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ABSTRACT

MSBridgeis a PGbased graphical prand posiprocessor (usenterface) for conducting
nonlinear Finite Element (FE) studies towide range ofmulti-span bridge systemSE
computations are conducted using OpenSees (http://opensees.berkeley.edu), an apen sourc
framework(for simulating the seismic response of structural and geotechnical systems
developed by the Pacific Earthquake Engineering Research (PEER) G43Bgrdge allows
users (e.gstructural engineeyso rapidly build a bridge model, run the FE analysis, and
evaluatethe performancef the bridgeground system. Main capabilities of MSBridge include: i)
horizontal and vertical alignments, with different skew angles for bents/abutments)liijear
bean-column elemerstwith fiber section for bridge columns dodpiles; iii) deck hinges,
isolation bearings, steel jackets, and abutment moaledBy) foundation represented by
foundation matrix (6x6) or soil springs-{p t-z, andg-z). The analysis opbins available in
MSBridge includei) pushoveranalysis ii) modeshapeanalysis iii) 3D baseinputacceleration
analysis(for suites of ground motionbuilt-in and/or usedefined; iv) equivalentstatic analysis
(ESA), and v) PBEEanalysis (withPBEEoutcomesn terms of repair cost, time and carbon
footprint).

Vi



TABLE OF CONTENTS

DISCLAIMER ..oeeeee ettt ereee e et e e e et e e e et e e e e ammmta e e e eaa e e eeaneeeanns LV
ACKNOWLEDGMENTS ..ottt eee ettt e et e e e s smmme st e e e e s e nnnseeeesammeeeeans Y
AB ST RACT ittt tert e oottt e e e e e st eanr et e e e e et e — e e e e e e nananraaaeeeeeanararaeaeeaa VI
TABLE OF CONTENTS .ot e et mmt e e e e e et e e e e aan e e emnneeenns VI
LIST OF FIGURES ... oottt emme et e et e e e et emmee e e ean e e e annns Xl
LIST OF TABLES ...ttt ettt et e e e e e e ettt e e e e e e e mnnnssaeeeeaeeeans XIX
1 INTRODUCTION ..oiiiiiiiiiiiiiee ettt ierr e et e e e s s sensses e e e e e s s nnsbaeeaaeeessnnnns 1

1.1 (@ Y= VT PP 1

12 Whato6s New in Cur.r.ent..Up.dat.ed..Ver.s.i.lon

I0RC T U 1 o 1| (OO PPPPPPPRRS 2
1.4 CoOrdiNAte SYSIEIMS ... .ciiiiiiii et e e e e e et e e e e e eaaa e e e e e eessammmeeee 2
1.5  SyStem REQUINEMENTS.......coiiiiiiiiiittieee ittt e e e eeenr e e e e e e e e e e e e e e e e e e e s s s 3
1.6 ACKNOWIEAGMENL .. ..ottt eee et e e et e e e e e e e e e e e e s s s e e e eeens 3
2 GETTING STARTED ...ttt e e nerae e e e s ennnnaeeee e e 4.
2.1 00 = 1116 1 TSP 4
2.2 1T = Lo = S 5
22,1 MENU Bttt ar et 7
YA Y (o To [ B VT o 10l =To | o] o PSS 7
2.2.3 FEMESN REQIOM....ccuiiiii i eeeee e ereee e e e e ennn e 7
3 BRIDGE MODEL ..ottt e et e et e e e e e ennes 10
3.1 I 0= 1 PSSP PP PP 11
G 0t N R 1= 11 | 1 = o o =PRSS 11

G 700 O O U1 V7= To I =4 o [0 1= PP 12
3.2 [T QS = o4 1 0] SRR 17
3.3 BeNICAP SECHONS.....ciiiiiiiiii e 19
3.4 COlUMN CrOSS SECLOMS. .. ..uviiiiiiiiiiiiee e ettt e e e e mnne e e eee s 21
3.4.1 CroSSSECHON SNAPES......ccciiiiiiii it eae 21
3.4.2 CroSS SECHON PrOPEITIES. .....uuiiiiiiiiiiiiiii ettt 22
3.5 o 18] o F= 110 o 1 PPPPPRTRN 34
G U0t R 4o 1o = = 1 = PPUPSR 34

vii



R T 1o 11 ST o] 11T T 34

3.5.3  FOUNAAION MALIIX.....ciiiieiiiiiiiiieiiiiiteeme ettt e e e e e e e e 41

G 20 T Y o] U0 1= o PP PPPPPPP” ¥ |
3.7 (T T0 [0 =1 o o [ PSPPI 45
3.7.1  Uniform Column LayOUL.........ccooeuiiiiieieiieemr et evenme s e e e eaananas 45
3.7.2  Norruniform Column LaYOUL..........ooiiiiiiiiiiiiieeee s eeeee e a7
3.8 AdVANCE OPLIONS.....cciiiiiiiiiiiiiterer bbbt eeeess bbb e e e e e e e e e e e e e e s emereeees 48
3.8.1 DECK HINGES.....ciiiiiii ettt emrnnnnn D
3.8.2  1S0latioN BeAINQS . .. i iiiieiiiii ettt e e e e e nnn 51
3.8.3  Steel JACKELS....uiiiiie e 53
3.8.4  SKEW ANQGIES.....ooiiiiiiiiei e 54
3.8.5  PIlECAP MASS.....ciiiiiiiiiiiis et ee e e e e e e ————————— 55
3.8.6 OPENSEES PAl@MELBIS. .. cccuuiiiiiii et veeer ettt e et s mmmr e e e e ea e e eaa s 55
3.9 MESN Par@mMEtErS......ccceeiiiiiiiiiii et s e e e e e e e e e e e e e ananaeeeeeas 57
ABUTMENT MODELS ...t emree e e e e eaa e e e 58

4.1  Elastic ABUtMENt MOEL.........oooiiiiiieeee e 58
4.2 Roller ADUIMENT MOEL.........cooiiiiii e 63
4.3  SDC 2004ADBUtMENT MOEL........eeiieieiiee e 64
4.3.1 LoNgitudinal RESPONSE. .......uuiiiiiiiiiiiiiii ettt e e e e 64
4.3.2 TranSVErse RESPONSE .....uuuuuuuiiiiieeeeeeesiiiiiaaae e s e e e e e eeaeeeesimnessseeeeeeeaeeeeesnsnsnnnnne 67
4.3.3  VertiCal RESPONSE. .....uuuiiiiii i e eeeece ettt ettt e ene e e e e e e e e e e e s 69
4.3.4 Definition of the SDC 2004 Abutment Model..............coooiiiiii s 71
4.4  SDC 2010 Sand Abutment Model..........ooooiiiiiiiiiiieeee e 73
4.5  SDC 2010 Clay AbUutment MOAEL.........coviiiiiiiiiiiiieeee e 74
4.6 ElasticCPRGaPp MOEL..........ooieeiiiiie e ereec e e e e e e e e aeens 74
A I Y/ [ To 1= PR 76
COLUMN RESPONSES & BRIDGE RESONANCE........ccccoviiieeiieeeeveeeen 78

5.1 Bridge Natural PEriodS. .........cuvviiiiiiiiiiiieeeiieeiiieeeeeeeeee e eeee ] B
5.2 Column Gravity RESPONSE........ccoiiiiiiiieieiteeme ettt s smmme e as 78
5.3 Column & Abutment Longitudinal RESPONSES..........coviiiiiiiiiiiceeiee e, 78
5.4  Column & Abutment Transverse RESPONSES.........uuuurrrrrriiiieeeiiirrreeeeeeeeeeeeeeeeess 78

viii



6 PUSHOVER & EIGENVALU E ANALYSES ... 82

6.1 PUSNOVET ANAIYSIS....eiiiiiiiiie ettt smeeeees 82
6.1.1  INPUL PArBNELEIS.....eiiiiiiii ettt e e et 82
6.1.2 Output for PUShOVEr ANAIYSIS..........coovviiiiiiiiicmr e e 84

6.2 Mode Shape ANAIYSIS.......couuiiiieii e e e e e e e e e e e aannan 90

7 GROUND SHAKING ...ttt e e e emne e e e e e e e e e eaan s 92

7.1 Definition/specification of input motion ensemble (SUIte).............eevvvvererieenenrnee. 92
7.1.1 Available Ground MOLIONS.........cooiiiiiiiiiiiiiirren bbb eser e eeeaeeeas 92
7.1.2 Specifications of INPUt MOLIONS............iiiiiiiiiii e 93

7.2 RAYIEIGN DAMPING. ...ttt e e 100

7.3  Save Model and RUN ANAIYSIS..........uuuiiiiiiiiiiiieeeiiiiiiiee et 100

8 TIME HISTORY OUTPUT .ooiiiiiiiiiiiie e esiiecreree e sree e snnnsseee e e e 103

8.1  Time History Output QUANTILIES. .......viiiiiiiiiii s ceeee e seeer e e 103
8.1.1 Deck Response TiMe HISOIIES.........ccoiiiiiiiiiiiiiee e 104
8.1.2 Column ReSPONSE ProfilES........uuiiiiiiiiiiiiii e 104
8.1.3 Column Response Time HIStOreS.........uuuuiiiiiiiei e eeeen e 105
8.1.4 Column Response Relationships..........cccooiviiiiiicceiii e 107
8.1.5 Abutment Responses Time HIStOMeS.........cooouuiiiiiiiiiccce e 109
8.1.6 Soil Spring Responses Time HIStOLIES............uuuiiiiiiiiieeeiiiiiiiieeeee e 111
8.1.7 Deck Hinge Responses Time HiStOlES......cccooveeeeeiiiiiieeeee e 112
8.1.8 Isolation Bearing Responses Time HIStOres..............uvvvviiiccceeeeeeevviniinnn 114

8.2 Deformed Mesh and ANIMAtIQN...........cooiiiiiiiiiiiinee e 115

8.3  Maximum OULPUL QUANTITIES. ........ueeiiiiiiiiiiiie et rmmme e 117
8.3.1 Bridge Peak Accelerations & Displacements for All Motions....................... 117
8.3.2 Maximum Column & Abutment Forces for All MotionS............ccvvvviiiiiiieeneee. 119

9 EQUIVALENT STATIC AN ALYSIS ..ot ceeeeseee e 120
9.1 Bridge Longitudinal DIr€CHON. ........uueiiiiiiiiiiiiei et 120
9.2 Bridge TranSVerse DIr€CHON. ........uuuuiiiiiiiiiie ettt 121

10 ANALYSIS OF IMPOSED DISPLACEMENTS .....oovviiiiiiiiiiiee e cveeeieeen 124
10.1 Imposed Soil DISPlaCcemMent.........cooeiiiiiiiiie e 124
10.2  Pile ANAIYSIS...ooiiiiiiiiie et 131



11 PBEE ANALYSIS (GROUND SHAKING) ....ccctiiiiieeiiiiiiee e 135

11.1 Theory and Implementation of PBEE AnalysSis...........ccoooviiiiiiiminneei s 135
11.2 Input Necessary for Usetefined PBEE Quantities...............ccevvveiiieeciiviiienennen. 138
11.3 Definition/specification of PBEE input motion ensemble (suite)...................... 139
11.4 Save Model and RUN ANAIYSIS......coiiiiiiiiiiiecceeeee e eerne e 139
11.5 PBEE ANAIYSIS...cooiiiiiiiiiiiiiiiee et e et enees s s e e e e e e e e e e e e e e e eeeneernnneaeeaaes 140
11.5.1 PBEE QUaNTTIES ...cciiiiiiiiiiiiiiei e e e ceeeiicssss s e e e e e e e e e everees s s e e e e e e e e e eeeeeeeeennnnnns 140
11.5.2 Compute PBEE OQUICOMES......ccoiiiiiiiiii ettt eeree e 144
11.5.3 Compute Hazard CUIVES.........coiiiiiiiiiie e ceeei e e s 146
11.5.4 Compute DiSaggregatiQn..........cuuiiiiiiiiiiiiieaneeeeeee e e e e immee e 147
12 TIME HISTORY AND PBE E OUTPUT ... 148
12.1 Time History Output QUAaNTILIES..........uvvirieiiii i e e e srrme e 148
12.2 PBEE OUtput QUANTITIES .....uuuiiiiieieiiie e eeeee e e e eemees e e e e e e e eaanaas 150
12.3  PBEE OUICOMES ... cciiiiiiiiiiit it eeee e e et e e e e e e emee e 155
12.3.1  Repair CostRepair Time, and Carbon FOOIPLINL...........uuvvveeiieeiieeniirinnnne. 155
12.3.2  HAZAId CUIVES.....coiiiiii it eeee sttt enenst bbb e et e e e e e e e e e e eeenes 159
HIDZ2RC T0C T B 115- Vo [0 £=T0 = 11 o] I PRSP 164
APPENDIX A CAPABILITIES ADDED I N THE CURRENT UPDATED VERSION
167

APPENDIX B CALCULATION OF STEEL AND CONCRETE MATERI AL
PROPERTIES 171

APPENDIX C HOW TO INCORPORATE U SER-DEFINED MOTIONS ................ 175
APPENDIX D COMPARISON WITH SAP2000 FOR REPRESENTATIVE BRIDGE
CONFIGURATIONS oottt eeeme ettt e e ee e et e ettt e et bbb s e nnnees 180



LIST OF FIGURES

Fig. 1. Global coordinate system employediSBridge.............ccceeeiiiiiiiiiieenn e, 2

Fig. 2. MSBridge main WINAOW..........ooiiiiiiiiiimeee e eeesieee e 4

Fig. 3. Toolbar and fileelated submenus: a) toolbar; b) submEie; c) submenudexecute
.......................................................................................................................... 5

Fig. 4. Resulrelated submenus: a) submddigplay; b) submendreport; and c) submenHelp
.......................................................................................................................... 6

Fig. 5. MSBridge copyright and acknowledgment window...............ccccccieenneeinnnnns 8

Fig. 6. Buttons available in the FE Mesh window...................uvuvicccvieeeeeviiiiiien, 9

Fig. 7. Model builder DULONS...........oouiiiiiie e eeeee e 10

Fig. 8. MSBridge main window (bridge model with soil springs and a deck hinge included)
........................................................................................................................ 10

Fig. 9. Bridge span definition...........ccoooeeeeiiiiiiieeeei e eeeeeeeeeeeeeeee e 11

Fig. 10. Varied span Iengthis............ooi oot 12

Fig. 11. Sraight bridge with different span lengths...............cooiiiiicce s 12

Fig. 12. Horizontal @alignment...........ccoouiiiiiiiiiieeeiiiiiitie e eeree e e e e e e e 13

Fig. 13. Horizontal and vertical alignments: a) horizontal alignment (plan view); b) vertical
AlIGNMENT (SIAE VIEW)....uue i eeee et e e e e e ene e s e et e e e e e e e e ens 14

Fig. 14. Vertical alignment..........coooiiiiiiiiiieee e 14

Fig. 15. Examples of horizontally curved bridges (horizontal alignment): a) single horizontal
curve; b) multiple horizontal CUIVES..............ooviviiiiiiie e 15

Fig. 16. Examples of vertically curved bridges (vertical alignment): a) single slope; b) begin and

end slopes; C) MUILIPIE SIOPES.... ... 16
Fig. 17. Deck material and section properties............ooooviiiiicce e eeeeseiiiiveens 17
Fig. 18. Box girder shape employed for a bridge deck sectian...................oeeee..... 18
Fig. 19. Bentcap material and section properties............ccoouuviieceiiieieeeeeiiiiieeeeeennns 19
Fig. 20. Rectangular shape employed for a bentcap section...............ccccceeeeennns 20
Fig. 21. Column SECHION PrOPEITIES......cuiiiiiiieieee et eeee e 21
Fig. 22. Definition of linear column...............oooriiiiiee e 23
Fig. 23. Column elastic material properties...........ccoovvieviiiiicciiie e e 23
Fig. 24. Column SECHION PrOPEITIES......cvviiiiiieeeee i eeee e 23

Xi



Fig. 25. Nonlinear Fiber Section WindOW.............cccooviiiiiieeei e 24

Fig. 26. Rebar material properties: a) Steel02 material; b) ReinforcingSteel mat&aal

Fig. 27. Concrete material properties: a) Concrete02 material for the core concrete; b)
Concrete02 material for the cover CONCLete............ooovvviiviieee e, 26

Fig. 28. Fiber discretization of a circular section (based on the report by Berry and Eberhard
2401074 ) PSPPSRI 27

Fig. 29. Fiber discretization of a column section: a) octagon shape; and b) hexag@i shape

Fig. 30. Stessstrain curve for a steel material (default values employed; with a strain limit of
0.12): a) Steel01; b) Steel02; and c) ReinforcingSteel..........cccoooovviieeeereennnnnn. 29

Fig. 31. Stresstrain curve of a core concrete material (default values employed): a) Hlastic
Tension; b) Concrete01; and ¢) CoNCreteQ2..........ovvvviviiiiieeeieeiiieeeeeeeeeeeeee 30

Fig. 32. Stresstrain curve of a cover concrete material (default values employed): a)
Concrete01; and b) ConcCreteD2..........cooiiieiiiii e e 31

Fig. 33. Momenturvature response for a column section (with default steel and concrete

PAFAIMETEIS). .. eeeiiiieeee e e e e et e oot e et e e e s bbb bbb e e e e e e eensebb e e e s e e e 32
Fig. 34.Userdefined MoOmeNnt CUNVAtUIE.............ccevvvvviiiiimmre e eennenns 32
Fig. 35. Userdefined Tcl script for nonlinear fiber section............ccccccoooeivieeee i, 33
Fig. 36. Foundation types availableNIEBridge .............cueveiiiiiiiiiiieeciiiiiieeeeeeeeeee 34
Fig. 37. Shaft foundation for abutments and bents.............ccccoovieeeiiiiiiin. 35
Fig. 38. Pile foundation model for an abutment.............cccooimeeiiiieec e 36
Fig. 39. SOIl SPIINGS.....ciiiiii et ernanne 36
Fig. 40. Soft Clay (Matlock) 4y MOdel...........uuiiiiiii e 37
Fig. 41. Stiff Clay without Free Water (Reesey podel...........ccccuvvvviiiiiiiiceciininnee. 37
Fig. 42. Sand (ReeSeIIMOEL..........uuuuiiiiiiiiiiiii e 38
Fig. 43. Liquefied Sand (RoIliNSPPMOdEL...........euveiiiiiiiiiieieeeeiiciee e 38
Fig. 44. Soll spring definition window after using the smting data calculated based oy p

[<To (U E= (0] 0 TP PP PRPPOPPP 39
Fig. 45. FE mesh of a bridge model with soil springs included..................cccue..... 39
Fig. 46. Userdefined PY CUIVES.........ccceeiiiiiieeeeiiiiieeeiie e eeeeeeeeeeevvviivenne e ee e e 40
Fig. 47. Userdefined $Z CUIVES.........coovvviiiiieeiiicciee e eeevvimmmennn e eeennnn . A0
Fig. 48. Userdefined gz SOil SPriNgS.......ccooviiiiiiiiiiiieeee e 41

Xii



Fig. 49. Local coordination system for a foundation matrix...............cccccceceen. 42

Fig. 50. Foundation matriX definition............ceiiiiiiiieeeiii e 42
Fig. 51. Multilinear material definition...............uuuiiiiiiiiieeeiiiee e 43
Fig. 52. Definition of pile foundations (for PBEE analysis only).............cccccevvvveeee. 43
Fig. 53. Definition of an abutment model...............ccooooiiiiii e 44
Fig. 54. Definition of a bridge model..........ccooooiiiiiiiiece e 45
Fig. 55. Uniform column layOuL...............eeeeeiiiiiiieeciiiiiiiiiiiiiieeeeeeeee v AD
Fig. 56. Column heIghLS.......coeeiiiiii e e e e e e e e e e e eaeens 46
Fig. 57. Column boundary conditiQnS...........coooeiiiiiiiiccciin e 46
Fig. 58. Bridge configuration: a) general options; b) column layout definitian......47
Fig. 59. AdVANCEA OPLIONS. ....uuuriiiiiiiiiiiiiii ettt e e e 48
Fig. 60. Deinition of deck NINGES..........ccooiiiiiiiieeeeee e 50
Fig. 61. FE mesh of agpan model with 2 deck hinges included........................... 51
Fig. 62. OpenSees zeroLength elements for deck hinges (plan.view)................. 91
Fig. 63. Definition of isolation Dearings...............uuueiiiiiiieemiiiiiiiiiieeeeeee e 52

Fig. 64. FE mesh of agpan bridge model with two isolatioedrings included on each bent cap

........................................................................................................................ 52

Fig. 65. OpenSees zeroLength elements for isolation bearings (side view of berq@ap)cut
........................................................................................................................ 53

Fig. 66. Definition Of Steel JACKELS...........uuiiiiiiiiiiiiieeeiiiiiiiii e 53

Fig. 67. Sketch of @ steel JaCKEeL...........cooviviiiiiiieeee e 54

Fig. 68. Definition of SKEW angles.............iiiiiiiiiiiicceie e 54

Fig. 69. Definition of PileCap MAaSS.....cuuiiiiiiieiiei e 55

Fig. 70. Parameters for OpenSees analySiS........cuviiiiiiiieeeiieiiiieeeee e 56

Fig. 71. MeSh ParametersS......cccceei i i i i e eeeee et eeee e e e 57

Fig. 72. Definition of an abutment model...............ccoooiiiir e 59

Fig. 73. General scheme of the Elastic Abutment Model: a) longitudinal component; b)

transverse component; ¢) vertical COmpPoNENt.........cccoeeeeeeviieeeiiiiee e eeeeeeeee 60
Fig. 74. Definition of the Elastic Abutment Model..............cccooiviiiieeee s 61
Fig. 75. Parameters of the Elastic Abutment Madel..............ccooiiieeeiiiiiieeiiienee, 61

Xiii



Fig. 76. Longitudinal components of the Elastic Abutment Model imaedubridge: a) left

abutment; b) right @abutment.............ooooiii e 62
Fig. 77. Bridge model with multiple distributed springs and a positive skew ahgkeaght
bridge; b) curved Bridge..........ooeeiieiii e 63
Fig. 78. General scheme of the Roller Abutment Model...........cccccoooevieeeeiiiinnnnnn. 64
Fig. 79. Selection of the Roller Abutment Model...........ccoooiiiiiiiiceeiiiiiii e 64

Fig. 80. Longitudinal response of the SDC 2004 Abutment Model: a) general scheme; b)
longitudinal response of a bearing pad; c) total longitudinal respanse............ 66

Fig. 81. Longitudinal response of the SDC 2004 Abutment Model for a curved bridge with a
(POSItIVE) SKEW @NQGLE.....eiiiiiiiiiiiieee e 67

Fig. 82. Transverse response of the SDC 2004 Abutment Model: a) general scheme; b) response
of a bearing pad and shear keys (curve with a higher peak value is the shear key response); c)
total traNSVEISE INBSPONSE. ... . ciieeitiii e e ettt emme e e e et e e e e enr e et e e e e earaaas 68

Fig. 83. Vertical response of the SDC 2004 Abutment Model: a) general scheme; b) vertical
response of a bearing pad; c) totaftical reSPONSEe.........cveeieiiiieeeeeieeccccceeee e 70

Fig. 84. Definition of the SDC 2004 Abutment Model: a) main parameters; b) bearing pad

[T 0] 01T [ SPPPT 71
Fig. 85. Definition of the SDC 2004 Abutment Model: a) shear key properties; b) SDC abutment
properties; c) embankment Properties...........cccuuvevviimmmrnniiiiiiiiee e 72

Fig. 86. Backfill horizontal properties for the SDC 2010 Sand Abutment Model...73
Fig. 87. Backfill horizontal properties of the SDC 2010 Clay Abutment Madel.....74
Fig. 88. Backfill horizontal properties of the E&p Abutment Model....................75
Fig. 89. Definition of the HFD Almment Model: a) HFD abutment model; and b) HFD
parameters for abutment backfills suggeste®hgmsabadi et al. (200 @nd c) backfill

properties of the HFD MoOdel............ooooiiiiiiiiieeee e 77
Fig. 90. Buttons to view column & abutment responses and bridge resonance...78
Fig. 91. Natural periodsna frequencies of Drdge...........uuveeeeiiiiiiiieeciiiiieieeeeeeeeee 79
Fig. 92. Column internal forces and bending moments after application of own w&ght
Fig. 93. Column longitudinal reSPONSE.........covviiiiiiiiiieeme e eeeeaanees 380
Fig. 94. Abutment longitudinal reSPONSE.......cccvviiiiiiiiiiieeceece e eeee e 80
Fig. 95. Column tranSVErSe rESPONSE......cciiiiieee it 81

Xiv



Fig. 96. Abutment tranSVErSE rESPONSE. ........covveverriviriemmeeeeeeeeeeeerara e e e emeresnnnnns 81

Fig. 97. Pushover analySiS OPLION.........couiuiiiiiiiiimeeee et eeern e 82
Fig. 98. Load pattern for monotonic pushover analysSiS..........cccccvvviieemnieiiiinnneenn. 83
Fig. 99. Load pattern for cyclic pushover analysis...........ccccovvvvvvimemeeeeeieeeeeeeeiiiinns 83
Fig. 100. Usedefined pushover (BPUSH)..........iiiiiiiiiiiii e e 84
Fig. 101. Column response Profiles...........oooooiiiiicmmne e 85
Fig. 102. Column response time hiStONES. ..........occviiiiiiieacee e 86
Fig. 103. Response relationships for column..........cccoooeeeiieeeiiiiiii e 87
Fig. 104. Abutment response time hiStOres..........ccovveviiiiiiciiiie e 88
Fig. 105. Deformed mesh and contour.fill..............ccoo i iiieeeiiiii e 89
Fig. 106. Visualization of Plastic hinges (red dots represent plastic hinges devel@ped)
Fig. 107. Steps to perform a mode shape analysis...........ccccceviiiceeeevvveiniiiinneeeenn. Q0
Fig. 108. Mode shape analysis: a) first mode; b) second mode; c) third.made....91
Fig. 109. Group Shaking analySIS.........ccuuuiiiiiiiiiieeeieeeeeeee e 94
Fig. 110. Definition of iINPUt MOTIONS........ooiiiiiiiiireee e 95
Fig. 111. Importing a usatefined MOtION..............ouvviviiiiiiimreeee e e 96
Fig. 112. Ground motion: a) time histories; and b) response spectra................... a7
Fig. 113. Intensity measures of a ground MOtiQN..............eeeeiiiieeciiieiiiiieiieeeeeeeeeen 98

Fig. 114. Histogram and cumulative distribution for aiomset: a) histogram; b) cumulative

(0 15 T 11 1[0 o TS 99
Fig. 115. Rayleigh damping.........ccooeiiiiiieiiiiieeeiecee e eeeeeeeene e e e 101
Fig. 116. Simultaneous execution of analyses for multiple mations.................... 102
Fig. 117. Selection of an input MOLIOML............uuuuiiiiiiiieeeiiiti e 104
Fig. 118. Deck longitudinal displacement response time histories...................... 105
Fig. 119. Displacement profile in the longitudinal plane...................ccoeeeeinnnnnn. 106
Fig. 120. Bending moment profile in the longitudinal plane.............cccccooeveeeee. 106
Fig. 121. Response terhistories and profiles for column (and pile shaft): displacement is shown

o L1 [ 10 Lo [ USSR 107
Fig. 122. Loaddisplacement curve at thelamn top...........cccoeeeeeiiiiiiiieee e 108
Fig. 123. Momenturvature curve at the column top...........ccoovviiiiiiiiceen e, 109

XV



Fig. 124. Abutment longitudinal foredisplacement relationship: a) left abutment; and b) right

ADUIMENL. ... et 110

Fig. 125. Soil spring response time NIStOMeS. ... 111

Fig. 126. Deck hinge response time histories: a) cable element; b) edge elemeht 3

Fig. 127. Isolation bearing response tim&hies...............ccveiiiieiieeen i, 114

Fig. 128. Deformed MeSh.......ccooo oo 115

Fig. 129. Visualization of plastiC hiNGEs..............uuviiiiiiiieeeiiiiie e 116

Fig. 130. Bridge peak accelerations for all motions: a) maximum bridge accelerations; b)
maximum bridge diSplacements............ooieiiiiiiiiicceriie e 118

Fig. 131.Maximum column & abutment forces for all motians..................eeeeeee 119

Fig. 132. Equivalent Static Analysis for the bridge longitudinal & transversetidingl21
Fig. 133. Longitudinal ESA: a) pushover load; b) elastic displacement demand122

Fig. 134. Comparison of displacements from ESAand THA...............cooovvees 122

Fig. 135. Transverse ESA: a) pushover load and bent number; b) elastic displacement demand
...................................................................................................................... 123

Fig. 136. Imposed displacement WiNdQW............cccovvviiiiiieeeneeeeeceeeeeeeeeeeemme 125

Fig. 137. Schematic abutment configuration and soil properties (not to.scale)..126

Fig. 138. Imposed displacement: (a) displacement time history functions; and (b) displacement
Profile TAYOUL......ooiiiiiiee e 128

Fig. 139. Imposed displacement factors: (a) input motions factors; and (b) bents¥aetors;

Fig. 140. An output of imposed displacement for the longitudinal bridge direction: a) deformed

shape; and b) pile response prafile..........cccooiii e 130

Fig. 141. Pile ANalySiS WINOOW..........coooiiiiiiiiiiimeee bbb eeeea bbb 131

Fig. 142. Pile Anlysis inputs: (a) Pile loading; and (b) Pile Analysis optians.......132

