures at about/, of the maximum allowable depth. For failure
(meaning TxDOT would close the bridge to repair/replace it), the limit state is taken
as 1/4 of the pile depth based similar arguments above except that many districts
would begin to close bridges with half or more of the maximum allowable scour
depth in order to replace them (Delphia, 2011). When pile depth is not given, 5.5 ft
is taken as the critical scour depth based on a generic 22 ft pile embedment length.
This approach to limit state analysis is rooted in the identification of prescriptive

capacity limits beyond which repair or closure of the bridge is anticipated.
5.2.3. Fragility Analysis of Piers in the Houston/Galveston Bay Area

Prior to conducting the regional case study analysis for various hurricane scenario
events, fragility curves for all the bridges in the Houston/Galveston bay area were
developed. These fragility curves state the probability of limit state exceedance
given water velocity. Similar to the storm surge fragility modeling, Monte Carlo
simulation is conducted with 7000 samples, using Latin hypercube sampling, of the
random variables in Table 5.1 to compare realizations of the scour depth to the
prescriptive limit states. From the point estimates of failure probability a fragility
function is derived from regression analysis based on the least squares method. The

results show that following a region of nearly zero failure probability, an
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exponential regression model provides a good fit to the fragility point estimates for
about half of the bridges in the inventory. In some cases a quadratic or a power
regression provided a better description of the fragility for the few bridges that did
not fit an exponential regression. The parameters of fragility curves for all bridges
can be found in Appendix C. All of the regressions given in Appendix C have an R?

over 0.81 with most coefficients of determinations over 0.97.

Two example fragility curves are shown below for exceedance of the pier
scour limit state (Figures 5.4 and 5.5). For most of the bridges, a discernible failure
probability (limit state exceedance) does not occur until the water velocity is over 1
m/s. Figures 5.4 and 5.5 show the points point estimates of failure probability for
pier scour of bridges 10 and 122 respectively, with the associated fragility curve
fitted to them. These two bridges were chosen to show the difference in fragility
curves for bridges in sandy soils (Bridge 10) and in clay soils (Bridge 122). Note that
the failure probability becomes non-negligible at different water velocities
depending on the soil type (about.7 m/s for Bridge 10 and 1.5 m/s for Bridge 122),

and that the two fragility curves have different shapes.
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statistic does provide some insight on the fragility, indicating that while the bridge
in clay soil requires a higher velocity to initiate scour, once scour is initiated the
probability of limit state exceedance increases quickly when compared to the bridge
in sandy soil. However, extreme values are often of interest in structural safety and
risk analyses. The fragility curves reveal that the 5% percentile and the 95t
percentile for the bridge in sandy soil (Bridge 10) are 1.17 m/s and greater than 5
m/s respectively. In comparison, they are 1.89 m/s and 3.87 m/s for the bridge in
clay soil (Bridge 122). These fragility curves arey predicated on the water velocity
varying from 0 m/s to 5m/s and therefore any water velocity outside of this range
(unlikely to occur in a hurricane event) cannot be predicted through extrapolation.
The increased range between the 5t and 95th percehtiles in the bridge in sandy soil
highlights the increased uncertainty in the scour performance assessment of Bridge

10.

To further investigate the sensitivity of scour depth estimates, and hence
introduction of variability in fragility analyses, tornado plots were created for each
of the bridges, see Figures 5.6 and 5.7 below, to determine the greatest source of
uncertainty in the scour estimates. The seven random variables previously
presented in Table 5.1 were considered at their extreme (5% and 95t percentile
values for normal and lognormal distributions, lowest and highest values for
uniform distributions) and median values. For the analysis of scour depth
sensitivity, one factor at a time is changes to its upper or lower level while the other

variables are held at their median values.
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scour depth. However, the error estimator affects the scour depth directly and has

the widest range, due to its lognormal distribution.

From Figures 5.6 and 5.7 above, the error estimator accounted for the most
variability in both bridges, although the magnitude of variation in scour depth (both
absolute and with respect to the median value estimate) is larger for the bridge in
sandy soil due to the uncertainty in the input parameters. This helps explain the
fundamental difference in the fragility functions presented in Figures 5.4 and 5.5
which reveal a signature of larger uncertainty modeled by the fragility of Bridge 10
than of Bridge 122. Furthermore, these results indicate that reducing uncertainty in
the bias removal error estimator can improve future fragility models of bridge pier

scour and improve accuracy in subsequent risk assessments.

