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IMPLEMENTATION

This report provides detailed information on state-of-the-art instrumentation systems for
use in the field study of segmental concrete bridges. The recommendations have already been
used successfully in the instrumentation of four spans of the San Antonio "Y" Project. The
recommendations are readily applicable to the study of similar segmental bridges erected using
span-by-span techniques. The information can also be adapted to the field study of other types
of segmental and conventional bridge structures. The results of the study should assist bridge
engineers and research agencies to efficiently plan instrumentation programs for future bridge
projects. Resulting savings from dependable observation programs should be possible through
improvement of design and construction standards.
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Department of Transportation, Federal Highway Administration.
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facts and accuracy of the data presented herein. The contents do not necessarily reflect the
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Transportation. This report does not constitute a standard, specification or regulation.

There was no invention or discovery conceived or first actually reduced to practice in the
course of or under this contract, including any art, method, process, machine, manufacture, design
or composition of matter, or any new and useful improvement thereof, or any variety of plant
which is or may be patentable under the patent laws of the United States of America or any
foreign country.

NOT INTENDED FOR CONSTRUCTION,
BIDDING OR PERMIT PURPOSES

John E. Breen, P.E. (Texas No. 18479)
Michael E. Kreger, P.E. (Texas No. 65541)
Research Supervisors

The United States Government and the State of Texas do not endorse products or
manufacturers. Trade or manufacturers' names appear herein solely because they are considered
essential to the object of this report.



APPROXIMATE CONVERSIONS TO METRIC MEASURES APPROXIMATE CONVERSIONS FROM METRIC MEASURES
Symbol { When you know.. multiply by To find... Symbol Symbol When you know.. I multiply by To find... Symbol
LENGTH _LENGTH
in. inches ] 25 ] centimeters cm mm millimeters 0.04 inches in.
ft. feet 30 centimeters cm cm centimeters 0.4 inches in.
yd yards 0.9 meters m m meters 3.3 feet ft.
mi miles 1.6 kilometers km m meters 1.1 yards yd.
AREA km kilometers 0.6 miles mi.
in? square inches 6.5 square centimeters | cm? AREA
fit square feet 0.09 square meters m? cm? square centimeters 0.16 square inches in?
yd? square yards 0.8 square meters m? m? square meters 1.2 square yards yd?
mi square miles 2.6 square kilometers km? km? square kilometers 0.4 square miles mi?
acres 0.4 hectares ha ha heetares (10,000 m? 2.5 acres
MASS (weight) MASS (weight)
oz, ounces 28 grams g g grams 0.035 ounces oz.
1b. pounds 0.45 kilograms kg kg kilograms 2.2 pounds Ib.
short tons (2000 1bs.) 0.9 tonnes t t tonnes (1000 kg) 1.1 short tons
VOLUME VOLUME
tsp teaspoons 6 milliliters ml ml milliliters 0.03 fluid ounces fl. oz.
thsp. tablespoons 15 milliliters mi 1 liters 2.1 pints pt.
fl. oz. fluid ounces 30 milliliters mi i liters 1.06 quarts qt.
c cups 0.24 liters 1 1 liters 0.26 gallons gal.
pt pints 0.47 liters 1 m’ cubic meters 35 cubic feet fi?
qt quarts 0.95 liters 1 m? cubic meters 1.3 cubic yards yd?
gal. gallons 3.8 liters 1 TEMPERATURE (exact)
ft.3 cubic feet 0.03 cubic meters m? t oc Celsius temperature 9/5 (then Fahrenheit oF
yd? cubic yards 0.76 cubic meters m? add 32) temperature
TEMPERATURE (exact
| p ] ey | coss g |
in 1 2 3 4 5 6 7 8 9
‘Hl(lllll|llll|Hll‘lllr]llll‘lllqllﬂ[ﬂllll\IllHI\‘Hllirllrlllﬂ‘ﬂl\1||T\|\HWHH|le]iﬂWrﬂITll_ﬂl_]_Hl_]
cm 1 2 3 4 5 8 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23



CHAPTER 1

1.1
1.2

13

14

L5
1.6

TABLE OF CONTENTS

Page
INTRODUCTION . ... .. e 1
Introduction . ..... ... . .. .. .. .. ... 1
Development of Segmental Concrete Bridges . ................. 1
1.2.1 Segmental Construction. ............................. 2
1.2.2 Box Shaped Cross-sections. .......................... 2
123 Prestressing. ... ..o it et e 2
1.2.4 Post-tensioned Segmental Box Girder Bridges. ............ 3
Past Problems in Segmental Bridges .. ....................... 3
1.3.1CorrosionProblems. ............... ... ... .. .. ...... 3
13.1.1 AfonRiverBridge. ........................ 3

1.3.1.2 Early Externally Post-Tensioned
Bridges. .............. ... . 3
1.3.2 CreepProblems. ............ ... ... ... . ... . . ... ... 4
1.3.2.1 Early Segmental Bridges. ................... 4
1.3.2.2 FloridaKeyBridges. ...................... 4
1323 WandoRiver. . ........................... 4
1.3.3 Anchor Zone and Deviator Problems. . .................. 5
1.3.3.1 Washington D.C. Metro Bridges. . ............ 5
1.3.4 Construction Loading Problems. ... .................... 5
1.3.4.1 San Antonio "Y" PhaseIA. ................. 5

1342 San Antonio "Y" Phases IIB and
MA&B. . ... . 5
13.43 ZiwaukeeBridge. ........................ 5
1.3.5 ThermalDistress. ............. ... ... ... ien... 5
1.3.6 Construction and Contractual Problems. ................. 5
1.3.7 Summary of Problems. ... .... ... ... .. ... ......... 6
Previous Laboratory and Field Studies ....................... 6
141 FieldStudies. ............ ... ... ... ... ... . ... ... 7
1.42 Laboratory Studies. ................................ 7
Current Guidelines ............. ... ... ... ... .. ... 0..... 7
Problem Areas in the AASHTO Guide Specification . ............ 7
1.6.1 Prestress Losses in External Tendons. .. ................. 7
1.6.2 Shear Lag and Effective Flange Width. .. ............... 11
1.6.3 Diffusion of Post-tensioning Forces. ................... 11
1.6.4 Thermal Gradients. ................................ 11
1.6.5 Joint Behavior. .......... .. ... .. .. ... ... ... ...... 12
1.6.6 Anchor ZoneBehavior. ............................. 12
1.6.7 Deviator Behavior. ................................ 13



1.7 Problems of Special Interest to Texas DOT .................. 14
1.7.1 Creep Model for Long Term Moment
Redistribution. ........... ... ..... ... ... ...... 14
1.7.2 Behavior of a Semi-Continuous Unit. .................. 14
1.7.3 Behaviorof Dual Boxes. ............................ 15
1.7.4 Thermal Gradients Caused by Match Casting. ............ 15
1.8 Project Objectives .. .............. ... 0. .. 16
1.9 SCOPE . . 16
110 Organization .. ..............uuiririinn e 17
1,11 Summary .. ... e 17
CHAPTER 2 SAN ANTONIO "Y"PROJECTOVERVIEW . ... ............ 19
2.1 Introduction . ........... ... .. .. . ... 19
22 Project Description . . ... ....... .. ... i 19
221 Layout. .. ... 19
222 ProjectPhasing. ........... .. ... .. ... ... 19
23 Structural System .. ......... ... .. ... . ... 21
23.1 BoxShapes. .......... .. .. ... ... 21
232 TendonLayouts. .. ................ ... c.iiiuiien... 23
24 Construction Procedures . ............. ... ... ... ....... 23
2.4.1 Precasting Operations. ............................. 24
2.4.1.1 ShortLineMatch Casting. ................. 24
2412 Scheduling. ............................ 26
2.4.2 ErectionOperations. . ...................cuuenon... 26
25 Summary .. ... 29
CHAPTER 3 INSTRUMENTATION LAYOUT AND INSTALLATION ......... 31
3.1 Introduction . ........... .. ... .. ... 31
3.1.1 Instrumentation Systems. ........................... 31
3.1.2 Instrumented Spans. . ..................... . ... ..... 31
3.1.2.1 Contractor's Schedule. ................... 32
3122 BoxShape. .......... ... ... ... ....... 32
3.1.23 LocationinSpan. ....................... 32
3.1.2.4 Transverse Post-tensioning to Adjacent
Boxes. ....... ... . 32
3.1.2.5 LengthofSpan. ........................ 32
3126 Accessibility. .......... ... ... ... ..., 32
3.2 TendonForces ......... ... .. ... .. .. . i, 35
3.2.1 EpoxySleeve System. .. ............................ 36
3.2.2 Electrical Resistance Strain Gages. .................... 37
3.2.3 Tendon Force Instrumentation Layouts. ................ 37
3.3 Reinforcing Steel Strains .. ........... .. ... ... ... ..., 40
33.1 System. ........ ... 40



332 Layouts. ... ... 40

34 Concrete Strains .. ............... ..o, 43
34.1S8ystem. .. ... 43
342 Layouts. . ... e 44
3.5 SpanDeflections . .. ........... .. ... ... ... . 46
351 System. ... ... 46
352 Layouts. . ... ... 46
3.6 Concrete Temperatures . . .. ............irrinneunane.n.. 48
3.6.1 System. . ... ... 48
362 Layouts. .. ... ... 48
3.7 Joint Openings . .......... ... ittt 51
3.7.1 System. ... ... 51
372 Layouts. . ... ... 51
3.8 Summary . ... 54
CHAPTER 4 LOSSES IN EXTERNAL POST-TENSIONING
TENDONS . . ... 55
4.1 Introduction ......... ... .. ... . ... ... 55
42 Background Information . .. ............ ... ... ... ... ..... 55
4.2.1 Losses Through Stressing Hardware. .................. 56
422 FrictionLosses. ............ ... ... ... 57
423 SeatingLosses. .............. ... 60
4.2.4 Elastic Shortening Losses. .......................... 62
4.2.5 Creep and Shrinkage Losses. ........................ 62
42,6 RelaXation. . ...........couuiniiaaaaananan... 62
427 Effect of Moment Redistribution on Prestress
Losses. ... ... 62
43 Literature Review . . ........ ... .. ... ... ... .. ... ... ... 64
4.3.1 AASHTO Guide Specification. ....................... 64
432 ACI318-89. ... .. 64
433 PTIManual. ....... ... ... .. ... ... .. ... .......... 65
4.3.4 Zia, Preston, Scott and Workman. .................... 65
43.5 Tadros, Ghaliand Dilger. ........................... 66
4.3.6 PCI Committee on Prestress Losses. . .................. 67
437 ACICommittee 435. .. ......... ... 0., 68
438 Ketchum. ......... ... ... ... ... .. .. ... 69
44 Measurement Program ... ............. ... . ... ... ... ..... 69
4.4.1 Losses During Stressing Operations. . .................. 69
4.4.1.1 Losses Through Stressing Hardware. ....... .. 76
4412 FrictionLosses. ......................... 77
4413 SeatingLosses. ......................... 83
4.4.1.4 Elastic Shortening Losses. ................. 86
442ChangeswithTime. . ............................... 91



CHAPTER 5

4.5 Recommendations . .............. ..., 109

4.6

5.1

52

53

54

4.5.1 Losses Through Stressing Hardware. .................. 109
452 FrictionLosses. .............. ... ... 110
4.5.3 Elastic Shortening Losses. .......................... 111
4.5.4 Time Dependent Losses. ............................ 111
Summary . ...... . ... 112
LONGITUDINAL STRESS DISTRIBUTIONS ACROSS
FLANGES . ... 113
Introduction . ........ ... ... .. ... ... 113
5.1.1 Background Information. ........................... 113
5.1.1.1 ShearLag. ............................ 113
5.1.1.2 Transverse Diffusion of Post-Tensioning
Forces. ........ .. ... . .. . ... ... ..., 113
5.1.2 Current AASHTO Approach. ........................ 114
Literature Review . .. .......... .. .. ... .. i, 118
521 OntarioBridgeCode. ........................... 118
522 Songand Scordelis. .................. ... ...... 119
523 The PTI Precast Segmental Box Girder Bridge
Manual. ....... ... ... .. ... .. .. 119
524 DIN 1075, . ... 120
Surveillance Program . ........... .. .. ... .. .. ... ........ 120
5.3.1 Concrete StrainReadings. . . ......................... 120
5.3.2 Additional Measurements. .......................... 120
533 Material Tests. .....................0iiiiiueano... 123
Presentationof Results .. ................................ 123
5.4.1 Methodsof Analysis. .............................. 123
5.4.1.1 SimpleBeamTheory...................... 123
5.4.1.2 SHLAG Computer Program. ............... 125
5.4.1.3 AASHTO Guide Specification. ............. 125
5.4.2 Stresses from Measured Final Surface Strains
Comparedto Theory. ........................... 128
5.4.2.1 Top Slab Stress Distributions. .............. 128
5.4.2.2 Bottom Slab Stress Distributions. . . . ......... 136
5423 Summary. .............. .. 144
5.4.2.4 Possible Errors in Measurement System. ... ... 144
5.4.3 Ontario Highway Bridge DesignCode. . ................ 147
5.4.4 Isolated Dead Load Bending Stresses. ................. 147
5.4.4.1 Measured Strains Due to Partial Dead
Load. .......... .. ... .. ... ... ... 148
5.4.5 Long Term Strain Changes. ......................... 150
54.6 Deflections. ................. .0t 150
5.4.7 Modified Approach. ............ .. ... . ... ... ....... 153



5.5
5.6
5.7

CHAPTER 6
6.1

6.2

6.3

6.4

6.5

6.6

Discussion . ....... ... 155

Recommendations ..................... ..., 158
Conclusions . ............... .. i 161
THERMAL GRADIENTS AND THEIR EFFECTS ............ 163
Introduction ........... .. ... .. ... 163
6.1.1 Background Information. ........................... 164

6.1.1.1 Factors Affecting Gradient. ................ 164

6.1.1.2 Factors Affecting Structural Response. . . . .. ... 165
6.1.2 AASHTO Guide Specification Approach. ............... 169
Literature Review . . . ....... ... ... ... .. .. . 170
6.2.1 Hoffman, McClureand West. . ....................... 170
6.2.2 Hawkinsand Clark. . ............................... 171
6.2.3 ShiuandRasoulian. ............................... 171
6.2.4 HirstandDilger. ............. ... .. ... ... .. ...... 172
6.2.5 BaberandHilton. ............ ... ... ... ... ... .... 172
626 Shiu. .. ... ... . 172
627 Priestley. .. ... ... 173
6.2.8 Potgieterand Gamble. . ............................. 174
6.29 NCHRP 276. .. ... .ottt 175
Surveillance Program . ............. ... ... .. ... ... ....... 179
6.3.1 Thermocouples. ................. ... ... 179
6.3.2 BridgeResponse. ................... . ... ... ... 180
6.3.3 Weather Conditions. ............................... 180
6.3.4 Coefficient of Thermal Expansion. .................... 180
Presentationof Results .................................. 180
6.4.1 Measured Thermal Gradients. ........................ 180

6.4.1.1 Positive Temperature Gradients. ............. 180

6.4.1.2 Negative Temperature Gradients. .. .......... 183

6.4.1.3 SolarRadiation. ......................... 185
6.42 BridgeResponse. ............. ... ... ... ... 186

6.42.1 Spans A43and A44. ..................... 186

6422 SpanCl11. ....... ... ... ... .. .. ... ... 186

6423 Observations. .. ......................... 191
Discussion ............ ... ... 192
6.5.1 Thermal Gradients. ................................ 192

6.5.1.1 Positive Gradients. ....................... 192

6.5.1.2 Negative Gradients. ...................... 194

6513 Behavior. ............. .. ... ... .. ..... 195
Recommendations ................. ... ... . ... .. ... ... 199
6.6.1 Design Thermal Gradients. .......................... 199
6.6.2 Allowable Stresses. .. ................ ... ... ... 200
6.6.3 Ultimate Strength. . . ............................... 202



6.7

CHAPTER 7
7.1

7.2

73

7.4

7.5

7.6

7.7

CHAPTER 8
8.1
8.2

6.7.10bservations. . .. ........ ... 202
6.7.2 Recommendations. .......................0inen... 203
6.73 FurtherStudy. ...... ... ... ... ... .. .. ... ...... 203
6.7.4 Summary. . ........ .. 203
BEHAVIOR OF SEGMENTALJOINTS . ................... 205
Introduction ......... ... .. .. .. ... . ... 205
7.1.1 Background Information. ........................... 205
7.1.1.1 Shear FailureModes. .................... 205

7.1.1.2 Other Differences between Dry and
EpoxyJoints. .......................... 206
7.1.2 Current AASHTO Guide Specification Approach. ........ 207
Literature Review . . . ........... ... .. ... .. ... 209
7.2.1 KosekiandBreen. ................................ 209
T22RAMITEZ. ... ..ottt 210
723 MacGregor. . .....oiiiii i e 210
72.4 Kordinaand Weber. ............................... 211
7.2.5 Bakhoum, Buyukozturk and Beattie. .................. 211
Surveillance Program .......... ... ... .. ... ... ........ 212
73.1 Grid Crack Monitors. .............................. 212
73.2 Surface StrainGages. . ................ ... ... . ..., 213
Presentationof Results .. ................................ 215
7.4.1 Temporary Prestress. .............................. 215
7.4.2 Joint Behavior Under Permanent Post-Tensioning. . ... .... 217
7.42.1 During Stressing. . .............oovuenen.. 217
7.42.2 Long Term Behavior. .. ................... 218
7.423 Summary. ..............eieiiate. 219
Discussion of Joint Capacity . ............................. 219
7.5.1 Bakhoum, Buyukozturk and Beattie Approach. .......... 220
7.5.2 Proposed Method. ......... ... ... ... ... ... . ... 220
7.5.3 Comparison of Equationand Tests. ................... 225
7.54 Summary. . ........oit e 225
Recommendations ..........................0iuiiinan.. 225
7.6.1 Epoxied Joint Behavior. ............................ 225
7.6.2 DryJoint Capacity. ... ..., 227
Conclusion . ......... ... 228
HEAVY END DIAPHRAGM BEHAVIOR .................. 229
Introduction . ....... ... ... ... . ... 229
Literature Review . . .. ......... . ... ... .. 229
821 Powellet. al. ......... ... ... ... i 229
822 Woodward. ............ .. ... .. .. .. 230



823 Kreger. ...... ... . ... 230

824 Wollmann. ......... ... ... ... ... .. .. ... .. ... .... 230
8.2.5 Schlaichet.al. ............. ... ... ... ... ... ...... 231
8.2.6 AASHTO Guide Specification. ....................... 231
827 NCHRPReport. ....... ...ttt 233
8.3 Descriptionof Field Study ............. ... .............. 233
8.3.1 DiaphragmDesign. ............... ... ... ... 233
8.3.2 Vertical Post-Tensioning. ........................... 237
8.3.3 Longitudinal Post-Tensioning. ....................... 239
8.3.3.1 StrainReadings. ......................... 239
833.2 CrackPatterns. ......................... 239
8333 TopSlabSpalling. ....................... 239
8.4 Discussionof Results .............. .. .. ... .. ... iiin... 247
8.4.1 Previous Strut-and-Tie Model Applications. ............. 247
8.4.2 Strut-and-Tie Models for Current Diaphragms. ... ........ 249
8.4.3 Assessing Design Based on Strut-and-Tie Modelling. ... ... 250
8.4.3.1 Total Factored Vertical Tension on
DiaphragmFace. ....................... 250
8.43.2 Compression Strut Check. ................ 251
8.4.3.3 ShearFrictionCheck. ................. ... 251
8434 Conclusions. . ..................c....... 251
844 TopSlabSpalling. . ................................ 252
8.4.4.1 Description of Problem. . .................. 252
8.4.4.2 Possible Causes of Spalling. ................ 252
84.43 Conclusions. ........................... 253
8.5 Recommendations ................. .. ... ... ... ... .. ... 256
8.6 Conclusions . .......... ... ... i 257
CHAPTER 9 DEVIATOR BEHAVIOR ......... ... ... ... ... ....... 259
9.1 Introduction ......... ... ... ... .. . ... ... 259
9.1.1 Background Information. ........................... 259
9.1.2 AASHTO Guide Specification Approach. ............... 260
9.2 Literature Review . .. .......... ... ... ..o, 261
9.2.1 Beaupre, Powell, Breenand Kreger. ................... 261
0.2 2 Kreger. ... 262
9.3 Surveillance Program ................... ... ............. 262
9.3.1 Description of Deviators and Instrumentation. ........... 262
9.3.2 PresentationofResults. . .. .......................... 265
94 Discussion of Strut-and-TieModelling . ..................... 268
9.4.1 Models for Laboratory Specimens. .................... 268
942 Model for SpanC11. ........ ... ... .............. 268
9.4.3 Model for Spans A43and Ad44. .. ..................... 268
9.5 Recommendations .................... ... .. ... ... ...... 273



9.6
CHAPTER 10

10.1
10.2

10.3

104

10.5

10.6

CHAPTER 11

11.1
11.2
11.3
114
11.5

11.6
11.7

COoNCIUSIONS . . . . oot e 274

CONSTRUCTION AND LIVELOADS .................... 275
Introduction .. ........ ... ... ...t 275
Background Information ................................ 275
10.2.1 Spans A43 and A44 - Typical Spans. ................. 275
10.2.2 Span C9 - "Poor-Boy" Continuity. ................... 275
10.2.3 Span C11 - Transverse Post-Tensioning. . .............. 278
TestProcedures ........... ... ... .. 279
10.3.1 Test Load Vehicles. . .......... ... ... ... ... ....... 279

10.3.1.1 CraneLoading. ........................ 279

10.3.1.2 HS20-44 Trucks. ....................... 279
103.2 Personnel. .. ...... ... ... .. ... .. ... 280
10.3.3 Three Span Continuous Unit. ....................... 280

10.33.1 CraneLoading. ........................ 280

10332 TruckLoads. .......................... 282
10.3.4 "Poor-Boy Unit". ......... ... ... ... . ... ... ....... 283
10.3.5 Transversely Post-Tensioned Span-C11. .............. 283
Presentationof Results ... ............................... 284
10.4.1 Three Span Continuous Unit - Spans A44 and A43. ...... 284

10.4.1.1 CraneLoads. .......................... 284

10.4.1.2 HS20-44 TruckLoading. ................. 285
10.4.2 "Poor-Boy" Continuous Unit - SpanC9. . .............. 290
10.4.3 Transverse Post-Tensioning - SpanC11. . .............. 296
Recommendations ................. ... .. ... ... ... 301
10.5.1 Live Load Deflections. ............................ 301
10.5.2 External Tendon Stress Increases. .. .................. 301
10.5.3 "Poor-boy" Continuity. ............................ 301
10.5.4 Transversely Post-tensioned Dual Boxes. .............. 301
Conclusions ........ ... ... .. ... . . . . 301

TEMPERATURE INDUCED DEFORMATIONS IN

MATCH CAST SEGMENTS .. ... .. ... ... . . 303
Introduction . .......... ... .. . 303
Literature Review . . . ... ... ... ... . .. .. . ... 304
Description of Measurement Program . . ... .................. 305
Results . ... ... . 308
ANalysiS . ... e 311
11.5.1 Method of Calculating Deformation. .................. 311
11.5.2 Calculated Deformations. .. ........................ 312
Erection Observations . ..................0 i, 313
Recommendations . ................ ... . ... .. . ... .. . ... 318



11.8

CHAPTER 12
12.1
12.2

12.3

12.4

12.5

12.6

12.7

12.8

12.9

11.7.1 Recommended Design Gradient. ..................... 318

11.7.2 Recommended Design and Construction Approach. . ...... 319
11.7.3 Measures to Reduce Thermal Gradients. ............... 320
Conclusions . ......... ... ...t 320
RECOMMENDATIONS ............. e 321
Introduction .......... ... .. ... . .. ... 321
Lossesin External Tendons .............................. 321
12.2.1 Addition of Design Specifications Section 10.5. ......... 321
12.2.2 Changes to Design Specifications Section 10.2. . ... ... ... 321
12.2.3 Changes to Design Commentary Section 10.2. ........... 322
12.2.4 Changes to Design Commentary Section 10.1. .......... 322
Stress Distributions Across Flanges . ....................... 322
12.3.1 Changes to Design Specifications Section4.3.1. .........322
12.3.2 Changes to Design Specifications Section4.3.2. ......... 323
12.3.3 Changes to Design Commentary Section4.3.2. .........323
Thermal Gradients .............. ... ... ... ... ... ..... 326
12.4.1 Changes to Design Specification Section7.44. .......... 326
12.4.2 Changes to Design Commentary Section 7.4.4. ......... 326
12.4.3 Changes to Design Specification Section9.2. .......... . 326
12.4.4 Changes to Design Commentary Section 9.2.1.3. ........ 327
12.4.5 Changes to the Design Specification Section 8.2.2. ....... 327
Joint Behavior ............ ... . ... .. .. .. ... ... 328
12.5.1 Changes to Design Specifications Section 12.2. . ......... 328
12.5.2 Changes to Design Commentary Section 12.2.21. ........ 328
12.5.3 Change to Design Specifications Section 8.3.6. .......... 329
Heavy End Diaphragm Behavior . .. ........................ 330
12.6.1 Changes to Design Specifications Section 14.4. . . ... ... .. 330
12.6.2 Changes to Design Commentary Section 14.4. .......... 330
12.6.3 General Recommendations for Diaphragm Design. ....... 330
Deviator Behavior ................... .. .. ... .. ......... 331
12.7.1 Changes to Design Specifications Section 14.6. . ......... 331
12.7.2 Changes to Design Specifications Section 14.6.3. ........ 331
12.7.3 Changes to Design Commentary 14.6. . ................ 331
ConstructionandLiveLoads ............................. 331
12.8.1 Changes to the Guide Specification. .................. 331
12.8.2 General Recommendations. .. ....................... 331
12.8.2.1 Live Load Deflections. . .................. 331
12.8.2.2 External Tendon Stress Increases. .......... 331
12.8.2.3 "Poor-boy" Continuity. . .. ................ 332