Fig. 143. Pile Analysis outputs: (a) Pile Response; and (b5pdihg Response.....134

Fig. 142. Schematic procedure of the LLRCAT methodology for a single bridge component
...................................................................................................................... 136

Fig. 143. PBEE analySisS WINAOM.........cccuiiiiiiiiiiieeee e 140

Fig. 144. Damage StateS WINGOM...........uuuiiiiieeeecceeiiiee e e e e e e e e e e eeeeer e e e e e eaeeeees 141

Fig. 145. Repair quantitieS WINCQOW...........covvuuuiiieeiiieeee e seeee e e eenaans 141

Fig. 146. UNit COStS WINAOW. ......ccoiiiiiiiiiiiiiiicmee e e e 142

XVi



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

147. Production RateS WINAQW..........ccceeriiiiiiiiiccee e ee e 143
148. EMISSION FaCtOrs WINAOM..........ceuuuuuuenniiimeeeeeeiieieiine e eeeeeennes 144
149. Posprocessing capabilities (menu options) available in a base shaking aysis
150. Code snippet to calculate the tangential drift ratio of calumn.............. 151
151. Menu items to access the PG quantities for all motions...................... 153
152. PG quantities for all MOIONS............uuiiiiiiiiii e 154
153. Contribution to expected repair cost ($) from each performance.groufd55
154. Total repair cost ratio (%) as a functad intensity............coevevvvivviiiieenen.. 156
155. Contribution to expected repair cost ($) from each repair quantity......156
156. Contribution to repair cost standard deviation ($) from each repair quaiity
157. Total repair time (CWD: Crew Working Day) as a function of intensity meé&stre
158. Contribution to expected repair time (CWD) from each repair quantityl 58
159. Contribution to expected carbon footprint (Mg:@Quivalent) from each performance
(0 0T ] PP 158
160. Contribution texpected carbon footprint (Mg G@quivalent) from each repair
[0 [0 =] PSP 159
161. Mean annual frequency of exceedance (ground matian...................... 160
162. Return period against total repair cost ratio.............coovvvviieeneeeeeeeeenneneee. 161
163. Mean annual frequency of exceedance (loss) against total repair cosiLfftio
164. Return period against total repair time................eeevevieeeiiiiiiiiiiieeeeeeeennn 163
165. Mean annual frequency of exceedance (loss) againstefmaltime.......... 164
166. Disaggregation of expected cost by performance group...................... 165
167. Disaggregation of expected repair cost by repair quantities................ 165
168. Disaggregation of expected repair time by repair quantities................ 166
169. ChooSINg @ MOLION SEL.......uuuiiiiiie e eeee e e e 177
170. The directory structure of a motion.Set............cceiviiiviieeee i, 178
171, Sample .INFO filE.......iii e 178
172.Sample .data file...........uuiiiiiiiii e 179
173. Example of usatefined motion.................ouviiiiiiicceee e 179
174. Bridge Type 1 model: B)SBridge; b) SAP2000............ccoeevvviiiiiiiiieeeenn, 181
175. Bridge Type 2 model: B)SBridge; b) SAP2000............cccccvvviiiiiiiieennnnne 182

XVii



Fig. 177. Bridge Type 10 model: ®)SBridge; b) SAP2000.............cccevvrrrivrrrnicannnn. 184

Xviii



LIST OF TABLES

Table 1. Default values for reinforced concrete (RC) section properties.............. 28
Table 2. Default values for Steel02 material properties...........ccvveveevieemcevvveeeennnne. 28
Table 3. Default values for Concrete02 material properties...........ccccvvvvveemeeeenee. 28
Table 4. Geometric and Material Properties of a Bearing.RPad...................ccceee... 65
Table 5. SDC AbUtMENT ProPerties. .........uuuuuiiiiiiiiiieeeiiiiiiiiiieee et emeee e 73
Table 6. PBEE Repair QUaNntitieS...........oooiiiiiiiieeme e eeeei e 146
Table 7. PBEE Performance GrOUPS..........ccooouuuuutiiimmmraiiiiiisrnesseeeeeeeesaeessssseeeees 150

Table 8. Typical Bridge Configurations in California (After Ketchum et al. 20041180

Table 9. Deck displacement (unit: inches) of Bridge Type 1 under pushover (load of 2000 kips
applied at deck center along both thegitudinal and transverse directions)....181

Table 10. Deck displacement (unit: inches) of Bridge Type 2 under pushover (load of 2000 kip
applied at deck center along both the longitudinal and transverse directiond82

Table 11. Deck displacement (unit: inch) of Bridgg& 9 under pushover (load of 1000 kips
applied at deck center along both the longitudinal and transverse directiond83

Table 12. Decklisplacement (unit: inch) of Bridge Type 10 under pushover (load of 2000 kips

applied at deck center along both the longitudinal and transverse directiond)84

XiX



1 INTRODUCTION

1.1 Overview

MSBridge is a PCbased graphical prand pos{processor (usanterface) for
conducting nonlinear Finite Element (FE) studies for reganbridge systems. Main
capabilitiesnclude

i) Horizontal and vertical alignments, with different skew angles for
bents/abutmets

1)) Nonlinearbeamcolumn element with fiber section for bridge columns and
piles

iii) Deck hinges, isolation bearings, and steel jackets

iv) Foundation represented Bgundationmatrix or soil springs (g, t-z and
0-2)

V) Advanced abutment models (Elgaratibl.2014; Aviram 2008a, 2008b)

Vi) Automatic mesh generation of mu#fpan bridge systems

vi)  Management of ground motion suites

vii)  Simultaneousexecution ohonlinearTime History AnalysisTHA) for
multiple motions

iX) PBEE outcomes in terms of repair cost, time eaxdbon footprint

X) Visualizationand animation of response time histories

FE computations iMSBridge are conducted using OpenSees (currently ver. 2.5.0 is
employed). OpenSees is an open source software framework (Mc&eain201Q
Mazzoniet al.2009) pbr simulating the seismic response of structural and geotechnical
systems. OpenSees Haeen developeds the computational platform for research in
performancebased earthquake engineer(RBBEE)at the Pacific Earthquake

Engineering Research (PEER) Centor more information about OpenSees, please visit
http://opensees.berkeley.edul/.

The analysis options availableMSBridge include:
) Pushover Analysis
i) Mode Shape Analysis
i) SingleandMultiple 3D Base Input Acceleration Analysis
iv) Equivalent Static Analys (ESA)

V) PBEE Analysis

1.2 Wh at 6 sin Qumeewt Updated Version

A number ofcapabilities and features haveen addeah the current version of

MSBridge. These added features mainly allow MSBridgaddress possible variability

in the bridge deck, bent cap, column, foundation, or soil configuration/properties (on a
bentby-bent basis)For thecomplete list of the added capabilities and features, please
seeAppendix A



1.3 Units

MSBridge supports aalysis in both the US/English and Sl unit systeamslthe default
system is US/English unit$his unit option cave interchangeduring model creation,
and MSBridge will convert all input data to the desired unit sysk@mnconversion
between Sl and Etish Units, please check:

http://www.unitconversion.info/

Some commonly used quantities can be converted as follows:

1 kPa = 0.14503789 psi
lpsi = 6.89475 kPa
Im = 39.37in

lin = 0.0254 m

1.4 Coodinate Systems

The global coordinate system employedi8Bridge is shownin Fig. 1. The originis

locatedat the left declend of the bridge. The bridge deck direction in a straight bridge is
referred to as 0l avhilgthetharidontal difectiah perpéiaularitoo n (X))
the longitudinal directioms referred o0 as fAtransvAtsanditemeiji ofAZP
denotes the vertical direction.

Vertical axis: Z Longitudinal axis: X

4

Right abutment

Transverse
axis: Y

Origin

Left abutment Column 1 of Bent 3

Column 2 of Bent 3

Fig. 1. Globalcoordinate system employedMSBridge

Bridge componemumbering and namessedin MSBridge follow designations as

follows: The left abutmenseeFig.1)i s desi gnat eThebémsrteut ment 10.
numberecconsecutivelystartingwithBent2) The ri ght abutment is d
Abut ment 0 oNO i AvlhiethedestrBent number plus one, e.g., the right
abutmenshowninFig.1lcan be referred to sanufbdddut ment 5
similarto the abutment and bent numberiegy, Span 1lis betweerAbutment land

Bent 2 Span 2 is between Bents 2 and 3

For multicolumn scenarios, trmlumns are numbered consecutively along the
transverse (Y) direction, starting from 1 in the most negative side. efgg. ih the


http://www.unit-conversion.info/

column at the ngative side of the transverse () directismeferred to as Column 1
while the oneat the positive sides called Column 2. ForBel® t her e are fACol um
Bent 30 and ACG¢IgWnn 2 of Bent 30

Local coordinate systems will also be used in this document to describe certain
components, e.g., deck hinges, isolation bearings, distributed spring abutment models

withaskewangl e, et c. Il n that case, | .,abyed samd A1l¢
i z 0 ) bewsed Rlease refer tthe appropriatesection for the corresponding
description.

In MSBridge, maximum response quantities (e.g., displacement, acceler@gon)

reportedn the local coordinate systeifor a straight bridge, the local coordinate system

is parallel to the global one. For a curved bridge, the local coordinate sgslefinedin

such a way that thiecal longitudinal axis (x) is tangent to thedige curve at a given
superstructure location while the transverse axis (y) is another horizontal direction that is
perpendicular to the longitudinal axis (x). Thaxisin a local coordinate system is
perpendicular to the-xandy-axesand positive upards

1.5 System Requirements

MSBridge runs on P@ompatible systemsinningWindows ({7, 8, 10 or ServerThe

system should have a minimum hardware configuration appropriate to the particular
operating system. For bestsetrteel®24 byt783,or t he syst
higher.

1.6 Acknowledgment
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For questions or remarks abdi&Bridge, please send email to Dr. Ahmed Elgamal
(elgamal@ucsd.eduor Dr. Jinchi Lu(jinlu@ucsd.edu
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2 GETTING STARTED
2.1 Start-Up

On Windows, staSBridge from the Start button dhe MSBridge icon on your
desktop. To StaSBridge from the Start button:

i) Click Start, and then select tMSBridge folder
ii) Click onMSBridge (icon: %)

The MSBridge main windowis shownin Fig. 2.

=i MSBridge - C:\Users\Jinlu\Documents,_MSBridge\Untitled msh - O *
File Execute Display Report Help
H]le @V 0 _
Unit System Finite Element Mesh | Extruded View
) Sl Units @) US/English Units e
s
@ Step 1: Define Model and Check Responses ﬁ’J
Model Builder (L]
| Spans | | Deck | | Bentcap | k?%
N
| Column | |Foundaﬂun| | Abutment | )
| Bridge | | Mesh | | Advanced | e
Quick Check of Model Responses .{..
| View MNatural Periods | | View Gravity Response | o
| Longitudinal Respcunse| | Transverse Response | 3D
@ Step 2: Select Analysis XY
Analysis Types
) Pushover Modify Pattern... ﬂ
) Mode Shape  Mumber of Modes |10 YZ
| Select Input Motions... | F‘_—:j
Modify Damping... o
~
Equivalent Static Analysis (ESA) I l,;l'l
— L
| Longitudinal ESA | | Transverse ESA | .
@ Step 3: Run Analysis -
| Save Model and Run Analysis | | PBEE Analysis |

Ready

Fig. 2. MSBridge main window



2.2 Interface
There arghreemain regions in th&1SBridge windowi menu bar, the model input, and
the FE mesh.

Lock/Unlock Model

~H, MSBridge - Untitled
File Execute Display port Help

New Model ——p .
L) © Q9 @«—— About MSBridge

Open Model
Save Model Run Analysis

a)

Iﬁ MS5Bridge - Ch\Users\Jinlu\Documents'_MSEBridge Untitled. msh

File | Execute Display Report Help
|1 MNew Model
| Open Model...

Save Model

Save Model As...

Element Mesh

ChUsers\Jinlu\Documents_MSBridge\Untitled.msb

o Exit
| Column | |Foundati|:|-n| | Abutment |
| Bridge | | Mesh ||  Advanced |

b)

Iﬁ MS5Bridge - Chillsers\JinluhDocuments'_MSEBridgetUntitled.msb

File | Execute | Display Report Help
: W Save Model and Run Analysis

| | OpenSees Analysis Log - Motion: A-ELC Extruded View
) Sl Units (@) US/English Units |
c)
Fig. 3. Toolbar and filerelatedsubmenus: apolbar; b)submenuFile; ¢) submenu
Execute



Iﬁ M5Bridge - Ch\Users\Jinlu\Documents',_MSBridgeUntitled.msb

File Execute | Display | Report Help
LI — ‘| EDP Cuuantities for All Motions
- Bridge Peak Accelerations and Displacements for All Motions r
Uﬁmt S}I'StF'?IT Maximum Column and Abutment Forces for All Motions E
) Sl Units
Bridge Response Distribution
@ Step 1: Ds Detailed Output: Select Input Metion - Current: A-ELC
Model Builg .
#%  Deformed Mesh - Motion: A-ELC
Spans
|: Deck Response Time Histories - Motion: A-ELC
Columni
Colurmn Response Profiles - Motion: A-ELC
IE Colurnn Response Time Histories - Motion: A-ELC
Quick Chec Column Response Relationships - Motion: A-ELC
WView MNaty Pile Response Profiles - Motion: A-ELC
Longitudil Pile Response Time Histories - Motion: A-ELC
Pile Response Relationships - Motion: A-ELC
@ AEpefat Abutment Response Time Histories - Motion: A-ELC
Analysis T
:a L= Soil 5pring Response Time Histories - Motion: A-ELC
() Pushow
Foundation Matrix Response Time Histories - Motion: A-ELC
s
) Mode S Deck Hinge Response Time Histories - Motion: A-ELC
® Ground Isolation Bearing Response Time Histories - Motion: A-ELC

a)

Iﬁ MS5EBridge - ChUsers\Jinlu\Docurnentst_MS3Bridge\Untitled.mshb
File Execute Display | Report | Help

u = (e v | Start Report Session
- Close Session and Open Report
Unit System
1 51 Units Report Configurations

b)

Iﬁ MSEBridge - Ch\Users\Jinlu\Documentsh_MSBridgetUntitled.msk
File Execute Display Report | Help

u = (- W (7 Contents and Index

)  MSBridge Website
& About MSBridge

Unit System
) SI Units

Wiew Column and Bent Labels

c)

Fig. 4. Resultrelated submenus) sulmenuDisplay; b) submenuReport; andc)
submenuHelp

I‘f;‘\'l Ctmm 1 MiaFimn Bladal —md Tk




2.2.1 Menu Bar

The menu bar, shown Fig. 3 andFig. 4, offers rapid access to madSBridge main
featuresThe nmain featuresn MSBridge are organizethto the followingsulbmenus:

fFile: Controlsopening savingof model definition parameterand exitingMSBridge.

f Execute: Controls running analyses adsplayingOpenSees analydisg.

{Display: Controls displaying analysis results.

TReport: Controls creatingnanalysis report in Microsoft Word format

THelp: Visit the MSBridge website and display the copyriglttknowledgmenmessage
(Fig. 5).

Note thatcFig.3a s hows a fiLock Model 6 button which i :
from overwriting analysis redts afterananalysissdone | f t he model I's in
Mode, theOK buttons (and Apply buttong) all dialog windows irMSBridge are

disabledandusers cannot make changes to the current model. To unlock the model,

users need to clicHHIftheaenlmodle!| Mo galym b Wintl @rc .|
resultwill be overwritten ifanewanalysids launched

2.2.2 Model Input Region

The model inputegion controls definitions of the model and analysis options, wareh
organizednto three regionsHig. 2):

Step 1: Define Model & Check Responsegontrols definitions of bridge parameters
including material properties. Meshing parametgesalso defineth this step.

Step 2:Selectan Analysis Option: Controls analysis types (pushover analysis, mode
shape analysis or ground shaking). EquivalentSeatalysis (ESA) option is also
available.

Step 3: Run FE Analysis:Controls execution of the FE analysis and displaying of the
analysis progress bar.

2.2.3 FE Mesh Region

The FE meshregion(Fig. 2) displays the generated mesh. In this windine mesh can
be manipulated by clickinguttons showimn Fig. 6.

The FE mesh shown MSBridge is automatically generated@he user caalsoclick the
button at the topight corner(shown inFig. 6) to redraw FE mesh (based on the input
data entered).
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3 BRIDGE MODEL

In MSBridge, bridge deck, columnsndbentcapsire modeled using beaoolumn
elementsThe foundation isigid-basetype by defaultFig. 2 shows a bridge model with a
rigid-base foundation Other available foundation types including soil springs and
foundation matrix are modeledingzeroLengthelements.

To define a bridge model, clickcorresponding buttom Fig. 7. To include a deck hinge,
isolation bearing or use a naero skew angle for any bent or abutment, chakvanced
To change the numbers of beaslumn element used for deddentcapor columns,

click Mesh. Fig. 8 shows a bridge modaelith soil springs anédeck hinge included

@ Step 1: Define Model and Check Responses

Maodel Builder

| Spans | | Dack | | Bentcap |
| Column | |Fn::-undatin:rn| | Abutment |
| Bridge | | Mesh | | Advanced |

Fig. 7. Model builder buttons

T MSBridge - C:\Users\Jinlu\Documents\_MSBridge\Untitled.msb - O X
File Execute Display Report Help
e e L
UpEcyaten Finite Element Mesh | Bxtruded View
) 51 Units (@ US/English Units
Ex
@ Step 1: Define Model and Check Responses ’-_\
Maodel Builder @,
| Spans | | Deck | | Bentcap | \+\
53
| Column | | Foundation | | Abutment | 3\
=
| Bridge | | Mesh | | Advanced | -
Quick Check of Model Responses ‘{.’
| View Natural Periods | | View Gravity Response | o
| Longitudil 'Ihsponse| | Transverse Response | SD
@ Step 2: Select Analysis XY
Analysis Types
) Pushover Meodify Pattern... n
(O Mode Shape  Number of Modes |10 YZ
® Ground Shaking Select Input Motions... (=)
Meodify Damping... 1
N
Equivalent Static Analysis (ESA) & LT
| -
[ LlongitudinalESA | [ TransverseESA | -
&
@ Step 3: Run Analysis »
|| Save Model and Run Analysis | | PBEE Analysis |

Ready

Fig. 8. MSBridgemain window (bridge modelith soil springs anédeck hinge
included
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3.1 Spans

To change the number of spans, clgpansin the main windowKig. 7 and Fig. 9).

Number of Spans The total number of spans for a midpian bridge. The
minimum is 2 andthe maximum is 100.

MSBridge supports models for bostraightbridge anccurvedbridge options

3.1.1 Straight Bridge

If the bridge has equal span lengths, chgual Span Lengthand specifithespan
length(Fig. 9).

If the bridge has varied span lengths, ckeied Span Lengthand therModify Span

Lengthsto specify span length&ig. 10). Fig. 11 shows a straight bridge model with
varied span lengths.

I Bridge Spans — O et
Spans
Mumber of Spans 4
Span Lengths
() Equal Span Length 100 [ft]

(@) Varied Span Lengths |M|:udi1"_~,r Span Lengths...|

Curved Bridge
Horizontal Alignment |M|:|di1"_-,r Horizontal Cur-.res...|

Vertical Alignment IModify Vertical Curves...|

Fig. 9. Bridge pandefinition
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= Varied Span Lengths — O >

Span Lengths

Span  Span Length [ft]
Span 1| 100
Span 2|( 100
Span 3| 100
Span 4(100

Fig. 10. Varied sparnengths

Fig. 11. Straight bridge with different span lengths
3.1.2 Curved Bridge

To define a curved bridge, pleadeeckHorizontal Alignment and/orVertical
Alignment in Fig. 9.

3.1.2.1 Horizontal Curved Bridge

To define a horizontally curved bridge, chétérizontal Alignment in Fig. 9. Fig. 12
shows the window to define horizontal curvBegin Curve Lengthrefers to tle starting
location ofa horizontal curve (seEig. 13a). Curve Radiusrefers to the radius afe
horizontal curveCurve Length refers to the arc fegth of the horizontal curv&he
directions Left or Right) refers to the arc rotation direction relative to the starting
location Right: clockwise rotationn XY plan view, L eft: counterclockwisein XY plan
view). Click Insert Curve to add a horizontal curve and clibleleteCurve to removea
chosen curvekig. 15 showsbridgeexamples of horizontal alignment.

12



3.1.2.2 Vertical Curved Bridge

To define a vertically curved bridge, cheggrtical Alignment in Fig. 9. Fig. 14 shows
the window to define vertical curveBegin Curve Lengthrefers to the starting location
of the beginning slope afvertical curve (se€ig. 13b). Curve Length refers to the
length of the vertical curvé&nd CurveSloperefers to the slope of the end slope. Note
that the slope value can be negative, zero or positive. Similarly, I88ekt Curve to
add averticalcurve and clickDeleteCurve to removea choserverticalcurve.Fig. 16
showsbridgeexamples of vertical alignment.

Note thata horizontal curve/alignment emplogircular arc whileavertical
curve/alignment employaparabolic equation. Any two (horizontal or vertical) curves
cannotbe overlappedandany newly added curves must locatedutside all previous
curves.

For detailed information on the horizongaddvertical alignments, please refer to
Highway Design Manudly Caltrang2018).
= Horizontal Alignment — O et

Alignrent Begin Data

(® Longitudinal Direction Coincides with Chord Connecting Abutments

() Specify Beginning Angle 0 [deg]
Horizontal CuNeParameter5| Edit | |In5ertCur-.re| |DE|E1:ECLINE|
Curve # Begin Length [ft] Radius [ft] Direction Curve Length [ft]
Curve1 |0 500 Right v | 200
Curve 2 || 200 500 Left ~ [ 200

Fig. 12. Horizontal alignment
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| Begin Length

®
Left Abutment

Curve Length

-
-

Beginning Slope
Left Abutment End Slope

b)

Fig. 13. Horizontal and vertical alignments: a) horizontal alignment (plan view); b)
vertical alignment (side view)

=T Vertical Alignment — O =
Begin Slope 0 [%8]
Vertical Curve Parameters | Edit | |Insert Cuwe| |Delete Cur-.re|

Curve # Begin Length [ft] Curve Length [ft] End Slope [35]

Curvel |0 200 -5
Curve 2 | 200 200 -5

Fig. 14. Vertical alignment
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L

b)
Fig. 15. Examples ohorizontaly curved bridges (horizontal alignment): a) single
horizontal curve; binultiple horizontal curvs.
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b)

1T

Fig. 16. Examples of vertically curved bridges (vertical alignment): a) single slope; b)
begin and end slopes; c) multiple slopes
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3.2 DeckSections

To change Deck properties, clifleckin Fig. 7. Fig. 17 shows the window to modify
material and section propertieSa deck section (e.g., Deck 1 as showhRim 17).

MSBridge uses an elastic material model for bridge deck elemigisl 7 shows the
default values fodeck material propées includingYoungs Modulus Shear Modulus
andUnit Weight.

", Bridge Deck — O >
Deck Deck Properties for: Deck 1
| Deck 1 Material Properties
Deck 2 Youngs Medulus 4061 [kesi]
Deck 3 Shear Modulus 1667.94 [ksi
Unit Weight 150 [pef]

Section Properties |Recalculate Section from Box Girder

Area of Cross Section £8.111 [ft2]
Moment of Inertia about Horizontal Axis 356,043 [ftd]
Moment of Inertia about Vertical Axis 2235.63 [ftd]
Torsion Constant 478,381 [ftd]
| Add |
| Delete | Weight
Weight per Unit Length 10.216 [kip/ft]
| Change Mame |

Fig. 17. Deck materialand sectiorproperties

Fig. 17 also shows deck Section properti8sction properties can be input directly in
Fig. 17, if available. If this information is not availablSBridge will calculate
properties based on general box girder section dimensions. RéladculateSection
from Box Girder in Fig. 17to defineanew box girder shapé&ig. 18). The default
values of geometrical properties are of typical for a-fmif reinforced concrete box
girder deck configuration. ClickK in Fig. 18if the user would like to use the defined
crosssection Corresponding entries Fig. 17 will be updatedWeight per Unit Length
is equal to thérea of Cross Sectiortimes theUnit Weight defined inFig. 17.

Note thathe Box Width definedin Fig. 18 will be useds the deck width of the bridge.
To use a different deck width, the user needs to medgBox Width (Fig. 18).
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T Box Girder - O *
Section Parameters Properties (Recalculated Autematically)

Box Girder | Web | Fillet | Overhang Area of Cross Section 68.111111 [ft2]
Box Girder Moment of Inertia about Horizontal Axis 356.043515 [ftd]
Box Width (Including Overhang) 39 [ft] Moment of Inertia about Vertical Axis 8235.632373 | [ft4]
Box Depth f [ft] Torsion Constant 978.380823 [ft4]
Top Slab Thickness 8 [in] Weight per Unit Length 10.216667 [kip/ft]
Bottom Slab Thickness ] fin] G Super (Distance from Box Girder Tap) 2.630687 [t]

Equal Herizontal and Vertical Scales (for Plot)
Box Girder
O -
_5 B T T T T | T T T T | T T T T T T T T | T T T T | T T T T | T T T T
-15 -10 0 5 10 15

Fig. 18. Box girder shape employed fabridge decksection
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3.3 Bentcap Sections

To change bent cap properties, cldgntcapin Fig. 7. Fig. 19 shows the window to
modify material and section propertigisa bentcap section (e.g@entcapl as shown in
Fig. 19

MSBridge uses an elastic material model for bridgatcapelementsFig. 19 shows the
default values fobentcap material properties includifgungs Modulus, Shear
Modulus, andUnit Weight.

Fig. 19 also showshe defaulbbentcapsection propertiesvhich can be modified directly
If bentcap sectio propertiearenot availableMSBridge will calculateproperties based
onrectangulasection dimensionspecified Click RecalculateSectionfrom
Rectangularin Fig. 19to definea newrectangulashape Fig. 20). Click OK in Fig. 18

if the user would like to use the definesbsssection Corresponding entries Fig. 19
will be updated.Weight per Unit Length is equal to thé\rea of Cross Sectiortimes
the Unit Weight (Fig. 19).

= Bridge Bentcap — a *
Deck to Bentcap Connecticn
Bentcap Overhang Length 5 [ft]
Vertical Distance between Deck and Bentcap 0.5 [ft]

[] Deck to Bentcap Connection Springs |Modify Springs

Vertical Distance between Spring Location and Bentcap 2 [ft]
Bentcap Bentcap Properties for: Bentcap 1
Bentcap 1 Material Properties
Bentcap 2 Youngs Modulus 4061 [kesi]
Bentcap 3 Shear Modulus 1667.94 [ksi]
Unit Weight 150 [pcf]

Section Properties |Recalculate Section from Rectangle

Area of Cross Section 24 [ft2]
Moment of Inertia about Honzontal Awis 32 [ftd]
Moment of Inertia about Vertical Axs T2 [ftd]
Torsion Constant 75125 [ftd]
| Add |
| Delete | Weight
Weight per Unit Length 3.6 [kip/ft]
| Change Mame |

Fig. 19. Bentcap materialand sectiomproperties
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=T Rectangular Bentcap — O >

Section Geomnetry
Width in Harizontal Direction B [ft]

Height in Vertical Direction 4 [ft]

Properties (Recalculated Automatically)

Area of Cross Section 24 [ft2]
FMoment of Inertia about Hornzontal Axis |32 [ftd]
Moment of Inertia about Vertical fxis T2 [ftd]
Torsion Constant 75124938 [ft4]
Weight per Unit Length 3.6 [kip/ft]

Fig. 20. Rectangular shape employed &ventcapsection
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3.4 Column Cross Sectiois

To define material and geometrical propertiebridgecolumrs, click Column in Fig. 7.
Use's can choose to use linearly elastic or nonlinear FSbetion for a column section
By default, nonlinear Fiber section is us€ij(21). Note that each bridge colunms
limited to one column cross section (for now in the current version)

=T Column Cross Sections — O x
Section Section Properties for Column Section 1

Column Section 1 [[] Column is Linearly Elastic  [Elastic Material Properties| |Section Properties|

Column Section 2 Cross Section

Column Section 3 @ Circle () Octagon () Hexagon
Parameters
Column Diameter 43 [in]
Longitudinal Bar Size # 10
MNurnber of Longitudinal Bars 30
Transverse Bar Size # 7
Transverse Bar Spacing 34 [in]
[] Steel Jacket
Jacket Thickness 1 [in]

Jacket as Fibers (Longitudinal Reinforcement)

() Rectangle

) Oblong

|N|:|n|inn.=_ar Fiber Secti0n| [] Update RC Properties (Calculated Automatically Otherwise)

Advanced Options
[] User-Defined Moment Curvature |Define Moment Curvature

| itk | [] User-Defined Tcl Script for Nonlinear Fiber Section  |Define Fiber Section Tel Script
| Delete |
| Change Name | |Update Changes and View Moment-Curvature Respunse...|

Fig. 21. Columnsectionproperties
3.4.1 Crosssection Shapes
Thecrosssectiontypescurrently availabldor columnsareCircle, Octagon Hexagon
andRectangle(Fig. 21). For the Circular, Octagonal and Hexaglsections, the user

needs to define theolumn Diameter. For Rectangular section, the user needs to define
the widths in bridge longitudinal and transverse directiéigs 21).
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3.4.2 Cross SectiorProperties

Four optionsavailable tadefinea bridge column sectiom linearelastic, ii) nonlinear
Fiber Sectioniii) user-defined moment curvaturandiv) userdefined Tcl script for
nonlinear Fiber section.