5.3. Probabilistic Abutment Scour Modeling

While pier scour is the most common outside of extreme coastal events and leads to
the failure of many bridges every year, it is not a major contributor to failure during
hurricane events based on studies of damages from previous hurricanes (Froehlich
and Fisher, 2000). During hurricanes, it has been seen that abutment scour is a more
common occurrence and leads to more drastic failures than pier scour alone
(DesRoches, 2006). However, as noted in the literature review, there is very little
consensus on how abutment scour is to be modeled (Chiew, 2008). Thus, to be
consistent across the scour analysis and as it holds the most feasibility for a regional

study, the simplified SRICOS method is also applied to abutment scour. Abutment
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with the flow of water, K, is the factor that corrects for the setback of the abutment
from the water, K is the correction factor for the channel type, K is the correction
factor for the pressure flow, Rey,is the Reynold’s number of the water flow, and
Fryyand Fry, are the Froude numbers for the flow based on approach water velocity
and critical water velocity respectively. The equations for all of the factors, the
Reynolds number and the Froude numbers are as follows. The abutment shape

factor is given as:

1.22, for VW
K, = 1.0, for WW
0.73, for ST

Equation 5.10: Correction Factor for Abutment Shape (Briaud and Oh, 2010).

where VW is a vertical wall abutment type, WW is a wing wall abutment, and ST is a
sloping spill through. The term vertical wall for abutments is self-explanatory; the
abutment consists of a vertical wall that meets the water. A wing wall abutment is
usually accompanied by a vertical wall at the bridge-water interface but has a
“wing” of material (usually concrete) attached to it, either parallel, perpendicular or
at an angle to the wall. A sloping spill through is somewhat the opposite of a wing
wall; the spill through has concrete sloping from the approach embankment to the

water’s edge. Figure 5.9 presents an illustration of each abutment type:
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where 0 here is the abutment angle. K; is defined as:

—0.37 * ( ), for ( ) <15

V1
1.0, otherwise

Ky

Equation 5.12: Correction Factor for Abutment Setback from Water (Briaud and Oh,
2010).

Lf—L

where is the relative setback of the abutment from the water; L, is the length

Y1

from the water’s edge to the end of the abutment, and L is the length of the
abutment. For this study, when the setback amount is not known, a generic setback
is given based on as-built estimations. K, the correction factor for the channel type

is defined as:

K. = { 1.0, for compound channel
6~ 1042, for rectangular channel

Equation 5.13: Correction Factor for Channel Type (Briaud and Oh, 2010).

Most of the channels are compound, natural channels; however there are
some concrete-lined rectangular channels which greatly reduce the susceptibility to
scour. Kp is the factor for the flow pressure and is given as follows:

d d
[ 275841, for 2L < 33

h h

- dy\* d d
Kp = {1.83« (-h—) —376x-+297, for33<—<10

dy
L 1.0, for n > 1.0

Equation 5.14: Correction Factor for Flow Pressure (Briaud and Oh, 2010).
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where d, is the distance between the water surface and the low chord of the bridge
and h is the distance from the bridge deck to the toe of the abutment. The Reynolds
number for the stream or channel is based on the density, velocity, viscosity and

depth of the water. The equation is given below:

Equation 5.15: Reynold’s Number Equation for Channel (Briaud and Oh, 2010).

where p is the density of water, V, is the velocity of the water, and u is the viscosity

of the water. The last parameters of equation 5.9 are the Froude numbers which are

defined as follows:

Vi
Fre, =
2
VI *W1
V
FrfC = <

VI *V1

Equation 5.16: Froude Numbers for Assumed Velocity, V;, and Critical Velocity, V.
(Briaud and Oh, 2010).

where V¢, is the critical water velocity defined above in the simplified SRICOS
method, y, is the approach water depth, and g is the gravitational constant (9.81
m/s). From Equations 5.9-5.16, the final scour depth at abutments can be
determined with the hyperbolic function (Equation 5.7) presented in Section 5.2.
The duration of the storm and the initial erosion rate of the soil are both determined

in the same way as in the pier scour analysis. With the equations all defined, the



uncertainties for the input parameters must be taken into account once more, as

with the pier scour.