12.824  Transversely Post-tensioned Dual
Boxes. ......... ... .. 332
Thermal Effects of Match Casting . . ........................ 333



12.9.1 Change to Construction Specifications Section

14,1, . e 333
12.9.2 Changes to Construction Commentary Section
14,1, 333
CHAPTER 13 CONCLUSIONS . .. e e 335
13.1 OverviewofProject ...............cooiiiiiinnininann.. 335
132 Conclusions . ..............0 i 336
13.2.1  Prestress Losses in External Tendons. . ... ........... 336
13.2.2  Stress Distributions Across Flanges. ................ 336
13.23  Thermal Gradients and Their Effects. ............... 337
13.2.4  Behavior of Segmental Joints. .. ................... 338
13.2.5  Heavy End Diaphragm Behavior. .................. 338
13.2.6 DeviatorBehavior. ................. ... ... ..... 338
13.2.7 Constructionand LiveLoads. .. ................... 339
13.2.8  Temperature Induced Deformations in Match Cast
Segments. .. ......... ... e 339
133  FutureResearchNeeds .. ................ ... ... ......... 339
13.3.1 Prestress Losses in External Tendons. .. ............... 340
13.3.2 Thermal Gradients. . .............. ... ... ......... 340
1333 JointBehavior. .......... ... ... . ... ... 340
13.3.4 Diaphragm and Deviator Behavior. ................... 340
Appendix A ... 341
References . .. ... ... 343

Xtv



Figure 1.1

Figure 1.2
Figure 1.3
Figure 1.4
Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5

Figure 2.6

Figure 2.7
Figure 2.8
Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6
Figure 3.7a
Figure 3.7b
Figure 3.8a
Figure 3.8b
Figure 3.8¢c
Figure 3.9
Figure 3.10
Figure 3.11a
Figure 3.11b
Figure 3.12
Figure 3.13
Figure 3.14a
Figure 3.14b
Figure 3.14c
Figure 3.15
Figure 3.16a
Figure 3.16b
Figure 4.1

LIST OF FIGURES

Page
Heavy end diaphragm in segmental box girder with external
tendons. .. ... ... 13
External TendonDeviator. .. .............. . ... ... ........... 13
Types of Deviatorsin Study. ................. ... ... vuon.. 14
"Poor-boy" continuity. . ............ ... .. 15
San Antonio "Y" Project. . . ... ... ... 19
Cross-sections of the San Antonio "Y" Project. ................... 20
Phasing of the San Antonio "Y" Project. ........................ 20
TYLI design for San Antonio "Y" Project. . ...................... 21
Sample box shapes from previous and current phases of the
San Antonio "Y" Project. . .. ....... .. ... 22
Schematic of tendon layout for three span continuous unit for
Phase IIC. .. ... ... .. 23
Geometry control hairpins and leveling bolts. ..................... 24
Temporary post-tensioning pockets. . .. ......................... 27
ProjectIICIayout. .......... . ... i, 33
Instrumented segment shapes. ............... ... ... ... ... ... 34
SpanCl1 Details. ........... ... . .. .. . .. . . . . 35
Schematic of epoxy sleevesystem. .. ........................... 36
Demec extensometer. . .. .......... .. .. ... 36
Schematic of grout by-pass system. ............................ 37
Tendon force instrumentation layouts. . ......................... 38
Tendon force instrumentation layouts. .......................... 39
Reinforcing steel strain gage layouts. . .......................... 40
Reinforcing steel strain gagelayouts. ........................... 41
Reinforcing steel strain gagelayouts. ........................... 42
Demec extensometer. .. ............. ... ... ..., 43
Modified Demec attachment system. ........................... 43
Demecpointlayouts. ............. ... ... ... . ... ... ... 44
Demec pointlayouts. .......... ... .. . ... 45
Taut wire baselinesystem. ................................... 46
Deflection measurement system layouts. ........................ 47
Thermocouplelayouts. . . ... .. ... ... ... ... .. ... 48
Thermocouplelayouts. . ............ ... .. ... .. .. ... .. .. . ..., 49
Typical horizontal thermocouple layout. . . ....................... 50
Grid crack monitor and demec points. .......................... 51
Joint movement instrumentation layouts. . ....................... 52
Joint movement instrumentation layouts. . ....................... 53

Angle changes in strands passing from duct through anchorage



Figure 4.2
Figure 4.3
Figure 4.4

Figure 4.5
Figure 4.6
Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10
Figure 4.11
Figure 4.12
Figure 4.13
Figure 4.14
Figure 4.15
Figure 4.16
Figure 4.17
Figure 4.18

Figure 4.19
Figure 4.20
Figure 4.21a
Figure 4.21b
Figure 4.22
Figure 4.23
Figure 4.24
Figure 4.25
Figure 4.26
Figure 4.27
Figure 4.28
Figure 4.29

Figure 4.30

device and ram. ... ... e 56

Austin Bridge and Road bench test frame. . ...................... 57
Friction loss alonglengthdx. .............. .. ... ... ... ...... 58
Reduction in tendon force due to duct misalignment

(Wobble). . ... 59
Wobble in externaltendons. . .............. ... .. ... ... ...... 59
Movement of strand during seating of wedges. ................... 60
Change in tendon stress due to movement of strand during

SEALING. . . .. . 61
Instrumentation layouts and tendon designations. .. ................ 70
Manipulation of raw data to determine tendon forces. .............. 71
Tendon stresses after stressing, before seating. . .. ................. 74
Notationfor Table4.3. .. ... ... ... .. ... .. .. ... ... .. 75
Elevation views of tendon layouts. . ............................ 78
Vertical curves of Spans A43 and A44. .. ............... ... . .... 79
Effect of deviator duct misalignment. . .......................... 81
Field measurements of friction coefficients. ...................... 82
Losses intendon stress duetoseating. . ......................... 85
Elastic shortening losses. . ............ ... ... .. ............. 88
Comparison of concrete compression and elastic shortening

OSSeS. .. 89
Moments between deviators. ................................. 90
Creep functions for Spans A43, A44andC11. .................... 92
Erection schedule and operations of long term analysis for

Spans A43and A44. ... .. ... 93
Erection schedule and operations for long term analysis for

Span Cll. ... 94
Comparison of measured and calculated deflection. ................ 96
Raw tendon stress readings and ambient daily temperatures. ......... 97
Tendon stress readings after temperature adjustment. . .. ............ 98
Comparison of raw and adjusted average tendon stresses for

Tendon TINand Span A43. ....... .. .. ... .. .. .. ... ... ... 99
Adjusted average tendon stresses for Tendon T1S and Span

A3 100
Adjusted average tendon stresses for Tendons T2N and T2S

InSpan A43. ... 101
Adjusted average tendon stresses for Tendons T3N and T3S

InSpan A43. . ... 102
Adjusted average tendon stresses for Tendons TI1N and T1S

inSpan Ad44. . ... 103
Adjusted average tendon stresses for Tendons T2N and T2S

InSpan Ad44. . . 104



Figure 4.31
Figure 4.32
Figure 4.33

Figure 5.1
Figure 5.2

Figure 5.3
Figure 5.4

Figure 5.5
Figure 5.6

Figure 5.7
Figure 5.8

Figure 5.9
Figure 5.10
Figure 5.11
Figure 5.12
Figure 5.13
Figure 5.14
Figure 5.15
Figure 5.16a

Figure 5.16b

Figure 5.16¢
Figure 5.17a

Figure 5.17b

Figure 5.17¢
Figure 5.18a
Figure 5.18b
Figure 5.19a

Figure 5.19b

Figure 5.19¢

Adjusted average tendon stresses for Tendons T3N and T3S

I Span Ad4. . . e 105
Adjusted average tendon stresses for Tendons TIN and T1S

InSpan ClL. ... . . 107
Adjusted average tendon stresses for Tendons T2N and T2S

INnSpan ClL. .. ... . 108
Shear lag and resulting deformations. ........................... 114
Distribution of normal stresses caused by diffusion of concen-

trated post-tensioning anchor forces. ............ ... ... ... ..., 115
Definition of effective flangewidth. . ........................ ... 115
Flange widths as defined by the AASHTIO Guide

Specification. . ....... ... ... .. . ... ... 116
AASHTO effective flange width graph. . ........................ 116
Effective flange widths over piers and at mid-span, and the

transition area. .. .............iiiii i 117
AASHTO effective flange widths for normal forces. ... ............. 117
Effective span lengths for Ontario Bridge Code effective

flange width calculations. . ............. ... ... ... ... .......... 118
TypeIDemec pointlayout. .................................. 121
Type I Demec point layout. . ................................ 122
Segment properties. . . ...... ...ttt 123
Loading diagrams. .............. ... ... . ... ... i, 124
Segment properties for SHLAG program. ....................... 125
Loading diagrams foruse with SHLAG. ........................ 126
Effective segment properties per AASHTO. . ..................... 127
Top slab stress distributions, five feet (1524 mm) from

anchors. ... ... 129
Top slab stress distributions, five feet (1524 mm) from

anchors. . .. ... 130
Top slab stress distributions, one segment from anchors. ............ 131
Top slab stress distributions, eleven feet (3353 mm) from

anchors. . ... ... e 132
Top slab stress distributions, eleven feet (3353) from

anchors. . .. ... 133
Top slab stress distributions, two segments from anchors. ........... 134
Top slab stress distributions, at mid-span. . ...................... 135
Top slab stress distribution, at mid-span. ........................ 136
Bottom slab stress distributions, five feet (1524 mm) from

ANCNOTS. . ... e 137
Bottom slab stress distributions, five feet (1524 mm) from

anchors. . ... .. 138

Bottom slab stress distributions, one segment from anchors. ......... 139



Figure 5.20a
Figure 5.20b

Figure 5.20c

Figure 5.21
Figure 5.22a

Figure 5.22b

Figure 5.23
Figure 5.24

Figure 5.25
Figure 5.26

Figure 5.27

Figure 5.28

Figure 5.29
Figure 5.30
Figure 5.31

Figure 6.1
Figure 6.2
Figure 6.3
Figure 6.4
Figure 6.5
Figure 6.6
Figure 6.7
Figure 6.8
Figure 6.9

Figure 6.10
Figure 6.11
Figure 6.12

Figure 6.13

Bottom slab stress distributions, eleven feet (3353 mm) from anchors. . . 140
Bottom slab stress distributions, eleven (3353) feet from

AnChoOrs. . .. ... 141
Bottom slab stress distributions, two segments from

anchors. . ... ... . 142
Bottom slab stress distributions, at mid-span. . .................... 143
Accuracy of peak stress calculation methods for top slab

SIS, .« o o ittt e 145
Accuracy of peak stress calculation methods for bottom slab

SIS S, . & o i e e 145
Separationof load effects. ........... ... ... ... ... ... ... ..... 149
Top slab stress distribution, at mid-span, due to 54% dead

load addition upon lowering erectiontruss. ...................... 150
Changes in top slab strains with time. . . ......................... 151
Comparison of actual and calculated span deflections (dead

load and simple spantendonsonly). ............................ 152
Effective segment properties using modified AASHTO ‘

method. . ... ... .. ... .. 154

Comparison of actual deflections and span deflections
calculated with modified AASHTO properties (dead load and

simple spantendonsonly). ........... ... ... ... ... ... ... ... .. 156
Pattern of force diffusion, showing lack of compression on

sections of firstjoint. ............. .. .. ... ... ... . ... .. ... ..., 157
Modifications to the AASHTO effective flange width figures

4-land 4-2. . . 159
Modifications to AASHTO effective flange width figure 4-

P 160
Factors affecting thermal gradient. .. .. ......................... 164
Determinant beam subjected to linear gradient. ................... 165
Beams subjected to non-linear gradient. . ........................ 167
Indeterminate beam subjected to non-linear gradient. . .............. 168
Hoffman, McClureand Weststudy. ............................ 170
Denny Creek Bridge Carlson gage layout. ....................... 171
Red River Bridge thermocouple layout. ......................... 171
James River Bridge thermocouple layout. . ...................... 172
Kishwaukee Bridge and Linn Cove Viaduct temperature

MEASUreMENtS. . . .. ... ... ...t e 172
New Zealand design thermal gradient. . ......................... 173
Comparison of thermal effects at service and ultimate loads. ......... 174
SOLMET stations and projected peak positive temperature

differences. ........ ... .. ... 175
Division of U.S. into zones for thermal gradient (Hawaii -

Zone3 and Alaska-Zone4)......... ... ... 176

xviii



Figure 6.14a
Figure 6.14b
Figure 6.15
Figure 6.16
Figure 6.17a

Figure 6.17b

Figure 6.18
Figure 6.19

Figure 6.20a

Figure 6.20b

Figure 6.21
Figure 6.22
Figure 6.23
Figure 6.24
Figure 6.25

Figure 6.26

Figure 6.27

Figure 6.28
Figure 6.29
Figure 6.30
Figure 6.31

Figure 6.32

Design positive thermal gradients. . ............................ 177

Design negative thermal gradients. . ............................ 177
Summary of measured gradient. . .................... ... ...... 178
Thermocouple layouts. . . .......... .. ... .. ... .. ... 179

Maximum positive temperature gradient recorded between
July 16, 1992 and March 25, 1993 (no topping). Gradient
occurred August 11, 1992, . . ... ... .. .. ... 181
Maximum positive temperature gradient recorded between
March 26, 1993 and May 25, 1993 (2 in. asphalt topping).

Gradient occurred May 14,1993, .. .. ... ... .. .. ... ... 181
Comparison of wing, web and slab temperatures on July 16,
1002, 182
Maximum positive gradients from July 25, 1992 to July 14,
1903, 182

Maximum negative temperature gradient recorded between
July 16, 1992 and March 25, 1993 (no topping). Gradient
occurred November 5, 1992. ... ... ... ... .. ... .. ... 184
Maximum negative temperature gradient recorded between
March 26, 1993 and May 25, 1993 (2 in. (51 mm) asphalt

topping). Gradient occurred May 23,1993....................... 184
Maximum negative gradients from July 25, 1992 to July 14,

10093, 185
Solar radiationon July 16,1992, ...... ... ... ... ... ... ... ... 185

Thermal forces on fully restrained Type III unit, caused by
temperature changes on July 16, 1992. (See Appendix B for

INtegration). . . ... ... ... .. ... ... 187
Determination of restraint moments for July 16, 1992. .............. 188
Measured and calculated deflections caused by thermal
gradients. . ... .. ... ... 188
Web strains profiles from spans A43 and A44, caused by
thermal gradients. . ....... . ... ... .. ... . .. . ... . ... ..., 189

Thermal forces on fully restrained Type I unit, caused by
temperature changes on March 19, 1992. (See Appendix B!

forintegration). . .......... ... .. . ... ... 190
Measured and calculated deflections caused by thermal
gradientsinspan C11. ... ... ... .. ... ... ... .. ... .. ... .o.... 191
Web strain profiles for span C11 caused by thermal gradients
onMarch9, 1992, .. ... ... . ... . .. 191
Comparison of measured and calculated temperature
differences. ......... .. . ... 193
Self-equilibrating stresses for negative gradient on Type I
cross-section, ignoring restraint moments. ....................... 194
Calculated Moment diagrams for Type Il unit. ................... 195



Figure 6.33a
Figure 6.33b

Figure 7.1
Figure 7.2
Figure 7.3
Figure 7.4

Figure 7.5
Figure 7.6
Figure 7.7
Figure 7.8
Figure 7.9
Figure 7.10
Figure 7.11
Figure 7.12
Figure 7.13

Figure 7.14
Figure 7.15

Figure 7.16
Figure 7.17

Figure 7.18
Figure 7.19
Figure 7.20
Figure 7.21

Figure 7.22

Figure 7.23
Figure 7.24

Figure 7.25

Figure 7.26
Figure 7.27
Figure 8.1
Figure 8.2
Figure 8.3

Comparison of bottom fiber stresses without prestressing,

with and without self-equilibrating stresses. ...................... 197
Comparison of top fiber stresses without prestressing, with

and without self-equilibrating stresses. .. ........................ 198
Definitionof a/dratio. ............ .. ... .. .. i 206
Shear failure modes for prestressed concrete beams. ............... 206
Joint shearfailure. .......... .. ... .. ... ... .. .. ... 206
Figure 25-1 from AASHTO Guide Specification. Example of

fine indentation joint faces. .......... ... ... ... . ... ... 208
Specimens of Kosekiand Breen. . ............................. 209
SpecimensbyRamirez. .............. ... ... ... ... ... ..... 210
Strength comparison of Ramirez's specimens. .................... 210
Specimens by Kordinaand Weber. . ... ... ... ... ... . ... ... 211
Push-off specimens by Bakhoum, Buyukozturk and Beattie. ......... 212
Instrumentation layouts. . .......... ... .. ... ... ... ... ... ... 213
Segment Demec point layouts. ... ............... .. ... .. ...... 214
Temporary post-tensioning details. ............................ 215
Typical uniform strain distribution across joint during

temporary post-tensioning. . ...............iiiiiait . 216
Typical non-uniform strain distributions across joints during

temporary post-tensioning. . .............. ... 216
Comparison of strains across joints to strains in adjacent

COMCTELE. . ... ... .ttt e 217
Changes in strains with time across a typical joint. . ................ 218
Comparison of average change in strain with time, joint vs.

adjacent COnCrete. . ............c.couviiiiinier . 219
Joints in situations with high shear. ............................ 220
Joint shear failureplane. .............. .. ... ... .. ... .. ... 220
State of stress on an element nearajoint. . . ...................... 221
Mohr's circle description of state of stress on element near

JOIME. L 221
Mohr's circle description of state of stress on element near

joint withnormal stress. . ........... .. ... ... ... . i, 222
Shear stress at failure for element with no normal stress. ............ 222
Shear stress at failure for element with normal stress across

thejoint. ... ... ... ... . . e 224
Calculation of constant for increase in shear capacity due to

CONfINING PreSSUTe. . . .. ..ttt ittt it 224
Calculated vs. actual joint capacities. ........................... 226
Joint shear failureplane. ........... ... .. ... ... .. ... .. ... .... 228
Diaphragms in segmental box girders with external tendons. ......... 229
Cracking in Washington Metro pier segments. .................... 230
Diaphragm as deep beam supported by flanges and web. ............ 231



Figure 8.4
Figure 8.5
Figure 8.6
Figure 8.7
Figure 8.8
Figure 8.9
Figure 8.10
Figure 8.11
Figure 8.12
Figure 8.13
Figure 8.14
Figure 8.15
Figure 8.16a
Figure 8.16b
Figure 8.17
Figure 8.18

Figure 8.19
Figure 8.20
Figure 8.21

Figure 8.22
Figure 8.23
Figure 8.24

Figure 8.25
Figure 8.26

Figure 9.1
Figure 9.2
Figure 9.3
Figure 9.4
Figure 9.5
Figure 9.6
Figure 9.7
Figure 9.8
Figure 9.9
Figure 9.10a

Figure 9.10b

Figure 9.11

Failure of Wollmann's diaphragm specimens. . .................... 231

Diaphragm strut-and-tie models by Schlaichetal. ................. 232
Geometry of instrumented pier segments. . ....................... 233
Reinforcing steel details of pier segments. ....................... 234
Two dimensional strut-and-tiemodels. .. ..................... ... 235
Strain gage layout. . .. ... ... ... ... .. .. ... 235
Design and as-built Dywidag bar locations. ...................... 236
Vertical strains after vertical prestressing. ....................... 238
Stresses in vertical reinforcing bars. ... ................... .. ..., 240
Stresses in horizontal reinforcing bars. .. .................. .. ..., 241
Stresses in U-shaped reinforcing bars. .......................... 242
Stresses in top and bottom slabbars. ........................... 243
Segment 44A-1 north side crack patterns. . ........... .. ... .. .. .. 244
Segment 43A-1 north side crack patterns. . ...................... 245
Typical spalls in expansion joint segment. .. .. .................... 246
Strut-and-tie model developed by Wollmann for laboratory

SPECIMEIIS. . . o\ttt et ettt et e et e e et e 246
Strut-and-tie model for Washington Metro pier segments. ........... 247
Strut-and-tie models for diaphragm. . ... ........... .. ... .. ... ... 248
Top slab stress distribution strut-and-tie prediction vs.

measured. . ... ... 251
Shear frictioncheck. ......... ... ... ... ... ... 252
Dimensions of local zonetestblock. . ........................... 253
Comparison of reinforcing steel in local zone test specimen

and expansion joint segment. . ... ............... ... 254
Comparison of compression struts in local zone test specimen

and in expansion jiont segment. .. ............................. 255
Comparison of well anchored and inadequately anchored

vertical post-tensioning bar. . ........ ... ... ... ... ... ... ... 255
Deviator tYPeS. . . ... i 259
Beaupre et al. strut-and-tie model fordeviator. ................... 260
Simplified model for deviator design by Beaupreetal. .............. 261
Retrofit to strengthen deviators. . . ............................. 262
SpanCll deviator. ............. ... ... .0, 263
Span A43 and Ad44 deviator. .. ...... ... ... ... ... ... 264
Stressesin vertical bars. . .......... ... .. .. ... .. ... .. 265
Stressesin horizontal bars. ... ......... .. ... ... ... ... ... ..., 266
Stresses in top and bottombars. .. ........ ... ... .. L 267
Modified strut-and-tie model for specimen 4A by Beauprre et

Al 269
Modified strut-and-tie model for specimen 4B by Beaupre et

Al 270
Strut-and-tie model for Span C11 deviator. . ..................... 271



Figure 9.12
Figure 9.13
Figure 9.14

Figure 10.1
Figure 10.2
Figure 10.3
Figure 10.4
Figure 10.5
Figure 10.6
Figure 10.7a
Figure 10.7b
Figure 10.8
Figure 10.9
Figure 10.10
Figure 10.11
Figure 10.12
Figure 10.13

Figure 10.14a
Figure 10.14b

Figure 10.14¢

Figure 10.15
Figure 10.16
Figure 10.17
Figure 10.18

Figure 10.19
Figure 10.20

Figure 10.21
Figure 10.22
Figure 10.23
Figure 10.24

Figure 10.25
Figure 10.26
Figure 10.27
Figure 10.28
Figure 11.1
Figure 11.2

Calculated vs. measured stresses in C11 deviator. . ................ 271

Strut-and-tie model for spans A43 and A44 deviators. . ............. 272
Section of strut-and-tie model for spans A43 and A44

deVIators. . .. ... e 272
Full continuity between precast I-beams. ........................ 276
"Poor-boy" continuity between precast I-beams. .................. 276
Details of "poor-boy" closureslab. . . .................... ... .... 277
Ramp box merging with mainlinebox. .......................... 278
SpanClldetail. ............ ... .. . ... .. . . ... 278
HC-238Btruckcrane. .......... ... ..ciiniininnninnnnn... 279
AASHTO HS20-44 standard truck. . ... ........................ 279
Dump trucksusedintests. .. ............... .. ... ... ... ... 280
Comparison of HS20-44 loading and dump truck loading. ........... 281
Truck positions in spans A42, A43and A44. ..................... 282
Truck positions in spans C9 and C10, "poor-boy" unit. ............. 283
Truck positionsin spans Cl1land A45. ......................... 284
Deflections of spans A43 and A44 with craneonspan A44. .. .. ... ... 285
Mesh for use with FRAME2D* program. . ...................... 286
Deflections of spans A43 and A44 with live load on span

Add. 287
Deflections of spans A43 and A44 with live load on span

A4, e 287
Deflections of spans A43 and A44 with live load on span

A 288
Tendon stress changes with liveloads. . ......................... 288
Method for calculating tendon stress increase. .................... 289
Web strains in span A43 and A44 withliveloads. ................. 291
Calculated vs. actual deflections of span C9 with live load on

SPan CO. ... e 292
Mesh for use with FRAME2D* program. . ...................... 293
Calculated vs. actual deflections of span C9 with live load on

span C10. . ... ... . 294
Stresses in "poor-boy" continuity slab. .. ....... ... .. ... .. ... . ... 294
Web stresses in span C9 with liveloadonC9. .................... 295
Continuity between spans C9and C10. ......................... 295
Calculated vs. actual deflections of span C11 with live

loads. . ... . 297
Model of spans Ad5and C11. ................................ 298
Change in tendon stress in span C11 under liveloads. .............. 298
Method for calculating tendon stressincrease. .................... 299
Web stress profilesinspan C11. .............................. 300
Bowing of match cast segments. .............................. 303
Temporary post-tensioning operations. . ........................ 304



Figure 11.3
Figure 11.4
Figure 11.5
Figure 11.6
Figure 11.7
Figure 11.8
Figure 11.9
Figure 11.10
Figure 11.11
Figure 11.12

Figure 11.13

Figure 11.14
Figure 12.1

Figure 12.2

Figure 12.3
Figure 12.4
Figure 12.5
Figure 13.1

Segment types. . ........... ... 305

Typical thermocouple layout. .. ........ ... ... ... ... ... ...... 306
Deformation measurement system. .. ........................... 307
Typical temperature readings during match casting. ................ 309
Typical temperature differences. . . ............. .. ... .. ... .. .... 310
Deformed shapes. ......... ... ... ... . . ... ... 310
Cracks indicate jointopening. ....................coiuitiuon.. 311
Thermal gradient in match cast segment. ........................ 312
Comparison of measured and calculated deformations. . ............. 317
Calculated vs. measured segment deformations at time of

wingtip crack opening. . . ...... ... ... ... ... 317
Thermal gradient in match cast segment at time of initial set of

new Cast SEEMENt. . ... ... ... ... 318
Designthermal gradient. ............ ... ..................... 319
Modifications to the AASHTO effective flange width figures

4-1and 4-2. ... e 324
Modifications to AASHTO effectvie flange width figure 4-

P 325
Joint shear failureplane. . . ......... ... .. ... .. ... .. .. ... .. .... 329
Model for "poor-boy" closure slabarea. . ........................ 332
Model of transversely post-tensioned box girders. ................. 332
Projecttimeline. .. ...... .. ... .. .. .. . .. . .. .. .. ... 335



xxiv



Table 1.1
Table 1.2
Table 4.1
Table 4.2
Table 4.3
Table 4.4
Table 4.5
Table 4.6
Table 4.7
Table 4.8

Table 4.9
Table 4.10

Table 4.11
Table 5.1
Table 5.2
Table 5.3

Table 5.4
Table 7.1

Table 11.1

Table 11.2

Table 11.3

LIST OF TABLES

Page
Previously Instrumented Bridges ... ............. .. ... ... ...... 8
Previous Laboratory Studies ................... .. ... .......... 9
Value of Modulus of Elasticity . . ... ........................... 72
Measured Tendon Stresses, ksi. . .............. .. ... ... ... .... 73
Measured Elongations Compared to Calculated. .................. 75
Losses through Stressing Hardware. ........................... 76
Tendon Angle Changes. ............... ... ... .. .............. 80
Measured Friction Coefficients. ............................... 80
Measured vs. Calculated Seating Losses. ........................ 84
Difference in Live End Friction Values Before and After
Seating. . ... ... ... 86
Elastic Shortening Losses. . ..................c.iiiirineanan.. 87
Elastic Shortening Losses at Mid-Span in Spans A43 and
A4, 91
Comparison of Measured and Calculated Prestress Losses. .......... 109
Measured Concrete Moduli. .. ................................ 123
Calculated vs Measured Stresses .. ............................ 146
Comparison of Ontario Bridge Code and AASHTO Guide
Specification. .. ... ... ... ... 147
Accuracy of Modified Effective Flange Width Method. ............. 155
Comparison of Actual and Calculated Capacities of Dry
Jointed Beams. . .. ........ .. ... .. ... 226
Calculated and Measured Deformations Current Project
Segments . ... ... ... 314
Calculated and Measured Deformations Prescon Project
Segments . .......... ... 315
Calculated and Measured Deformations Prescon Project
Segments . ... ... ... ... 316






SUMMARY

This report is the first in a series reporting the field study of several spans of the San
Antonio "Y" Project. The San Antonio "Y" Project is a major urban viaduct comprising
segmental concrete box girders post-tensioned with a mix of internal and external tendons and
erected using span-by-span techniques.