3.4.2.1 Linearly Elastic

To activate the linedr elastic optiorfor acolumnsection check the checkbaXolumn

is Linearly Elastic (Fig. 22). Elastic bearrtolumn elementelasticBeamColumn
McKenna et al. 2010¥ usedor the columrsectionin this caseClick Elastic Material
Propertiesto defineYoungs Modulus, Shear ModulusandUnit Weight of the column
section(Fig. 23). Click Section Propertiesto change the column section propertigs (b
changingcrackedsection factors) as shown kig. 24.

3.4.2.2 Nonlinear Fiber Section

To use nonlinear Fiber section fmcolumnsection click Nonlinear Fiber Section(Fig.
21). The window for defininghe Fiber sectiors shownin Fig. 25. Click Material
Properties buttons tadisplay or modifythe material properties for the rebéFig. 26),
the core andhe cover concretd-{g. 27).

Nonlinear beantolumn elements with fiber sectioRig. 28) are used to simulate the
column in this case. THeéerlayoutfor the octagonal and hexagonal cross sections are
similar to that of the circular cross section except for the cé¥gr29 shows aslight
treatment othefiber layoutfor the octagonal and hexagon cross sections. For
Rectangular section, the numberdsars refers to the number of reinforcing bars around
the section perimeter (equal spacing).

The material options available for thebars includeElastic, Steel01 Steel02 and
ReinforcingSteel The material options available for the concrete inckidstic, ENT
(ElasticNo Tension)Concrete01, andConcrete02 The default material properties af
columnsectionare shownn Tablesl-3.
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= Column Cross Sections - O bt

Section Section Properties for: Column Section 1
Column Section 1 Column is Linearly Elastic  [Elastic Material Properties| [Section Properties|
Column Section 2 Crose Section
Column Section 3 ® Circle () Octagon () Hexagon
Parameters
Column Diameter 48 [in]
) Rectangle
Add :
) Oblong
| Change Name | |Update Changes and View Morment-Curvature Response...|

Fig. 22. Definition of linear column

= Column Elastic Material Properties — O X

Material Properties

Youngs Modulus 4350 [ke=i]
Shear Modulus 1677 [ke=i]
Unit Weight 150 [pcf]

Fig. 23. Columnelastic material properties

= Column Section Properties - O X

Section Properties

Gross Properties Cracked Section Factors Cracked Properties
Area of Cross Section 12.366371 [ft2] X 1 = 12366371 [ft2]
Moment of Inertia about Longitudinal Axis | 12,566371 [ftd] X 1 = 12.566371 [ftd]
Maoment of Inertia about Transverse Axis 12.566371 [ftd] X 1 = 12.566371 [ft4]
Torsion Constant 25132741 [ftd] X 1 = 25132741 [ft4]

Fig. 24. Columnsection properties

By default, the Steel02 material in OpenSees (McKenna et al. 2010) is employed to
simulate theebars andConcrete02 materiad usedor the concrete (core and cover).
Steel02 is a uniaxial GiuffrenegottePinto material that allows for isotropic strain
hardening. Concrete02 is a uniaxial material with linear tension softening. The
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Concrete02 material parameters were obtained from the Mander (1988) constitutive
relationships for confined and uncardgd concrete. More details on the derivation of the
default values and the OpenSees uniaxialMaterial definitions used for each raagerial
shownin Appendix A.

Fig. 30, Fig. 31, andFig. 32 show the stresstrain curve®f the steel, core, and cover
concrete materials, respectively. These plots can be obtained for updated material
properties directly from the interface by clicking @oorresponding/iew StressStrain
button in the Columikiber Sectiorwindow (Fig. 25). The momenturvature response
for acolumnsectionis shownin Fig. 33 (a vertical compressive load of 2,5Kips is
applied). For comparisoXSECTION (Caltrans 1999) result is also availabkad. 33).

T Column Fiber Section - O >
RC Section Properties RC Materials
Longitudinal Steel 5o gl Steel Material
Transverse Steel %0 16 Steell2 i |Materia| Properties| |View Stress-Strain Cun.re...|
Steel Unit Weight 490 f
R [p<f] Core Concrete Material

Steel Yield Strength 66000 [psi] Concrete02 i |Materia| Properties| |1u’iew Stress-Strain Cun.re...|
Steel Strain Limit 012

C C ete Material
Concrete Unit Weight 150 [pcf] overboncrete Matena

Concrete02 i |Materia| Properties| |1ufiew Stress-Strain Cun.re...|

Concrete Unconfined Strength | 4000 [psi]

Fig. 25. NonlinearFiber Section window
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= Steel Material Properties — O >

Steel Properties

Youngs Modulus 20000000 [psi]
Strain-hardening Ratio 0.1
Controlling Parameter RO 15
Controlling Parameter cR1 0.925
Controlling Parameter cR2 0.15
a)
= ReinforcingSteel Material Properties — O =
Steel Properties
Youngs Modulus 29000000 [psi]
LItimate Stress o000 [psi]
Youngs Modulus at Initial Stress-hardening 1200000 [psi]
Strain at Initial Strain-hardening 0.01
Strain at Peak Stress 0.09
b)

Fig. 26. Rebamaterial properties: a) Steel02 material; b) ReinforcingSteel material
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ﬁ Concrete Material Properties

Core Concrete Properties

Concrete Compressive Strength
Concrete Strain at Maximum Strength
Concrete Crushing Strength
Concrete Strain at Crushing Strength
Ratic between Unloading Slope
Concrete Tensile Strength

Tensicn Softening Stiffness (Absolute Value)

a)

ﬁ Concrete Material Properties

Cover Concrete Properties

Concrete Compressive Strength
Concrete Strain at Maximum Strength
Concrete Crushing Strength
Concrete Strain at Crushing Strength
Ratic between Unloading Slope
Concrete Tensile Strength

Tension Softening Stiffness (Absolute Value)

b)

-6717.3706 [psi]
-0.003504

-6481.6534 [psi]

-0.035744
0.1

940.4319 [psi]
268397.7459

- O o

-4000 [psi]
-0.002

0 [psi]
-0.006
0.1

560 [psi]
280000

Fig. 27. Concretematerial propertiesa) Concrete02 mterial for the core concrete} b

Concrete02 material for the cowancrete
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Fig. 28. Fiber discretization of a circular sectigbased orthereportby Berry and
Eberhard2007%)

Fig. 29. Fiber discretization of a column sectioa) octagonshape and b)hexagonshape
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Tablel. Default values foreinforced concrete (RC) section properties

Parameter Value
Longitudinal bar size (US #) 10
Longitudinal steel % 2
Transverse bar size (US #) 7
Transverse steel % 1.6
Steel unit weightcf) 490
Steel yield strength (psi) 66717.5
Concrete unitveight (pcf) 145

Concrete unconfined strength (psi) 4000

Table2. Default values for Steel02 material properties

Parameter Value Typical range
Steel yield strength (psi) 66717.5 50,000668,000
Youngdés modul 129,000,000 -
Strainhardening ratio* 0.01 0.0050.025
Controlling parameter RO** 15 10-20

Controlling parameter cR1** 0.925 --
Controlling parameter cR2** 0.15 --
*The strairhardening ratio is the ratio between the posld stiffness and thmitial
elastic stiffness.
**The constants RO, cRBndcR2 are parameters to control the transition from elastic to
plastic branches.

Table3. Default values for Concrete02 material properties

Parameter Core Cover
Elastic modulus (psi) 3,644,147 3,644,147
Compressive strength (psi) -6,739 -4000
Strain at maximum strength ~ -0.0037 -0.002
Crushing strength (psi) -6,538 0

Strain at crushing strength -0.036 -0.006
Ratio between unloading slope 0.1 0.1
Tensile strength (psi) 943.49 560
Tensile softening stiffness (psi 255,090 280,000
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ﬁ Stress-strain Curve

Stress-strain Curve for Steel (Steel1)
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B e e e e e e I e e IR S o e s e s sy e o
-0.1 -0.05 ] 0.05 0.1
Strain
a)
- O X

ﬁ Stress-strain Curve

Stress-strain Curve for Steel (SteellZ2)

100000
=
=
& 0
2
5]
= Compression
= Tension
B e e e o o e e e LA B B e o o B e e B LA s o o
0.1 -0.05 0 0.05 0.1
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ﬁ Stress-strain Curve

Stress-strain Curve for Steel (ReinforcingSteel)

100000
= ]
L= 0
(2]
w
g
@0

] = Compression
-100000 == Tensicn
— T T T T T T T T T T T [ T T T T [ T T T T T T
-0.1 -0.05 o 0.05 01
Strain
c)

Fig. 30. Stressstrain curve for a steel material (default values employét a strain
limit of 0.12: a) Steel01)p) Sted02; and ¢ ReinforcingSteel
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'ﬁ Stress-strain Curve

Stress-strain Curve for Core Concrete (Elastic-No Tension)

0
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a)
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lﬁ Stress-strain Curve
Stress-strain Curve for Core Concrete (Concrete01)

0
=
2
@ -2000
g
&
= Compression
V = Tension
B e e e e I e e e e e e o e e e B N |
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
Strain
- O X

ﬁ Stress-strain Curve

Stress-strain Curve for Core Concrete (Concrete02)
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c)
Fig. 31 Stressstrain curve o core concrete material (default values employaq):
ElasticNo Tensionj) Concrete01; and €oncrete02
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ﬁ Stress-strain Curve

Stress-strain Curve for Cover Concrete (Concrete01)
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ﬁ Stress-strain Curve

Stress-strain Curve for Cover Concrete (Concretel2)
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Fig. 32. Stressstrain curve oacover concrete material (default values employaj)
Concrete01; and)iConcrete02
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ﬁ Moment Curvature Analysis

Mement-curvature Recalculate

6000
g j
B 4000
= i
IS
Y]
E ]
[=]
= 2000
7T
0 0.0005 0.001 0.0015 0.002
Curvature (rad/in)

Direction

Response Direction Lengitudinal Direction v

Parameters

Asial Load -2500 [kip]

Maximum Curvature 0.002 [rad/in]
Number of Leading Steps 500

Number of Unloading Steps 0

[] Compare with XSECTION

Core Concrete Model Mander's Confined

Cover Concrete Model  Mander's Unconfinec
Steel Model Park

/| Display XSECTION Qutput

Fig. 33. Momentcurvature response farcolumnsection(with default steel andoncrete

parameters

3.4.2.3 User-defined Moment Curvature

To usemomentcurvature curvefor acolumnsection click User-Defined Moment
Curvatures (Fig. 21). The windowto definethe sections shownin Fig. 34. Using this
option, the user can define the cross section by simply entering mouoreature data.

Iﬁ User-Defined Moment Curvatures

— O Pt

Moment Curvature

Enter moment-curvature data below (in
pairs of curvature [rad/in] and bending
moment [kip-ft]):

Motes: 1) All values must be positive.
2] All segment slopes must be positive
(i.e, no horizontal segment is allowed).

Be-05 4350
0.0002 6200
0.002 6200.1

Additional Parameters
Shear Rigidity G*A
Torsional Rigidity G*J

Axial Rigidity E*A

[ ] Different Moment Curvature in Transverse

3000000 [kip]
6000000 [kip-ft2]
8000000 [kip]

Cancel

Fig. 34. Userdefined moment curvature
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3.4.2.4 User-defined Tcl Script for Nonlinear Fiber Section

To useuseddefinedFiber sectiondr a columnsection click User-Defined Fiber
Section(Fig. 21). The window for defininghe Fiber sectiors shownin Fig. 35. Using
this option, the usaranusea Tcl code snippet to defira complex cross section

=i User Defined Fiber Section — O x

Material Definition Tcl Code Snippet

(Must be in 51 units even if the US/English unit system is chosen for the current model):

Monlinear Fiber Section Tel Code Snippet

{Must be in 51 units even if the US/English unit system is chosen for the current model):

Fig. 35. Userdefined Tcl script for noimear fiber section
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3.5 Foundation

This section presents three ways to define and modelitlige foundatiorio account for
the soitstructure interaction (SSI) in the analySikere are three types of foundations
available Fig. 36): Rigid Base Soil Springs andFoundation Matrix .

3.5.1 Rigid Base

If Rigid Baseis chosenall column bases will be fixed (threetranslationabndthree

rotational directions). I n that areadse e, t
fixed.
= Bridge Foundation — O >
Foundation Type
() Rigid Base

| Modify p-y and t-z Soil Springs... | | Modify g-z Soil Springs... | | Modify Shaft Foundation...

() Foundation Matrix

| Pile Foundations | (For PBEE Analysis Only)

Fig. 36. Foundation types available MSBridge

3.5.2 Solil Springs

To define soil springs, chooSm®il Springs(Fig. 36) and then clickModify Soil Springs
to define soil spring data or clidodify Shaft Foundation to define pile shaft data
(Fig. 36). It is possible t@xclude oilincludea shaft foundation &t particular bent or
abutmentsimply check the box to turn off/on shaft foundationdtent/abutmen(Fig.

37).
Parameters defining the pile foundation incl{@ig. 37):

Stemwall Height theheightof thestem wall (only available for abutments)

Pile Group Layout (seeFig. 37). This option allows defining the numberstioé

piles as well as the spacing (in the bridge longitudinal and transverse directions).
Note thathis option is only available for both abutmefdr now. For a bent, one
single pile is assumdgbr now in the current version)
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=T Shaft Foundation — O X

Bent Mumber Shaft Foundation of Abutrment 1
[ ] Mo Shaft Foundation for Abutment 1
Abutment 1
Bent 2 Shaft Foundation Parameters
Bent 3 Stermwall Height 2 [ft]
iznt4 . Pile Group Layout
t t
HEmEn Bridge Lengitudinal Bridge Transverse
Mumber of Piles 1 1
Spacing [ft] 4 &

Fig. 37. Shaftfoundation for abutments and bents

Fig. 38 showsthe scheme dahepile foundatiormodelfor an abutment The fAabut ment
n o d €r).A88) arereferredto a sfixittesd (secioABUTMENT MODELS).

Deck Width

< >
< >

Abutment Nodes

= i T,

I I I Rigid Link

® ® ® ® o

\Nodes for

& ® ® ® & PY:=PIING=

TR

Stemwall
Height

Pile Shafts
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Fig. 38. Pile foundation model fanabutment

Parameters defining soil springse showrnn Fig. 39. Two identical horizontal soil
springs (one for the bridge longitudinal direction and the other one for the transverse
direction) will be appledat each depthButtonInsert Depth inserts a depth after the
current depthibeing highlightedButtonDelete Depthremoves the current depbeing
highlighted(associated soil spring datall be deletecs wel).

To calculate the soil spring data bags py equations, clickselect from py Curves
(Fig. 39). For now,four types of soil py curves are availabl&oft Clay (Matlock), Stiff
Clay with no Free Water (Reese)Sand (Reese)and Liquefied Soil (Rollins) Fig. 40

- Fig. 43 show the calculated-yp curves for the@bovementionedsoil materials,
respectively. Th@rocedureso calculate these-yp curvesare describeth Reese and van
Impe (2001).

To use the so#pring data calculated based oy purves, clickOK and then clickres.
The soil spring data chosen will replace existing soil springitiatey (Fig. 44). An
examplebridge model witlthe foundation o$oil springss shownin Fig. 45.

In addition an option of usedefined py curves is availableé=g. 46). Options of
defining tz and gz curvesare shownn Fig. 47 andFig. 48, respectively.

=, Soil Springs - O e
Bent Mumber Depth [ft] Soil Springs at Depth 0 ft for Abutment 1
Abutment 1 0 Ple.asle enter below displacement [in] and force [kip] in
0 pairs:
Bent 2 ] ] ]
Bent 3 20 Horizontal p-y Seil Springs:
Sent - 278 53058
Abutment 5 40 B '
50
Wertical t-z Soil Springs:
| Delete Depth | 1e-2 1e-20
| AddDepth |
Herizontal Soil Spring Calculation Vertical Soil S5pring Calculation
Select from p-y Curves... | | Calculate from User p-y... | Calculate from User t-z...
For | All Bents and Abutments  * For | All Bents and Abutments  *

Fig. 39. Soil springs
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ﬁ Soil Springs based on p-y equations

- (] X
Soil Material Mumber of p-y Curve Segments p-y Curves
| | soft Clay (Matlock) «[] |2 F
Soil Material Properties Soil Spring Depth [ft]
Pile Width 3 inl |°
10
Submerged Unit Weight 85 [pef] 20
30
Strain at 50% Stress Level (e50) 0.02 a0
Leading Options Sd -
(®) Static Loading £
=3
=
a
Shear Strength Profile
Please enter depth [ft] and shear strength [psi] in pairs:
034
3056

MNumber of Increments between 2 Depths
(For Seil Spring Calculation Only)
2

Cancel

Recalculate p-y|

Fig. 40. Soft Clay (Matlock)p-y model

ﬁ Soil Springs based on p-y equations

- O X
Soil Material Mumber of p-y Curve Segments p-y Curves
l Stiff Clay w/out Free Water (Reese) v l 20 T
Soil Material Properties Soil Spring Depth [ft]
Pile Width 1 [in] 0
10
Submerged Unit Weight 25 [pef] 20
3
Strain at 50% Stress Level (e50) 0.02 an
. - 50
Leading Options
(®) Static Loading
() Cyclic Loading # Cycles |100

p (kip/in)

Shear Strength Profile

Please enter depth [ft] and shear strength [psi] in pairs:

034
5056

MNumber of Increments between 2 Depths
(For Seil Spring Calculation Only)
2

Cancel

Recalculate p-y|

Fig. 41. Stiff Clay without Free Water (Reege)y model
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ﬁ Seil Springs based on p-y equations

Soil Material Mumber of p-y Curve Segments p-y Curves
I Sand (Reese) v I 20
o = 0ft
Soil Material Properties Soil Spring Depth [ft] 30| 0t
. . 0 — 20 ft
Pile Width 43 [in] 0 — 0
Submerged Unit Weight 85 Ipcfl 20 —40ft
0 50 ft
Friction Angle 30 [deg] an
50
Kpy 200000 [pef]
20
Leading Options —
- . =
() Static Loading £
) Cyclic Loadin =
Ly g [=%
Shear Strength Profile
Please enter depth [ft] and shear strength [psi] in pairs: 10
034
505.6
Mumber of Increments between 2 Depths
(Fer Seil Spring Calculation Only) 0
I e e e
2 o 1
y (in)
Recalculate p-y)

ﬁ Soil Springs based on p-y equations

Soil Material

Fig. 42. Sand (Reesg)y model

|| Liquefied Sand (Rollins)

M I

Soil Material Properties

Pile Width 48 [in]
Submerged Unit Weight 85 [pef]
Friction Angle 30 [deq]
Strain at 50% Stress Level (& 30

Kpy 200000 [pef]

Shear Strength Profile
Please enter depth [ft] and shear strength [psi] in pairs:

Cancel

Number of p-y Curve Segments p-y Curves
20 T —
1| =0t
Soil Spring Depth [ft] 05 — 108
0 J| =20t
5 1| =%
20 —
0 04 ] 50 ft
a0 ]
50 ]
Z 034
a 1
2 ]
a ]
0.2+
0.1+
Number of Increments between 2 Depths 1
(For Soil Spring Calculation Only) ) i
T T
2 0 2 4
y (in)
Recalculate p-y)

Fig. 43. Liquefied Sad (Rollins)p-y model
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ﬁ Soil Springs

— O o
ent Mumber ept o]l rings at Dept or Abutment
Bent Mumb Depth [ft] Soil Springs at Depth 0 ft for Ab 1
Abut £ 0 Please enter below displacement [in] and force [kip] in
utmen .
Bent 2 10 petrs
Bent 3 20 Horizontal p-y Seil Springs:
Bent 4 0 0.24 7.91108392413745
0.48 9.9673411635687
Abutment 3 :E 0,72 11.4097573803252
Wertical t-z Soil Springs:
| Delete Depth | 1e-2 1e-20
| AddDepth |

Horizontal Soil Spring Calculation Vertical Soil Spring Calculation

[ Select from p-y Curves... | | Calculate from User p-y... | Calculate from User t-z...

For | All Bents and Abutments  * For | All Bents and Abutments  *

Fig. 44. Soil spring definition window after using the soil spring data calculated based on
p-y equations

Fig. 45. FE mesh of a bridge model with soil springs included
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Iﬁ User-defined p-y Curves

p-y Curve Data

Please enter user-defined p-y data below (format: pairs of y [in] and p [kip/in],
separated by depth [ft] ):

]
501.0
20,020
50.02.0
10
501.0
20,0 2.0
50.02.0
20
501.0
20,020
50.02.0

[ ] Use the Specified p-y Depths to Re-create Pile Modes

(Existing pile nodes for the corresponding bents/abutments will be rermoved;
vertical soil springs will also be reset)

Fig. 46. Userdefined py curves

ﬁ User-defined t-z Curves

t-z Curve Data

Please enter user-defined t-z data below (format: pairs of z [in] and t [kip/in],
separated by depth [ft]):

10
0605
12.00.5
90
0.63.0
12.03.0

Fig. 47. Userdefined ¢z curves
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= g-z Soil Springs — O *

g-z Soil Spring Parameters

Bent # Displacement [in] Force [kips]

Abutment 1| 0,01 10000000000
Bent 2 0.01 10000000000
Bent 3 0.01 10000000000
Bent 4 0.01 10000000000
Abutment 3 | 0.01 10000000000

Fig. 48. Userdefined gz soil springs

3.5.3 Foundation Matrix

The third foundation type availablek®undation Matrix (Fig. 36, Li and Conte 2013

In thiscase the foundation (only for bent columnis)represetedby the coupled

foundation stiffness matrix (Lam and Martin 1986). Specifically, the stiffness of a single
pile is representely a 6 x 6 matrix representing stiffness associated with all six degrees
of freedom at the pile head. The locabrdinaé sysem employed for the foundation

matrix is parallel to the globabordinae system Fig. 49).

To definea foundation matrix, sele¢toundation Matrix and then clickvodify
Foundation Matrix (Fig. 36). Fig. 50 shows the window definingfoundation matrix
where Fx and Fy cape providedoy nonlinear materiald=(g. 51). Fig. 52 showsthe
definition of pile foundations (for PBEE analysis only for now in the current version).
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Fig. 49. Local coordination system farfoundation matrix

= Foundation Matrix — O X
Matrix Properties for Foundation Matrix: Matrix 1 | Matrix Check
|Matrix1 (The entry below must be non-positive)
Matrix 2 . .
Fx 800 [kip/in] -100000 [kip]
Matrix 3 P P
Fy 800 [kip/in] 100000 [kip]
Fz 30000 [kip/in]
W 20000000 [kip-in/rad]
My (Symmetric) 20000000 [kip-in/rad]
Mz 50 [kip-in/rad]
Add (All values must be non-negative except otherwise stated)
Use MultiLinear Material
[] MultiLinear for Fx | MultiLinear 1~ [] MultiLinear for Fy | MultiLinear 1~
Change Name

Fig. 50. Foundation matrixiefinition
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ﬁ MultiLinear Material Definition

Material Mame

| MultiLinear 1 | ease ente
MultiLinear 2 [kips] in pairs:
MultiLinear 3 0.5 120.0
1.0180.0
2.0 240.0
| Add |
| Delete |
| Change Mame |

Material Properties for: MultiLinear 1

Please enter below displacement [in] and force

Cancel

Fig. 51. Multi-linear materiatefinition

lﬁ Pile Foundations (for PBEE Analysis Only)

Bent Mumber

Abutment 1
Bent 2
Bent 3
Bent 4
Abutment 5

Pile Foundation of Abutment 1
Pilecap Parameters

Pilecap Dimensicn 1

Pilecap Dimensicn 2

Pilecap Depth

Pilecap Steel Reinforcement
Pilecap Volume

Enlarged Pilecap Dimension 1
Enlarged Pilecap Dimension 2
Pilecap Embedment Depth
Steel Weight Estimate Footing
Other Parameters

[] Steel Pipe Pile

Auxial Force

Youngs Modulus

Moment of Inertia

Critical Liquefaction Layer Thickness

Area of Lengitudinal Reinforcing Steel

Fig. 52. Definition of pilefoundations (for PBEE analysis only)

369
29000
2549.35
280
36

43

Pile Parameters
[ft] Number of Piles

[ft] Pile Diameter 24
[ft] Pile Thickness 0.5
[%] Pile fye 68
[eyl] Pile Spacing 96
[ft] Pile Length 70
[ft]
[ft]

[Ib/ft3]

[kips]
[ksi]
[ind]

fin]
[in2]

Cancel



3.6 Abutment

To define an abutment model, clidbutmentsin Fig. 7. A window for defining an
abutment modeak shavnin Fig. 53. More details about the abutment model will be
further explained in the next chap{eeeChapterABUTMENT MODELYS)

Iﬁ Eridge Abutments —
Abutment

Model Type | SDC 2010 Sand

Mumber of Distributed Springs 2

Longitudinal Gap 1

Bearing Pads

Mumber of Bearings 3

Bearing Height 2

Shear Keys

Mumber of Shear Keys 2

Embankment Lateral Stiffness

Baclowall Width 27

Backwall Height ]

|Em bankment Vertical Stiffn e55|

(=]
(=]

Fig. 53. Definition ofan dutmentmodel

44

ot

[in]

[in]

[ft]
[ft]



3.7 Bridge Model

To define aridgemodel, clickBridge in Fig. 7. A window for defininga bridgemodel
is shownin Fig. 54. The user will assign the defined sections to corresporitidge

componentsin addition thecolumnheights andolumnconnectiortypes are also
defined

'ﬁ Bridge Cenfigurations -

O x

(®) Uniferm Column Layout

Uniform Layout Section

Mumber of Columns per Bent 2 Deck Section | Deck 1 v

ST R 18 [ft] Bentcap Section | Bentcap 1 ¥ m

Column Top Rigid Link Height |3 [ft] . =

Column Section | Column Section 1 =
Column Heights

Shaft Section  Column Section 1

Column Connection

Foundation Matrix =~ Matrix 1

() Men-uniform Column Layout

Spans Bents
Span  Deck Section Bent  Bentcap Section Column Layout
Span 1| Deck1 Bent 2| Bentcap 1 Columns
Span 2| Deck 1 Bent 3| Bentcap 1 Telimros
Span 3| Deck1 Bent4| Bentcap 1 Columns
5pan4| Deck 1

Fig. 54. Definition ofa bridgemodel

3.7.1 Uniform Column Layout

If the Uniform Column Layout option is selectedll bentswill have the same number
of columns(with thesameColumn Spacingfor each bent If Number of Column for
Each Bentis 1,Column Spacingwill be ignoredFig. 55).

Uniform Layout

Murmnber of Columns per Bent 2
Column Spacing 12 [ft]
Column Tep Rigid Link Height |3 [ft]

| Column Heights |

| Column Connection |

Fig. 55. Uniform column layait
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3.7.1.1 Column Heights

To define column heights, clidRolumn Heightsin Fig. 55. A window for defining
column heights will appeaF{g. 56).

= Varied Column Heights — O *

Column Heights

Bent Column Height [ft]
Bent 2|| 22
Bent 3|| 22
Bent 4| 22

Fig. 56. Column heights

3.7.1.2 Column Connection

In a multicolumn case (the number of columns per bent is equal to 2 or more), the user
can specify the boundary connection conditions of the columns. Cidiltknn

Connection(in Fig. 55) to select the boundary condition for the columns and bent cap
connection. Three options are availalfigy(57): i) fixed attop/ pinned abasgii)

pinned atop/ fixed baseandiii) fixed at both top and basBlote: In a single column

case (the number of columns per bent is equal to 1), both column top and base are
assumed fixed.

= Celumn Connection — O >

Column Connection
() Fixed at Top and Pinned at Base

() Pinned at Top and Fixed at Base
() Fixed at both Top and Base

Fig.57. Column boundary conditions
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3.7.2 Non-uniform Column Layout

If the Non-uniform Column Layout option is sedcted, the user can have the flexibility
to defineadifferentnumber of columns on a beby-bert basis(Fig. 58).

'ﬁ Bridge Cenfigurations -

() Uniform Column Layout oK

Uniform Layout Section

Deck Section  Deck 1

Bentcap Section = Bentcap 1

Mumber of Columns per Bent

%]

Column Spacing 18 [ft]

O
®

Column Top Rigid Link Height |3 [ft] ) .
Column Section = Column Section 1
Column Heights

Shaft Section  Column Section 1
Column Connection

Foundation Matrix =~ Matrix 1

(® Mon-uniform Column Layout

Spans Bents
Span  Deck Section Bent  Bentcap Section Column Layout
Span 1|| Deck 1 7 Bent2)| Bentcap1 ~ | Columns... |
Span 2| Deck 1 ¥ Bent3| Bentcap1 v | Columns... |
Span 3| Deck1 V Bent4) Bentcap1 ~ | Columns... |
Span4| Deck 1 v
T Columns for Bent 2 - [m] X
Column Parameters |Add Columnl |Da\ete Columnl

Column Mo Offset [ft] Height [ft] Section Link Height [ft] ~ Connection Shaft Height [ft]  Shaft Section Baze Offzet [ft]

Column 1 -8 2 Column Section 1+ |[ 3 Fixed Both e Column Section 1 ~ |0

Column 2 9 22 Column Section 1+ |[3 Fixed Both v |50 Column Section1 v |0

b)

Fig. 58. Bridge configuration: a) general options; b) column laydmfinition
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3.8 Advanced Options
The advanced options MSBridge mainlyinclude Deck Hinges, Isolation Bearings

Steel Jacketand Skew Angles. Clickdvancedin Fig. 7 to include any of these options
as shown irig. 59into the bridge model.