5.3.1. Uncertainties in the Input Parameters

While most of the input uncertainties remain the same as presented in the
probabilistic pier scour (i.e. random variables for all of the hydraulic parameters for
water depth and velocities as these remain consistent throughout the scour analysis,
see Table 5.1), some additional parameters have to be taken into account for
abutment scour. For example, since the abutment scour model requires the
calculation of the Reynolds number at the abutment (the pier scour model does not),
the uncertainty in the density and viscosity of water must be accounted for. For this
project, the distribution for the density of water p is taken as uniform and varying
between 1000 kg/m3 and 1025 kg/m3 to account for the uncertainty in the saline
content of the water as sea water from the surge mixed with the fresh water.
Currently, the density of fresh or sea water can be taken as a constant; however,
there have been no studies on the distribution of saline content as the two types of
water mix as they do during hurricanes. Also, while the viscosity of water at a
certain temperature is constant, this study adopts a +/-5% uniform distribution
around the viscosity of water at 80° Fahrenheit to account for changes in the
temperature of the water (Kestin et al., 1978). Additionally, the abutment setback,
(Lf — L) and the height above water, d,, are both given a uniform distribution with
10% and 5% uncertainty respectively, based on engineering judgment and

comparison of plans to field data. All of the additional parameters for abutment
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(DOT, 2000). Since all of the bridges in this study area are considered to have pile
foundations, the piles dominate the scour depth considerations here as they did for
pier scour. However, for most of the bridges, the pile depth under the abutments is
unknown and thus a set, prescriptive limit state must be assumed. Also, because
damage from abutment scour can occur more easily at lower scour depths than

damage from pier scour, the limit state should be less than that for pier scour.

To that end, the limit states are set at 1.4 ft of scour for repair and 2.75 ft for
complete failure, corresponding to half the assumed values for piers and in
conjunction with reasonable estimates of when TxDOT would take actions against
scour (Delphia, 2011). This consists only of scour at the toe of the abutment and not
the scour of the embankment which can cause failure with even smaller scour
depths. With these limit states, the probability of exceeding these limit states,
leading to the repair or failure of the bridge abutments for a given hurricane event
or a range of water velocities can be established. As with pier scour, these abutment
limit states are prescriptive limits upon which bridge owners anticipate repair

actions or closure of the bridge.
5.3.3. Fragility Analysis of Abutments in the Houston/Galveston Bay Area

Fragility curves for abutment scour were also calculated for all of the bridges in the
abutment subset of the Houston/Galveston bay area. The same strategy for
probabilistic analysis, sampling and regression analysis is conducted for the
abutment fragility analysis as described for the pier scour fragility in Section 5.2.3.

From these curves, it seems that the failure probability (limit state exceedance) is
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Figure 5.12: Examples of Embankment Scour (a.) and (b.) behind Abutments and
under Approach Spans; and (c.) under Roadways (DesRoches, 2006).

With this definition, embankment scour encompasses the widest range of
scour possibilities and also has been the most documented form of scour seen in
hurricane events (DesRoches, 2006). Despite being the most documented form of
scour in Hurricane Katrina, no previous models determine risk from embankment
scour let alone a scour depth for a given storm. With this in mind, this research
develops new risk levels for bridges based on the water velocity of a given storm
and the soil composition at the embankment. Rather than conduct a fully
quantitative probabilistic analysis of embankment scour, this study adopts a
simplified qualitative approach to provide indicators of risk due to embankment
scour. Future work can address this open area of study and produce quantitative

models for abutment scour.
5.4.1. Qualitative Risk Levels for Embankment Scour Assessment

Four risk levels were determined based on informal solicitation of experienced
geotechnical engineers, principles of soil mechanics and empirical evidence from
past hurricanes (Briaud, 2011, Briaud et al., 2001). First, a bridge can have a “very
low” risk level for embankment scour if the bridge is not inundated and the average
storm water velocity is less than the critical water velocity. The reasoning for this
comes from past experience that if the storm surge does not reach the roadway
level, then embankment scour is unlikely to occur (Briaud, 2011). Inundation here is
determined by taking the elevation of the roadway and comparing it to the surge

height. If the bridge is not inundated and V< V,, it is given a risk level of “0.”
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The rest of the bridges that are inundated fall into three additional
categories: low, medium, and high risk. These risk levels are determined based on
the critical water velocity of the soil the bridge is on and the velocity of the storm
surge. A risk level of “1” is given when the bridge is inundated but the maximum
water velocity is less than the critical velocity, or when the bridge is not inundated
but the average velocity is greater than the critical velocity (meaning that erosion
could initiate). A risk level of “2” is assumed if the bridge is inundated, the maximum
water velocity is greater than the critical velocity, but the average velocity is less
than the critical velocity. Finally, a risk level of “3” is given if the bridge is inundated
and the average velocity is greater than the critical velocity. This is shown in the

following equations:

not inundated

Risk Level O(very low) = { Vo<V
a c

Risk Level 1(low) = {not inundated {mundated

o>V Vinax < Ve

inundated
Risk Level 2(medium) = { Vinax > Ve
V, <V
inundated
Risk Level 3(high) = {

Equation 5.17: Embankment Scour Risk Levels.