This report describes the development of the instrumentation systems which were installed
in the field project. The major systems were:

External post-tensioning tendon forces,
Span deflections and segment deformations,
Concrete temperatures

Concrete strains,

Reinforcing steel strains,

Joint openings,

Bearing movements,

Solar radiation.

PNAL A WD

A comprehensive literature review of each system was performed and the most promising systems
were tested in the laboratory and in the field. Recommendations on the best system for each type
of measurement were made, and the systems were installed in four spans of the San Antonio "Y"
Project. Also in this report the performance of each system in the field is evaluated and
recommendations for future field studies are presented.






CHAPTER 1
INTRODUCTION

1.1 Introduction

The use of segmental post-tensioned concrete box girder bridges is steadily increasing in
the USA. The many advantages of these types of bridges have made them the preferred solution
for many long span river and valley crossings as well as multiple span water crossings and
metropolitan viaducts. As more designers and more contractors became involved with segmental
bridges, AASHTO saw a need to provide guidelines to ensure safe and durable segmental
structures. The result was the 1989 AASHTO Guide Specification for the Design and
Construction of Segmental Concrete Bridges' (referred to in this document as the AASHTO
Guide Specification). The original specification document was prepared under the NCHRP
Project 20-7/32.%°

The authors of the document were faced with the situation that segmental bridges are a
relatively new development, with the first precast segmental bridge in the US completed in 1973.
Because of it's relative youth, this bridge type has not been as extensively researched as some
more traditional systems. In some instances the authors used "good engineering judgement” to
write specifications in areas where actual data was scarce or completely lacking.

The research program described in this report was initiated to determine those areas in
the AASHTO Guide Specification which were debatable due to lack of data, or which involve as
yet unresolved differences between members of the design and construction communities. After
the determination of these areas of uncertainty, a plan was developed to instrument related
portions of four spans of the final phase of the San Antonio Downtown "Y" Project. The
instrumentation was installed during both the casting and erection phases. Segments were
monitored during casting and storage. The bridge was monitored during erection operations,
under construction loadings, under live loadings and under long term dead loads. The data
collected was analyzed and recommendations for revision of the AASHTO Guide Specification
are proposed herein. This report is based on the dissertation of the senior author.5!

The remainder of this chapter presents a brief outline of the development of segmental box
girder bridges, describes problems which have occurred in the past, and outlines previous
laboratory and field research. The primary interest areas in the AASHTO Guide Specification are
then defined and the current research program is described.

1.2 Development of Segmental Concrete Bridges
Segmental post-tensioned concrete box girder bridges have many advantages. They are

economical, versatile and aesthetically pleasing. They can be adapted to any reasonable
horizontal or vertical curvature. They can be erected in ways which create minimal disruptions
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at ground level. This can be especially important in urban and environmentally sensitive areas.
Segmental bridges can be constructed quickly, especially when precast segments are used.

External post-tensioning further enhances the advantages of segmental construction by
allowing thinner webs and hence reduced dead loads, by allowing easier installation of
longitudinal tendons, and by creating more efficient tendons by eliminating the wobble losses
inherent in internal tendons. External post-tensioning also allows easier inspection of tendons and
easier replacement of damaged tendons.

Segmental bridges, although a relatively recent development, represent a meshing of
technologies and construction techniques which can be traced back to the seventh century. Some
important developments are outlined below.

1.2.1 Segmental Construction. Segmental construction was used first in China for the
construction of arch bridges in the seventh century. The technique was first used in Europe much
later, in the twelfth century.®

1.2.2 Box Shaped Cross-sections. In 1899 Boussiron in France and in 1901 Maillart in
Switzerland utilized box shapes for concrete arch bridges. Thus, by the early 1900's segmental
construction and box girder construction had been used in bridge engineering. The next step,
modern prestressing of concrete structures, was developed a short time later.

1.2.3 Prestressing. The earliest "prestressed concrete" technique applied to bridges was
used in the three arch Le Veudre Bridge over the Allier River in France, built by Eugene
Freyssinet and completed in 1912. Freyssinet left an opening at the crown of the arch where he
installed jacks. These jacks were used, after considerable creep had occurred, to push the two
halves of the arch back into their original positions. Freyssinet continued his studies of creep in
concrete and in 1928 he patented prestressing technology.

The first modern prestressed bridge was the Saale-brucke, built by Franz Dischinger in
Germany in 1928. It was a 200 foot (61 m) span concrete bridge, post-tensioned with large
diameter rods. These first post-tensioning bars were of relatively low strength and as a result
creep, shrinkage and relaxation introduced prestress losses equal to 75% of the original prestress
level . *

Prestressed concrete made considerable advances with the introduction of higher strength
steel and improved anchoring techniques. In 1939 Freyssinet developed conical wedges for end
anchorage. At the same time similar systems were developed in Belgium and the British Isles.
A number of the early prestressed bridges utilized external tendons. However, because of
problems with corrosion protection, this system was generally discontinued.

In 1946 Freyssinet used precast segments to construct the girder of the Pont de Luzancy
in France. This was the first major example of the process of prefabricated segments in
prestressed concrete bridge construction.



1.2.4 Post-tensioned Segmental Box Girder Bridges. The first cast-in-place segmental
prestressed concrete box girder bridge built by the cantilever method was completed in 1950 in
Germany. The first major commercial application of precast segmental box girder construction
was the Choisy-le-Roi Bridge over the Seine River, designed and built by Enterprises Campenon
Bernard and completed in August 1965. The Choisy-le-Roi project was particularly important
because it marked the introduction of match casting of segments. This was the key idea in
enabling geometry control of segmental bridges as well as epoxy joints.

From these beginnings, post-tensioned segmental box girder bridges have been refined and
modified in many different ways. Segments can be precast or cast-in-place. Precasting can be
done with short line or long line casting beds. Erection can proceed using cantilever construction
techniques, progressive placement, incremental launching, or span-by-span methods. Tendons
can be internal, external or a mixture.

A post-tensioned segmental box girder bridge is a very flexible construction system which
can be molded to meet almost any particular situation. Bridges of this type are an excellent
choice for many bridge applications, but they have not been without problems.

1.3  Past Problems in Segmental Bridges
1.3.1 Corrosion Problems.

1.3.1.1 Afon River Bridge. The only recorded failure of a post-tensioned segmental
bridge was the 1985 collapse of a bridge over the Afon River in South Wales. The bridge was
built in 1953 and was an eight celled box girder structure (actually constructed of nine I-girders)
with a single 60 foot (18.3 m) span. The beams were made of eight segments, each 7 feet-11
inches (2.4 m) long, joined with 1 inch (25 mm) thick cast-in-situ mortar joints and post-tensioned
together with Freyssinet tendons consisting of 12-0.2 inch (5 mm) diameter wires. Each beam
contained five tendons.

The collapse was attributed to tendon corrosion which occurred at the porous cast-in-situ
joints between segments. Chlorides, the primary cause of corrosion, were found in the surface
concrete, the mortar in the transverse joints, the asbestos packing around the tendons, and the
grout around the tendons. The mortar which was used in the joints had a much higher
permeability than concrete which made it easier for the chlorides, water and oxygen to penetrate
to the tendons. An asbestos packing was used to "protect” the tendons at the transverse joints,
but in reality it acted as a sponge to soak up moisture. These factors caused the corrosion of the
tendons at the joints, which in turn caused the collapse of the bridge.”

1.3.1.2 Early Externally Post-Tensioned Bridges. Four bridges were built in France
in the early 1950's utilizing external post-tensioning. The Vaux-Sur-Seine and Port a Binson
bridges built by Coignet provided tendon corrosion protection with bitumen paint. On the Port
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a Binson bridge the protection proved to be effective. The Vaux-Sur-Seine tendons, however,
suffered severe corrosion, which was attributed to bird droppings. The bridge required
strengthening with additional external tendons.™

The 1953 Villenueve-Saint-George Bridge, designed by Lossier, utilized large
monostrands which were protected by a single coat of bitumen paint. Only one tendon showed
signs of corrosion and it was consequently replaced. The bridge, due to excellent maintenance,
has suffered no other problems.”

The 1953 Can Bia Bridge, on the other hand, had many problems. There were cracks in
the diaphragms over the piers and there was severe corrosion of the prestressing wires. The
bridge was closed to traffic some years ago.”

1.3.2 Creep Problems.

1.3.2.1 Early Segmental Bridges. Some early prestressed segmental bridges built using
the cantilever method of construction had hinges at mid-span. Due to creep, however, these
bridges eventually developed depressed cusps at the joints. As a result, this type of construction
is no longer used.’® Later continuous bridges neglected the redistribution of moments due to
creep and experienced joint openings and cracking in the positive moment area. Many had to be
strengthened by the addition of external tendons™

1.3.2.2 Florida Key Bridges. Four precast segmental post-tensioned box girder bridges
in the Florida Keys required extensive repair after only six years of service. Although the bridges
initially saved the state of Florida $12 million, in 1988 alone $5 million worth of repair contracts
were approved.*” Problems included cracking in the deck slabs, failed expansion joints, damage
to the bearing pads, and corrosion of the epoxy coated reinforcing steel.

Much of the trouble has been linked to the higher than expected creep in the concrete.
The local aggregate used in the concrete is softer and exhibits more creep than most aggregates.
Allegedly, the poor material properties were not taken into account sufficiently in the original
design.¥’

Csagoly and Bollman, then of the Florida Department of Transportation, who studied the
Key Bridges, reported orally to the PTI-INCHRP Specification group of NCHRP Project 20-7/32
that their measurements indicated substantial opening of some of the dry joints under daily
thermal fluctuations. They also reported a substantial deficiency in post-tensioning in some spans
due to combinations of underestimation of time dependent losses and apparent high friction losses
at the deviators.

1.3.2.3 Wando River. The Interstate 526 Bridge over the Wando River has experienced
cracking in the deck slabs. A $717,000 modification calls for adding post-tensioning within the
structure and sealing cracks in the deck. Although the cracks have been deemed only a
serviceability problem, a consultant has been hired to look more deeply into the problem.”




1.3.3 Anchor Zone and Deviator Problems.

1.3.3.1 Washington D.C. Metro Bridges. Three aerial structures for the Washington
D.C. Metro system were built using simple span, single cell, externally post-tensioned box girders.
Before they were opened to traffic, spalling and cracking were discovered in the pier segments
and the deviators. After review by Kreger®® the deviators and diaphragms were substantially
strengthened. Subsequent live load and dynamic tests indicated that the bridge was adequately
repaired and is currently performing well under train traffic.

1.3.4 Construction Loading Problems.

1.3.4.1 San Antonio "Y" Phase IA. During the construction of the first span with a 21
foot (6.4 m) wide box, a retro-fit of the box was deemed necessary. It was determined that the
top deck which spanned over 25 feet (7.6 m) between web walls, could not withstand the erection
load imposed by the crane positioned on the deck and lifting a segment. The diaphragms in the
boxes required modification to strengthen the top slabs.

1.3.4.2 San Antonio "Y" Phases IIB and ITTA&B. The contractors of these two
projects discovered prior to casting any of their segments that the wings required strengthening
in order to support themselves on the erection truss. The original designs, in both cases, called
for partially hollow wings, to reduce dead load. Calculations showed, however, that the shims
supporting the segments on the erection truss (two points under one wing and one point under
the opposite wing) would punch through the 4 inch (102 mm) bottom slab of the wing. The
contractors solved the problem by designing a thickened section in the region of the support
shims.

1.3.4.3 Zilwaukee Bridge. In August of 1982 an accident occurred during the
construction of the Zilwaukee Bridge on I-75 between Saginaw and Bay City, Michigan. The
bridge is a variable depth, precast box girder built using the cantilever construction method.
While one of the segments was being positioned by the launching girder, temporary shims in the
expansion joint began to crush. The bridge tilted significantly and the bearings were ruined. The
primary cause was heavier than expected construction loads.”

1.3.5 Thermal Distress. Temperature gradients have caused problems in segmental
bridge structures. The Newmark Viaduct in New Zealand, the Fourth Danube Bridge in Vienna,
and the Jagst Bridge in Untergreisheim have all experienced cracking attributed to thermal
gradients.*

1.3.6 Construction and Contractual Problems. Other problems experienced in
segmental bridge construction have been caused by inexperience on the part of the contractor,
designer, owner, or all three. Construction problems have led to large claims filed by contractors
against owners and designers. A group of 10 bridges whose total original bid price was $242
million, had claims of around $101 million.™



There is still a difference of opinion about the appropriateness of alternative bid packages
and value engineered alternatives in bridge design. The Federal Highway Administration requires
that any bridge costing over $10 million have at least two design alternatives. This is often done
by having different design firms each prepare an alternate design. For the designers this presents
a tempting incentive to "over" optimize the bridge design to reduce cubic yards of concrete and
pounds of steel to their lowest possible values. There is a similar tendency to underestimate the
time and difficulty involved in the construction process in order to make their alternative more
attractive. All of this can lead to "marginal" designs, and possibly unconservative or
unconstructable structures.

With respect to the contractors, the problem is often inexperience. An experienced
segmental bridge contractor is aware of reasonable construction schedules and of the time and
effort required to transform design documents (often schematics) into detailed constructable shop
drawings. An inexperienced contractor often bids a job too low out of ignorance of the real cost
and time involved. Hence, there is a continuing cycle of inexperienced people losing money on
projects and filing claims afterward. When the owner, the designer, and the contractor are
experienced in segmental technology (as in the current study of the San Antonio "Y" Phase IIC),
the projects proceed well and are on time and within budget.

The AASHTO Guide Specification, recognizing these existing problems, has made the
effort to provide guidance in areas such as completeness of specifications and contract drawings,
inclusion of construction methods, contractor alternates, value engineering, and the handling of
shop drawings. In this way the AASHTO Guide Specification helps the design and construction
operations proceed with less trouble.

1.3.7 Summary of Problems. These problems, with the exception of the complete
collapse of the South Wales Bridge, have not been severe. It is, however, unfortunate that the
costs of maintenance, repair, retro-fit, testing and claims on some projects have nullified the initial
savings realized by the use of segmental technology. However, for segmental construction as a
whole, experience to date has shown it to be a competitive, cost saving technology.”®

Recent introduction of a comprehensive code, such as the AASHTO Guide Specification,
should help to alleviate these types of problems in the future. However, these problems do
indicate the need for further research into corrosion protection for post-tensioning tendons, post-
tensioning losses (especially for external tendons), bridge response to thermal gradients, end
diaphragm and dewviator behavior, construction load effects and long term bridge behavior.

1.4  Previous Laboratory and Field Studies

A valuable source of data for the authors of the AASHTO Guide Specification was
information gathered from previous instrumentation studies of actual segmental bridges and scale
models in laboratory tests. The following is a brief description of earlier studies.
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1.4.1 Field Studies. Arréllaga’ provides a thorough review of previously instrumented
segmental bridges whose results have been published in English language sources. Table 1.1
presents the names of these structures and the types of instrumentation which were installed.
Field studies have provided valuable information on the performance of these structures, but the
data has often been incomplete or even in error. Some of the projects are discussed in more detail
in other chapters. -

1.4.2 Laboratory Studies. Laboratory studies also provide a great deal of information
on the design and construction of segmental concrete bridges. Table 1.2 lists some of the
important model bridges which have been built and tested in laboratories around the world.

The number of field and laboratory studies is impressive considering the relative youth of
segmental bridge construction. Unfortunately, even with the substantial amount of data which
has been collected, there are still many areas in segmental design which are hotly debated. The
basic behavior of these bridges is understood, but many of the details are still uncertain. The goal
of this project is to clear up some of the uncertainties.

1.5 Current Guidelines

A US designer embarking on a segmental bridge project would probably consult the
AASHTO Standard Specification for Highway Bridges* and the AASHTO Guide Specification
Jor the Design and Construction of Segmental Concrete Bridges."! Other references are available
to segmental bridge designers. The CEB Model Code'” and ACI-209* are often cited as a source
of information on creep and shrinkage. The Ontario Bridge Code® gives information on the use
of effective flange widths to compensate for shear lag effects in wide boxes. References such as
the PTT Concrete Box Girder Manual® and Segmental Box Girder Bridges™ are available to give
guidance on basic design principles. Even with these documents available, problems still persist
and questions still remain.

1.6  Problem Areas in the AASHTO Guide Specification

The following section briefly outlines the areas in the A4SHTO Guide Specification which
have been targeted for study in this research program. They are specifically those areas which
could benefit from the data collected in a full scale field instrumentation project of span-by-span
erected box girder bridges such as those of the San Antonio "Y".

1.6.1 Prestress Losses in External Tendons. Prestress losses fall into two categories:
immediate and long term.



Table 1.1 Previously Instrumented Bridges

Name Location Description Finished Types of Instrumentation
T
Temperature | Deflection PT Concrete
Force Strain
Pelotas Brazil Progressive 1966 X X
River Cantilever
Japan Cast-in-Place 1972 X
Bridges Balanced
Cantilevers
Caltrans San, Cast-in-Place 1972 X
Study- 6 Francisco, Box
Bridges Fresno, Girders
Sacramento
Turkey Indiana Precast 1978 X X
Run Balanced
Cantilever
Kishwaukee Tllinois Precast 1982 X X
Balanced
Cantilever
Denney Creek Near Cast-in-Place 1982 X X
Viaduct Seattle Box
Wash. Gorders
Red River Boyece, Cast-in-Place 1984 X X X
Louisiana Balanced
Cantilever
Sunshine Tampa, Precast 1987 X X
Skyway Florida Cable
Stayed
River England Precast 1987 X X
Tomige Balanced
Cantilever
Nevada Reno, Cast-in-Place 1988 X X
Bridges Henderson Box Girders
James River Virginia Precast X X
Cable Stayed




Table 1.2 Previous Laboratory Studies

Study Year of Type of Structure Type of Joint Type
Report Tendons
Kashima & 1975 Parallel Single Boxes - 3 span internal- single keys w/
Breen continuous unit- built in balanced bonded epoxy
cantilever
McClure, West 1982 Simple-Span - single cell boxes - internal- no keys- epoxy
and Abdel- erected span-by-span bonded
Halim
Kupfer, 1982 2 I-girders, simple spans bonded Single key w/
Guckenberg with cantilever internal epoxy and multi-
& Daschner key w/mortar
Hoang & 1985 5 simple span box girders varied dry multi-keyed
Pasquinon
Specht & 1986 6 simple span I-girders internal multi-keys
Veilhaber unbonded w/epoxy, and with
bars through joints
Sowlat & 1987 3 simple span I-girders varied dry multi-keyed
Rabbat
MacGregor 1989 3 span continuous - single cell box, | external multi-keys, 2
butlt span-by-span grouted spans w/epoxy,
1span w/o
Hindi, 1991 Same model as MacGregor mnternal multi-keys, 2
Kreger and external | spans w/ epoxy, 1
& Breen w/discrete span w/o
bond

Arockiasamy, - Simple span single cell box girder | external dry multi-keyed
Sinha & Reddy

Immediate losses are:

1. Elastic Shortening. Since external tendons are not physically located

within the concrete cross-sections of the box-girder, traditional methods
of calculating elastic shortening losses may not apply. Such losses occur
in post-tensioning when multiple tendons are used. The losses vary in

magnitude depending on the order of stressing.
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2. Friction and Wobble. The A4ASHTO Guide Specification suggests a
value of the friction coefficient of 0.25 for tendons through deviation
pipes. It is noted that lubrication may be required to achieve such a low
value. A wobble coefficient of 0.0 for external tendons is suggested. One
of the contractors on the San Antonio "Y" Project stated that they had to
use a wobble coefficient greater than O on their external tendons in order
to match the calculated and actual elongations.

3. Seating Losses. These losses are dependent on the type of stressing
hardware used. The AASHTO Guide Specification recommends using 1/4
inch (6.4 mm) for the wedge seat movement. However, with new power
seating rams, the actual movement may be reduced to as low as 1/16 inch
(1.6 mm).

4. Losses Through Stressing Hardware. This is a type of loss which many
post-tensioners are aware of] but it has no code mention. The force which
is calculated by multiplying the hydraulic pressure times the ram area is
not the same as the force in the tendon immediately below the live end
anchor head. Losses can occur due to the slight angle changes in the
tendons as they pass through the hardware. Losses can also occur due to
internal friction in the piston of the ram. These losses can be quite
substantial, 4-6%, but they are not mentioned in the AASHTO Guide
Specification.

Long term losses are:

1. Creep and Shrinkage. This value is difficult to precisely calculate.
Many methods of calculating the creep coefficient exist and none has
proven to be correct in all cases. The method of calculating long term
losses in external tendons is also in question since the tendons are not
within the cross-section of the concrete and are not subject to strain
compatibility.

2. Relaxation. This is the tendency of steel to experience less stress with
constant strain over time. It is a characteristic which is most often tested
by the prestressing strand manufacturers. Their results will be used in this
study and no additional tests for relaxation will be done.

In order to learn more about these losses the external tendons of three spans were
instrumented on each straight length of tendon. Measurements were taken during stressing and
for many months. The results are presented in Chapter 4.
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1.6.2 Shear Lag and Effective Flange Width. No distress in any existing segmental
bridge has been attributed to shear lag. This is most probably because most box girder shapes are
proportioned so that shear lag will not be a significant problem.

The AASHTO Guide Specification presents a lengthy and complex method for calculating
effective flange widths for those boxes which are proportioned in such a way that significant shear
lag effects are expected. This method is tedious, and at the same time leaves the designer with
many unanswered questions. This is a significant problem for designers. The method and the
problem itself require further study.

The San Antonio "Y" Project has cross-sectional shapes with long cantilever wings and
webs spaced far apart, and hence are susceptible to significant shear lag effects. Several segments
in three spans were equipped with surface strain gages. The arrays of gages provided information
on the strain profile across the width of the bridge. The information provided by these strain
profiles indicated how shear lag affected the span. The results of this study are presented in
Chapter 5.

1.6.3 Diffusion of Post-tensioning Forces. This question is analytically similar to the
shear lag problem. A great deal of force is introduced into the bridge cross-section at the
anchorage devices. At some distance from the anchorages, that force has diffused into the entire
cross-section. Designers need to know the basic flow of these forces so they may design the box
girder to resist the high local compression forces, and the tensile forces which result as the forces
spread. It is known that simple beam theory will not suffice in the design of the segments close
to the pier, but the spreading angle of the forces is still debatable.

In the instrumented spans, surface strain gages were used to track the diffusion of the
post-tensioning forces into the structure. The results of this study are also presented in
Chapter 5.

1.6.4 Thermal Gradients. A thermal gradient, from the top slab to the bottom soffit, is
often present in a box girder bridge. The gradient is caused by the sun shining on and warming
the top slab, while the wings of the box keep the lower portion of the box in the shade. The
portion in the shade remains much cooler than the top of the box. The effects of this thermal
gradient must be accounted for in the design of a box girder bridge.

The AASHTO Guide Specification presents design gradients, both positive and negative,
based on an NCHRP Report.*® Many questions exist concerning this gradient:

1. Is it accurate? It is based primarily on computer analysis and there is
limited real data confirmation.

2. Is it too harsh? There are questions about whether the actual
environmental conditions assumed in the report ever really coincide so as
to cause the design gradient.
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3. How does the bridge respond? There are theoretical answers, but little
data to confirm.

4. Should all bridges be designed with the gradient? Currently only
segmental concrete girders are required to be designed for this thermal
gradient. For steel bridges, cast-in-place monolithic box girders, and
other non-segmental reinforced and prestressed concrete bridges the
gradient is suggested but not required. This makes segmental bridges less
economical by comparison.