= Advanced Options — O >

| Define Deck Hinges... | | Define Isclation Bearings... | | Define Steel Jacket... |

Pilecap (For Non-Rigid Base Foundations)

| Pilecap Mass and Rotation Condition... |

Skew Angle
Global Skew Angle 0 [deg]

[] Use Individual Skew Angles | Bents and Abutrments

Column
Include P-Delta Effect

Abutment
[] Include Rayleigh Damping

Foundation of Soil Springs
[] Include Rayleigh Damping for Soil Springs [ ] Linear Soil Springs (Based on First Segments)

OpenSees

| Open5ees Parameters |

Fig. 59. Advanced options

3.8.1 Deck Hinges

To define deck hinges, clidkefine Deck Hingesin Fig. 59 and a window for defining
deck hinge properties will appedig. 60). An examplebridge model includingwo deck
hingesis shownin Fig. 61.

To activatédefine a deck hinge, check the checkbox immedidttefgrethe Hinge #
(e.g., Hinge 2).
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2 [
Compression

Connector Node 1
Rigid Links
Deck
Deck
Cables and Bearings
zerolLength
Elements Compression

Connector

Fig. 62 shows the general scheme afexkhinge, which consists of 2 compression
connectors (located at both deck edges) and cables.

Distance to Bent The distance to the nearest (left) bent. Foot and rastassed
for English and Sl units, respectively

Spacing The space between transverse left and right degtpression
connectors. This spas@ouldusually beapproximately equal to thdeckwidth.
Skew Angle Theskew anglef the deck hingeA zero skew angle means the
deck hinge is perpendicular to the bridge deck direction

# of Cables The total number of cablésr the deck hinge

Cable Spacing The spacing between cabldssymmetriclayout ofcables is
assumed. Foot and metee usedor English and Sl units, respectively

As shown inFig. 62, zeroLength elementge usedor cables and aopression

connectors. The bearing paat® includedn the cables. For each zeroLength element,

both nodesnteractt n t he | ongi tudinal di rFg6Ribun (denot
tied in the vert i c aRig.6@) iasweltas theotransverdeddireCtiorot s h o w
(denot ed as Fig.i62). &he abowwanditios avould force both sides of

deck segments to move in the samheek surfac@lane. Note that the local coordinate

system 12-3 may or may not coincide with the global coordinate systevirX (Fig. 1).

In the longitudinal direction and as the load is applied at the right side of the hinge; only
the bearings will resist the movement since the cables are loose, but once the cables start
to be stetchedthe cables stiffness will add resistance to the movenheriddition the
connectors will be out of the picture since the gap is not closing while the load is tension.
On the other hand, if the lo@slappliecto the left side of the hinge; the gapl be closing

andonly the bearing will resist the movement until the gaplosed then the connectors

will make sure that the deck will move as one object. The cables are not playing any role
in this process.

In the transverse directipit does noimatter at which direction the load wile applied,

the hinge will act the same. Both nodes are aedboth sides of the deck segments will
move in the same plane; even if the bearing stiffness is very low. However, as the two
segments are moving in ttransverse direction, they will rota@dthis rotation will make
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the nearest end in compression and the other end in tension. Therefore, the bearings and
the connectors if the gapis closed will work longitudinally in the compression end, and
the barings and cablésif they are stretched will act longitudinally in the tension end.

The default values of properties for the compression connectors, cables, beariag pads
also shownn Fig. 60.

O
s

Iﬁ Deck Hinges -

Deck Hinge Parameters [] Deck Rotation Unrestricted

Hinge # Activated Distanceto Bent [ft] Spacing [ft] Skew Angle [deg] # Cables Cable Spacing [ft]  Shearkey Properties
Hinge 1 ] (20 39 0 2 10 O
Hinge 2 O 20 39 0 2 10 O Modify...
Hinge3 | [] |20 39 0 2 10 O
Hinged [ [] |20 39 0 2 10 O
Deck Hinge Material Properties
Connector Compression Properties Cable Properties
Gap -2 [in] Gap 0.5 [in]
Yield Force -57100000 [kip] Yield Force 57100000 [kip]
Compression Stiffness 571000 [kip/in] Tension Stiffness 258.6 [kip/in]
Bearing Properties
Yield Force 580 [kip]
Bearing Lateral Stiffness 58 [kip/in]

a)
=i Deck Hinge Shearkey Properties — O et

Shearkey Bilin Material Properties

Displacement [in] Force [kip]

Paoint 1 0.1 2000000

Point 2 0.5 2100000

Foint 3 1 1200000
b)

Fig. 60. Definition of deck hinges
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Fig. 61. FE mesh of a-4pan model witl2 deck hinges included

2 [
Compression

Connector Node 1
Rigid Links
Deck
Deck N _
Cables and Bearings
zerolLength
Elements Compression

Connector

Fig.62. OpenSees zeroLength elements for deck hinges (plan view)

3.8.2 Isolation Bearings

To define isolation bearings, cliékefine Isolation Bearingsin Fig. 59 and a window
for definingisolation bearingroperties will appearHg. 63). An examplebridge model
includingtwo isolation bearings on each bent ¢aisplayedn Fig. 64.

To activate/define isolation bearings on a bent cap, check the checkbox immediately
beforethe Bent #(e.g., Bent 2).

# Bearings The total number of isolation bearingstivatedat the bat cap.
Spacing The spacing between isolation bearirgsymmetriclayout of bearings
is assumed.

Default values of material properties for the isolation beaingslso showm Fig. 63.

As shown inFig. 65, zeroLength elementse usedor the isolation bearings (Li and

Conte 2013). For eadteroLength element, the/o nodesnteractin both horizontal
directions (denoted as dFig.ecbuttiedmshe 10 ( not sh
veri c al di rFeg®h).iNotenthafittse doca( coordinate syster-3 may or may

not coincide with the global coordinate systerY > (Fig. 1).
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= Isolation Bearings — O ot

Isclation Bearing Parameters

Bent#¥ Activated % Bearings Spacing [ft]
Bent 2 ] 2 10
Bent 3 ] 2 10
Bent 4 ] 2 10

Bearing Material Properties for Bent 2

Yield Strength 100 [kip]
Initial Elastic Stiffness 100 [kip/in]
Post-yield Stiffness Ratio 0.2

[ ] Couple Longitudinal and Transverse Directions

Fig. 63. Definition of isolation bearings

Fig. 64. FE mesh of a-4pan bridge model wittwo isolation bearings included on each
bent cap

52



Isolation Bearings Deck Node

Column Top Bent Cap
zerolength

3 | Column element

2

Fig. 65. OpenSees zeroLength elements for isolation bearings (side view of bentcap cut

3.8.3 Steel Jackets

plan)

To define steel jackets, cliddefine Steel Jacketsn Fig. 59 and a window for defining
steel jacket properties will appe&iig. 66).

Note thathe steel jacket option is only availalite a circular column. To activate/define
steel jacket for all columns for a bent, pleaséernonzero values for the corresponding
row (Fig. 66). In the case gbartiallength of steel jackefg. 67), please specify enough
number of elements for the colunmsinceanequalelementsizeis usedor each column

within a bent, for now).

Iﬁ Steel Jacket

— | >

Steel Jacket F'arameters.l Edit | |Jacket Length Same as Column Height|

Bent # Column Height [ft] Jacket Length [ft] Distance from Column Base [ft]
Bent 2 | 22 22 0
Bent 3 | 22 22 0
Bentd |22 22 0
Fig. 66. Definition of steel jackets
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Column

Jacket Thickness R
g

Jacket
Length

Jacket
Location

——

v

Steel Jacket

Column
Height

Fig. 67. Sketch of steel jacket

3.8.4 Skew Angles

The user can choose to use a single (global) skew angle or individual skew angles for
abutments and bents. By default, a zgladbal skew angleis assumedFig. 59). To define
individual skew angles, check tobkeckboxUse Individual Skew AngleqFig. 59).

To defineindividual skew angles, clicBents and Abutmentsin Fig. 68. A window for
defining skew angle properties will appebig; 68).

ﬁ Skew Angles for Bents and Abutments

Skew Angles

Bent#
Abutment 1

Skew Angle [deg]
0

Bent 2

Bent 3

Bent 4

Abutment 5

Cancel

Fig. 68. Definition of skew angles
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3.8.5 Pilecap Mass

To definepilecapmass click Pilecap Mass and Rotation Conditionn Fig.59and a
window for definingpilecapmassproperties will appearg. 69).

=, Pilecap — O >
Pilecap Parameters
Fix Rotation around  Fix Rotation around  Fix Rotation around

Bent # Pilecap Mass [lbm] X (Longitudinal) Axis Y (Transverse) Axis Z (Vertical) Axis

[] Check All [] Check All [] Check Al
Bent 2 0 ] | |
Bent 3 0 [l L] L]
Bent 4 0 ] | |

Fig. 69. Definition of pilecapmass
3.8.6 OpenSees Parameters

To modify OpenSees analysis parametelisk OpenSees Parameters Fig. 59and a
window for modifying OpenSees analysis parametgittappear Fig. 70).
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ﬁ OpenSees Parameters — O

Solver

Solver Mame | ProfileSPD b
Algorithm

Algorithm | KrylovMewton v

Mewrnark Integration

Gamma 0.5

Beta 0.25

Convergence Tolerance

Tolerance 1E-06

Switching between Time Integration Schemes

[ ] Automatic Switching between Time Integration Schemes (to Achieve
Convergence in Highly Monlinear Scenarios)

Murnber of Steps

Mumber of Loading Steps for Gravity Application 10
Mumber of Loading Steps for Longitudinal ES& 100
Mumber of Loading Steps for Transverse ESA 100

Fig. 70. Parameters for OpenSees analysis
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3.9 Mesh Parameters

To change the number of beamolumn elements for the bridge model, clMdkshin Fig.

7. Fig. 71displays theMesh Parameterswindow showing the default values. The
number ofbeamcolumn elements for a deck segment (a span) must be |&asteach
bentcap segment betwe2neighboringcolumns, the number of elements must be even.

= Mesh Parameters - O =
Mumber of Beamn-Column Elernents
For a Column 2
For a Deck Segment 5
For a Bentcap Segment between Columns

(Must be an Even Murmber)

Beam Celurnn Element Type

Bridge Columns Force-Based -

Pile Shafts (If Any) Force-Based L

Apply

Fig. 71. Mesh parameters

Threetypes of nonlinear Beat@olumn Elements are available for the coluBaam
With Hinges, Force-BasedBeam-Column, and DisplacementbasedBeam-Column
(McKenna et al. 2010). By default, Forebdsed beansolumn elements

(nonlinearBeamColumn, McKenna et al. @10) are used (the number of integration
points = 5).

When theBeam With HingesElementis used the calculation of the plastic hinge length
(Lp) for the columnis basedn Eq. 7.25 of SDC (2010):

; J0.0SL +0.157,,d,, =037 ,d, (1n. ks1)
P ]0.0SL +0.022f,,d, 20.044f ,d,,  (mm,MPa)

WhereL is the column heighfyeis the steel yield séngthghi is the longitudinal bar size.
The plastic hinge length.f) is the equivalent length ¢iie columnover which the plastic
curvature is assumed constant for estimating plastic rotation (SDC 2010).
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4 ABUTMENT MODELS

Abutment behavior, sestructure interaction, and embankment flexibility have been
found by postarthquake reconnaissance reportsgoicantly influence the response

of the entire bridge system under moderate to strong intensity ground motions.
Specifically, for Ordinary Standard bridge structures in California with short spans and
relatively high superstructure stiffness, the embakirmobilization and the inelastic
behavior of the soil material under high shear deformation levels dominate the response
of the bridge and the intermediate column bents (Kotsoglu and Pantazopoulpu 2006
Shamsabadi et al. 2007, 2010). Seven abutment sibdebeen implementeith

MSBridge. The abutment modetse definedas Elastic, Roller, SDC 2004, SDC 2010
Sand, SDC 2010 Clay, ER®ap and HFD abutment models.

To define an abutment model, clidbutment in Fig. 7. A window for defining an
abutment moddk shownin Fig. 72.

4.1 Elastic Abutment Model

The Elastic Abutment Model consists of a series of 6 elastic springs (3 translatioBal and
rotational) at each node at the end of the briéigge 73). To choose the Elastic

Abutment Model, seledElastic for the Model Type irFig. 72 (Fig. 74).The main

window to define the Elastic Abutment Modglshownin Fig. 75. By default, no

additional rotational springs aspecifiedbut canbe addedy the user.

As shown inFig. 73 - Fig. 75, MSBridge allows the user to defimaultiple distributed

springs (equal spacing within deck width). The values specifiedyiry5 are the overall
stiffness for each direction (translational or rotational). For the longitudinal direction
(translational and rotational), each of the distributed (Elastic) springs carries its tributary
amount

e.g.,Fig. 73shows a case of 4 distributed springs. Eadh®bothend springs carries
onesixth of the loadandeach of the middle springs cias onethird (Fig. 73a). The

vertical components (translational and rotational) are similar to the longitudinal ones. i.e.,
each of the distributegpangs carries its tributary amount in the vertical direction.
However, the transverse component is different: dmybothendsprings carry the load.

In other words, each of the end springs carries half of the load along the transverse
direction (transdtional and rotational).

By default, the number of distributed springs is 2. In this case, thhespringsare
locatedatthe bothends of the Rigid element (the length of which is equal to deck width)
shown inFig. 73. However, due to the coupling of the longitudinal, and vertical
translational springs, the option of using a single node at each abutment is possible, this
gives the user full controhMer the true rotational stiffness apart from the translational
stiffness.
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= Bridge Abutments — O et
Abutment

Maodel Type | SDC 2010 Sand ¥

Mumber of Distributed Springs 2

Longitudinal Gap 1 [in]

Bearing Pads

Mumber of Bearings 3

Bearing Height 2 [in]

Shear Keys

Mumber of Shear Keys 2

Embankment Lateral Stiffness

Backwall Width 27 [ft]

Backwall Height & [ft]

|Err1|::|a nkment Vertical 5tiffn ess|

=]
=)

Fig. 72. Definition ofanabutmentmodel

The abutment will be rotated countdockwise if the skew angle is positive (rotated
clockwise if negative)Fig. 76 shows the direction of longitudahsprings in a curved
bridge with a norzero skew angld=ig. 77 shows a bridge model wifive distributed
abutment springs and a naaro skew angle
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(Plan View)

Fixity

Rigid Link

zeroLength Element Longitudinal Response

(Elastic)
a)
zerolLength
Element
ick Rigid Link
Transverse Response
(Elastic)
(Side View) Fixity
b)
Deck
zerolength = Rigid Link
Element
<« Vertical Response
(Elastic)
(Side View) Fixity
c)

Fig. 73. Generalscheme of the Elastic Abutment Model: a) longitudinal component; b)
transverse component; c) vertical component
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= Bridge Abutments — O et

Abutment
Maodel Type | Elastic/Multi-Linear ¥

Mumber of Distributed Springs 2

|Modify Prﬂperties...|

Apply

Fig. 74. Definition of theElastic Abutment Model

= Elastic/Multi-Linear Abutment — O x
Lengitudinal Direction Transverse Direction
Elastic Stiffness 100 [kip/in] Elastic Stiffness 200 [kip/in]
[ ] Multi-Linear [ ] Multi-Linear
Please enter below displacement [in] and Please enter below displacement [in] and
force [kip] in pairs: force [kip] in pairs:

23 f 0.6 38

=

(=)

Elastic Properties

Vertical Stiffness 1000 [kip/in]
Reotation about Longitudinal Axis 0 [kip-in/rad]
Rotation about Transverse Axis 0 [kip-in/rad]
Rotation about Vertical Axis 0 [kip-in/rad]

Fig. 75. Parameters dhe Elastic Abutment Model
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Skew Angle

Fixity Deck

zeroLength Elements

a)

Rigid Link

Fixity

Skew Angle
zeroLength Elements

b)

Fig. 76. Longitudinal components of the Elastic Abutment Model in a curved bridge: a)
left abutment; b) right abutment
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b)

Fig. 77. Bridge model wittmultiple distributed springs and a positive skew angle: a)
straight bridge; b) curved bridge

4.2 Roller Abutment Model

The Roller Abutment ModeHg. 78) consists of rollers in the transverse and
longitudinal directions, and a simple boundary condition module that applies-goigte
constraints against displacement in the vertical direction (i.egédadd abutmeratre
rigidly connectedn the vertical direction). These vertical restraints also provide a
boundary that prevents rotation of the deck about its axis (torsion).

This model can be used to provide a loweund estimate of the longitudinaica
transverse resistance of the bridge that beglisplayedhrough a pushover analysis.

To choose the Roller Abutment Model, selRaller for the Model Type irfFig. 72 (and
Fig. 79).
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ick Rigid Link

Fixity

Roller

Fig. 78. Generakcheme of the Roller Abutment Model

=T Bridge Abutments - O =
Abutment
Model Type | Roller -
Mumber of Distributed Springs 2

Fig. 79. Selection of the Roller Abutment Model

4.3 SDC 2004 Abutment Model

SDC 2004 Abutment Model was developed based on the Spring Abutment Model by
Mackie and Stojadinovic (2006). This nedncludessophisticatedongitudinal,

transverse, and vertical nonlinear abutment response. Detailed responses of the abutment
model in the longitudinal, transverse, and vertical directtmagescribetielow.

4.3.1 Longitudinal Response

The longitudinal reponsas basedn the system response of the elastomeric bearing

pads, gap, abutment back wall, abutment piles, and soil backfill maraltoimpact

or gap closure, the superstructure forces are transmitted through the elastomeric bearing
pads tole stem wall, and subsequently to the piles and backfill, in a series system. After
gap closure, the superstructure bears directly on the abutment back wall and mobilizes the
full passive backfill pressure. The detailed scheme of the longitudinal respamssvn

in Fig. 80a. The typical response of a bearing gashownin Fig. 80b. And the typical

overall behavior is illustrated iRig. 80c. The yield displacemenf the bearings is

assumed to be at 150% of the shear strain. The longitudinal backfill, back wall, and pile
system response are accounted for by a series oferegth elements between rigid

element 2 and the fixity=g. 80a). Theinitial abutmentstiffness Kabt) and ultimate
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passive pressur@®éb) are obtainedrom equations 7.43 and 7.44 of SDC 20biy. 81
shows the directions of zeroLength elements for a curved bridge with a skew angle.

Each bearing pad has a default height (h) of 0.0508 m (2 in) which can be modified by
uses and a side legth (square) of 0.508 m (20 in). The properties of a bearingnead
listedin Table4.

The abutment is assumed to have a nominal mass proportional to the superstructure dead
load at the abutment, including a contribution from structural concrete as well as the
participating soil mass. An average of the embankment lengths obtained fromadiang
Makris (2002) and Werner (199%)includedin the calculation of the participating mass

due to the embankment of the abutment. The user can modify the lumped mass through
the soil mass. For design purposes, this lumped mass can be ignored and getdo b

Table4. Geometric and Material Properties of a Bearing Pad

Shear Modulus G 1034.2 kPa (0.1ksi)
Young6és Modul 34473.8 kPa (ksi)
Yield Displacement 150% shear strain
GA
Lateral Stiffness h  (where A is the crossection arezandh is the
height)
Longitudinal gap 4 in
hardening ratio 1%
: : EA
Vertical Stiffness Y
Vertical Tearing Stress 15513.2 kPa (2.25 ksi)
Longitudinal gap 21in
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Longitudinal Gap

Fixity

Rigid Link

Bearing Pad
(Lateral Response)

SDC Embankment

zerolength Elements Longitudinal Response

(Plan View)
a)
. A 1000 T T T
F (klps)ls[] | E ' 0
SDC 2004 Backwall
100} : ; :
B L et R R
wm H ' !
50 < |
: s s R 5 o|Total longitudinal respghse & |
-60 20 40 60 T :
d (in) b ; .
@ ;. 3 BPs shear resistance
& i & backwa:]] gap in pafallel
SS500 --memmmme e - f e breomenoa oo
-150} . .
-1000 i i i
-20 -10 0 10 20
Strain or deformation (in)
b) c)

Fig. 80. Longitudinalresponse of the SDC 2004 Abutment Model: a) general scheme; b)
longitudinal response of a bearing pad; c) total longitudinal response
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Longitudinal Gap

Rigid Link

Bearing Pad T
(Lateral Response)

zerolength Elements
SDC Embankment

(Plan View) Skew Angle Longitudinal Response

Fig. 81. Longitudinalresponse of the SDC 2004 Abutmé/lodel for a curved bridge
with a (positive) skew angle

4.3.2 Transverse Response

The transverse responseébasen the system response of the elastomeric bearing pads,
exterior concrete shear keys, abutment piles, wing walls, and backfill material. The
bearing pad model discussed above is used with uncoupled befawioe longitudinal
direction. The constitutive model of the exterior shear keys is derived from experimental
tests (Megally et al. 2003). Properties (yield and ultimate stresses) of sheaebend
ontheultimatecapacity of the bridge whids definedas 30 percent dhedeadload at
abutment.

The detailed scheme of the transverse respsrg®wnin Fig. 82a. The typical response

of a bearing pad and a shear keghownin Fig. 82b. And thetypical overall behavior of

the transverse response is illustrateBiign 82c. The superstructure forcase
transmittedhrough the parallel systeof bearing pads and shear keys (o the

embankment () in series. The ultimate shear key strength is assumed to be 30% of the
superstructure dead load, according to equation 7.47 of SDC 2004. A hysteretic material
with trilinear response backbone eers usedwith two hardening and one softening
stiffness values. The initial stiffness is a sesgstem stiffness of the shear and flexural
response of a concrete cantilever with shear key dimensions (16849 ksi). The hardening
and softening branches assumed to have magnitudes of 2.5% of the initial stiffness.
The transverse stiffness and strength of the backfill, wing wall and pile system is
calculated using a modification of the SDC procedure for the longitudinal direction.
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Wingwall effectivenessGL) and participation coefficients (CW) of 2/3 and 4/3 are used,
according to Maroney and Chai (1994). The abutment stiffixegs)(and back wall

strength (Pbw) obtained for the longitudinal direction from Section 7.8 of SDC 2004 are
modified using the atve coefficients. The wing wall length can be assumeidl132of

the back wall length. The bearing pads and shear keys are assumed to act in parallel.
Combined bearing padhear key system acts in series with the transverse abutment
stiffness and strength

Bearing Pads
Deck (Transverse Response)

zerolLength
Elements

Shear Keys

Rigid Link

Embankment
Transverse Response

(Side View) Fixity
a)
800 800
600 600
Total t
400 400
w
=
200 < 200 ce
— [-*]
7 <3 ey
iy z
-200 g ~200
-400 * 400}
600 . -600
A T -800 i 5 :
-800 T T -20 -10 0 10 20
-20 -15 -10 -5 0 5 10 15 X Strain or deformation (in)
d (in)
b) 9)

Fig. 82. Transverseesponse of the SDC 2004 Abutment Model: a) general sclgme;
response of a bearing pad and shear keys (curve with a higher peak value is the shear key
response); c) totatansverse response

68



4.3.3 Vertical Response

The vertical response of the abutment model includes the vertical stiffness of the bearing
pads in series with the vertical stiffness of the trapezoidal. The detailed scheme of the
vertical responsis shownin Fig. 83a. The typical vertical response of a bearingipad
shownin Fig. 83b. And the typical overall behavior of the vertical response is illustrated

in Fig. 83c.

A vertical gap (2nch by default, which can be modified by the usegmployedor the
vertical property of the bearing pads. The embankment stiffness per unit length was
obtained from Zhang and Makris (2000) and modified using the critical lemgtbtain a
lumped stiffness.

In the vertical direction, an elastic sprilsgdefinedat each end of the rigid link, with a
stiffness corresponding to the vertical stiffness of the embankment soil mass. The
embankment is assumed to have a trapezoidal stmmplkased on the effective length
formulas from Zhang and Makris (2002), the vertical stiffnd§g, (nit: 1/m) can be

calculated from (Zhang and Makris 2002):

K = I?S‘F:IWHNLC 3)
az,+HQa
y
Z, =

WhereH is the embankment heighd,, is the deck widthz, =0.5d,S, Sis the
embankment slope (parameter in window, Bige 20), E, =2.8G, G=rV.*, r and
V are the mass density and the shear wave velocity of the embankment soil, respectively.

69
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Fig. 83. Vertical response of the SDC 208Butment Model: a) general scheme; b)
vertical response of a bearing pad; c) total vertical response
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4.3.4 Definition of the SDC 2004 Abutment Model

To definean SDC2004 Abutment Model, please follow the steps showfign84 and
Fig. 85. To definean SDC 2004 Abutment Model, selec3DC 2004for the abutment
model typen Fig. 72.

i Bridge Abutments — O et
Abutment

Model Type | SDC 2004 3

Number of Distributed Springs 2

Longitudinal Gap 1 [in]

Bearing Pads

Number of Bearings 3

Bearing Height 2 [in]

Shear Keys

Number of Shear Keys 2

Embankment Lateral Stiffness

Backwall Width 27 [ft]
Backwall Height ] [ft]

|Er'r1b ankment Vertical Stif'fness|

a)
ﬁ Bearing Pad - O *
Bearing Pad Properties
Pad Length 20 [in]
Shear Modulus 0.15 [kesi]
Young's Modulus 5 [kesi]
Vertical Yield Strength 2.25 [kesi]
Yield Strain 150 [%]
b)

Fig. 84. Definition of the SDC 2004 Abutment Model: a) main parameters; b) bearing
pad properties
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= Shear Key — O >
[] Use ElasticPPGap Material

Shear Key Properties

Initial Elastic Stiffness 17000 [kip/in]

Ultimate Capacity (as Ratic of Tributary Deadload at Abutment) 0.3

Gap 0 [in]
a)

= Embankment Lateral Stiffness — O ot

Longitudinal Direction (SDC 2004 Model)

Initial Stiffness 20 [kip/in/ft]
Maximum Passive Pressure 5 [ksf]
Transverse Direction
Wingwall Width 13 [ft]
Transverse Backfill Pressure Factor 0.9
Calculated Lateral Stiffness
Initial Lengrtudinal Stiffness 589.0909 [kip/in]
Ultimate Longitudinal Force 883.6364 [kip]
Initial Transverse Stiffness 255.2727 [kip/in]
Ultimate Transverse Force 382.9091 [kip]
b)
"SI Embankment Vertical Stiffness - O *
Embankment Vertical Direction
Soil Mass Density 109.87 [pef]
Soil Shear Wave Velocity 492,13 [ftfs]
Embankment Slope (Vertical/Horizontal) 0.5
Embankment Top Width 349 [ft]
Embankment Height 22 [ft]
Calculated Vertical Stiffness
Embankment Vertical Stiffness 4473479 [kip/in]

c)
Fig. 85. Definition of the SDC 2004 Abutment Model} shear key properties) BDC
abutment propeds; g embankment properties
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4.4 SDC 2010 Sand Abutment Model

This model is similar to the SDC 2004 abutmeoidel butemploys the parameters of the
most recent SDC 2010 for a sand backfill Embanknteigt 86). To definean SDC2010
Sand Abutment Model, sele8DC 20D Sandfor the abutment model type Fig. 72.

Table5 shows the initial stiffness and the maximum passive pressure employed for the
SDC 2010 Sand Abutment Model, compared to other similar abutment models including
SDC 2004, SDC 2010 Clay, ERFap and HFD Models).

= Embankment Lateral Stiffness - O =

Lengitudinal Direction (SDC 2010 Sand Model)
Initial Stiffness 50 [kip/in/ft]

Maximum Passive Pressure 5 [kesf]

Transwverse Direction

Wingwall Width 13 [ft]
Transverse Backfill Pressure Factor 0.9

Calculated Lateral Stiffness

Initial Longitudinal Stiffness 1472.7273 [kip/in]
Ultimate Longitudinal Force 883.6364 [kip]
Initial Transverse Stiffness £38.1818 [kip/in]
Ultimate Transverse Force 3829091 [kip]

Fig. 86. Backfill horizontal properties for the SDC 2010 Sand Abutment Model

Table5. SDC Abutment Properties

Abutment Model Initial Stiffness Maximum Passive Pressur

(Kip/in/ft) (ksf)

SDC 2004 20 5

SDC 2010 Sand 50 5

SDC 201CClay 25 5

EPRGap Userdefined Userdefined
*50 (sand);

HFD Model 25 (clay) 5.5

*Denotes average soll stiffness K50.
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4.5 SDC 2010 Clay Abutment Model

This model is similato the SDC 2004 abutment model batploys the parameters of the
most recent SDC 2010 for a Clay backfill Embankmé&ig.@87). To definean SDC2010
Clay Abutment Model, sele&DC 20D Clay for the abutment model type Fig. 72.

Table5 shows the initial stiffness and the maximum passive pressure employed for the
SDC 2010 Clay Abutment Model, compared to other similar abutment models.