The same uncertainties in the inputs used in pier and abutment scour are
used in embankment scour for the critical water velocity and the storm water

velocity. Because of this, a bridge could be given different risk levels based on the



varying inputs. To account for this and provide a cogent risk assessment for
embankment scour, average, or expected value, risk level most of the simulations

belong to will be the risk level assigned to the bridge.

With all of the models now described, the next step in this research is
to apply those models to the Houston/Galveston bay area and assess the risk from

various hurricane events, as will be presented in the next chapter.
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Chapter 6

Case Study of the Houston/Galveston
Bay Area Bridge System

Once all the fragility models described in the previous two chapters were developed,
a case study of the Houston/Galveston Bay Area was conducted. This assessment
was conducted for various hurricane scenario events ranging in intensity and
landing position. This chapter presents the case study scenarios and applications of

surge and scour fragility models for risk assessment of the bridge infrastructure.

6.1. Case Study Methodology

6.1.1. Definition of the Houston/Galveston Bay Area

The Houston/Galveston Bay Area was first defined in Chapter 2 as the entirety of
Galveston Island and Bolivar Peninsula as well as everything within a one-mile

radius of the Houston Ship Channel and the various bays. Thus, all the bridges
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6.2. Results of Case Study Analysis

In order to obtain a better understanding of the bridge network immediately after a
storm event, several vulnerability models were used to determine the risk to the
study bridges. In the sections following, short term damage or inaccessibility is
modeled using inundation maps. Such inundation maps represent the current state
of the art in risk mapping, although some studies just limit the identification of “high
risk” bridges to those in the surge zone without considering deck elevation. This
case study extends the analysis to more holistic risk analysis considering
uncertainty in long-term damage such as structural damage and erosion, which is
studies through the bridge deck uplift and scour models presented in Chapters 4
and 5. After considering each failure mode individually, pier and abutment scour are
combined together to form local scour risk, and both the local scour and uplift are
combined in an overall risk map which presents the highest likelihood of damage

and the failure mode that would cause it.

Overall risk maps are presented for each of the three scenario events, while
the individual vulnerability maps are only presented for the “Super Ike” scenario

here; the full list of vulnerability maps are available in Appendix E.

6.2.1. Bridge Inundation Results

Currently for hurricane risk assessment, inundation maps are used to determine
which bridges are vulnerable. However, inundation, which refers to whether or not

a bridge is likely to be submerged in water at any time during the hurricane, does
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not yield an understanding of the structural damage a bridge will face; instead, it
gives an idea of the impassibility of a bridge immediately following the storm.
Additionally, these inundation maps rarely use the actual elevation of the bridge and
instead just look at the surge levels; if a bridge is in the surge zone, it is considered

at a high risk.

Despite the seeming drawbacks of current inundation maps, accurate
inundation maps, which compare the elevation of the bridge deck with the likely
surge at that point, can yield great insight into the state of the bridge system after a
hurricane in terms of easy accessibility. As such, it is the first step in the case study
of the Houston/Galveston bay area, both to compare with older surge zone based
inundation maps and to compare with the bridge deck uplift model which shows

long-term structural damage.

Inundation maps were developed for each of the three hurricane scenarios
based on the data obtained from the CHG at UT-Austin, as well as LiDAR elevation
data and bi-annual inspections. From this, it was seen that not all the bridges in the
surge zone are at risk of inundation due to the high clearance of some bridges.
However, in the “Super Ike” event, over half the bridges were considered inundated
at some point during the simulation and thus, there could be issues using some of

those bridges as re-entry routes.

While inundation is a good first pass of risk assessment, it does not give
enough information as to whether or not a bridge will fail merely because it was

submerged.
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probability range and height above water. This height above water is the difference
between the water level and the low chord of the lowest elevation span because the
bridge failure probability is predominated by the highest vulnerability span. Evident
in the table is the conclusions above in that most of the bridges in the “high” failure
probability range are less than 10 ft above mean water level, while more than half
the bridges in the “very low” failure probability range are greater than 10 ft above
mean sea level. The surge for the Super Ike scenario ranges from 11 ft to 27 ft at the

bridge locations.