As part of this research the thermal gradients, climatic conditions, and bridge response
were measured and analyzed. The results are presented in Chapter 6.

1.6.5 Joint Behavior. Currently, the AASHTO Guide Specification makes many
distinctions between dry and epoxied joints. Dry joints may only be used in bridges with external
tendons in regions where freeze-thaw conditions do not exist. In cases where dry joints are
allowed, the design must incorporate a lower ¢ (strength reduction) factor for ultimate strength
design, and they are required to have higher levels of pre-compression under service loads. This
may result in bridges with thicker webs, more mild shear reinforcing and greater amounts of
prestressing. The dry jointed structures can still be very appealing because of the cost and time
savings achieved by the elimination of epoxy and the temporary post-tensioning equipment and
operations needed to properly close the joints. During construction, dry jointed bridges are also
less sensitive to weather conditions such as rain or cold where epoxy could not be applied.

Laboratory tests have shown that the joint types behave very similarly under most ultimate
loading conditions; the exception is direct shear loading, where dry joints have significantly less
capacity. At service load levels, epoxy gives a substantial reserve against cracking above the
decompression load.

The design and construction community is divided on the relative merits of dry and
epoxied joints. Some believe that epoxy joints are clearly superior to dry joints and hence believe
the differences in the specification are desirable. Others cite old cases where epoxy has been
applied improperly, or did not set; they claim the epoxy is not reliable and should not be taken
into account in design. In other words, dry and epoxy joints should be treated equally.

In this research many joints were instrumented to observe their behavior. All the joints
in the San Antonio "Y" Project are epoxy joints. In addition to the field study, previous
laboratory studies were reviewed. The results of this study are presented in Chapter 7.

1.6.6 Anchor Zone Behavior. Post-tensioned anchor zone behavior has been studied
thoroughly in the laboratory,” but few field studies have been performed. The anchor zone type
studied in this project was heavy end diaphragms, (see Figure 1.1).
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Figure 1.1 Heavy end dlaphragm in segmental box girder with external tendons.

These diaphragms not only transfer the dead and live loads to the bearings, they also
contain the anchorages for the majority of the longitudinal post-tensioning tendons. Large
concentrated forces are acting on these massive concrete segments, and problems of cracking

have occutred in the past.*®

In this project two end diaphragms were instrumented with reinforcing steel strain gages

to observe the flow of forces through the segment, to assess the adequacy of the design, and to
compare the behavior with current methods of analysis. The results are presented in Chapter 8.

1.6.7 Deviator Behavior. Deviators are the locations where the longitudinal tendons are
forced through an angle change, normally to create a draped tendon path (see Figure 1.2). The
behavior of deviators has been studied in the laboratory, and design methods have been
proposed.”? The AASHTO Guide Specification gives general guidance on what forces and force
effects must be considered in the design, but does not provide information on how to design this

region.
External Tendon
OO0 ONO®) &—_

P

Deviator
Figure 1.2 External Tendon Deviator.

Two different styles of deviation saddle were instrumented as part of this research. The
two types were: a continuous (web to web) beam, and deviators with diaphragm walls (see
Figure 1.3). The deviators were instrumented with strain gages on the reinforcing steel. The
stresses in the bars in the deviators were studied to determine the adequacy of the deviator itself.
Reinforcing bars in other locations in the segment were also instrumented to track the flow of
forces from the deviator into the rest of the structure, and to study the effects of the forces on the
section. The results are presented in Chapter 9.
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Figure 1.3 Types of Deviators in Study.

1.7  Problems of Special Interest to Texas DOT

The following section describes areas of study which were specifically requested by the
Bridge Design Division of the Texas Department of Transportation.

1.7.1 Creep Model for Long Term Moment Redistribution. The designers of the San
Antonio "Y" Project used a time-dependent, highly specialized frame solver to calculate the long
term behavior of the bridge. The design team was interested in comparing their results to the
actual long term behavior of the bridge.

Four spans were monitored over the course of this project. The actual changes in camber
and changes in concrete stresses were recorded for many months. These actual changes have
been compared to the behavior predicted by the original computer analysis and by an analysis
based on the actual material properties and construction schedules. The changes in camber with
time, along with the changes in post-tensioning force, are presented in Chapter 4.

1.7.2 Behavior of a Semi-Continuous Unit. The final phase of the San Antonio "Y"
Project contains one two-span continuous unit which incorporates an unusual form of continuity.
The two spans are actually simple spans made continuous only by the top slab ("poor-boy"
continuity), which is continuous over the intermediate pier (see Figure 1.4). This concept
simplifies both the design and construction operations. Its primary drawbacks are that in terms
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of material costs, continuous structures are more economical than simple spans when carrying live
loads, and a simple span structure has less redundancy and less ultimate strength than a multi-span
continuous unit. However, the additional material costs for the simple spans can be offset by the
savings realized by the simpler construction processes.

75.0" (22860 mm) 85.4' (26030 mm)
N g >
"Poor-boy” Slab — ]
Span C9 Span C10

Figure 1.4 "Poor-boy" continuity.

The designers were interested to see how this design behaved. One of the two spans and
the top slab closure were instrumented and the span's behavior under live loads was observed.
The results of this study are presented in Chapter 10.

1.7.3 Behavior of Dual Boxes. In many locations in the San Antonio "Y" Project, two
adjacent spans are transversely post-tensioned together. The designers were interested in how
the two spans interact. One span, which was eventually post-tensioned to the adjacent span, was
equipped with full instrumentation. The systems were monitored during live load tests to
investigate the interaction of the adjacent spans. The results of this study are reported in Chapter
10.

1.7.4 Thermal Gradients Caused by Match Casting. When a new segment is cast next
to a recently cast, cooling segment, the heat of hydration of the new segment causes a thermal
gradient to occur in the older segment. This gradient causes the old segment to bow away from
the new segment. While the concrete is still fluid, it will conform to the bowed shape. The
resulting new segment will have one flat face (cast against the bulkhead) and one curved face
(cast against the old, bowed segment.) When the old segment returns to its original shape, the
new and old segments will not fit together properly. There will be a gap.

This problem occurred during the casting of the second phase of the San Antonio "Y"
Project. The problem was discovered during erection operations when the gap was very
noticeable and difficult to close with temporary post-tensioning. Texas DOT designers requested
that the problem be studied so it might be avoided in the future.

Several segments were instrumented to monitor the thermal gradients and the resulting
bowed shape during casting. These joints were also monitored during temporary post-tensioning
operations to determine what difficulties resulted. The results of this study are presented in
Chapter 11.
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1.8

1.9

Project Objectives

These problem areas in segmental bridges led to the initiation of this project. With the
goal of shedding new light on these areas of uncertainty the project objectives were determined.

The objectives of this project were:

1.

Scope

The type of segmental bridge instrumented in this project is a precast segmental box girder
bridge with a mixture of external and internal tendons. The bridge was erected using span-by-
span techniques. The concrete is normal weight and actual strength at time of erection averaged
9000 psi (62 MPa). The studies in this program are focused on this type of structure. However,

To identify those areas in the AASHTO Guide Specification which would
benefit from additional data collected from a full scale instrumentation
project of a span-by-span segmental box girder bridge,

To determine through literature review, laboratory trials and field trials,
which instrumentation systems were best suited for the field study,

To devise an instrumentation plan for four spans of the final phase of the
San Antonio "Y" Project,

To prepare special provisions, to be included with the project
specifications, which prepare prospective contractors for all work

stoppages, work slow-downs and other special requirements of the
research team (see Appendix A),

To perform the field study,
To analyze the data,

To recommend changes to the AASHTO Guide Specification where
required.

some of the recommendations are applicable to all segmental bridge types.
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1.10 Organization

The first report of this series presents in detail the instrumentation systems and their
performance in the field study. This report presents the findings of the field study and is
organized as follows:

Chapter 1 - Introduction and Background Information.
Chapter 2 - San Antonio "Y" Project Overview.

Chapter 3 - Instrumentation Layout and Installation.
Chapter 4 - Prestress Losses in External Tendons.

Chapter 5 - Longitudinal Stress Distributions Across Flanges.
Chapter 6 - Thermal Gradients and Their Effects.

Chapter 7 - Joint Behavior.

Chapter 8 - Anchor Zone Behavior.

Chapter 9 - Deviator Behavior.

Chapter 10 - Construction and Live Loads.

Chapter 11 - Thermal Gradients Caused By Match Casting.
Chapter 12 - Recommendations.

Chapter 13 - Summary and Conclusions.

Chapters 4 through 11 each contain an introduction to the problem, a literature review,
a brief description of the instrumentation systems utilized for the particular study, a presentation
of results, recommendations on code revisions if applicable, and conclusions. Each of these
chapters is essentially self-contained except for precise details on instrumentation, which are
presented in detail in the first report of this series and briefly introduced in Chapter 3 of this
report.

1.11 Summary

Segmental bridges are versatile and economical structures, but they can benefit from
further study. A comprehensive field study of the behavior of a segmental bridge during erection
operations and during its early life will provide new and valuable information on segmental
structures. As more is learned from previous experience and from new research, the state of the
art of segmental bridges can continue to improve.

A document such as the AASHTO Guide Specification for the Design and Construction
of Segmental Concrete Bridges is required to ensure the design and construction of safe and
durable structures. Only through a continuous process in which new data is collected and
assimilated into the document, can the AASHTO Guide Specification continue to perform well.
This research was initiated with the goal of assisting in the ongoing improvement and refinement
of the AASHTO Guide Specification.






CHAPTER 2
SAN ANTONIO "Y" PROJECT OVERVIEW

2.1 Introduction

This chapter presents a brief introduction to the San Antonio "Y" Project. The layout,
phasing, box shapes and tendon layouts are introduced. Also a description of casting yard and
erection site operations is given. This information about the project and the construction
procedures was vital in the determination of the instrumentation program, since it was desirable
to fit the instrumentation systems into the construction process with the minimum disruption
possible.

2.2  Project Description

2.2.1 Layout. The San
Antonio "Y" Project derives its
name from the shape of the
intersection of Interstate Highways
35 and 10 near downtown (see
Figure 2.1). The finished project
provides three or more lanes of new
highway for both inbound and
outbound traffic. Along some of
the north-south leg of the "Y" the
new roadway comprises entirely
elevated lanes, while on the other
two legs the lanes are split between
elevated structure and pavement on
grade (see Figure 2.2). The
majority of the elevated structures
are precast segmental box girder
bridges which use a mix of internal

The San Antonio
"Y" Project

and external tendons and which L.::do

were erected using the "span-by- Figure 2.1 San Antonio "Y" Project.
span” technique.

2.2.2 Project Phasing. The project was divided into many phases , six of which involved
segmental bridge construction (see Figure 2.3). The contracts for the various projects were let
at intervals beginning with Project IA awarded in November of 1984 and ending with Project IIC
awarded in October of 1990.

One objective of the phasing was to first complete all of the new outbound lanes.
Outbound traffic is more of a problem than inbound traffic because people filter into the city
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slowly in the morning but when
the 5 o'clock whistle blows,
everyone seems to be on the
highway at once. After
completion of the outbound lanes,
the inbound roadway was begun.
The order of the award of
contracts was:

1. 1A
2. MTA&B
3. IIB
4. IC
5. MIC&D
6. IIC
The subject
research is Project IIC.

of this

o)

H-C&D )

?;Elevatedunas\:—?

Cross-Streets W

Lanes at Grade

Cross-sections of the San Antonio "Y"
Project.

Figure 2.2

The San Antonio
"Y" Project

Figure 2.3 Phasing of the San Antonio "Y" Project.
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2.3  Structural System

The six phases of the San Antonio "Y" Project have had a wide variety of box shapes and
tendon layouts. The following sections provide a summary.

2.3.1 Box Shapes. The shape of the box on the first phase of the "Y" Project was
dictated by an original design by T.Y. Lin International (TYLI). TYLI formulated the original
design of Phase IA, in which the elevated structures were to be of a composite wing girder design
featuring a partial cast-in-place spine beam and precast wings (see Figure 2.4). An alternate
design of the project was required under the Federal Highway Administration policies since the
cost of the project exceeded $10 million. One requirement of the alternate design was that the
shape of the structure adhere closely to the TYLI general cross-sectional shape. This requirement
set the basic parameters, such as the depth of the section, the narrowness of the spine, the angle
of the web wall and taper of the cantilever wings, which were used throughout all phases of the
project.

Precast Parapet Unit
Cast-in-Place Deck Slab

Precast Wing
Deck Panel
Precast Wing
Unit Cast-in-Place
Spine Beam Web

Figure 2.4 TYLI design for San Antonio "Y" Project.

Figure 2.5 shows some of the variety of box shapes used in the "Y" Project. The two
most common variables were the width of the bottom of the box, from 6 (1.83 m) feet to 21 feet
(6.4 m), and the width of the wingspan, from 26 feet (7.92 m) to 60 feet (18.28 m). Another
variation on the box shape was the use of hollow wings on Phases IIB and IIIA&B. The use of
intermediate diaphragms and top slab stiffening ribs also varied from project to project.
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Phase

Box
Shapes

Phase
B
Type |
Box
Shape

Phase
IC
Box
Shape

Phase
lic

Box
Shapes

Figure 2.5

— 48' (14.63 m)
8' (2.44 m) phrag 1y 589
26' (7.92 m)
6'(1.83m)
60' (18.28 m)
O [ =
21' (6.4 m) every segment
56' (17.07 m)
= —_ i ————
| TN N paraly
. Hollow
10' (3.05 m) Wings
—— 56' (17.07 m)

Stiffening Beam

10’ (3.05 m) in Each Segment

58' (17.68 m)

D/

16' (4.88 m)
26' (7.92 m)

==

8' (2.44 m)

Constants: Slope of Web Wall - 10:4
Slope of Wing - 6.4 : 100
Depth of Box - §'-10" (1777 mm)
Depth of Wingtip - 10" (254 mm)

Sample box shapes from previous and current phases of the San Antonio

"Y" Project.
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2.3.2 Tendon Layouts. The tendon layouts have varied considerably through the course
of the project. Both the ratio of internal to external tendons and the method of creating continuity
between spans has varied. Methods of creating continuity have included criss-crossing tendons
at pier segments, coupling tendons and adding continuity tendons, and criss-crossing some
tendons and adding continuity tendons. Figure 2.6 illustrates the general tendon layouts in the
current project, which involves some cross-over tendons and some continuity tendons.

First Span of a

> é Three Span Unit

[ [

Simple Span Draped External Tendons,
Draped Internal Web Tendons,

and Bottom Slab Tendons
Second Span of a
Three Span Unit
1 Bottom [
Slab
Closure Simple Span Draped External Tendons,
Cross-Over intemal Web Tendons and
Bottomn Slab Tendons
Third Span of a
Three Span Unit

[ ] [ [

Simple Span Draped External Tendons,
Cross-Over Internal Web Tendons and
Bottom Slab Tendons

1 e Height ] [ [

Closure Draped Internal Continuity Tendon
Pour and Continuous Top Slab Tendons

Figure 2.6 Schematic of tendon layout for three span continuous unit for Phase IIC.

2.4 Construction Procedures

The construction procedures did not vary drastically from phase to phase. The primary
differences were in the number and locations of closure pours. The following section outlines the
construction operations for the final phase, IIC.
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2.4.1 Precasting Operations.

2.4.1.1 Short Line Match Casting. A major advantage of short line match casting is
that it requires less space and less formwork than long line match casting. Short line casting is
also more adaptable to a wide variety of horizontal and vertical curvatures than long line casting.
Since the curvatures on this project, an urban viaduct, are extreme, short line casting was the best
approach.

The following is a chronological listing of operations involved in the short line casting
operations. The operations begin early in the morning after the most recently cast segment has

cured approximately 16 to 18 hours.

1.

Surveyors check the relative positions of the segments to each other. This
is accomplished by using four vertical leveling bolts and two horizontal
centerline hairpins per segment (see Figure 2.7). At the same time
concrete control cylinders from the new segment are tested. When the
compression strength has reached the required level (4000 psi (28 MPa))
the transverse prestressing in the deck may be released.

Fixed Bulkhead

,/ New Cas/t
Se/gment

%

Levelling
Boits

Centerline
Hairpins

Figure 2.7 Geometry control hairpins and leveling bolts.

The wing forms are dropped, the core form collapsed, and the previously
cast match cast segment is pulled away from the new cast segment. The
transverse deck prestressing is cut.

The old match cast segment is moved to storage and the newly cast
segment is moved into the match cast position. The empty soffit form
(just vacated by the old match cast segment) is moved into the new cast
position,
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4. The forms are cleaned and oiled. The "donuts" which are used to position
the post-tensioning ducts against the fixed bulkhead are moved as
required.

5. The reinforcing steel cage, which was tied in a jig behind the forms the

previous dayj, is set into the forms.

6. Post-tensioning ducts are positioned and tied to the reinforcing steel.
Transverse deck prestressing is put into place. Final reinforcing steel
adjustments are made.

7. The new match cast segment is moved into approximate position, and the
core form is slipped in and expanded.

8. The surveyors and crew position the match cast segment in proper
orientation with respect to the fixed bulkhead. The wing forms and core
form are brought up snug against the match cast segment. Care is taken
to ensure that snugging does not change the match cast segment's
position.

9. The transverse deck prestressing strands are stressed.

10.  Final adjustments to the reinforcing steel and wing end forms are made.
The forms are cleaned out with compressed air to remove all loose
objects.

11. A TxDOT inspector checks the segment and gives approval for the
concrete placement.

12.  The concrete is placed, beginning with the webs. Vibration is done very
carefully to insure no honeycombing. The concrete in the bottom and top
slabs and cantilever wings is then placed. Cylinders are made by quality
control personnel.

13.  After the top surface of the segment has been finished, surveying bolts and
hairpins are inserted.

14.  Curing mats are laid on the top slab and thoroughly wetted.

This entire operation requires a crew of two steel workers and four form setters and
concrete workers, with the assistance of two surveyors, approximately six hours per segment to
complete.
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2.4.1.2 Scheduling. The contractor for Phase IIC, Austin Bridge and Road, operated
a casting yard which had nine casting beds of varying segment shapes. They were able to cast up
to eight segments per day. Two things which occasionally hindered their production were
availability of approved shop drawings and adequate storage space for segments. During most
of the yard's operation the shop drawing production group, a department of Austin Bridge and
Road, was able to provide shop drawings in a timely fashion. The erection operations began
much later than originally expected, and this caused a severe storage problem. Some segments
were stored at the erection site, and additional land was leased adjacent to the casting yard for
segment storage.

The only requirements of segment storage were that the segments cure at least 28 days
before erection, and that they be supported at three points, two under one web and one under the
other, to avoid warping problems.

In general, all casting operations proceeded very smoothly. The casting yard crews were
very experienced. Some of the personnel had been working in the yard since the first project
began in early 1985. The yard ran much like a manufacturing operation as opposed to a
construction operation. The quality control team worked hard to ensure a very high quality
product, since superior segment production results in fewer erection problems.

2.4.2 Erection Operations. Construction operations also varied little from phase to
phase. The following is an outline of erection operations. The operations are idealized, assuming
no problems occur, and organized into crew days. An erection crew normally comprised a
foreman and six highly skilled laborers. The trusses were advanced and segments set by another
highly skilled crew of riggers.

Crew Day 1 - Riggers

Preparation: supports for truss at next pier already in place and mid-span rollers
also positioned.

1. The erection trusses are lowered to free them from the previously erected
span. The truss then rests on rollers at each pier bracket and at the mid-
span temporary supports.

2. A crane lifts the front end of one truss and pulls it forward. As the truss
advances it is supported at various stages by different combinations of
rollers. Finally the truss leading end is set on the new pier bracket.

3. The second truss is likewise advanced.

4, The trusses are raised to the correct elevation with jacks at each support
location.



The positions of the trusses are checked to ensure that they are parallel.
Safety nets are pulled into position.

Segments are hauled to the site on flat bed trucks. A high capacity crane
lifts the segments from the truck and places them on the trusses. The
segments are rolled along the trusses and placed close to their final
positions.

Crew Day 2 - Erection Crew

1.

The pier segment closest to the previously erected span is accurately
positioned by the crew and the surveyors.

The first typical segment is adjusted to fit properly against the pier
segment (this is known as dry matching.)

The two segments are pulled slightly apart and the faces are smeared with
a high strength epoxy. They are then pulled together with a required
pressure of ~40 psi (275 kPa) on the faces. This is accomplished using a
temporary post-tensioning system which uses Dywidag threaded rods
anchored in intermediate slab blisters (see Figure 2.8.)

%

=7 T

L; [ == ]
Temporary Post-Tensioning Pockets
for Type | Segments

L‘l
Anchor ‘
Plate Couplers Threaded PT <
and Bars \
Nut e = R |
B\
Temporary PT Pocketsﬁ
View A-A

Figure 2.8 Temporary post-tensioning pockets.
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Crew Day 3

The position of the second segment is checked by the surveyors. Any
required adjustments are made.

All remaining segments (from 9 to 19 segments per span) are dry
matched.

The segments are pulled back so an approximately one foot gap is opened
between the second and third segments of the span.

One at a time the segments are epoxied and temporarily post-tensioned
together.

After the last segment is epoxied the position of the span is checked again
by the surveyors.

The span position is corrected as required.
Mortar is dry packed between the pier segments and their bearing plates.

Any required closure pours are made.

The high density polyethylene ducts for the external post-tensioning
tendons are cut and positioned.

All post-tensioning strands are cut and bundled into proper size tendons.
The ends are welded together and an eye for the pulling cable is attached.

For each tendon a lead wire is first pushed through the duct. Next, the
tugging line is pulled through and attached to the tendon. Finally a winch
is used to pull the tendon into its duct.

The ends of the tendons are trimmed and the wedge plates and wedges are
installed.

After the bearing dry packed mortar and closure pour concrete have
reached the proper strength, the tendons are stressed.

The temporary post-tensioning is removed.
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This is a description of an ideal, problem free erection procedure. Almost every span had
its own special dilemma which slowed down the erection process. The average erection rate was
one span for every 5 1/2 crew days.

2.5  Summary

An understanding of the general layout of the project as well as the precasting and
erection operations was required to prepare the instrumentation program. In developing and
selecting instrumentation systems, a great deal of attention was paid to how the installation of the
systems would fit into the construction operations. One objective was to disrupt contractor
activities as little as possible. This chapter describes the basic background information on the
project from which the instrumentation program was developed.






CHAPTER 3
INSTRUMENTATION LAYOUT AND INSTALLATION

3.1 Introduction

This chapter briefly describes the instrumentation systems which were installed in the
San Antonio "Y" Project. A detailed description of the instrumentation systems, their
installation and their field performance is provided in the first report of this series..
Instrumentation layouts are provided in this chapter for easy reference.

This chapter also introduces the four spans which were selected for instrumentation and
some details about those spans.

3.1.1 Instrumentation Systems. Chapter 1 outlined the primary areas of uncertainty
in the AASHTO Guide Specification’ which were chosen for study in this project. A
preliminary study of these areas was made to determine the types of measurements of the
structure which were needed to provide information on the specific areas.

The following is a list of measurements which were deemed necessary:

Tendon Forces,
Reinforcing Steel Strains,
Concrete Strains,

Span Deflections,
Concrete Temperatures,
Joint Openings.

AN B LD

A comprehensive study was undertaken by Arréllaga’ to determine those
instrumentation systems which were best suited for the field project. The chosen systems are
briefly described in sections 3.2 to 3.7.

3.1.2 Instrumented Spans. It was determined that, based on the resources of the
project, three spans would be extensively instrumented and one semi-continuous unit would
also be partially instrumented. After the number of spans was determined, the particular spans
were selected

Many factors were taken into account in the selection of the spans to be instrumented.
The primary considerations were:

Location of the spans in the contractor's erection schedule,
The type of box shape in the span,

The location of each span in its unit,

The transverse post-tensioning to adjacent boxes,

A
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5. The length of the span,
6. Accessibility.

The following sections describe each of these factors in more detail.

3.1.2.1 Contractor's Schedule. Figure 3.1 shows the entire project layout and the
positions of the four instrumented spans. One of the primary reasons for these spans' selection
was their position early in the erection schedule. Based on the contractor's original schedule,
erection was to begin at abutment C9 and progress up the ramp (Spine C-2) until the gore area
spans (C15 and A49) were erected. At this time the erection would proceed both up-station
and down-station on the mainline (Spine A). Based on this erection schedule, the instrumented
spans were to be the 1st, 3rd, 13th and 14th spans erected.

3.1.2.2 Box Shape. Another factor taken into consideration was the box shape. The
ramp spans (C9 and C11) are constructed of Type I boxes (see Figure 3.2a) which are 8 feet
(2.44 m) wide at the bottom of the box and have a 26 foot (7.92 m) wingspan. The mainline
spans (A43 and A44) comprise Type II boxes (Figure 3.2b) which are 16 feet (4.88 m) wide
at the bottom of the box and have a considerably wider wingspan, 58 feet (17.68 m).
Studying both types of boxes provides more complete information on shear lag effects, which
are in part a function of the wingspan and the distance between web walls.

3.1.2.3 Yocation in Span. It was desirable to study spans which occupied different
positions in a unit. Span C9 is the first span of a semi-continuous unit. Span C11 is the first

span of a two span fully continuous unit. Span A44 is the first and Span A43 the second span
of a three span continuous unit.

3.1.2.4 Transverse Post-tensioning to Adjacent Boxes. One question raised by

TxDOT designers concerned the behavior of adjacent boxes which were post-tensioned
together transversely (see Figure 3.3). This transverse post-tensioning complicates the
behavior significantly, so only one span of this type (Span C11) was chosen. The other three
spans are symmetric and independent.