= Embankment Lateral Stiffness - O =

Lengitudinal Direction (SDC 2010 Clay Model)

Initial Stiffness 25 [kip/in/ft]
Maximum Passive Pressure 5 [kesf]
Transwverse Direction

Wingwall Width 13 [ft]
Transverse Backfill Pressure Factaor 0.9

Calculated Lateral Stiffness

Initial Longitudinal Stiffness 736.3636 [kip/in]
Ultimate Longitudinal Force 883.6364 [kip]
Initial Transverse Stiffness 319.0909 [kip/in]
Ultimate Transverse Force 3829091 [kip]

Fig. 87. Backfill horizontal properties of the SDC 2010 Chlyutment Model

4.6 ElasticPP-Gap Model
This model is similar to the SDC 2004 Abutméfddel butemploysuserdefined

parameters for the stiffness and maximum resistdfiged8). To define a EPRGap
Abutment Model, seledPP-Gap for the abutment model tgpn Fig. 72.
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I Embankment Lateral Stiffness — O et

Lengitudinal Direction (EPP-Gap Model)

Initial 5tiffness 50 [kip/in/ft]
Maximum Passive Pressure 5 [kesf]
Post-yield Stiffness Ratio 0.01

Transwverse Direction

Wingwall Width 13 [ft]
Transverse Backfill Pressure Factor 0.9

Calculated Lateral Stiffness

Initial Longitudinal Stiffness 1472.7273 [kip/in]
Ultimate Longitudinal Force 883.6364 [kip]
Initial Transverse Stiffness £38.1818 [kip/in]
Ultimate Transverse Force 3829091 [kip]

[ ] Simple ElasticPP-Gap Abutment (Ignore Bearings, Shear Keys)

Fig. 88. Backfill horizontal properties of the ERFap Abutment Model
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4.7 HFD Model

As suggested by Shamsabatlal. (2007, 2010), a Hyperbolic ForDésplacement
(HFD) relationship is employed to represent abutment resistance to bridge displacement
in the longitudinal directionHig. 89).

O ¢ w O

"Od %)
O w CL W O w

Where F is the resisting force, y is the longitudinal displacerfenis the ultimate
passive resistance andofs the secant stiffness &ti/2.

Ow

In this HFD model, resistance appears after asigecified gaps traversedand the
bridgethereaftegr adual |y mobilizes the abut mentds
Herein, thisstrength is specified according to Shamsabadi et al. (2007, 2010kaf 5.5

(for a nominal 5.5 ft bridge deck height), with full resistance occurring at a passive lateral
displacement of 3.6 in (the sand structural backfill scenario). Similarly, abutment

resistance to the transverse bridge displacement is derived from the longitudinal

hyperbolic forcedisplacement relationship according to the procedure outlined in Aviram

et al. (2008).

To definean HFD abutment model, seleet~D Model for the abutment model type.

Click Advancedin Embankment Lateral Stiffnessbox to define théorizontal backfil
properties [Fig. 89c). Parametersfahe backfill soil are defined based on soil types (sand,
clay, or Userdefined) andthe overall abutment stiffness/ or maximum passive pressure
resist are calculated using the SDC equations.

76



» HFD MODEL

1:“ult
g SANDY SOIL
: Yo = 0.05H

0.5F,;,
COHESIVE SOIL
Yonax = 0.10H
0 - >
y50 ymax

Table 4. Suggested HFD Parameters for Abutment Backfills

Maximum
Pressure  Average soil stiffness displacement
Abutment backfill type kPa (ksf) kN/cm/m (K/in/ft) v, /H
Granular® 265 (5.5) 290 (50) 0.05
Cohesive® 265 (5.5) 145 (25) 0.10
Note: Abutment backwall height=1.67 m (5.5 ft).
*Compacted to at least 95% relative compaction per ASTM D-1557.

b)
=, HFD Abutment Model - | *
Soil Type HFD Medel Parameters
i®) Sand Max. Displacement (ymax) 3.6 [in]
() Clay K50 50 [kip/in/ft]
L Max. Passive Pressure 5.5 [k=f]
Calculated Curve Constants
[ ViewHEDModel | | . . 1090
\View Model Parameters|  ¢.\y. 211.515152
c)

Fig. 89. Definition of the HFD Abutment Model: a) HFD abutment model; and b) HFD
parameters for abutment backfills suggeste®hgmsabadi et al. (200 And c) backfill
properties of the HFD Model
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5 COLUMN RESPONSES & BRIDGE RESONANCE

MSBridge provides features to vieslumn lateralesponses, abutment responses and
bridge natural period$-{g. 8 andFig. 90).

Quick Check of Model Responses
|‘-.-"iew Matural F'eri::ud5| | View Gravity Response |

|L::|ngitud|'na| Hesp::unse| | Transverse Response |

Fig. 90. Buttons to view column & abutment responses and bridge resonance
5.1 Bridge Natural Periods

Click View Natural Periods (Fig. 90) to view the natural periods and frequencies of the
bridge Fig. 91). A mode shape analyssconductedn this case.

The user can copy and patte valuegso their favorite text editor such as MS Excel (in
Fig. 91, right-click and then cliclSelect All(ctrl-a) to highlight, and then rigktlick and
then clickCopy (ctrl c) to copy to the clipboard).

5.2 Column Gravity Response

Click View Gravity Response Fig. 90) to view the column internal forces and bending
moments after application of own weigkid. 92).

5.3 Column & Abutment Longitudinal Responses

Click Longitudinal Response Fig. 90) to view the column longitudinal responsé&gy(
93) and the abutment longitudinakponsesKig. 94). A pushover up to 5% of drift ratio
in the longitudinal directioiis conductedn this case.

5.4 Column & Abutment Transverse Responses

Click Transverse ResponseHig. 90) to view thetransverse columresponsesHig. 95)

and the abutment transverse responBigs 96). A pushover up to% of drift ratio in the
transverse dimionis conductedn this case.
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=T Bridge Resonance — O >

Bridge Matural Periods and Frequencies

Mode Matural Period (sec) Matural Frequency (Hz)
1 0.419525 2.38365
2 03186457 313778
3 0.288165 347023
4 0.240376 415131
5 0.224605 445226
] 0.208877 478751
7 0.177158 5.64469
] 0147979 675773
9 0.122484 8.16434
10 0.0807428 12.385

Fig. 91. Natural periods and frequencies of bridge

I Bridge Gravity Response — [m| s
Bridge Column Forces and Bending Moments Under Deadload
Column Location HAxis Force [kip]  Lengitudinal Shear [kip] Transverse Shear [kip] Longitudinal Moment [kip]  Transverse Moment [kip]
Column 1 of Bent 1| Column Top -82.0386 -643.143 17.3274 -1140.87 -77.3588
Column 1 of Bent 1| Column Bottom | -82.2423 -663.884 17.3702 666.218 -77.3588
Column 2 of Bent 1| Column Top 82.0386 -643.143 17.3274 1140.87 77.3588
Column 2 of Bent 1| Column Bottom | 82,2423 -663.884 17.3702 -666.218 77.3588
Column 1 of Bent 2| Column Top -68.0781 -540.74 6.83737e-08 -046.739 -1.03524e-06
Column 1 of Bent 2| Column Bottom | -68.22 -561.481 6.03698e-08 552.537 -1.05524e-06
Column 2 of Bent 2| Column Top 68.0781 -340.74 7.94186e-08 946,739 -6.56754e-07
Column 2 of Bent 2| Column Bottom | 68.22 -361.481 7.03078e-08 -552.537 -6.56754e-07
Column 1 of Bent 3| Column Top -82.0386 -643.143 -17.3274 -1140.87 77.3588
Column 1 of Bent 3| Column Bottom | -82.2423 -663.884 -17.3702 666.218 77.3588
Column 2 of Bent 3| Column Top 82.0386 -643.143 -17.3274 1140.87 -77.3588
Column 2 of Bent 3| Column Bottom | 82.2423 -663.884 -17.3702 -666.218 -77.3388

Fig. 92. Column internal forces and bending moments after application of own weight
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=T Column and Abutment Longitudinal Response — O *

Response Type Lengitudinal Response (Column Top of Column 1 of Bent 2) (View Data
() Mement-Curvature

i . . 500
) Force-Dirift Ratio

(@) Force-Displacement |

() Left Abutment

Force-Displacement

Force (kip)

() Right Abutment
Force-Displacement

Colurnn _ _
Displacement (in)
Colurmn 1 of Bent2 *~

Fig. 93. Column longitudinal response

=T Column and Abutment Lengitudinal Response - O X

Response Type Longitudinal Response

) Moment-Curvature

() Force-Drift Ratio
() Force-Displacement

() Left Abutment
Force-Displacement

Force (kip)

(@ Right Abutment
Force-Displacement -1000

Column _ _
Displacement (in)
Column 1 of Bent 2

Fig. 94. Abutment longitudinal response
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ﬁ Column and Abutment Transverse Response — O >

Response Type Transverse Response (Column Top of Column 1 of Bent 2)
) Moment-Curvature

) Force-Drift Ratio

(® Force-Displacement E T
) Left Abutment o i
Force-Displacement ] |
) L
) Right Abutrment 0
Force-Displacement —— T
] 2 4 G 3

Column

Displacement (in)
Column 1 of Bent2 ~

Fig. 95. Columntransverseesponse

ﬁ Column and Abutment Transverse Response — O >

Response Type Transverse Response

) Moment-Curvature

() Force-Drift Ratio
() Force-Displacement

(@ Left Abutment
Force-Displacement

Force (kip)

() Right Abutment
Force-Displacement 0 -

Column . .
Displacement (in)

Column 1 of Bent 2

Fig. 96. Abutmenttransversgesponse
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6 PUSHOVER & EIGENVALU E ANALYSES
6.1 Pushover Analysis

A load pattern must be defingalconduct a pushover analysfss shown irFig. 97, first,
choosePushoverin the AnalysiOptionsand then clickChangePattern. The load
pattern windows shownin Fig. 98.

@ Step 2! Select Analysis
Analysis Types
® Pushover | Madify Pattern...l

(O) Mode Shape  Number of Modes |10

) Ground Shaking select Input Motions

Fig. 97. Pushover analysisption
6.1.1 Input Parameters

This section presents the inputs needed to perform the pushover analysis. On this basis,
three types of anadysare includedas follow: i) Monotonic Pushover, ii) Cyclic
Pushover, and iii) LPush.

6.1.1.1 Monotonic Pushover

The pushover options includéonotonic Pushover, Cyclic Pushover andU-Push
(pushover by a usetefined loading pattern)

Two methods opushover are availabl&ig. 98): force-based and displacemedmdsed. If
Force-Based Methodis chosenplease enter the parameters of force increnpemt (
step):Longitudinal (X) Force, Transverse (Y) Force Vertical (Z) Force, Moment @
X, Moment @ Y, andMoment @ Z.

If DisplacementBased Methodis chosenplease enter the displacement increment
parameters (per stepongitudinal Displacement, Transverse DisplacementVertical
Displacement Rotation around X, Rotation around Y, andRotation around Z.

The pushover load/displacement linearly increases with step in a monotonic pushover

mode. The pushover load/displacemisrappliedat the bridge deck césr or the deck
location at a bent.
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=T Pushover — | s
Type Method
@ Monotonic Pushowver () Forced-Based Method
() Cyclic Pushowver Define Cyclic (@) Displacement-Based Method
() U-Push Define U-Push
Force Increment (per Step) Displacement Increment (per Step)
Lengitudinal (X} Force 50 [kips] Longitudinal (X) Displacement  |0.1 [in]
Transverse (Y) Force 0 [kips] Transverse () Displacement 0 [in]
Vertical (Z} Force 0 [kips] Vertical (Z) Displacement 0 [in]
Moment of X 0 [kip-ft] Rotation around X ] [rad]
Moment of ¥ 0 [kip-ft] Rotation around Y 0 [rad]
Moment of £ 0 [kip-ft] Rotation around £ 0 [rad]
Location Time
Leading Location Bridge Deck Center ™ Total Number of Steps 40

Fig. 98. Load pattern for monotonic pushover analysis

6.1.1.2 Cyclic Pushover

To conduct a Cyclic Pushover, cli€iyclic Pushoverin Fig. 98 and then definghe
Number of Stepsfor the First Cycle andStep Incrementper Cycle (Fig. 99).

= Cyclic Pushover — O et
Cyelic Pushowver
Mumber of Steps for the First Cycle an
Step Increment per Cycle 10

Fig. 99. Load pattern for cyclic pushover analysis
6.1.1.3 User-Defined Pushover (UPush)

Click U-Pushand then clickDefine U-Pushto enter your load pattern {Bush). In this

case, the displacement or force parameters entefad.ihOOare useds the maximum
values. The LPus data entered are used as the factors (of the maximum displacement or
the maximum force entered).
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=T U-Push —

J-Push Factor Data

O

ot

Please enter factors below (one number at a ling):

‘ ]
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0.9
0.8
0.7

Fig. 100. Userdefined pushover ({Push)
6.1.2 Output for Pushover Analysis

Output windows for a pushover analysis include:
i) Respons time histories and profiles for column (and pile shaft under grade)
i) Response relationships (fordesplacement as well as momenitrvature) for
column (and pile shaft under grade)
i) Abutment response time histories
iv) Deformed mesh, contour fillastic hinges, and animations.
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6.1.2.1 Column Response Profiles

After performing the pushover analysis, the column responsdgsroin beccessed by

clicking menuDisplay (Fig. 4) and therColumn Response ProfilegFig. 101).

Iﬁ Column Response Profiles

Response Type

(@) Displacement

() Bending Moment
() Shear Force

() Acceleration

i) Rotation

i) Curvature

Step

O End

) Max

() Step: 1

®) Selected Steps

Direction
(@ Longitudinal
i) Transverse

() Vertical

Column

Column 1 of Bent 2

[ ] Including Gravity Part

Response Profile Add Figure to Report

a

-15

Elevation (ft)

-10f

= Step 0
— Step 1
Step 2
= Step 4
= Step &
= Step &
= Step 10
= Step 12
Step 14
— Step 16
— Step 18
Step 20
Step 22
Step 24
Step 26
= Step 28
Step 30
Step 32
= Step 34
= Step 36
= Step 32
= Step 40

Displacement (in)

Fig. 101 Column esponsegrofiles
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6.1.2.2 Column Response Time Histories

After performing the pushover analysis, the column response profiles eacdssed by
clicking menuDisplay (Fig. 4) and therColumn Responselime Histories (Fig. 102).

=T Column Response Time Histories - O =

Response Type Response Time History | View Data | | Add Figure to Report |
(@ Displacement

) Bending Moment

() Shear Force

() Acceleration

() Pseudo-Spectral Acc. (PSA)
() Rotation

() Curvature

Direction

@ Longitudinal

Displacement (in)

() Transverse

() Vertical

Column

Column 1 of Bent 2 -

Elevation

-3.5ft -

[ ] Include Gravity Part

Fig. 102 Column esponse time histories
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6.1.2.3 Column Response Relationships

After performing the pushover analysis, the column response profiles eacdssed by
clicking menuDisplay (Fig. 4) and therColumn Responserelationships Eig. 103).

=T Column Response Relationships - O X

Response Type Response Relationship |View Data| |Add Figure to Repﬂ-rt|

® Moment-Curvature

() Load-Displacement

() Load-Drift Ratio -1000

Direction 7

@ Longitudinal

() Transverse

Colurmn

Column 1 of Bent2 ~

Elevation

Bending Moment (kip-ft)

-3.5ft - -4000

Animation 1

Current Step

-0.001 -0.0005 0

Playing Speed Curvature (rad/in)

Fig. 103 Response relationships for column
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6.1.2.4 Abutment Force-Displacement and Response Time Histories

After performing the pushover analysis, the column response profiles eacdssed by
clicking menuDisplay (Fig. 4) and therAbutment Response Time HistoriesKig. 104).

=i Abutment Response Time Histories - O X

Response Type Abutrment Response |View D'ata| |Add Figure to Report|
(@) Force-Displacement

() Force History |
(") Displacement History

Direction .
® Longitudinal

() Transverse

() Vertical

Force (kip)

Abutment _B00
() Left Abutment T

(@ Right Abutment

Animation i

CurrentStep T T 1T [ T T T 1T [ T T 1T T [ T T 11

Playing Speed Displacement (in)

Fig. 104 Abutment esponse time histories
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6.1.2.5 Deformed Mesh

After performing the pushover analysis, the column response profiles eacdssed by
clicking menuDisplay (Fig. 4) and therDeformed Mesh Fig. 105. The user can see
the deformed mestiue to gravity or pushover fagach defined step. Furthermore, the
plastic hinges cahe visualizedas shown irig. 106.

=4 Deformed Mesh — O x
Analysis St —
nalysis Stage Lﬂ:{
Due to Pushover v
@,
Response 9
X-Longitudinal Displacement + 4.000e+000 .
- 3.800e+000 |
Plot 3.600e+000
3.400e+000 o
Scale Factor E:l 3.200e+000
Show Legend 3.000e+000 | 3D
2.800e+000
Show Undeformed Mesh 2.600e+000 | XY
2.400e+000
Animation 2.200e+000 | XZ
2.000e+000
.:ﬂ Repeat -
[Py | ] Rep 1.800e-000 | YZ
Current Step 1.600e+000 ~
1.400e+000 || =%
1.200e+000 ‘\,I-"
Step m ] 1.000e+000
2.000e-001 | g ';
Blaving Soeed 6.000e-001 || =
R 4.000e-001 || (?
2.000e-001
0.000e+000 "

Fig. 105 Deformed mesh and contour fill
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= Deformed Mesh - O >

Analysis Stage )
Due to Pushaver e b
+)
\X
L
Response =)
Y
Plastic Hinges »
Plot
Scale Factor 50 o
Show Legend 3D
Show Undeformed Mesh XY
Animation Xz
Repest Yz
Current Step ~
L
Step 40 E y
=y
Playing Speed F
L
1]

Fig. 106. Visualization of Plastic hinges (red dots represent plastic hinges developed)
6.2 Mode ShapeAnalysis

To conduct anode shapanalysis, please follow the steps showfion 107and then
click Save Model & RunAnalysis.Fig. 108 shows the output window for amode shape
analysis, which can be accessed by clicking menu Dispigy4) and then choosing
Deformal Mesh. To switch between modes, move the shdefick the spin buttoto
cycle through them.

@ Step 2! Select Analysis
Analysis Types

) Pushover Modify Pattern...
® Mode Shape  MNumber of Modes |10

) Ground Shaking Select Input Motions...
Medify Damping...

Fig. 107. Steps to perform mode shapanalysis
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5 Deformed Shape - Mode 1 - Period = 0.4195 sec; Frequency = 23836 Hz ~ — [m} >

Analysis Stage | T
b 2, @
Mode Shape =
K}
Plot \_)‘
Scale Factor 454
Show Legend Q-I-O
Show Undeformed Mesh o
Animation SD
Repest v
Current Mode n
Mode 1 = YZ
=7
Playing Speed .
3
a)
=T, Deformed Shape - Mode 2 - Period = 0318607 sec; Frequency = 3.137...  — [m| *
Analysis Stage @
Mode Shape 4
®
Plot
of \_)\
Scale Factor 441
Show Legend 0-}0
Show Undeformed Mesh o
Animation 3D
Repeat Xy
Current Mode
Xz
ot BB ¥z
=p]
Playing Speed .
"
H Deformed Shape - Mode 3 - Period = 0.282165 sec; Frequency = 3470..  — [m| *
Analysis Stage @
Mode Shape w
®
Plot
of L')‘
Scale Factor 321
Show Legend QIIID
Show Undeformed Mesh o
Animation SD
Repest
XY
Current Mode
Xz
Mode Yz
-
Playing Speed .
3

c)

Fig. 108 Mode shape analysia)first mode; b) second mogde) third mode
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7 GROUND SHAKING

To conduct a single earthquake analysis or multiple earthquake analysé€3noend i
Shaking opti on u@ptons(FigARarmfFigy 199 is usedFor that purpose,

the input eahquake excitation(s) mube specifiedIf only one earthquake recoisl
selectedut of a specified ensemble (suite) of input motions, then a conventional single
earthquake analysis will be performed.

7.1 Definition/specification of input motion ensemble (gite)

This section presents the definition and specification of the input motions that represent a
wide range of intensity measures to perform the analysis.

7.1.1 Available Ground Motions

A set of10 motionsareprovidedas the default input moticsuite The above ground

motion data setwere resampletb a sampling frequency of 50 Hz (regardless of whether
initial sampling frequency was 100 or 200 Hz) due to the computational demands of
running full groundstructure analyses for an ensemble of motiStesndard interpolation
methods were used to resample the time domain signals (so that the signa shape
preservell The resampled records were then baselined to remove any permanent velocity
and displacement offsets. Baselining was accomplished usimgl atder polynomial

fitted to the displacement record.

In addition four sets of input motions are also available (can be downloaded from the
website:http://www.soilguake.net/msbridyje

Motion Set 1 These 100 motions were obtained directly from the PEER NGA database
andall files have been rsampled to a time step of 0.02 seconds. This PBEE motion
ensemble (Medina and Krawinkler 2004) obtained from the PEER NGA database
(http://peer.berkeley.edu/mfyaonsists of 100 3D input ground motions. Each motion is
composed of 3 perpendicular acceleration time history components (2 lateral and one
vertical). These motions were selected through earlier efforts (Gupta and Krawinkler,
2000; Mackie et al., 2007) be representative of seismicity in typical regions of
California. The moment magnitudes (Mw) of these motions range from.3.@listances
from 0-60 km). The engineering characteristics of each motion and the ensemble overall
may be viewed directly whin MSBridge. The provided ground motiose basedn

earlier PEER research (Mackie and Stojadinovic 2005).

Motion Set 2 These motions (160 in total) were developed by Dr. Kevin Mackie from
the 80 motions of Setl (excluding the 20 motions of Setl ibithBIEAR), to account
for site classification.

Motion Set 3 These motions (80 in total) were developed by Dr. Jack Baker for PEER
Additional information about these motions is available at the website:
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Motion Set 4 These motions (260 in total) include the ab8e¢2andSet3as well as
theadditional Bin NEAR ofSetl

Once an input motion data set is specified, the user interface will extract/calculate
Intensity Measures (IMs) for each of these motions. In total, 11 different Intensity
Measuresre definedor each motion (and presented to the uséaleand graphici
formats), including quantities such as Peak Ground Acceleration (PGA), Peak Ground
Velocity (PGV), Arias Intensity (Al), and so forth.

7.1.2 Specifications of Input Motions

To conduct a ground shaking analysmput motions must beefined(Fig. 109. The
window to define input motionis shownin Fig. 110. To selectll motions, clickSelect
All. To unselect all motions, clicbe-selectAll. Toremove one motion, select the
motion by clicking on it and then clidRelete To remove all motions, clicRemoveAll .

To add a usedefined motion, clickmport and then follow the simple steps to import a
new motion Fig. 111). The resulting motion wilbe addedo the current suites of input
motion. To obtain @ompletdy new set of input motions, ugkelete Allto remove all
existing input motions, and then useport to add new motions.

To importa ground motion filefirst, save the ground acceleration time history (easy in a
notepad .txt file) with each new line being the next acceleration time step. This data in
this file should have the acceleration units of g.

The finite element computations ca@ conductedor severaearthquakes at a timé&his
is employed by specifyinthe Number of Motions Running Simultaneously(Fig. 110).
You can select as many aghtrecods to be run at the same titoereduce the overall
run time (for dual core machines or better).

Click View Motion to view theintensity measures and response sp&dttiae input
motionbeing highlightedFig. 112). SRSSstands foiSquare Root of the Sum of the
Squares of thewo horizontal components. ClidRisplay Intensity Measuresto view
the intensity measures of the input motimng highlightedFig. 113). The user can
copy and pastthe intensity measurés their favorite text ettor such as MS Excel (in
Fig. 113 rightclick and then cliclSelect All(ctrl-a) to highlight, and then rigktlick
and then clickCopy (ctrl ) to cqy to the clipboard).

Click View Histograms & Cumulative Distribution to viewthe histogram and

cumulative distribution plots fahewholeinput motion setKig. 114). The intensity
measures include:
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PGA (Peak Ground Acceleration)

PGV (Peak Ground Velocity)

PGD (Peak Ground Displacement)

Ds-95 (Strong Motion Duration)

CAV (Cumulative Absolute Velocity)

Arias Intensity

SA (Spectral Acceleration; assuming 1 second period)
SV (SpectraNVelocity; assuming 1 second period)

SD (SpectraDisplacementassuming 1 second period)
PSA (Pseudspectral Acceleration)

PSV (Pseudapectral Velocity)

=4 =4 =4 -8_9_9_9_°2_24_--2._-2-

The strongmotion duration (R9s) is definedaccording to the time domain bounded by
the 5% and 95% cumulative Arias intensity of the record. All of the spectral intensity
measures are definedleffectiveviscous damping of 5% unless otherwise noted.

@ Step 2: Select Analysis
Analysis Types
) Pushover edify Patter

(0 Mode Shape  Number of Modes |10

® Ground Shaking | Select Input Motions... |
| Modify Damping...l

Fig. 109. Group shaking analysis
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= Input Motions — O >

Input Motion Folder
C:\Users\Jinlu\Documents\_MSBridge\Untitled_brfiles\Untitled EQ

Input Motions (18 Records in Total; 1 Records Selected) |View Histograms & Cumulative Distributionl

Selected Record® Bin Earthgquake/Motion ZPoints Timestep (sec) Duration (sec)
1 T01 [ MORTHRIDGE\RRS 996 0.02 19.92
1 |2 T02 [MORTHRIDGE\SCS 2000 0.02 40
I T03 [ CHI-CHINTCUDES 3500 0.02 70
1 |4 T04 [ CHI-CHINTCUDGS 3500 0.02 70
(1 |5 T05 | KOBENTAZ 2048 0.02 40,96
] |8 TOE | TABAS\TAB 1642 0.02 32.34
1 |7 TO7 | DUZCENBOL 2795 0.02 55.9
1 |8 T08 [ LANDERS\LCH 2407 0.02 48,14
[] |9 T09 [ SANFERMAMNDONPUL 2082 0.02 41,64
1 i[}] TI0LIMPERIAIVALL FYWH-FDAR (1952 n.nz2 39.04
|SE|ect AII| |De-se|ect Alll |F‘.emo1.re Alll |De|ete| |Import| View Motionl |Display Intensity Measures
Scale Factor Analysis Duration
Longitudinal |1 (@) Compute Response to Entire Record Length
Transverse 1 Free Vibration Duration |0 seconds
Vertical 1 () Compute Response from [ - |5 seconds
Analysis Parameter Simultaneous Execution
Computation Time Step | 0.02 seconds Mumber of Motions Running Simultaneously | 2
Output Interval | 0.02 seconds

Fig. 110. Definition of input motions
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= Import a Motion — O *

Mation Files
Longitudinal Direction | C:\Users\Jinlu\Documents\_MSBridge\Untitled_brfiles\Untitled
Transverse Direction | C:\Users\Jinlu\Documents'_MSBridge\Untitled_brfiles\Untitled

Vertical Direction C:\Users\Jinlu\Documents\_MSBridge\Untitled_brfiles\Untitled

Parameters Mation (Longitudinal Direction)

Tirne Step 0.005 [zec]

Murnber of Header Lines (to Skip) |0

G
Yiew Motion -
g=
Lengitudinal Direction * ‘o
Q
8
Motion Mames E
Bin Mame TE
Earthquake Mame EC
Motion Mame Motion 0 5
Time (sec)
| ok | | Cancel |

Fig. 111 Importinga userdefined motion
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=T Motion: TOT\NORTHRIDGE\RRS

Type

Tirne History |View D'ata| |Add Figure to Report|

@ Acceleration

() Velocity 0.5

() Displacement |

Direction
® Longitudinal

() Transverse

Acceleration (g)

() Vertical
) Horizontal SRSS i

Plot o 5
(® Time History

() Pseudo-Spectrum

=T Motion: TOT\NORTHRIDGE\RRS

Type

Pseudo-Spectrum (View Data| |Add Figure to F‘.Eport|

@) Acceleration

() Velocity

() Displacement |

Directicn =

@ Longitudinal - 4
ot g s 1
() Transverse o
() Vertical
") Horizontal SRSS i

D TTT I T I
Plot 01 03
() Tirme History

(@ Pseudo-Spectrum

b)

Fig. 112 Ground notion: a) ime histories andb) responsepectra
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= Intensity Measures — O

Intensity Measures of Motion TOT\NORTHRIDGEVRRS

Intensity Measure (IM)  Longitudinal Transverse Horizontal 5R55  Vertical
PGA (g) 0.82101 0.48468 0.85697 0.8004
PGY (in/sec) 62.936 29.287 63.419 16,904
PGD (in) 11.653 10,614 13.738 3.9638
D(5-95] (sec) 17.72 18.04 17.8 19.3
CAV (in/sec) 708.29 598.17 1026.3 587.55
Arias Intensity (in/sec) |280.51 15748 438.29 22387
SAY (g) 1.837 0.77363 0.92104 0.3936
SV (in/sec) 116,63 42.27 33.382 29.874
50" {in) 17.889 7.523 9.0034 3.8427
PSA™ (g) 1.8277 0.76862 0.91938 0.39261
PSV* (in/sec) 112.4 47.268 56.57 24,145

=548, SV, 5D PSA and PSV are calculated at Period = 1 sec.