6.2.3. Comparison of Bridge Deck Uplift and Inundation Results for

Structural Damage

To compare the current state of the art in transportation risk assessment with the
new probabilistic methods for bridge deck uplift; a simple comparison of the
inundation maps to the failure probability map of unseating is conducted. From a
direct comparison of the number of bridges inundated verses “high” failure
probability, it appears that the inundation maps overestimate the true damage state
of the system after a hurricane. In the Super Ike scenario, for example, 93 bridges
were considered inundated and only 62 bridges had a high failure probability.
However, a closer look at each of the bridges, shown in Figure 6.5 below, reveals
that not all the bridges that have a high failure probability were inundated in the
scenario and vice versa. This phenomenon should be explored further in future
research. One explanation, however, is the fact that inundation maps do not reflect

wave heights that may impose significant loads on bridge decks. Furthermore, it has
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6.2.7. Embankment Scour Results

The embankment scour model is a qualitative risk model that assigns risk levels
(ranging from very low/no risk to high risk) to the bridges based on the water

velocity at the bridge and the critical water velocity of the soil type found at the site.

As this is a qualitative measure, the exact scour depth is not derived as part
of this study and is recommended as an area for future work. Further work in
embankment scour can quantify the amount of scour given a water velocity as well
as determine the allowable scour for embankments (which remains a challenge

given the broad definition of embankment scour).

To that end, the risk levels for the bridges in each of the scenarios are given
in Table 6.10. In the Ike scenario, one bridge has a high risk of embankment scour,
while most of the bridges are not expected to have significant concern regarding
embankment scour. With increasing severity of hurricane scenario, greater numbers
of bridges are at a medium or high risk of embankment scour (Figure 6.8).
Embankment scour, due to its qualitative nature, will remain a separate risk map
from the other models that give a failure probability. This simplified indicator of risk
based on anticipated water velocity and soil properties can serve as a basis for

targeting more refined quantitative analysis of embankment scour potential.

127












6.4. Conclusions from the Case Study Results

This chapter has presented all the results from five different views of risk during
hurricane events, using probabilistic models for bridge failure modes and scenario
hurricane events. Inundation was shown as a measure of short-term inaccessibility
and compared to the indicator of long-term damage, bridge deck uplift. Three
different types of scour were investigated and presented here, with pier and
abutment scour being integrated into one local scour failure mode. Finally, the
overall risk is shown for each scenario. While scour did not play as large of a role in
these scenario events, it is clear from the fragility curves presented in Chapter 5 that
with a larger water velocity at the bridge sites, scour could easily become the

controlling failure mode.

Although the bridges in the Houston/Galveston bay area reveal low risks in a
Hurricane Ike type storm, if a hurricane had stronger wind speeds or hit Houston
more directly, the damage, both structural and scour (depending on velocity), could
be severe. A significant portion of the inventory, 52 bridges, exhibited a high failure
probability in the “Super lke” scenario, implying that over a third of the region’s
bridges have a high risk of damage during a stronger hurricane event. In the next
chapter, the applications of these models for various risk mitigation efforts will be

discussed.
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Chapter 7

Applications of the Houston/Galveston
Bay Area Risk Assessment

This Houston/Galveston bay area risk assessment lends itself to three major
applications: re-entry route assessment, predictive modeling of the transportation
system and retrofit prioritization. These applications are listed roughly in order
from short to long-term applications. In this chapter, these three main applications

are discussed with some ideas for future work being presented herein.

7.1. Assessment of the Viability of Post-Event Re-Entry Routes

The most immediate application of this risk assessment is the ability to rank routes
into and out of areas most impacted by hurricane forces before a hurricane hits the
Texas coast. This assessment of re-entry routes is greatly beneficial to emergency

planners as the coordinate post-event rescue and recovery efforts. The list of routes
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in Table 7.1 below and their possible inaccessibility are not supposed to be taken as
an end-all for decision making but provide an additional tool for an official to
consider when determining how to enter a community after a storm. Local officials
have indicated the priorities and importance of accessing regional hospitals, along
with other critical facilities, and common consideration of major highways and

evacuation routes as re-entry routes (Clark, 2011, EMA, 2011).