3.1.2.5 Length of Span. The spans were also selected based on their length. The
spans with the greatest length, and hence greatest number of external tendons, would be the
most critical. Areas such as anchor zones and deviators would be subjected to the worst case
loads in the longest spans. Span Cl11, at 110 feet (33.53 m) long, is the longest Type I box
span on the project. Spans A43 and A44, at 110 feet (33.53 m) long, are exceeded in length
by only one span, A42 at 115 feet (35.05 m).

3.1.2.6 Accessibility. Finally, access to the spans during all construction processes
and after the bridge had been opened to traffic was considered. Access to the inside of the
bridge is gained through openings in the first down-station (closest to the east end) typical
segment of each span. Spans C9 and C11 can be accessed through the opening in span C9,
which requires a 10 foot (3 m) ladder. Spans A43 and A44 pass directly over an exit ramp



33

foot (3 m) ladder. Spans A43 and A44 pass directly over an exit ramp and must be accessed
through the access opening in span A46, which requires a longer 20 foot (6 m) ladder.

(17.68 m) Instmrr_tented
Spans in Grey

A46

Abutment C9—~—

Ramp C-2&\ See Detail A

Figure 3.1 Project IIC layout.
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The four spans, after selection was finalized, were then studied more thoroughly to
determine the optimum placement of instrumentation systems. The following sections describe
the systems and their locations in the spans. Details on system selection and installation are
presented in the first report of this series.

3.2 Tendon Forces

Tendon force measurement is obviously crucial in understanding losses in post-
tensioning tendons. It is also a necessary piece of information when studying other aspects
of the bridge such as anchor zone and deviator behavior and overall span deflections. Since
this is such a critical measurement, two systems used in conjunction were selected. The
systems are briefly described in the following sections.
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3.2.1 Epoxy Sleeve System. Many problems are inherent in measuring total tendon
forces. Each strand which makes up a multi-strand tendon carries a different force due to
variations in seating at the anchor head and interaction between strands at deviation points.
Also each wire of a seven wire strand has a slightly different stress. Hence a strain gage
placed on a single wire of a single strand might not accurately represent the tendon force. A
system was required which would measure the average strain in the entire tendon.

Figure 3.4 illustrates
the system  which  was
developed in the laboratory by & dia. (152 mm)

Arréllaga.” Two large epoxy < ‘5'(5;9:1:’)““"‘ Epoxy Sleoves

|

sleeves are cast around the I 2 Demec koeating
multi-strand tendon. The o j discs per sleeve
epoxy is Sikadur-32, Hi-Mod o %
which is manufactured by SIKA 19-0.6" da. (152 mm)
Corporation. It is packaged in 1. i strand tendon

(254 mm) (254 mm)

two equal sized containers, one
containing the resin and one the
hardener. The two parts are
mixed together for a minimum Figure 3.4 Schematic of epoxy sleeve system.
of three minutes and the
mixture has a pot life of 30
minutes. The sleeves have a
center to center distance of

approximately sixteen inches Dial Gage

(406 mm). Two sets of Demec Plunger
locating discs are epoxied to the \[
sleeves. Demec locating discs (®

are small stainless steel discs
with a small hole drilled in the

center. The Demec Hinge

. -
extensometer (see Figure 3.5) \V4 Locating
has two points which seat M Disc

firmly into the holes in the
locating discs. The dial gage
reading on the Demec
extensometer registers changes
in the distance between the two
points. The resolution is 4
microstrain, and the reader
error is approximately plus or
minus 8 microstrain. Figure 3.5 Demec extensometer.
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3.2.2 Electrical Resistance Strain Gages. Tests performed on the epoxy sleeve
system indicated that many of the problems of electrical resistance gages used on post-
tensioning strands could be eliminated if the gages were used in conjunction with the epoxy
sleeve system. The epoxy grips the strands and forces them to work more as a unit between
the two sleeves. Electrical resistance gages placed between the sleeves would therefore give
a better indication of the average strain in the tendon.

Other problems of the electrical resistance gages were solved by carefully selecting the
gage system. 350 ohm gages were chosen, as opposed to standard 120 ohm gages, to reduce
the signal to noise ratio. A Campbell Scientific 21X Data Acquisition system was chosen and
designed to be placed permanently in each span. The systems are powered by large 12 volt
batteries. This eliminates errors involved in connecting and disconnecting data acquisition
systems, because connection resistances vary. The possibility of losing data due to a power
failure is also eliminated.

The gages were attached to the strands with a high strength, long-life 2 part epoxy (M-
Bond AE-10/15). This eliminates, to some degree, the problem of gages debonding during
stressing or with time.

To eliminate the problem

of gages shorting out during
pressure grouting operations,
grout was by-passed around the
area between the sleeves (see
Figure 3.6). The strand
between the sleeves was
protected with a rust inhibiting

Galvanized Steel

By-Pass Enclosure

PE Duct

to Data Acquisition

. . 2 ea. Electrical system
grease (PT-1001 by Viscosity Resistance Strain
Oil_) Gages

Figure 3.6 Schematic of grout by-pass system.
3.2.3 Tendon Force s & yP y

Instrumentation Layouts.

Figure 3.7a and b show the basic layout of the tendon strain measurements. Each external
tendon comprises three straight lengths of tendon. It was assumed that the strain would be
constant along each straight length of tendon, so only one reading location was required. In
this way each tendon provided a live end, middle, and dead end reading. The figure also
shows the locations of the Campbell data acquisition systems, which were placed in specially
fabricated lock boxes. The lock boxes were designed to position the data acquisition system
just above the external tendons which run at 4 inches (102 mm) above the top of the bottom
slab of the box. This placed the data acquisition system approximately 10 inches (254 mm)
above the top of the bottom slab. A severe rain storm caused flooding inside two of the spans
and in one span the data acquisition system was damaged by the water. In future
instrumentation projects, the system should be placed in a safer location.
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3.3  Reinforcing Steel Strains

3.3.1 System. Reinforcing steel strains were needed to study anchorage zone and
deviator behavior. The same ER gages which were used on the post-tensioning strands were
also used on the reinforcing steel, and the gages were similarly connected to the data
acquisition system.

The primary difference between the reinforcing steel gages and the post-tensioning
strand gages was the waterproofing. Since the gages on the reinforcing steel were to be cast
in concrete, it was necessary to protect them well from moisture. After the leads were
soldered, the gages were painted with M-Coat B (by Measurements Group Inc.), a
waterproofing sealant. Then the gages were covered with a moldable rubber sealant and a
piece of vinyl covering, held in place with cable ties. Finally the edges were given another
coat of M-Coat B to ensure no moisture penetration.

3.3.2 Layouts. Figures 3.8a, 3.8b, and 3.8c show the locations and designations of
the reinforcing steel strain gages. Gages in deviators were given a "D" designation and those
in the anchorage zones an "A".

1" ore 1t 1S 20
(279 457 (483 (432 (610
l1mm)\ mm) . mm) U mm) . mm) J
> | 0 i
. AT
1
o wello welle |
= o |°T& A10 |
o I |
A1 (a2gpay Olas |
k \ A6 i
o E "
3 QT A12 |
= ——y—— —
]
. o |l T X |
24" |
(711 mm)

Reinforcing Steel Strain Gage Layout
Pier Segments 43A-1 and 44A-1

Gages are on the layer of reinforcing steel farthest from
the anchor heads (most up station)

Figure 3.8a Reinforcing steel strain gage layouts.
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Figure 3.8b Reinforcing steel strain gage layouts.
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3.4 Concrete Strains

3.4.1 System. The system
chosen for measuring concrete
strains is a Demec system with a
modified locating disc attachment
system. The Demec system
normally consists of two small
stainless steel discs which are
epoxied to the surface of the
concrete at a set gage length
(200 mm for this project). The
discs have a small drilled hole in
the center. A removable
mechanical extensometer seats
into the holes in the discs and
measures very precisely changes
in the distance between the discs
(see Figure 3.9).

One problem with this
system which had been reported in
previous field projects* was the
debonding of the  discs,
particularly in cold or wet
weather. To overcome this
problem, a modified attachment
system was developed (see Figure
3.10). Commercially available
stainless steel nail wedges were
purchased and a hole, precisely
matching the diameter of the hole
in the Demec locating discs, was
drilled in each. The holes were

43

e
R T Y |
Locating

Concrete
Surface _ll Disc
24 22

Figure 3.9 Demec extensometer.

, SN

2
//
Hole is Hole is Nail Wedge Wedges
drilled in partially isinserted  expand when
surface of filled with into hole nail is struck
concrete epoxy

Figure 3.10 Modified Demec attachment system.

drilled slightly off center to allow for misplaced drill holes in the concrete. The concrete was
marked at the proper gage length and two holes were drilled with a hammer drill. The nail
inserts were then placed in the holes and the gage length between the holes on the nails
checked. The distance between the Demec points can be adjusted by rotating the off center
holes. Then, noting the orientation of the insert, the insert was removed from the hole and
a small amount of epoxy was placed in the hole. The insert was then replaced and struck with
a hammer to drive the nail into its sleeve and engage the expansion wedges. In this way the
locating discs had both a mechanical and an epoxy attachment to the concrete.
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3.4.2 Layouts. Figures 3.11a and 3.11b show the layouts of the surface strain gages.
During stressing operations one reader and one recorder measured the top slab points and
another pair measured the points inside of the box.
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Figure 3.11a Demec point layouts.
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3.5  Span Deflections

3.5.1 System. The system chosen to measure span deflections is known as the taut wire
baseline system (see Figure 3.12). The system consists of a bracket placed on the underside of
the top slab immediately above the bearings, to which a high strength piano wire is attached. A
second bracket, with a low friction roller, is placed above the bearings at the opposite pier. The
piano wire is placed in a groove on the roller and a weight is hung on the wire. In this way the
wire is tensioned with a constant weight and should maintain a constant profile. Non-corroding,
but magnetic, steel plates are attached to the underside of the top slab at the quarter points, mid-
point of the span and directly adjacent to the dead end bracket. A digital sliding ruler on a magnet
base can then be placed on each plate, in a precise location delineated by guide bars, and can
measure the distance from the plate to the wire. As the profile of the bridge changes, the
difference in the distance to the wire can be measured very accurately (+0.005" (£0.0013 mm)).

Measuring Plates

- ___#___%___Bg_}LT_
o
Roller End k Measuring Dead E“d4
Bracket Bracket Bracket
50 Ib Weight (See Detail)
A

T - [

I

I
I}VL P T, Boge Plate Attached

Guide Bars to to MQ
Position
Bracket Magnetic Base
Sliding Arm with
digital readout
Taut Wire Ruler

Detail
Figure 3.12 Taut wire baseline system.

3.5.2 Layouts. Figure 3.13 shows the layouts of the deflection measurement system. In
three of the spans the deflections could not be read directly on the centerline of the box because
a drainage pipe was to be installed directly on the centerline. The measurement brackets were
therefore slightly offset.
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3.6 Concrete Temperatures

3.6.1 System. Type T, copper-constantan, thermocouples were chosen to measure
concrete temperatures. They are simple to install and very stable for long periods of time.
Two systems for reading the thermocouples were used. One was a manually operated switch
box to which a hand-held digital thermometer was attached. All gages to be read were
connected to the panel of the switch box, as was the thermometer. Then the dial could be
switched from thermocouple to thermocouple and the temperatures read from the thermometer.
The other system was a Campbell 21X data logger. Eight thermocouples could be hooked to
the data logger and the logger programmed to read temperatures at set time intervals, The
data could then be extracted with the notebook PC.

3.6.2 Layouts. Figure 3.14 shows the thermocouple layouts. Thermocouples were
installed for two purposes: to read horizontal gradients during match casting and to read
vertical gradients due to climatic conditions.
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Figure 3.14a Thermocouple layouts.
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3.7 Joint Openings

3.7.1 System. A dual measurement system was chosen to measure joint openings.
Both grid crack monitors and Demec gages were used (see Figure 3.15). In this way, a strain
might be associated with the point at which a joint opens. A grid crack monitor is made up
of one opaque and one transparent plastic plate. The opaque plate is mounted on one side of
the joint, and the transparent plate is mounted on the opposite side and overlays the first plate.
The opaque plate has a grid imprinted on it and the transparent plate has a cross-hair. If the
plates move relative to one another, the amount of movement can be read off of the grid.

Opaque plate
with Grid attached Transparent Plate
to concrete on left — Joint with Cross-hair gtached
side of joint to concrete on right
Demec side of joint
Locating
DiSC 20mm_ 10pm 1 10mm nm
®

The opaque plate and transparent plate are not connected
and can move independent of each other in any direction

Figure 3.15 Grid crack monitor and demec points.

3.7.2 Layouts. Figure 3.16 shows the layouts of the joint opening measurement
system. Due to the high cost of the grid crack monitors, only one web wall in each span was
instrumented. Since all but one span were symmetric, one web wall was considered adequate.
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Figure 3.16a Joint movement instrumentation layouts.
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3.8 Summary

This chapter has introduced the instrumented spans and detailed the instrumentation
systems. Overall, all systems performed very well for short term readings and somewhat less
reliably for long term readings. The installation processes were for some systems very labor
intensive, and work inside of the box girder was often quite uncomfortable. In all cases the
work was accomplished within the time parameters set down in the special provisions (see
Appendix A). In two cases the contractor vacated the span after work on Thursday and the
systems were installed on Friday, Saturday and Sunday. In this way only one working day
was lost for the contractor.

The systems worked well, but based on this experience, changes could be made which
would improve performance on future field instrumentation projects. Recommendations for
modifications to the instrumentation systems are presented in the first report of this series.



CHAPTER 4
LOSSES IN EXTERNAL POST-TENSIONING TENDONS

4.1 Introduction

The efficiency of post-tensioning tendons may be defined as the lowest post-tensioning
force in the tendons which may be counted on as being effective in providing prestressing over
the service life of the tendon divided by the highest post-tensioning force which is allowed to be
applied to the tendon. The tendon efficiency is reduced by the occurrence of losses in the
prestressing force during stressing operations, during seating of the wedges and with time.
Current AASHTO Specifications allow a tendon to be stressed to 80% of its ultimate breaking
strength, but after initial and time dependent losses the actual effective stress in the tendon may
be as low as 50 to 60% of the breaking strength. Thus the efficiency may be of the order of
0.50/0.80, or 62%. This is relatively inefficient.

In order for a bridge to perform satisfactorily at service loads the effective long term
prestress must be adequate. To ensure this, the magnitude of the losses must be well known. The
deflection of prestressed concrete members is quite sensitive to the actual prestress force.
Underestimating the losses can lead to service load cracking, joint openings or droop;
overestimating can lead to excessive camber and increased creep. Stress ranges in the tendons
under traffic load are also quite sensitive to prestress forces. Underestimating the actual losses
can lead to excessive stress ranges and possible fatigue problems.

This chapter describes the observations of external tendon forces in three instrumented

spans. A total of sixteen tendons were monitored to evaluate losses through stressing hardware,
friction losses, seating losses, elastic shortening losses, and losses with time.

4.2  Background Information

Tendons lose force due to many causes. Some losses are immediate, occurring during
stressing operations. These losses are:

a) Losses through stressing hardware,
b) Friction losses,

c) Seating losses,

d) Elastic shortening losses.

Other losses occur with time. These are:

a) Creep and shrinkage losses,
b) Relaxation.
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4.2.1 Losses Through Stressing Hardware. Losses through stressing hardware are
acknowledged by the design and construction communities but have traditionally been considered
to be too insignificant for code and specification mention.*

Figure 4.1 shows a
schematic of tendons passing
from a duct, through an
anchorage device and into a
typical multi-strand ram. It is
obvious that each strand makes a Duct diameter

Wedge Plate Pulling Head
Diameter Diameter
7.75" (197 mm) 13.5" (343 mm)

slight deviation as it passes from 4° (102 mm) g Ram ,
duct to ram. Every deviation 0.062rad. _})
point is a location where friction = == — Y_|_Aooe4rad_ || _ _| Strands
losses can occur. %
\1 A ——
A typical angle change for \|
the most deviated strands is 0.18 >

< » >
radians. Using the same friction 30" (762mm) 45" (1143 mm)

coefficient as a tendon in a
galvanized duct (p = 0.25), a loss
of 4.5% would result in the most
deviated strands (=3% average
for tendon bundle) .

Figure 4.1 Angle Changes in strands passing from duct
through anchorage device and ram.

Another source of loss is internal friction in the ram. Often calibrations of rams are
conducted in laboratories in large displacement-controlled testing machines. The piston of the
ram is extended until it is in contact with the loading head of the test machine. Then the pressure
in the ram is increased and the corresponding load in the test machine is recorded. A calibration
chart showing pressure vs. load is created from this data.

In the field, on the other hand, the piston will travel through a distance of 9 or more
inches during the course of stressing a tendon. The friction of the piston against its housing,
which is not present in the static calibration, could also be a source of loss.

Austin Bridge and Road measured losses of this type while conducting strand modulus
of elasticity tests on previous segmental projects. Their test was conducted in a frame which
comprised two large concrete end blocks with two I-beams between the blocks (see Figure 4.2).
A 40 foot (12.2 m) tendon was anchored in each block and ran freely between the anchors. Any
losses recorded from the stressing end to the dead end must have occurred in the ram or the
anchor hardware. The difference between the live end force, measured by the pressure in the
calibrated ram, and the dead end force, measured with a load cell, was normally 8 to 12% of the
live end force.



57

40 (122 m)

‘I

Figure 4.2 Austin Bridge and Road bench test frame.

The losses through stressing hardware are examined briefly in this chapter by comparing
measured ram forces, based on the gage pressure times the theoretical ram area from the
supplier’s calibration charts, with the measured forces in the tendons after they pass out of the end
diaphragm anchorage zone.

4.2.2 Friction Losses. Friction losses along the length of the tendon excluding any losses
in the stressing hardware, are traditionally divided into two types:

a) Curvature Effect (friction losses): reduction in tendon force due to
curvature in the tendon path,

b) Length Effect (wobble losses): reduction in tendon force due to inadvertent duct
misalignment.

Figure 4.3 illustrates the effect of curvature friction on tendon forces pictorially. Based
on the free body diagram of the tendon passing through the deviator, a simplified expression for
the relationship of the force in the tendon before the curve, F,, , and the force after the curve, F,,

is as follows:
F,=F,e™

where:

F, = Initial force,

F, = Force after friction loss,
p = Friction coefficient,

o = angle of deviation.
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The value of p is generally N=Fda

based on experimental results* and dF =-mN
varies depending on the type of steel m F+mN = F <IF

used (wires, strands or bars), and the F F -dF
surface of the duct (smooth or & ii \ dF = - nFd a
corrugated, galvanized steel or % =-mda
plastic). @ The AASHTO Guide F, ca
Specification for the Design and Sd_F =_S mda
Construction of Segmental Concrete FOF o
Bridges' (referred to for the InF, - InF, =-mSa
remainder of the chapter as the E
AASHTO Guide Specification) Ing* =-mSa
recommends p=0.15 to 0.25 for F°
strand in galvanized sheathing, 0.23 =™
for strand in polyethylene duct and ° mSa
F,=FRe

0.25 for strand in rigid pipe
dewviators. Figure 4.3 Friction loss along length dx.

Small deviations in the duct path result in the tendon rubbing against the duct (see Figure
4.4). At every contact point a small amount of force is lost in the tendon and transferred to the
concrete. As shown in Figure 4.4, the wobble effect in a tendon is calculated by the expression:

F,=F,e*

where:
F, = Initial force,
F, = force at a distance x along the tendon,
k = wobble coefficient,
x = length along tendon, ft. (m)

The coefficients to describe the length effect or wobble losses have also been determined
experimentally by tests on supposedly straight tendons. The AASHTO Guide Specification
recommends a wobble factor of 0.0002/ft. (0.00066/m) for most internal tendons and 0.0 for
external tendons. The Texas Department of Transportation, based on their previous segmental
experience, recommends a wobble coefficient of 0.0015/ft. (0.00492/m) for internal tendons in
segmental structures.

As indicated by the wobble coefficient of 0.0, an external tendon in a polyethylene (PE)
duct should not experience significant wobble losses. In an internal tendon the friction forces are
due to the resistance of the stiff concrete at contact points and are transferred directly into the
concrete at these points. In an external tendon, the normal force between the PE pipe and the
tendon is the relatively small weight of the quite flexible duct so that the resulting friction is quite
small. Furthermore, the friction force can only be transferred into the duct, as shown in Figure
4.5, and then transferred into the concrete through the relatively flexible connections of the PE
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Figure 4.5 Wobble in external tendons.
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pipe to the internal ducts at the deviators and diaphragms. Thus, the wobble effect in an external
tendon can be considered essentially zero.

The friction and wobble losses in external tendons were studied in three instrumented
spans by measuring the forces in the tendons on each side of every deviation point.

4.2.3 Seating Losses. Seating is
the construction process of transferring the
load from the temporary grips used during
stressing to the permanent anchorage
devices. A loss in tendon force is caused by
the movement of the tendon which is Movementof

Before Seating

required to seat the wedges in the wedge Strand Required \§
plate (see Figure 4.6). This movement of ' SeatWedges Wedge Plate
the tendon results in a slight reduction in —— Wedge or Chuck

tendon force.
After Seating

The seating movement is usually
assumed to be between 1/8" (3.2 mm) and
3/8" (9.5 mm), with a value of 1/4" (6.4
mm) common for preliminary calculations.
Newer rams which are equipped with power
seating devices, which physically force the
chucks into the wedge plate, reduce the Figure4.6  Movement of strand during seating
seating losses considerably. of wedges.

The length of tendon which experiences a loss in stress due to the wedge seating
movement depends upon the friction acting on the tendon along its length. If a tendon had no
friction along its length, the entire length would experience a uniform loss in stress which can be
calculated as:

A
Ao-—'z-E
L

where:

Ao = change in stress in tendon,
A, =seating loss, inches, (mm)
L = length of tendon,

E, = modulus of tendon steel.
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For tendons with friction acting
along the length, it is generally
assumed that the loss in tendon
force per unit length during stressing
will be equal and opposite as the
tendon moves the other direction
during the wedge seating operation.
For external tendons, therefore, the

1 : 1— Stress After Stressing
chapge in strf:ss across a.dewat(?r 5 T and Botore Sooting
during seating operations is g 1 L

-
commonly assumed to be equal but s N |
. - < becopennaasd s
opposite to the change during £ i‘x’ ,
stressing (see Figure 4.7). O P \\
\ . Change In Tendon Stress
L. Stress After Seating across Deviator After Seating

The determination of the is Same Magnitude but

loss in tendon stress due to seating Opposite Sign as Change
Before Seating

of the wedges is an iterative process

for external tendons. First the total

loss in stress is assumed to occur in

the length of tendon from the

stressing end to the first deviator: ~ Figure 4.7 Change in tendon stress due to movement
of strand during seating.

where:

L, = length of tendon from anchor to first deviator.

If Ao is greater than two times the change in stress across the first deviator, Ao, then
a second iteration must be done, which assumes the first two lengths of tendon experience a loss

in tendon stress due to seating. The loss in the second length of the tendon, A g,, is calculated
as:

AE-2Ac
po Aefs200d
L\L,

where:

L, = length of tendon from first to second deviator,
A o, = change in tendon stress across first deviator during stressing

If A o, is less than two times the change in tendon stress across the second deviator, then
the solution is complete. Ifit is still greater, then a third iteration must be done.
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Seating movements and resulting changes in tendon stresses were measured in the three
instrumented spans.

4.2.4 Elastic Shortening Losses. Elastic shortening losses occur in previously stressed
and seated tendons when a subsequently stressed tendon causes elastic shortening of the concrete
girder. In a post-tensioned girder, the first tendon stressed will have the greatest elastic
shortening loss and the final tendon stressed will have none.

In pretensioned concrete beams, in which the strands are bonded to the concrete when the
prestressing force is transferred to the member, the elastic shortening loss is computed by
determining the compressive strain in the concrete at the level of the strand and equating that
strain change to a force change in the pretensioned strand.

In post-tensioned beams, whether internally or externally post-tensioned, the tendons are
unbonded during the stressing operations so strain compatibility between the concrete and the
tendon cannot be assumed. Still the average shortening of the concrete is normally used to
calculate the average loss due to the concrete compressing. The problem is slightly more
complicated with draped external tendons. The elastic shortening loss can be determined by
precisely calculating the change in the distance between points where the tendon is in contact with

 the structure (deviators and diaphragms) if it is assumed that there is no slip at these points. This
could be a tedious calculation for a relatively small loss. A simpler method is to calculate the
average strain at the center of gravity of the tendon along its length between points of discrete
bonding.

Elastic shortening losses were studied by comparing individual tendon strains immediately
after seating to strains after the completion of all stressing operations.

4.2.5 Creep and Shrinkage Losses. Losses in the prestress forces occur with time due
to creep and shrinkage of the concrete. As the concrete shortens with time, the tendons also
shorten which results in a prestress loss. The magnitude of the loss depends on the creep and
shrinkage characteristics of the concrete. A step-wise approach is usually recommended to
calculate the constantly changing forces in the tendons and the concrete.

The instrumented tendons were monitored continuously for many months after
installation. Also companion creep tests were performed to determine the creep characteristics
of the concrete.

4.2.6 Relaxation. Relaxation is the tendency of prestressing steel to lose stress under
constant strain. This characteristic has been studied by steel manufacturers and was not
investigated directly as part of this program.

4.2.7 Effect of Moment Redistribution on Prestress Losses. In segmental construction
there are often changes in the statical system during the course of construction. Systems built
using balanced cantilever methods are often made fully continuous by casting closures at mid-span
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and then adding continuity tendons across the closure. Similarly in span-by-span segmental
structures, the spans are erected as simple spans, then made into continuous multi-span units by
casting closures over piers and adding continuity tendons. In this type of system, initial dead
loads and initial post-tensioning loads are carried by the simple spans immediately after erection.
After the continuity is established, all additional loads such as topping and live loads are carried
by the continuous system. With time and creep, the moments can redistribute.