Fig. 113 Intensity measures afgroundmotion
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< Histograms and Cumnulative Distribution - O d

Intensive Measure Histogram
® PGA

PGV

) PGD

) D{5-95)

O cav

() Arias Intensity

() SA (Period = 1 sec)
() SV (Period = 1 sec)
() SD (Pericd = 1 sec)
) PSA (Period = 1 sec)
) PSV (Period = 1 sec)

3

Direction

@ Longitudinal
() Transverse

) Vertical

() Horizontal SRSS

Plat
(®) Histogram
() Cumulative Distribution

0.15-0.25 0.35-044 054-064 0.74-0.83 093-1.031.13
PGA (g)

View All [Ms|

a)

= Histograms and Cumulative Distribution - O X

Intensive Measure Cumulative Distribution
@ PGA

) PGV

) PGD

) D(5-95)

) cav

() Anas Intensity

() SA (Period = 1 sec)
() SV (Period = 1 sec)
() SO (Period = 1 sec)
) PSA (Period = 1 5ec)

() PSV (Period = 1 sec)

14

0.8 1

0.6 1

Probability

Directi
ire |or1- . 0.4 -

@) Longitudinal

() Transverse

() Vertical

(_) Horizontal SRSS
() Horizonta 0.2 -

Plot

() Histogram

(@) Cumulative Distribution

View All IMs|

b)

Fig. 114. Histogram and cumulative distribution f#motion seta) histogram; b)
cumulativedistribution
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7.2 Rayleigh Damping
MSBridge employs Rayleigh damping, which takes the form:
C=AmM + AK

whereM is the mass matrixC is the viscous damping matri, is the initial stiffness
matrix. Am and A are two usespecified constants.

The damping ratio curve ( f) is calculated based on the following equation:

A,
ap f

X =

+Ap T

wheref is frequency.
(1) Specification ofAn and Ax By Defining Damping Ratios

Click Change Dampingin theMSBridge main window to modify the Rayleigh damping
coefficients Fig. 115). The user can iee damping coefficientsHg. 115 by specifying
two frequenciesafand & (must be between 0.1 and 50 Hz), and two damping ratios,

and x, (suggested values are between 0.2% and 20%).

The Rayleigh damping parameters @nd A« are obtained by solving thellowing
equations simultaneously:

_ A
X, = +Apf
Yo4p ph
_ A,
X, = +Ap f
2 4pf, Pt

(2) Direct Specification ofAm and Ax:

The user can also directly define Rayleigh damping coefficientsnl A (Fig. 115).

7.3 Save Model and Run Analysis

After defining the finite element model, cli@ave Model andRun Analysis The finite
element computations will start, for several earthquakes at aFigel {6) as specified

in thelnput Motions window (Fig. 110).

The user can modify the time integration scheme for the OpenSees analysis by clicking

Advancedand therOpenSees Parameterf-ig. 70). Fig. 70 shows the default
parameters whichre usedn the analysis.
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ﬁ Rayleigh Damping Coefficients

- g
Darnping Pararneters
(®) By Defining Damping Ratios () By Defining Damping Coefficients
Damping
Damping Ratio (%5) Frequency (Hz) Period (zec)
#1 3 1 1
#2 3 & 0.166667
Mass-proportional Coefficient |0.538559
Stiffness-propertional Coefficient | 0.00227364
Darnping Curve (View Data| |Recacu|ate

40
E .
= 1
‘o _
o
= 20
= |
E
18] i
(-

I:I' T T T T | T T T T | T T T T | T T T |

0 5 10 15 20
Frequency (Hz)

Fig. 115 Rayleigh damping
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ﬁ OpenSees Analysis in Progress (Base Shaking)

Owverall Progress
Reached: 4 / 18 Motions.

Current Motion 1: #1 TOTWNORTHRIDGEVRRS

Run 2 of 2: Base shaking... (Finished: 2.328829 / 19.94 seconds)

Current Motion 2: #2 TO2\NORTHRIDGEYSCS
Run 2 of 2: Base shaking... (Finished: 3.36 / 40 seconds)

o o

Current Motion 3: #3 TO3\CHI-CHMNTCUOES
Run 2 of 2: Base shaking... (Finished: 3.68 / 70 seconds)

N 2

Current Motion & #4 T0PCHI-CHMNTCUOES
Run 2 of 2: Base shaking... (Finished: 3.96 / 70 seconds)

. o

Skip

Skip

Skip

Skip

Fig. 116. Simultaneous execution of analyses for multiple motions
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8 TIME HISTORY OUTPUT

This section presents the time history outputs after the FE analysis phasritputare
time history output quantities for each bridge elemet deformed mesland the
maximum output quantitigfer all input motions.

8.1 Time History Output Quantities

At the end of the FE analysis phase, time histories and bridge responses will be available
of the form:

i) Column Response Time Profiles

i) Column Response Time Histories

iii) Column Response Relationships

iv) Abutment Responses

v) Deformed Mesh

In addition for multipleearthquake analysis scenarios, Intensity Measures (IMs) and
response spectra for each input motion are calculated and are available for display in
Table and Figure formats. Engineering Demand Parameter (EDP) Quantities and Bridge
peak accelerations forl@mployed shaking motions are also available for display against
any of the computed IMs.

The posiprocessing capabilities can be accessed from Nbesplay (Fig. 4). To display
output for a different input motion, click Merisplay and therDetailed Output:
Please Select Input Motior(Fig. 4d). The name of the selected input motion will also
appear on the menu itenfad. 4d).
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Iﬁ Select Maotion EI@

Please Select a Motion (Bin/Earthquake/Motion)

Motion | TO1/WORTHRIDGE/RRS -
TN1/MORTHRIDGERRS k‘

TO2/MORTHRIDGE/SCS

TO3CHI-CHL TCU0AS

TO4CHI-CHL TCU0AS

TOS/KOBE/TAT

TORTABAS TAR

TOF/DUZCEBCL

TOSLAMDERSS/LCH

TO9/SAMNFERMAMDCPIL

T10/ W PERLALWALLEY /H-EDG

T11/ W PERLAL WAL LEY /H-LGR

T12/MPERIALVALLEY H-BCR

T13/MORTHRIDGE/ORR

T16/LAMDERSAOS

T17/LAMDERS/ MAYH

T18/KOBE KAK

T19/KOBESMIS

T20FCOYOTELAKES YT

Fig. 117. Selection of an input motion
8.1.1 DeckResponseTime Histories

Thedeckresponsgime historiescan be accessed by clicking mddigplay (Fig. 4) and
thenDeck ResponseTime Histories. Fig. 118shows the window for displaying thieck
longitudinal displacement time histories.

8.1.2 Column Response Profiles

The column response profiles can be accessed by clicking Display (Fig. 4) and
thenColumn Response ProfilesThe column response windasvshownin Fig. 119
The columnsre labeleds:
i) Column 1 of Bent 2(seeFig. 1., the first bent starting after left abutment is
denoted as fABent 20, the second as fABent
if) Column 2 of Bent 2
iii) (more if any)

Fig. 120shows the bending moment in the longitudinal pldie horizontal axis of the

plot is the response name (e.g., displacement, bending moment, etc.) and the vertical axis
is the elevation of the column. Zero elevation means the column base.
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8.1.3 Column Response Time Histories
The column respongame histories can be accessed by clicking mddigplay (Fig. 4)

and therColumn Responselime Histories. Fig. 121shows the window for displaying
the column longitudinal displacement time histories.

=T Deck Response Time Histories - Motion: RRS — a >

Response Type Response Time History |View Data| |Add Figure to F‘.eport|
(@) Displacement

() Torsional Moment
() Axial Force J

() Acceleration

[] Include Gravity Part

Direction

® Longitudinal

Displacement (in)

(1 Transverse

1 Vertical

Location ]
Time (sec)
Bent 3 =

Fig. 118 Decklongitudinal displacement response time histories
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=T Column Response Profiles - Motion: RRS — O X

Response Type Response Profile |View Data| |Add Figure to F'.Eportl

(@ Displacement

() Bending Moment
() Shear Force
() Acceleration -0

() Rotaticn

[ ] Include Gravity Part

Elevation (ft)

Direction
@ Longitudinal -20

() Transverse

() Vertical

] 0.1 0.2 0.3 04
Column

Displacement (in)

Column 1 of Bent 2~

Fig. 119 Displacemenprofile in the longitudinal plane

T Column Response Profiles - Motion: RRS - O x

Response Type Response Profile (View Data| |Add Figure to F‘.eport|

() Displacement

(® Bending Moment

(") Shear Force

() Acceleration 10 A

(1 Rotation £ 1
c

§=] E
. L

Include Gravity Part o j
o

Direction w 1

® Longitudinal -20

() Transverse

() Vertical

T I T T T I T T T I T T T I
-400 =200 ] 200
Column

Bending Moment (kip-ft)

Column 1 of Bent2 *

Fig. 120 Bending moment profile in the longitudinal plane
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ﬁ Column Response Time Histories - Motion: RRS

Response Type

[} .}.

Displacement

) Bending Moment
) Shear Force

1 Acceleration

1 Rotation

[ ] Include Gravity Part

Direction

Longitudinal

Transverse

1 Vertical

Column

Column 1 of Bent 2~

Elevation

-3.5ft

- | pod

Response Time History |‘I.|"iew Data| |Add Figure to F‘.Eport|

Displacement (in)

10 15 20

Time (sec)

Fig. 121 Response time histories and profiles for column (and pile shaft): displacement

is shownat the nodes.

8.1.4 Column Response Relationships

The column response relationships can be accessed by clw&mgDisplay (Fig. 4)
and therColumn Response Relationships

TheElevation boxincludes all elevations (starting from column tafdro elevation
refers to thecolumn baseFig. 122 shows the longitudinal loadisplacement curve at the

column top. The load refers to thkearforce of the beargolumn element at the

specified elevatiorkig. 123shows the momerdurvature curve at the column top. The
vertical axis is the bending momeantdthe horizontal axis is the otature. To view the

data fo the plot, clickView Data.
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=T Column Response Relationships - Motion: RRS — O *

Response Type Response Relationship |View Data| |Add Figure to F‘.eportl
) Moment-Curvature
(@) Load-Displacement
() Load-Drift Ratio 400
Directicn
® Longitudinal .
§ L 200
i) Transverse &
8
Colurmn 0 0
Column 1 ef Bent2 + E
N
43
Elevati
evation 200
-3.5ft ¥
Animation 400
Current Step
Playing Speed Displacement (in)

Fig. 122 Loaddisplacementurve atthe columntop
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=T Column Response Relationships - Motion: RRS — O *

Response Type Response Relationship |View Data| |Add Figure to F‘.eportl
(® Moment-Curvature

) Load-Displacement

") Load-Drift Ratic

Direction

® Longitudinal

-]
|

() Transverse

Column

Column 1 of Bent 2~

Bending Moment (kip-ft)

Elevation

-3.5ft o

Ammation

':LIFFEFItStEFI T T 1T [ T T T 1T [ T T T T ]
-0.0015 -0.001 -0.0005 1]

Playing Speed Curvature (radfin)

-5000

Fig. 123 Momentcurvaturecurve athe columntop
8.1.5 Abutment Responses Time Histories

The abutment responses can be accessed by clickingDisgiay and themAbutment
Response Time HistoriesThe abutment responses window includes the following
options:

i) Force-Displacement Relationships

i) Relative Deckend/Abutment Displacement Time Histories

iii) Resisting Force Time Histories

Three directions (longitudinal, transverse and vertical directions) of the above responses
for both left and right abutments are all display€d. 124 shows the abutment response
time histories. The force refers to the resisting force acting onefet&ndthe

displacement refers to the relative deeid/abutment displacement.
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= Abutment Response Time Histories - Motion: RRS - O >

Response Type

(®) Force-Displacement
() Force History
() Displacement Histary

Direction

@ Longitudinal
() Transverse

) Wertical
Abutment

(@ Left Abutment
() Right Abutment

Animation

Current Step

Playing Speed

Abutment Response [View Data| |Add Figure to Report

200 1

=400 T T T T T T T T T T

Displacement (in)

a)

= Abutment Response Time Histories - Motion: RRS - O >

Response Type

(®) Force-Displacement
() Force History

() Displacement History
Direction

® Longitudinal

() Transverse

() Vertical

Abutment

() Left Abutment

(® Right Abutment

Animation

Current Step

Playing Speed

Abutment Response |View Datal |Add Figure to Report|

Force (kip)

-500 1

Displacement {in)

b)

Fig. 124. Abutmentlongitudinal forcedisplacement relationship) left abutmentandb)

right abutment
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8.1.6 Soil Spring Responses Time Histories

The soil spring responses can be accessed by clicking Digplay and therSoil
Spring Resporse Time Histories The soil spring responses window includes the
following options Fig. 125):

i) Force-Displacement Curve

i) Displacement Time History

iii) Force Time History

Two directions (longitudinal and transverse directions) of the above responses for each
soil spring are all displayedFig. 125).

=T Soil Spring Response Histories - Motion: RRS — O x
Abutment/Bent Response Time History (View Data| |Add Figure to Repﬂrt|
Bent 2 =
Column (Bent only)
Column 1 = |
Depth
0 v —~ 7
a2
£ s
Direction &
Lengitudinal - £
Response Type j
Force-Displacement +
-500
Animation ]
Current StEFl — T T T [ T T T T [ T T T T ]
-1 o 1
Playing Speed Displacement (in)

Fig. 125 Soil spring response time histories
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8.1.7 Deck Hinge Responses Time Histories

The deck hinge responses can be accessed by clickingDspiay and therDeck
Hinge Response Time HistoriesThe deck hinge responses window uags the
following options Fig. 126):

i) Force-Displacement Curve
ii) Displacement Time History
i) Force Time History

Response time histories are shdanthe cable and edge hinge elements for each hinge
(Fig. 126).
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= Deck Hinge Response Histories - Motion: RRS - O X

Deck Hinge

Response Time History |View Data| |Add Figure to F‘.Eport|

Hinge 2 o

i 500
Hinge Element

Cable Elerment 1 w

Response Type

Force (kip)

Force-Displacement ~

Animation 0

Current Step

Playing Speed Displacement (in)

a)
= Deck Hinge Response Histories - Motion: RRS — O >
Deck Hinge Response Time History (View Data| |Add Figure to F‘.eport|
Hinge 2 - 0
Hinge Element
Edge Element 2 o —
a
i
=~ -500
Response Type 8
Force-Displacement ~ uD_
Animation -1000
CurrentStep T T T T [ T T T T [ T 1T T T T]1
-2 -1 0 1
Playing Speed Displacement (in)
b)

Fig. 126 Deck hinge response tinmstories a) cable element; b) edge element
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8.1.8 Isolation Bearing Responses Time Histories

The isolation bearing responses can be accessed by clickingDisgtay and then
Isolation Bearing Response Time HistoriesThe isolation bearing responses window
includes the following options$-{g. 127):

i) Force-Displacement Curve

i) Displacement Time History

iii) Force Time History

Three translational directions anddhrrotational directions of the above responses for
each bearing are displaydéd. 127).

Iﬁ Isclation Bearing Response Time Histories (Uncoupled Uni-directio... — O X

Bent Response Time History |‘u"iew Data| |Add Figure to Repﬂ-rt|
Bent 3 A

Bearing

Bearing 1 - .

Direction

Lengitudinal -

Force (kip)

Response Type

Force-Displacement +
-200

Anmimation i

Current StEFI T T T T T T T T T T T T T T

Playing Speed Displacement (in)

Fig. 127. Isolationbearing response time histories
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8.2 Deformed Mesh and Animation

The deformed mesh can be accessed by clicking m&mlay (Fig. 4) and then
Deformed Mesh The deformed mesh windas shownin Fig. 128

Analysis stges includebue to gravity andDue to pushover(or Due to base shakiny
The response types include

i) Deformed mesh

i) Resultant Disp.

iii) X-Displacement

iv) Y -Displacement

V) Z-Displacement

Vi) Plastic Hinges

In the Ground Shaking Analysis, the input motislso animatdat the deformed mesh
window along with bridge displacemetig. 128).

=T Deformed Mesh — O X
Analysis Stage .’ﬁ\'
Due to Shaking - -
+)
¥
Response \."l
A-Longitudinal Displacement
Plot
Scale Factor 10 0
Show Legend 3D
Show Undeformed Mesh XY
1.381e+001
Display Moticn - 1.289e+001 n
Longitudinal Component 1.196e+001
1.104e+001 YZ
[T] Transverse Component 1.012e+001 ~
[] Vertical Component 9.193e+000
8.269e+000 <
o 7.345¢+000 L
Animation 6.421e+000 2
Repeat I 5457e+000 -
4.573e+000 C
Current Step 3.650e+000
2.726e+000 "
5 1.802e+000
Step 146 E b £.780e-001
g o0+ -4.583e-002 =
Time (292 sec =] -0,697e-001
8 -1.804e+ 000
Playing Speed T T — -2.817e+000
o 10 -3.741e+000
Time (sec) -4.665e+000

Fig. 128 Deformed mesh
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Visualization of plastic hinges is available if the nonlinear bealamn elemenis used
for the columns. In the Ground Shaking Analysis, the input magiaiso animatedt the
deformed mesh window along with the development of plastic hifggsl@9). In the
current version, the visualizatiagmimplementedn such a way that a plastic hinge
marker stays once the plastic hingelevelopedThe platic hingeis developedvhen
rebar fails in tension or first concrete fiber reaches the maximum strain capacity.

=4 Deformed Mesh — O x

Analysis Stage =
Due to Shaking - -,

Response .

Plastic Hinges -

Plot
Scale Factor 10

Show Legend
Show Undeformed Mesh | il

Display Motion
Lengitudinal Component

NNZ8o$

[ ] Transverse Component

)

[] Vertical Component

Animation
Repest

Current Step

; H
LA

i

.

-

Step 146 E

Time |2.82 sec

Long. Acc. (g)
[}
1

Playing Speed

Time (sec)

Fig. 129 Visualization ofplastichinges
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8.3 Maximum Output Quantities

This section presents the maximum acceleration and displacements for all motions after
performing time history analysig1 addition the maximum column and abutments
forces.

8.3.1 Bridge Peak Accelerations & Displacements for All Motions

The bridge peak acagiations and displacements for all input motions can be accessed by
clicking menuDisplay (Fig. 4) and therBridge Peak Accelerations& Displacements
for All Motions . The window to display the bridge peak accelerations for all masons
shownin Fig. 130, The responses are available in the longitaidamd transverse
directions as well as for the SRSS of tive horizontal directionsKig. 130).
The figures in this window include:

) Maximum bridge aceleration

i) Maximum bridge displacement

i) Bridge pealacceleratiohnput peak acceleration

117



= Bridge Peak Accelerations - O *
Bridge Peak Response Response |View Datal |Add Figure to Report|
(® Peak Accelerations
() Peak Displacements i @ 101
() Peak Acceleration/Peak Input 1 i $g§
2 + To4
Direction W 105
(® Longitudinal - # TO6
& TO7
() Transverse S i > ® T2
T = ® X T09
(_) Horizontal 5R55 g i & TI0
o » + TN
Intensive Measure 0 - W 712
v # T13
PGA 1 A T16
@ 117
1 X T8
& 119
1 + T20
T I T T T I
0 2
Acceleration (g)
a)
=T Bridge Peak Accelerations - O X
Bridge Peak Response Response |View Data| |Add Figure to Report|
() Peak Accelerations
(@) Peak Displacements 1 ® To1
() Peak Acceleration/Peak Input 1 § $g§
1 + T4
Direction W T05
@ Longitudinal ] X CIERL
& TOT7
() Transverse —_ A ® 02
(") Horizontal SRSS g - L " =109
- 3 ] K & T10
o * + TN
Intensive Measure 0.5 - &1 W T2
PGA . ’ ¥ T13
] & TG
* ® 117
1 X Ti8
)? & & T13
1 @ + T20
T T T | T T T T | T T T
5 10
Displacement (in)
b)

Fig. 130 Bridge peak accelerations for all motions: a) maximum bridge accelerations; b)
maximum bridgelisplacements
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8.3.2 Maximum Column & Abutment Forces for All Motions

The maximum column & abutment forces for all input motions can be accessed by
clicking menuDisplay (Fig. 4)and therMaximum Column & Abutment Forces for

All Motions. The window to display the maximum column & abutment forces for all
motionsis shownin Fig. 131 The responses are available in the longitudinal and
transverse directions as well as for the SRSS diabénorizontal directionsKig. 131).

The figures in this window include:

) Maximum column shear forces

1)) Maximum column bending moments

i) Maximum abutment forces (left abutment)
iv) Maximum abutment forces (right abutment)

= Bridge Maximum Forces — O >
Response Type Response [View Data| |Add Figure to F‘.epu:urtl
® Max. Column Shear Forces
T
() Max. Column Bending Moments | & T
) Max. Moments at Column Base 60 § ?: $g§
(") Max. Left Abutment Forces i ® + T4
§ . B T05
) Max. Right Abutment Forces - e % T06
. 4 % X A TO7
Column % | @ T02
£ 40 * X T09
All Columns W = J & TI0
8] s
& ) T
Direction ) Py B ! ;:g
® Longitudinal A T16
) 20 -
() Transverse ® T
] I + * > T18
) Horizontal 5R55 | & & T19
X 8 + T20
Intensive Measure LI I B R R N
PGV » 200 400
Shear Force (kip)

Fig. 131 Maximumcolumn & abutment forces for all motions
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9 EQUIVALENT STATIC AN ALYSIS

Equivalent Static Analysis (ESA) option is availablévi8Bridge for the bridge
longitudinal & transverse directions. The whole bridge sysseemployedn the bridge
longitudinal ESA. And one single bent is employed in the bridge transverse ESA.

9.1 Bridge Longitudinal Direction

To conduct an Equivalent Static Analy8isSA) for the bridge longitudinal direction,

click Longitudinal Direction in the main windowKig. 132). The elastic displacement
demand outpus shavn in Fig. 133 The displacement demand output is available for the
longitudinalcomponents of the input motians

To view the comparison of displacents from ESA and Time History Analysis (THA)
click Compare with THA. The comparison resu# shownin Fig. 134 However, the
comparison is only available for ESA for the longitudinal components of the input
motions Fig. 133).

The procedure of the bridge longitudinal ESA is as follows:

1. Specifya loadF of the total weight (see below for now to calculate the total
weight), do pushover and get a displacentent

Calculate the Stiffneds = F/d

Calculate the Periol= 2 " M/&)gq r t (

From the spectral acceleration of the input motion Sget

CalculateDa= M*Sa/K, and this is the elastic displacement demand.

Check the abutment displacemebt)(compared to abutment yield displacement
(Dy) If Da/Dy<2, stop,Dd is the demand. ID«/Dy> 4, set abutment spring to 0.1*its
initial stiffness, recalculate the displacement dem@&aul (f 2 <Dd/Dy< 4, linearly
interpolate abutment stiffness between its full and 0.1 values and ratios of 2 laexl 4, t
recalculate the displacement demand.

The whole bridge systerm employedn the bridge longitudinal ESA. As such, the
pushover loads appliedat the bridge center along the bridge deck (longitudinal)
direction.

OUA®WN

The total weight is equal to the total deck weight plus % column weight. The deck weight
should be distributed weight over span elements (or applied to nodes by tributary length).
Column weight applied ahetop column node or if more than one elemenised per

column, distributed to column nodes by tributary length.
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9.2 Bridge Transverse Direction

To conduct an ESA for the bridge transverse direction, click Transverse Direction in the
main window Fig. 132). The outpuis shownin Fig. 135

Only one single bengs employedn the bridge transverse ESA. As such, the pushover
loadis appliedat the bent cap center along the bent cap direction (bridge transverse
direction).

The total weight is equal to the deck weight of left half span and right half span for the
bent plus ¥z alumn weight.

Equivalent Static Analysis (ESA)

|L::|ng|itu dinal Directio n| | Transverse Direction |

Fig. 132 Equivalent Static Analysis for the bridge longitudinal & transverse directions
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= ESA Pushover Load (Bridge Longitudinal Direction) — a *

Pushowver
(@ Force-Based Method
Trial Pushover Load (As Ratic of Tributary Weight) 0.6
Tributary Weight 4583.186 [kip]

() Displacement-Based Methed

Pushover Displacement 1 [in]

Curvature at Yielding (If "0" is Entered,

First Rebar Yielding Will be Considered Instead) 0 [racl/in]

Adjust Abutment Stiffness (If Meeded)
Use User-Defined Acceleration Response Spectrum

Please enter Period (sec) and Acceleration Response Spectrum (g) in pairs:

006
0.11.5
Conduct ESA
a)
= Longitudinal ESA - O x
Displacement Demand ‘u’iewData| |Add FiguretoReport| |Comparewith THA| Mass
Tributary Weight 451324 [kip]
® 0 Tributary Mass [11.6802 | [kip-sec2/in]
— 17
o Stiffness
< * Pushover Load at .
g Initial Yielding T [Pl
05 1 Yield Displacement 0.565339 [in]
. Y77 Initial Stiffness 4789.95 [kip/in]
1 15 2
PGA ~ Displacement (in) pe”_od
Period 0.31027 [sec]

Fig. 133 LongitudinalESA: a) pushover load; b) elastic displacement demand

~® Comparison of ESA and THA — O X

Comparison of ESA Displacement Demand and THA Maximum Displacement

Motion  ESA Disp. [in] THA Max. Disp. [in] Difference [%]"
1 1.648 |3.374 |-51.15

*"-" sign means ESA is less,

Fig. 134 Comparison of displacements from ESA and THA

122



Iﬁ ESA Pushowver Load (Bridge Transverse Direction)

Pushowver
(®) Force-Based Method
Trial Pushover Load (As Ratio of Tributary Weight)

Tributary Weight

() Displacement-Based Method

Pushowver Displacement

Curvature at Yielding (If "0" is Entered,
First Rebar Yielding Will be Considered Instead)

Bent Mumber

Bent 2 w

Use User-Defined Acceleration Response Spectrum

0.8
1187.1953 [kip]

1 [in]

0 [rad/in]

Please enter Period (sec) and Acceleration Response Spectrum (g] in pairs:

00.6

Conduct ES&

Cancel

a)
", Transverse ESA for Bent 2 — O *
Displacement Demand |View Datal |Add Figure to Report| Mass
Tributary Weight 1163.88 [kip]
® 101 Tributary Mass |3.01211 | [kip-sec2/in]
@ Stiffness
0.5
= Pushover Load at .
g Initial Yielding B [<ip]
Yield Displacement 0.30487 [in]
L LI Em s e o e e ML Initial Stiffness 801.179 [kip/in]
2
PGA v Displacement (in) Period
Period 0.385257 [sec]
b)

Fig. 135 Transvers&SA: a) pushover load and bent number; b) elastiglacement

demand
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10 ANALYSIS OF IMPOSED DISPLACEMENT S
10.1 Imposed Soil Displacement

Imposed displacemenption is available iMSBridgeto study the soil movement for the
bridge longitudinaliransversand verticaldirections. Tls option has been added to
perform the pushover analysis with varying displacements along the pile height.
Therefore, solil springs foundation model must be selected to activate this égtion.
such the deformation due t@muefactioninducedlateral sprading carbe appliedas per
Caltrans guidelines found in MTB0-15 (Caltrans 2017)

To conduct the pushover analysis of soil movematitsk Imposed Displacementn the
main window Fig. 2). Thesolil displacement profile layoig shownin Fig. 136
According to the simplified procedure (Caltrans 20hApplication of the permanent
lateral ground displacement follows the pattern display&dgnl37, where the soil
above the liquefied layer moves as a rigid block (constant displacement) and the
displacement decreasesnstantlyin the liquefied layerwith zero displacement below.

To definethenormadized displacement profilehe displacement time history functions
should bdirst defined click Define Time History Functions As suchgach function
corresponds ta value in the normalizegdisplacement profil¢éhat will be reached after a
certain number of steffig. 138). By default,Function 1 andZero Displacementare
defined for the valueof unity and zero, respetly, then the user should defitiee

linearly interpolated functions along the thickness of the liquefied layer as according to
theexisting soil spring node After that,the functions should be assigned at different
nodes along the pile heigfiig. 138). To do that, clickDefine Layout

To account foa wide range oflisplacement values that resulted from applying different
input motionsand different values for eatdent Click Define Displacemento enterthe
displacement factor@saccording to the corresponding input motiéing( 139%) andclick
Modify Displacement Factorto enterthe bent locatiofactors(Fig. 13%). Fig. 140

shows the output in terms of the bridge deformed shape and pile response profile.
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ﬁSoil Displacement Profile Layout - O X

Static Pushover | Define Time History Functions... |

Direction and Scale Factor | Other Directions... ‘

U1 (Bridge Longitudinal) Scale Factorin U1 |1 [in]

Displacement Profile Layout | Define Layout... |

(O Same Displacement within Bent/Abutment
® Displacement Varied with Depth on an Individual Bent/Abutment basis

O Displacement Varied with Depth on an Individual Column basis

Advanced
Individual Bent Displacement Factors | Modify Displacement Factors...

Advanced Seismic Analysis | Define Displacement... | (Input Motions are also required)

Computation [_| Pseudo-static Analysis

Computation Time |10 [sec] Time Step [sec]

[ | Dynamic Analysis (Multi-Support)

This option allows for applying different displacement time history input at different depths of
soil springs. As such, OpenSees MultipleSupport command is used. The displacement time
history files should be put under folder ".DISPHIST", e.g., Untitled.DISPHIST (if your model
filename is Untitled.msb), which will also contain all analysis files when analysis is conducted.