For this study, three main regions were chosen: Galveston Island, Bolivar
Peninsula and Clear Lake/Johnson Space Center. These three regions were chosen
because of the devastation past hurricanes have inflicted upon these areas or their
importance to the City of Houston. As such four major routes/ highways and five
hospitals were chosen as representative of the area: 1-45 into Galveston Island,
SH87 on Galveston Island and Bolivar Peninsula, SH146 from Galveston Island to
Clear Lake, SH Spur 330 in the Clear Lake Region, University of Texas- Medical
Branch (UTMB), the Shriner’s Hospital and Galveston Emergency Services in
Galveston and CHRISTUS St. John’s Hospital and MD Anderson in Clear Lake. These
routes and hospitals are listed in shown in Figure 7.1 below with the Hurricane Ike

scenario surge overlaid.
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only the main route to the hospital was checked since, in a storm event, if a smaller
road has a damaged bridge there is usually more than one way to get to the hospital.
Given the scope of the risk assessment presented herein, accessibility designations
on re-entry routes or major routes to hospital consider bridge unseating, pier,
abutment scour and embankment scour. It is noted that debris is not considered

herein and is often a major barrier to roadway accessibility.

The considered for evaluating accessibility based on bridge performance are
also typical primary routes for debris removal. An accessibility designation is
assigned based on the failure probability of each failure mode for the bridges along
the route. “Likely Accessible” is assigned if all the bridges along the route had a
failure probability of 0-0.05 and had no more than a low risk level from
embankment scour. “Low Probability of Inaccessibility” was assumed if any of the
bridges along the route had a failure probability of 0.05-0.25 for unseating or scour
or had bridges with a medium risk level from embankment scour. “Medium
Probability of Accessibility” was given if the failure probability of any of the bridges
on a given route were between 0.25 and 0.75 or if any of the bridges had a high
risk from embankment scour. Finally, “High Probability of Inaccessibility” was
assigned if any of the bridges on a route had a failure probability over 0.75 and a
high risk to embankment scour. This work on assessment of critical routes is but a
precursor to network reliability studies where the hospitals can be modeled as
destinations in a typical Origin- Destination matrix and alternative routes, beyond

the designated route assessed here, can be considered.
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predictive modeling of the possible bridge failures in the Houston/Galveston bay
area. The algorithms have been developed in MATLAB (Mathworks, 2009b) and
interface to a text bridge database file. They can enable streamlined updating of
bridge and soil data, as well as refinement of modeling assumptions such as
probability distributions or model error and bias estimates if new field data is

collected and analyzed.

The Computational Hydraulics Group (CHG) at UT-Austin can currently
model the trajectory and strength of an impending hurricane as it moves through
the Gulf of Mexico based on NOAA information. With the output of the CHG or other
researchers as inputs to the bridge deck uplift and scour models, the current risk
assessment can be conducted for any scenario event. The input needs from storm
simulation include surge elevation, wave height and period, water velocity and
storm duration at each bridge site. Additionally, the fragility curves for bridge deck
unseating, pier and abutment scour can estimate the failure probability given input
storm parameters. The advantage of developing fragility models for each bridge in
the inventory and failure mode as conducted in this study (pier scour, abutment
scour and unseating) is readily apparent in real time modeling. This negates the
requirement to conduct any additional simulations or probabilistic analyses in
support of the real or rapid risk assessment. Instead the failure probabilities can be

directly computed from the fragility models given the hazard input.

This provides invaluable information for emergency managers when

planning re-entry routes because they can have access to real-time, predictive maps
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of the distribution of damage and not rely solely on pre-set scenario events. Thus,
this application ties into the assessment of re-entry routes but gives better, more
detailed information for the specific storm, as well as a safety assessment to begin
prioritizing likely bridges in need of post-event inspection. Such an analysis can
highlight structure with high damage potential for deployment of inspection crews.
This approach has been adopted by the California Department of Transportation via
a tool Shake Cast, used to notify inspectors of priority bridges in near real time
following earthquake events on the basis of projected hazard intensities and bridge

fragility estimates (Turner and Padgett, 2011).