If the structure is not made continuous, over time the simple spans would increase in
deflections and curvatures. The increase would be proportional to the initial elastic deformations
which are magnified by the creep, shrinkage and relaxation effects. However when made
continuous, the closures and continuity tendons effectively restrain the creep induced rotations
at the piers and cause moment changes over the piers. This is known as moment redistribution,
and it effects the long term post-tensioning losses in the structure.

The PTI Precast Box Girder Bridge Manual®® presents a method for calculating moment
redistribution if the creep factor (¢) is known. ¢ is defined as:

o SFe
€ ¢ 2]
where:
€,-  creep strain, additional strain which develops with time,
€.~ Initial elastic strain,

o -  Applied stress,
E.s- 28 day modulus of concrete.

A derivation is presented therein which results in the following formula:

M _(1-e MM

where:

M, - Actual moment caused by creep restraint effects resulting from change in
statical system,

M, - Actual moment due to loads before change in statical system,

Mg - Moment due to load applied to changed statical system.

This simply means that the system, with time, creeps slowly from its original system
towards its final system. For instance, if a ¢ value of 2 for a time interval is determined, (1-e%)
= (.86, so after that time interval 86% of the moments of the continuous structure have

developed.
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The effects of moment redistribution must be considered in the calculation of long term
prestress losses, and in turn the effect of the loss of prestress must be considered in the long term
moment redistribution.

4.3  Literature Review
The following section presents some methods currently available for determining losses.

4.3.1 AASHTO Guide Specification. Section 10.0 covers prestress losses. Lump sum
losses are allowed only for preliminary designs. A detailed analysis which takes into account
construction schedules is required for the final design. The commentary suggests many references
on time dependent analysis which include the ACI 209 creep model,* the CEB-FIP creep model'®
and recommendations by PCL.*' Beyond this, and a worked example in its Appendix A, there is
little guidance on the specifics of the time dependent analysis.

Short term losses are more directly addressed. Friction and wobble coefficients are given
for a wide variety of duct types. For external tendons passing through rigid steel pipe deviators:

p=025 and k=0.0

It is noted that lubrication will probably be required to achieve a value of p = 0.25. A value for
anchor seat of %" (6.4 mm) is recommended. Equations are presented for calculating steel
relaxation losses.

4.3.2 ACI 318-89. Chapter 18 covers prestressed concrete. ACI suggests several
references for determining prestress losses. The references include ACI-ASCE Committee 423,3
ACI Committee 435,° PCI Committee on Prestress Losses®! and a paper by Zia, Preston, Scott
and Workman.”

Friction losses can be calculated with the equation:

Fo' Fx'e (eeoper)
where:

F, = Initial force in the tendon.

F, = Force in the tendon at a distance x from the stressing end,
k = wobble coefficient,

x = distance along tendon,

p = friction coefficient,

o = cumulative angle change from stressing point to distance x.

or if (kx + pa ) < 0.3 a simpler equation may be used:
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FF (Lekeepe)

Values of wobble coefficients, k, for multi-strand tendons vary from 0.0005/ft. (0.00164/m) to
0.0020/£t. (0.00656/m) and friction coefficients, p, vary from 0.15 to 0.25. No other losses are
addressed specifically.

4.3.3 PTI Manual.*® The PTI Manual provides design aids for determining friction
losses and anchor seat losses. The same two equations for friction losses as those in ACI 318-89
are presented , but it is recommended that the approximate equation only be used if pa + kx <
0.15. Friction coefficients, u, for rigid thin wall tubing of 0.20-0.30 for non-galvanized and 0.16-
0.24 for galvanized are recommended. No recommendations for polyethylene duct are made.

A procedure for determining the effect of anchor seating is presented, but no approximate
design values are given.

The PTI Manual also gives references to be used in determining long term losses.
Recommended sources are PCI Committee on Prestress Losses,” ACI-ASCE Committee 423,
and the AASHTO Standard Specification.? The PTI Manual also provides lump sum losses, but
states that these values are to be used only for preliminary estimates of quantities of prestressing
materials, and not for final designs.

4.3.4 Zia, Preston, Scott and Workman.” This paper, authored by members of ACI-
ASCE Committee 423, is a comprehensive examination of loss in prestress. The following is a
summary of their recommendations.

Elastic shortening, ES, for post-tensioned members with unbonded tendons can be
calculated as follows:

ES-O.SE;fi"#
E

d

where:

E, = Modulus of elasticity of prestressing steel,

E,; = Modulus of elasticity of concrete,

f,.= Average compressive stress in the concrete along the member length at
the center of gravity of the tendons immediately after the prestress has
been applied to the concrete.

Creep losses, CR, for post-tensioned members with unbonded tendons can be calculated
as:
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E.l’
CR-1.6—2 1,

14

Shrinkage, SH, for post-tensioned members can be computed as:

SH-8.2-10°°K 4E (1-0.006 %)(100 -RH)

where K, varies depending on the time elapsed between the end of moist curing and the
application of prestress. Other variables are as follows:

V/S= Volume to surface ratio - Gross cross-sectional area divided by perimeter.

RH= Average relative humidity surrounding the concrete member. Numbers
are provided on a map.

Relaxation, RE, can be calculated as:
RE-[K,~J(SH+CR-ES)|C

where K, and J vary depending on the type of strand and C varies with the strand type and the
level of stress in the tendon divided by the ultimate breaking stress (f; /f,,).

The friction and wobble coefficients and procedures are the same as those presented in
ACI 318-77, which are essentially the same as ACI 318-89.

In the commentary of the specification presented in this paper, it is claimed that this
method gives a good approximation of prestress losses for "normal designs", but notes that
"unusual designs" will require a more detailed procedure.

The commentary also provides maximum values for total losses. for stress relieved strand
the maximum loss is 50,000 psi (345 MPa) and for low-relaxation strand it is 40,000 psi (276
MPa).

4.3.5 Tadros, Ghali and Dilger.® These authors present a method for predicting
prestress losses which takes into account the reduction of stress in the tendon due to creep,
shrinkage and relaxation. The loss of prestressing force, due to shrinkage and creep of concrete
and relaxation of steel, reduces the concrete stress and induces elastic strain and creep recoveries.
A recovery parameter p is presented to account for reduced losses due to this recovery. Also a
factor ¥ is presented to account for steel relaxation creep recoveries.
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Experimental verification showed the method was quite accurate.

4.3.6 PCI Committee on Prestress Losses.”® The report presented by this committee is
a comprehensive guide to calculating prestress losses. The following is a brief summary;

Total losses, TL, for post-tensioned members:

TL =FR + ANC +ES + ¥(CR + SH + RET)

where:
FR - Friction loss,
ANC - Anchor seat loss,
ES - Elastic shortening loss,
Y(CR + SH + RET) - Summation of time dependent losses, CR - creep,

SH - shrinkage and RET - relaxation, over a series
of time intervals.

Four intervals are recommended for the loss calculation:
Step 1: End of curing to application of prestress,

Step 2: Application of prestress to age 30 days or a time when the
member is subjected to an additional dead load,

Step 3: 30 days to one year,
Step 4: One year to end of service life.

The recommendations for calculating losses due to friction, anchor seat and elastic
shortening are similar to previously outlined references.

The losses due to creep over each time interval is to be calculated as:
CR=UCR * SCF * MCF *PCR * £,

where :

8 net compressive stress at the center of gravity of the prestressing
force at time t,,
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UCR= 95 - 20E/10° >11 (for a moist cure of not more than 7 days and
normal weight concrete),

SCF= Effect of size and shape, depending on volume to surface ratio,

MCF= Effect of age of concrete at transfer and length of moist cure,

PCR= Portion of ultimate creep which occurs over the time interval,

values provided in a table.
The shrinkage loss over each time interval is given as:

SH = USH * SSF * PSH,

where:
USH= Ultimate shrinkage loss = 27000 - 3000E/10° >12000 psi
(83 Mpa) for normal weight concrete,
SSF= Effect of size and shape, depending on volume to surface ratio,
PSH= Portion of ultimate shrinkage which occurs over the time interval,

values provided in a table.

Formulas for calculating relaxation losses for stress-relieved strand and low relaxation
strand are also provided.

A simplified method is also provided for calculating total prestress losses, TL:

TL=125+70f, -4.1f,,
where:

f_ -  net stress due to prestressing and weight of prestressed member at the
time of prestress transfer at the center of gravity of the tendons at the
critical location in the span where the maximum tension (or minimum
compression) occurs under full live load.

f4  Stress due to dead loads applied after prestress transfer.

This equation is based on many assumed basic parameters such as volume to surface ratio,
tendon tension, concrete strength and age at prestressing.

4.3.7 ACI Committee 435.5 This report recommends a step-wise summation of time-
dependent losses. It also presents an approximate single step loss calculation. Ranges of the value



69

for the ultimate creep coefficient, C, are presented in a table. Values vary according to concrete
strength and relative humidity.

4.3.8 Ketchum.*® XKetchum presents computer aided solutions, using a program
SFRAME, of time dependent moment redistributions in segmentally constructed bridges. He
compares solutions using creep coefficients determined with the CEB-FIP model and the ACI 209
method.

He concludes that the simplified method for determining the amount of moment
redistribution:

M _=(l-e ®M M)

(see Section 4.2.7) is based on several simplifying assumptions which are not necessarily met by
many of the segmentally erected bridges being built today. Under the influence of prestressing,
which is undergoing a change in force due to creep and shrinkage at the same time that internal
moments are redistributing due to creep, moments in the girder redistribute quite differently than
indicated by the simplified equation. He recommends the simplified solution for preliminary
designs, but a complete time dependent analysis considering the actual construction sequence and
schedule for the final analysis.

He also concludes that the CEB-FIP creep model predicts significantly greater moment
redistribution and prestress losses than the ACI-209 model.

44  Measurement Program

A total of 16 tendons in three different spans were instrumented with epoxy sleeves and
electrical resistance (ER) strain gages to determine the actual prestress losses in external tendons.
This section presents the results of the measurements.

4.4.1 Losses During Stressing Operations. As described in Chapter 3, each external
tendon in Spans A43, A44 and C11 was instrumented in three locations (see Figure 4.8). During
stressing operations the Campbell data acquisition system recorded strains every 20 seconds.
Manual Demec readings on the epoxy sleeves were taken before stressing, at stressing stages
corresponding to 20%, 40%, 60%, and 77% of the ultimate strength of the tendon (GUTS).
Demec readings were also made after seating of each tendon, on all tendons immediately after all
stressing was completed, and after the erection truss was lowered.

As described by Arréllaga,” some manipulation of the raw data is required to determine
the exact force in the tendon. Figure 4.9 shows the procedure in which the four measurements
at each location (2 ER gages and 2 Demec readings) at each stage of stressing are plotted against
the force in the ram. The force in the ram is determined by the theoretical ram area from
calibration procedures, multiplied by the pressure recorded by a calibrated pressure transducer
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Figure 4.8 Instrumentation layouts and tendon designations.
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Figure 4.9 Manipulation of raw data to determine tendon forces.
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read by the Campbell system. The best fit slopes of the raw data lines are determined using a
linear regression analysis. The lines are then adjusted so they pass through the origin, and the
final adjusted data gives the stress as indicated by each device. Laboratory tests showed the
method of data reduction to give measurement of tendon stress to £2% of the stress measured
with other methods (testing machines and load cells.)

The gage factors of the electrical resistance gages were slightly altered to reflect the
parasitic resistances in the data acquisition system (determined through testing) and in the lead
wires (determined theoretically). The lead wires were 30 gage stranded tinned copper wire with
a resistance of 0.01032Q per linear foot. The gage factor is altered by the following equation:

Rg

GG
™o RgR,

where:

G, = Desensitized Gage Factor,

G, = Manufacturer's Gage Factor,
R; = Gage Factor Resistance, ohms,
Ry, = Lead Wire Resistance, ohm

Using the desensitized gage factors the strains at each location as read by the ER gages were
calculated.

The strains are equated to stresses using moduli of elasticity determined in the laboratory.
Two six foot samples were cut from each reel of strand used in the instrumented spans. These
samples were tested, as recommended by Arréllaga,” to determine the modulus to be used for the
electrical resistance gages and the epoxy sleeve Demec points. The moduli of the two
measurement systems are different because the Demec readings are taken directly along the
tendon axis, while the electrical resistance gage measures strain in a helical wire. The strain along
the axis is greater than that on the helical wire, so the modulus is smaller. The Demec modulus
is in better agreement with the manufacturer's modulus which is normally measured with an
extensometer which measures strains along the axis of the tendon. The value of each modulus
of elasticity for each span is shown in Table 4.1.

Table 4.1 Value of Modulus of Elasticity

Span Demec Modulus ER Gage Modulus | Manufacturer's Modulus

ksi (GPa) | ksi (GPa) | ksi (GPa)
C11 28,000 (193) | 29,600 (204) | 28,000 (193)
A44 29,000 (200) | 30,600 (211) | 28,000 (193)
A43 29,000 (200) | 30.600 (211) | 28,000 (193)
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The stresses in each tendon at the end of stressing, before seating, are presented in Table

4.2 and graphically in Figure 4.10. The four readings at each measuring point were quite similar,
with the high and low readings on average +2% of the average of the four readings.

Table 4.2 Measured Tendon Stresses

Tendon Live End Middle Dead End Ram

ksi (MPa) | ksi (MPa) | ksi (MPa) | ksi  (MPa)
C11-TIN 210  (1448) [ 204 (1407) | 199 (1372) | 210 (1448)
T1S (215 (1482) [ 207 (1427) | 201 (1386) | 215 (1482)
T2N 208  (1434) [ 201 (1386) | 193  (1331) | 209 (1441)
T2S 208 (1434) | 196 (1351) | 193  (1331) | 209 (1441)
A43-TIN 202 (1393) [ 195 (1345) | 186  (1282) | 208 (1434)
T1S 198  (1365) | 189  (1303) | 186  (1282) | 210 (1448)
T2N 205  (1413) [ 194 (1338) | 190 (1310) | 213 (1469)
T2S 202 (1393) | 193  (1331) | 189 (1303) | 214 (1476)
T3N 205  (1413) [ 202 (1393) | 191 (1317) | 213  (1469)
T3S 198  (1365) | 190 (1310) | 184 (1269) | 215 (1482)
A44-TIN 203  (1400) | 191 (1317) | 187 (1289) | 210 (1448)
T1S 198  (1365) | 191 (1317) | 183  (1262) | 208 (1434)
T2N 201  (1386) | 195 (1345) | 187 (1289) | 209 (1441)
T2S 199  (1372) | 192 (1324) | 187 (1289) | 211  (1455)
T3N 194  (1338) | 188 (1296) | 180  (1241) | 208 (1434)
T3S 202 (1393) [ 191 (1317) | 180  (1241) | 210 (1448)
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Figure 4.10 Tendon stresses after stressing, before seating.
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The accuracy of the readings was studied by comparing measured tendon elongations to
the elongations which would be calculated with the measured tendon stresses. Table 4.3 shows
each tendon, the measured stress and the tendon segment length for each of the three tendon
segments, the measured elongation and the calculated elongation (see Figure 4.11 for notation).
Finally, the ratio of the calculated to the measured elongation is shown.

Table 4.3 Measured Elongations Compared to Calculated.

|lSpa.n endon Fl a F2 2 k§|3 (] Calc. Elong. | Meas. Elong. ;:Aale:s/
ksi (MPa)|ft (m){ksi (MPa)(ft (m) (Mpa) ksi (Mpa) |inches (mm)|inches (mm) %

ci1 | TIN [210 (1448)[37.4 (11.40)|204 (1406)[41.9 (1277|199 (1372)[33.5  (@3D)|o.87 (2s1)[10.07 (256) 98.0
TIS [215 (1482)(37.4 (11.40)[207 (1427)[41.9 12.77)[201 (1386)[33.5  (231)[10.04 (255)[10.07 (256)] 99.7
T2N [208 (1434)|37.5 (11.43)[201 (1386)[41.9 (12.77)|193 (1331)[33.5 (1D|o.71 (47942  (239)| 103.1
T2S |208 (1434)[37.5 (11.43)[196 (1351)[41.9 (1277193 (1331)[33.5  (231)]o.61 (244)]9.49  (241)| 1013
A43 | TIN 202 (1393)|37.2 1134)|195 (1345)[35.1 (10.70)[186 (1282)[37.0  (@55)|o.10 (231)|932  (@37)| 976
TIS [198 (1365)[37.2 (11.34)[189 (1303)[35.1 (10.70)[186 (1282)[37.0 (255)[8.95 (227)|9.28 (236)] 96.4
T2N [205 (1413)|37.2 (11.34)|194 (1338)[35.1 (10.70)[189 (1303)[37.0 (255)[9.19 (233)|9.44 (240)| 97.4
T2S |202 (1393)[37.2 (1139|193 (1331)[35.1 (10.70)]189 (1303)[37.0  (@55)|9.12 @32)|9.32  (@3M)| 979
T3N [205 (1413)[372 (11.34)[202 (1393)[35.1 (10.70)[191 (1317)|37.0 (255)[9.32 (237)[9.62 (244)| 96.9
135 [198 (1365)|37.2 1139|190 (1310)[35.1 (10.70)[184 (1269)|37.0  (255)[8.94 (22Dlo23 (234) 969
A44 | TIN 203 (1400)[37.0 (11.28)]198 (1365)[35.0 (10.67)|189 1303)|36.4  (251)[9.22 (234)]9.37  (238)] 93.4
Ti1S [198 (1365)[37.0 11.28)[191 (1317)|35.0 (10.67)|183 (1262)[36.4  (251)|8.86 (225)|8.96 (228)| 989
T2N |201 (1386)]37.0 (11.28)|195 (1345)|35.0 (10.67)|187 (1289)|36.4  (251)[9.02 (229)[9.08 (231)] 993
T2S |199 (1372)[37.0 (11.28)[192 (1324)[35.0 (10.67)]187 (1289)|36.4  (251)[8.94 (227)[9.00 (229) 993
T3N [194 (1338)[37.0 (11.28)[188 (1296)[35.0 (10.67)|180 (1241)|36.4 (251)|870 (221)[8.73  (222)| 99.7
T3s [202 (1398)[37.0 1128)[191 (1317)]35.0 (10.67)[180 (1241)|36.4  (251)[8.88 (226)[8.96 (228) 99.1

[Average 98.7
|Eta.ni Deviation 1.7
Live
Dead

Figure 4.11 Notation for Table 4.3.
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Some assumptions are required in determining the measured elongation. Field elongation
measurements were made when the tendon was stressed to 20% of GUTS and again at the final
stress of 77% GUTS. The total elongation is calculated for the full range of 0-77% GUTS by
assuming a linear relation between ram pressure and elongation. From the extrapolated total
elongation the following values are subtracted:

Dead End Seating Loss - 0.13 inches (3.3 mm) at expansion joints,

0.19 inches (4.8 mm) at interior piers (less access for
placing wedges).

Ram Wedge Seat - 0.15 inches (3.8 mm)
Elongation Inside of Ram -  Varies according to ram length and stress in tendon.

The overall average of the elongation calculated with measured stress to the adjusted
measured elongations is 98.7% , with a standard deviation of 1.7%. This is a difference of
approximately 0.12 inches (3 mm).

The total assumed losses (wedge seats and internal ram elongations) are between 0.45 and
0.56 inches (11.4 and 14.2 mm). Slight
variations in these numbers could have

considerable effects on the elongation Table 4.4 Losses through Stressing Hardware.

calculations.
Force at 1*
. Span Tendon Ram Force Measurement 1*/Ram
Based on the scatter in the '  Station %

measurements and the variance between kips KN | kips kN
calculated and measured elongations, an A43 ) TIN | 858 (3816) ) 833  (3705) | 970
assumption of +2% error in the readings TS | 866 (3852) [ 818  (3638) | 949
1S appropriate. T2N 878  (3905) | 845 (3759) | 962

T2s | 882 (3923) | 831 (3696) | 94.2

44.1.1 Losses Through

Stressing Hardware. Significant losses TSN | 878 (3905) | 844  (3754) | 962
were measured from the stressing force T3s | 886 (3941) [ 816  (3630) | 921
in the ram, based on the measured ass | TIN | ses sy | s amey | vea

pressure times the theoretical ram area,
TIS [ 858 (3816) | 818 (3638) | 953

to the first measuring station on the

tendon. These losses occurred through T2N 182 (3834 1829 (687) | s61

the ram, the anchor hardware and the T2S | 870  (3870) | 820  (3647) | 942

short length of corrugated metal duct in N |88 s | s @se3y | 934

the diaphragm. Table 4.4 shows the ram s | s ey | 83 omosy | 962

force, which is based on the measured

hydraulic pressures and the theoretical Average | 952
ram area from calibration charts, and the Standard Deviation | 1.4
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force in the tendon at the first measuring location. Span C11 is not included in this table because
at the time of stressing the rams were severely out of calibration.

A slight loss would be predicted in the diaphragm region due to curvature and wobble of
the tendon in the corrugated duct. The loss would be calculated as:

Fl =F, e(pe + kO

For «=0.097 (average for all external tendons in Spans A43 and A44) and p=0.20, and k =
0.0002/t. (0.00066/m) (k and p values recommended by the AASHTO Guide Specification) and
0 = 4 feet (1.22 m), the calculated loss would be 2% of the initial force. The average of the
actual measured losses is 4.8%, with 2.8% attributable to losses in the stressing hardware
(standard deviation 1.4%).

Losses through stressing hardware should be considered in design and in field elongation
measurements. Losses through two anchorage devices and one ram have previously been
recorded at 8 to 12 %. In this study a loss of approximately 3% was measured through the ram
and one anchorage device. A design value of 2 to 3% for the loss through the stressing hardware
is recommended.

4.4.1.2 Friction Losses. Figure 4.12 shows the tendon layouts for the three
instrumented spans. Only tendon T1 has horizontal deviation, which is not shown but which was
taken into account in the angle calculation. Based on these tendon layouts, theoretical angle
changes can be calculated. The horizontal and vertical alignments of the spans must also be taken
into account in the calculation of the angle changes. The three spans have no horizontal
curvature, and Span C11 is on a constant uphill grade. Spans A43 and A44 are situated in
vertical sag curves. The sags increase the angle changes slightly (see Figure 4.13). Table 4.5
presents each tendon and its live and dead end angle changes.

The equation:

Fi1
p-ln—(-—)
l""0 «

was used to calculate the apparent friction coefficients for each tendon deviation. At every
deviation, the force on each side (F, and F, ) and the theoretical angle change (a) are known, so
the friction coefficient (u) can be determined. Table 4.6 presents each friction value and the
average for the entire tendon.

The average friction value, 0.38 (standard deviation of 0.07), is considerably higher than
the 0.25 value recommended by the AASHTO Guide Specification. 1t is also higher than the
range of 0.25-0.30 suggested by the CEB-FIP Model Code."’
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328
(991 mm)

3479 | e )}{ 36.15 A
A
™ (10604mm) 71 (10662 mm) (11019 mm)

Span A44 Tendon T1, T2 and T3 Paths

L 35.08 L 35.09' 34.84'

N N
I~ 10692mm) ~ 1 (10695mm) 7|~ (10619 mm)

Span A43 Tendon T1, T2 and T3 Paths

3.42 392
(1042 mm) (1185 mm)
1 _m' A
(383 mm) |( 3733 4950 3326
(11378 mm) A2mm 1S (10138 mm)

Span C11 Tendon T1 and T2 Paths

Figure 4.12 Elevation views of tendon layouts.
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Dead End
Live End Deviator EL. 678.46 ft
Deviator 0.15' (46 mm) (206.795 m)
EL. 678.27 ft 0.14' (43 mm) \L
(206.736 m)

Pier A44

Bridge Profile Stralght_llne .
Pier A43 connecting piers

Span A43 Vertical Curvature

EL. 680.02 ft
(207.270 m)
Dead End
Deviator
0.15' (46 mm) Pier A45
Live End
Deviator Straight line
0.15' (46 mm) connecting piers

EL. 678.46 ft Bridge Profile

(206.795 m)

A

Span A44 Vertical Curvature

Pier A44

Figure 4.13 Vertical curves of Spans A43 and A44.
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Table 4.5 Tendon Angle Changes.

Span Tendon Live End Angle, Dead End Angle,
Radians Radians
Cl11 T1 0.0346 0.1179
T2 0.0960 0.1179
A43 T1 0.0984 0.1054
T2 0.0960 0.0988
T3 0.0960 0.0988
Ad4 Tl 0.0994 0.1092
T2 0.0970 0.1078
T3 0.0970 0.1078
Table 4.6 Measured Friction Coefficients.
Span Tendon Live End Friction Dead End Friction Average Friction Coeff.
Coeff. Coeff.
Cl1 TIN 0.84 0.21 0.35
T1S 1.10 0.25 0.44
T2N 0.36 0.34 035
T2S 0.62 0.13 0.35
A43 TIN 0.36 045 041
T1S 047 0.15 0.31
T2N 0.57 0.21 0.39
T2S 047 0.21 0.34
T3N 0.15 0.57 0.36
T3S 043 0.32 0.38
Ad4 TIN 0.61 0.19 0.40
T1S 0.36 0.39 0.38
T2N 0.31 0.39 0.35
T2S 0.37 0.24 0.31
T3N 0.32 0.40 0.36
T3S 0 58 055 057
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It can be observed that the friction value for the live end deviators was somewhat higher
than that for the dead end deviators. Previous researchers' have noted differing friction
coefficients for deviation points with identical ducts and angle changes but with differing distances
of travel of the tendon along the duct. The researchers noted that for corrugated duct the friction
value decreased with greater travel of the tendon. The current test results indicate that the
friction values increase with greater tendon travel. The other difference from the live end to the
dead end deviator is that the angle changes at the live end are generally smaller than those at the
dead end.