Check Displacement Time Histories... | | Create Sample Displacement

Fig. 136. Imposed displacement window
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Fill

Non-liquefiable Crust

Liquefiable Layer

Dense Material

Fig. 137. Schematic abutment configuration and soil properties (rsxale)
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ﬁ Displacement Time History Functions

Function Time History Function: Function 1

Zero Displacement Please enter below 4 values for each row

Function ] : (Time plus 3 displacement values in inches)

0.5 20.020.020
40.040.040
60.06 0.06 0
80.080.080
100.10.10
120.120.120
140.120.120

| Add |

| Delete |

| Change Name |

(@)
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ﬁDisplacement Profile Layout

Displacement Profile Layout

Match Top Depth...

Fig. 138 Imposed displacement: (a) displacement time history functaomip)

Bent/Abutment Column Depth [ft] Displacement Function

Abutment 1 All within 0 Function 1

Abutment 1 All within 10 Function 1

Abutment 1 All within 20 0.5

Abutment 1 All within 30 Zero Displacement

Abutment 1 All within 40 Zero Displacement

Abutment 1 All within 50 Zero Displacement

Bent 2 All within 0 Function 1

Bent 2 All within 10 Function 1

Bent 2 All within 20 Zero Displacement

Bent 2 All within 30 Zero Displacement
(b)

displacement profile layout

ﬁ Displacement

Displacement

Edit

No. Displacement Factor

1 1
2 2
3 3

OK

Cancel

(@)
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Iﬁ Displacement Factors for Bents and Abu...  — O X

Displacement Factors | Edit

Bent # Displacement Factor

Abutment 1|1

Bent 2 0.8
Bent 3 0
Bent 4 -0.8

Abutment 5| -1

OK Cancel

(b)

Fig. 139 Imposed displacement factors: {aput motions factorsand(b) bents factors

1.0012+000
9.00%e 001
8.008e-001
7.007e Q01
6.006e-001
5.005e-001
4.004e 001
3.003e-001

2.002e-001
1.007e 001
0.000&+00C
-1.001e-001
2.002e 001
-3.003e-001
-4.004e-001
5.005e 001
-6.006e-001
7.007e-001

8.008e-001
-9.009%e-001
1.001e+00C

2
5

(@)
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ﬁpile Response Profiles - Motion: A-ELC - a X

Response Type Response Profile | View Data | | Add Figure to Report
@® Displacement

O Bending Moment -10 — — Pile

O Shear Force == Imposed
O Acceleration
O Rotation 20

O Curvature

Step
® End

O Max
O Time (sec): 0.1

Elevation (ft)

O Selected Steps

Direction

® Longitudinal -50

b s o e e g T

O Transverse

O Vertical | |

R RS TR MNPSOS OO S SO |
0 0.2 0.4

0.6 0.8 1

Pile . .
Displacement (in)

Pile 1 of Abutment 1 v

(b)

Fig. 140. An outputof imposed displacemefir thelongitudinal bridgedirection: a)
deformed shapendb) pile responserofile
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10.2 Pile Analysis

To conduct liquefaction analysis for single pitdick Pile Analysisin the main window
(Fig. 2). The outpuis shownin Fig. 141 The displacement profile should be first
defined Click Imposed Soil Movemerib enter the valuesf the imposed displacement,
crust height, and the thickness oé fiquefiedlayer(). As such, the profile will be
defined as according to the MTD-28. Click Pile-Head LoadingandAnalysis Options
to define theapplied loading at the pile headd number olibading steps, respectively
(Fig. 142.

To start the analysis, click Analyze. The results in terms gbitbeesponse and soil
spring responseill be availableas shown irFig. 143

'ﬁsm\e Pile Analysis - m] X
Pile Response and Mesh :View Data |
Abutment/Bent Column (Bent only) : : :
Mesh | Pile | Soil Springs
Abutment 1 ¥ Column 1

Pile (Abutment only)

Row in Longitudinal | 1 ~ | Transverse @1 *

Notes
(1) Mudline is at zero elevation. ]
(2) At abutment, rigid link is assumed above pile. 104 ®
Loading and Options —_
g P =3 ]
Pile-Head Loading ‘ Imposed Soil Movement 5 -20- ®
Analysis Options [ ]
[
w
Analyze ]
-30 L ]
Pile Response ]
Response Type | Displacement ¥
[] Liquefied Layer (Mid-height) 1
q y g 40 ®
Soil Spring Response
Depth [0 ¥ | [fi]
-50 L]

Response Type | Force-Displacement ¥

Fig. 141 Pile Analysis window
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@ Imposed Displacement

- X
Imposed Soil Movement
Imposed Displacement 10 [in]
Imposed Height (from Pile Top) 30 [ft]
Liquefied Layer Thickness 10 [ft]
OK Cancel
(a)
ﬁ Pile Analysis Options — X
Number of Steps
Number of Loading Steps 10
OK Cancel
(b)

Fig. 142 Pile Analysis inputsfa) Pile loading; and (biPile Analysisoptions
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ﬁ Single Pile Analysis
Pile
Abutment/Bent Column (Bent only)

Abutment 1 ¥ Column 1

Pile (Abutment only)

Row in Longitudinal |1 ~ | Transverse |1 ¥

Notes

(1) Mudline is at zero elevation.

(2) At abutment, rigid link is assumed above pile.

Loading and Options

| Pile-Head Loading J | Imposed Soil Movement

Analysis Options

Pile Response

Response Type | Displacement ¥

[] Liquefied Layer (Mid-height)

Soil Spring Response
Depth |0 ¥ | [fi]

Response Type | Force-Displacement ~

Response and Mesh

Elevation (ft)

Mesh | Pile | Soil Springs

— Step 0
— Step 1
Step 1
— Step 2
— Step 4
— Step 5
= Step 6
— Step 8
Step 9
= Step 10

Displacement (in)

10

(@)
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IﬁSingle Pile Analysis - m} X

Pile Response and Mesh

Abutment/Bent Column (Bent only)

Mesh | Pile | Soil Springs
Abutment 1 ¥ Column 1

Pile (Abutment only)

v

Row in Longitudinal | 1 *~ | Transverse | 1

Notes 100

(1) Mudline is at zero elevation.
(2) At abutment, rigid link is assumed above pile.

__ 150
o
Loading and Options =)
| Pile-Head Loading J ‘ Imposed Soil Movement §
S -200

Analysis Options
250

Pile Response

Response Type | Displacement ¥
-300

[] Liquefied Layer (Mid-height)

Soil Spring Response
Depth |0 ¥ | [fi]

0.8 06 04 02
Displacement (in)

Response Type | Force-Displacement ~

(b)

Fig. 143 Pile Analysis outputs: (a) PiRResponsgand (b)Soil Spring Response
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11 PBEE ANALYSIS (GROUND SHAKING)

To conduct a single earthquake analysis or a full PBEE anallisksont h &roumd
Shaking opti on und eFig. 2ARortHatypsrpose, tieynpueearthquake
excitation(s) musbe specifiedInput files atttp://soiquake.net/msbridgthat exercise
this option include Examplesahd 4 If only one earthquake recoigiselectedut of a
specified ensemble (suite) of input motions, then a conventional single earthquake
analysis will be performed.

11.1 Theory and Implementation of PBEE Analysis

In the user interface, an implementation of the Pacific Earthquake Engineering Research
( PEER) Cent e rbased earthqudk® engmaearing éramework (Cornell and
Krawinkler, 2000) is used to generate probabilistic estimategairreost and repair

time. The PEER PBEE framework utilizes the total probability theorem to compute the
desired probability distributions by disaggregating the task into several intermediate
probabilistic models with different sources of randomness acertainty. The hazard

model uses earthquake ground motion data to determine an intensity measure (IM). The
demand model usessponsdérom dynamic analysis to determine an engineering demand
parameter (EDP). The damage model connects the EDP to a danasygen(®M).

Then, the DMs linkedto consequences tharte termedhe decision variables (DV).

Repair cost and repair time chea thoughbf as two possible decision variable (DV)
outcomes characterized probabilistically by the framework.

The complete analysis is accomplished using the local linearization repair cost and time
methodology (LLRCAT), described by Mackie et al. (2010) and depicted conceptually in
Fig. 144. In theLLRCAT methodology, each bridge system is disaggregated into
independent structural or n@tructural components or subassemblies defined as
performance groups (PGs) that are damaged, assessed, and repaired together using a
specifc combination of different repair methods. Demands on the bridge system (and
components) are determined using 3D nonlinear time history analysis under multiple
component earthquake excitation. The damage in each of this Plzsacterized

according to searal discrete damage states (DSs) that are defined by distributions of
critical EDPs.

A feature of the.LRCAT implementation used is the introduction of a repair model
between the original PEER abstraction of DM and DV. Jumping directly from DMs to
repar costs is difficult teaccomplishbecause it skips over the details of repair design and
the variability of cost and time estimating. Creating these two additional models makes it
easier to implement a stdyy-step procedure for defining the models. Téair model

and cost model are created through the process of schematic design of repairs and
estimating the costs of those designs. Different repair metredsmployedor the

various damage states of each PG or bridge component. The repair metleads oG
require a combination of several repair quantities (Qs). Repair quantities for aleGs
then combinedvith due consideration of the correlation between components. Repair
costs (RChare obtainedhrough a unit cost (UC). Repair times (RiFg olbainedthrough
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a production rate (PR). The PRs are in terms of crew working days (CWD), representing

one working day for aormalsized crew and can be combined later by construction
management experts to obtain total site construction times.

Repair cost: ARC'>re)= [ [ [ Gluc- gldm)dGidmledp)dG(edplimdim)

imcdmedp

Repair tine: ACRT > 1) = | [ [GUprdm)dG(dnledp)dGledgim)|dAim)

i crec
Repair Cost Loss Analysis
G(uc-qldm)
S eismic RESF"H:S'E Damage Repair RC: repair cost dedsion variable
Hazard Analysis Analysis Estimates P UC: unit repair cost
Analysis Gledp| an) ; \
PR \ 4 ) Gl_d m| edp,.' Glg Id”’f:' Repair Time Loss Analysis
Alim| 1 EDP: - . G (ol
h . engineering DM dammge Q repair zp?'l m)
IM mtensity demand measure quantity Mg RT: repair time decision variable
meastre parameter IPR laborproduction rate

Fig. 144. Schematic procedure of theRCAT methodology for a single bridge
component

The characterization and visualization of the ground motion suites using different choices
of IMs will be discusseth Section7.1 The FEM, parameter selection, analysis options,
and outcomes that generated EDRse similarly covereth Section3. The bridge is

then broken down into performance groups (PGs) for each major bridge superstructure,
substructure, and foundation component. Each performance group represents a collection
of structural components that act ag@allevel indicator of structural performance and
that contribute significantly to repdeevel decisions. Performance groups are not
necessarily the same as le@sisting structural components. For example;stonctural
components may also form arnformance group, since they also suffer damage and
contribute to repair costs. The notion of a performance group also allows grouping
several components together for related repair work. For example, it is difficult to
separate all of the individual sttucal components that comprise a siyge abutment

(shear key, back wall, bearings, approach slab, etc.) as they all interact during seismic
excitation and their associated repair methargscoupledTherefore, the abutment repair
group incorporates thact that repairs to the back wall require excavation of the

approach slab.

Performance groups also address the isspetehtiallydouble counting related repair

items. Some repair items require the same preparation work such as soil excavation. For
example, both back wall repair and enlargement of an abutment foundation require at
least 4 ft of excavation behind the back wall. If these repair items were in different PGs,
then double counting the excavation would be a problem. Bundling these related rep
methods within a PG allows for independent consideration of each PG. The correlation
between repair items from the PiSdiandlecat the demand model level in the
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methodologyA total of 11 PGs are considered: PG1: Max column drift ratio; PG2:
Residuakolumn drift ratio; PG3: Max relative de@nd/abutment displacement (left);
PG4: Max relative decknd/abutment displacement (right); PG5: Max bridgatment
bearing displacement (left); PG6: Max bridgigutment bearing displacement (right);
PG7: Approah residual vertical displacement (left); PG8: Approach residual vertical
displacement (right); PG9: Abutment residual pile cap displacement (left); PG10:
Abutment residual pile top displacement (right); PG11: Column residual pile
displacement at ground r$ace.

Discrete DSsre definedor each PG. Damage states are numbered sequentially in order

of increasing severity. The DSO damage state corresponds to the onset of damage when
repair costs begin to accumulate. An upper limit to the quantities andscoated DSS

because it corresponds to the most severe possible damage state for the elements in a PG.
DSS usually corresponds to complete failure and replacement of all the elements in the
entire PG. The DSare connectetb structural demands obtainfrdm finite element

analysis results by way of an EDP specific to each PG. The repair quantities associated
with each DS are developed more fully in the definition of the damage scenarios. All the
PGs and DSare linkedto a single EDP in this implementai.

Based on previous work, the methodology was calibrated for defimépmpst
earthquakeerformance of select bridges that fall within the class of ordinary post
tensioned, box girder, reinforced concrete highway overpaskekie et al2011). The

three major components required for this calibration were damage scenarios that describe
particular instances of earthquake damage, schematic design of bridge repairs to address
the state of damage in the scenarios, and the link between regigm,dnethods and
procedures, and subsequent quantities. There is a direct link between damage scenarios
and the repair, i.e., there is a single repair procedure for a single state of damage. The
repair quantity results were parameterized in terms o€ lmaglge geometry and

properties so that they can be used to extrapolate loss modeling for other bridges in the
same class (such as those thatlmbuiltwithin the user interface).

Data for time and monetary repair costere obtainedby estimating th costs of the

damage and loss scenarios using published Caltrans construction estimation data, case
studies from previous earthquakes, and interviews with Caltrans bridge engineers.
Monetary costsvere adjustetb 2007 values based on Caltrans cost irdiga. Repair

costsare estimatefbr each damage scenario based on quantities of each repair item.
Cost estimates accounted for variations in unit cost, and the details involved in estimating
a combination of repairs together. The benefit of separatinQ4Heom costs is that the

unit cost modeis easily updatetbr new years of data, local economic conditions, site
accessibility, and incentives.

Normalized costs of repadire obtainedby using the repair cost ratio (RCR) between the
cost of repair anthe cost ofeplacement cost (does not include demolitionks $hown

in %, and it can range between 0 and some number higher than 100% (there is no reason
why it is boundedy replacement cost; this is purely @avner/operator decisionThis

ratio is wseful for comparing the performance of different bridge design options for new
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construction. For the evaluation of existing structures, the RCR including demolition

costs might be more useful. Constructing a new bridge on the same site after an
earthquakevould require botldemolitiors of the damaged bridge and construction of its
replacement. The costs of new construction used in the interface come from Caltrans
bridge cost estimates used for planning purposes. They are based on the deck and type of
constuction, providing a range of cost/SF of deck area, circa 2007 to be consistent with
the repair data used.

Repair time for the bridge can be expressed either as an approximation of repair duration
or repair effort. The repair effort represents the tasahlper of crewworkdays (CWD)
required to complete the taskhisis different from repair duration, which counts the

total duration of the repair project. The repair duration includes the effect of scheduling
concurrent orsite construction processes, vehiihe repair effort does not. The repair
duration can vary based on the amount and type of concurrent construction processes,
schedule dependencies, availability of labor, and whether or not contract incargives
providedin order todecrease duration.eRair timesare also computeoh the basis of

each repair quantity Q. For any repair item, a probability of 50% that Q > tolerance
indicates that the associated repair time shbaldddedo the total repair time for the
project (the tolerancis setat avalue of 3% of @may.

11.2 Input Necessary for Userdefined PBEE Quantities

If the user is interested in providing user projectspecific information in a PBEE

analysis, the following paragraphs describe the data needed by the interface to execute
the PBEE analysis and peptocess the results. Performance groups nekd tefined

for each important component or subassembly of the system that has potential repair
consequences. Performance groaesdefinedn terms of a single EDP that
characterizethe response of this PG. Once this EDP metridokas define@dnd time

history analysis performed to obtain a distribution of EDP realizations for different
ground motions, the PBEE methodology t@nmplementedThe PBEE methodology
requiresdefinitions (by the user) of discrete damage states for each PG, a repair method
with associated repair quantities for each discrete DS for each PG, and the corresponding
costs and times required to execute the repair method.

The damage states are discrete anglgegbin the form of what is commonly called a

fragility curve.Thisis a misnomerhowever because the information required is the

value of the EDP (not IM) required to trigger different probabilities of exceeding the

given discrete DS. s often assuedthat said curves are well described by the

lognormal probability distribution and therefore, the only parameters required are the two
lognormal distribution parameters: lambda and beta. Lambda is the median and beta is
the lognormal standard deviatioh PG can have as many discrete DS as are required to
cover the full range of possible responses experienced by the PG. These should be input
asis shown in Sectiod1.5.1

Once the different states of damage Hawen establishedlamage scenarios need®

generated hat show di fferent possible fisnapshot sc
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after an earthquake event. Once these scenarios have been generated (note the scenarios
need to be detailed and include exact descriptions of the extent and depth of damage),
they can be used to decide what repair method would be appropriate for each PG or group
of PGs. Such information is specific to the type of structure, the discrete DSs, and the
PGs. It isonly obtainable from experts withast experiencdesigning repair wcedures

given a damage scenario or snapshot. Once the repair methods have determined, specific
details about the repair quantities (specific meaning square footage of deck, cubic yards
of concrete, etc.) can be specified. The current data employedimdiface has repair
guantities parameterized in terms of the common bridge design and geometric
parameters, making it possible to solve for a variety of bridges witaitlass However,

any changes beyond these configurations would require numericas\ar all the

repair quantities to be input.

It is assumedhat the repair quantity estimates for each PG and DS are also random
guantities and can be described by a mean (or median) value and a coefficient of
variation or lognormal standard deviation the interfacebetahas been set &4, but

could be modified by the user in the future (if so desired). The repair quantities may then
be handed over to a cost estimator, who would have the ability to access historical pricing
and bid informationln addition the type and magnitude of each repair quantity would
correspond to standard DOT estimates and specifications procedures. Each repair
guantity can thebebid, or an estimatiorof cost and effort/time/production rateade

These unit costs amtoduction rates are also random quantities and can be described by
a mean (or median) value and a coefficient of variation or lognormal standard deviation.
The values currently in theterface all have a beta of 0.2 lmould again be set by the

user ifdesired. See more details about PERT criteria for the production rates in Mackie et
al. (2008).

Modifying the default PBEE quantities (repair quantities, unit costs, and production rates)
is detailed in Appendix E.

11.3 Definition/specification of PBEE input motion ensemble (suite)

This section presents the definition and specification of PBEE input motions. The input
motions represent a wide range of intensity measures to perform the ahddysis.
details abut the ground motions and their specificationslwafoundn chapter7.

11.4 Save Model andRun Analysis

After defining the f iSavénodel andrenmealyds Tmodel , c | i
finite element computations will start, for several earthquakes at a time as specified in

Fig. 110 the userccan select as many 8secords to be run at the satirae in order to

reduce the overall run time (for dual core machines or beffigr)L16 shows the analysis

progress for each record.
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11.5 PBEE Analysis

Once the FE analysis of all motions in the ensemble is completeP8IEE Analysis
(Fig. 2) to display:

= PBEE Analysis — O ¥
PBEE Cuantities
Intensity Measure (5R55) PGy "
Unit Price of Repair Cost 156 [5/f]

| Damage States | | Hepairsl | Unit Costs | | Production Rates | | Ernission Factors | | Reset All |

| Display PBEE Cutcomes... | | Sample PBEE Outcomes |

Hazard Curve
Intensity Measure (SR55) PGY s

Hazard Level for

2% Probability of Exceedance 406.4 [cm/sec]

5% Probability of Exceedance 203.2 [cm/sec]

10% Probability of Exceedance 25.4 [cmy/sec]
Interval (in Year) 50 [ear]

Display Hazard Curves...

Disaggregation
Intensity Measure (SR55) PGY s

Intensity Measure Value 25.4 [crm/sec]

| Display Disaggregation... | | Display Tornado Diagrams...

Fig. 145 PBEEanalysis window

11.5.1 PBEE Quantities

In the figure aboveHig. 145, under Damage StateBi{. 146), Lambda is the median
EDPthat define®nsetof the damge stateand is ongarameterof the assumed

lognormal distribution of damage when conditioned in EDP. It has the same units as the
EDP for the selected PGeR is the lognormatandardieviation ands the second
parameter of the assumed lognormal distributicend¢betais dimensionless and has a
typical range between 0 and 1 (although it is not bounded Gyhik) parameter is closely
related to the coefficient of variation (standard deviation normalized by the mean) under
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certain conditions (small beta valuds)addtion, the Repairs, Unit CostBroduction
Rates and Emission Factoese displayedh Fig. 147-Fig. 150 respectively.

ST Damage States - O X
Damage 5tates

EDP D51 Lamd: D5S1Beta DS2Llamd: D52Beta D53 lamd: D53Beta DS54 Lamd: DS4 Beta
PG1-2: Max. Tangent Drift SRSS (%) - Bent 2 0.2406 0.3 1.652 0.33 6.8489 0.25 7.5511 0.35
PG2-2: Residual Tangent Drift SRSS (%) - Bent 2 0.5 0.3 1.25 0.4 2 0.4 7.5511 0.35
PG3: Max. Relative Deck-(Left) Abutment Long. Disp. (m) || 0.0308 0.25 0.1016 0.25 0.1108 0.3 0.1382 0.3
PG4: Max. Relative Deck-(Right) Abutment Long. Disp. (m]) | 0.0308 0.25 0.1016 0.25 0.1108 0.3 0.1382 0.3
PG3: Max. Absolute (Left) Bearing Displacement 0.0765 0.25 0.153 0.25 0 0 0 0
PGE: Max. Absolute (Right) Bearing Displacement 0.0765 0.25 0.153 0.25 0 0 0 0
PGT: Left Approach (Residual) Vertical Displacement 0.0732 0.4 0.1463 0.4 0.3048 0.4 0 0
PG8: Right Approach (Residual) Vertical Displacement 0.0732 0.4 0.1463 0.4 0.3048 0.4 0 0
PG2: Left Abutment Foundation 0.3915 0.4 0.6552 0.4 0 0 0 0
PG10: Right Abutment Foundation 0.3915 0.4 0.6552 0.4 0 0 0 0
PG11-2: Column Foundation - Bent 2 0.5097 0.4 0.8542 0.4 0 0 0 0

Fig. 146. Damage states window

T Repairs = O
Damage States ltem1 Item2 Iltern3 ltermd ltem3 ltem6 ltem7 Item8 lem ltem 10 lem 11 ltem 12 ltem 13 ltem 14 ltem 1
PG1-2D51 (Bent 2) | 0 0 0 0 0 0 0 0 0 0 44,0289 | 27.6823 )0 0 0
PG1-2D52 (Bent 2) | 0 0 0 0 0 0 0 0 0 0 88.0577 [ 69.20580 0 0
PG1-2 D53 (Bent 2) | 12,5719 12.5719)| 5856.299 0 10,2594 0 0 0 4631.519)0 0 0 0 0 0
PG1-2 D54 (Bent 2) | 12,5719 12,5719 5856.299 | 0 10.2594) 0 0 0 4631.519)0 0 0 0 0 0
PG2-2 D51 (Bent 2) | 8.3812 | 83812 ||2928.15 [0 0 0 0 0 231.5759](0 0 0 4429.573) 0 0
PG2-2 D52 (Bent 2) | 8.3812 | 83812 || 2928.15 [0 0 0 0 0 231.5759((0 0 0 4429.573) 0 0
PG2-2 D53 (Bent 2) | 0 0 2928.15 |0 0 0 0 0 0 0 0 0 0 0 0
PG2-2 D54 (Bent 2) | 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
PG3 D51 0 0 0 0 241 0 0 0 0 0 0 0 0 39.042 |0
PG3 D52 8.6817 ||8.6817 |0 0 241 0 0 0 0 0 12,0079 [ 23.4406 0 39.042 |0
PG3 D53 34,7268 34.7268) 0 0 8.6817 |0 43.3333)| 03022 ||| 789.9471 0 0 0 0 39.042 |0
PG3 D54 43.4085 | 43.4085 0 0 8.6817 |0 43.3333 0.64 || 789.9471) 0 0 0 0 39.042 |0
PG4 D51 0 0 0 0 241 0 0 0 0 0 0 0 0 39.042 |0
PG4 D52 8.6817 ||8.6817 |0 0 241 0 0 0 0 0 12,0079 [ 23.4406 0 39.042 |0
PG4 D53 34,7268 34.7268) 0 0 8.6817 |0 43.3333)|0.3022 ||| 789.9471 0 0 0 0 39.042 |0
PG4 D54 43.4085 ) 43.4085 0 0 8.6817 |0 43,3333 0.64 || 789.9471) 0 0 0 0 39.042 |0
PG5 D51 0 0 0 2928.15) 0 0 0 0 0 0 0 0 0 0 3
PG5 D52 0 0 0 2928.15) 0 0 0 0 0 0 0 0 0 0 3
PG3 DS3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
PG5 D54 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
PGE D51 0 0 0 2928.15) 0 0 0 0 0 0 0 0 0 0 3
PGB D52 0 0 0 2928.15( 0 0 0 0 0 0 0 0 0 0 3

Fig. 147. Repair quantities window
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= Unit Costs — O
Unit Costs | Edit | | Reset |

ltemZ  Itern Mame Unit UC mean UC std dev
1 Structure excavation Cubic Yard (CY) | 165 33
2 Structure backfill Cubic Yard (CY) | 220 44
3 Temporary support (superstruc| Squre Foot (5F) | 38 7.6
4 Temporary support (abutment | Squre Foot (5F) || 22 7.6
5 Structural concrete (bridge) Cubic Yard (CY) | 2225 445
B Structural concrete (footing) | Cubic Yard (CY) | 520 104
7 Structural concrete (approach | Cubic Yard (CY) | 1625 325
a Aggregate base (approach slak| Cubic Yard (CY) | 3253 65
g9 Bar reinforcing steel (bridge) | Pound (LE) 1.35 0.27
10 Bar reinforcing steel (footing, r| Pound (LE) 1.2 0.24
1A Epoxy inject cracks Linear Foot (LF) | 215 43
12 Repair minor spalls Squre Foot (5F) | 300 &0
13 Column steel casing Pound (LE) 10 2
14 Joint seal assemnbly Linear Foot (LF) [ 275 55
15 Elastomeric bearings Each (EA) 1500 300
16 Drill and bond dowel Linear Foot (LF) [ 35 11
17 Furnish steel pipe pile Linear Foot (LF) [ 55 1
12 Drive steel pipe pile Each (EA) 2050 410
19 Drive abutment pipe pile Each (EA) Q000 1200
20 Asphalt concrete TOM 265 53
21 Mud jacking Cubic Yard (CY)|[ 380 i)
22 Bridge removal (column) Cubic Yard (CY) | 3405 Aa1
23 Bridae removal (portion] Cubic Yard (CY11 2355 47

Cancel

Fig. 148 Unit Costs window
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= Production Rates — O
Production Rates | Edit | | Reset |
ltem# ltern Mame Unit PR mean PR std dev
1 Structure excavation CWD | 1.2 0.2
2 Structure backfill CWD || 2.2 0.5
3 Temporary support (superstructure) CWD [ 34.2 3.8
4 Temporary support (abutment] CWD | 33.2 3.8
5 Structural concrete (bridge) CWD[ 10 0.7
B Structural concrete (footing) CWD[ 10 0.7
7 Structural concrete (approach slab) CWD )| 2 0.3
a Aggregate base (approach slab) CWD 1.2 0.2
9 Bar reinforcing steel (bridge) CWD (1.8 0.2
10 Bar reinforcing steel (footing, retaining wal CWD | 1.2 0.2
1A Epoxy inject cracks CWD )| 2 0.3
12 Repair minor spalls CWD |2 0.3
13 Column steel casing CWD | 70 [Ai
14 Joint seal assemnbly CWD |2 0.3
15 Elastomeric bearings CWD (1.2 0.2
18 Crill and bond dowel CWD 1.2 0.2
17 Furnish steel pipe pile CWD [ 35 1.7
12 Drive steel pipe pile CWD |2 0.3
19 Drive abutment pipe pile CWD |3 0.3
20 Asphalt concrete CWD |2 0.3
21 Mud jacking CWD (2 0.3
22 Bridge removal (column) CWD[ 16.2 1.8
23 Bridae removal (portion] CWDHI 2 0.3

Cancel

Fig. 149 Production Rates window
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= Emission Factors — g

Emission Factors {EFJ| Edit | | Reset |
ltem# ltern Mame Unit EF mean EF std dev
1 Structure excavation t-CO2/Million$ | 457.1 1371
2 Structure backfill t-CO2/Millions || 457.1 1371
3 Temporary support (superstructe| t-CO2/Million5 || 1000 300
4 Temporary support (abutment] | t-CO2/Million& | 1000 300
5 Structural concrete (bridge) t-CO2/Million% [ 333.33 1000
B Structural concrete (footing) t-CO2/Millions [ 3571.4 1071.4
7 Structural concrete (approach sle| t-CO2/Millions | 32857 || 9857
a Aggregate base (approach slab) [ t-CO2/Million& | 3000 900
9 Bar reinforcing steel (bridge) t-CO2/Million§ [ 4000 1200
10 Bar reinforcing steel (footing, ret| t-CO2/MillionS || 4363.6 || 13081
1A Epoxy inject cracks t-CO2/Million§ [ 2500 750
12 Repair minor spalls t-CO2/Million | 1000 300
13 Column steel casing t-CO2/Millions [ 1000 300
14 Joint seal assemnbly t-CO2/Million§ | 2000 600
15 Elastomeric bearings t-CO2/Million§ [ 2500 750
16 Drill and bond dowel t-CO2/Million5 [ 3300 1050
17 Furnish steel pipe pile t-CO2/Million5 || 2666.7 || 300
18 Drive steel pipe pile t-CO2/Millions | 444.4 133.3
19 Drive abutment pipe pile t-CO2/Million§ | 444.4 133.3
20 Asphalt concrete t-CO2/Million | 1000 300
21 Mud jacking t-CO2/Million§ | 300 150
22 Bridge removal (column) t-CO2/Millions | 300 150
23 Bridae removal (portion] t-CO2/Millions Il 300 150

Fig. 150 Emission Factoraindow

11.5.2 Compute PBEE outcomes

Now, you can select any of the Intensity Measures (e.g., PGV above), and then click
Display PBEE outcomesn Fig. 145to display he probabilistic repair cosCrew

Working time in Days (CWD)and carbon footprirdglong with Standard Deviation,
displayed for each PG (eleven of them) and each repair quantity (29 ostem,
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Table6), as shown below. See Sectitixr 3.1for the detailed output.
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Table6. PBEE Repair Qantities

ltem# Item name
1 Structure excavation
2 Structure backfill
3 Temporary support (superstructure)
4 Temporary support (abutment)
5 Structural concrete (bridge)
6 Structural concrete (footing)
7 Structural concrete (approach slab)
8 Aggregate base (approach slab)
9 Bar reinforcing steel (bridge)
10 Bar reinforcing steel (footing, retaining wall)
11 Epoxy inject cracks
12 Repair minor spalls
13 Column steel casing
14 Joint seal assembly
15 Elastomeric bearings
16 Drill and bond dowel
17 Furnish steel pipe pile
18 Drive steel pipe pile
19 Drive abutment pipe pile
20 Asphalt concrete
21 Mud jacking
22 Bridge removal (column)
23 Bridge removal (portion)
24 Approach slab removal
25 Clean deck for methacrylate
26 Furnish methacrylate
27 Treat bridge deck
28 Barrier ralil
29 Re-center column

11.5.3 Compute Hazard Curves

The user is also able to specify a Seismic Hazard for a particular geographic location of
this bridge system in terms of specified values for any IM (e.gvetefrom USGS

seismicity maps)The interactive hazamkeaggregatiofor a particular geographlocation

can be done using the US@@bsite(https://earthquake.usgs.gov/hazards/interagtiire/

addition the website cabe foundoy Googl i ng 0 deadggegatob3GSv e hazar d
The user interface provides default values for site hazard specific to a location in
Northern California. The hazard values are provided at each of the&528p and 10%
probability of exceedance in 50 years only for PGA and PGV. The user should input
hazad values specific to the sibeing studieds well as the intensity measure selected

for analysis. If an IM other than PGA or PGV is selected, the user interface will leave the
three hazard level input boxes blank for user input as there are no readdple hazard
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maps or conversions from PGA for an arbitrary IM. The default PGA hazard vedues
obtainedfrom USGS hazard maps. These PGA valuere convertetb PGV values
using the firm ground conversion of 48 in./sec/g. It is not meant to imalysthitching
between PGA and PGV (or any other IM) will yield equal hazard.