7.3. Retrofit Prioritization and Aids to Mitigation Efforts

Last, the tools developed to support this risk assessment can aid in prioritizing
bridges in need of retrofit or rebuilding efforts. There are several retrofit measures
currently used in earthquake prone areas which may have applicability in
increasing a bridge’s capacity to withstand hurricane surge and wave forces, and
several studies have proposed potential retrofit measures for coastal bridges
susceptible to surge and wave loading (Padgett et al., 2008, Sawyer, 2008). That
being said, the nature or extent of the retrofitting measures for bridges against
hurricane forces is beyond the scope of this thesis; however, once a suite retrofit or
mitigation measures have been determined, the risk assessment presented here can
provide valuable information as to which bridges would benefit the most mitigation

actions.
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For a holistic risk based prioritization of bridges for retrofit, analysis beyond
the three scenarios is required. Probabilistic storm surge and wave information are
ideally integrated to reveal the risk of damage to bridges considering uncertainty in
bridge vulnerability (quantified herein) couple with uncertainty in hazard potential.
Furthermore, recent research has also proposed prioritization approached in which
network topology and network reliability are considered in addition to bridge
vulnerability (Rokneddin et al., 2011). Such approaches can provide an advanced
basis for prioritizing bridges for retrofit in coastal regional, particularly if
preferences beyond bridge damage, such as transportation network performance or

accessibility of major destinations and critical facilities, are of primary interest.

7.4. Application Conclusions

This chapter presents three main potential applications for the Houston/ Galveston
bay area. One application, assessment of re-entry routes, has been explored to some
extent, but the possibilities are endless for testing various routes on the scenario
maps. This work is prime for network reliability studies. Additionally, two future
applications of the risk assessment are provided, real-time modeling and retrofit
prioritization. These two applications can be utilized as new hurricanes threaten the
Texas coast or as mitigation measures are chosen. The next chapter presents the

overall conclusions of this work along with ideas for future research.
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Chapter 8

Conclusions and Opportunities for
Future Work

8.1. Summary and Conclusions

As shown through many hurricanes, from the 1900 storm in Galveston to Hurricane
Irene in 2011, coastal regions are extremely vulnerable to damage from hurricane
forces. This is also true of coastal transportation systems, which experienced high
levels of damage in Hurricanes Katrina, Ike and Irene, to name a few. In order for
emergency managers and infrastructure owners to be better prepared for possible
damage and plan mitigation activities, this thesis implements the first Houston/
Galveston bay area hurricane risk assessment to bridges under multiple failure

modes: bridge deck uplift and bridge scour.

This thesis lays the groundwork for regional risk assessments of bridge and

roadway infrastructure in any coastal area through the detailed information of the
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database compiling and methodology for the probabilistic uplift and scour models.
The precise information necessary for the risk assessment models was presented in
Chapter 3. Methodologies for determining bridge deck uplift and scour were
presented in Chapters 4 and 5, including a new approach to scour fragility modeling
of bridges and the adaptation of unseating fragility analysis for the regional
portfolio. Additionally, three case study scenario event hurricanes were tested on
the study bridges using the methodologies in Chapters 4 and 5 to determine the
failure probability of each bridge from each failure mode. The results of this case
study are presented in Chapter 6, revealing the distribution of damage to bridges in
the Houston/Galveston area associated with each event. Last, several applications
building upon this Houston/Galveston bay area risk assessment were introduced in
Chapter 7, including re-entry route assessment, real-time predictive modeling and

retrofit prioritization.

The work presented in this study is unique in that no probabilistic
assessment of bridges under multiple hurricane induced failure modes has been
conducted as of yet. Granted, in the scenario events considered, unseating tended to
control the failure mode of the bridges. Since the embankment scour model is still
qualitative, the risk from embankment scour cannot be compared directly to the risk
from uplift or pier/abutment scour; however, the results reveal a potential threat of

this failure mode in several key areas.

Some key conclusions from this research and observations from the case

study analysis include:
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1.) In the Houston/Galveston bay area bridge infrastructure 68% of the bridges
are less than 15 ft above the mean water level and 68% of the bridges are
multi-span simply supported bridge types which have revealed vulnerability
in past hurricane events

2.) Bridge specific unseating fragility analysis under storm surge and wave
loading is data intensive, yet most of the information required to support the
analysis can be found in publicly available databases coupled with in-house
inspection reports and as-built plans. Resulting unseating fragilities are
influenced by bridge type (simply-supported vs. continuous, girder vs. slab or
box beam), material type (steel vs. concrete) and connectivity between the
deck and substructure of the bridge.

3.) Probabilistic analysis of hurricane induced bridge scour can enable fragility
models of bridges with probability of failure conditioned upon storm water
velocity. The dominant sources of uncertainty in these probabilistic models
are model error from the SRICOS predictive models, as well as uncertainty in
the initial erosion rate of the soil due to assumptions made on the basis of
soil type at bridge sites.