Field measurements in the past have shown that the recommended friction coefficient,
u = 0.25, is difficult to achieve and to compensate contractors have often included wobble
coefficients for external tendons. To illustrate this, consider a tendon with a total length of 110
feet (33.53 m) and a total angle change of 0.2 radians. If a friction value of 0.38 is used with a
wobble value of 0.0 then:

ki+pe=02%*038=0.076

If a friction value of 0.25 is used in conjunction with wobble value of 0.0002/ft. (0.00066/m),
then:

ki+pa=02%*0.25+.0002 * 110 =10.072.

The elongation calculations result in similar values, but the wobble assumed in the second
calculation does not occur.

It is possible that the higher losses across the deviators are due in part to a misplacement
of the deviator pipes. Figure 4.14 illustrates a possible duct misalignment, within the 3/8" (9.5
mm) tolerance allowed in the San Antonio "Y" Project. It is apparent that due to duct
misalignments, actual angle changes of the tendons can be substantially different than the design
value. The  duct
misalignment explains the

higher than expected losses _ deviator lengtt
across the deviators. ?::::nd 3-0° (914 mm) >

Conti®  reported Path ‘_-XL
field measured values of ~~<d. 002rad | J{3’8' (9.5 mm)
friction coefficients based ~Misaligned Seeo 4>
on the live and dead end  Téndon  0.02rad. cem—ep- ',f ——--
force measurements and the Path 0.10 rad.

total angle change for

tendons  from  three Original Angle Change = 0.10 radians

different projects. Figure Misaligned Angle Change = 0.14 radians
4.15 shows the measured

friction values plotted Figure 4.14 Effect of deviator duct misalignment.
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against the total angle change across two deviators per tendon. Also shown are data points from
tendons in the current project. It is apparent that the smaller angle changes have much larger
friction coefficients than the larger angle changes. This is consistent with the misalignment
problem. For the same placement tolerance, a small angle would be far more affected by
misalignment than a large angle. For instance, the misalignment shown in Figure 4.14 increases
the small angle of 0.1 radians by 40% to 1.4 radians. A larger angle of 1 radian would be
increased only 4% to 1.04 radians.

Field Measurements of Friction Coefficients

® Conti

— Equation
4 Current Study

o
H
)

Measured Friction Coefficient
o
N

Q 1 2 3
Total Angle Change across 2 Deviators, Radians

Equation - p=025*(CGtot+2*0.04 )
« fot

The equation alters the friction coefficient by adding an
inadverant angle change of 0.04 radians per deviator.

Data from Current Study

Tendon Angle, radians Friction Coeff.

C11-T1 153 40

Ci1-T2 214 35

A44-T1 204 .36
A44-T2&T3 195 37

A43-T1 .209 .39
A43-T24T3 205 .40

Figure 4.15 Field measurements of friction coefficients.
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Another factor contributing to the higher friction is the very tight radius of curvature
which the tendons have as they pass through the deviators. The deviator pipe lengths are three
feet and the average angle change is 0.1 radians. This equates to a radius of curvature of 30'
(9.2 m). This is not extremely tight compared to a proposed limit for radius of curvature for a
19-0.6" (15.2 mm) ¢ strand tendon which is 12 ft. (3.66 m) in the developing Eurocode. The
radius is small compared to the internal tendons in which the same angle changes are spread out
over six to eight feet (1.8 to 2.4 m) so the radius of curvature is much larger.

Cordes, Trost and Schiitt’” showed in laboratory tests that the apparent friction exhibited
by a tendon in a duct is a factor of a basic friction value plus a constant times the normal force
per unit length plus another constant times the travel of the tendon along the duct. It is possible
that the tight radii of curvature are also tending to increase the apparent friction across the
deviators.

The higher friction values can be accounted for by the use of an inadvertent duct
misalignment angle change of 0.04 radians added to the theoretical angle change at each dewviator.
The equation for the change in tendon force for an external tendon across a single deviator would
be:

Fx = F e-u( « +0.04)
[

The additional angle change of 0.04 radians accounts for inadvertent angle changes caused by
duct misalignment, and as stated earlier, reflects that large angle changes are less affected than
smaller changes. If angle changes are relatively consistent within a project, the equation can be
used to compute an increased friction value which could be used for all external tendons.

4.4.1.3 Seating Losses. The strains in the tendons immediately after seating were
recorded for every tendon. Table 4.7 presents the stress loss for each length of tendon, the
calculated wedge seating travel based on the measured stress changes, and the measured seating
travel. The average span losses are presented graphically in Figure 4.16. The average calculated
seating travel value of 0.26 (6.6 mm) inches is only slightly less than the measured value of 0.29
inches (7.4 mm), and is in good agreement with design assumptions.

Current design practice assumes that the change in tendon stress across the live end
deviators during stressing is equal to but opposite the change in tendon stress after seating. Table
4.8 compares the calculated friction across the deviator during stressing and after seating for each
live end deviator. The average during stressing is 0.47. The average after seating is 0.26. This
difference could be related to the differences in friction for a tendon which moves a significant
distance toward the stressing end (6 inches (152 mm) during stressing) and a tendon which moves
only slightly in the opposite direction (0.23 inches (5.8 mm) during seating).

An interesting phenomenon which occurred for all tendons is the increase in stress on the
dead end length of each tendon. This stress rise is not large, normally 1-2 ksi (7-14 MPa), but
is very consistent.
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Table 4.7 Measured vs. Calculated Seating Losses.

Length 1 is closest to live end
Length 2 is middle section
Length 3 is closest to dead end

] Lossin Lossin Lossin Calculated Measured

Span | Tendon Length 1, Length 2, Length 3, Seating Loss, Seating Loss,
ksi MPa | ksi MPa | ksi MPa | inches mm | inches mm
Cl11 TIN -11.8 -81 -8.8 -61 | +17 ] 11.7 ]| 032 8.1 0.36 9.1
T1S -14.6 -101 -10.1 -70 | +2.0] 138 ] 0.39 9.9 0.38 9.7
T2N -17.8 -123 -3.2 22 | H.8 55| 0.33 84 0.32 8.1
T2S -19.5 -134 -5.1 351 +1.7] 117 0.38 9.7 0.28 7.1
A43 TIN -13.5 -93 -1.3 9] +1.1 76 | 0.22 5.6 0.27 6.9
T1S -13.3 -92 -2.3 -16 | +0.9 62 | 024 6.1 0.25 6.4
T2N -13.9 -96 -2.3 -16 | +1.3 9.0 | 0.24 6.1 0.22 5.6
T2S -14.4 -99 -2.2 -15 ] +18 | 124 | 0.24 6.1 0.28 7.1
T3N -13.7 -94 -3.2 22 | +1.4 9.7 | 0.25 6.4 0.30 7.6
T3S -12.7 -88 -1.2 8| +14 9.7 | 0.20 5.1 0.25 6.4
Ad44 TIN -15.5 -107 -1.2 8] +15] 103 | 024 6.1 0.32 8.1
T1S -14.7 -101 -1.1 8] H.5 34| 024 6.1 0.26 6.6
T2N -14.9 -103 -2.2 -15 | +1.2 83| 025 6.4 0.27 6.9
T2S -14.7 -101 -2.9 20 | +35 | 24.1 0.22 5.6 0.3 7.6
T3N -13.7 -94 -2.3 -16 | +1.1 7.6 | 023 5.8 0.29 7.4
T3S -13.1 -90 -3.9 27 | +2.1 145 | 0.24 6.1 0.31 7.9
Averages 0.26 6.6 0.29 7.4
" Standard Deviation | 0.06 1.5 0.04 1.0
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Figure 4.16 Losses in tendon stress due to seating.
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Table 4.8 Difference in Live End Friction Values Before and After Seating.

Span Tendon Before Seat Stress Before Seat Friction After Seat Stress After Seat Friction
Difference Coefficient Difference Coefficient
ksi MPa ksi MPa

Cl11 TIN 6 41 0.84 +3.0 20.7 0.44
T1S 8 55 1.1 +3.5 24.1 0.51

T2N 7 48 0.36 -7.6 -52.4 0.41

T2S 12 83 0.62 -2.4 -16.5 0.13
A43 TIN 7 48 0.36 -5.1 -35.2 0.27
T1S 9 62 0.47 -2 -13.8 0.11

T2N 11 76 0.57 -0.6 -4.1 0.03
T28 9 62 0.47 -3.2 -22.1 0.18

T3N 3 21 0.15 7.5 -51.7 0.4
T3S 8 55 0.43 3.5 -24.1 0.19

Ad44 TIN 12 83 0.61 2.3 -15.9 0.12
T1S 7 48 0.36 -6.6 -45.5 0.36

T2N 6 41 0.31 6.7 -46.2 0.36
T2S 7 48 0.37 -4.8 -33.1 0.27

T3N 6 41 0.32 -5.4 -37.2 0.3

T3S 11 76 0.58 -1.8 -12.4 0.1
Average 8.1 56 0.47 -4.1 -28.3 0.26
Standard Deviation 2.5 17 0.14 2.9 20.0 0.12

4.4.1.4 FElastic Shortening Losses. Table 4.9 lists each tendon, in the order in which it
was stressed, and the losses which occurred in the tendon from the time it was seated until after
the final tendon was seated. Figure 4.17 displays these losses graphically.

As expected, the first tendon stressed in each span experienced the greatest loss. Also as
expected, the middle portion of the tendon, which runs in the lower portion of the cross-section,
experienced greater losses than the live end and dead end regions where the tendons were draped
and hence closer to the centroid.

The strains in the concrete were also measured before and after stressing of the external
tendons. The changes in the compressive strains in the concrete at the level of the tendons should
be comparable to the changes in the tendon strains. Figure 4.18 shows the concrete strain
changes as measured with Demec gages, and the tendon strain changes. The values compare
reasonably well with the Demec readings predicting 1.16 times the measured elastic shortening
loss with a standard deviation of 0.19.
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The values do not correspond as well with results from traditional analysis because of the
effect of the erection truss. The truss does not shed all of the dead load during stressing. At the
completion of stressing the truss is still carrying 35-50% of the dead load. This means that the
compression at the level of the tendon is greater than would normally be calculated.

Table 4.9 Elastic Shortening Losses.

[ Span | Tendon | Order | Lossin Stress, ksi (MPa) Average loss , ksi (MPa),
and % of Initial
C11 TIN 1 2.7 3.2 -1.1
-18.6 221 7.6 -1.8 ksi, -2.2 ksi, -1.0 ksi,
TI1S 2 22 2.7 -1.6 (-12.4) (-15.2) (-6.9)
152 | -186 | -11.0 1.0% 1.1% 0.5%
T2N 3 25 2.5 -1.0
-172 | -17.2 6.9
T28 4 0.0 0.0 0.0
0.0 0.0 0.0
A43 TIN 1 33 4.0 2.1
228 | 276 | -145
T1S 2 29 -3.7 25 -1.5Kksi, -2.3 ksi, -1.5 ksi,
200 | 255 | -172 (-10.3) (-15.9) (-10.3)
T28 3 12 | 27 | 21 0.7% 1.2% 0.7%
83 | -186 | -145
T2N 4 -1.6 2.1 -1.9
2110 | -145 | -13.1
T3N 5 0.1 -1.4 0.5
0.7 9.7 3.4
T3S 6 0.0 0.0 0.0
0.0 0.0 0.0
A4d TIN 1 2.3 42 3.0
2193 | 290 | -20.7
T1S 2 2.9 3.6 3.0 -1.6 ksi, -2.5 ksi, -1.9 ksi,
200 | 248 | -207 (-11.0) (-17.2) (-13.1)
T35 3 >3 34 =3 0.8% 1.3% 1.0%
-159 | 234 | -159
T2N 4 0.8 2.5 -1.7
55 | -172 | -117
T3N 5 0.4 -1.1 -1.0
2.8 7.6 6.9
T3S 6 0.0 0.0 0.0
00 [ 00 00
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By the same token, an elastic lengthening of the tendons occurred when the trusses were
5.,_

finally lowered. The tendons tensile stresses then increased to resist the dead load bending

moments. The net effect is more or less equal to the recommended procedure” of calculating the
compression in the concrete, at the level of the tendon, which is caused by the combination of

prestress and dead load.
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Figure 4.17 Elastic shortening losses.
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Up Station
e

Location of
Demec points
on Web Wall

Span A44 Span A43

Strain at Tendon

_@ 200 200
|
Measured strain differences beforeS/
and after stressing all tendons
Strain change for each tendon approx. 31
Span 44 Span 43
B
Interpolated Measured A A
Tendon Strain Strain x Measured AB Measured AB
Change uc | Steel Modulus Loss Loss
ksi MPa ksi MPa ksi MPa

TIN 155 43 | 296 42 (290|098 40 |27.6(0.93

T1S 124 34 | 234 36 |248(1.06| 3.7 |255|1.09

T2S 93 26 | 179 34 |234[131]| 27 |18.6 (1.04

T2N 62 1.7 | 11.7 25 (1721147 | 21 |145|1.23

T3N 31 0.9 6.2 1.1 76 (122 1.4 9.7 |1.55

T3S 0 0.0 0 0.0 0 - 0.0 0 - All
Measured loss at middle Average| 1.17 1.14]1.16
measuring location on .
each tendon. Standard Deviation| 0.18 0.21(0.19

Figure 4.18 Comparison of concrete compression and elastic shortening losses.
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Figure 4.19 shows, for Spans A43 and A44 the moments at the deviators and at mid-span
for the post-tensioning loads plus full dead load. The average stress along the tendon axis
between the deviators is calculated as 1300 psi (8964 kPa) for Span A43 and 1060 psi (7309 kPa)
for Span A44. With a concrete modulus of 5440 psi (37509 kPa) and a steel modulus of 28000
psi (193060 kPa) (manufacturers) this translates to a steel stress change of 6.7 ksi (46.2 MPa) for
Span A43 and 5.5 ksi (37.9 MPa) for Span A44. To compute the average elastic shortening loss
for all tendons in a beam, Zia et al.”” recommend, for unbonded tendons, the formula:

ES-0.5f £y
ez
where:
f..= Average stress in the concrete along the member length at the center of
gravity of the tendons immediately after the prestress has been applied to
the member.
Stressing
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Figure 4.19 Moments between deviators.
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Since the six external tendons were stressed after the six internal tendons, the average
elastic shortening of the external tendons should be approximately half that of the average for all
tendons. Therefore, the average elastic shortening for the six external tendons should be:

ES-0.25f, Ee
-0. g
5440

28000

Span 444 ES«(0.25 (1060 )(%‘0%).1 37ksi(9.45MPa )

Span A43 ES-(0.25)(1300 X »1.67ksi(11.51MPa )

These values compare well with the average difference in tendon stress from the stress at
the end of stressing of each tendon to the stress after the truss was lowered. Table 4.10 compares
these values for Spans A43 and A44.

The calculated values are within 10% of the measured values. For elastic shortening

losses, which are very small (approximately 1.5 ksi (10.3 MPa) for the instrumented spans),
greater rigor in analysis is unwarranted.

Table 4.10 Elastic Shortening Losses at Mid-Span in Spans A43 and A44.

Span Initial Elastic Elastic Lengthen Total Change Calculated Elastic Measured/
Shortening Loss, @ Truss Down, Since Stressing, Shortening Loss Calculated Loss,
ksi MPa | ksi MPa | ksi MPa | ksi MPa | ksi MPa
A43 -23 -15.9 0.8 5.5 -1.5 -10.3 -1.67 -11.5 0.90 6.2
Ad44 -2.5 -17.2 1.0 6.9 -1.5 -10.3 -1.37 9.4 1.09 7.5

4.4.2 Changes with Time. Three factors, creep, shrinkage and relaxation, affect the
changes in force in the tendons with time. The strains in the external tendons were monitored
with the Demec gages and electrical resistance (ER) gages connected to the Campbell data
acquisition system on a regular basis over the course of many months. In conjunction with these
measurements, creep specimens (cylinders from the instrumented spans) were loaded within one
week of the stressing operations to determine the actual creep coefficient of the concrete in the
spans. Companion shrinkage specimens were also monitored.

Figure 4.20 shows the strain changes in the creep test cylinders for spans A43 and A44
and for spans C9 and C11. The creep function is compared with several models used for
prediction of creep. The A43 and A44 measurements fall slightly above the ACI 209, CEB-FIP
Model Code 90 Revised Summation and Product Models, except for the higher than predicted
values between 350 days and 550 days. The measurements fall generally below the CEB-FIP
Model Code 78 Model. The C9 and C11 measurements fall above all prediction methods. The
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creep coefficient, ¢, which was used in the time dependent analysis was taken from the measured
creep curves. The measured shrinkage, which was quite small, was also included.

Figure 4.21a and b show the
construction schedule of the erection
operations for spans A43 and A44,
and for span C11. It also shows the
time intervals used to calculate long
term tendon losses, and moment
redistribution. The cross-sectional
properties of the box-section which
were used in the analysis are those
recommended in the AASHTO Guide
Specification, with the slight
modification of a step-wise rather
than gradual transition from pier to
mid-span properties.

The analysis was performed
using a two dimensional frame solver
(FRAME2D*) and a computer
spread sheet. The spans were
descritized into segments along their
length so the cross-sectional
properties could be varied along the
length, and so the dead and post-
tensioning loads could be applied at
the nodes. At each time step the
deflections were increased in
accordance with the measured creep
and shrinkage functions, and a
corresponding tendon stress loss was
calculated. A loss of prestress due to
relaxation for the time step was
calculated and added to the creep and
shrinkage loss. The total prestress
loss was then applied to the model to
determine the creep recovery due to
the loss of prestress. At each time
step the analysis was run and the
results of each step were summed in
the spread sheet. Appendix B
presents the meshes and input files
for the analysis.

Creep Function of Spans A43 and A44
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Creep Function of Span C11
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Figure 4.20 Creep functions for Spans A43, A44
and C11.
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Day 1 - Span A44 Stressed

D Day 13 - Calculate Creep Induced Camber
Calculate Prestress Loss
Calculate Deflection Change due to Prestress Loss

=
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Day 14 - Span A43 Stressed

Day 29 - Calculate Creep Induced Camber
Calculate Prestress Loss
Calculate Deflection Change due to Prestress Loss

A~~~
] ] L]

Day 35 - Calculate Creep Induced Camber
Calculate Prestress Loss
Calculate Deflection Change due to Prestress Loss

e~

Figure 4.21a
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Day 36 - Continuity Tendon Stressed

Day 66 -~ Calculate Creep Induced Camber
Calculate Prestress Loss
Calculate Deflection Change due to Prestress Loss

Day 266 - Calculate Creep Induced Camber

Calculate Prestress Loss
Calculate Deflection Change due to Prestress Loss

Erection schedule and operations of long term analysis for Spans A43 and A44.
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1 Day 1 - Span C11 Stressed

D Day 14 - Calculate Creep Induced Camber

Calculate Prestress Loss
Calculate Deflection Change due to Prestress Loss

~ T ~~——
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Day 15 - Span C12 Stressed

Day 23 - Calculate Creep Induced Camber
Calculate Prestress L.oss
Calculate Deflection Change due to Prestress Loss
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Day 24 - Continuity Tendon Stressed

Day 54 - Calculate Creep Induced Camber
Calculate Prestress Loss
Calculate Deflection Change due to Prestress Loss

Day 354 - Caiculate Creep Induced Camber

Calculate Prestress Loss
Calculate Deflection Change due to Prestress Loss

Figure 4.21b Erection schedule and operations for long term analysis for Span C11.
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The time dependent analysis gave reasonably accurate results in terms of measured vs.
calculated deflections. Figure 4.22 compares the measured mid-span deflections of the three
spans with the time dependent analysis calculated deflections and with the deflections calculated
by the TXDOT program "Bridge Designer". The "Bridge Designer" analysis was performed prior
to the beginning of construction and as a result included many design assumptions. The design
included higher than actual tendon forces, lower than actual concrete modulus, full cross-sectional
properties and a very optimistic construction schedule.

Figure 4.23 shows the four individual tendon stress readings, two Demec gages and two
ER gages, from a typical tendon. Also shown in the figure is the calculated change in tendon
stress with time. The calculated loss value includes only changes in measurable strain. Since
relaxation losses are not associated with a strain change they are not considered.

From the figure it is apparent that the Demec gage readings fluctuated much more than
the ER gages. The figure also shows the tendon forces dropping from day 1 to approximately
day 130, then increasing. This effect is caused by the seasonal changes in temperature and the
difference in the coefficient of thermal expansion of concrete and steel.

The measured coefficient of thermal expansion of the concrete for this structureis 5 x 10°
SF°F (9 x 10%/°C). The value of the coefficient of thermal expansion for high strength steel is 8 x
10%/°F (14.4 x 10%°C).” This would indicate that as temperatures cool, the steel tries to shorten
more than the concrete, so steel tension increases due to the restraint of the concrete. As
temperatures rise, the steel tries to elongate more than the concrete, which results in a decrease
in tension in the steel. Figure 4.23 also shows the average daily temperature on the days readings
were made. The tendon force decreases with high temperatures and increases with low
temperatures, as indicated in the above discussion.

It has also been suggested that there is a seasonal difference between the average
temperature of the concrete and the external post-tensioning tendons. If the steel, on average,
is warmer than the concrete in summer and cooler than the concrete in winter, this would add to
the stress fluctuation. Unfortunately, no measurements were made to confirm this hypothesis.

Figure 4.24 shows the same four readings after an adjustment for differing coefficients has
been made. This adjustment causes the ER gage readings to follow the shape of the predicted
curve more closely. The Demec gage readings still fluctuate greatly. This could be due to other
thermal effects caused by the interaction of the epoxy sleeve. It is recommended that this
phenomenon be studied further before future use of the sleeve system.

Figure 4.25 shows the averages of the four readings for the live, middle and dead end
locations of Tendon T1IN in span A43, before and after the temperature adjustment. It is apparent
that the adjustment reduces the seasonal effects and causes readings to appear closer to predicted.
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Deflection Changes with Time
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Figure 4.22 Comparison of measured and calculated deflection.
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Long Term Prestress Losses
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Figure 4.23 Raw tendon stress readings and ambient daily temperatures.
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Long Term Prestress Losses
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Figure 4.24 Tendon Stress readings after temperature adjustment.
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Figures 4.26 through 4.31 show the adjusted average stresses over time for all the tendons
in Spans A43 and A44. Generally the shapes of the curves are close to predicted, except for the
still evident seasonal variation. For Span A43 the day 271 stress loss average is 7.7 ksi (53.1
MPa) compared to the predicted value of 6.9 ksi (47.6 MPa). For Span A44, the measured day
285 loss is 11.8 ksi (81.4 MPa) compared to a predicted value of 6.6 ksi (45.5 MPa). Span A44
experienced difficulties with the data acquisition system due to flooding inside the box girder.
As a result the measurements depend more on the less reliable Demec readings.

Long Term Prestress Losses
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Figure 4.26 Adjusted average tendon stresses for Tendon T1S and Span A43.
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Long Term Prestress Losses
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Long Term Prestress Losses
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Long Term Prestress Losses
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Figure 4.29 Adjusted average tendon stresses for Tendons TIN and T1S in Span A44.
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Long Term Prestress Losses
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Long Term Prestress Losses
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Figure 4.31 Adjusted average tendon stresses for Tendons T3N and T3S in Span A44.
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Figures 4.32 and 4.33 show the calculated and adjusted measured values of the Span C11
tendon stresses. Span C11 had more instrumentation difficulties than Spans A43 and A44. As
described in Chapter 3, Span C11 was erected in February when the temperatures were quite low.
This hindered efforts to use the two part epoxy glue on the tendon ER gages, because the epoxy
requires a temperature of at least 70°F (21°C) for 6 hours to cure properly. As a result of low
temperatures, the first attempt to adhere gages with the two part epoxy was futile on a majority
of the tendons. Because of time constraints, a fast setting super glue was used in place of the two
part epoxy to replace the gages which had not held.

The super glue is not as durable as the two part epoxy. As a result, many of the gages
experienced a gradual loss of bond over time. At the end of one year only 6 of the original 24
gages in Span C11 are still providing reasonable readings.

The measured tendon losses, therefore, are based almost exclusively on the Demec
readings which, as mentioned previously, have some temperature fluctuations which cannot be
compensated for precisely.

The average measured loss in Span C11 is 25.6 ksi (176.5 MPa) compared to a calculated
value of 8.0 ksi (55.2 MPa). The measured value is assumed to be in error.

The time dependent step-wise, long term analysis recommended by the AASHTO Guide
Specification and demonstrated by Ketchum predicts long term losses in external tendons quite
well. The measured losses in this structure were small, less than 10% over the first year (except
in Span C11 where the readings are not considered to be reliable), due to the age of the concrete
at the time the prestressing was applied. All segments in the instrumented spans were over 270
days old at the time of erection. Shrinkage had virtually stopped and creep of old concrete is
considerably less than that of younger concrete.

Possible causes of measured losses which were higher than predicted are:

1. A greater than expected effect of shear lag, particularly with respect to
high stresses near post-tensioning anchors could have caused higher
losses. Ifinitial strains in the concrete were greater than expected, creep
strains and hence losses would also be greater.

2. The shrinkage of epoxy, both in the sleeves and in the epoxy which
adheres the ER gages to the strand could cause the readings to show
greater than actual losses. This could be an additional source of error in
the system.

3. Loss of bond between the ER gages and the post-tensioning tendons.
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Long Term Prestress Losses
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Figure 4.33 Adjusted average tendon stresses for Tendons T2N and T2S in Span C11.
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A comparison of measured long term losses with other prediction methods are shown in
Table 4.11.

Table 4.11 Comparison of Measured and Calculated Prestress Losses.