Once a desired local site seismicity is defined, users canikgay Hazard Curves
(Fig. 145 to display the man annal frequency of exceedance amdurnperiod Please
see Sectiod2.3.2for the detailed output.

11.5.4 Compute Disaggregation

Users ca also clickDisplay Disaggregation(Fig. 145) to display the disaggregation by
performance groups and repair quantities. Please see SEZiB8for the detailed

output. Only the disaggregation of the expected repair cost/time by performance group is
possible due to theLRCAT formulation. However, botexpectedand variance
disaggregation plots are available when disaggregating by repair quantity. The user can
select the intensity measure and value on which to disaggregate. The default value is a
PGV value equal to the 10% probability of exceedance in 50 years specified in th
previous section.
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12 TIME HISTORY AND PBE E OUTPUT

This section presents the time history results after the FE analysis phase that are used to
calculate the EDP values needed for the PBEE outcomes.

12.1 Time History Output Quantities

At the end of the FEnalysis phase, time histories and bridge responses will be available
of the form:

v) Column Response Time Histories and Profiles

vi) Column Response Relationships

vii) Abutment Responses

viii) Deformed Mesh

In addition for PBEE analysis scenarios, Intensity Measures)&hd response spectra
for each input motion are calculated and are available for display in Table and Figure
formats. Performance Group (PG) Quantities and Bridge peak accelerations for all
employed shaking motions are also available for display agaigstf the computed

IMs.

The posiprocessing capabilities can be accessed from Nbesplay (Fig. 4). Fig. 151

shows the postprocessing capabilities available in a base shaking analysis, respectively.
More details about the time history outputs barfoundin chapter8.
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ﬁ MSBridge - C\Users\Owner\Desktop\Bridge_Two_Span PBEE\PBD_Casel_Rigid_twospans_Simplified.msh - m} X

File Execute | Display | Report Help
|_] = (i DP Quantities for All Motions
- Bridge Peak Accelerations and Displacements for All Motions
Uﬁml SYSlE_IT Maximum Column and Abutment Forces for All Motions
(@ Sl Units|
Bridge Response Distribution
® Step 1: Di . . g
Detailed Output: Select Input Motion - Current: A-ELC
Madel Buil
| Deformed Mesh - Motion: A-ELC
Spans § o @
Deck Response Time Histories - Motion: A-ELC “N
Column!
Column Response Profiles - Motion: A-ELC \-.)‘
By Column Response Time Histories - Maotion: A-ELC
Quick Chee Column Response Relationships - Motion: A-ELC *
View Nat Pile Response Profiles - Motion: A-ELC o
Longitudil| Pile Response Time Histories - Motion: A-ELC
Pile Response Relationships - Motion: A-ELC 3D
@ Step 2: Sl Abutment Response Time Histeries - Motion: A-ELC xY
Analysis Ty
ﬁna R L Soil Spring Response Time Histories - Motion: A-ELC
() Pushow! n
Foundation Matrix Response Time Histories - Maotion: A-ELC
(@] g
@ [kazt Deck Hinge Response Time Histories - Motion: A-ELC Yz
® Ground lation Bearing Response Time Histories - Motion: A-ELC ’b
Maodify Damping... A
) Imposed Displacement Modify... @j
Equivalent Static Analysis (ESA) C
[ longitudinslesa | [ TransverseEsa |
"
@ Step 3t Run Analysis
| Save Model and Run Analysis | | PBEE Analysis |

Version 0.9.18

Ready

Fig. 151 Postprocessing capabilities (menu options) available in a base shaking analysis
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12.2 PBEE Output Quantities

At the end of the finite element analysis phase, the following output performance group
guantities (for each earthquake recar usedn the next phase of PBEE analysis:

Table7. PBEE Performance Groups

Performance Group

(PG) # Performance group names

Maximum column drift ratio

Residual column drift ratio

Maximum relative declend/abutment displacement (left
Maximum relative declend/abutment displacement (rigt
Maximum bridgeabutment bearing displacement (left)
Maximum bridgeabutment bearing displacement (right)
Approach residual vertical displacement (left)
Approach residual vertical displacement (right)
Abutment residual pile cap displacement (left)
Abutment residual pile top displacement (right)
Column residual pile displacement at ground surface

e
RPRBovo~v~ouosrwNeR

To account for the muklspan extension for the framewothke following notatio{Eq. 4)
is usedor PG1, PG2, and PG11

0 "0QQ (4)

wherei refers to the PG # as definedTiable7, and j refers to column #.

In addition Intensity Measures for the computed Free Field ground surface acceleration
recordsare computedso that outcomes can be either shown against the input base
shaking IMs or the computed ground surface IMs (noted asHiegkin the user

interface). The sections below detail how the response quaatiéestainedor each

PG.

PG1: Maximum tangential drift ratio SRSS (column)
PG2: Residual tangential drift ratio SRSS (column)

The tangential drift ratics definedas the maximum of)aisplacement above the
inflection point divided by théength of this distance, and displacement below the
inflection point divided by the length of this distandeéhis takes care of rotation at the
base, different boundary conditions, gsn that the results are consistent when
computing damagé.he Square Root oSumof SquaregSRSS) values of thsvo
horizontal componentreused. The tangential drift ratios are combined separately at
each time step (to obtain SRSS).
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PG1 Max tangential drift ratio SRSS) is the maximum of the SRSS values of all time
steps. PG2 (Residutngential drift ratio SRSS) is the SRSS value at the last time step.
The tangential drift ratio is in percentage.

To calculate the tangential drift ratio, tfedlowing 2 lines were added into the tcl file:

recorder Element -fle A -ELCJdft -time - ele $columnEle tangentDrift
recorder Element -fle A -ELC.ifp -time - ele $columnEle inflectionPoint

wheres$columnEle is the element # of the column (Only one forxeded beantolumn
elementonlinearBeamColumn  is usedor the column). In theift file, there will be
five columns of data for each time stepdthe first column is time. In thép file, there
will be threecolumns for each time steandthe first coumn is also time.

Subsequently, the tangential drift ratio is calculated usingatie snippeshown inFig.

152 For the tangential drift ratio ithhe longitudinal direction (>direction orbridge
longitudinaldirection), thedx1 andtdx2 variables are the second and third column (the
first column is time), respectively, of the tangential drift recorder file (&.gLC.dft ).
Thetdxi variable is e second column (the first column is time) of the inflection point
recorder file (e.gA-ELC.ifp ).

For the transverse tangential drift ratio, tihe andtdx2 variables are the fourth and
fifth column of thedft file and thedxi variable is the third column of thigp. file.

[/ tdx1 & tdx2 -- the tangent drift recorder file at time step i
/1 tdxi -- the inflection point recorder at time step i
/1 tdx 1 tangential drift ratio

if( fabs(tdxi) < 1e -20){
tdx = -tdx2/(H - tdxi);

}
else if ( fabs(H - tdxi) < 1e -20){
tdx = - tdx1 / tdxi;

else {
tdx = __max(fabs(tdx1/tdxi), fabs(tdx2/(H - tdxi)));
/ltdx = - tdx*sgn(tdx2/(H - tdxi));
if( fabs(tdx2/(H - tdxi)) < le -20)
tdx = 0;
else if( (tdx2/(H - tdxi)) > 0)
tdx = - tdx;

return tdx;

Fig. 152 Code snippet to calculate the tangential driforat column

PG3: Maximum longitudinal relative deck-end/abutment displacement (left)
PG4: Maximum longitudinal relative deck-end/abutment displacement (right)
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These two PGs are intended to address the isalmuthent impadnto thebackwall so
they aredefined a®nly the motion of the deck intbe abutmentMiaximum absolute
values in the longitudinal directicare used

For example,dr theright abutmentit is the relativdongitudinaldisplacement of node B
(deckend node)n the direction of node (abutment top node)A zero valuds usedor
the times during which the de@nd node moves away from the abutment top node.

PG5: Maximum absolute bearirg displacement (left abutment)
PG6: Maximum absolute bearing displacement (right abutment)

These two PGs are intended to address bearing damage whether or not an explicit
representation of the bearingancludedin the usesselected abutment model. Th&are,
the EDP for the P& basedn the relative displacements of the deckinode tothe
abutment top node. The SRSS values of the resulting two relative horizontal
displacementareused andbothmotiors into thebackwalland away from theackwall
are considered

PG7: Residual vertical displacement (left abutment)
PG8: Residual vertical displacement (right abutment)

This PG is used tgaugeimmediate repairs faideability andis not a measure of the
permanent slumping of the embankment (for example). Therefore, thesEEBleulated
as the vertical displacement of the abutment top neldéve to the deckend nodeThe
residual values usedvalue at the final time step).

PG9: Residual pile cap displacement SRSS (left abutment)
PG10: Residual pile cap displacement SRSS (right abutment)

These PGs address possible damage below grade due to lateral translation of the piles and
pile caps. While not a direct measure, pile capldcement was selected as it would not
require knowledge or observations of piles below grade. TheiEBé&finedoy

calculating the SRSS value of tBéorizontal displacements of the abutment pile cap

node. The residud obtainedrom the value at #nfinal time step.

PG11: Residual pile cap displacement SRSS (column)

This quantity is analogous to the two previ®(s butis representative of response and
damage at the abutment foundations. The EDP is obtained by calculating the SRSS value
of the2 horizontal displacements of the column pile cap node and taking the value at the
final time step.

The PG (Performance Group) quantities for all input motions can be accessed by clicking

menuDisplay (Fig. 4) and therPG Quantities for All Motion (Fig. 153). The window
to display PG quantitids shownin Fig. 154.
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The PG quantitieare displaye@gainst any of the 22 intensity measures (including 11
for the input acceleration and the other 11 for the-fiedd response). The PG quantities
for each input motioare displayedby bin of the motion. When an IN& pairedwith an
EDPandall the indivdual realizationsre plottedthe resulis typically termeda demand
model, or probabilistic seismic demand model (PSDM). Previous research has
demonstrated that the central values of PSDMs are often well described using-a power
law relationship betweeBDP and IM. The parameters of such a pelaer fit can be
obtained using least squares analysis on the data. Therefore, when plotteldgn log
space, the bedit, or meantherelationships linear.

The mean (in lodog space)s shownalong with thestandard deviation (also in ldgg

space) of the powdaw fit. If it is assumethat the EDP responses are lognormally
distributed when conditioned on IM, then these curves can be interpreted as being defined
by the two parameters of a lognormal disitibn (the median cape relatedo the mean

of the logarithm of the dat@ndthe lognormal standard deviatimas showh

ﬁ MSBridge - C\Users\Owner\Desktop'\Bridge_Two_Span PBEE\PBD_Casel_Rigid_twospans_Simplified.msh - O X
File Execute | Display | Report Help
i EDP Quantities for All Motions l
| Bridge Peak Accelerations and Displacernents for All Motions
U_mt I Maximum Column and Abutment Forces for All Motions
@ Sl Units| ‘
Bridge Response Distribution pES
@ Step 1: Dy wl
Detailed Output: Select Input Metion - Current: A-ELC @
Model Builg ., b
% Deformed Mesh - Maotion: A-ELC
Spans +)
Deck Response Time Histories - Maotion: A-ELC =
Column 3
Column Response Profiles - Maotion: A-ELC \—;
@ Column Response Time Histeries - Motion: A-ELC
Quick Chec, Column Response Relationships - Motion: A-ELC ‘.}'
View Naty Pile Response Profiles - Motion: A-ELC o
Longitudil Pile Response Time Histories - Motion: A-ELC
Pile Response Relationships - Motion: A-ELC 3D
2,
@ Step2:5e Abutrment Response Time Histories - Maotion: A-ELC xY
Analysis Ty
n.a yEs A Soil Spring Response Time Histories - Motion: A-ELC
! Pushov n
Foundation Matrix Response Time Histories - Maotion: A-ELC
q
Rloos Deck Hinge Response Time Histories - Motion: A-ELC Yz
® Ground Isolation Bearing Response Time Histories - Maotion: A-ELC (=]
Modify Damping... .
: : )
() Imposed Displacement Modify... =
)
Equivalent Static Analysis (ESA)
| Longitudinal ESA | | Transverse ESA | \
i»
@ Step 3: Run Analysis
| Save Model and Run Analysis | | PBEE Analysis |
Ready Version 0.9.18

Fig. 153 Menu items to access the PG quantities for all motions
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N

Response Type
(®) Max. Drift Ratio SRSS (Col.)

() Max. Residual Drift Ratic SRS5 (Col.)

() Max. Longitudinal Relative
Deck-end/Abut Disp. (Left)

() Max. Longitudinal Relative
Deck-end/Abut Disp. (Right)

() Max. Abs, Bearing Disp. (Left Abut.)
() Max. Abs, Bearing Disp. (Right Abut.)
() Residual Approach Disp. (Left Abut.)

() Residual Approach Disp. (Right Abut.)

() Residual Abut Foundation Disp. (Left Abut.)
() Residual Abut Foundation Disp. (Right Abut.)
() Residual Pilecap Disp. (Col.)

Column

All Columns

Intensity Measure

PGV

Fig. 154. PG quantities for all motions
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12.3 PBEE Outcomes

This sectiordisplays the probabilistic repair cost, Crew Working time in Days (CWD),
and carbon footprint along with Standard Deviation, displayed for each PG (eleven of
them) anckach repair quantity.

12.3.1 Repair Cost, Repair Time, and Carbon Footprint

The final PBEE results wilbe displayedgainst any intensity measure (e.g., PGV) in

terms of:
1 Contribution to expected repair cost ($) from each performance grayd 55
1 Total repair cost ratio (%){g. 156)
1 Contribution toexpected repair cost ($) from each repair quarfity. (L57)
1 Contribution to repair cost standard deviation ($) from each repair qudfigty (
158
1 Total repair time (CWD) where CWD stands for Crew Working Drag.(159)
1 Contribution to expected repair time (CWD) from each repair quaiiigy 160)
1 Contibution toexpectedccarbon footprint (Mg C@equivalent) from each
performance grougg. 161)
1 Contribution to expected carbon footprint (Mg £%guivalent) from edcrepair
quantity Fig. 162
i PBEE Qutput - O X
PBEE Outcomes Contribution to Expected Repair Cost (8) from Each Performance Group
(@) Repair Cos i
RezairTimte Plot | Legend Description
() Carbon Footprint : - P51
B - P52
Output 150000 | _Egj
(@ Contribution from | = PG5
Each Performance Group — PGE
() Total —_ == PG7
) i — PGS
() Contribution from = bea
Each Repair Quantity 8 100000 = PG10
) Contribution to std. dev. = i PG
from Each Repair Quantity &
E -
Option 50000
[] Columns Only |
0 i I L /
50 100 150

PGV (cmfsec)

Fig. 155 Contribution to expected repair cost ($) from each performance group

155



= PBEE Output - O X
PBEE Outcomes Total Repair Cost Ratio (%)
®) Repair Cost
- . Plot | Legend Description
() Repair Time
() Carbon Footprint i — mean
| = -1(sigma)
o | +1(sigma)
utput a0l
) Contribution from -
Each Performance Group . B
@) Total £ |
- L 2 3o
() Contribution from =] |
Each Repair Quantity E -
m |
() Contribution to std. dev. 5 -
from Each Repair Quantity = 20
B |
o |
Option us -
Columns Only ok
) , ,
50 100 150
PGV (cmisec)
Fig. 156. Total repair cost ratio (%) as a functionmknsity
= PBEE Qutput - O X
PBEE Outcomes Contribution to Expected Repair Cost (5) from Each Repair Quantity
(® Repair Cost
~ L Plot | Legend Description
(_) Repair Time
() Carbon Footprint | —ltem ] —ltem 21
200000 - = ltern 2 = ltem 22
3 [termn 3 Item 23
Output
u P —_— B = ltern 4 == ltern 24
) Contribution from B — ltemn 5 = [tem 25
Each Performance Group - — lter § == ltem 26
) Total . 1500001 = ltem 7 == Item 27
D 3 = ltemn 8 = ltem 28
Contribution from = i ltem 9 Itern 29
i Each Repair Quantity C.DJ i = [tem 10
") Contribution to std. dev. ‘= 100000k == ltem 11
from Each Repair Quantity 2 s Item 12
& _ ftem 13
- lterm 14
Opticn | ltern 13
Columns Only 50000 = ltern 16
= ltem 17
| [tem 18
- = ltern 19
L = = [tem 20
0
100 150
PGV (cm/sec)

Fig. 157. Contribution to expected repair cost ($) from each repair quantity
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= PBEE Output
PBEE Outcomes
®) Repair Cost
) Repair Time

) Carbon Footprint

Output

) Contribution from
Each Performance Group

() Total

) Contribution from
Each Repair Quantity

& Contnbution to std. dev. !
i from Each Repair Quantity

Option
Columns Only

- O X
Contribution to Repair Cost Standard Deviation (5] from Each Repair Quantity
Plot | Legend Description
i = ltern 1 === ltemn 21
B = ltem 2 == Item 22
- [tem 3 Itern 23
150000 — ltem 4 = |tem 24
| == ltem 5 == Item 25
) | = ltern & == ltemn 26
< | = ltern 7 == ltem 27
% — lten § == ltem 28
- i [tem 9 Item 29
+% 100000 = ltem 10
= B m— [tem 11
S - ltem 12
= | Item 13
8 | ltem 14
9 ltem 15
s -
S0000r — item 16
ltern 17
) ltern 18
i = ltern 19
- = ltem 20
0 i
50 100 150
PGV (cm/sec)

Fig. 158 Contribution to repair cost stdard deviation ($) from each repair quantity

= PBEE Qutput
PBEE Outcomes
(_) Repair Cost
(®) Repair Time

() Carbon Footprint

Output

Contribution from
Each Performance Group

e Total

) Contribution from
Each Repair Quantity

) Contribution to std. dev.
from Each Repair Quantity

Option
Columns Only

— O X
Total Repair Time (CWD or Crew Working Day)
Plot | Legend Description
5 = mean
| = -1(sigma)
150f +1(sigma)
= B
= B
2
o 100f
E -
= -
=
g_ |
] |
o
501
- |
[ |
o e w— ] . .
50 100 150
PGV (cmisec)

Fig. 159 Total repair time (CWD: Crew Working Day) as a functiomnbénsitymeasure
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= PBEE Output - O X
PEEE Outcomes Contribution to Expected Repair Time (CWD) from Each Repair Quantity
) Repair Cost
- o Plot | Legend Description
(® Repair Time
() Carbon Footprint —tem ] = ltem 21
[ = ltem 2 = |tem 22
Output 50 [tem 3 Item 23
L — ltem4 = Item 24
Contribution from B — tem 5 — ltem 25
Each Performance Group | — ltern § = ltern 26
) Total g | = ltem 7 == Item 27
=S — ltem & == ltem 28
. Contribution from =) a0l ltem @ ltern 20
i Each Repair Quantity g — |term 10
() Contribution to std. dev. E = ::em ::12
from Each Repair Quantity g [ |t:$ 13
2 T ltem 14
Option ] ltem 15
Columns Only | = ltem 16
[tem 17
- [tem 18
i = |term 19
) , ! [ = ltern 20
50 100 150
PGV {cm/sec)
Fig. 160. Contribution to expected repair time (CWD) from eegbair quantity
& PBEE Output - O e

PBEE Outcomes
(_) Repair Cost
() Repair Time

(® Carbon Footprint

Output

i Contnbution from i
{ Each Performance Group |

() Total

) Contribution from
Each Repair Quantity

) Contribution to std. dev.
from Each Repair Quantity

Option
[] Columns Only

Contribution to Expected Carbon Footprint (Mg CO2 equiv.) from Each Performance Group

Plot | Legend Description

150000

100000 -

50000 -

Carbon Footprint (Mg CO2 equiv.)

=Pl
= P52

PG3
= PG4
== P55
= P56
= PG7
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= PGI0
== PG11

50 100
PGV (cm/isec)
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Fig. 161 Contribution to expectechrbon footprint (Mg C@equivalent)from each
performance group
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= PBEE Output

PBEE Qutcomes

Contribution to Expected Repair Carbon Footprint (Mg CO2 equiv.) from Each Repair Cuantity

- O

() Repair Cost
i L Plot | Legend Description
) Repair Time
(®) Carbon Footprint : — e ] —tem 21
- = ltem 2 = ltem 22
400 [tem 3 Item 23
Output —_
S - - — ltem 4 = |tem 24
() Contribution from ‘5 - — ltem 5 = ltern 25
Each Performance Group g B -t f = |term 26
- o i = ltemn 7 = |tem 27
) Total -
- 8 300f —ltem 8 == ltem 28
) Contribution from o | [tem 9 Item 29
i Each Repair Quantity = | = |tem 10
() Contribution to std. dev. & __ ::em ::12
from Each Repair Quantity %‘ 200 | ltem 13
2 erm
s - [tem 14
Optien g [ lterm 15
Columns Only = [ = |tem 16
& 1or ltem 17
| ltern 18
| q | = ltem 19
| .:’ = |tem 20
0 i | S = |
50 100 150
PGV (cm/sec)

Fig. 162 Contribution to expectechrbon footprint (Mg C@equivalent)from each

repair quantity

12.3.2 Hazard Curves

Based on the local siteismichazard specified, losses are estimated and displayed
graphically as:

)l
1
1

T
T

The defined local site hazard curve as a mean annual frequ@rafyekceedance
(ground motion) Fig. 163

Return period against total repair cost rak(164)

Mean annual frequency (MAF) of exceedance (loss) against total repair cost ratio
RCR (ig. 165

Return period against total repair time HFig 166)

Mean annual frequency (MAF) of exceedance (loss) against total repaiFigne (
167)

The mediarground motiorhazard curve is assumed to have a pdasrform with two
unknown parametel&, k in Eq.5) in the range of the ground motion intensities

bracketed by the 2%and10%-probability of exceedance IM valu@s). The twe

parameter fit (linear in log space) to the nonlinear (in log space) hazard curve tends to
overpredict frequencies of exceedance for IM extremes both above and below the range
of intensities considered@herefore, care shoulte takerwhen extrapolating any

resultant hazard curves to extremely low (or high) frequencies of exceeBgnseng a
leastsquares fit in log spacéhe unknown parameters can be determined numerically

159



from the three values inpby the user (2% 5%, and 10%probability of exceedance in
50 years). On the site hazard curves plotted in the interface, both the data points and the
fitted curveare showr(Fig. 163).

n Gk )rkn (5)

The powetlaw fit to the hazard data is used to compute the loss hazards. The loss model
(probability of exceeding RCR or RT conditioned on intensity levels) is integrated with
the absolute value of the derivative of this IM hazard to obtain the lossllazae

(MAF of exceeding either RCR or RT)etails of the numerical integration are presented

in Mackie et al. (2008) and other sources.

The loss hazard curves (both for repair cost and repair time) are further integrated over
intensity to yield meanraual loss. For example, kig. 165 the mean annual repair cost
ratio expected for the bridge at the given site is 0.05% of the replacement cost.

=i Hazard — O >
Item Mean Annual Frequency of Exceedance
PBEE Outcomes
() Repair Cost 0.006 ——
() Repair Time = Data
() Carbon Footprint 0.004
Input Mation 0.003

®) Ground Motion

0.002
Hazard Curves
) Return Period

(® Mean Annual Frequency
of Exceedance

Mean Annual Frequency

0.007

0.0006

PR TR ST S NN S S S T S S
100 200 300 400

PGV (cm/sec)

Fig. 163 Mean annual frequency of exceedance (giauntion)
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ﬁ Hazard

[tern
PBEE Outcomes
(® Repair Cost
() Repair Time

() Carbon Footprint

Input Maticn

() Ground Motion

Hazard Curves

Return Period (Year)

1e+09

1e+03

1e+07

(@) Return Penod

() Mean Annual Frequency

of Exceedance

1e+06

Return Period (Year)

100000

10000

Total Repair Cost Ratio (%)

Fig. 164 Return period against total repair cost ratio
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Hazard — O *
R

Item Plot (Mean Annual Total Repair Cost Ratio = 0.0151626 %)
PEEE Qutcomes 5001
(#® Repair Cost ’ E
() Repair Time [
() Carbon Footprint 0.0001 g_
Input Maticn > 1e05 :_
() Ground Motion 5 3
=] [
g le-0B
Hazard Curves L F
() Return Period g [
(®) Mean Annual Frequency| £z e 3
of Exceedance i = -
m -
= qensk
1e-09F
I
20
Total Repair Cost Ratio (%)

Fig. 165 Mean annual frequency of exceedance (loss) against total repair cost ratio
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ﬁ Hazard

Itern
PBEE Qutcomes
() Repair Cost
(#® Repair Time

() Carbon Footprint

Input Maticn

() Ground Motion

Hazard Curves

Return Period (Year)

30000

10000

#: Return Period

() Mean Annual Frequency

of Exceedance

3000

Return Period (Year)

1000

50 100
Total Repair Time (CWD)

Fig. 166 Return periocgainst total repair time
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Hazard — O *
R

Item Plot (Mean Annual Total Repair Time = 0.0674225 CWD)

PBEE Qutcomes
() Repair Cost

0.003

(#® Repair Time

() Carbon Footprint
0.001

Input Maticn

() Ground Motion

0.0003
Hazard Curves
) Return Period

(@ Mean Annual Frequency|

of Exceedance 0.0001

Mean Annual Frequency

3e-05

IS S T S A S S S S
50 100 150

Total Repair Time {(CWD)

Fig. 167. Mean annual frequency of exceedance (loss) against total repair time

12.3.3 Disaggregation

Figs.168170display the disaggregatidfrig. 145 of expected cost by performance

group, the disaggregation of eqied cost by repair quantities, and the disaggregation of
expected time by repair quantities, respectivelyhéfigures below, the disaggregation

is performed at an intensity of 100 cm/s (PGV) for all three figures (a user IM and value
as shown irFig. 145). This IM and its valuare shownn the plot titles.

164



ﬁ Disaggregation
PEEE Outcomes
(#® Repair Cost
() Repair Time
() Carbon Footprint

Disaggregation
(#® By Performance Group

() By Repair Quantity

- O

Disaggregation of Expected Repair Cost by Performance Group

X

18%
15 %
— 6 %
— 0%
30 % —
—30%

Fig. 168 Disaggregation of expected cost by performance group

Fig. 169 Disaggregation of expected repair cost by repair quantities
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