4.) Bridge deck uplift was the predominant failure mode in most of the bridges
for the scenario events considered in the case study. While the
Houston/Galveston bay area bridge network endured the Hurricane lke
scenario with little damage predicted (3 out of 155 bridges with an estimated

failure probability over 0.75), a stronger hurricane such as the “Super Ike”



scenario could inflict far greater damages to the bridge network (52 out of

155 bridges with an estimated failure probability over 0.75).

5.) While pier and abutment scour did not affect the bridges in the scenario

events greatly (typically only 1 bridge with appreciable probability of either
pier or abutment scour), a stronger storm with higher water velocity could
cause increased scour damage, especially to abutments. The scour fragility
analyses reveal median values of water velocity leading to repair or closure
on the order of 0.36 m/s for bridge abutments in clays and 1.05 m/s bridge

abutments in sands.

8.2. Suggestions for Future Work

The field of hurricane risk assessment of transportation infrastructure is still

relatively young and as such there is a great deal of future research that can branch

from that presented in this thesis; a few of these suggestions are enumerated below.

1.

2.

To allow better input to the risk models, site specific soil samples can be
obtained and tested for each bridge. This would greatly reduce the
uncertainty in the scour models.

While model bias and model error were considered for bridge deck
unseating and pier scour in this work, sufficient statistical analysis of
empirical data versus model estimates has not been conducted to enable
such considerations within the abutment fragility modeling, highlighting a

future research opportunity.

145



3.

5.

Further research on a quantitative estimate of embankment scour is needed
to fully understand the risk embankment scour poses to both roadways and
bridges.

The hurricane risk assessment conducted herein provide failure probability
estimates of bridges across a region and can form a foundation for future
system reliability analysis considering connectivity or flow reliability at the
transportation network level.

As indicated in Chapter 7, numerous opportunities arise for application of the
models in supporting risk mitigation and planning in coastal regions, with
associated research needs. Key intellectual challenges remain, such as
integration of hazard models with vulnerability models for real time or rapid
assessment. Furthermore, simplified or rigorous network-level prioritization
of bridges for upgrade can integrate the models proposed herein. However,
the viability of various retrofit options are yet to be fully explored,

particularly in a risk based fashion.
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Appendix B- Assumptions on Missing Data

While the subsets of bridges were determined based on restrictions to the
applicable equations (i.e. the capacity model for uplift doesn’t account for timber
bridges, pier scour can only be determined on bridges with piers and abutment
scour on bridges without riprap), even after determining the subsets of bridges,
some data was missing despite the multitude of data sources. The missing data was
usually attack angle of the water to the pier or abutment or the setback of the
abutment from the water. When a bridge was missing a piece of data, rather than
strike the bridge from the database, some assumptions were made about the

missing data on order to run the vulnerability models on the bridge.

For pier scour, if the attack angle of the water to the pier was missing, the
attack angle was assumed to be zero, as most of the bridges are aligned such that the
water hits the bridge piers straight on. For a few bridges, pier type and size were
missing; in those cases, a standard size of pier, 16 by 16 inches, was assumed until it
can be replaced with more accurate data, and the pier type was assumed to be
round-nose as most of the piers are of that type. Finally, as noted in the pier scour
section of the scour chapter, if the pile lengths of a given pier were unavailable, as
set limit state was used based on a 40ft pile length. Only 7 out of the 123 bridges had

data pieces assumed, other than attack angle and pile length.

The data available for abutment scour was less completed than that for pier

scour, but with some appropriate assumptions, all of the data for the 107 bridges
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was obtained. As with pier scour, the attack angle of the abutment was the piece of
data that was missing from the most bridges; in that case, the attack angle was
assumed as zero in keeping with the pier scour assumptions and the data collected.
Another piece of data missing from several bridges was the setback of the abutment
from the water’s edge. For setback, the assumed length depended on the abutment
type: if the abutment type was vertical wall, then setback was assumed as 10ft, and
if the abutment was a sloping spill through, the setback was assumed as 40ft. These
numbers are based on the site visits conducted and the rest of the obtained data that
suggested the setbacks were greater for sloping spill through bridges than for
vertical wall ones. Similarly, if abutment type was missing (none of the bridges had
setback, abutment length and abutment type missing), the type was assumed as
vertical wall if the length of the abutment was less than 10ft, and as sloping spill
through if the length was greater than 10ft. Finally, if the length of the abutment was
missing, it was assumed to have 1 ft length as all the bridges with this were of a
vertical wall abutment type. For abutment scour, 53 out of the 107 bridges tested
had at least one piece of data assumed. This is keeping with abutment data being

scarcer than the pier data.



















