Span Meas. Loss, Step-wise Ziaet al,, . PCI PCI AASHTO
Calc, Loss, Calc Loss, Step-wise, Simplified, Standard,
ksi MPa | ksi MPa | ksi MPa | ksi MPa | ksi MPa | ksi MPa

Cl1 25.6 176.5 8.0 55.2 12.7 87.6 49 33.8 23.3 160.7 23.6 162.7
Ad43 1.7 53.1 6.9 47.6 16.4 113.1 6.5 44.8 24.4 168.2 28.5 196.5
Ad44 11.8 81.4 6.6 45.5 13.7 94.5 5.2 359 24.3 167.5 24.6 169.6

The PCI step-wise method predicts losses less than measured. This method is very much
geared toward pretensioned concrete members. Some of the tables in the publication do not
cover extreme age of concrete at time of loading and correspondingly high moduli of elasticity.
The Zia et.al. method predicts higher than measured losses, but both this method and the PCI
step-wise approach would be accurate enough for initial estimates of losses. The PCI simplified
method and the A4SHTO Standard Specification method are geared toward pretensioned beams
in which the application of the prestress force is done at a very early age, and the beams
experience high prestress losses. These methods are inadequate for segmental structures which
are usually quite mature at time of stressing.

One other lesson learned from this study is that tendons experience seasonal fluctuations
in tendon stress. The tendons lose stress in the summer and gain stress in the winter. The
magnitude of this variation depends on the difference in seasonal temperatures, the differences
between the tendon temperature and the concrete temperature, and the differences in coefficients
of thermal expansion, but can be assumed to be approximately 5-7 ksi (34.5 - 48.3 MPa).

4.5 Recommendations

The following are recommendations for changes in the current AASHTO Guide
Specification. Changes are indicated by italicized print.

4.5.1 Losses through stressing hardware. Mention should be made in the code that
some loss will occur through stressing hardware and it will depend on the anchorage device, the
ram, and the method of calibration. The commentary would state that a loss of 3% should be
assumed unless evidence is available to warrant a different value. The specification and
commentary revisions should be as follows:

Design Specification Section 10.5 - Stressing Hardware - A loss in tendon
Jorce occurs through the stressing hardware and anchorage device during
stressing, prior to seating. This loss shall be considered in design and is additive
fo seating losses.
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Design Commentary Section 10.5 - Stressing Hardware - The loss across
stressing hardware and anchorage devices has been measured from 2 to 6%'*!)
of the force indicated by the ram pressure times the calibrated ram area. The
loss varies depending on the ram and the anchor. An initial design value of 3%
is recommended.

4.5.2 Friction losses. It must be recognized that friction across deviators is higher than
through more gradually curved internal ducts and that friction values are affected by inadvertent
duct misalignment. Designs should be performed assuming that the theoretical angle change at
each deviator will be inadvertently increased by 0.04 radians due to duct placement tolerances.
A zero wobble coefficient should be assumed for external tendons. To account for the smaller
friction values across the deviators during the seating operations, the misalignment factor need

not be used when calculating seating losses.

The following changes are recommended for the AASHTO Guide Specification:

Changes to Design Specifications Section 10.2

The following change is suggested for Section 10.2:

10.2 Duct Friction and Wobble

The loss of prestress force due to friction and wobble within an internal

tendon duct shall be calculated using the equation:
To _ Tx e(p.u + ki)

For tendons in webs of curved bridges, or in inclined webs of straight
bridges, o shall be calculated as the total vector accumulation of the horizontal
and vertical angle changes, and { shall be the total tendon length. Friction and
wobble coefficients may be estimated using the values in Table 10-2. However,
these values do not consider misalignment of infernal ducts at joints. Where large
discrepancies occur between measured and calculated tendon elongations, in place

friction tests are required.
The loss of prestress force in an external tendon due to friction across a
single deviator pipe shall be calculated using the equation:
To = Tx ep(¢+0.04)

The inadvertent angle change of 0.04 radians per deviator may vary
depending on job specific tolerances on deviator pipe placement. The
inadvertent angle change need not be considered for calculation of losses due to
wedge seating movement.

Changes to Design Commentary Section 10.2

The following wording should be added to Section 10.2 of the Design Commentary:
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Field tests conducted on the external tendons of a segmental viaduct in
San Antonio, Texas, indicate that the loss of prestress at deviators is higher than
the usual friction coefficient (u =0.25) would estimate. This additional loss is
due in part to the tolerances allowed in the placement of the deviator pipes.
Small misalignments of the pipes can result in significantly increased angle
changes of the tendons at the deviation points. The inadvertent angle change of
0.04 radians added to the theoretical angle change accounts for this effect. The
0.04 value is to be added to the theoretical value at each deviator. The value
may vary with tolerances on pipe placement.

The tests also indicated that the friction across the deviators was higher
during the stressing operations than during the seating operations.

4.5.3 Elastic Shortening Losses. No changes to the elastic shortening recommendations
in the specification, however, the following is recommended for the commentary:

Changes to Design Commentary Section 10.1
The following should be added to the Design Commentary Section 10.1:

Elastic shortening losses may be calculated in accordance with methods
presented in previously published guidelines.®™™ Elastic shortening losses for
external tendons may be calculated in the same manner as for internal tendons.

4.5.4 Time Dependent Losses. Current methods, requiring a step-wise time dependent
analysis which takes into account all construction procedures, are acceptable. Creep and
shrinkage models proposed by ACI-209 and CEB-FIP Model Code 1990 Revised Summation and
Product are all acceptable. The CEB-FIP Model Code 1978 may overestimate creep losses.

Approximate methods by Zia et. al. and by the PCI Committee on Prestress Losses are
both acceptable for initial designs although not specifically geared toward post-tensioned concrete
which is mature when prestress is applied.

The only change recommended for the AASHTO Guide Specification is that reference 18
in Section 10.1, which is the CEB Model Code 78" should be updated to the CEB Model Code
90."
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4.6  Summary

Except for friction losses and losses through stressing hardware, current design criteria
for prestress losses predicts losses close to measured values. The loss of tendon stress due to
friction through deviators should be increased by adding an inadvertent angle change to the
theoretical angle change at each deviator, and the existence of losses through stressing hardware
should be recognized and allowed for in design. With these two changes, the prediction of
prestress losses in external tendons should more accurately reflect reality.



CHAPTER S
LONGITUDINAL STRESS DISTRIBUTIONS ACROSS FLANGES

5.1 Introduction

Unlike modern reinforced concrete design which has moved away from allowable stress
design to focus principally on ultimate strength design with relatively modest serviceability
checks, prestressed concrete design involves large amounts of both allowable stress and ultimate
strength design. In order to avoid cracking at service load levels, tension stresses must be
checked, and in order to prevent compression failures with creep over time, compression stresses
must be checked. Such allowable stress checks frequently govern the quantity of prestress
required. The AASHTO Guide Specification for the Design and Construction of Segmental
Concrete Bridges' (to be referred to for the remainder of the chapter as the A4SHTO Guide
Specification) presents allowable compression and tension stresses for segmental bridges,
depending on the type of joint and the presence or absence of bonded reinforcing across the
joints. To satisfy these requirements, designers perform service load calculations to determine
the maximum tensile and compressive stresses. Normal procedure is to use simple beam theory,
which assumes that plane sections remain plane, along with the full cross-sectional properties of
the box girder. These assumptions may not be valid near supports, near concentrated loads, and
for box girders with slender wing spans, widely spaced webs, and small span length to deck width
ratios.

This chapter addresses the problems of shear lag and transverse diffusion of post-
tensioning forces on the distribution of longitudinal stresses across the flange of box girders.
Three spans were instrumented to measure concrete strains. The measured strains are presented
and compared with current design and analysis tools.

5.1.1 Background Information.

5.1.1.1 _Shear Lag. In a box girder subjected to bending moments, a large shear is
transmitted from the vertical webs into the horizontal flanges. This causes in-plane shear
deformations in the flanges. The resulting longitudinal deformations of the flanges near the
wingtips and near the longitudinal center line of the top and bottom slabs lag behind the
deformation of the flanges next to the webs, (see Figure 5.1). This results in a non-linear
distribution of stresses across the flanges, where simple beam theory predicts uniform stress.”
This phenomenon is known as shear lag, and it can have significant effects on the maximum
stresses in a segmental box-girder bridge.

5.1.1.2 Transverse Diffusion of Post-Tensioning Forces. The transverse diffusion of
post-tensioning forces concerns the transmission of the highly concentrated normal forces applied
by the post-tensioning anchors, into the cross-section. Simple beam theory would assume a
uniform distribution of the post-tensioning force immediately ahead of the anchors. In reality, it
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takes a distance along the length of

the bridge for the post-tensioning
force to completely diffuse across
the section (see Figure 5.2).

5.1.2 Current AASHTO
Approach. The approach
currently recommended in the

Resulting Top Flange Deformations

AASHTO Guide Specification is
considered by many to be
excessively complex and as a result
is often ignored. The AASHTO
Guide Specification (Section 4.3)
advocates the use of an effective
flange width which may be
determined by elastic analysis, by l
provisions of the 1983 Ontario

Bridge Code,™ or by provisions in

the AASHTO Guide Specification, [ r
which were adopted from Exploded Box Shape

(G;lrqun airg;ss)forzdge Specification Figure 5.1 Shear lag and resulting deformations.

q_,__,...,._,_,
~
—_—
-—
~
—

Wing Web Top Slab Web Wing

The effective flange width is defined as that width which would resist a longitudinal force
equal to the actual force in the flange, if the longitudinal stresses across the flange were constant
and equal to the actual maximum stress,® (see Figure 5.3).

The procedure in the AASHTO Guide Specification requires that first an effective span
length be determined. For a simple span, the effective span length (%) is taken equal to the actual
span length (¢). For end spans in continuous girders it is taken as 0.8( and for interior spans it is
taken as 0.60. Once the effective span length is known, each actual flange width (b;) may be
determined as shown in Figure 5.4. Then, for each flange, the ratio of b, /¢, is calculated and a
graph (see Figure 5.5) is used to determine the effective flange widths to be used near supports
(b)) and near mid-span (be). Finally, the flange widths for other locations along the span may be
determined using a linear variation from b, to b, along a length equal to b at exterior supports, or
0.1¢ at interior supports (see Figure 5.6).

For the analysis of a segmental bridge, where stresses at every joint should be checked,
the determination of cross-sectional properties can be quite involved.

The AASHTO Guide Specification also provides information on determining cross-
sectional properties to be used in calculating normal stresses. Figure 5.7 illustrates the
recommended 30° angle of diffusion of post-tensioning forces.
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Figure 5.2  Distribution of normal stresses caused by diffusion of concentrated post-
tensioning anchor forces.

Effective Top

Stress Distribution from Flange Width
shear lag analysis

i % Effective Bottom

Flange Width
Figure 5.3 Definition of effective flange width.



116

Flange Width / Effective Span Length, b&l

Figure 5.4 Flange widths as defined by the AASTO Guide Specifications.
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Where by = effective flange width near mid-span
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Figure 5.5 AASHTO effective flange width graph.
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0.14 for interior supports

Figure 5.6 Effective flange widths over piers and at mid-span, and the transition area.
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Figure 5.7 AASHTO effective flange widths for normal forces.
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In order for a designer to check allowable stresses, one set of cross-sectional properties
must be determined for bending stresses and another set for normal stresses. These properties
are constantly changing along much of the length of the span. Designers refer to this as
excessively complicated.

The AASHTO Guide Specification also addresses the shear lag and transverse diffusion
problems indirectly, with guidelines for box shapes. In AASHTO Guide Specification Section
21.1 it is recommended that the ratio of the depth of the box to the width of the flanges exceed
1/6. If the ratio is less than 1/6 a more rigorous analysis is recommended.

5.2 Literature Review

5.2.1 Ontario Bridge Code. An alternate approach acceptable under the A4SHTO Guide
Specification for the determination of effective flange widths is in the 7983 Ontario Bridge
Code.®® Section 3-10.2 presents a simple equation for the ratio of the effective to the actual
flange width:

3

B‘ L‘
—£1-(1-—2) <1.0
B 15B

where:

B, = Effective Flange Width,
B = Actual Flange Width,
L = Effective Span Length.

The effective width is dependent on the ratio of effective span length to actual flange width. The
effective width varies depending on whether the portion of the bridge in question is in the positive
or negative moment region of a continuous girder, or in a simple span, since the effective span
length varies for each case (see Figure 5.8). A step-wise change of effective flange width from
one region to the next is assumed.

L=02(L *L ) L =02(L +L )
1 2 e 3

L =0.8L L =06L L 0.8l
(-] 1 -] 2 e 3

Figure 5.8  Effective span lengths for Ontario Bridge Code effective flange width
calculations.
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This approach is somewhat less involved than the AASHTO Guide Specification method,
but still involves a great deal of additional work. Normal force diffusion is not addressed by the

Ontario Code.

5.2.2 Song and Scordelis.5” Song and Scordelis provide a simplified solution for the
shear lag analysis of simple and continuous beams. Formulas for determining effective flange
widths which are suitable for hand calculations are presented along with a computer program
(SHLAG).

The computer program is easy to use, requiring a simple input file which includes cross-
sectional geometry information, span lengths, and loading patterns. It is somewhat limited in that
it assumes vertical web walls, uniform slab thicknesses, and has no provisions for the presence
of end diaphragms.

The formulas which are presented were empirically derived to match the output of the
SHLAG program. Song and Scordelis also provide some sample parametric studies.

5.2.3 The PTI Precast Segmental Box Girder Bridge Manual. The PT] Manual’®
includes a brief discussion of shear lag effects in segmental box girders. A study of four single
cell box girder bridges with varying depths and span lengths was performed using a computer
program, MUPDI. MUPDI® is based on the folded plate method using elastic theory. The four
trial bridges were each loaded in four different ways (dead load, post-tensioning load, live load
plus impact for maximum negative moment, and live load plus impact for maximum positive
moment). The following conclusions were made based on this study:

1) An increase in span, for a given flange width, decreases the stress ratio
(stress ratio is the stress calculated using shear lag theory over the stress
calculated with simple beam theory). It is generally recognized that shear
lag is directly proportional to the span length to plate width ratio.

2) Stress ratios are essentially independent of variation in depth for a given
span (¥d ratios between 20 and 30).

3) The stress ratios are highest at interior supports and drop off rapidly a few
feet away. Stress ratios are a function of the magnitude of shear change,
which is greatest at interior supports.

The PT] Manual states that the shear lag effect from the prestressing counter-acts the
shear lag due to dead load and live load. Also they emphasize that the length of the bridge in
which significant shear lag effects were found to occur is quite small. These two factors, in
conjunction with the specification requirement of zero tensile stress across joints, provide
justification for disregarding shear lag in most practical design projects. If, however, the span is
short (less than 150 feet (45.7 m)) and the wing span of a single cell box girder is wide (greater
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than 40 feet (12.2 m)), a more rigorous analysis should be performed, or some additional residual
compressive stress across joints should be required.

5.2.4 DIN 1075.*® The approach for determining effective flange widths for bending
which is presented in DIN 1075 is precisely the same as that in the AASHTO Guide
Specification.! The approach to the transverse diffusion of post-tensioning forces is almost
identical, except the diffusion angle is 26.5° | instead of 30°.

5.3  Surveillance Program

5.3.1 Concrete Strain Readings. Three spans of the San Antonio "Y" Project were
instrumented with concrete surface mechanical strain gage stations to study the problems of shear
lag and transverse diffusion of post-tensioning forces. Figure 5.9 illustrates the Demec point
layouts for Type I segments and Figure 5.10 shows the Type III layout. The five locations in
each span where the points were installed is also shown.

The gages in each span were read at the conclusion of temporary post-tensioning and
again immediately prior to stressing the permanent post-tensioning. The readings taken
immediately prior to stressing are used as the zero point for subsequent readings, and the readings
after temporary post-tensioning are used as a check of the zero readings. Approximately three
days elapsed between the conclusion of temporary post-tensioning and the beginning of
permanent post-tensioning. The gages were read after the bottom slab and web tendons were
stressed, after all external tendons were stressed, and finally after the erection trusses were
lowered. Readings were then taken on a regular basis over the following months.

No temperature adjustments of the concrete strain readings were needed or made. Span
C11 was stressed over the course of 2 hours on a rainy day in February, when there was no
significant change in temperature. Similarly, Spans A43 and A44 were stressed over short
periods of time (around 2 hours) with no significant temperature changes.

5.3.2 Additional Measurements. Tendon forces were measured as described in Chapters
3 and 4. The actual measured tendon forces are used in the analyses in this chapter. Deflections
were also read, using the taut wire method described in Chapter 3.
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3.3.3 Material Tests. A series of Table 5.1 Measured Concrete Moduli
modulus of elasticity tests were performed
for each instrumented span. Pairs of
cylinders from several segments in each span Span Modulus of Elasticity
were tested. The results are listed in Table .

5.1. These moduli were used in translating Cll 2240ksi (36130 MPa
concrete strains to stresses for comparison A43 and A44 | 5440ksi (37509 MPa)
with analytical methods. In the following
discussion reference will be made to
"measured stresses" meaning more precisely "stresses determined from measured strains”.

5.4 Presentation of Results

5.4.1 Methods of Analysis. In this section the stresses computed from the actual
measured strains (termed "measured stresses") are compared with results from three analysis

methods:

1) Simple beam theory using full cross-sectional properties,

2) SHLAG computer program,®’
3) AASHTO Guide Specification Recommendations.

5.4.1.1 Simple Beam Theory. The box shapes and full cross-sectional properties are
shown in Figure 5.11, and the loads applied to each span are shown in Figure 5.12. These
properties and loads were used in conjunction with a simple two dimensional elastic frame solver
(FRAME2D?) to calculate stresses and deformations in the bridge. The post-tensioning loads
from the external tendons are based on actual measured tendon forces. The post-tensioning loads

from the internal tendons are the plan values.
| =297.9t4(2.57 m4)

A=9431%8.8m?)
Type lliSegment — oq <1611 (491 mm)
=422 ft (1286 mm)

- — —{—

COpott

—5—

1=1440f'(1.24m")

A=38.01t%(3.53 m?)

COyop= 1.94 ft (591 mm)
Type | Segment CQpq = 399 1t (1216 mm)

Figure 5.11 Segment properties.
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Figure 5.12 Loading diagrams.
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5.4.1.2 SHLAG Computer Program. This program, as described in Section 5.2.2,
requires simple input, and calculates the stress distributions across the flanges of box girders.
Figure 5.13 shows the idealized box girders with vertical webs and prismatic members used with
this program. Compared to actual cross-sectional properties, the moments of inertia are similar
but the cross-sectional areas and location of the centers of gravity are somewhat different.

. 75" (261 mm)
19'5" (5944
(5944 mm) > [&—> 10" 254 mm) |
ST - 1 _2- : A "- peereemnrTTeIT I )
SHLAG Properties ) €@semm) 10" | | Actual Properties
= 4 * .
| =306.1ft4(2.6 m4) T A (254 mm) |=297.91t 4(26 m*)
\=70.7f {66m? ) A=943ft 2(88m2 )
og o5 1.78 ft (542 mm ) Type lll Segment o o= 1.61 1t (491 mm )

CF g 4051t (1234 mm ) og bot= 4.2 ft (1286 mm )

< 2 (a:v!-)"(229mm)
A b

.........

SHLAG Properties P B E Actual Properties

@30 7 V8| f ‘
I=1480ft 4(13 m*) mm) ; 4 12144014 (124 m*)
A=3381 2(3.1 m?2) 203 mm) A=380ft2 35m2 )
cgb;2.03ft (618 mm ) Type | Segment 09'0;1.94ft 591 mm )
g bott=3.80 ft (1158 mm ) CGp =399t (1216 mm )

Figure 5.13 Segment properties for SHLAG program.

A slight manipulation of the loading pattern is required in order to be compatible with the
limitations of the program's input parameters (see Figure 5.14). For the SHLAG input file the
two normal forces must be the same distance from the center of gravity of the section. An
additional couple is added to compensate for the actual location of the application of the post-
tensioning forces.

5.4.1.3 AASHTO Guide Specification. A Fortran computer program was written to
assist in the calculation of effective flange widths and cross-sectional properties along the length
of the span. The program was specially written for the Type I and Type III box shapes. The
wing-tip width, span length, and span type (simple, end or exterior) are input, along with
locations along the length of the bridge where cross-sectional properties are required. The output
includes the full cross-sectional properties, the effective properties over supports, at mid-span,
and at the requested locations. Properties provided are area, moment of inertia, center of gravity
and effective flange widths.
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Figure 5.14 Loading diagrams for use with SHLAG.
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The cross-sectional properties for normal stress calculations were also calculated in
accordance with the guidelines in the AASHTO Guide Specification. Figure 5.15 presents the
cross-sectional properties used for bending at each investigated location.
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Figure 5.15 Effective segment properties per AASHTO.
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5.4.2 Stresses from Measured Final Surface Strains Compared to Theory.

5.4.2.1 Top Slab Stress Distributions. Figures 5.16a, b, and ¢ show the measured and
calculated top slab stress distribution of segments 43A-2, 43A-18, 44A-2, 44A-18, 11C-2 and
11C-13. These six segments were immediately adjacent to the pier segments, and hence
approximately five feet (1.5 m) from the post-tensioning anchorage devices.

The SHLAG stresses are somewhat lower than the measured peak stresses in four of these
six cases, averaging 89% of the measured peak stress for the six segments. Also, the peaks are
closer to the centerline of the segment in four of the six cases. This is probably due to the
presence of the heavy end diaphragms, which stiffen the top slab between the web walls. The
pattern of the measured stresses from the web walls outward to the wingtips is much more similar
to the SHLAG results than to the other procedures.

The AASHTO Guide Specification method somewhat approximates the pattern of stress
distribution, but the magnitude of the maximum predicted stress is quite low compared to the
measured peak stresses, averaging 74% of the measured peak stress for these six segments. The
stresses predicted by simple beam theory are considerably lower than the measured peak stresses,
averaging only 29% of the measured peak for these six segments.

Figures 5.17a, b and ¢ show measured and calculated stresses for segments 43A-3, 43A-
17,44A-3,44A-17, 11C-3 and 11C-12. These measurement locations are six to eight feet (1.8
to 2.4 m) further removed from the pier segments than the previous locations and should be less
influenced by local discontinuities from points of tendon anchorage.

Again the beam theory based on actual cross-sectional properties greatly underestimates
peak stresses (averaging only 31% of the measured peak stresses), although the measured peaks
are generally smaller than those in the previously described outer segments. Only Segment 11C-3
has a higher peak than its adjacent segment which is closer to the anchorage locations. The
SHLAG result again is reasonably accurate in most wing areas, but often significantly
underestimates the stresses in the top slab between the web walls. The AASHTO approach
crudely represents the general distribution but severely underestimates the magnitude, averaging
only 45% of the measured peak stress for these six segments.

Figures 5.18a and b show the distribution for segments 43A-10, 44A-10 and 11C-8, all
of which are situated essentially at the center of their respective span. Once again the peak
measured stresses are higher than all calculated peak values. In segments 43A-10 and 44A-10
the measurements show that the actual stresses are more uniform across the section, although
marked peaks exist for the stubby section 11C-8. The peak values are best approximated by the
SHLAG program although peak values are still substantially underestimated, particularly in
segment 11C-8.
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Figure 5.16a Top slab stress distributions, five feet (1524 mm) from anchors.
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Figure 5.16b Top slab distributions, five feet (1524 mm) from anchors.
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Figure 5.16c Top slab stress distributions, one segment from anchors.
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Figure 5.17a Top slab stress distributions, eleven feet (3353 mm) from anchors.
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Figure 5.17b Top slab stress distributions, eleven feet (3353 mm) from anchors.
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Figure 5.17c Top slab stress distributions, two segments from anchors.
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Figure 5.18a Top slab stress distributions, at mid-span.
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Figure 5.18b Top slab stress distribution, at mid-span.

5.4.2.2 Bottom Slab Stress Distributions. Figures 5.19a, b and ¢ show the measured
and calculated bottom slab stress distributions for segments 43A-2, 43A-18, 44A-2, 44A-18,
11C-2 and 11C-18. Inthese segments the influence of the end diaphragms is very evident. The
measurement locations directly in front of the solid sections of the diaphragm show high stresses,
while the location directly in front of the diaphragm opening shows substantially smaller
compression. This would indicate that the majority of the post-tensioning force has not diffused
toward the center of the bottom slab at this point. The measured strains are most similar in
pattern and magnitude to the AASHTO predictions. Since SHLAG cannot be programmed to
recognize the presence of the diaphragm, the SHLAG calculated stresses are more highly
concentrated near the web walls. Once again the beam theory solution significantly
underestimates the peak stresses in the bottom slab, calculating only 56% of the measured peak
stresses for these six segments.

Measured and calculated bottom slab stresses of segments 43A-3, 43A-17, 44A-3, 44A-
17, 11C-3 and 11C-12 are shown in Figure 5.20(a), (b) and (c). In the Span A43 and A44
segment plots, the measured strains appear to be fairly uniform across the bottom slab at this
point. All three calculation methods approximate the actual distribution, but the magnitudes are
still somewhat low with SHLAG predicting 72%, AASHTO predicting 84% and beam theory
predicting 61% of the measured peak stress on average for the six cases. The measurements from
Span C11 show less uniform distributions across the sections.

Figure 5.21 presents the bottom slab transverse stress distributions for segments 43A-10
and 44A-10, which are located at mid-span of their respective spans. Several measurement points
were damaged in the mid-span segment of Span C11, so the results are not presented. The
measured stress distribution is almost uniform in Segment 43A-10 and matches very well the
calculated values. The measured stress distribution in Segment 44A-10 is considerably more
erratic and peak values are in poor agreement with the three analysis methods.
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Figure 5.19a Bottom Slab Stress distributions, five feet (1524 mm) from anchors.
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Figure 5.19b Bottom slab stress distributions, five feet (1524 mm) from anchors.
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Figure 5.19¢ Bottom slab stress distributions, one segment from anchors.
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